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Preface

ix

It is now more than 40 years since the publica-
tion of ‘Salmonellosis in Animals’ by Professor
Buxton and, although there have been books
regarding diseases in domestic animals which
contain a chapter on salmonellosis, there has
been no English-language book that brings
together all aspects of Salmonella infection in
domestic animals.

Professor Buxton pointed out ‘salmonella
are a large group of bacteria, which does not
recognise international frontiers, shows little
host specificity and from which there seems to be
derived an ever increasing list of antigenic com-
binations by which these organisms are classi-
fied’. Since the publication of this book, the
situation has gradually worsened and the preva-
lence of Salmonella infection has increased
markedly in both humans and domestic animals.
There are many factors for this increase, includ-
ing the rapid changes in animal husbandry and
production that have taken place. In the UK, the
number of farms has decreased, as has the num-
ber of farm-workers; at the same time, the num-
ber of animals on the farm has increased through
the adoption of intensive systems of animal pro-
duction. To feed the increased number of farm
animals, protein and vegetable by-products are
imported on a large scale, which has resulted in
widespread international outbreaks of salmonel-
losis in animals and subsequently humans, e.g.
S. agona. These developments have been accom-
panied by marked changes in food distribution
and the eating habits of the human population;

chicken is now the cheapest source of animal
protein in Western Europe and North America.

Over 2400 different Salmonella serovars
have been described, but only a few predominate
in an animal population or a country at any one
time. There are currently global pandemics of S.
enteritidis and S. typhimurium DT104 and we have
little knowledge as to the factors that have
resulted in these current pandemics and why the
predominant phage types vary in different coun-
tries. A consequence of the S. enteritidis outbreak
was political concern and legislation has been
enacted in many countries to control the preva-
lence of Salmonella infections in farm animals in
order to prevent food-borne infection. Likewise,
the rise of the penta-resistant S. typhimurium
DT104 has reopened the debate on the agricul-
tural use of antibacterial drugs and the use of
alternate methods of control.

Some Salmonella serovars are host-adapted;
thus S. choleraesuis is associated with pigs. The
reasons for the host adaptation are largely
unknown. In contrast, S. typhimurium may infect
most animal species. Infection is primarily by
ingestion of the organism and large doses of
Salmonella are usually required to cause experi-
mental infections; yet epidemiological evidence
suggests that the infective dose must be much
smaller. Although Salmonella may multiply in the
small intestine, disease is not an inevitable con-
sequence, and most infections in pigs and poultry
are asymptomatic.

Fimbriae were first identified in Salmonella



more than 40 years ago, when it was suggested
that they might assist Salmonella to attach to
epithelial cells. However, although many studies
claim to have demonstrated attachment, other
studies have failed to detect any measurable
effect. In recent years, other distinct fimbriae
have been detected on some Salmonella serovars,
but their role in the pathogenesis of disease
requires clarification.

Although Salmonella may colonize the intes-
tine without causing disease, close association and
penetration of the intestinal mucosa are necessary
for the induction of diarrhoea and systemic
disease. Many possible virulence mechanisms
have been identified in tissue culture systems and
in experimental animals but there is still much to
understand about the in vivo role of various
Salmonella genes that may be involved in mucosal
penetration. Likewise, evidence for the role of
toxins is confusing and often contradictory.

Immunity to Salmonella infection has been
studied predominantly in mice, but to what
extent these studies are applicable to farm ani-
mals is not known and the relative importance of
humoral and cellular immunity in the resistance
of farm animals to Salmonella infections has not
yet been established. Despite our lack of knowl-
edge on immunity and the pathogenesis of infec-
tion, vaccines of varying degrees of efficacy have
been used for many years. More recently, ratio-
nally attenuated vaccines have been developed
and some are undergoing field trials. The feeding
of faeces from adult hens to young chickens has
been shown to prevent Salmonella colonization
and this competitive exclusion is being increas-
ingly used in the poultry industry. However,
despite many years of research, little is known
about the ecology of Salmonella in the intestine
and the bacteria that may prevent colonization.

The wider aspects of the ecology and epi-
demiology of Salmonella are, however, of impor-

tance to all those involved in Salmonella investi-
gations. Salmonella are widespread in the envi-
ronment and in recent years their prolonged
persistence has been demonstrated on many calf
and pig units. Indeed, some consider Salmonella
to be primarily an environmental organism that
is pathogenic for animals. Other survival mecha-
nisms have been demonstrated and further stud-
ies on the epidemiology and persistence of the
organism are desirable, using the molecular tech-
niques that have been used to study the patho-
genesis.

The emphasis of the book is on the role of
Salmonella in animal disease and it is written in
five sections. In the first part, the characteristics
of the microorganism are discussed. The follow-
ing section considers its virulence, effect on the
host and antibacterial resistance. The third part
reviews current knowledge of Salmonella infec-
tion in farm and companion animals. Each of the
chapters in this section is intended to provide a
comprehensive account, although more detailed
information on some of the topics will be found
in other sections of the book. Subsequent sec-
tions discuss the epidemiology and prevention,
and laboratory methods.

One problem that confronts all involved
with Salmonella is the taxonomy and nomencla-
ture of the bacteria. As discussed in Chapter 1
the full nomenclature of each serovar is compli-
cated and, while taxonomically correct, it is
cumbersome. As a consequence, the binomial
nomenclature of the different serovars has been
used.

It is hoped that the book will provide infor-
mation for all those whose work involves
Salmonella and that the book will assist in the
control of Salmonella infections in animals to
facilitate the economic production of food that is
free from infection and safe for human consump-
tion.

x Preface



Chapter 1

Taxonomy of the Genus Salmonella

Patrick A.D. Grimont,1,2 Francine Grimont2 and Philippe Bouvet1
1Centre National de Référence des Salmonella et Shigella; 2Centre National de Référence 

pour le Typage Moléculaire des Entérobactéries, Unité des Entérobactéries, 
INSERM Unit 389, Institut Pasteur, 75724 Paris Cedex 15, France

Introduction

The habitat of the genus Salmonella seems to be
limited to the digestive tract of humans and ani-
mals. Thus, the presence of Salmonella in other
habitats (water, food, natural environment) is
explained by faecal contamination. Some
serovars (serotypes) have a habitat limited to a
host species, such as humans (serovars Typhi,
Paratyphi A), sheep (serovar Abortusovis) or
fowl (Gallinarum). Different infectious syn-
dromes can be caused by Salmonella serovars, e.g.
serovar Typhi causes typhoid in humans, serovar
Typhimurium causes diarrhoea in humans and
other animal species and a typhoid-like syndrome
in mice, serovar Abortusovis is responsible for
abortion in ewes and serovar Dublin has been
associated with different extra-intestinal infec-
tions in AIDS patients. The genetics of this
pathogenic diversity is only beginning to be
uncovered. Because no tools were available to
identify virulence factors associated with the
diverse salmonellosis syndromes, the genus
Salmonella was subdivided into subspecific taxa
(types), which could more or less be associated
with a host species or syndrome. Furthermore,
prevention of salmonellosis implies local (indus-
try, hospital, district), national (national refer-
ence centre) or international surveillance based
on the systematic typing of strains.

History of Salmonella Taxonomy and
Nomenclature

In 1884, Gaffky cultivated the typhoid bacillus
(Kauffmann, 1978), which Eberth had observed
in 1880 in spleen sections and mesenteric lymph
nodes from a patient who died from typhoid (Le
Minor, 1994). The organism now known as S.
choleraesuis was first isolated from pigs by Salmon
and Smith (1886), when they considered the
organism to be the cause of swine fever (hog
cholera). Later, Pfeiffer and Kolle (1896) and
Gruber and Durham (1896) discovered that the
serum of an animal immunized with the typhoid
bacillus agglutinated the typhoid bacillus. At the
same time, Widal (1896) and Grunbaum (1896)
found that the serum of a typhoid patient aggluti-
nated the typhoid bacillus. This new test was
called ‘serodiagnostic’ by Widal (1896). The
same year, two isolates were recovered from
patients with clinical symptoms of typhoid and
negative Widal serodiagnosis (Achard and
Bensaude, 1896). The organism was called
‘bacille paratyphique’.

This was only the beginning of an ongoing
story and new serovars of what is now known as
Salmonella are described each year.

In an early stage, Salmonella strains isolated
from different clinical conditions or hosts were
considered to be different species. This gave names
such as ‘Eberthella typhosa’ (S. typhi), S. enteritidis,
‘S. abortusovis’, ‘S. gallinarum’, ‘S. bovismorbi-
ficans’, S. choleraesuis or S. typhimurium. It was

© CAB International 2000. Salmonella in Domestic Animals
(eds C. Wray and A. Wray) 1



soon realized that a number of these so-called
species were ubiquitous.

Analysis of O and H antigens, initiated by
White (1926) and extended by Kauffmann
(1941), resulted in the description of a great
number of serovars. The species was defined by
Kauffmann (1961) as ‘a group of related sero-fer-
mentative phage types’, with the result that each
serovar was considered as a species. Names were
given to more than 2000 serovars. These names
were generally derived from the geographical
location where the first strain was isolated (e.g.
‘S. london’).

This one serovar–one species concept was
later found to be untenable since most serovars
cannot be separated by biochemical tests.
Proposals were made to reduce the number of
species. Borman et al. (1944) proposed that only
three species (‘S. typhosa’, S. choleraesuis and ‘S.
kauffmannii’) should be recognized. Kauffmann
and Edwards (1952) also proposed three species
(‘S. typhosa’, S. choleraesuis and ‘S. enterica’).
Ewing (1963) proposed S. typhi, S. choleraesuis
and S. enteritidis. All these proposals had in com-
mon that, apart from S. typhi and S. choleraesuis,
all serovars were placed into one species (‘S.
kauffmannii’, ‘S. enterica’ or S. enteritidis). The lat-
ter was confusing as S. enteritidis meant either a
precise serovar or a very large set of serovars.

Strains able to liquefy gelatin slowly and to
ferment lactose were considered to form a sepa-
rate genus, Arizona (Kauffmann and Edwards,
1952). After some nomenclature confusion, the
name was validly published by Ewing with one
species, Arizona hinshawii (Ewing, 1969).

Kauffmann (1966a,b) divided the genus
Salmonella into four subgenera on the basis of
biochemical reactions. These subgenera were
designated by Roman numerals (I–IV) without
formal nomenclature. The genus Arizona consti-
tuted subgenus III. Later, Le Minor et al. (1970)
considered Kauffmann’s subgenera to represent
species named ‘S. kauffmannii’ (subgenus I), ‘S.
salamae’ (subgenus II), S. arizonae (subgenus III)
and ‘S. houtenae’ (subgenus IV).

A landmark in bacterial nomenclature was
the publication of the Approved Lists of
Bacterial Names (Skerman et al., 1980). Names
which did not appear in the Approved Lists lost
standing in the nomenclature (when cited, these
names should be printed with quotation marks).
All new names proposed after 1 January 1980 can

only be validated by publication or announce-
ment in the International Journal of Systematic
Bacteriology. The Approved Lists included five
Salmonella species: S. arizonae, S. choleraesuis, S.
enteritidis, S. typhi and S. typhimurium.

DNA-relatedness studies showed that the
so-called subgenera I–IV constituted a single
DNA hybridization group with five subgroups
delineated by studies of the thermal stability of
hybridized DNA (Crosa et al., 1973; Stoleru et
al., 1976; Le Minor et al., 1982, 1986). The sub-
groups corresponded to the former subgenera
except that subgenus III was split into DNA sub-
groups IIIa and IIIb. Later, an additional sub-
group (subgroup VI) was identified and a few rare
serovars (Bongor group) were found to constitute
a second DNA hybridization group (Le Minor et
al., 1982, 1986).

However, in the absence of rules for delineat-
ing bacterial species, Le Minor et al. (1982) con-
sidered all Salmonella serovars to constitute a
single species, which was named S. choleraesuis,
since this is the name of the type species of the
genus Salmonella. The species contained six sub-
species: S. choleraesuis subsp. choleraesuis, S. choler-
aesuis subsp. salamae, S. choleraesuis subsp. arizonae,
S. choleraesuis subsp. diarizonae, S. choleraesuis
subsp. houtenae and S. choleraesuis subsp. bongori.
A new subspecies, S. choleraesuis subsp. indica, was
added subsequently (Le Minor et al., 1986). This
nomenclature, which strictly followed the rules of
the International Code of Nomenclature of
Bacteria (Rules Revision Committee, 1975) had a
serious drawback, since the specific name (S.
choleraesuis) was also the name of a serovar. To
overcome this, Le Minor and Popoff (1987) pro-
posed the name S. enterica for the single Salmonella
species, with the following subspecies, S. enterica
subsp. enterica, S. enterica subsp. salamae, S. enter-
ica subsp. arizonae, S. enterica subsp. diarizonae, S.
enterica subsp. houtenae, S. enterica subsp. bongori
and S. enterica subsp. indica. This proposal
requested an opinion from the Judicial
Commission of the International Committee of
Systematic Bacteriology. Unfortunately, the opin-
ion has not yet been awarded, probably because
the request was not limited to nomenclature (the
only scope of the Judicial Commission) and
included the recognition of a single species in the
genus Salmonella (a taxonomic proposal).

From a taxonomic standpoint, a genomic
species is now defined as a set of strains more

2 P.A.D. Grimont et al.



than 70% related by DNA–DNA hybridization
with �Tm values below 5°C (Wayne et al., 1987).
Application of these guidelines allowed the
recognition of two species in the genus
Salmonella – S. enterica and S. bongori (Reeves et
al., 1989) – with six subspecies – S. enterica
subsp. enterica, S. enterica subsp. salamae, S. enter-
ica subsp. arizonae, S. enterica subsp. diarizonae, S.
enterica subsp. houtenae and S. enterica subsp.
indica. Although this nomenclature is not yet
validated, it is widely used, since it is scientifi-
cally based and less confusing than the S. choler-
aesuis proposal.

Serovar names are no longer considered as
species names and therefore should not be
printed in italics. S. typhimurium becomes S.
enterica subsp. enterica serovar Typhimurium, or
simply Salmonella serovar Typhimurium. Only
serovars of S. enterica subsp. enterica are given
names (usually geographical names). Serovars of
other subspecies are designated by their O : H
formula.

Phylogenetic Position of the Genus
Salmonella

Bacterial classification is now based on phyloge-
netic grounds. A phylogenetic tree can be
derived from the comparison of 16S rRNA or
other gene sequences. The two Salmonella species
(S. enterica and S. bongori) were separated by 16S
rRNA sequence analysis. Within S. enterica, the
diphasic subspecies enterica and indica were sepa-
rated from the monophasic subspecies arizonae
and houtenae by 23S rRNA comparison. The
genus Salmonella was found to be related to the
Escherichia coli/Shigella genomic species and to
Citrobacter freundii by both 16S and 23S rRNA
sequence comparison (Christensen et al., 1998).
Divergence within the genus Salmonella and
proximity with E. coli and C. freundii makes the
choice of a Salmonella-specific oligonucleotide
probe difficult (Lane and Collins, 1991). It was
discovered that 23S rRNA is fragmented in sev-
eral Salmonella serovars (Winkler, 1979). This
fragmentation is due to the presence of non-tran-
scribed intervening sequences inserted in genes
coding for 23S rRNA (Burgin et al., 1990).

More gene sequences are now used for phy-
logenetic studies. A combined comparison of five
gene sequences (proline permease, glyceralde-

hyde-3-phosphate dehydrogenase, malate dehy-
drogenase, 6-phosphogluconate dehydrogenase
and isocitrate dehydrogenase kinase/phos-
phatase) yielded a phylogenetic tree consistent
with DNA hybridization data (Barker et al.,
1988; Beltran et al., 1988, 1991; Selander et al.,
1990a,b). It is interesting that S. enterica sub-
species enterica, salamae, indica and diarizonae,
which are predominantly diphasic in flagellar
expression, cluster apart from monophasic sub-
species arizonae and houtenae, whereas S. bongori
branches apart.

From these sequence data, the following
phylogenetic hypothesis has been drawn
(Selander et al., 1996). The genera Salmonella
and E. coli might have diverged from a common
ancestor 120–160 million years ago, coincident
with the origin of mammals. E. coli evolved as a
commensal and opportunistic pathogen of mam-
mals and birds. The lineage of the Salmonella
remained associated with reptiles (which are still
the primary hosts of the monophasic subspecies
of S. enterica) and evolved as intracellular
pathogens through acquisition of genes that
mediate invasion of host epithelial cells (inv/spa
genes and others). Building a mechanism of fla-
gellar antigen phase shifting (diphasic serovars)
has permitted an extension of ecological range to
mammals and birds as a pathogen (S. enterica
subsp. enterica, salamae, diarizonae and indica).
S. enterica subsp. enterica became highly special-
ized for mammals and birds with some serovars
adapting to single species.

S. enterica subsp. enterica serovar Typhi
might have appeared when humans were avail-
able as a host (3 million years ago). It has been
hypothesized that serovar Typhi could have
appeared first in Indonesia, where diphasic
strains of this serovar (a supposedly ancestral
form of the serovar) can still be found (Frankel et
al., 1989a,b).

DNA Relatedness within the Genus
Salmonella

A bacterial species can be defined as a DNA
hybridization group. Strains within a species are
generally more than 70% related and the thermal
instability of reassociated DNA (�Tm, diver-
gence) does not exceed 5°C (Wayne et al.,
1987). DNA hybridization studies (Crosa et al.,

Taxonomy of the Genus Salmonella 3



1973; Stoleru et al., 1976; Le Minor et al., 1982,
1986), have shown the genus Salmonella to be
composed of only two genomic species, S. enter-
ica and S. bongori (Le Minor and Popoff, 1987;
Reeves et al., 1989). S. enterica (the most com-
mon Salmonella species) has been subdivided into
six subspecies (Le Minor and Popoff, 1987). The
subspecific epithets are enterica, salamae, arizonae,
diarizonae, houtenae and indica. The habitat of S.
enterica subsp. enterica is the intestinal tract of
humans and warm-blooded animals.

Population Genetics

The multilocus enzyme electrophoresis (MLEE)
method has been used to assess allelic variation in
multiple genes in a collection of isolates.
Electromorphs of an enzyme are equated with alle-
les of the corresponding structural gene.
Distinctive allele profiles are designated as elec-
trophoretic types (ETs). They represent multilocus
enzyme genotypes. MLEE analysis indicates that S.
bongori is the most divergent group of Salmonella.
The other Salmonella show clusters corresponding
to subspecies (Selander et al., 1990a,b).

Within S. enterica subsp. enterica, MLEE
analysis shows serovar Typhi as a single clone,
distinct from all other serovars studied. Serovars
Paratyphi A and Sendai constitute a group,
whereas serovars Typhimurium, Paratyphi B,
Saintpaul, Heidelberg and Muenchen form a
loose cluster.

MLEE analysis has identified serovar
Enteritidis as a close relative of the non-motile
serovar Gallinarum (Selander et al., 1996).

For Salmonella, a basic clonal population
structure is evidenced by the presence of strong
linkage disequilibrium among alleles at enzyme
loci, the association of specific O and H serovars
with only one or a small number of multilocus
enzyme genotypes and the global distribution of
certain genotypes (Selander et al., 1996).

Phenotypic Characteristics

Strains belonging to the genus Salmonella comply
with the definition of the family Entero-
bacteriaceae: straight rods, generally motile with
peritrichous flagella, grow on nutrient agar, aero-
anaerobes, ferment glucose, often with produc-

tion of gas, reduce nitrate into nitrite and the
oxidase test is negative. Some serovars have
peculiarities: the avian serovar Gallinarum is reg-
ularly non-motile and non-motile mutants of
normally motile serovars are occasionally
observed. Most Salmonella strains are pro-
totrophic, i.e. they have no growth-factor
requirement and can grow in a minimal medium
with glucose as sole carbon and energy source
and ammonium ion as nitrogen source. Some
host-adapted serovars (e.g. Typhi, Paratyphi A,
Sendai, Abortusovis, Gallinarum) are auxo-
trophic and require one or more growth factors.
Some serovars (e.g. Typhi) never produce gas
from glucose.

The following characteristics are used for
Salmonella identification: urea not hydrolysed;
tryptophan and phenylalanine not deaminated;
acetoin not produced; lactose, adonitol, sucrose,
salicin and 2-ketogluconate not fermented;
hydrogen sulphide (H2S) produced from thiosul-
phate; lysine and ornithine decarboxylated;
growth on Simmons citrate agar; 4-methylumbel-
liferyl caprylate (MUCAP) hydrolysed. Some
serovars behave differently. Typhi never decar-
boxylates ornithine and fails to grow on
Simmons citrate agar. Paratyphi A fails to pro-
duce H2S, to decarboxylate lysine and to grow on
Simmons citrate agar. Subspecies other than S.
enterica subsp. enterica may ferment lactose. Tests
allowing identification of these subspecies are
shown in Table 1.1.

Some phenotypic properties of Salmonella
are so specific that they have been used for
enrichment, selective isolation or colony differ-
entiation. Salmonella and other genera of
Enterobacteriaceae are more resistant to novo-
biocin, selenite, tergitol and bile salts, especially
desoxycholate, than other bacteria. Salmonella
are more resistant to brilliant green and mala-
chite green than other genera of Entero-
bacteriaceae. However, these properties are not
sufficient for a true selective isolation and no
medium is at present available with the ability to
isolate only Salmonella and no other bacteria. As
‘selective’ media are insufficiently selective, most
of these media need to be more differential.
Lactose, sucrose, salicin, cellobiose or glycerol is
often included with pH indicators in ‘selective’
media, since most Salmonella fail to produce acid
from these substrates. Alternatively, a chro-
mogenic substrate (e.g. 5-bromo-4-chloro-3-β-D-
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galactopyranoside or X-gal) is used to detect β-
galactosidase production. Thiosulphate and iron
salts allow the production and detection of H2S
unless the pH is acid. Thus, in Salmonella–Shigella
(SS) agar, selective agents are bile salts and bril-
liant green, substrates of interest are lactose and
sodium thiosulphate and indicators are neutral
red and ferric citrate. Typically, Salmonella strains
give colourless colonies with black centres.
Proteus strains have a lower efficiency of plating
than Salmonella strains but their colonies are very
similar. E. coli strains give red colonies and
Citrobacter strains give red, pink or colourless
colonies with or without black centres. Hektoen
agar contains bile salts (selective agents), lactose,
sucrose, salicin and sodium thiosulphate (sub-
strates) and bromthymol blue, acid fuchsin and
ferric ammonium citrate (indicators). Salmonella
strains give green, black-centred colonies. XLT4
agar contains tergitol-4 (selective agent), xylose,
lactose, sucrose, lysine and thiosulphate (sub-
strates), a pH indicator and ferric ion. Salmonella
strains produce acid from xylose. The low pH
triggers lysine decarboxylation, which alkalinizes
the medium around Salmonella colonies. Ferric
sulphide accumulates, giving black colonies on 
a green background. Occasional sucrose- or 
lactose-fermenting Salmonella strains would give
black colonies on a yellow background.
Chromagar (Rambach-agar) contains desoxy-
cholate (selective agent), propylene glycol (sub-
strate) and X-gal (chromogenic substrate). Most
Salmonella colonies are red or fuchsia. However,

serovars Typhi and Paratyphi A give colourless
colonies. (The many different plating media are
considered more fully in Chapter 21.)

Colonies that are suspected to be Salmonella
can be submitted to the MUCAP test. Salmonella
regularly produce caprylate esterase.

Strains of Citrobacter (when H2S-positive
and lactose-negative) or Hafnia (lactose-negative
at 37°C) are often misidentified as Salmonella.
However, Citrobacter strains fail to decarboxylate
lysine and often ornithine and Hafnia strains
develop a characteristic reaction at 20–30°C
[ortho-nitrophenyl-β-D-galactopyranoside
(ONPG) hydrolysed, acetoin produced] and
never produce H2S or grow on Simmons citrate
agar at any temperature. Furthermore, most S.
enterica subsp. enterica strains are susceptible to
phage O1 (Felix and Callow, 1943) and all are
resistant to Hafnia phage (Guinée and
Valkenburg, 1968), whereas Hafnia strains are
often susceptible to Hafnia phage and all are
resistant to phage O1.

Antigenic Diversity

Classically, three sorts of antigens are considered:
somatic (O), flagellar (H) and (mostly for serovar
Typhi) surface (Vi) antigens. The antigenic
structure of Salmonella has been revealed mostly
by cross absorption of antisera, which subdivided
antigens into different factors. The typing sys-
tem, which was built up over more than 70 years
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Table 1.1. Phenotypic differentiation of Salmonella species and subspecies.

Salmonella enterica subsp. Salmonella
Trait enterica salamae arizonae diarizonae houtenae indica bongori

ONPG test − − + + − d +
β-Glucuronidase d d − + − d −
α-Glutamyl transferase d + − + + + +
Acid from dulcitol + + − − − d +
Acid from sorbitol + + + + + + −
Acid from galacturonate − + − + + + +
Malonate alkalinized − + + + − − −
L(+) Tartrate utilized + − − − − − −
Gelatin hydrolysed − + + + + + −
Growth on KCN − − − − + − +
Phage O1 susceptible + + − + − + +

+, More than 90% strains positive; −, less than 10% strains positive; d, 10–90% strains positive; ONPG,
ortho-nitrophenyl-β-D-galactopyranoside.



by White, Kauffmann and Le Minor, is a model
of its kind.

O antigens

The chemical structure of diverse O factors (i.e.
the specific part of the bacterial lipopolysaccha-
ride) has been determined and the genes
involved in the production of essential enzymes
for the assembly of some O factors have been
located, cloned or sequenced. A new nomencla-
ture has been proposed for the genes coding for
those enzymes involved in polysaccharide syn-
thesis (Reeves et al., 1996). A bacterial polysac-
charide database is available on the Internet
(http://www.microbio.usyd.edu.au/BPGD/default.
htm).

A core contains, in addition to 3-deoxy-D-
manno-octulosonic acid and lipid A, 
L-glycero-D-manno-heptose, D-glucose, D-galac-
tose, N-acetylglucosamine and ethanolamine
pyrophosphate. From this core, a poly-O side-
chain extends to the bacterial surface. The poly-
O side-chain is made of repeated monomers
containing D-galactose, L-rhamnose, D-mannose
and, for some serogroups, abequose (factor O4 in
group B), paratose (group A) or tyvelose (factor
9 in group D) branched in position 1–3 on D-
mannose (Rick, 1987; Jiang et al., 1991; Raetz,
1996; Fig. 1.1).

A genetic locus, rfa, located between genes
cysE and pyrE at 79 minutes on the genetic map
of strain LT2 (serovar Typhimurium), contains
the structural genes coding for the glycosyltrans-
ferases involved in core synthesis. Locus rfb,
located in the vicinity of gene his (at 42 min-
utes), contains the genes necessary for synthesis
of an oligosaccharide monomer. Thus, from glu-
cose-1-phosphate, CDP-4-keto-6-deoxyglucose is
obtained by the action of glucose-1-phosphate
cytidylyltransferase (coded by gene ddhA, for-
merly rfbF) and CDP-glucose-4,6-dehydratase
(coded by gene ddhB, formerly rfbG). Then, after
action of enzymes coded by genes ddhC (formerly
rfbH) and ddhD (formerly rfbI), CDP-4-keto-3,6-
dideoxyglucose is obtained, and finally abequose
synthase (gene abe, formerly rfbJ) produces CDP-
abequose. In groups A and D, gene prt (formerly
rfbS) codes for the final step yielding CDP-
paratose and, in group D, the product of gene tyv

(formerly rfbE) turns CDP-paratose into CDP-
tyvelose. A close examination (local G+C con-
tent) of sequences in region rfb suggests that
diverse parts could have been inserted or
exchanged in the course of bacterial evolution.
Genes ddhC (rfbH), ddhD (rfbI) and abe (rfbJ),
which control the last steps in abequose synthe-
sis, could originate from genetic exchange with
another species (Jiang et al., 1991). In region rfb
are also located manB, formerly rfbK (phospho-
mannomutase), and wbaN, formerly rfbN (rham-
nosyl transferase). However, the genes, which are
also involved in other syntheses (galE for UDP-
galactose-4-epimerase and pmi for phosphoman-
nose isomerase), are located elsewhere on the
chromosomal map (Rick, 1987; Jiang et al.,
1991).

The oligosaccharide monomer is built by
sequential transfer of galactose-1-phosphate,
rhamnose, mannose and abequose moieties from
UDP-galactose, dTDP-L-rhamnose, GDP-man-
nose and CDP-abequose, on a lipid carrier, unde-
caprenyl phosphate. 

Oligosaccharide monomers are polymerized
(action of gene wzy, formerly rfc, located in the
vicinity of trp at 32 minutes) and then trans-
ferred from undecaprenyl phosphate to the inde-
pendently synthesized core. The lipopoly-
saccharide is then translocated from the inner
membrane to the surface of the outer membrane
(Rick, 1987).

Mutations in regions rfa and rfb cause rough
phenotypes, whereas a mutation in wzy (rfc) pre-
vents the monomer polymerization (semi-rough
mutants). When abequose is acetylated (effect of
gene oafA located at 46 minutes on the genetic
map), factor O4 becomes O5. Gene oafR causes
the α1–4 branching of a glycosyl residue on
galactose, thus yielding factor 122. 

Converting phages can modify O factor
structure. Phage P22 changes the 1–4 link
between glucose and galactose into a 1–6 link,
thus yielding factor O1. Phage Φ27 changes the
1–2 link between monomers into a 1–6 link, thus
yielding factor O27. Phages ε15 and ε34 alter
several O factors in group E1 (Rick, 1987).
Plasmids can also change O factors.

A 7.5 kb plasmid has been found to deter-
mine factor O54 (Popoff and Le Minor, 1985).
The lipopolyoside also carries receptors for phage
binding (Ackermann and Dubow, 1987).
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H antigens

H antigens are carried by flagella. These are com-
posed of protein subunits called flagellin. H anti-
gens are typically diphasic in Salmonella. The
availability of two genetic systems (genes dis-

tantly located on the chromosome) expressing
different flagellins could help the organism to
survive the host’s defences (Macnab, 1987). The
genes coding for the two sorts of flagellin are
somewhat similar although not identical, thus
suggesting that they may have resulted from the
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Fig. 1.1. Chemical structure of Salmonella enterica subsp. enterica serovar Typhimurium lipopolysaccharide
(adapted from Raetz, 1996, and the Bacterial Polysaccharide Gene Database). Gal, galactose; Glc, glucose;
GlcNac, N-acetyl-D-glucosamine; Heptose, L-glycero-D-manno-heptose; KDO, 3-deoxy-D-manno-
octulosonic acid; Man, mannose; P, phosphate; P-P-Ethanolamine, ethanolamine pyrophosphate; Rha,
rhamnose. Genes are indicated in italics following the new nomenclature (Reeves et al., 1996).



duplication of an ancestral gene. In a random
fashion and after 1000–10,000 generations, the
formerly silent gene is expressed and the expres-
sion of the other gene is turned off (Jones and
Aizawa, 1991). Gene fliC (formerly H1) is
repressed by the product of gene fljA (formerly
rh1) which is part of operon flj (Fig. 1.2). The
expression of operon flj prevents expression of
gene fliC. The alternating gene expression is due
to the inversion of a 750 nucleotide-pair DNA
fragment located upstream of gene fljB and which
includes the promoter of fljB. In a given orienta-
tion, the promoter can initiate transcription; in
the other orientation, it cannot. The inversion
region is flanked by inverted repeats, enabling
homologous recombination. It also contains the
promoter and the coding sequence of the gene
hin (formerly vh2), whose product is necessary for
the inversion process. It is noteworthy that the
protein Hin (product of the gene hin) resembles
protein TnpR of transposon Tn3. The phase
inversion system could have evolved from a
transposon occurring in Salmonella (Simon et al.,
1980).

A non-motile Salmonella can have structural
genes fliC and fljB (and possibly have a defect in
flagella assembly) and a monophasic Salmonella
can be defective in phase inversion and still have
the genes corresponding to both phases (Jones
and Aizawa, 1991). This should be considered
when nucleic acid probes are devised for the
identification of major serovars. Confirming the
results of an early transduction experiment
(Lederberg and Edwards, 1953), Kilger and
Grimont (1993) found that a fliC gene is present
in the non-motile serovar Gallinarum.

There are more than 50 different alleles of
gene fliC and more than 30 of gene fljB. To
understand the molecular bases of such a diver-
sity, some of these genes have been sequenced
(Frankel et al., 1989a,b; Smith and Selander,
1990, 1991; Smith et al., 1990). Gene fliC com-
prises three parts: a 5� part containing 300
nucleotide pairs, a 3� part of 200 nucleotide
pairs and a middle part of 350 nucleotide pairs.
It is remarkable that 5� and 3� distal parts have
been largely conserved in their sequences across
the diverse serovars. The sequence of the 
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middle part is hypervariable, with less than 32%
homology among serovars. The carboxy and
amino distal parts of flagellin are essential for
flagellin polymerization and secretion (hence
the conserved sequences), whereas the middle
part, which has no functional role, carries the
major epitope of the H antigen. When compar-
ing the global bacterial genotype (studied by
MLEE), it appeared that strains with very simi-
lar global genotypes could have very different
fliC genes. Strains with very different global
genotypes could have identical fliC genes
(Smith and Selander, 1991). This strongly sug-
gests that flagellin gene exchange has occurred
among strains (possibly by transduction).
Interstrain exchange and recombination are
major evolutionary mechanisms, generating
both allelic variation in fliC and serovar diver-
sity in natural populations of the Salmonella
(Selander et al., 1990a,b).

Atypical strains of serovar Typhi have been
isolated from Indonesia (Guinée et al., 1981).
Strains of serovar Typhi are normally monopha-
sic with H:d. Some strains from Indonesia have a
factor H:j in place of H:d and others are diphasic
with H:z66. The following flagellar formulae are
observed, H:d:–, or j:–, or d:z66, or j:z66. In fact,
gene fliC, which codes for factor j, is identical to
that which codes for factor d except for a dele-
tion of 261 nucleotide pairs, which occurs in the
middle part of the gene (Frankel et al., 1989a,b).
Factor z66 is coded by gene fljB. The current
hypothesis is that serovar Typhi, originally dipha-
sic, appeared first in Indonesia (when humans
had appeared as a species), where mutations or
deletions would have occurred, thus yielding
monophasic variants or H:j variants. Serovar
Typhi would have spread throughout the world
from a monophasic H:d clone (Frankel et al.,
1989a,b).

The Salmonella flagella can also carry a
receptor for flagellotropic phage χ binding
(Ackermann and Dubow, 1987).

Vi antigen

Vi antigen is a linear homopolymer of 2-
acetamido-2-deoxy-D-galacturonic acid linked by
α(1–4) bonds. This capsular polysaccharide is
found in serovars Typhi, Paratyphi C and Dublin.
Three loci (viaA, viaB and ompB) are involved in

the genetic control of Vi production. Loci viaA
and ompB are not limited to Vi producing species
and genera and are involved in the regulation of
Vi synthesis. Locus viaB is found only in strains
able to produce Vi antigen. It contains genes
coding for proteins involved in polysaccharide
synthesis (wcdABCD), polysaccharide exporta-
tion (wza, wzm, wzt, wzf) and anchoring to the
bacterial surface (wcdE). A nucleic acid probe
targeting viaB has been proposed for the detec-
tion of serovar Typhi (Rubin et al., 1985). Such a
probe also reacted with occasional other serovars
which are able to produce Vi antigen. The Vi
antigen is the receptor of phages ViI, ViII and
ViIV (Craigie and Yen, 1938a).

Epidemiological Typing

Serotyping

The White–Kauffmann–Le Minor (WKL)
(Popoff et al., 1998) scheme is a practical sum-
mary of the antigenic structure of Salmonella
serovars. O antigenic factors (numerals) which
are easily modified by mutation are indicated in
brackets and those that are determined by bacte-
riophages or plasmids are underlined. In 1998,
2449 serovars were listed in the WKL scheme,
1443 in S. enterica and 20 in S. bongori. Within
S. enterica, 1443 serovars belonged to subspecies
enterica and were given names, 488 corresponded
to subspecies salamae, 94 to subspecies arizonae,
323 to subspecies diarizonae, 70 to subspecies
houtenae and 11 to subspecies indica (Popoff et
al., 1998). However, only a limited number of
serovars are encountered in practice. In the
French National Reference Centre for Salmonella
and Shigella, 19,174 strains isolated from humans
were distributed into 194 serovars. Fifteen
serovars represented 91% of the strains and
serovars Typhimurium and Enteritidis repre-
sented 69% of all Salmonella isolates from human
sources (P.A.D. Grimont and P. Bouvet, unpub-
lished data).

Salmonella isolates should be sent to a
national reference centre. In some countries, lab-
oratories are requested to keep a minimum set of
sera (anti-O4, 5 – O6, 7, 8 – O9), enabling the
agglutination of 90% of isolates from human
sources. Anti-Hi–Hb–Hd–HG (mixture) and Hr
sera are also useful.
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Phage typing

Phage typing evaluates the susceptibility (or
resistance) of isolates to a set of selected bacte-
riophages. Most bacteriophages were wild phages,
which were isolated from sewage. Bacteriophage
can also be produced by lysogenic bacteria.

International phage-typing schemes
The most elaborate system had been described
by Craigie and Yen (1938a,b) and Craigie and
Felix (1947) for typing serovar Typhi. This sys-
tem uses 87 variants derived from a single phage
strain (ViII). These variants were ‘adapted’ by
passage on different strains and thus submitted
to different host restriction and modification
systems. This set of phages allowed the subdivi-
sion of serovar Typhi into 110 phage types.
Since the phage receptor is antigen Vi, isolates
must produce Vi to be susceptible to any phage
in the set. The specificity of typing phages is
partly governed by the presence of prophages.
This system has been standardized and, to avoid
host-range drift, laboratories should not multi-
ply these phages for production but rather
request phage suspensions from the Central
Public Health Laboratory, Colindale, UK.
Unfortunately, 70% of isolates are distributed
into only three phage types (A, E1 and C1). Vi-
negative isolates (2.5%) and ‘degraded Vi
strains’ (DVS) (9%) are untypable. A comple-
mentary set composed of 13 unadapted Vi
phages can subdivide phage type A into ten
phage subtypes (Nicolle et al., 1954, 1958).
Type A subtype Tananarive, which is not lyso-
genic, is considered as the precursor of all other
phage types of Salmonella serovar Typhi.

The international scheme for serovar
Paratyphi B uses a set of 12 adapted and
unadapted phages and contains 48 phage types
(Felix and Callow, 1943, 1951). Serovar Paratyphi
B is split into biotype Paratyphi B (d-tartrate
negative, associated with paratyphoid) and bio-
type Java (d-tartrate positive, associated with
diarrhoea). Unfortunately, phage typing cannot
differentiate these biotypes (Vieu et al., 1988). In
France, the most frequent phage types are 1var3
(35%) and 1010 (24%) among biotypes Paratyphi
B and Java (F. Grimont, unpublished data).

The Paratyphi A scheme uses six phages
and contains six phage types (Banker, 1955;

Anderson, 1964). Isolates encountered in France
(imported cases) often correspond to phage types
1 (56% of isolates) and 2 (18% of isolates).

Other phage-typing systems
The Colindale scheme for serovar Typhimurium
uses 37 phages and contains more than 210 phage
types (Felix and Callow, 1943; Callow, 1959;
Anderson and Wilson, 1961; Anderson, 1964;
Anderson et al., 1977). Phage type DT104 shows
multiple resistance to antibiotics in different
European countries and is considered more fully in
Chapter 6. Two other phage-typing systems have
been published (Guinée and van Leeuwen, 1978).

Several phage-typing schemes have been
published for serovar Enteritidis. The most
widely used is that of Ward et al. (1987), which
now differentiates 65 phage types by use of 16
phages. Phage type (PT) 4 has been associated
with a pandemic in Europe and elsewhere. The
scheme of Vieu et al. (1990) was first designed for
serovar Dublin and 14 phages delineated 101
phage types. When applied to serovar Enteritidis,
85 phage types were differentiated. In this
scheme, phage types correspond to either serovar
Dublin or serovar Enteritidis, never to both.
Enteritidis phage type 33 corresponds to PT4 of
Ward et al. (1987). There might be a relationship
between phage type and insertion position of
transposon IS200 (Stanley et al., 1991).

Other phage-typing schemes have been 
proposed for serovars Adelaide, Anatum, 
Bareilly, Blockley, Braenderup, Bovismorbificans,
Gallinarum, Newport, Panama and Weltevreden.
These have been reviewed (Guinée and van
Leeuwen, 1978). More recently described schemes
were for serovars Bareilly (Jayasheela et al., 1987),
Hadar (De Sa et al., 1980), Infantis (Kasatiya et
al., 1978), Montevideo (Vieu et al., 1981) and
Virchow (Chambers et al., 1987). Although
Salmonella phage-typing is cheap and requires no
expensive equipment, the method should be in the
hands of well-trained personnel. This means that it
is generally limited to reference laboratories.

Bacteriocin typing

Bacteriocin typing of serovar Typhimurium has
been described (Barker, 1980). However, it is sel-
dom used.
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Biotyping

Biotypes have been described in serovar
Typhimurium (Cordano et al., 1971; Pohl et al.,
1973; Duguid et al., 1975; Descamp et al., 1982).
However, the choice of tests for biotyping has
often been empirical.

Utilization of d-tartrate (= L-tartrate) is
used to separate two biotypes in serovar
Paratyphi B. Biotype Paratyphi B cannot utilize
d-tartrate whereas biotype Java can. Biotype Java
is commonly associated with diarrhoea and iso-
lated from stools, whereas biotype Paratyphi B is
often associated with paratyphoid and isolated
from blood or stools.

Plasmid profiling and plasmid restriction
profiling

It is now easy to extract plasmid DNA and to
separate plasmids of different sizes by agarose gel
electrophoresis and ethidium bromide staining.
Isolates derived from the same epidemic strain
will have plasmids with identical sizes. However,
this test requires the presence of at least one plas-
mid type. Some phage types in serovars
Enteritidis (Threlfall et al., 1989) and
Typhimurium (Threlfall et al., 1990) were subdi-
vided by plasmid profiling.

More precise results are obtained when plas-
mid DNA is extracted, digested by a restriction
endonuclease and the fragments separated by
agarose gel electrophoresis. Identical plasmids
should have the same restriction pattern (Tacket,
1989).

rRNA gene restriction patterns (ribotyping)

When bacterial DNA is extracted, purified,
digested by a restriction endonuclease and the
fragments separated by agarose gel electrophore-
sis, fragments in restriction patterns are too
numerous for these patterns to be compared.
Instead, the fragments in the gel are transferred
to a nylon membrane, to maintain their relative
positions, and hybridized with a labelled mixture
of 16+23S rRNA. Revealing the label (autoradi-
ography or immunoenzymatic reaction) yields
simpler patterns, often referred to as ribotypes
(Grimont and Grimont, 1986).

Ribotyping has uncovered a wide hetero-
geneity within serovar Typhi (Altweg et al.,
1989). A diversity of ribotypes has been found in
the most frequent phage types, A and E1. Such
diversity is in contrast with the homogeneity of
MLEE (Reeves et al., 1989) and could be
explained by the presence of ‘intervening
sequences’ inserted in 23S rRNA genes (Burgin
et al., 1990).

Ribotyping of other serovars gives very dif-
ferent results. Some serovars have almost a
serovar-specific ribotype. However, for serovars of
group B (e.g. Typhimurium, Paratyphi B), there
is no relationship between ribotype and serovar
(F. Grimont, unpublished data).

Pulse-field gel electrophoresis (PFGE)

PFGE uses restriction endonucleases, which have
infrequently occurring restriction sites in a given
bacterial DNA. A small number of fragments of a
much larger size are produced. Conventional
agarose gel electrophoresis cannot resolve DNA
molecules larger than ~20 kb pairs. Thus, to sep-
arate large DNA molecules above 50 kbp, PFGE
which allows resolution of DNA molecules mil-
lions of base pairs long is used. The most sophis-
ticated configuration for this technique is called
clamped homogeneous electric field (CHEF)
electrophoresis, which uses an array of hexagon-
ally arranged electrodes to generate uniform elec-
tric fields at an angle of 120°C to each other,
thus ensuring that large DNA fragments migrate
through the gel in a straight line. Although
PFGE is highly discriminative for Salmonella with
the endonucleases XbaI, BlnI or SpeI, it is expen-
sive and time-consuming and standardization,
analysis and comparison of restriction profiles
require effort (Murase et al., 1995).

IS200 typing

DNA of most Salmonella serovars contain several
copies of a 708-base-pair insertion sequence,
IS200. Stanley et al. (1991) found that isolates
could be differentiated by comparing the restric-
tion patterns of bacterial DNA after hybridiza-
tion with an IS200 probe. Strains differed by the
number of visualized fragments (IS200 number of
copies) and the size of fragments.
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Random amplification of polymorphic DNA
(RAPD)

RAPD is a rapid genomic typing method of
broad application. This technique uses the poly-
merase chain reaction (PCR), in which a single
arbitrarily chosen primer (usually 10-mer) can be
annealed at multiple sites throughout the
genome. The profiles of amplified products are
characteristic of the template DNA. An RAPD
method has been developed to differentiate S.
enteritidis isolates (Lin et al., 1996), providing
more discrimination than any other subtyping
method. This method proved to discriminate
between isolates of different Salmonella serovars
(Hilton et al., 1996). However, between-labora-
tory reproducibility is a problem (Meunier and
Grimont, 1993).

ERIC-PCR

A repetitive element, highly conserved, called
the enterobacterial repetitive intergenic consen-
sus (ERIC) sequence, about 126 bp in length,
was described by Hulton et al. (1991). The chro-
mosome locations of ERIC sequences can differ
in different species and strains. This element has
been identified in Salmonella and can be used for
typing.

Restriction of amplified flagellin genes

In an attempt to substitute molecular methods
for serotyping, flagellin genes from 264 serovars
were amplified by two phase-specific PCR sys-
tems (Dauga et al., 1998). Amplification prod-
ucts were cleaved by endonucleases HhaI or
HphI. Restriction of 329 (195 phase 1 plus 134
phase 2) flagellin genes coding for 26 antigens
yielded 64 HhaI profiles and 42 HphI profiles.
The phase 1 gene (fliC) showed 46 patterns with
HhaI and 30 patterns with HphI. The phase 2
gene (fljB) showed 23 patterns with HhaI and 17
patterns with HphI. When the data from both
enzymes were combined, 116 patterns were
obtained: 74 for fliC, 47 for fljB and five shared
by both genes. Of these combined patterns, 80%
were specifically associated with one flagellar
antigen and 20% were associated with more than
one antigen. Each flagellar antigen was divided

into two to 18 different combined patterns. The
pattern corresponding to serovar Typhi H:d was
specific and different from other H:d patterns.
The pattern corresponding to serovar
Typhimurium H:i was also unique and differed
from other H:i patterns. Overall, the diversity
uncovered by restriction of flagellin genes did not
precisely match that evidenced by flagellar agglu-
tination.

New Approaches for the Detection of
Salmonella

The procedure of the colorimetric Gene-Trak
Salmonella assay used nucleic acid probes to
detect polynucleotide sequences that are
uniquely conserved among Salmonella bacteria.
This method was considered equivalent to the
conventional Bacteriological Analytical
Manual/AOAC culture method (Foster et al.,
1992).

PCR will amplify DNA molecules 1000-
fold, but the presence of a specifically amplified
product must be identified. Several PCR primers
for specific detection of Salmonella have been
published utilizing specific gene sequences for
targeting. Kwang et al. (1996) described the use-
fulness of a primer set of oligonucleotides from
the ompC gene of Salmonella. This primer set suc-
cessfully amplified 40 Salmonella serovars, but not
24 non-Salmonella bacteria. The sensitivity for
boiled whole bacteria was 400 cells.

The magnetic immuno-PCR assay utilizes
magnetic particles coated with monoclonal anti-
bodies to extract bacteria from a sample. Fluit et
al. (1993) applied this method to Salmonella and
detected the presence of 0.1 colony-forming
units (cfu) of Salmonella g−1 of chicken meat after
enrichment.

An alternative method for analysing PCR
products utilizes the oligonucleotide ligation
assay (OLA). The OLA procedure used two adja-
cent oligonucleotides. The first one (capture
probe) is 5�-biotinylated with the 3� end adja-
cent to the second probe. The second (reporter)
probe is 5�-phosphorylated and 3�-end-labelled
with a reporter substance, such as digoxigenin. If
the two oligonucleotides are hybridized to the
target DNA, DNA ligase covalently joins the
two oligonucleotides. The capture of the bio-
tinylated probe is accomplished by binding the
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biotin to immobilized streptavidin in a micro-
titration plate. Stone et al. (1995) described a
combined cultivation and PCR-hybridization
procedure enzyme-linked immunosorbent assay
(ELISA)-based oligonucleotide ligation assay,
adapted to a 96-well microtitration PCR-OLA
format for detection of the product from the invE
and invA genes of Salmonella serovars. Sensitivity,
specificity and predictive value were comparable
to the conventional culture.

A digoxigenin-based ELISA (DIG-ELISA)
following a PCR to detect the amplified
lipopolysaccharide rfbS gene as a means for rapid
screening of serogroup D Salmonella in stool spec-
imens was described by Luk et al. (1997). In the
presence of stool materials, the Salmonella were
isolated by an immunomagnetic separation tech-
nique with an O9-specific monoclonal antibody,
followed by PCR and DIG-ELISA. The sensitiv-
ity was 10–100 bacteria.

A recent technique for the separation/con-
centration of bacteria from background food is
the immunomagnetic separation (IMS) proce-
dure, which uses a novel biosorbent consisting of
a Salmonella-specific bacteriophage immobilized
on to a solid phase (Bennett et al., 1997). This
biosorbent could remove Salmonella from culture
fluid and separate Salmonella from suspensions of
other Enterobacteriaceae. The advantage is the
ease of production of phage, the high affinity of
phage–cell interaction and the ability of phage to
infect host cells.

Chen et al. (1997) have developed a rapid,
sensitive and automated fluorescence PCR
method, the AG-9600 AmpliSensor assay, for
the detection of Salmonella species in food

samples. The AmpliSensor assay comprises two
steps: an initial asymmetric amplification with
normal primers to overproduce one strand of
the target and subsequent semi-nested
amplification and signal detection, in which
one of the outer primers and the AmpliSensor
primer direct the amplification. The
AmpliSensor primer is a double-stranded signal
probe; one strand is labelled with fluorescein
isothiocyanate and the other with Texas red.
During semi-nested amplification, one strand of
the AmpliSensor duplex serves as a primer and
the other as an ‘energy sink’. The semi-nested
amplification results in strand dissociation of
the duplex and disruption of the fluorescence
signal. The extent of signal disruption is propor-
tional to the amount of the primer incorpora-
tion into the amplification product and can be
measured cycle by cycle and used for quantifica-
tion of the initial target.

Cocolin et al. (1998) described a primer set
of oligonucleotides from the invA gene of
Salmonella which amplified 33 Salmonella serovars
but did not amplify 16 non-Salmonella bacteria.
Moreover, after PCR amplification, it was possi-
ble to identify serovar Typhimurium by HinfI
restriction enzyme analysis.

A Salmonella-specific PCR system targeting
a virulence gene with hybridization to a cova-
lently immobilized oligonucleotide probe on a
microplate (Chevrier et al., 1995) is now mar-
keted under the name Probelia.

Another PCR system, involving elec-
trophoresis, has been devised for Salmonella and
is marketed under the name BAX (Bailey, 1998).
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Introduction

The surface polysaccharides of Salmonella spp.
form the outermost components of the bacterial
cell. They are in direct contact with the immedi-
ate environment of the organism and are there-
fore of great significance in the interaction of the
organism with its habitat. For a bacterial
pathogen such as Salmonella, which is able to
exist in different habitats as it passes from the
dry, external environment, through the acidity of
the stomach, the lumen of the gut, the extracel-
lular space of host tissues and the inside of the
macrophage, the surface components provide a
protective and yet porous shield against the out-
side world. This chapter aims to review the
chemical structure, biological function and
biosynthesis of the surface polysaccharides found
on the surface of Salmonella.

The Architecture of the Surface
Structures of Salmonella

Much of what we understand about the nature of
the outer envelope of Gram-negative bacteria
has been derived from studies with Escherichia coli
K-12 and S. typhimurium LT2. Essentially, there
are three layers: the cytoplasmic membrane
(inner membrane), the peptidoglycan (murein)
and the outer membrane (Fig. 2.1). The com-
partment between the two membranes is referred
to as the periplasmic space.

The cytoplasmic membrane in Salmonella is
composed of phospholipids and proteins. As in
other Gram-negative bacteria, it transports nutri-
ents and it is the site of oxidative phosphoryla-
tion and the synthesis of phospholipid,
peptidoglycan units and lipopolysaccharide
(LPS). The cytoplasmic membrane is also the
site of anchorage of the DNA during replication
and has a role in the partitioning of daughter
cells at cell division.

The peptidoglycan is a relatively thin layer
in Gram-negative bacteria. It is composed of
alternating residues of N-acetyl muramic acid
and N-acetyl glucosamine, forming long glycan
chains, which are covalently cross-linked by
peptide bridges. This forms a single bag-like
molecule surrounding the cell protoplast, which
serves to stabilize it against osmotic lysis.
Approximately 3.5 atmospheres pressure is
thought to be exerted by the cytoplasm (Stock et
al., 1977).

The peptidoglycan confers rigidity and
shape to the bacterial cell. Degrading the pepti-
doglycan, by first disrupting the outer membrane
and then allowing lysozyme to penetrate and
hydrolyse it, causes the cell to swell and lyse by
the uptake of water through the cytoplasmic
membrane into the cytosol. If this is prevented
by immersion of the bacteria in a hypertonic
medium, such as 8% sucrose, the rod-shaped cells
will round up to form osmotically fragile sphero-
plasts.

The periplasm contains the peptidoglycan
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and also numerous soluble proteins, which usu-
ally have one of three functions. These are: (i)
catabolic functions, such as alkaline phosphatase,
where solutes for which no transport system
exists are converted to a form that can be trans-
ported though the cytoplasmic membrane; (ii)
binding proteins, which fasten on to nutrients,
such as amino acids, ions and sugars, and assist
their transport; and (iii) proteins which degrade
or modify harmful substances, such as antibiotics,
e.g. �-lactamase.

The two membranes are connected at vari-
ous points, known as zones of adhesion or Bayer
bridges, first described by Bayer (1968). These
sites of contact become visible by electron
microscopy only when the inner membrane is
plasmolysed or ‘shrunk’ away from the outer
membrane by holding the organisms in hyper-
tonic medium. These quasi-stable zones of adhe-
sion are thought to facilitate the transport of
hydrophobic materials, such as LPS, from the
inner surface of the cytoplasmic membrane to
the outer membrane and may be the site of syn-
thesis of some outer-membrane proteins.

The outer membrane is a highly complex
lipid-bilayer membrane structure, which sur-
rounds the peptidoglycan layer and shields the
periplasm from the external environment. It also
prevents leakage of the periplasmic proteins away

from the immediate environment of the cytoplas-
mic membrane. Electron microscopy has deter-
mined the thickness of the outer membrane to be
like that of the cytoplasmic membrane, 7.5 nm.
However, in composition and function it is quite
different from the cytoplasmic membrane. It is
composed primarily of phospholipid and protein
but also LPS and lipoprotein. LPS is found exclu-
sively in the outer leaflet of the outer membrane
and the lipoprotein is present in the inner leaflet,
where it functions to anchor the outer membrane
to the cell peptidoglycan. Enterobacterial com-
mon antigen is a minor component, contributing
only 0.2% of the cell’s dry weight.

Since the natural habitat of Salmonella is the
lower intestinal tract of animals of all kinds, it is
logical to assume that the outer membrane func-
tions to protect or assist the cell in this environ-
ment. In order to compete effectively with other
microorganisms in the anaerobic, nutritionally
sparse conditions of the gut, Salmonella need to
be able to take up limited nutrients effectively
and to adapt to rapidly changing conditions. The
outer membrane serves to allow the passive
transport of selected molecules into the
periplasm, where they can be held and trans-
ported across the cytoplasmic membrane. At the
same time, the outer membrane must serve to
protect the delicate components of the cytoplas-
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Fig. 2.1. Simplified representation of the envelope of Salmonella. Two lipid bilayers: the cytoplasmic
membrane (CM) and the outer membrane (OM) are separated by the periplasmic space (P), in which the
peptidoglycan provides tensile strength to support the cell against osmotic pressure.



mic membrane from the detergent-like action of
bile salts, fatty acids and glycerides. The intesti-
nal lumen is replete with proteases and lipases,
and these must be prevented from gaining access
to the vicinity of the cytoplasmic membrane,
where they will cause damage to the membrane
structures. Therefore, the outer membrane of
Salmonella may be considered as a molecular
sieve, whose purpose is to allow required nutri-
ents to access the periplasm while resisting the
penetration of dangerous substances from the
external environment.

Many Gram-negative bacteria, such as
Escherichia coli, Klebsiella or Pasteurella spp., pos-
sess a polysaccharide layer external to the outer
membrane. S. enterica is unusual among the
enteric Gram-negative bacteria of mammals in
that it usually possesses no capsular polysaccha-
ride. The polysaccharide exposed at the surface is
primarily the O side-chain of the LPS. The one
exception to this is the Vi polysaccharide carried
on the external surface of a very few strains of
Salmonella such as some strains of S. typhi and S.
dublin.

Lipopolysaccharide

LPS is the molecule that is most closely associ-
ated with the surface of Gram-negative bacteria.
It is also the immunodominant antigen of the
majority of Gram-negative bacteria. During the
1950s and 1960s, a considerable research effort,
due to the interest in LPS as mediators of biolog-
ical activity known as endotoxin activity, led to a
wealth of information on their structure and
biosynthesis.

The structure of LPS has been elucidated

over a number of years, investigations largely
being conducted with S. typhimurium LT2 and E.
coli K-12 using a variety of techniques, including
biochemical analysis and examination of mutants
deficient in LPS production. Salmonella has
therefore come to be perceived as ‘the norm’
among Gram-negative bacteria, although there is
considerable variety of structure even within the
genus.

LPS is amphipathic, having both hydrophilic
and hydrophobic components on the same mole-
cule. Three regions of the molecule are recognized:
the lipid A, the core oligosaccharide and the O
side-chain repeating oligosaccharide. The core
oligosaccharide is further subdivided into the inner
and outer core regions (Fig. 2.2). The hydrophobic
lipid A portion of the molecule resides within the
outer leaflet of the outer membrane. The polysac-
charide portion, which is hydrophilic, projects into
the external environment.

Colonies of wild strains of Salmonella bacte-
ria usually have a smooth appearance. This is
associated with the presence of a full O side-
chain, which is therefore termed the S form.
Mutants that have lost, through natural occur-
rence or deliberate mutagenesis in the laboratory,
their O side-chain often produce irregular-edged
colonies with a dull surface. These are referred to
as rough mutants and the LPS present in these
bacteria as the R form.

Preparation and purification of Salmonella
lipopolysaccharide

There are approximately 106 molecules of lipid A
and 107 molecules of glycerophospholipid per
bacterial cell (Goldman et al., 1988). 
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Fig. 2.2. Schematic representation of the structure of S-form lipopolysaccharide. Lipid A is joined, via the
inner- and outer-core oligosaccharide, to the repeating oligosaccharide that forms the O side-chain. The
length of the O side-chain is variable, but between 25 and 40 units is common in Salmonella.



LPSs from Salmonella are often purified from
the bacterial cells by one of two methods. S-form
LPS is prepared by the phenol–water extraction
method of Westphal and Jann (1965). In this
procedure, the bacteria are held at 65°C in 45%
aqueous phenol. The S-form LPS, together with
a proportion of the R-form LPS with a complete
or nearly complete core oligosaccharide, is parti-
tioned into the aqueous phase. For R-form LPS,
the PCP method, devised by Galanos et al.
(1969), is preferable. This uses a mixture of 90%
phenol, chloroform and petroleum ether to
extract the bacteria at room temperature. LPS
from deep rough mutants is only extracted using
this method, since it largely partitions into the
hydrophobic phase. Other methods intended to
prepare purified LPS in both forms have also
been devised (Darveau and Hancock, 1983).
Early studies with purified Salmonella LPS showed
it to be highly variable in the O side-chain but
conserved in structure in the core oligosaccha-
ride and the lipid A.

Lipid A

Chemistry of lipid A

The structure of lipid A from S. enterica serovars
is thought to be conserved. The lipid A compo-
nent is embedded in the outer leaflet of the outer
membrane of the organism, forming part of the
lipid bilayer. It is responsible for the endotoxic
properties of the LPS molecule (Raetz, 1993).
While the general or approximate structure of
lipid A was known for many years, the exact
structure of lipid A was not finally established
until 1983, in the laboratory of Ernst Rietschel,
Otto Lüderitz and co-workers (Rietschel et al.,
1983). The delay in defining the structure was
due to the complex structure of the molecule.
This discovery opened the way to a fuller appre-
ciation of the biosynthesis and pharmacology of
lipid A endotoxin.

Enterobacteria such as Salmonella which are
unable to synthesize lipid A are non-viable. The
minimum requirement of the LPS molecule is
that found in Re mutants. In these mutants, the
LPS comprises lipid A and two 3-deoxy-D-manno-
octulosonic acid (KDO) residues (Fig. 2.3). The
reasons why these components are essential for
the bacteria to be viable are not understood.

Lipid A can be prepared from LPS by mild
acid hydrolysis. Diphosphoryl lipid A (DPL) is
obtained by treatment with 0.02 M sodium
acetate, pH 4.5 at 100°C for 30 min. If harsher
conditions are used (0.1 M HCl at 100°C for 30
min) monophosphoryl lipid A (MPL), lacking
the phosphate group at the 1 position, is released.

Lipid A from S. typhimurium, other
Salmonella and E. coli consists of two glucosamine
residues joined by a �(1–6) linkage, to which are
substituted four fatty acid residues at positions 2
and 3 and 2� and 3�. Those attached to positions
2 and 2� are joined via amide links. The acyl
moieties of lipid A are unusual because they are
hydroxylated at carbon 3. They are also two to
six carbons shorter than glycerophospholipids.
Those hydroxylated fatty acids attached to posi-
tions 2� and 3� are further esterified, through the
hydroxyls at C3, to additional fatty acyl residues,
giving six fatty acid chains in all.

Biological activities of lipid A

Lipid A has potent biological activity. Since lipid
A has been a component of the Gram-negative
cell envelope probably throughout the evolution
of eukaryotes, the immune system of animals is
exceedingly sensitive to it as a marker of infec-
tion. Lipid A has been known to induce patho-
physiological effects, such as endotoxic shock,
pyrogenicity, activation of complement, coagula-
tion and haemodynamic changes, for many years.
The dose of Re LPS from S. typhimurium produc-
ing a febrile response in 50% of rabbits is
between 0.1 and 0.3 µg kg−1 body weight. Long-
recognized immunological effects include mito-
genicity for B lymphocytes and activation of
macrophages, but it is only during the last decade
that it has been known that these effects 
are mediated through the induction and release
of numerous cytokines of monocyte and
macrophage origin: interferon, tumour necrosis
factor, colony-stimulating factor and interleukin
1(IL-1) (Qureshi and Takayama, 1990). It is
through these activities that lipid A (endotoxin)
contributes to the pathogenic or toxic activity of
Gram-negative bacteria, including Salmonella. As
an example of a substance that can modify or
modulate an immune response, LPS is now con-
sidered to be a potent modulin (Henderson et al.,
1996).
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Until the middle of the 1980s, endotoxin
was thought, in simple terms, to act by somehow
disrupting the cytoplasmic membrane of cells
such as macrophages and neutrophils and releas-
ing cell contents, including IL-1 (previously
known as endogenous pyrogen), which led to
fever. The mechanism by which lipid A interacts
with host cells is now much clearer. Membrane
blebs or LPS released from bacteria is bound by
LPS-binding protein (LBP). This is an interme-
diate in the transfer of LPS to the CD14 protein
on the surface of macrophages and certain other
cell types. Cell types lacking CD14 are rendered
more responsive to LPS when transfected with
the gene for CD14 (Lee et al., 1992). A second,
transmembrane, lipid A receptor protein is
thought to be involved in the generation of
intracellular signals. This stimulates transcrip-

tional activity of cytokines, including IL-1 and
tumour necrosis factor. Enhanced production of
these cytokines is responsible for the symptoms
of endotoxic shock.

Genetics of lipid A synthesis

The biosynthetic pathway of lipid A has been
elucidated primarily in E. coli K-12. However,
the genes and gene products required for this
process seem to be identical for lipid A in
Salmonella. Uridine diphosphate-N-acetyl glu-
cosamine (UDP-GlcNAc) is a central precursor
for the synthesis of both peptidoglycan and LPS.
This leads to a group of phospholipids based not
on glycerol, but on glucosamine. The only
known function of these is as precursors of lipid
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Fig. 2.3. The minimal Re chemotype lipopolysaccharide of Salmonella, sometimes known as KDO2-lipid A.
Two KDO residues are linked to the acetylated glucosamine disaccharide (lipid A). Linkage of the KDO to
the glucosamine disaccharide involves the product of the kdtA gene.



A. Only four genes are known to be involved in
lipid A synthesis and all of these are derived from
studies with E. coli. These are lpxA, lpxB, lpxC
and lpxD. These genes encode the enzymes
which: (i) transfer β-hydroxymyristic acid from
acyl carrier protein (ACP) to the 3-hydroxy
group of UDP-GlcNAc (lpxA); (ii) remove the
N-acetyl group from UDP-3-hydroxymyristoyl-
GlcNAc (lpxC); (iii) transfer the �-hydroxy-
myristic acid from ACP to the 2-amino group of
deacylated GlcNAc to form UDP-2,3-dihydroxy-
myristoyl-glucosamine (lpxD); and (iv) form the
β(1–6) bond between the glucosamines of 
one molecule of UDP-2,3-dihydroxymyristoyl-
glucosamine and one of 2,3-dihydroxymyristoyl-
glucosamine (lipid X) to form the lipid A disac-
charide with four fatty acid residues and one
phosphate group (lpxB) (Crowell et al., 1987).

Core Oligosaccharide

The lipid A is linked through carbon 6� of the
glucosamine disaccharide to the core oligosac-
charide. This link (α2–6) is made through a
unique eight-carbon sugar called KDO. A sec-
ond, branch KDO (known as KDO II) is also
added through an �(2–4) linkage. This structure
is known as KDO2-lipid A or Re endotoxin,
because it is the form of LPS seen in mutants
with the Re chemotype – the minimal LPS sub-
structure for growth of the bacteria (Rick and
Young, 1982). It is generally believed that a third
KDO residue is added to KDO II at a late stage of
core completion through a further �(2–4) link-
age, although this is not essential for viability in
Salmonella (Lehmann et al., 1971).

The core oligosaccharide consists of a con-

served, non-repeating group of six to eight sugars.
In Salmonella, a single core oligosaccharide type
(termed the Ra core) is conserved throughout
the genus (Holst and Brade, 1992). It consists of
eight sugar residues, in addition to the KDO
residues, which link it to the lipid A. Two L-gly-
cero-D-manno-heptose residues are attached to
the KDO, forming the so-called inner core. A
third L-glycero-D-manno-heptose branches from
the outermost heptose. This in turn is linked to
two D-glucose, two D-galactose residues and 
N-acetyl glucosamine forming the outer 
core (Fig. 2.4). In addition, O-pyrophospho-
rylethanolamine and O-phosphorylethanolamine
are frequently substituted on to the L-glycero-D-
manno-heptose and KDO residues, respectively.

Genetics of the LPS core biosynthesis

The genetics of core biosynthesis have been
extensively reviewed by Schnaitman and Klena
(1993). The genes required for the production of
core LPS belong primarily to the rfa gene cluster.
This name has recently been revised by Reeves et
al. (1996), who have proposed a new system for
the nomenclature of genes for polysaccharide
biosynthesis. The rfa gene cluster has largely
been renamed the waa cluster (Table 2.1). The
two systems are currently coexisting, but in this
chapter the new system will take priority. While
many of the genes are known from work with
S. typhimurium, others have only been identified
in E. coli and their equivalent function in
Salmonella is not known.

Two kds genes (kdsA and kdsB) are required
for synthesis of KDO. The KDO is then added to
the glucosamine of lipid A disaccharide by the
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Fig. 2.4. The structure of the lipopolysaccharide core oligosaccharide of Salmonella. Genes known to be
required for the synthesis of the core at various points are shown.



product of the waaA gene (kdtA), KDO trans-
ferase. KDO II is also added by this enzyme, and
indirect evidence suggests that KDO III is further
added by this enzyme at a late stage in synthesis
of the core. The final steps in the acylation of
lipid A are thought to be coupled to the attach-
ment of KDO (Brozek and Raetz, 1990); how-
ever, the genes required for terminal acylation of
lipid A are not yet known.

The synthesis of heptose and its conversion
to L-glycero-D-manno-heptose involve the waaD
(rfaD) and waaE (rfaE) genes. Addition of the
first heptose to KDO I requires a heptosyltrans-
ferase encoded by the waaC (rfaC) gene, and
completion of the inner core, by addition of the
second heptose, requires waaF (rfaF). Mutants
lacking these genes are said to exhibit a deep-
rough phenotype.

The first D-glucose of the outer core is
attached by a glucosyl transferase, which is the
product of the waaG (rfaG) gene. The substrate,
UDP-glucose, is cleaved to add the glucose
residue to the second heptose (Hep II).
Interestingly, mutants with a defective waaG
gene produce neither flagella nor type 1 fimbriae.
This suggests either a regulatory role for the
WaaG protein or that the synthesis of these sur-
face appendages is dependent upon a certain
degree of completion of the LPS core.

A D-galactose residue is then attached by an
�(1–3) link to the D-glucose by a galactosyl
transferase. This is the product of the waaI (rfaI)
gene. A branch D-galactose residue is also
attached to the glucose in an �(1–6) link by the
product of the waaB (rfaB) gene. The second ter-
minal �(1–2)-linked D-glucose is then attached
by the waaJ (rfaJ) product and finally, completing
the Salmonella core oligosaccharide, the waaK
(rfaK) gene product transfers a branch N-acetyl
glucosamine in �(1–2) linkage to a proportion of
the terminal glucose residues.

The O-antigen

The serologically dominant and highly variable
region of the LPS is the O side-chain. This is
hydrophilic in nature and reaches out to the
microenvironment of the bacterial cell (see Fig.
2.2). It is a repeated tetra- or pentasaccharide,
characterized by the inclusion of deoxy- and
dideoxyhexoses. The number of repeats in the O
side-chain varies from strain to strain and is
dependent upon the prevailing growth condi-
tions. The repeating nature and quantum varia-
tion of the O side-chain size can be visualized by
separation of S-form LPS on a polyacrylamide gel
and silver staining (Hitchcock and Brown,
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Table 2.1. Genes required for the synthesis of the lipopolysaccharide core in Salmonella typhimurium.

Gene New designation Function

kdsA KDO-8-phosphate synthesis
kdsB CMP–KDO synthesis
kdtA (waaA) KDO transferase (transfer to glucosamine)
rfaE (waaE) ADP-heptose synthesis
rfaD (gmhD) Epimerization of ADP heptose to L-glycero-D-manno-heptose
rfaC (waaC) Heptosyltransferase: addition of heptose
rfaF (waaF) Addition of heptose II to complete the inner core
rfaG (waaG) Glucosyltransferase: addition of glucose to Hep II
rfaB (waaB) Addition of branch D-galactose to glucose
rfaI (waaI) Galactosyltransferase: addition of D-galactose
rfaJ (waaJ) Addition of second D-glucose
rfaK (waaK) Transfer of branch N-acetyl glucosamine to some terminal glucose
rfaH Positive regulation of waa (rfa)
rfaQ (waaQ) Addition of Hep III to core?
rfaL (waaL) Addition of O-antigen to core
rfaP (waaP) Phosphorylation of Hep I
rfaS (waaS) Synthesis of lipooligosaccharide; not in S. typhimurium
rfaZ (waaZ) Function unknown



1983). Each band in the ‘ladder’ represents an
LPS molecule with one single oligosaccharide
unit more or less than the one next to it.
Between 25 and 40 units of the oligosaccharide
are a common finding (Fig. 2.5).

The O side-chain in serological classification

The system that is used to differentiate the
Salmonella serovars (previously referred to as
species) is based on the grouping of strains accord-
ing to the structure of their O antigenic side-chain
polysaccharide, coupled with determination of the
serological specificity of the H (flagellar) antigen,
which may be expressed in one of two phases. This
is the White–Kauffmann–Le Minor scheme.
Serological distinction of the O antigens of
Salmonella is made on the detection of particular
antigens, which are designated by a number. These
factors are determined by the component sugars of

the O side-chain. S. typhimurium has the antigenic
formula 1, 4, 5, 12. Antigens 4 and 12 are found in
all group B serovars, although factor 12 is also
found elsewhere. Factors 1 and 5 are additional
factors that assist in the definition of serological
specificity of S. typhimurium. 

Synthesis and genetics of the O side-chain

The genes required for the biosynthesis of the O
side-chain obviously vary from serovar to serovar,
since these contain different sugars in the repeat-
ing oligosaccharide. Nevertheless, there are basic
similarities in these genes from those serovars
that have been examined. The group of genes
involved in O side-chain synthesis is the 19 or so
genes of the O-antigen gene cluster (previously
known as the rfb locus (Fig. 2.6)), which maps
near his at approximately 45 minutes on the
Salmonella chromosome (Jiang et al., 1991).
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Fig. 2.5. Silver stained polyacrylamide gel of Salmonella lipopolysaccharide showing ladder banding from
the presence of different lengths of O side-chain (from Peterson and McGroarty, 1985, with permission from
the Journal of Bacteriology).



Among the enterobacteria, there are two
systems of O-antigen synthesis based on the gene
involved in attachment of the first sugar of the O
side-chain to the undecaprenol phosphate anti-
gen carrier lipid (ACL). Most Salmonella serovars
use the product of the wbaP (rfbP) gene rather
than that of the alternative, wecA (rfe) gene.
These include O groups A, B, C2, D and E1.
However, some serogroups – C1 and L – are
wecA-dependent. 

The O side-chain repeat unit of group B
strains, such as S. typhimurium, has four or five
sugars. The backbone sugars are the same in
serogroups A, D and E1, comprising mannose,
rhamnose and galactose, whereas in group C2
this is Rha–Man–Man–Gal. In group B, the
mannose is substituted with abequose, a 3,6-
dideoxygalactose (which confers the O4 antigen
factor) and the galactose is partially substituted
with glucose. The abequose is further O-acety-
lated, which confers the O5 antigen. In other
groups, the dideoxyhexose component is differ-
ent: paratose in group A, abequose in groups B
and C2, tyvelose in group D and none in E1.

Synthesis of group B O antigen begins with
the transfer of galactose phosphate to ACL by
the product of the wbaP (rfbP) gene. The gene
wbaN (rfbN) encodes the sugar transferase for
addition of the rhamnose, while wbaU (rfbU)
and wbaV (rfbV) encode the enzymes that attach
rhamnose and abequose, respectively, using the
sugar nucleotides as substrates. The glycosylation
of galactose requires the oafA gene, which lies
just outside the rfb cluster, and the O-acetylation
of abequose involves the oafC and oafR genes, far
away from rfb.

Mutants are known which produce the so-
called semi-rough (SR) phenotype. The LPS pro-
duced by this class of mutant has a high
proportion of core oligosaccharides, substituted
with a single O side-chain unit, and the remain-
der have complete cores that carry no antigen.
The proportion of LPS molecules with core only
is approximately the same as that seen in strains
with S-form LPS. Therefore it was recognized
that these mutants can attach the first O-antigen
unit but are defective in the polymerization step
required to generate the repeating O side-chain.
They are nevertheless able to ligate the first O
unit to the core and efficiently transfer the result-
ing LPS to the surface of the outer membrane.
The gene encoding this function is termed wzy

(rfc) and it is located in the O-antigen gene clus-
ter in Salmonella strains of serogroups C1, C2 and
E1. However, it is at a separate site in other
serogroups, such as B. The Wzy protein is very
hydrophobic, suggesting that it is a membrane
protein (Table 2.2).

The mechanism by which O-antigen units
are added to the growing O side-chain is still not
entirely clear. The sugars of the oligosaccharide
are transferred from sugar nucleotide phosphates
to the carrier lipid molecule, the undecaprenol
phosphate ACL. Galactose, rhamnose and man-
nose are sequentially transferred to the ACL
while it is in the inner face of the cytoplasmic
membrane. Branch sugars, such as abequose of S.
typhimurium, are transferred to the mannose and
galactose. This must then be transferred to the
site of the lipid A core. As the ACL–trisaccha-
ride reaches the outer leaflet of the cytoplasmic
membrane, the galactosyl-phosphate bond of the
ACL–trisaccharide is broken and the galactosyl
bond is transferred to the terminal mannosyl
residue of a second or acceptor lipid, forming an
oligosaccharide lipid carrier. This is repeated sev-
eral times, chain growth taking place by addition
of oligosaccharide units to the reducing end of
the polysaccharide chain. Therefore, the devel-
oping polysaccharide is always transferred to an
ACL carrying an O-antigen unit. To recycle the
ACL, a specific phosphorylase dephosphorylates
the free ACL to the monophosphate derivative,
which then returns to the inner cytoplasmic face
to begin the addition of sugars to form an
oligosaccharide unit (Fig. 2.7). In a few cases, e.g.
S. minneapolis and S. typhimurium, certain branch
sugars (glucose) are added not in the cytoplasm
but after polymerization. Frequently when this is
the case, substitution is incomplete. Similarly, O
acetylation is carried out once polymerization has
taken place.

The completed polysaccharide O side-
chain–ACL then interacts with the lipid A core.
The transfer of the O side-chain polysaccharide
from the ACL to the glucose of the Salmonella
core is carried out by O-antigen LPS ligase. Once
transferred, the LPS molecule must be relocated
to the outer membrane. The flip-flop transfer of
the LPS to the outer membrane is still not fully
understood, but seems to involve outer-mem-
brane proteins for which LPS has a strong affin-
ity, as well as the Bayer-bridge adhesion points
linking the inner and outer membranes.
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Table 2.2. Genes involved in the synthesis of the O side-chain.

Gene New designation Function

rfbBDAC (wbaBDAC) Synthesis of TDP-rhamnose
rfbKM (manB) Synthesis of GDP-mannose
rfbFG (ddhAB) Synthesis of CDP-4-keto-3,6-dideoxyglucose precursor
rfbJ (abe) Synthesis of CDP-abequose (group B)
rfbS (prt) Synthesis of CDP-paratose (group A)
rfbE (tyv) Synthesis of CDP-tyvelose (group D)
rfbP (wbaP) Initial step of attachment of Gal-P to ACL
rfe (wecA) Initial step of attachment of GlcNAc-P to ACL
rfbN (wbaN) Rhamnose transfer to galactose (groups A, B, D and E1)
rfbU (wbaU) Mannose transfer to rhamnose (groups A, B, and D)
rfbV (wbaV) Abequose transfer to mannose (groups B and D)
rfc (wzy) Polymerization of O side-chain units
rfaL (waaL) Attaches O side-chain to core oligosaccharide
rol (wzz) Regulates length of O side-chain
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Fig. 2.7. Biosynthesis of O side-chain in Salmonella. At the inner face of the cytoplasmic membrane, the
nucleotide sugars are transferred in sequence to the C55 polysioprenoid phosphate carrier lipid. Following
the transfer of the mannosylrhamnosylgalactose trisaccharide-carrier lipid to the outer face of the
membrane, the trisaccharides polymerize, forming the lipid-linked O-antigen polymer, the polysaccharide
portion of which is then passed to the lipid A core (AC). The liberated carrier lipid is then dephosphorylated
and returned to the cytoplasmic face of the membrane.



The distribution of size of molecules of LPS
can be seen on the characteristic ladder pattern
in silver-stained polyacrylamide gels (see Fig.
2.5). It is clear that, while there are a large num-
ber of molecules substituted with one, two or
three O repeat units, this quickly decreases until
there seem to be very few of intermediate size. As
the size increases, the abundance once again
increases to a maximum that is dependent upon
the strain and its environmental conditions.
Goldman and Hunt (1990) suggested that this
distribution indicates a mechanism by which
larger molecules are preferentially selected for
ligation on to the LPS core. Mutation of the
gene termed wzz (rol) caused an even distribu-
tion of chain lengths characteristic of random
ligation and polymerization (Batchelor et al.,
1992).

The O side-chain in pathogenicity

The O-antigen component is also of importance
in the interaction with the host in disease, par-
ticularly in evading the innate host defences.
The structure and immunogenicity of the O side-
chain may have profound effects on the ability of
the humoral immune system to mount a response
to infection and on the initial interaction with
professional phagocytic cells.

Influence of chemical structure of LPS on the
pathogenicity of Salmonella

Differences in the virulence of serovars and
strains of Salmonella for animals are well known.
In order to examine the importance and function
of the O side-chain composition in an isogenic
background, Valtonen and co-workers carried out
genetic exchange experiments, using transduc-
tion to alter a strain of S. typhimurium (somatic
antigens O4, 12) to carry the O antigen of S.
enteritidis (O9, 12) or S. montevideo (O6, 7) (Fig.
2.8). They clearly showed that the strain possess-
ing the O6, 7 antigen was least virulent, while
the parent (O4, 12) showed the greatest viru-
lence. The strain carrying the O9, 12 antigen was
of intermediate virulence (Valtonen, 1970).
These differences were shown to be manifest in
immunosuppressed mice also, suggesting that the
innate immunity of the animal was responsible
for the differential response (Valtonen et al.,
1971). Subsequent experiments showed that,
when the O9, 12 somatic antigen of a natural S.
enteritidis strain was replaced with the O4, 12
somatic antigen of S. typhimurium by transduc-
tion, a statistically significant increase in viru-
lence was observed (Valtonen et al., 1975). Since
these strains were shown to differ little in their
uptake by phagocytes both in vitro and in vivo,
an O6, 7 strain was constructed to be isogenic
with the O4, 12 strain and this correlated well
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Fig. 2.8. Representative O side-chain repeat units from Salmonella typhimurium (group B), S. montevideo
(group C1) and S. enteritidis (group D).



with the clearance rates in vivo. However, neither
strain was killed in an in vitro phagocytosis assay
(Valtonen, 1977).

This work was continued by Liang-Takasaki
et al. (1982). They found that the rate of uptake
of the isogenic strains by a macrophage-like cell
line was inversely proportional to their mouse
virulence. The differences in uptake were attrib-
uted to the differential affinity of the bacteria for
the macrophages, rather than the rate of uptake
following the interaction. This was proposed as
evidence for a receptor-mediated process. In
addition, the uptake was shown to be comple-
ment-dependent and direct activation of comple-
ment by LPS was postulated as one important
factor determining virulence. It was concluded
that virulent bacteria may evade both comple-
ment killing and opsonophagocytosis by evolving
LPS modified so as to reduce activation of com-
plement. Later studies confirmed the differential
activation of C3 by these strains and showed it to
proceed primarily via the alternative pathway
(Liang-Takasaki et al., 1983a). Finally, these stud-
ies reverted to examining the strains in the
whole animal and concluded that the difference
in complement-dependent phagocytosis noted in
vitro was the primary factor responsible for the
observed virulence differences in vivo (Liang-
Takasaki et al., 1983b).

Enterobacterial Common Antigen

The enterobacterial common antigen (ECA) is
an acidic cell surface glycolipid shared by essen-
tially all members of the Enterobacteriaceae,
including Salmonella. It is of relatively little
importance in the life of Salmonella and, as such,
is frequently ignored. ECA is found in two forms:
the haptenic form and the immunogenic form
(Mayer and Schmidt, 1979). The immunogenic
form is covalently linked to the LPS core region
of rough mutants. The haptenic form is not cova-
lently linked to the LPS and it is found in both
smooth and rough strains, including those that
produce the immunogenic form.

The serological specificity of ECA is gov-
erned by an amino sugar-containing hetero-
polysaccharide. This is primarily a trisaccharide
repeating unit linear chain of 1–4 linked N-
acetyl-D-glucosamine, N-acetyl-D-mannosamin-
uronic acid and N-acetylfucosamine residues.

The wecA–E (rfe and rff) gene cluster is
involved in the biosynthesis of ECA. The rml
gene products are known to be required for pro-
duction of ECA, as well as O side-chains. The
products of the mnaAB and fcnAB genes are 
also required for ECA synthesis (such as synthe-
sis of UDP-N-acetyl-D-mannosaminuronic acid).
Strains of some Salmonella harbouring wecA
mutations (e.g. S. montevideo and S. minnesota)
cannot synthesize the O side-chain sero-
group antigen or ECA, while others (e.g. S.
typhimurium) with similar mutations fail to pro-
duce ECA. Biosynthesis is thought to involve a
lipid intermediate (undecaprenylphosphate) in a
manner similar to that for O-antigen side-chain
and peptidoglycan components (Rick et al.,
1985).

The function of ECA in the natural history
of Salmonella is not known, although they may
represent a primitive, redundant antigenic com-
ponent on the cell surface, which predates the O
side-chain.

The Vi Antigen

The Vi antigen is the only true capsular polysac-
charide produced by Salmonella spp. It was dis-
covered in 1934 and was termed the Vi antigen
because of its association with virulence. It is
only produced by strains of S. typhi and S. paraty-
phi C, together with a few strains of S. dublin and
Citrobacter freundii. As recognized with other
enterobacteria bearing capsular polysaccharide,
Salmonella carrying the Vi antigen are not agglu-
tinable with anti-O antiserum. They therefore
appear inagglutinable in slide agglutination tests
until the bacteria have been heated (100°C, 60
min) to remove the masking effect of the cap-
sule, revealing the O-specific antigen beneath.
Since few strains infecting animals carry the Vi
antigen, inagglutinability due to Vi is encoun-
tered very infrequently in clinical veterinary
microbiology.

The Vi antigen is an unbranched homopoly-
mer of �-1,4–2-deoxy-2-N-acetylgalactosamine
uronic acid. It is O-acetylated in approximately
60% of the residues at the C3 position (Heynes
and Kiessling, 1967). The Vi antigen is recog-
nized as a group I polysaccharide in the scheme
of Jann and Jann (1990). This scheme is based
on chemical, physical and genetic criteria, in
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which group I polysaccharides have high molecu-
lar mass and are thicker than type II polysaccha-
rides, include hexuronic acid as the acidic
component and are expressed along with LPS 
O antigens.

Two independent loci of genes are required
for biosynthesis of Vi: viaA and viaB. The viaB
locus, comprising 11 genes, is only found in those
strains showing a Vi-positive phenotype.
Investigation of the function of the viaB locus
has identified genes responsible for Vi polymer

synthesis and others required for translocation of
the polysaccharide to the bacterial cell surface
(Virlogeux et al., 1995). The viaA region is also
present in certain Vi-negative bacteria, such as
E. coli. In this organism, a locus that is allelic to
viaA is known by the designation rcsB. This is
known to be a positive regulator of capsule
biosynthesis, which is functional in E. coli.
Therefore, transfer of the viaB locus to E. coli was
shown to cause expression of Vi in E. coli
(Johnson and Baron, 1969).
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Chapter 3

Fimbriae of Salmonella

Christopher J. Thorns and Martin J. Woodward
Bacteriology Department, Veterinary Laboratories Agency (Weybridge), New Haw, 

Addlestone, Surrey KT15 3NB, UK

Introduction

Fimbriae are a family of polymeric proteinaceous
surface organelles expressed by many bacteria, of
which those of Escherichia coli have been most
extensively studied (Smyth et al., 1994). In par-
ticular, the fimbriae of enterotoxigenic E. coli,
such as F4 and F5 (K88 and K99), which are
responsible for the attachment of the bacterium
to the villous epithelium of the small intestine of
domestic animals, are now widely used in diag-
nostic tests and as active components in bac-
terins and subunit vaccines (Walker and Foster,
1983; Thorns et al., 1989a,b).

Although the expression of fimbriae by cer-
tain strains of Salmonella was first described
nearly 40 years ago (Duguid and Gillies, 1958),
until recently there was little understanding of
the variety of Salmonella fimbriae and their func-
tions. However, in the last 10 years, there has
been a renewed interest in the molecular and
antigenic characterization and functions of
Salmonella fimbriae, which has identified their
potential as diagnostic and protective antigens
(Thorns, 1995). Most of this work has focused on
fimbriae expressed by S. typhimurium and, more
recently, on S. enteritidis. In this review, we
describe the different types of fimbriae expressed
by Salmonella and methods of isolation and
detection, molecular organization and regulation
and current perspectives in the functions of these
surface structures.

Classification of Salmonella Fimbriae

The association between Salmonella fimbriae and
the ability of the bacteria to agglutinate certain
species of erythrocytes was first noticed by
Duguid and Gillies (1958). At this time, it was
also discovered that this association between
fimbriae and erythrocytes included mannose-
containing carbohydrates in lectin-based inter-
actions (Collier et al., 1955). In a large study
with over 1400 Salmonella strains, fimbriae were
classified on the basis of their morphology and
ability to mediate erythrocyte agglutination in
the presence or absence of D-mannose (Duguid
et al., 1966). This classification has been used
successfully for many years. However, it is now
less appropriate, since a number of novel
fimbriae are morphologically similar and do not
appear to mediate haemagglutination reactions
of any type. A great variety of Salmonella
fimbriae have now been described (Table 3.1)
and the important features of each are detailed
below.

Type 1 fimbriae

Type 1 fimbriae comprise a family of rod-shaped
organelles, 7–8 nm in diameter and up to 100 nm
long (Fig. 3.1a). They have a peritrichous distrib-
ution, although only about 10% of cultured bac-
teria appear to express them at any one time (M.
Sojka, unpublished observations).
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SEF21 fimbriae are members of the type 1
class of fimbriae and were first described on
strains of S. enteritidis by Müller et al. (1991).
Cultured S. enteritidis express SEF21 at 18°C and
37°C optimally in the late logarithmic to station-
ary growth phase. Like other type 1 fimbriae,
they are composed of repeating major protein
subunits, with a smaller number of minor pro-
teins non-covalently linked around a hollow
core, which gives a channelled appearance when
viewed by electron microscopy. Major subunits of
molecular mass between 20 and 22 kDa have
been described for SEF21 and other type 1 fim-
briae of Salmonella (Korhonen et al., 1980;
Kukkonnen et al., 1993; Sojka et al., 1996).
There is considerable genetic and antigenic
cross-reactivity between SEF21 and other type 1
fimbriae of Enterobacteriaceae, although SEF21-
specific epitopes have also been described
(Purcell et al., 1987; Sojka et al., 1996, 1998).
Like other type 1 fimbriae of Salmonella, SEF21
mediate mannose-sensitive haemagglutination
and lectin-based binding to mannoside glycopro-
tein receptors situated on a variety of epithelial
cells.

Type 2 fimbriae

Type 2 fimbriae are morphologically indistin-
guishable from type 1 but are unable to aggluti-
nate erythrocytes of any species. They were
originally observed on strains of S.
gallinarum/pullorum (Duguid and Gillies, 1958)
and have subsequently been described on S.
paratyphi B and S. dublin strains (Duguid et al.,
1966). There is a very close molecular and anti-
genic relationship between type 1 and 2 fimbriae
(Swenson et al., 1991; Sojka et al., 1998), which
indicates that the type 2 fimbriae may be non-
haemagglutinating type 1 variants.

Type 3 fimbriae

Type 3 fimbriae are thin, flexible structures with
diameters between 3 and 5 nm, arranged peritric-
hously around the bacterial cell when viewed by
electron microscopy. They are able to mediate
the agglutination of tannic-acid-treated erythro-
cytes in the presence of α-D-mannose (Duguid et
al., 1966). Like type 1 fimbriae, there is consider-

able antigenic conservation between type 3 fim-
briae expressed by Salmonella, Klebsiella and
Yersinia spp. (Adegbola et al., 1983; Old and
Adegbola, 1985).

Type 4 fimbriae

Type 4 fimbriae were originally described by
Duguid et al. (1966) as thin, flexible fimbriae
4 nm in diameter, with the ability to mediate
agglutination of fresh erythrocytes in the pres-
ence of mannose (mannose-resistant (MR)), and
until recently they had not been described on
Salmonella. However, thin, flexible fimbriae 3 nm
in diameter that mediate MR haemagglutina-
tion of pigeon erythrocytes have been described
on a strain of S. typhimurium isolated from
pigeons (Grund and Weber, 1988; Grund and
Seiler, 1993). Unfortunately, ‘type 4 fimbriae of
enterobacteria’ has also been used to refer to a
recently described class of fimbriae with an
unusual export system for the translocation of
the fimbrin subunits across the cytoplasmic mem-
brane (Strom and Lory, 1993). Morphologically,
these are quite different from the type 4 fimbriae
originally described by Duguid et al. (1966),
being 7 nm in diameter and 10–20 nm long and
having a polar arrangement around the cell
(Girón et al., 1994). Type 4-like fimbriae, termed
bundle-forming pili (bfp), normally associated
with enteropathogenic E. coli, have also been
described as being expressed by strains of S.
dublin, although the evidence is based only on
indirect observation of S. dublin bacteria by elec-
tron microscopy (Sohel et al., 1993).

GVVPQ fimbriae

This designation refers to the short amino acid
sequence conserved at the N terminus of the
major fimbrial subunit of certain fimbrial types.
This conserved sequence occurs between the
Salmonella fimbrial antigen SEF17 and the thin,
coiled, fibrillar structures, called curli, that are
expressed by the entero-aggregative E. coli associ-
ated with infantile diarrhoea in humans
(Collinson et al., 1992). SEF17 fimbriae were first
described on a strain of S. enteritidis by Collinson
et al. (1991). They have a similar morphology to
curli fimbriae, appear tightly coiled in a peritric-
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hous arrangement around the cell (Fig. 3.1b) and
comprise protein subunits of molecular mass 17
kDa, which contain a receptor for the tissue-
matrix protein fibronectin (Collinson et al., 1993).
Typically, SEF17 fimbriae are expressed by organ-
isms cultured on solid medium such as colony fac-
tor antigen (CFA) agar, at temperatures up to
30°C, although a few strains of S. enteritidis express
SEF17 constitutively to 42°C (Dibb-Fuller et al.,
1997).

SEF14 fimbriae

SEF14 fimbriae comprise a unique class of
Salmonella fimbriae and were first described on
strains of S. enteritidis (Thorns et al., 1990;
Müller et al., 1991). Their structure comprises
thin, filamentous organelles, < 3 nm in diameter,
peritrichously arranged (Fig. 3.1c) and composed
of repeating protein subunits of molecular mass
14.3 kDa. Under certain cultural conditions, S.
enteritidis can co-express SEF14 and SEF21 fim-
briae. SEF14 is unique to certain serovars in
serogroup D, including all strains of S. enteritidis
so far examined and a proportion of S. dublin
strains (Thorns et al., 1992). Cultured organisms
express SEF14 at temperatures above 30°C and
their expression is subject to catabolite repres-
sion.

The structural gene encoding SEF14 has
been cloned and sequenced (sefA) and shown to
be limited in distribution to serovars belonging
to serogroup D. Interestingly, S. gallinarum/pullo-
rum and S. typhi all possess the entire sefA gene
but do not express SEF14 fimbriae (Turcotte and
Woodward, 1993). The unique specificity of
SEF14 to S. enteritidis has been successfully
applied to the development of rapid antigen and
serological tests for the specific detection of S.
enteritidis in poultry (McLaren et al., 1992;
Hoorfar and Thorns, 1996; Thorns et al., 1996a).

SEF18 fimbriae

The SEF14 fimbrial operon (see below) appears
to possess two structural genes; sefA encodes the
SEF14 fimbriae, whereas sefD encodes for the
antigenically distinct SEF18 fimbriae, whose
expression is also independent of growth temper-
ature (Clouthier et al., 1994). The same workers

report that SEF18 fimbriae are highly conserved
structures, ubiquitous among the Entero-
bacteriaceae, and speculate that they may con-
tribute to cell-to-cell adherence. However, con-
clusive identification of SEF18 as fimbriae has
not yet been made, since isolation, detection and
purification of the assembled structure has not
been reported.

Long polar fimbriae (LPF), plasmid-encoded
fimbriae (PEF) and bovine colonization factor

(BCF)

Long (10–20 µm) fimbriae, with a diameter of c.
7 nm and morphologically similar to enterobac-
terial type 4 fimbriae, have been observed on a
non-fimbriated E. coli strain into which an S.
typhimurium fimbrial operon had been introduced
(Bäumler and Heffron, 1995). The fimbriae were
expressed at the pole of the bacterium only and
have been termed long polar fimbriae (LPF).
Similarly, profuse peritrichous fimbriae were
observed on E. coli harbouring the PEF operons
from S. typhimurium and S. enteritidis (Friedrich et
al., 1993; Woodward et al., 1996). However,
neither native LPF nor PEF fimbriae have yet
been detected on wild-type Salmonella, although
PEF seroconversion has been reported in
chickens infected with S. enteritidis (Woodward
et al., 1996). A newly identified fimbrial operon
of S. typhimurium (BCF) is associated with
specific adherence to bovine but not murine
Peyer’s patches (see Chapter 4).

Detection of Fimbriae and their
Application as Diagnostic Reagents

Rapid immunoassays using specific monoclonal
antibodies (Mabs) have now replaced the tradi-
tional methods of haemagglutination and elec-
tron microscopy for the detection of many types
of fimbriae, such as type 1, GVVPQ and SEF14
fimbrial classes (Fig. 3.2). However, sugar-sensi-
tive and sugar-resistant haemagglutination reac-
tions will continue to aid the detection of novel
fimbriae that mediate lectin-specific binding to
cell receptors (Fig. 3.3).

The first diagnostic tests based on the detec-
tion of fimbrial antigens were developed for the
detection of enterotoxigenic E. coli (ETEC)
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(Sojka, 1971). The stimulus for their develop-
ment and use was the discovery that fimbriae
such as F4 and F5 are essential for the E. coli to
cause disease, and their detection on E. coli iso-
lates from cases of diarrhoea is of diagnostic sig-
nificance. A variety of tests that incorporate
Mabs are now commonly used for the rapid
detection of fimbriae expressed by ETECs
(Thorns et al., 1989a,b).

Although much recent effort has gone into
the characterization of fimbriae expressed by
Salmonella, their application for the detection of
Salmonella infections has not been fully exploited
to date. Two main reasons for this have been the
concentration of research towards characteriza-
tion of type 1 fimbriae and a lack of understand-
ing of the role of these antigens in the life cycle
of the bacterium, such that their detection is of
uncertain clinical significance.

Detection of Salmonella Genus

Genus-specific tests, based mainly on the detec-
tion of surface antigens, such as lipopolysaccha-
ride (LPS), flagellin and outer-membrane
proteins, have been used with some success in

enzyme-linked immunosorbent assays (ELISAs)
and agglutination tests (Clark et al., 1989;
Feldsine et al., 1992; Kerr et al., 1992; Manafi
and Sommer, 1992; Wyatt et al., 1993).
Recently, a DNA-based test that targets the agfA
structural gene of SEF17 fimbriae (GVVPQ
class) has been developed and shown to react
strongly with 603 of 604 Salmonella isolates and
only very weakly with 31 of 266 other members
of the family Enterobacteriaceae (Doran et al.,
1993). Similar strategies have been developed by
Cohen et al. (1996), who used Salmonella-
specific polymerase chain reaction (PCR) probes
to the type 1 fimA gene of S. typhimurium, and
by Woodward and Kirwan (1996), who used a
PCR assay based on the sefA gene to detect S.
enteritidis in eggs. These are the first instances in
which fimbrial gene probes have been used suc-
cessfully as a genus-specific diagnostic tool and
may, in the future, offer quicker and more sensi-
tive approaches than existing culture methods.

Specific detection of Salmonella enteritidis

The rapid spread of S. enteritidis through the
poultry population and the subsequent increase
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Fig. 3.2. Agglutination of coloured latex particles coated with an SEF14 monoclonal antibody in the
presence of S. enteritidis expressing SEF14 fimbriae. For comparison, two non-producing SEF14 strains (T1
and T3) are also shown.



in human food poisoning cases caused by this
serovar highlight the need for more rapid, spe-
cific tests to identify S. enteritidis infections in
animal and human populations in order to apply
appropriate control strategies. Recently, a simple
latex-agglutination test has been developed for
the specific identification of S. enteritidis, based
on the detection of SEF14 (McLaren et al., 1992;
Thorns et al., 1992, 1994). Extensive evaluation

by laboratories worldwide has demonstrated that
this is an accurate, presumptive test for S. enteri-
tidis and can be carried out in routine laboratories
that would normally have to send all their
Salmonella isolates to specialized laboratories for
serotyping.

The increase in bacteriological monitoring
of poultry flocks for Salmonella has required an
evaluation of alternative screening procedures in
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Fig. 3.3. Traditional techniques for the detection of type 1 fimbriae. (a) Agglutination of horse erythrocytes
with SEF21 fimbriae in the rock-tile test. For comparison, absence of agglutination is shown in the second
row. (b) Similar test carried out in microtitre plates with fimbriae diluted from left to right and incubated
overnight. The lower row contains mannose, which inhibits the agglutination.

(a)

(b)



order to reduce the time and costs involved. The
most likely alternative is serological monitor-
ing, especially as more specific ELISA-based
assays become available (Barrow, 1994; see also
Chapter 24). A recent development is the appli-
cation of SEF14 fimbriae to the specific sero-
diagnosis of chicken flocks infected with S.
enteritidis. Results indicate that birds infected
with S. enteritidis readily seroconvert within 10
days of infection and the immunoglobulin G
(IgG) response persists for at least 4 weeks there-
after (Thorns et al., 1996a). The production of
SEF14 antibodies following infection was the
first demonstration of a specific anti-fimbrial
response to Salmonella infection. Preliminary data
indicated that the potential advantages of the
detection of SEF14 antibodies are high specificity
and sensitivity.

The Genetics of Fimbrial Biosynthesis
and Regulation

Type 1 fimbriae

Clegg and colleagues (Clegg et al., 1987;
Swenson and Clegg, 1992) defined a 13.7 kb
SphI chromosomal region of S. typhimurium
that encoded the entire type 1 gene cluster (Fig.
3.4). Nucleotide sequence analysis identified
nine open reading frames within a contiguous
9500 base pair region, flanked by genes that
encoded tetrahydrofolate dehydrogenase and an
arginine tRNA. This latter gene has been rede-
fined as fimU and it is speculated that the tRNA
function may be required for translation of some
other fim genes (Swenson et al., 1994). Indeed,
Clouthier et al. (1998) suggested that fimU was
involved in the co-regulation of both type 1 and
SEF14 fimbriae of S. enteritidis. The structure of
the operon is similar to that encoding the type 1
fimbriae of E. coli, but with notable exceptions
with regard to the haemagglutinin and regulatory
genes. The fimA gene encodes a 21 kDa protein,
which is the major structural monomer of the
fimbriae. The fimA gene of the genus
Salmonella is highly conserved (Warner and M.J.
Woodward, unpublished data) and the pub-
lished S. typhimurium sequence has considerable
similarity to that of E. coli. The fimA gene is
transcribed monocistronically from its own pro-
moter under complex phase-variation regulation,

involving three other gene products of this gene
cluster. The adjacent fimI gene encodes a 16 kDa
protein, which shares 65% identity with FimA,
but the role of this protein is unclear and it may
be a minor component of the mature fimbrial
structure (Rossilini et al., 1993). Genes fimC and
fimD encode proteins of 25 and 82 kDa, respec-
tively, which, due to their similarity to other
defined fimbrial genes (Hultgren et al., 1991),
perform chaperone and usher functions for
fimbrial synthesis, while fimF encodes a minor
protein that may play a role in initiation of
fimbrial synthesis (Russell and Orndorff, 1992).
The fimH gene encodes a 34 kDa protein that is
related to the SfaS protein of the E. coli S-
fimbrial adhesin, but not the E. coli FimH
haemagglutinin, and it is probable that this
protein confers the mannose-sensitive adhesive
properties of Salmonella (Krogfelt et al., 1990).
The fimICDHF genes are transcribed poly-
cistronically from a single promoter (Swenson
and Clegg, 1992), whereas three genes encoding
regulatory functions, fimZYW, are transcribed
polycistronically but in the opposite orientation
(Yeh et al., 1995).

Regulation of the type 1 fimbrial operon in
S. typhimurium seems to have evolved differently
from that of E. coli, in which an invertible
genetic element encoding a promoter sequence
is located immediately downstream of the fimA
gene. Phase-on or phase-off orientation is regu-
lated by the gene products of fimB and fimE
genes, both located further downstream of the
fim operon (for review, see Dorman et al., 1997).
No similar genes are found in S. typhimurium
and, although the fimA gene is flanked by a 10
bp repeat sequence, Southern hybridization
analysis of phase-on and phase-off bacteria indi-
cates that no genetic rearrangement of the
repeat sequences or the fimA region occurs
(Clegg et al., 1996). Unlike the regulation of the
type 1 fimbriae of E. coli, relatively little is
known about regulation in Salmonella, other
than media and temperature effects (Sojka et al.,
1996). The roles of global regulators have yet to
be established.

SEF14 and SEF18 fimbriae

The sefABCD gene cluster (Fig. 3.4) encodes
SEF14 fimbriae (Clouthier et al., 1993; Turcotte
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and Woodward, 1993). The major fimbrial sub-
unit antigen is encoded by sefA, whilst putative
usher and chaperone functions are encoded by
sefB and sefC. These genes share identity with
those encoding the P and CS31 fimbriae of E.
coli and the MRK type 3 fimbriae of Klebsiella
pneumoniae. Upstream, Clouthier et al. (1994)
identified a further open reading frame, desig-
nated sefD, which overlapped sefC and shared
identity with other major fimbrial subunit anti-
gen genes, including sefA itself. Unlike the
sefABC gene cluster, whose distribution is
limited to group D Salmonella (Turcotte and
Woodward, 1993), sefD, as determined by colony
dot–blot hybridization, is ubiquitous amongst the
Enterobacteriaceae (Clouthier et al., 1994).

The expression of sefD occurs under a wide
variety of environmental conditions, as demon-
strated by Western blot of whole-cell extracts
(Clouthier et al., 1998). SEF14 fimbriae of S.
enteritidis and S. dublin are expressed under
specific environmental conditions in vitro,
whereas elaboration by S. typhi or S.
gallinarum/pullorum was not detected,
although these Salmonella are genetically com-
petent (Turcotte and Woodward, 1993).
Intriguingly, Rodriguez-Pena et al. (1997)
demonstrated co-location of sef and pef genes on
the chromosome of S. typhi, a finding we have
confirmed also for S. enteritidis (R.J. Collighan
and M.J. Woodward, unpublished observations).
Sequence analysis downstream of the cluster
revealed potential promoter recognition sites,
complex hairpin-loop structures (Turcotte and
Woodward, 1993) and an IS3-like element
(Collighan and Woodward, 1997), although no
evidence was gained for regulation of expression
by inversion of the element. Indeed, the element
seemed to be inactive, with the putative trans-
posase reading frame interrupted by three point
mutations. Interestingly, the GC ratio of the IS3-
like element and the SEF14 gene cluster, but
with the notable exception of the sefA gene, is
considerably lower than that of adjacent
sequences. Thus, the limited distribution within
group D Salmonella and the co-location of an IS
element may indicate the origin of the gene clus-
ter as recent and possibly associated with a path-
ogenicity island (for reviews, see Finlay and
Falkow, 1997; Hacker et al., 1997). 

Perhaps the most intriguing observation is
the role of fimU, which encodes a tRNA mole-

cule encoding the rare arginine anticodon UCU,
in co-regulation of both SEF21 (type 1) and
SEF14 expression (Clouthier et al., 1998). These
authors examined a Tn10 insertion mutant of
fimU, which abolished SEF14 expression under
all conditions and severely modulated SEF21
expression. Interestingly, the rare arginine codon
is not found in sefA but is found in sefBCD and
sefE, the latter gene is reported by Clouthier et
al. (1998) to be an AraC-like transcriptional
activator. We have confirmed this finding by
insertional inactivation studies and shown that
PEF sequences are also co-located upstream of
the sef gene cluster and bound by a further IS
element and adjacent to leuX, a leucine-specific
tRNA gene (R.J. Collighan and M.J. Woodward,
unpublished observations). The question arises as
to whether this constitutes a pathogenicity islet.

SEF17 fimbriae

The agfBAC gene cluster (Fig. 3.4) encodes
SEF17 fimbriae of S. enteritidis (Collinson et al.,
1991, 1992, 1993, 1996a); it shares significant
sequence identity with the csgBAC operon
encoding the ‘curli’ fibronectin-binding fimbriae
of E. coli (Arnquist et al., 1992). The agfA gene
encoding major fimbrial subunit antigen, and
presumably the entire operon, is ubiquitous
amongst Salmonella and has been developed as a
probe for the specific detection of the microor-
ganism (Doran et al., 1993). Northern blot
analysis confirmed transcription of polycistronic
agfBA mRNA from a region immediately down-
stream of agfB, but transcription of agfC was not
detected in these experiments (Collinson et al.,
1996a). The role of an intercistronic stem–loop
structure between agfA and agfC is unclear.
Hammar et al. (1995) demonstrated the role of
two co-located but distinct gene clusters, agfBAC
and agfDEFG, which were transcribed in oppo-
site orientations for the regulation and elabora-
tion of the ‘curli’ fimbriae of E. coli. A similar
gene arrangement exists in S. typhimurium
(Romling et al., 1998). Significantly, ‘curli’ elab-
oration was shown to be influenced by environ-
mental factors with a direct involvement of
RpoS and HN-S factors for expression (Olsen et
al., 1993, 1994) and possibly OmpR (Romling et
al., 1998) in S. typhimurium. Humphrey et al.
(1996) has described a naturally occurring aviru-



lent S. enteritidis isolate, designated strain I,
which is unable to elaborate SEF17 fimbriae due
to a genetic lesion within the rpoS allele (Allen-
Vercoe et al., 1997).

Long polar fimbriae

Bäumler and Heffron (1995), using a novel
approach to negative screening, identified a
chromosomal region in S. typhimurium and
related serovars, and some serovars of group D,
which included S. enteritidis and S. dublin, that
was absent from S. typhi, S. arizonae, E. coli,
Shigella spp. and other Enterobacteriaceae. The
nucleotide sequence of the region identified a
putative fimbrial operon comprising five con-
tiguous open reading frames (Fig. 3.4), located at
78 minutes on the genetic map of S. typhimurium;
the operon had both sequence identity and gene
organization similarity to the S. typhimurium fim
cluster and, less so, to the MR/P fimbrial operon
of P. mirabilis and the P fimbrial operon of E. coli.
The lpfA gene, encoding the putative major
fimbrial subunit antigen, is flanked by 14 bp
repeat sequences and the promoter region con-
tains four 9 bp direct repeat sequences. As yet,
nothing is understood of the mode of regulation
of this operon. However, the afimbriate E. coli
K12 strain ORN172 harbouring a cosmid encod-
ing the entire lpf region derived from S.
typhimurium elaborated very thick, rod-like, polar
fimbriae 2–10 µm long. In this laboratory, similar
experiments with S. enteritidis have confirmed
the presence of the lpf operon but have been
unable to demonstrate expression of polar fim-
briae under any of the conditions tested thus far
(Allen-Vercoe and Woodward, 1999; Allen-
Vercoe et al., 1999).

Plasmid-encoded fimbriae

The serovar associated plasmid (SAP, virulence
plasmid) has been shown to contribute to the
systemic phase of S. typhimurium infection of
mice (Pardon et al., 1986) and of S. dublin
infection of cattle (Wallis et al., 1995). The spv
region of the SAP has been well studied (for
review, see Gulig et al., 1993) but a Tn5 inser-
tional mutation in the S. typhimurium SAP dis-
tant from the spv region resulted in attenuation

(Sizemore et al., 1991). The nucleotide sequence
of this region, a 13.9 kb contiguous segment of
the SAP between the repB and repC genes, was
determined by Friedrich et al. (1993). A putative
fimbrial operon containing seven open reading
frames (Fig. 3.4), which were, in terms of gene
organization and deduced amino acid sequence,
similar to the P and F4 (K88) adherence fimbriae
of ETEC. Woodward et al. (1996) demonstrated
the presence of pef sequences encoded by the
SAPs of S. enteritidis, S. choleraesuis and S.
bovismobificans. Interestingly, the deduced
amino acid sequence of the S. enteritidis PefA,
the presumed major fimbrial subunit antigen,
shared only 76% identity with the S.
typhimurium analogue, indicating discrete evo-
lutionary pathways for the acquisition of these
genes in Salmonella (A. Baumler, Texas, and D.
Platt, Glasgow, 1999, personal communications).
Nothing is known of the regulation of expression
of PEF and elaboration of these fimbriae has yet
to be observed on wild-type S. typhimurium and
S. enteritidis grown under any of the in vitro
conditions tested so far (unpublished observa-
tions). Interestingly, regions of the probable regu-
latory region of the pef operon are co-located
with the sef operon on S. enteritidis (R.J.
Collighan and M.J. Woodward, unpublished
observations). E. coli K12 recombinants that
harboured the entire S. typhimurium or S.
enteritidis pef region elaborated profuse fimbriae
(Fig. 3.5; Friedrich et al., 1993; Woodward et al.,
1996), which indicated zygotic induction. It is
possible that chromosomal genes are involved in
their regulation and that specific in vivo condi-
tions are required for induction, as for the spv
genes (Rhen et al., 1993).

Bundle-forming pili (BFP) and other newly
described fimbriae

Enteropathogenic E. coli (EPEC) adhere to
epithelial cells in microcolonies, to form the so-
called localized adherence (LA) pattern, for
which the EAF plasmid is essential (Baldini et
al., 1983). This plasmid also encodes the region
where BFP were first identified (Sohel et al.,
1993). The nucleotide sequence of some 14
genes encoding the elaboration of the fimbriae
was determined simultaneously by Stone et al.
(1996) and Sohel et al. (1996) and a further
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three regulatory genes were identified by Tobe et
al. (1996). Optimal expression of BFP was
obtained during exponential growth at 37°C in
the presence of calcium (Puente et al., 1996).
Sohel et al. (1993) used the bfp region to probe
other enteropathogens and demonstrated
hybridization with many Salmonella at low strin-
gency, indicating the presence of analogous genes
in some Salmonella, although this finding has yet
to be confirmed by other laboratories.

Brocchi et al. (1999) studied a preferred site
for mini-Tn5 integration in S. typhimurium. One
such site mapped to a hitherto uncharacterized
site on the SAP, and sequence analysis identified
four genes in this region that shared sequence
identities in the region of 40–46% homology
with the type 1 fimbriae described previously by
Purcell et al. (1987). The relationship between
this and the BCF described by Bäumler et al.
(Chapter 4) and Tsolis et al. (unpublished observa-
tions) remains to be determined. Recently,
Folkesson et al. (1999) described a large region of
DNA unique to Salmonella spp., a putative patho-
genicity island, located at centisome 7 of the
genome. This region encoded a deduced operon
encoding four genes which shared a high degree

of identity with a number of other fimbrial oper-
ons and was designated the Salmonella atypical
fimbria (SAF). Whilst knock-out mutants of this
operon did not attenuate S. typhimurium in the
mouse model, the question arises as to its signifi-
cance in human and animal disease.

The Role of Fimbriae

Contemporary molecular approaches to the study
of Salmonella pathogenesis have identified at least
five pathogenicity islands (PIs) and, although
these studies point to a significant role of secretory
functions and secreted antigens in pathogenesis,
genetic loci encoding fimbriae have not been
identified within the PIs by these approaches.
However, Takeuchi (1967) described fimbria-like
structures involved in the interaction between S.
typhimurium and murine gut epithelium in vivo.
Type 1 fimbriae have been considered to play a
role in early events of gut colonization, due to
their ability to cause haemagglutination and
the fact that they are ubiquitous amongst
Salmonella (Duguid et al., 1966, 1976; Darekar
and Eyer, 1973). Many studies support this view

Fig. 3.5. An electron micrograph of an afimbriate E. coli K12 derivative harbouring a cosmid with genomic
DNA that encoded the entire pef operon derived from S. enteritidis. Copious fine flexible fimbriae forming
rope-like clusters were observed.
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(Tanaka and Katsube, 1978; Korhonen et al.,
1981; Tanaka et al., 1981) and other studies
have indicated an additional adhesive role for
type 3 fimbriae (Jones and Richardson, 1981;
Jones et al., 1982; Tavendale et al., 1983) and
also the SAP (Jones et al., 1982). Campbell et al.
(1987) noted reversible adherence to chicken
connective muscle of all Salmonella tested while
Stenstrom and Kjelleberg (1985) reported
enhanced non-specific binding of fimbriate S.
typhimurium to minerals. Adherence to tissue
culture has also been used to assess the role of
fimbriae, although the results have been conflict-
ing (Mintz et al., 1983; Old et al., 1986) – prob-
ably because the key factors that influence
adherence are the bacterial cultural conditions
and the tissue types, which determine fimbrial
elaboration and expression of different targets,
respectively. Kukkonen et al. (1993, 1998)
reported binding of type 1 fimbriae to laminin
and plasminogen and Ghosh et al. (1996)
described a 60 kDa glycoprotein receptor of the
S. typhimurium type 1 fimbriae in rat intestinal
brush-border membranes. Interestingly, Lockman
and Curtiss (1992a,b) described an S.
typhimurium mutant defective for the elabora-
tion of type 1 fimbriae that was not attenuated in
the murine typhoid model and a mutant defec-
tive for the elaboration of both type 1 fimbriae
and flagella that was tenfold less virulent, as
assessed by median lethal dose (LD50), which
supported the observation by Jones et al. (1981)
that flagella play a role in attachment. 

SEF17 production is required for the elabo-
ration of the Congo-red-binding and autoag-
gregative phenotypic traits of S. enteritidis
(Collinson et al., 1991; Dibb-Fuller et al., 1997)
and S. typhimurium (Romling et al., 1998).
Recently, a particular ‘lacy’ colonial morphology
has been observed with strains of S. enteritidis,
which may be associated with increased viru-
lence of the organism (Guard-Petter, 1993;
Guard-Petter et al., 1996; Humphrey et al.,
1996). Guard-Petter (1993) demonstrated that
S. enteritidis isolated directly from infected hen’s
eggs generate a ‘lacy’ colony morphology, origi-
nally described as ‘convoluted’ by Jameson
(1966), which was considered more virulent in
the chick model (Guard-Petter et al., 1995). The
‘lacy’ phenotype was dependent upon expression
of SEF17 by the organism (Allen-Vercoe et al.,
1997; Romling et al., 1998). The thin aggregative

fimbrial analogues, ‘curli’ of E. coli and SEF17 of
Salmonella, both bind fibronectin, plasminogen
and Congo red (Baloda, 1988; Collinson et al.,
1993; Sjöbring et al., 1994; Hammar et al.,
1995). 

Significantly, Ben Nasr et al. (1996)
reported the role of ‘curli’ in the assembly of con-
tact-phase factors, notably H-kininogen (HK), at
the bacterial surface and the release of the proin-
flammatory and vasoactive peptide bradykinin.
These authors discuss the likely impact that this
facet of the biology of the microorganism has on
the disease process. Both E. coli and S. enteri-
tidis bound HK at 26°C, the optimal temperature
for in vitro elaboration of both ‘curli’ and SEF17.
Another facet of ‘curli’, and presumably SEF17,
was the ability for fimbrial assembly to occur
extracellularly through a self-assembly process
dependent upon a nucleator protein, although
the significance for colonization and/or adher-
ence remains to be tested (Hammar et al., 1996).
Romling et al. (1998) postulated that curli fibres
may form a network, such as a biofilm, because of
the adhesive nature of the fibres, the colonial
morphology developed and the expression of
curli apparently limited to ambient temperatures
only. However, whilst this is an attractive
hypothesis, we have established in vitro growth
conditions that induce S. enteritidis to express
SEF17 at 37°C (S. Walker and M.J. Woodward,
unpublished observations). This finding and the
array of phenotypes associated with the curli
fibres of Salmonella spp. pointed strongly to a
role in pathogenesis of infection. Indeed,
Sukupolvi (1997a, b) demonstrated that curli
fibres of S. typhimurium mediated interaction
between bacterium and immortalized proximal
small intestinal epithelial cells in the mouse
model. Likewise, Herwald et al. (1998) demon-
strated that S. typhimurium strain SR11, which
is constitutively curliated, when mixed with
mouse plasma depletes contact-phase proteins
and clotting factors, incorporates these into the
fibrin network, disturbs clot formation, prolongs
clotting and changes clot fibril morphology.

Reverse-genetics approaches have been used
to determine the role of fimbriae in pathogenesis.
Bäumler et al. (1996a) generated a pefC mutant
of S. typhimurium by insertional inactivation to
assess the role in adhesion to the murine small
intestine. In organ culture, the mutant adhered
in lower numbers than wild-type Salmonella and
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non-adherent E. coli harbouring the pef gene
cluster became adherent. Intragastric inoculation
of wild-type S. typhimurium in the infant
murine model caused fluid accumulation,
whereas the pefC mutant did not. E. coli har-
bouring and expressing the pef gene cluster failed
to induce fluid accumulation, which raises doubts
about the sole function of PEF. Bäumler et al.
(1996b), using a similar approach, demonstrated
the role of the lpf fimbrial operon in the attach-
ment of S. typhimurium to Peyer’s patches in the
murine model and of fim and pef fimbrial operons
in in vitro adhesion assays (Bäumler et al., 1996a).
Interestingly, invA lpfC double mutants of S.
typhimurium were attenuated 150-fold, as
compared with either mutation alone, when
inoculated orally in the mouse model (Bäumler et
al., 1997a).

To date, the study of S. enteritidis wild-type
and defined SEF14 fimbrial deletion mutants in
various animal models, including the mouse, rat
and chick, suggests that SEF14 fimbriae do not
contribute significantly to pathogenicity of the
organism (Thorns et al., 1996b; Oggunniyi et al.,
1997). However, it has been reported that the
attachment of S. enteritidis to chicken ovarian
granulosa cells in vitro can be partially blocked by
cell-free SEF14 fimbriae (Thiagarajan et al.,
1996). This provides some evidence that SEF14
fimbriae contribute to infection of the reproduc-
tive tissue in mature hens. The co-location of
fim, sef and agf genes to a single region of 850 kb,
inverted with respect to one another on the
genetic maps of S. typhimurium and S. enteritidis,
is intriguing (Collinson et al., 1996b) and pre-
sents evidence for the discussion of the evolution
of fimbrial patterns within Salmonella (Bäumler et
al., 1997b).

Thus, evidence is accumulating that suggests
that fimbriae and flagella play a role in
Salmonella pathogenesis. However, in our labora-
tory, multiply afimbriate isogenic mutants of S.
enteritidis were constructed for assay in the in
vivo chick model and the results suggested that, at
least in this model, flagella and not fimbriae were
significant virulence determinants (Allen-Vercoe
and Woodward, 1999; Allen-Vercoe et al., 1999;
Dibb-Fuller and Woodward, 1999). Interestingly,
Stein et al. (1996) described the production of
fimbria-like structures encoded by the sifA gene
(Salmonella-induced filament) by S. typhi-
murium within the phagolysosome. It is clear

that numerous fimbriae have yet to be identified
and functionally characterized and it is interesting
that the BCF may play a role in host restriction, a
theme that deserves further analysis. Additionally,
fimbriae are expressed under a variety of stress
conditions, with, for example, SEF14 upregulated
by contact with inanimate surfaces (Walker et al.,
1999), which raises the possibility of a role for fim-
briae in environmental survival and transmission.

Vaccines

The major diseases caused by E. coli in domestic
animals include neonatal and post-weaning diar-
rhoea, oedema disease in pigs, septicaemia and
mastitis. In the first recorded use of fimbriae as
vaccine, pregnant gilts vaccinated by the intra-
mammary route with purified F4 (K88) fimbriae
afforded protection to sucking neonates upon
challenge with ETEC (Rutter and Jones, 1973;
Rutter, 1975). Other ETEC fimbriae, such as F5
(K99), F6 (987P) and F41, have been developed
subsequently as vaccines (for review, see Issacson,
1994), which are available commercially. The
rationale for their development was the preven-
tion of gut colonization by inhibiting adhesion
mediated by fimbriae. Whether a similar
approach will be successful for Salmonella vac-
cines has yet to be tested, but evidence is becom-
ing available that the many fimbriae of
Salmonella may be virulence determinants, pos-
sibly associated with tissue-specific adherence,
and may be vaccine candidates. It is interesting
that live, multivalent Salmonella vaccines have
been engineered to elaborate the fimbriae of
ETEC and which afford protection against the
heterologous challenge (Bertram et al., 1994;
Morona et al., 1994; Giron et al., 1995). Both B-
and T-cell immune responses to the SEF14 fimbr-
ial antigen (Thorns et al., 1996a; Ogunniyi et
al., 1997) and B-cell responses to the PEF fim-
brial antigen (Woodward et al., 1996) were
detected in chicken infected with wild-type S.
enteritidis. Similarly, responses to SEF14 were
detected in S. enteritidis aroA vaccinated chick-
ens (Cooper and Thorns, 1996) and passive
immunity in mice was afforded against experi-
mental S. enteritidis challenge by egg-yolk-
derived antibodies specific for the SEF14 fimbrial
antigen (Peralta et al., 1994). Studies with S.
enteritidis aroA vaccines in a chicken model
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demonstrated solid protection from oral chal-
lenge and a significant reduction in the extent of
invasion, persistence and shedding of the chal-
lenge strain (Cooper et al., 1994a,b). Similarly
no invasion was detected after an aerosol-deliv-
ered challenge (Cooper et al., 1996). Detection
of secretory immunoglobulin A (sIgA) against a
number of antigens in these models gave incon-
clusive results (G.L. Cooper, personal communi-
cation), so the contribution to protection made
by the fimbriae remains unknown but worthy of
further investigation.

Concluding Remarks

It is now evident that Salmonella can express sev-
eral fimbriae during their life cycle. The expres-
sion of fimbriae is tightly regulated by numerous
environmental and cell signals which are still
poorly understood. It is assumed, however, that
their expression in specific niches in the infected
host or in the environment plays an important
part in the organism’s survival. Current evidence
indicates that Salmonella can produce numerous
fimbriae, which mediate a variety of functions
and are important for the maintenance and sur-
vival of the organism in the host and its environ-
ment. These functions might include the
following.

1. Initiation and/or stabilization of the organism
to epithelial cells.

2. Colonization of and microcolony formation
in tissues via site-specific binding to receptors on
tissue-matrix proteins.
3. Maintenance of persistent infections in the
host by mediating selective bacterial trapping by
phagocytic cells, and subsequent survival in
specific niches of the infected animal.
4. Evasion of the host’s specific immunological
defences by:
(a) presentation of self epitopes on the 

fimbriae;
(b) production of harmless immune responses to

fimbriae, which are then rapidly shed or
their expression switched off from the sur-
face of the organism.

5. Increased survival in the environment by
enveloping the organism with highly hydro-
phobic fimbriae, which are resistant to changes
in temperature, pH and water availability.

Recent advances in the molecular and struc-
tural characterization of Salmonella fimbriae in
our laboratory and elsewhere have provided a
range of defined afimbrial mutants and specific
immunological reagents, such as monoclonal
antibodies. The use of these tools in the next few
years will enable researchers to gain a far greater
understanding of the precise functions of this fas-
cinating group of bacterial organelles.
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Introduction

The basic virulence strategy common to
Salmonella species is to invade the intestinal
mucosa and multiply in the gut-associated lym-
phoid tissue (GALT). From the infected intesti-
nal tissues the pathogens are drained to the
regional lymph nodes, where macrophages that
line the lymphatic sinuses form a first effective
barrier to prevent further spread. If this host
defence mechanism successfully limits bacterial
expansion, the infection remains localized to the
intestine and the GALT (Fig. 4.1). In humans,
non-typhoidal Salmonella serovars typically cause
a localized disease, which manifests itself as acute
gastroenteritis. Similarly, S. typhimurium causes a
localized disease in cattle and pigs, which is char-
acterized by acute diarrhoea.

If, on the other hand, the macrophages
located in the draining lymph nodes are unable
to limit spread, Salmonella can cause a systemic
disease. The systemic disease caused by the
human-adapted serovar S. typhi is also known as
typhoid fever or enteric fever, reflecting the ini-
tial focus of infection. Some Salmonella serovars
cause typhoid fever-like diseases in animals, such
as S. gallinarum in poultry (fowl typhoid), S.
choleraesuis in pigs (porcine paratyphoid) or S.
typhimurium and S. enteritidis in mice (murine
typhoid). Diarrhoea is not a typical sign of dis-

ease during murine typhoid or pig paratyphoid.
Similarly, diarrhoea develops in only about one-
third of typhoid-fever patients (Miller et al.,
1995). During systemic infection, the pathogens
spread from the GALT via the efferent lymphat-
ics and the thoracic duct into the vena cava. The
capillary systems of liver and spleen constitute an
efficient filtering system, which focuses infection
to liver and spleen, and these organs are usually
enlarged during systemic infection (Fig. 4.1).

Distinction between Salmonella serovars
causing localized or systemic illness is compli-
cated by the fact that the disease outcome
depends on the immune status of the host. For
example, most (if not all) Salmonella serovars are
able to cause systemic disease in immunocompro-
mised patients, e.g. those at the extremes of age
or those with underlying conditions, such as HIV
infection. However, only a few host-adapted
serovars (S. typhi, S. paratyphi A, S. paratyphi B,
S. paratyphi C, and S. sendai) can cause enteric
fever in an immunocompetent patient.

The ability to cause both localized and sys-
temic disease relies on a repertoire of elaborate
virulence determinants. As Salmonella encoun-
ters a variety of drastically different microenvi-
ronments and host defence mechanisms during
its course of infection, adaptation to these condi-
tions involves a large number of genes, which
may be considered virulence determinants in a
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broad sense. Among these genes are those
involved in nutrient biosynthesis/uptake, stress
response and repair of cell damage. Virulence
determinants that belong in this category are also
necessary for survival of stresses outside the host
and may therefore be considered housekeeping
genes. Housekeeping genes are typically present
in other closely related bacteria, such as
Escherichia coli. A second group of virulence
determinants sets the genus Salmonella apart from
its close relatives, because these genes are present
only in members of this genus (Bäumler, 1997).
These Salmonella-specific virulence genes encode
adaptations that are specially designed to over-
come host defence mechanisms and may there-
fore be considered bona fide virulence
determinants. Finally, expression of both groups
of virulence genes is tightly regulated in response
to environmental signals encountered in the

host. The regulatory genes mediating this control
may themselves be considered virulence determi-
nants (Fig. 4.1).

Intestinal Phase of Infection

Stress conditions encountered in the lumen of
the alimentary tract

The alimentary tract is a hostile environment,
which imposes severe stress upon invading bacte-
ria. The first host defence mechanism encoun-
tered after oral infection is the acid barrier of the
stomach (Fig. 4.1). The passage through this
environment induces expression of a number of
genes whose products are involved in pH
homoeostasis and repair of macromolecules
(Bearson et al., 1997). Although this acid-stress
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intraperitoneal and intravenous) and virulence genes required during colonization of various niches in the
host (right). Virulence genes are categorized as described in the text.



response confers increased resistance to low pH,
it does not grant complete protection against the
stomach acid. For example, studies on oral infec-
tion of S. enteritidis in mice have shown that only
1% of the inoculum survives the low pH during
the passage through the stomach (Carter and
Collins, 1974). The surviving bacteria then
reach the small intestine, which contains bacte-
ricidal compounds, such as bile salts. Like other
enterobacteria, Salmonella serovars are well
adapted to cope with these stress conditions. A
still greater challenge than survival in the lumen
of small and large intestines appears to be resist-
ing removal by peristalsis and gaining a foothold
at the preferred niche in the intestinal wall, the
GALT. This is illustrated by the finding that, dur-
ing infection of mice with S. enteritidis, about
80% of the bacteria that survive the passage
through the stomach are passed with the faeces
within 6–10 h post-infection. Approximately
15% remain localized in the lumen of the cae-
cum and large intestine, and only 5% manage to
penetrate the intestinal wall of the small intes-
tine and reach the GALT (Carter and Collins,
1974). An important factor that impedes colo-
nization by Salmonella serovars is the normal gut
flora. Disruption of the indigenous flora by strep-
tomycin treatment results in a 100,000-fold
reduction in the 50% implantation dose (ID50) of
S. typhimurium for mice (Que and Hentges,
1985). The phenomenon of the indigenous flora
being able to prevent colonization by exogenous
bacteria is known as bacterial interference.
Several mechanisms of bacterial interference
have been proposed. These include production of
inhibitory substances, as well as competition for
tissue adhesion sites and limiting nutrients. The
main strategy used by Salmonella serovars to
evade bacterial interference is to escape the com-
petitive environment of the gut by penetrating
the intestinal mucosa.

Tissue tropism in the intestine

One of the hallmarks of Salmonella infection is
the preferential invasion of lymph follicles that
are located in the intestinal wall of the ileum
(Carter and Collins, 1974; Hohmann et al.,
1978). In mammals, lymph follicles of the small
intestine are clustered in organs known as Peyer’s
patches. The Peyer’s patches serve as the main

port of entry for Salmonella serovars, and their
colonization contributes to the development of
disease during both localized and systemic infec-
tion (Fig. 4.1). In fact, intestinal perforations at
areas of Peyer’s patches are the most frequent
cause of death during typhoid fever (Bitar and
Tarpley, 1985). Despite the importance of this
step during infection, little is known about fac-
tors involved in the tropism of Salmonella
serovars for Peyer’s patches. How can Salmonella
distinguish between Peyer’s patches and other
areas of the alimentary tract?

The epithelium overlying lymph follicles in
Peyer’s patches exhibits features distinct from the
epithelium of the ileal villi (Pappo and Owen,
1988; Giannasca et al., 1994). Whereas the vil-
lous epithelium contains an abundance of goblet
cells, which produce the intestinal mucus layer,
these cell types are not found in the follicle-asso-
ciated epithelium (FAE; Fig. 4.2). The FAE con-
tains a cell type that is not found in the villous
epithelium, the M cell. The M cell content of
the FAE varies among different species and can
range from 5–10% in humans and mice to 100%
in cattle. The apical membrane of M cells dis-
plays abundant glycoconjugates, which differ in
their structure from those of adjacent enterocytes
(Clark et al., 1993). While the presence of M
cells is restricted to the FAE (Owen, 1977; Bye et
al., 1984), enterocytes form the predominant cell
type throughout the intestine. However, there is
evidence that the surface of enterocytes located
in the FAE differs in its properties from that of
enterocytes in the villous epithelium. For exam-
ple, receptors for polymeric immunoglobulin are
absent from enterocytes of the FAE (Pappo and
Owen, 1988). In addition, the presence of ente-
rocytes in FAE with unique glycosylation pat-
terns has been reported (Bye et al., 1984; Finzi et
al., 1993). Any of these surface structures that
distinguish FAE from the surrounding villous
epithelium could play a role in targeting
Salmonella serovars to Peyer’s patches.

Since recognition and binding of surface
structures in Peyer’s patches is a necessary first
step during colonization of these organs, it is
likely that adhesins play an important role in this
process. Consistent with this idea, long polar (LP)
fimbriae have been shown to be necessary for
adhesion of S. typhimurium to murine Peyer’s
patches in an intestinal organ culture model
(Bäumler et al., 1996; Norris et al., 1998). LP 
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fimbriae are encoded by five genes organized in
the lpf (long polar fimbrial) operon located at 80
centisomes on the physical map of serovar S.
typhimurium (Fig. 4.3; Bäumler and Heffron,
1995; Bäumler et al., 1997b). A survey on the dis-
tribution of lpf genes among Salmonella serovars
revealed that, among 90 strains tested, only 44
contained this operon (Bäumler et al., 1997a).
Interestingly, all Salmonella serovars that can
cause lethal systemic infection in mice possess the
lpf operon (Bäumler et al., 1997c). One factor
that may determine the host range of adhesins,
such as LP fimbriae, is the variation in glycosyla-
tion patterns found between epithelial surfaces of
different host species. For example, M cells
located in mouse and rabbit Peyer’s patches differ
in expression of glycoconjugates on their apical
surfaces (Jepson et al., 1995). The existing diver-
sity in glycosylation patterns observed between
mucosal surfaces of different animals may create a
necessity to utilize alternate adhesion determi-
nants during infection of distinct host species

(Bäumler et al., 1998). Consistent with this idea,
a mutation in a novel fimbrial operon of S.
typhimurium (termed bcf, for bovine colonization
factor) has been shown to reduce its ability to col-
onize bovine but not murine Peyer’s patches
(Tsolis et al., 1999b). Thus fimbrial adhesins may
function as host-range factors of Salmonella
serovars.

Entering Peyer’s patches

Penetration of the host epithelium appears to be
essential for Salmonella virulence. For instance,
secretion of monoclonal immunoglobulin A
(IgA) antibody directed against the O4 antigen
of the S. typhimurium lipopolysaccharide (LPS)
results in avirulence (> 10,000-fold increased
median lethal dose (LD50)) for mice upon oral
challenge (Michetti et al., 1992). The protection
against oral challenge is due to immune exclu-
sion at the mucosal surface, which prevents entry
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Fig. 4.2. Colonization of murine Peyer’s patches by S. typhimurium. Cross-section of the intestinal wall at
the area of a Peyer’s patch showing a lymph follicle (centre) and part of an intestinal villus (left).
Consecutive stages of Peyer’s patch colonization and S. enterica virulence genes required during infection
are described in boxes 1–6.



of Salmonella into epithelial cells (Michetti et al.,
1994). These data imply that blockage of
mucosal invasion results in avirulence of
Salmonella serovars for mice by the oral route of
infection. However, mutational inactivation of a
single virulence factor involved in mucosal inva-
sion results only in a modest (five- to 50-fold)
increase of the oral LD50 value for infection of
mice (Galán and Curtiss, 1989; Bäumler et al.,
1996, 1997c). These data suggest that S.
typhimurium possesses multiple pathways for
intestinal penetration. Virulence factors involved
in two distinct pathways of entry into murine
Peyer’s patches have been identified.

The major factor for intestinal penetration
is encoded by genes that are clustered in a large
(40 kb) area on the chromosome designated
Salmonella pathogenicity island 1 (SPI1) (Fig.
4.3; Mills et al., 1995). Studies with cultured
epithelial cell lines revealed that the virulence

genes encoded on SPI1 allow Salmonella serovars
to trigger macropinocytosis, a form of endocytosis
that is accompanied by cell-surface ruffling
(Frances et al., 1993). In epithelial cells,
macropinocytosis results in non-selective endo-
cytosis of large particles, such as bacteria.
Salmonella serovars are therefore able to use
induction of macropinocytosis as a mechanism
for epithelial-cell invasion. SPI1 encodes a secre-
tion system that exports proteins in response to
bacterial contact with epithelial cells (Ginocchio
et al., 1994). Such contact-dependent secretory
pathways are known as type III export systems
and are among the most sophisticated bacterial
virulence determinants. Genes located on SPI1
fall into three categories: those encoding regula-
tory proteins, those involved in formation of the
type III secretion apparatus and those encoding
the secreted targets of the type III exporter.
Additional secreted targets of the invasion-
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Arrows indicate position of S. enterica virulence genes. Map positions of virulence genes on the physical
map (circle) of the S. typhimurium chromosome are given in centisomes (c.s.).



associated type III secretion system are encoded
in areas located outside of SPI1. These include
genes located on SPI5 (Wood et al., 1998) and
the sopE gene, which is carried by a prophage of
S. typhimurium (Hardt et al., 1998b; Mirold,
1999). This phage is located within the
smpB–nrdE intergenic region of the S.
typhimurium chromosome (Bäumler and Heffron,
1998). In S. typhi, a genomic inversion has
placed part of this phage adjacent to the nrdE
gene (A.J. Bäumler, unpublished data). The type
III secretion machinery translocates SopE
(Salmonella outer protein) through three biologi-
cal membranes. SopE is first transported across
both the cytoplasmic membrane and the outer
membrane of the bacterial cell and subsequently
traverses the cytoplasmic membrane of the cul-
tured epithelial cell line (Wood et al., 1996).
Once inside the cytosol, SopE induces
macropinocytosis in the host cell by inducing sig-
nalling events through direct interaction with
small GTP-binding proteins, such as CDC42 and
Rac-1 (Hardt et al., 1998a).

Studies using murine ligated ileal loops
revealed that the genes located on SPI1 are nec-
essary for invasion of M cells in the FAE of
Peyer’s patches (Jones et al., 1994; see Fig. 4.2).
Since the presence of M cells is restricted to the
FAE, selective invasion of these cells may play a
role in preferential colonization of Peyer’s
patches. This idea is supported by the finding
that S. typhimurium strains carrying mutations in
SPI1 have a reduced ability to colonize murine
Peyer’s patches (Galán and Curtiss, 1989).
Subsequent to their invasion, M cells are
destroyed by S. typhimurium (Jones et al., 1994).
Salmonella strains that carry mutations in slyA are
able to enter murine M cells by induction of cell-
surface ruffling but are non-cytotoxic. These
results indicate that S. typhimurium kills M cells
using an SPI1-independent mechanism (Daniels
et al., 1996).

A second gene cluster involved in coloniza-
tion of murine Peyer’s patches is the lpf operon
(Fig. 4.3; Bäumler et al., 1996). Like strains car-
rying mutations in SPI1, S. typhimurium lpfC
mutants have a reduced ability to enter Peyer’s
patches and are attenuated if mice are challenged
orally, but not if the intestinal phase of infection
is bypassed by intraperitoneal injection (Bäumler
et al., 1996, 1997c). Combining mutations in
invA (located on SPI1) and lpfC (located in the

lpf operon) results in a much greater attenuation
of S. typhimurium ATCC 14028 for mice infected
by the oral route than inactivation of either of
these genes alone (Bäumler et al., 1997c). These
data are evidence that SPI1 and lpf determine
independent pathways for intestinal penetration
and that the encoded virulence factors act syner-
gistically. However, an lpfC invA mutant is still
able to cause mortality in mice when adminis-
tered orally at a high dose, suggesting that S.
typhimurium possesses yet another pathway to
penetrate the intestinal wall.

Diarrhoea and inflammation

Although the onset of systemic and localized
infection is fairly similar (see Fig. 4.1), the symp-
toms produced are not identical. Localized infec-
tion generally manifests itself as acute
gastroenteritis. In contrast, only one-third of
patients suffering from typhoid fever develop
diarrhoea, usually several days after the onset of
fever. Because most scientists study S.
typhimurium infection of mice, a typhoid fever
model, the aetiology of diarrhoeal disease is
poorly understood. The contribution of toxins to
the generation of diarrhoea during localized
infection has never been conclusively demon-
strated, although several toxic activities have
been described in Salmonella (Stephen et al.,
1985). A putative Salmonella enterotoxin, Stn
(Chopra et al., 1994), was shown not to be
involved in diarrhoea in calves (Watson et al.,
1998). Early studies performed by Ralph
Giannella suggested that Salmonella serovars may
cause an inflammatory diarrhoea, since fluid
secretion in rabbit ileal loops can be markedly
inhibited by treatment with nitrogen mustard, an
agent that depletes the polymorphonuclear neu-
trophil (PMN) pool (Giannella et al., 1973;
Giannella, 1979). However, it was shown later
that nitrogen mustard treatment also inhibits
fluid secretion induced by cholera toxin, an agent
that causes a secretory diarrhoea (Wallis et al.,
1990). To study processes leading to diarrhoea, a
cell-culture model, consisting of a polarized T84
monolayer (a crypt-like intestinal epithelial cell
line) and human PMN placed into the basolat-
eral compartment, was developed. In this model,
S. typhimurium is added to the apical surface,
where it adheres to and invades the T84 epithe-
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lial cells. Bacterial attachment and entry result in
polarized basolateral secretion by the T84 mono-
layer of interleukin 8 (IL-8), a potent PMN
chemotaxin. Release of IL-8 by the T84 mono-
layer triggers transepithelial migration of PMN, a
process associated with Salmonella infections,
since PMN are present in stools of enteritis
patients (McCormick et al., 1993, 1995).
Induction of IL-8 release by epithelial cells is
dependent on the function of the invasion-asso-
ciated type III secretion system of S. typhimurium
(Hobbie et al., 1997). More direct evidence for
the involvement of the invasion-associated type
III secretion system in diarrhoea comes from
studies of S. typhimurium and S. dublin infections
in calves. The product of S. dublin sopB, a gene
located on SPI5, is secreted by an SPI1-depen-
dent mechanism and is required for fluid accumu-
lation in bovine ligated ileal loops (Jones et al.,
1998; Wood et al., 1998). Furthermore, S.
typhimurium hilA, prgH or orgA mutants are aviru-
lent and do not cause diarrhoea in calves (Tsolis
et al., 1999a). These data suggest that the type III
export system on SPI1 secretes one or more pro-
teins with enterotoxic activity. 

As the host mounts an inflammatory
response at the site of mucosal invasion,
Salmonella genes involved in defence against
inflammation have to be expressed subsequently
to bacterial entry into the epithelium.
Coordinated expression of these virulence genes
appears to be mediated by PhoPQ, a two-compo-
nent regulatory system that changes gene expres-
sion in response to changes in the external Mg2+

and Ca2+ concentrations (Vescovi et al., 1996,
1997). Ca2+ and Mg2+ cations stabilize the outer
membrane by neutralizing the negative charge of
phosphate groups and bridging adjacent LPS
molecules (Vaara, 1992). The intracellular para-
sitophorous vacuole in which Salmonella resides
was shown to be low in Mg2+ and Ca2+. In such
environments, PhoPQ activates pmrAB, two
genes encoding a second two-component regula-
tory system (Gunn and Miller, 1996; Soncini and
Groisman, 1996). Activation of PmrAB
increases the substitution of phosphates in both
the core oligosaccharide and the lipid A part of
LPS with 4-amino-4-deoxy-L-arabinose, thereby
compensating for the lack of Ca2+ and Mg2+

cations. These structural changes in LPS result in
increased resistance to bactericidal/permeability-
increasing protein (BPI), a cationic antibacterial

protein that is released by human PMN during
inflammation (Helander et al., 1994).
Furthermore, in response to low Mg2+ and Ca2+

concentrations, PhoPQ activates a second,
pmrAB-independent pathway, which results in
increased resistance to defensins released by
recruited PMN and cryptdins produced by
Paneth cells located in the intestinal crypts
(Selsted et al., 1992; Gunn and Miller, 1996).
Defensin/cryptdin resistance may be beneficial
during penetration of the mucosa, as their pro-
duction is increased in intestinal epithelial cells
as part of an inflammatory response
(Schonwetter et al., 1995).

Systemic Phase of Infection

Growth at systemic sites of infection

Most of the experimental data on systemic
Salmonella infection have been obtained using
the mouse typhoid model. The course of S.
typhimurium infection in the mouse is dependent
on the dose administered and on the route of
inoculation (O’Brien, 1986; see Fig. 4.1). By oral
infection, approximately 180 genes are required
for virulence in a murine infection model based
on sampling random, independent bacterio-
phage Mu insertion mutations for virulence in
mice. In contrast, it has been estimated that as
few as 60 genes are required for infection by the
intraperitoneal (i.p.) route, when graded doses of
mutant bacteria were first identified as potential
avirulent mutants and then false positives elimi-
nated in a second screen (Bowe et al., 1998). An
alternative, more sensitive approach, utilizing
tagged transposons, found that roughly 180
genes are required for i.p. infection (Hensel et
al., 1995) and 270 genes for oral infection of
mice (Tsolis et al., 1999b). The tagged-transpo-
son approach identifies mutants based on com-
petition within the host – even small increases
in LD50 often correlate with large differences in
the number of organisms recovered from the
spleen and liver.

Hormaeche and co-workers have divided
Salmonella infection of the mouse into four phases
(Hormaeche and Maskell, 1989). Following oral
inoculation of a mouse, the bacteria invade the
intestinal mucosa as described above. Within 1
day post-infection, the bacteria can be found in
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the filtering organs of the reticuloendothelial sys-
tem (RES) – the spleen and liver – while the
blood remains sterile. The effectiveness of this fil-
tering system becomes apparent upon intravenous
injection, where large numbers of bacteria (106

colony-forming units (cfu)) are removed from the
circulation within 2 h (Mackaness et al., 1966;
Dunlap et al., 1991). The bacteria replicate in the
liver and spleen at a net growth rate of log10
0.5–1.5 day–1 and are predominantly located
within cells, particularly phagocytes, of these
organs (Maw and Meynell, 1968; Hormaeche,
1980). The assertion that the bacteria replicate
intracellularly in this phase (the third according to
Hormaeche’s division) is borne out by several
observations, including the effect of chemical
agents (such as silica particles), which affect
macrophage function, the effect of antibiotics that
do not reach intracellular compartments (Dunlap
et al., 1991; Gulig and Doyle, 1993) and the
increased susceptibility to infection of Itys inbred
mouse strains. Macrophages from Itys animals (e.g.
BALB/c mice) are less microbicidal than those
from resistant mice (O’Brien et al., 1982; Lissner et
al., 1983). Salmonella have been directly identified
within phagocytic cells of the spleen and liver
after disruption and cell fractionation on a flow
cytometer (Dunlap et al., 1992) and by laser con-
focal microscopy (Richter-Dahlfors et al., 1997).
Furthermore, S. typhimurium mutants that have a
reduced capacity to survive in murine
macrophages in vitro are unable to cause systemic
disease in mice (Fields et al., 1986). At the end of
the third phase, the bacteria reappear in the blood
and replicate rapidly there until the mouse dies.
Death seems not to be caused by endotoxic shock
(Khan et al., 1998); however, LPS-hyporesponsive
mice are highly susceptible to Salmonella infection
(O’Brien et al., 1980).

In order to be a successful pathogen,
Salmonella must have strategies to overcome each
of the deep-tissue defences, including resistance
to phagocytic cells, complement, specific anti-
bodies, cellular immunity and perhaps other
components of the immune system that little is
known about. In addition, it must reach its pre-
ferred site of replication, replicate and then
somehow be able to spread to a new host.
Although death is the usual result in the inbred
mouse model of systemic disease, this may not be
the outcome that maximizes spread. Instead, in a
more resistant host, the ability to cause systemic

infection may provide a selective advantage,
because it facilitates the transformation of the
host into a chronic carrier, which has the poten-
tial to transmit the disease (Bäumler et al., 1998).
For example, in typhoid fever, the primary mech-
anism of spread appears to be the ability of S.
typhi to be carried within the gall-bladder and
shed in the bile.

Resistance to components of the non-specific
immune defence

Salmonella is resistant to complement and can
grow with little inhibition in sera containing all
of the complement components. The resistance
varies with LPS serovar, primarily because cer-
tain O side-chains stimulate complement deposi-
tion by the alternative pathway better than
others (Grossman et al., 1986). The complement
factors are deposited on the ends of the LPS,
thereby reducing the amount of attack complex
reaching the bacterial membrane. In addition, a
plasmid-encoded protein, Rck, specifies resis-
tance to complement. However, the level of
resistance conferred varies widely with strain
background. In smooth strains containing intact
LPS, the product does not appear necessary. The
gene rck encodes a protein that is related to
PagC, Ail and Lom (Heffernan et al., 1992). It is
a membrane protein, with three transmembrane
loops that prevent insertion of the complement
attack complex into the membrane. When trans-
ferred to E. coli, rck also confers increased resis-
tance to complement and promotes low levels of
cell invasion, similarly to ail (Heffernan et al.,
1994). A single transmembrane loop of Rck has
been associated with both of these characteristic
phenotypes (Cirillo et al., 1996).

Professional phagocytic cells, which are a
component of the body’s innate immunity and
crucial defence against many pathogens, are the
preferred niches for Salmonella during growth in
liver and spleen. Upon phagocytosis by
macrophages, Salmonella is able to sense this hos-
tile environment and respond appropriately.
Analysis of the expression of bacterial proteins
within macrophages suggests that at least 35 pro-
teins, including the stress protein GroEL, are
induced within macrophages, while many others
are repressed (Buchmeier and Heffron, 1990).
Many of the same proteins that are expressed in
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macrophages are also expressed in epithelial
cells, but the two sets are by no means identical
(Gahring et al., 1990). The ability to sense and
respond to the intracellular environment is gov-
erned by several regulators, including
PhoP/PhoQ (Fields et al., 1989) and OmpR/EnvZ
(Lindgren et al., 1996). PhoP/PhoQ responds to
Mg2+ ions, which are apparently at low concen-
tration in the phagocytic vesicle (Vescovi et al.,
1996), while OmpR/EnvZ appears to respond to
both osmolarity and pH. Within the
macrophage, most evidence suggests that the
phagocytic vesicle containing Salmonella is acidi-
fied normally (Rathman et al., 1996). Analysis of
mutants defective in macrophage survival in vitro
revealed that, in addition to regulators, the inac-
tivated genes encode repair/defence mechanisms
for macrophage-induced damage (recA, htrA, prc,
metL), nutrient biosynthesis (aro, pur) and LPS
biosynthesis (Buchmeier et al., 1993; Bäumler et
al., 1994; DeGroote et al., 1996).

The phagocytic vesicle passes through much
the same pathway, as do endocytic vesicles – to
an early and a late compartment and hence to
the lysosome, where the pathogen is killed and
degraded. Early studies suggested that Salmonella
follows one of two fates – either the traditional
route to the lysosome, as happens with killed
bacteria, E. coli or latex beads, or along a path-
way that avoids fusion with the lysosome, as dis-
cussed below (Buchmeier and Heffron, 1991).
The number of bacteria that survive or are killed
varies with the macrophage population and the
strain of mouse infected (Buchmeier and
Heffron, 1989). Recent studies using the confo-
cal microscope suggest that regardless of its fate,
the vesicle containing Salmonella does not con-
tain the mannose-6-phosphate receptor – a major
targeting signal to the late endosome (del Garcia
and Finlay, 1995; Rathman et al., 1997).
Normally, mannose-6-phosphate is added in the
Golgi or trans-Golgi network. Proteins that are
tagged with this sugar are captured at the cell
surface or in the Golgi by one of the two
mannose-6-phosphate receptors. The receptor/
protein complex moves by vesicular transport to
the late endosome, where the acid pH causes dis-
sociation. The receptor recycles to the cell sur-
face and the Golgi, while the mannosylated
protein moves to the lysosome. The implication
is that many proteins that would normally be tar-
geted to the late endosome and lysosome are not

present in Salmonella-containing vesicles, because
they lack the mannose-6-phosphate receptor.
Many of these same proteins are presumably
toxic to bacteria and Salmonella must therefore
avoid exposure to them.

Salmonella is cytotoxic for macrophages in
vitro (Arai et al., 1995; Chen, L.M. et al., 1996;
Guilloteau et al., 1996; Lindgren et al., 1996;
Monack et al., 1996). After infecting a
macrophage in tissue culture, Salmonella will
grow initially, but, after several hours, the
macrophages begin to die. Killing of
macrophages appears to take place by two path-
ways – the first early killing pathway uses the
same component (sipB) as is used by Shigella to
kill cells (Zychlinsky et al., 1992; Hersh et al.,
1999). The product of the Shigella ipaB gene has
been shown to bind to caspase-1 and causes it to
be constitutively active (Chen, Y. et al., 1996;
Hilbi et al., 1997; Thirumalai et al., 1997). The
SPI1-mediated pathway may be important during
interaction with macrophages in the intestine,
since this pathogenicity island is not required
during the systemic phase of infection in mice.
Some authors have reported that cell killing is
entirely dependent on the type III export system
encoded by SPI1 that exports SipB, as well as on
SipB itself (Fig. 4.3; Chen, L.M. et al., 1996).
Our own results suggest that there is a second
pathway of late killing, which is independent of
SipB (Lindgren et al., 1996). The late killing
pathway probably enables Salmonella to remain
within phagocytic cells and use components of
the host cell for its own nutritional needs.
Whether this pathway is responsible for the
apoptosis of splenic macrophages that has been
observed in mice infected with S. typhimurium by
the intravenous route of infection (see Fig. 4.1)
remains to be worked out (Richter-Dahlfors et
al., 1997).

The Salmonella virulence plasmid and
Salmonella pathogenicity island 2 (SPI2) are

required for systemic infection

A cluster of five genes (the spv operon) located
on a large plasmid is essential for systemic infec-
tion in the mouse (Roudier et al., 1990) and is
present in strains of Salmonella that are most
likely to cause a disseminated infection, except
for S. typhi (Woodward et al., 1989; Fierer et al.,
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1992). The genes were identified in the Curtiss
laboratory by complementation of the virulence
defect in a plasmidless derivative of Salmonella
(Gulig and Curtiss, 1987; Gulig et al., 1992). A
Salmonella library was constructed and trans-
formed into a plasmid-cured strain, and the
resulting library was fed to a mouse to select for
positive clones in the spleen. With the exception
of the first gene, spvR, which encodes a positive
activator of spvABCD, the exact function of the
encoded proteins is not yet known. These genes
are induced by starvation, in stationary phase
and within the macrophage (Fierer et al., 1993;
Rhen et al., 1993). The spv genes appear to be
essential for an early step in infection that
involves phagocytic cells. Macrophages that are
infected with Salmonella lacking the plasmid
express heat shock proteins and attract
gamma–delta T cells, unlike wild-type
Salmonella. The spv genes increase the rate of
intracellular replication in a murine infection
model, even if this phenotype cannot be dupli-
cated in vitro (Riikonen et al., 1992; Gulig and
Doyle, 1993). It is likely that the spv gene prod-
ucts affect some component of the eukaryotic sig-
nalling pathway that allows the body to detect
and respond appropriately to infection.

A second Salmonella-specific DNA region
that is essential for extra-intestinal growth is
SPI2, a pathogenicity island located at 30 centi-
somes on the S. typhimurium physical map
(Hensel et al., 1995, 1997; Ochman et al., 1996).
Mutations in SPI2 render S. typhimurium unable
to cause systemic disease in mice (Hensel et al.,
1995; Deiwick et al., 1998) and result in reduced
growth in murine macrophages in vitro (Ochman
et al., 1996; Cirillo et al., 1998; Hensel et al.,
1998). As on SPI1, the virulence factor encoded
on SPI2 is a type III secretion apparatus.
Although S. typhimurium SPI2 mutants are more
than 10,000-fold attenuated in mice (Hensel et
al., 1995, 1998; Ochman et al., 1996; Shea et al.,
1996), they cause diarrhoea and are less than 15-
fold attenuated in calves (Tsolis et al., 1999).
Thus, Salmonella serovars may use different viru-
lence factors during localized disease (e.g. bovine
enteritis) and systemic infection (e.g. murine
typhoid).

Adaptive immunity and Salmonella infection

The immune response to Salmonella in the mouse
is delayed compared with that of other
pathogens, such as Listeria. This finding suggests
that Salmonella encodes a mechanism to delay
adaptive immunity and may be one reason for
this infection being so lethal in mice. Depletion
experiments suggest that Salmonella-infected
macrophages are sufficient to inhibit the immune
response (Lee et al., 1985). Several studies sug-
gest that production of NO by macrophages may
contribute to this, although other factors were
not ruled out (Eisenstein et al., 1994; Schwacha
and Eisenstein, 1997; Schwacha et al., 1998).
NO production has been shown to block T-cell
proliferation at higher concentrations (al-
Ramadi et al., 1992). However, in studies in
which NO production has been eliminated by
treating with a specific inhibitor, no difference in
course of infection, timing or strength of the
immune response was noted.

Infection with Salmonella serovars elicits
both humoral and cellular immunity (Mastroeni
et al., 1993; Eisenstein, 1998). The relative con-
tribution of a cytotoxic T-cell and a B-cell
response to protective immunity in mice appears
to depend on their inherent susceptibility to S.
typhimurium. Passive transfer of antibody protects
inherently resistant mice but not inherently sus-
ceptible mouse strains (Eisenstein et al., 1984).
Since antibodies directed against killed vaccines
or purified Vi capsular antigen confer protection
against S. typhi infections in humans, it was con-
cluded that the resistant mouse is the appropriate
model to study immunity to typhoid fever
(Eisenstein and Sultzer, 1983; Eisenstein, 1998).

Conclusions

The use of an inexpensive inbred animal model,
the mouse, has allowed investigators to amass a
large amount of data on the genetics of
Salmonella pathogenesis. This has led to rapid
progress in our understanding of Salmonella-medi-
ated systemic disease and to the discovery of
major virulence factors. The future study of these
virulence factors promises to yield new insights
into the mechanisms used by Salmonella to sub-
vert the host’s defences. However, infection of



inbred mice may not model all aspects of disease
caused in other animal hosts, such as the diar-
rhoeal illness of humans and livestock. In some
of these host species, the disease resulting from
infection with Salmonella differs markedly from
the typhoid-like disease studied in the mouse
model. There is little known about genes
involved in determining host adaptations found
among Salmonella serovars, such as S. dublin for
cattle, S. typhi for humans, S. abortusovis for
sheep, S. abortusequi for horses, S. gallinarum for
poultry or S. choleraesuis for pigs. In addition,
typhoid fever differs from other systemic
Salmonella infections, including that caused by S.
typhimurium in the mouse, in that the spv genes
are not required. Consequently, some of the viru-
lence factors necessary for infection of other host

species may differ from those identified in the
mouse. Much work remains to be done to fully
understand Salmonella-mediated disease in these
hosts.
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Chapter 5

Host Susceptibility, Resistance and 
Immunity to Salmonella in Animals

Peter S. Holt
US Department of Agriculture, Agricultural Research Service, Southeast Poultry Research

Laboratory, 934 College Station Road, Athens, GA 30605, USA

Introduction

Avian and mammalian food animals come in
contact with a multitude of potentially patho-
genic microorganisms during their life. Intensive
rearing procedures swell the density of suscepti-
ble hosts within a living space, subsequently
increasing the potential for the entry and rapid
dissemination of pathogens through the flock or
herd. Producers wage a continual battle to reduce
the incidence, severity and final impact of disease
in the livestock and poultry under their care.
The application of good management practice,
stringent biosecurity measures and vaccination
helps in this endeavour.

Members of the genus Salmonella pose a seri-
ous threat to the domestic food-animal industry.
These organisms are responsible for significant
morbidity and mortality in their respective hosts
(Bullis, 1977; Wray and Sojka, 1977), as well as
causing substantial disease to humans consuming
processed meats (Bisplinghoff, 1985; Parham,
1985; Humphrey et al., 1988) and eggs (St Louis
et al., 1988; Humphrey, 1990) derived from the
infected animals. Human salmonellosis originat-
ing from consumption of meat or poultry prod-
ucts is not a new problem and has been dealt
with for decades (Wray and Sojka, 1977). What
may be considered new is the emergence of dif-
ferent food vehicles, such as eggs (St Louis et al.,
1988; Humphrey, 1990), as the source of these
infections, forcing industry to examine its man-
agement practices and incorporate new proce-

dures to reduce the incidence and severity of the
problem. To assist the producer in this endeav-
our, the scientific community embarked on
research to define the nature of the problem,
delineate the host–parasite interactions occur-
ring during the infection and outline possible
remedial actions to ameliorate the situation.
Likewise, studies of the development of an
immune response against Salmonella infection in
domestic animals provide some of the vital infor-
mation needed by industry to deal with the
Salmonella problem on the farm. This review
attempts to glean the available information
regarding the development of immunity in
domestic farm animals against Salmonella infec-
tion. Because of the voluminous information
available regarding the immune system and
Salmonella immunity in mice and humans, data
derived from studies conducted in these species
will, in many cases, also be presented to provide
a backdrop for what is known regarding immu-
nity to Salmonella in the food-animal species.

The Immune System

The immune system consists of two broad cate-
gories: innate and specific immunity. Innate, or
non-specific, immunity includes serum compo-
nents, such as complement, and non-specific
defence cells, such as polymorphonuclear neu-
trophils (heterophils in poultry), macrophages
and natural killer cells (Dietert et al., 1991;
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Sharma and Schat, 1991; Portnoy, 1992; Kogut et
al., 1994b), and provides much of the early
‘front-line’ defence against microbial invasion.
The specific immune system is itself divided into
two broad components: humoral and cellular
immunity. The antibody, produced by B lympho-
cytes, provides the active effector function for
humoral immunity. Antibodies protect the host
against infection by binding to the surface of
infecting organisms to prevent them from attach-
ing to and invading host cells (McGhee et al.,
1992; Michetti et al., 1992), enhance their
engulfment and killing by phagocytic cells
(Johnson et al., 1985) and activate complement-
mediated killing (Morgan, 1990). The protective
activity of antibodies therefore occurs during the
extracellular phase of the bacterial infection.
Cellular immunity is mediated by T lymphocytes
and these cells can serve either a direct effector
function (cytolytic T lymphocytes (Tctl)) or a
regulatory function (helper (Th) and suppressor
(Ts) T cells) by modifying the activation of B
cells or other T cells. This component of the
immune response is important in protecting
against intracellular pathogens, such as viruses,
parasites and certain bacterial species (Lillehoj,
1993; Schat, 1994) and acts through direct
killing of the infected host cell or the activation
of the phagocytic cell defences. Both humoral
and cellular immunity appear to play a role in
protection against a Salmonella infection
(Mastroeni et al., 1993a), although the impor-
tance of each in the ultimate protection of the
host still remains controversial.

The T lymphocytes are classified according
to the function that they perform: Th, Ts and
Tctl. Along with function, each cell produces
certain unique cell-surface determinants or mark-
ers, which simplifies their detection and identifi-
cation in the host (Cantor et al., 1975a,b). Th
cells produce the marker CD4 or L3T4 (Dialynas
et al., 1983), while Ts and Tctl produce CD8 or
Lyt2 (Swain, 1983). The T cells can be further
characterized by the T-cell receptors they pro-
duce: �� (Haskins et al., 1983) and � � (Brenner
et al., 1986). Homologues to these markers have
been described in poultry (Chen et al., 1990),
cattle (Park et al., 1992) and pigs (Pescovitz et
al., 1984).

Current concepts regarding the develop-
ment of an immune response indicate that the
response is controlled by Th and that different

Th subsets will drive different responses.
Originally described by Mosmann et al. in 1986,
the Th concept helped to mould thinking regard-
ing the mechanisms of how a host mounts a
response against a pathogen. The Th subsets,
Th1 and Th2, are classified according to the
cytokines they elicit. The Th1 cells produce
interferon γ (IFN-γ) and interleukin 2 (IL-2) and
primarily control cell-mediated immunity
(CMI). Th2 cells produce IL-4, IL-5, IL-6 and
IL-10 and primarily regulate humoral immunity.
The differentiation of Th subpopulations is not
total, since certain cells have been shown to pro-
duce lymphokines common to both subsets and
may be precursors to Th1 and Th2 cells
(Mosmann and Coffman, 1989a). Further,
cytokines produced by Th1 cells affect the
immunoglobulin isotype produced by the B cell
(Finkelman et al., 1988). The decision to elicit a
Th1 or Th2 response is cytokine driven, with IL-
12 mediating a Th1 response (Manetti et al.,
1993) and IL-4 mediating a Th2 response (Swain
et al., 1990). Further, IFN-γ inhibits proliferation
by Th2 cells (Mosmann and Coffman, 1989b)
and IL-10 inhibits cytokine synthesis by Th1
cells (Fiorentino et al., 1989), indicating a regu-
lation of response by the cytokines produced.
The sources of these cytokines originate from the
innate immune system, with macrophages pro-
ducing IL-12 and basophils and mast cells pro-
ducing the IL-4. The non-specific innate
immune system therefore exerts significant con-
trol over the type of specific immune response
that will be generated against a particular
pathogen.

Early Infection by Salmonella

Following ingestion, the Salmonella cell must
resist killing or elimination by defences such as
gastric acidity (Blaser and Newman, 1982),
intestinal motility (Formal et al., 1958; Kent et
al., 1966) and the autogenous microbial flora in
the intestinal tract (Hentges and Freter, 1961;
Corrier et al., 1991). The intestinal tract rapidly
becomes colonized (Fanelli et al., 1971; Turnbull
and Snoeyenbos, 1974; Fedorka-Cray et al., 1994;
Holt et al., 1995; Gray et al., 1996a,b) and inva-
sion through the bowel wall occurs via the bind-
ing of Salmonella to specialized epithelial cells
overlying intestinal lymphoid tissue and entry
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through them (Kohbata et al., 1986). It is at this
juncture that the bacteria encounter professional
phagocytic cells, which provide the first cellular
defence against invasion. These cells provide
important early protection against invasion, as
evidenced by the exacerbation of infection when
phagocytes are eliminated (O’Brien et al., 1979;
Kogut et al., 1993) and, conversely, increased
killing of Salmonella when professional phago-
cytes are activated (McGruder et al., 1993, 1995;
Kogut et al., 1995a,b). Extraintestinal dissemina-
tion to multiple organ sites occurs in many
Salmonella infections (Timoney et al., 1989; 
Gast and Beard, 1990a; Gray et al., 1996a), 
possibly via mononuclear phagocytes (Popiel 
and Turnbull, 1985). Salmonella replication
occurs within the reticuloendothelial system
(Hormaeche et al., 1993) and their capacity to
survive and to replicate within mononuclear
phagocytes (Lissner et al., 1983; Fields et al.,
1986) prompted the classification of most
Salmonella as intracellular parasites (Hormaeche
et al., 1993), although this categorization is not
universally accepted (Hsu, 1989).

Serum Humoral Immunity to
Salmonella

Once an animal becomes infected with
Salmonella, a rapid humoral immune response
ensues. This response can be affected by many
factors, including the dose of the challenge organ-
ism (Humphrey et al., 1991a; Hassan et al., 1993;
Gray et al., 1996b), virulence of the organism
(Hassan and Curtiss, 1994a; Gray et al., 1995),
route of administration (Chart et al., 1992) and
age (Humphrey et al., 1991a; Hassan and Curtiss,
1994a; Thorns et al., 1996). Regarding this latter
category, very young individuals respond poorly to
infection (Williams and Whittemore, 1975) or
respond selectively to different determinants
(Thorns et al., 1996). Williams and Whittemore
(1975) described a phenomenon of immunologi-
cal paralysis in chicks infected with S.
typhimurium at 1–2 weeks of age and a similar
poor response was observed in other laboratories
(P.S. Holt and R.K. Gast, 1997, unpublished
data). Such hyporesponsiveness may be a reflec-
tion of the immaturity of the immune system at
this age (Jeurissen et al., 1989) or the decimation
of the lymphoid tissue in very young individuals

infected with virulent Salmonella organisms
(Hassan and Curtiss, 1994a). Older birds may also
experience difficulty in responding serologically
to a Salmonella challenge (Humphrey et al.,
1991a).

By 1 week post-infection an antibody
response can be detected in the sera of chickens
(Lee et al., 1981; Chart et al., 1990; Gast and
Beard, 1990a; Hassan et al., 1991; Humphrey et
al., 1991b; Kim et al., 1991; Baay and Huis in’t
Veld, 1993; Corkish et al., 1994), pigs (Gray et al.,
1996a), cattle (Lindberg and Robertsson, 1983)
and sheep (Brennan et al., 1994) and this
response can persist for 10 weeks or more. Serum
immunoglobulin M (IgM) anti-Salmonella
responses appear first, followed by IgG and IgA
(Hassan et al., 1991). The IgM and IgA levels
gradually decline, while IgG levels can persist for
extended periods (Hassan et al., 1991; Chart et al.,
1992). Reinfection results in a rapid, enhanced
antibody response to the challenge organism
(Hassan et al., 1991). Serum immunoglobulins
can be passed vertically into the egg yolk (Gast
and Beard, 1991; McLeod and Barrow, 1991;
Nicholas and Cullen, 1991; Thorns et al., 1996;
Gast et al., 1997) and colostrum (Royal et al.,
1968; Jones et al., 1988). The presence of these
immunoglobulins can inhibit the growth of the
organism in egg contents (Holt et al., 1996) and
possibly protect the offspring (Thain et al., 1984;
Jones et al., 1988). Serum antibodies will, in many
cases, be detectable after individuals are no longer
culture-positive for the organism (van Zijderveld
et al., 1993; Corkish et al., 1994; Gast et al.,
1997).

A variety of bacterial determinants exist on
or within the Salmonella cell, many of which will
be recognized as foreign by the host, following
infection or vaccination. The intensity of anti-
body production to individual antigens can vary
during the course of the response, with certain
antigens being immunodominant early on, while
others are delayed in the initiation of a response.
Baay and Huis in’t Veld (1993) noted that serum
anti-flagellum titres in chickens infected with S.
enteritidis were highest early in the infection,
while lipopolysaccharide (LPS) titres predomi-
nated in later stages of the infection. Antibody
responses to flagella and LPS were weak in
Salmonella-infected young birds but robust in
adult hens, while serum responses to the fimbrial
antigen SEF14 was strong in the chicks but 
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modest in adult birds (Thorns et al., 1996).
Strong serum antibody responses could also be
detected against outer membrane proteins
(OMP) (Hassan et al., 1991; Kim et al., 1991)
and cell-wall components (Hassan et al., 1991;
Gray et al., 1995).

Serum antibody responses to these determi-
nants may or may not offer protection for the
host. Brownell et al. (1970) showed that bursec-
tomized chickens orally infected with S.
typhimurium shed higher levels of the organism
from the intestinal tract than their non-bursec-
tomized counterparts. Calves could be protected
from lethal Salmonella challenge when fed
colostrum from Salmonella-immune cows (Royal
et al., 1968; Jones et al., 1988), although this pro-
tection could not be correlated with serum anti-
bodies to flagellar or somatic antigens (Jones et
al., 1988). Similarly, serum anti-LPS antibodies
were not found to offer solid protection in calves
(Segall and Lindberg, 1993). Serum antibody
responses to OMP (Bouzoubaa et al., 1987, 1989;
Charles et al., 1994) following vaccination
offered good protection against invasive
Salmonella infections and individuals possessing
robust agglutinating antibody responses to whole
bacterial cells exhibited decreased intestinal
shedding (Barbour et al., 1993; Gast et al., 1993),
reduced extraintestinal dissemination to different
organ sites (Timms et al., 1990, 1994; Gast et al.,
1992; Charles et al., 1994) and protection against
lethal challenge (Aitken et al., 1982).

The specificity of the antibody response dif-
fers as well. Serum antibody responses in individ-
uals infected with different Salmonella species
show marked serological cross-reactivity to LPS
(Nicholas and Cullen, 1991; Barrow, 1992;
Barrow et al., 1992), in many cases due to the
presence of antigen 12 in the somatic antigens of
many Salmonella serovars (Chart et al., 1990).
Cross-reactivity is less pronounced in responses
against flagellum antigens, although some degree
of cross-reaction does occur (Baay and Huis in’t
Veld, 1993; Thorns et al., 1996). Certain
Salmonella species produce antigenic determi-
nants that are relatively unique to that species
(Thorns et al., 1990; Thorns, 1995) and antibod-
ies generated against them are fairly specific
(Thorns et al., 1996). The incorporation of mod-
ern molecular genetic techniques will enable sci-
entists to define even more exactly the immune
response to a particular antigen by examining

responses to cloned fragments of that antigen
(Kwang and Littledike, 1995).

Mucosal Humoral Immunity to
Salmonella

The initiation of infection by Salmonella occurs
primarily at mucosal surfaces and a significant
humoral immune response generally occurs
within this region. The predominant
immunoglobulin of mucosal immunity is IgA
(Bienenstock et al., 1973; Schat and Myers,
1991), although IgG and/or IgM responses can
also be observed (Hassan et al., 1991; Segall et
al., 1994; Gray et al., 1995, 1996a). The IgA can
be found in both bile and mucosal secretions and
can exist in both monomeric and multimeric
forms (Bienenstock et al., 1973; Lim and
Maheswaran, 1977; Schat and Myers, 1991). In
mice and humans, IgA has been shown to: medi-
ate protection against infection through anti-
body-dependent cellular cytotoxicity (Tagliabue
et al., 1983), potentiate bactericidal action by
iron-sequestering compounds (Funakoshi et al.,
1982), serve as a possible opsonin for mucosal
phagocytes (Kilian et al., 1988), inhibit bacterial
adherence (McGhee et al., 1992; Michetti et al.,
1992) and neutralize toxin moieties (Lange and
Holmgren, 1978). Secretory IgA therefore
exhibits exceptional diversity in its ability to
mediate protection at mucosal surfaces.

The local immune response to Salmonella
infection in domestic farm animals follows post-
challenge kinetics similar to that of systemic
immunity. In chickens, strong mucosal immune
responses can be observed within 2–3 weeks
post-challenge against flagella, LPS or OMP in
the intestine (Hassan et al., 1991; Holt and
Porter, 1993) or bile (Lee et al., 1981; Hassan et
al., 1991). Similar kinetics of infection could be
observed in challenged pigs, although intestinal
IgA responses were either very low (Gray et al.,
1996a) or non-existent (Gray et al., 1995) com-
pared with IgG and IgM. Calves orally infected
with a live S. dublin vaccine strain exhibited
detectable mucosal IgA and IgM anti-LPS
responses by 3 days post-infection, which
remained elevated for 30 days (Segall et al.,
1994). In chickens, reinfection of individuals
resulted in rapid increases in IgA anti-Salmonella
levels in the gut and bile (Hassan et al., 1991),
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indicating that, at least in avian species, mucosal
immunity is capable of an anamnestic response.

Cellular Immunity to Salmonella

Along with the elicitation of a humoral immune
response, CMI can also be detected in individu-
als infected with Salmonella. Detectable delayed-
type hypersensitivity (DTH) skin reactions were
observed at 2–5 weeks post-challenge in chickens
infected with S. typhimurium and these responses
paralleled, to a certain degree, the serum
humoral response (Hassan et al., 1991). Skin
responses could be observed against sonicated
whole organism, flagella, LPS and OMP. The
sonicated preparations and the OMP elicited the
strongest reaction and LPS the poorest. In studies
performed by Lee et al. (1981), organ levels of an
S. typhimurium challenge remained high in the
face of a strong serum and biliary antibody
response, but these levels decreased following the
appearance of cellular immunity, indicating an
important role for CMI in protection. Cattle
injected intradermally with Salmonella antigens
after previous systemic infection with S. dublin or
S. typhimurium (Aitken et al., 1978; Robertsson
et al., 1982a) exhibited marked DTH skin
responses which were detectable a year post-chal-
lenge (Aitken et al., 1978).

In many cases, there is not a good correla-
tion between serum antibody titres and the cellu-
lar immune responses. Merritt et al. (1984) found
that calves vaccinated with a modified live S.
typhimurium displayed a strong DTH response to
injected antigens and generally survived the
lethal challenge with the parent strain of the S.
typhimurium. Serum antibody titres were modest
or undetectable. Similarly, calves vaccinated
with a live S. typhimurium vaccine strain exhib-
ited strong cell-mediated immune responses and
modest antibody responses, while calves immu-
nized with a killed S. typhimurium preparation
responded poorly in the cellular assays but
strongly in the antibody assays (Lindberg and
Robertsson, 1983). Protection against lethal
challenge was poor in the bacterin-vaccinated
group but excellent in the live-vaccine group,
providing evidence for the important role of
CMI in protection, although the role of mucosal
immunity was not delineated. Cross-reactivity for
different antigens could also be observed for the

DTH response in Salmonella-infected cattle.
Porins elicited a strong cross-reactivity between
Salmonella serovars, while LPS mediated a more
modest effect (Robertsson et al., 1982b). In pigs
orally inoculated with an attenuated S. cholerae-
suis strain, a detectable serum or mucosal
humoral response to the Salmonella antigen was
not found, but the animals did mount a strong
DTH response (Stabel et al., 1993). Lymphocytes
purified from pigs infected with S. typhimurium
responded strongly in vitro to LPS or heat-
extracted cell wall at 7–63 days post-infection
(Gray et al., 1995, 1996a,b). As was observed
with humoral immunity, dose affected the
response, with cells from animals receiving 106

organisms responding the most vigorously to the
antigenic stimulation, while those animals
receiving a higher dose (109 organisms) or a
lower dose (103 organisms) responded more mod-
estly (Gray et al., 1996b).

Cytokines

Cytokines play a critical role in the protection
mediated by the immune system. As was alluded
to previously, cytokines regulate whether a pre-
dominantly humoral or cell-mediated response
will be mounted. Also, the type of response is
characterized by the cytokines elicited. Besides
modulating the type and intensity of an immune
response, these protein signals can also alter the
activity of the effector cells. In mice, IFN-γ was
shown to activate macrophages (Murray et al.,
1985; Black et al., 1987), resulting in increased
killing capacity of the cells for a variety of
microbial pathogens (Murray et al., 1985; Kagaya
et al., 1989). Incubation of macrophages with
recombinant IFN-γ enhanced their bactericidal
activity against S. typhimurium (Kagaya et al.,
1989), and mice administered exogenous IFN-γ
exhibited reduced disseminated infection by that
organism (Muotiala and Makela, 1990). Similar
protection against Salmonella infection was
observed in mice receiving tumour necrosis fac-
tor alpha (TNF-α), an inflammatory cytokine
(Nakano et al., 1990), or IL-12 (Kincy Cain et
al., 1996). Conversely, treatment of mice with
antibodies to IFN-γ, TNF-α or IL-12 during a
Salmonella infection exacerbated the severity of
the disease in these animals (Nauciel and
Espinasse-Maes, 1992; Kincy Cain et al., 1996)
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and reduced the protection offered by vaccina-
tion with an avirulent Salmonella vaccine strain
(Mastroeni et al., 1993b). During Salmonella
infection, elevated levels of IFN-γ
(Ramarathinam et al., 1991; Klimpel et al.,
1995), TNF-α (Arnold et al., 1993), IL-2
(Klimpel et al., 1995) and IL-12 (Kincy Cain et
al., 1996) can be detected. The prominent
involvement of IFN-γ and IL-12 in protecting
against a Salmonella infection indicates the prob-
able role of the Th1 cell subset and subsequent
involvement of cell-mediated immunity in pro-
viding specific Salmonella immunity.

Knowledge of the role of cytokines in ani-
mal health continues to grow. A number of
cytokines from food animals have been cloned
and sequenced (Blecha, 1991; Sekellick et al.,
1994; Suresh et al., 1995). These compounds
have been used therapeutically to increase resis-
tance to both bacterial (Sordillo and Babiuk,
1991; Reddy et al., 1992) and viral infections
(Babiuk et al., 1987; Reddy et al., 1989), to
enhance the killing capacity of phagocytes (Roth
and Frank, 1989) and to increase vaccine efficacy
(Hughes et al., 1992; Nash et al., 1993; Reddy et
al., 1993). The possible role of these agents in
the manifestation of disease problems or the pro-
tection and resolution of different disease states
appears to mirror those for mice and humans
(Lillehoj et al., 1992; Bielefeldt-Ohman, 1995;
Wannemuehler, 1995).

While substantial research has been con-
ducted on the host–parasite interactions between
domestic animals and Salmonella, only a rela-
tively small amount of information has been
forthcoming with regard to cytokine activity dur-
ing Salmonella infection in these animals. Calves
septicaemic with S. typhimurium did not exhibit
elevated serum levels of TNF-α (Peel et al.,
1990b), nor did pigs challenged orally with the
organism (Stabel et al., 1995). However, serum
levels of this cytokine were elevated in pigs
receiving the challenge intranasally and the lev-
els remained high for several weeks, indicating
that the route of infection can influence the
severity of inflammation. Chickens stressed
through feed withdrawal exhibit increased
intestinal inflammation during an infection with
S. enteritidis (Holt and Porter, 1992; Porter and
Holt, 1993; Holt et al., 1994), resulting in ele-
vated levels of TNF in the alimentary tract of
these birds (Arnold and Holt, 1996). The thera-

peutic use of cytokine reagents to ameliorate
Salmonella infection has also been undertaken.
Peel et al. (1990a) showed that calves adminis-
tered recombinant bovine IFN-γ exhibited
reduced septicaemia and diminished symptoms,
compared with controls, following infection with
S. typhimurium. Chicks and turkey poults admin-
istered supernatant fluids from immune lympho-
cytes were more resistant to challenge with S.
enteritidis (McGruder et al., 1993, 1995; Kogut et
al., 1995a; Tellez et al., 1993). The mechanism of
action of this supernatant preparation appeared
to be through the induction of increased levels of
heterophils in circulation (McGruder et al.,
1995) and into the site of infection (Kogut et al.,
1995a), as well as enhanced phagocytic capabili-
ties of these cells (Kogut et al., 1995b). The
activity was observed from supernatants derived
from immune lymphocytes and not from
macrophages, indicating that the soluble factor is
of T-cell and not macrophage origin (McGruder
et al., 1993). This factor has not been purified
and physically characterized but the pharmaco-
logical activity of the preparation indicates that a
colony-stimulating factor may be involved
(Kogut et al., 1994a).

Susceptibility and Genetics

Genetics plays a very important role in the rela-
tionship between Salmonella and its potential
host animal. Some Salmonella serovars display a
very narrow host specificity (Bullis, 1977;
O’Brien, 1982), while many of the remaining
members of this genus express a more wide-rang-
ing host infectivity. Furthermore, members of a
particular Salmonella serovar express differential
capabilities for infecting a particular host
(Shivaprasad et al., 1990; Gast and Beard, 1992;
Gast and Benson, 1995). Conversely, genetics
plays an important role in enabling the host to
resist infection by a Salmonella pathogen. Several
gene loci control the innate S. typhimurium resis-
tance of mice (O’Brien, 1986). The gene Ity reg-
ulates how well S. typhimurium replication is
controlled in the animal (Plant and Glynn,
1976) and is expressed in vivo within 24 h
(Swanson and O’Brien, 1983). Susceptibility in
mice to S. typhimurium appears to be due to a
macrophage defect in microbicidal capability
(Lissner et al., 1983). A second gene locus, Lps,
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controls the response of mice to LPS. The Lps-
deficient mice are hyporesponsive to LPS stimu-
lation and therefore fail to produce
LPS-inducible cytokines (O’Brien, 1986). Fewer
macrophages are recruited during infection and
the cells exhibit a reduced ability to restrict
Salmonella growth (Weinstein et al., 1986). Like
Ity-susceptible mice, Lps-defective mice are
extremely susceptible to S. typhimurium infection
(Weinstein et al., 1986).

The inherent resistance (or susceptibility)
to Salmonella in domestic food animals is not
nearly as well defined, although our understand-
ing is increasing in certain species. Pevzner et al.
(1981) showed that response to S. pullorum vac-
cination in chickens could be selected for geneti-
cally and that responsiveness was linked, at least
partially, to the B complex within the major his-
tocompatibility complex. Bumstead and Barrow
(1988) found substantial differences in lines of
chicks to lethal challenge with S. typhimurium
and later showed that bird lines that were suscep-
tible or resistant to infection with S. typhimurium
exhibited similar susceptibility or resistance to
several other Salmonella serovars (Bumstead and
Barrow, 1993). Gast and Benson (1995) and
Guillot et al. (1995) showed that various lines of
day-old chicks differed in their susceptibility to
infection with S. enteritidis and that table-egg
producing birds tended to be more susceptible to
the challenge. Chicken-line differences were also
observed with respect to dissemination, egg cont-
amination and faecal shedding (Lindell et al.,
1994; Protais et al., 1996). In pigs, Lacey et al.
(1989) found that peripheral blood monocytes
from certain breeds exhibited higher phagocytic
capacity and microbicidal activity against S.
typhimurium. Breed differences were also observed
regarding humoral and cell-mediated responses
to a vaccine strain of S. typhimurium, similar to
those observed previously for monocyte phagocy-
tosis (Lumsden et al., 1993).

Because the immune system, both innate
and specific, is of such importance in protecting
the animal against Salmonella, any factor or
occurrence that might adversely affect these
defences could increase the incidence and/or
severity of a Salmonella infection. Very young
animals possess an immature immune system and
are acutely susceptible to Salmonella infections
(Gast and Beard, 1989). Pre-existing disease can
also affect a Salmonella infection. Viruses, such as

the agent for infectious bursal disease (IBD) in
poultry, infect B cells and therefore depress
humoral immunity. Infections by S. enteritidis in
birds concurrently infected with the IBD agent
tended to have higher mortality and produced
more eggs contaminated with S. enteritidis
(Phillips and Opitz, 1995). Chickens infected
with Coccidia may have more severe Salmonella
infections (Qin et al., 1995), while under other
circumstances they tend to be protected from
infection (Tellez et al., 1994). Stressors, such as
weaning, transport or feed removal, can exert a
suppressive effect on immunity (Blecha et al.,
1984, 1985; Holt, 1992a,b), which could subse-
quently affect a Salmonella infection. Increased
Salmonella shedding was observed in cattle
(Corrier et al., 1990), chickens (Rigby and Pettit,
1980) and pigs (Williams and Newell, 1968) sub-
jected to shipping stress. S. enteritidis infections
in chickens undergoing an induced moult
through feed withdrawal were found to be more
severe than in unmoulted hens. Moulted hens
exhibited more intestinal pathology (Holt and
Porter, 1992; Porter and Holt, 1993; Holt et al.,
1994), increased intestinal shedding (Holt and
Porter, 1992; Holt et al., 1994, 1995) and
enhanced extraintestinal dissemination (Holt et
al., 1995). Similarly, inanition experienced by
sheep during long-term transit resulted in
increased Salmonella infection and death of a por-
tion of the animals (Norris et al., 1989).

Vaccination

The use of vaccination as a means of protecting a
flock or herd has received substantial attention
over the years. The choice of using a live organ-
ism versus a killed preparation is weighed accord-
ing to the positive and negative factors of each.
Auxotrophic and rough mutants of a number of
Salmonella have provided substantial protection
against infection in animals (Lindberg and
Robertsson, 1983; Robertsson et al., 1983;
Merritt et al., 1984; Barrow et al., 1990, 1991;
Cooper et al., 1993, 1994; Segall et al., 1994) and
also cross-protection against different Salmonella
serovars (Hassan and Curtiss, 1994b).

However, mass introduction of such a vac-
cine must be weighed against the potential intro-
duction, at least in the case of the paratyphoid
vaccines, of a potential human pathogen into
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animals eventually used for human consumption.
The use of bacterins eliminates this potential
problem but protection is generally modest and
certainly not complete. The use of subunit prepa-
rations in special vaccine formulations (Allaoui-
Attarki et al., 1997) or as part of a vectored
vaccine system (Nazerian and Yanagida, 1995;
Nazerian et al., 1996) also offers promise.
However, the choice must be made as to what
components should be included in such a vac-
cine and a clear-cut candidate has not been
found. Because of the immunomodulatory nature
of cytokines, their use in modulating immune
responsiveness in food animals is being investi-

gated (Hughes et al., 1992; Nash et al., 1993;
Reddy et al., 1993). It may be possible in the
future to incorporate genes for a particular
cytokine into a vectored vaccine to direct the
elicitation of an enhanced mucosal response
(Ramsey and Kohonen Corish, 1993; Leong et
al., 1994) or cellular immunity (Leong et al.,
1994) against a particular antigenic determinant.
Such a multi-component vaccine could provide a
more complete and long-lasting protection for
the host and ultimately the consumer. The future
research promises to bring about, at least from
the Salmonella standpoint, a healthier food ani-
mal, as well as a safer food product.
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Chapter 6

Antibiotic Resistance in Salmonella

Reiner Helmuth
Federal Institute for Health Protection of Consumers and Veterinary Medicine BgVV, 
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Diedersdorfer Weg 1, 12277 Berlin, Germany

General Aspects of Antibiotic
Resistance

Resistance of bacteria to antimicrobial agents is,
in principle, not a phenomenon of our century or
industrialized countries only. Its biological roots
are the result of an old ecological phenomenon,
in which microorganisms compete for nutritional
niches. The production of compounds that kill
competitors has a long history in the evolution of
life, as has the production of antibiotics by
Streptomycetes, the major producers of natural
products with antibiotic activity (Krügel, 1997).
Consequently, defence mechanisms have evolved
in the competing species. However, since the
start of the widespread use of antimicrobial
agents by humans in the late 1940s, resistance
phenomena have been observed in almost all
bacterial species and against all drugs available.
Antimicrobial resistance increases the morbidity,
mortality and costs associated with disease.
Today, antimicrobial resistance is one of the
major health problems in human and veterinary
medicine. It has tremendous social and economic
consequences and leads to strong scientific and
public-health efforts to improve the situation.
Antimicrobial resistance has been recognized by
the World Health Organization (WHO) and
national authorities as a major emerging problem
of public health (John E. Fogarty International
Center, 1987; Centers for Disease Control and
Prevention, 1994; Cassell, 1995; World Health
Organization, 1997; Rosdahl and Pedersen,

1998). The major problems of concern today are
shown in Table 6.1.

Among this list are the Enterobacteriaceae
and other zoonotic families or species that can
cause food poisoning. For the veterinarian, two
areas are of importance in respect to antibiotic
resistance. The first problem is therapy failure in
the animal patient itself due to a resistant
microorganism. If this is a pathogen that is con-
fined to one or only a few animal species, it is a
pure veterinary problem and it should be kept in
mind that the animal has an ethical right to
receive efficient therapy like humans.
Consequently, the development of resistance in
animal pathogens needs to be prevented so that
the situation does not worsen. Even more impor-
tant is the development of resistance in zoonotic
bacterial pathogens. These can spread to humans
and are consequently a matter of public health
and human medicine as well. Furthermore, resis-
tance traits selected in animal pathogens or com-
mensal bacteria can spread by the exchange of
DNA and finally reach zoonotic and pure human
pathogens.

Use of Antibiotics in Animal
Husbandry and Selective Pressures

Two circumstances have to come together for a
resistance problem to develop. First of all, a resis-
tance trait has to be present within the popula-
tion. As pointed out above, this is quite natural,
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because evolutionary processes also offer genetic
and phenotypic variability for resistance genes.
Consequently, there is a certain background level
of resistance permanently present in all habitats.
However, efficient proliferation of resistant
microorganisms will only occur when selective
pressures exist. Without selective pressure, resis-
tance levels are very low and so are the chances
for therapy failures. Levy (1997) has put this
principle into the drug resistance equation,
which states that the resistance problem is the
result of the selective pressure (amount and time
of antimicrobial use in a special area) and the
prevalence of resistance traits against this drug.

In animal husbandry, antimicrobial agents
are used for three purposes: therapy, prophylaxis
and growth enhancement. In addition, the
antibiotic residues are released into the environ-
ment. In all instances, a selective pressure is
imposed on bacterial populations and antibiotic
resistances are selected. The major concern of
the public is that the pool of resistance genes is
increased and that resistance genes residing on
bacterial plasmids or other mobile genetic ele-
ments are spread. Since 1987, the nutritional use
of antimicrobials in Europe has been regulated by
the ‘Council directive fixing guidelines for the
assessment of additives in animal nutrition’
(Anon., 1987). It demands microbiological test-
ing of all antimicrobials used and special
investigations in their potential to increase drug
resistance. However, compounds used for nutri-
tional purposes that were licensed before the
guidelines have led to resistance problems, e.g.
avoparcin and virginiamycin, although not in
Salmonella, because the primary action of most
growth promoters is only on Gram-positive
organisms, e.g. Enterococci. In other parts of the
world, the situation is different, because thera-
peutic antimicrobials, such as tetracyclines, are
still used as feed additives.

The major selective pressures on Salmonella
stem from the overuse of antimicrobials for pro-
phylaxis and therapy. In particular, the wide use
of mixtures of antimicrobials, antimicrobials
mixed into animal feeds and therapy without
diagnosis leads to a long-lasting, strong selective
pressure in animal husbandry and on Salmonella
in intensive production units. The importance of
selective pressure for high resistance levels in
Salmonella is reflected by the low resistance level
in areas with low antibiotic use, such as Sweden

(Björnerot et al., 1996; Franklin, 1997; Wierup,
1997). In contrast, the increasing selection of
resistant organisms is well documented in moni-
toring programmes after the licensing of veteri-
nary antimicrobials such as apramycin or
quinolones (Threlfall et al., 1986; Wray et al.,
1986; Piddock et al., 1990b; Helmuth and Protz,
1997).

Genetic and Molecular Background of
Resistance

The antimicrobial agents used today are targeted
against the major biochemical and physiological
processes in prokaryotic cells. Among them are
cell-wall synthesis, protein synthesis, DNA and
RNA duplication and transcription processes and
specific biochemical pathways, such as folic acid
metabolism. It was, perhaps, one of the most
exiting and admirable successes of natural sci-
ence that numerous scientists in the last decades
could overcome resistance by developing new
antimicrobial agents directed against resistance
traits and new targets in resistant microorgan-
isms. Keeping in mind that the development of a
new antibiotic costs up to $US300 million and
takes about 10 years, industry and other research
institutions have spent large financial resources
in this respect (Labischinki and Johannsen,
1997). Unfortunately our increasing knowledge
about the physiology of bacterial cells has now
come close to an end-point, where this approach
can not be continued. Since the introduction of
the fluoroquinolones directed against DNA
topoisomerases, no new target sites for antimicro-
bial action have been found, nor are they in sight
in the near future, and it will be very difficult to
introduce completely new substances, although
new concepts have been proposed. These focus
on four strategies: modification of existing antibi-
otic classes, inactivation of bacterial resistance
mechanisms, new target sites and the specific
destruction of resistance gene mRNA (Service,
1995; Guerrier-Takada et al., 1997; Labischinki
and Johannsen, 1997). On the other hand, resis-
tance is widespread and there are several basic
molecular mechanisms for resistance. Table 6.2
gives an overview of the main resistance mecha-
nisms in Enterobacteriaceae against important
antimicrobial agents used today.

In general, three major mechanisms exist.



First of all, an antibiotic can be destroyed or
modified so that it is no longer active against
microorganisms. This approach is especially
prominent in resistance against �-lactam antibi-
otics. They can be classified into 11 distinct
enzyme types, including the penicillinases,
cephalosporinases, broad- and extended-spec-
trum and other enzymes. Today, more than 80 
�-lactamases have been described, of which the
TEM-type and PSE-type are frequently found in
Salmonella (Medeiros, 1997; Massova and
Mobashery, 1998). Secondly, the access of the
antibiotic into the cell or to the target site can be
prevented. In addition, active efflux mechanisms
exist, which have been well documented in the
case of tetracycline resistance (Roberts, 1996)
and multidrug resistance pumps (MDRs) (Speer
et al., 1992; Paulsen et al., 1996). Finally, the tar-
get site on its own can be modified and rendered
insensitive, of which good examples are
trimethoprim (Amyes and Smith, 1974) and flu-
oroquinolone resistance (Hooper and Wolfson,
1993; Wiedemann and Heisig, 1994).

Under therapeutic conditions, three types of
resistance can lead to therapy failures. The first is
the so called intrinsic or natural resistance. It is
based on the lack of the target site or the pres-
ence of intrinsic, sometimes low-level, resistance
mechanisms (Smith and Lewin, 1993; Paulsen et
al., 1996). However, more public health concern
is raised about the so-called acquired resistance.
It can be based on mutations in the chromosomal
genes for the target site. Sulphonamide resistance
in pathogenic Staphylococci was one of the earli-

est types recognized, being first reported in the
1940s (Cohen, 1992). This type of resistance is
still of importance today; however, even more
threatening is the frequent possession of specific
resistance genes, which destroy or inactivate the
antimicrobial compound by exhibiting one of the
resistance mechanisms shown in Table 6.2. It is
specifically these resistance genes that are of con-
cern, because in many cases they can be spread
among bacterial populations, thus increasing the
overall resistance gene pool.

Spread of Resistance Genes

It is well recognized today that resistance genes
can be, and have been, exchanged among bacter-
ial populations and even passed to mammalian
cells (Courvalin et al., 1995; Courvalin, 1996;
Davies, 1998). Two distinct kinds of spread have
to be considered: first, the spread of individual
resistance genes and, secondly, the spread of
more complex genetic entities. Individual resis-
tance genes can be spread by transformation and
transduction, which require DNA homology and
recombination. Transformation is a process in
which naked DNA is taken up by cells. It is most
efficient when the cells are in a special physiolog-
ical stage called competence. Transformation also
has an important role in nature, especially in
Gram-positive organisms. Its importance for
Gram-negative species is, however, still a matter
of ongoing research. Transduction is the delivery
of a gene by a bacteriophage into a new host cell.
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Table 6.2. Resistance mechanisms in Enterobacteriaceae against important therapeutic antibiotics.

Class of antibiotic Mode of action Main resistance mechanism

�-Lactams Cell-wall synthesis �-Lactamases, altered penicillin-binding proteins, 
reduction in permeability

Aminoglycosides Protein synthesis, ribosomes Modifying enzymes,
30S unit reduction in uptake

Tetracyclines Protein synthesis, ribosomes Efflux
30S unit

Quinolones DNA gyrase Altered target

Chloramphenicol Protein synthesis, ribosomes Acetyltransferase
50S unit

Folate inhibitors Inhibition of folic acid Altered target
metabolism



In Salmonella, it might be of importance, because
many of the strains carry prophages or 
inhabit biotopes where transducing phages are
found (Schicklmaier and Schmieger, 1995;
Schicklmaier et al., 1998).

Furthermore, the importance of conjuga-
tion in the spread of resistance genes in
Salmonella is well established. Conjugation is a
parasexual, horizontal, gene-transfer process, in
which self-replicating extra-chromosomal DNA
molecules, called plasmids, are exchanged by a
donor and recipient. This is achieved by the for-
mation of mating pairs or mating aggregates.
During this process, the plasmid is nicked at a
special origin of transfer (oriT), leading to repli-
cation and transfer from the donor to the recipi-
ent cell. In this way, resistance genes can spread
efficiently among bacterial populations. Plasmids
carrying resistance genes are called R factors and
are composed of several genetic units. Self-trans-
ferable R factors carry the resistance transfer fac-
tor (RTF) and resistance (R) determinants. The
latter provide the resistance phenotype and the
RTF the fertility. R factors have been grouped
into the so-called incompatibility groups (Inc
groups). An Inc group defines a set of plasmids
that are not compatible, e.g. cannot coexist in
one cell. Today, more than 20 incompatibility
groups are known and some of them share addi-
tional genetic characteristics (Kado, 1998; del
Solar et al., 1998). In general, DNA transfer is
most efficient at elevated temperatures. For
Salmonella, in contrast, the IncH group of plas-
mids are of special importance, because their
transfer is temperature-dependent (Smith et al.,
1978). IncH plasmids do not transfer at the ele-
vated temperatures frequently encountered in
the Salmonella host strain. Their transfer system
works most efficiently at ambient temperatures.
This reflects the two habitats Salmonella might
encounter during their life-cycle, one at high
temperatures in the infected host and the other
at lower temperatures in the environment. In
this way, the exchange of R factors under both
circumstances is ensured.

R factors and other DNA molecules might
carry other genetic structures, called transposons
or integrons (Hall, 1997; Mahillon and
Chandler, 1998). These are DNA elements that
are capable of translocation from one DNA mol-
ecule to another by integrating into non-
homologous regions. Transposons carry genes

promoting their own transposition (transposases)
and additional resistance, virulence, or catabolic
genes can be located on transposons. Transposi-
tion is one of the most efficient modes for the
exchange of DNA and sometimes leads to DNA
rearrangements, such as replicon fusions, dele-
tions or inversions, in the recipient molecules.
Consequently, it is one of the driving forces for
evolution. During transposition, target sequences
that flank the inserted transposon are duplicated.
In general, composite and non-composite trans-
posons can be distinguished. Composite trans-
posons carry insertion (IS) elements at their
ends. IS elements are small (0.2–2 kb) trans-
posons encoding only transposition functions
(Stanley and Saunders, 1996; Mahillon and
Chandler, 1998). Non-composite transposons
lack terminal IS elements. In respect of antibi-
otic resistance, Tn10, encoding tetracycline
resistance (Kleckner et al., 1995), Tn5, encoding
kanamycin, bleomycin and streptomycin resis-
tance (Reznikoff, 1993), and Tn3, encoding
ampicillin resistance, are good examples of well-
defined transposons that carry resistance genes
(Sherratt, 1998).

Recently, mobile gene cassettes and inte-
grons have received large amount of scientific
attention (Hall and Collins, 1995; Hall, 1997).
Gene cassettes are genes that are generally inte-
grated into the host-cell DNA. In contrast, prior
to integration or after excision they can exist
freely in a circularized form within the cell. Such
a cassette can become part of an integron by site-
specific integration into the attI site of an inte-
gron via the cassette-associated recombination
site, called the 59-base element. Three classes of
integrons have been described. Class I integrons
contain two conserved segments (CS), called 5�-
and 3�-CS, which flank a variable region (Hall
and Collins, 1995). 5�-CS has a promoter that
allows expression of the cassette genes and the
genes responsible for site-specific integration, the
integrase intI and the integration site attI.
In class I integrons, 3�-CS carries genes for 
resistance to disinfectants (qacE�1) and
sulphonamide. Class II integrons are charac-
terized by a defective integrase gene intI2. They
are related to Tn7 and its close relatives (Flores
et al., 1990). Still another integrase intI3 has
been detected in class 3 integrons (Osano et al.,
1992).
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Resistance in Salmonella

Resistance levels in individual regions and
countries

The overall picture of resistance levels in all
Salmonella isolates sent to an individual reference
laboratory might be quite low, but it is not a suit-
able figure for estimating the seriousness of the
resistance problem. As in other microorganisms,
a resistance problem in Salmonella can be con-
fined to a specific geographical region, a specific
serovar or even a single production site.
However, the data available for long-lasting
monitoring programmes and the resulting molec-
ular studies, which form the basis for this review,
show five general trends for resistance develop-
ment in Salmonella, which are of scientific and
public-health importance.

1. Isolates without anthropogenic selective pres-
sures are mainly sensitive against antimicrobial
agents.
2. There is a general increase in the resistance
levels, especially in some serovars, but not all
serovars, such as S. typhimurium, which are
linked to animal husbandry.
3. There is a general increase in the degree of
multiple resistance, e.g. strains having more than
one resistance.
4. There is a general increase in the number of
resistance determinants that are integrated into
the Salmonella chromosome.
5. The use of a newly licensed drug in animal
husbandry often leads to increased resistance lev-
els against the drug.

Long-standing monitoring programmes in
many countries have documented the develop-
ment and spread of individual resistance genes
and resistant clones. Investigations on strains
that were isolated in the 1920s (Datta and
Hughes, 1983) or from wild or rural animals not
receiving antimicrobial treatment in Africa
(Levy, 1983; Helmuth and Minga, 1998) indi-
cated low-level resistance, although self-trans-
missible plasmids are present in these strains. In
addition, a survey of the properties of enteric iso-
lates conserved in ice in the Arctic confirms low
levels of resistance (Dancer et al., 1997).

This low level of resistance is in contrast to
recent reports originating from countries in
Europe, the USA or Japan, in which intensive

farming is quite common. At present, the overall
prevalence of resistant isolates among all
Salmonella sent to the investigating laboratories is
between 10% and 30% in these countries (Kidd,
1996; Bager, 1997; Centers for Disease Control
and Prevention, 1997). However, these figures
are sometimes biased and not very conclusive,
because of the inclusion of relatively rare
serovars of subspecies I and even other sub-
species that are mainly found in cold-blooded
animals. Consequently, the real magnitude of the
problem is more obvious when one concentrates
on those food-producing animals that are held
under strong antibiotic selective pressures and
are of importance to human health as well, e.g.
calf fattening and the predominant serovar S.
typhimurium. In such cases, the resistance levels
can be very high, lying in the range of 60–91%
(Kidd, 1996; Bager, 1997; Brisabois et al., 1997;
Centers for Disease Control and Prevention,
1997).

History of resistance development

The first reports on resistant Salmonella go back
to the early 1960s and describe mainly cases with
monoresistant strains (Bulling et al., 1973; Sojka
and Hudson, 1976; Van Leeuwen et al., 1979;
Yoshimura et al., 1980). In a retrospective study,
Van Leeuwen et al. (1979) described the increase
of tetracycline resistance from 1959 to 1974 in
The Netherlands and its subsequent decline after
the ban of this drug as a growth promoter.
Comparable investigations are described by
Bulling et al. (1973) for Germany. They com-
pared resistance rates among 1000 isolates
between 1961 and 1970. In 1961, the authors
detected a resistance level of 2.5%, which
increased to 9.5% in 1970. In addition, the pre-
dominance of transferable tetracycline mono-
resistance in Salmonella of animal origin in
Germany was described (Bulling et al., 1973).
Similar investigations were performed by
Japanese (Terakado et al., 1980; Yoshimura et al.,
1980) and American authors (Cohen and Tauxe,
1986; Pocurull et al., 1971). The early American
data were reviewed by Cherubin in 1981. He
concluded that resistance to antibiotics was not
noted in specimens from 1948, that resistance to
tetracycline first appeared in isolates obtained
from both animals and humans in 1956–1957
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and that it increased equally in subsequent sam-
ples. In addition, it was observed that S.
typhimurium displayed a higher frequency of resis-
tance than other serovars.

This observation was confirmed by Sojka
and Hudson (1976) in the mid-1970s, when they
detected high resistance levels in S. typhimurium
isolated in Great Britain. The overall resistance
rate was more than 90% and especially high rates
of 97% were detected in S. dublin and S.
typhimurium. At that time, tetracycline was still
used as a growth promoter in the UK.

The increasing observations of drug resis-
tance led to an increasing interest in its genetic
and molecular bases. Datta (1962) described
transmissible drug resistance in an epidemic
strain of S. typhimurium. These observations led
to more genetic studies on resistance transfer in
Salmonella. In the mid-1960s, Anderson pub-
lished a more intensive but purely genetic study
on isolates of S. typhimurium phage type (PT) 29
(Anderson and Lewis, 1965). This type had
become predominant in late 1963 in bovine
infections in Britain, and had caused many
human infections which were bovine in origin
(Anderson, 1968). PT29 isolates were one of the
first pentaresistant phage types. Starting with
streptomycin and sulphonamide resistance early
in 1963, it acquired resistance to tetracyclines,
ampicillin, neomycin, kanamycin and furazoli-
done. Apparently, it had built up its drug resis-
tance in the order streptomycin and
sulphonamides, which seemed to be linked, and
tetracycline and ampicillin. The investigations
showed that PT29 isolates transferred their
high-level resistance independently, in contrast
to the genetic properties of the preceding PT1a
isolates.

However, it took another 10 years for DNA
isolation procedures to allow more detailed
descriptions of the genetic elements involved. A
good example of well-investigated strains from
this period are those of PT505 in The
Netherlands. This phage type predominated in
the 1970s and about 90% were tetracycline-resis-
tant. In one of the first molecular investigations
of resistance in Salmonella, van Embden et al.
(1976) showed that this phage type had a unique
plasmid pattern. The tetracycline resistance
determinant was located on a 5.8 MDa non-con-
jugative resistance plasmid which could be mobi-
lized by a 58 MDa conjugative plasmid. 

Similar observations stem from molecular
investigations on the multiply resistant PT201,
which predominated in central Europe in the
1970s. Its incidence peaked in 1974, when more
than 70% of the calf isolates in The Netherlands
were of resistant PT201. The isolates showed
resistance against tetracycline, ampicillin, chlo-
ramphenicol and kanamycin (Helmuth et al.,
1981) and the molecular and genetic investiga-
tions showed two important phenomena: first,
the temperature-dependent transfer of the resis-
tance markers, which is quite common in
Salmonella possessing Inc H1 group incompatibil-
ity plasmids (Smith et al., 1978); and secondly,
the formation of a plasmid cointegrate, which,
upon selective pressure, transferred the complete
multiresistance. The cointegrate is a large 230
MDa structure, composed of two independent
plasmids providing the resistance and transfer
genes. Some of the resistance determinants were
obviously located on transposons which could
integrate into other self-transferable plasmids.

The phenomena described above, namely
the localization of resistance genes on conjuga-
tive plasmids, cointegrate formation and the
localization of resistance genes on transposons,
led to the efficient spread of multiresistance in
Salmonella. It was provoked by the selective pres-
sures applied in animal husbandry, especially in
calf rearing units, and the subsequent spread to
humans. A good example of this is the incidence
of apramycin and gentamicin resistance in
Salmonella. The aminoglycoside apramycin was
licensed in the UK in 1980 for veterinary use.
The initiated monitoring programme showed an
increase in apramycin resistance from 0.1% in
1982 to 1.4% in 1984. Almost all isolates pro-
duced the enzyme aminoglycoside 3-N-acetyl
transferase IV (ACC(3)IV) and carried various
conjugative plasmids (Wray et al., 1986). In sub-
sequent years, isolates of Salmonella and other
Enterobacteriaceae were isolated from human
sources as well and provided evidence of the
transmission of the resistance gene ACC(3)IV
from bacteria of animal origin to human isolates
(Threlfall et al., 1985, 1986; Johnson et al., 1994;
Wall et al., 1995).

So, from today’s viewpoint, it was not a sur-
prise that such selective pressures led to integra-
tion of resistance genes into the bacterial
chromosome, making drug resistance one of the
important perquisites for the survival of
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Salmonella. Chromosomal integration of resis-
tance genes was first described by Seiler and
Helmuth (1986) in multiply resistant S. dublin
isolates in Germany. Their incidence peaked
between 1975 and 1980, when 75% of all isolates
from cattle belonged to multiply resistant S.
dublin. In their study, the authors could show that
the first isolates carried the resistance genes on
plasmids and transposons. In contrast, strains iso-
lated in the second half of the 1970s showed
plasmid profiles indistinguishable from those of
sensitive strains. DNA hybridization and genetic
methods elucidated the fact that the resistance
genes for tetracycline, ampicillin, chloramphenicol
and kanamycin were located on the chromosome,
ensuring stable inheritance. Today, such chromo-
somal integration is widespread and will be dis-
cussed in detail in respect of the predominating
clone of S. typhimurium, DT104.

Another feature of resistance development
in Salmonella that led to the current situation is
the increase in multiply resistant isolates. In
1992, Threlfall reviewed the use of antibiotics
and the selection of food-borne pathogens. In
principle, he compared the resistance levels of
animal and human isolates obtained in 1980 and
1990. In this decade, the resistance rate for S.
typhimurium increased from 36 to 54% and from
16 to 76% for S. virchow. Together with this
overall increase, multiple resistance increased
significantly during this time, namely, from 6 to
18% for S. typhimurium and from less than 1 to
11% for S. virchow. Threlfall defines multiple
resistance as strains carrying resistance to four or
more antimicrobial agents. This increase could
be confirmed in the following years. For
1994–1996, Threlfall et al. (1997) showed that
for S. typhimurium, multiple resistance had con-
tinued to increase, reaching a level of 81%.
Similar data from our own laboratory confirm the
observations made by Threlfall and other
authors. In 1992, the majority (11%) of all
German isolates carried just one resistance deter-
minant. Four years later, in 1996, the number of
monoresistant strains had dropped and the whole
distribution had shifted towards isolates with
two, three and more resistance determinants.
The peak of the distribution was at 9% of all the
strains carrying four resistance genes. This
increase, observed in many countries of the
world, can be attributed to the clonal spread of
multiply resistant strains.

Taking a historical view, it can be con-
cluded, that, in the 1960s, reports on resistant
isolates increased and molecular studies revealed
the presence of R factors with self-transfer and
mobilization capabilities. However, at that time,
monoresistance prevailed. In the 1970s, multiple
resistance built up, due to transposition and coin-
tegrate formation which gave rise to new plas-
mids conferring multiple resistance. Furthermore,
efficient transfer systems at 37°C and 22°C could
be detected. At the beginning of the 1980s, stud-
ies on multiply resistant S. dublin showed chro-
mosomal integration of resistance genes for the
first time. More recently, the 1980s and 1990s
have been dominated by the appearance and
spread of multiply resistant S. typhimurium
clones, such as DT204, DT204c and, currently,
DT104. In the following sections, a more
detailed description of the overall phenomena is
given.

Properties and spread of multiply resistant
Salmonella clones

In the numerous investigations performed during
the last decades, the prevalence of multiply
resistant isolates, of the same serovar, resistance
profile, phage type and molecular markers, has
repeatedly been described. As mentioned above,
S. typhimurium PT29 was one of the early
examples. In the following years, three multiply
resistant clones have received special attention,
because of their epidemiological importance and
well-documented molecular characteristics. They
are described in more detail.

The S. wien epidemic in the Middle East and
Mediterranean countries

The first is the S. wien epidemic in the Middle
East and France. Before 1969, S. wien was only
sporadically encountered and did not receive any
special attention. This changed when large and
serious epidemics occurred in paediatric units of
Algerian hospitals (World Health Organization,
1950). In general, a high mortality – 30% of the
affected children – was observed in Algeria. The
epidemic was difficult to control because, in con-
trast with earlier sporadic isolates which were
antibiotic-sensitive, the outbreak strains were
multiply resistant (Domart et al., 1974). Their
resistance profiles covered resistances to ampi-
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cillin, chloramphenicol, streptomycin, sulphon-
amides and, in some cases, to tetracycline and
kanamycin as well. In 1970, this particular clone
spread across the Mediterranean Sea and led to
serious nosocomial outbreaks in the major
French cities of Grenoble, Lyons and Marseilles.
It was the second commonest isolate in France in
1971 (Domart et al., 1974; Adam et al., 1993)
and became the source of major outbreaks in
Austria, Iraq, Italy (Marranzano et al., 1976;
Schisa et al., 1978; Maimone et al., 1979), and
Yugoslavia (World Health Organization, 1950,
1977). Clonal identity and the genetic elements
involved were described by Maimone et al. in
1979. They found that most of the resistance
determinants were on an IncFIme plasmid
(ACKSSPSuT) which occurred in conjugative
and non-conjugative forms and had varying sizes
between 90 and 100 MDa (McConnell et al.,
1979; Maimone et al., 1979). Other resistances
(ASSu) resided on a smaller non-conjugative
plasmid (McConnell et al., 1979). IncFIme plas-
mids are incompatible with IncFI plasmids and
the serovar-specific plasmid of S. typhimurium
(Willshaw et al., 1978).

The S. wien epidemic is special in the sense
that no animal reservoir was ever described;
therefore, the many outbreaks in paediatric units
in many countries and the well-traced movement
of the epidemic can best be explained by human-
to-human spread.

Multiply resistant S. typhimurium of phage types
DT193, DT204 and DT204c

In contrast to S. wien the spread of resistant S.
typhimurium DT193, DT204 and its related phage
type DT204c is certainly zoonotic, and cattle and
calves seemed to be the major reservoir. The start
of the increasing incidence of DT204 is well doc-
umented in the paper of Threlfall et al. (1978),
when its prevalence in bovine isolates increased
from 2.4% in 1974 to 34% in 1977. In addition
to its prevalence, the degree of multiple resis-
tance also increased. Between 1974 and 1977,
the most common resistance pattern was just
against sulphonamides and tetracyclines. None of
the resistances was transferable. However, this
situation changed dramatically when an IncH2
plasmid, which carried resistances against chlo-
ramphenicol, streptomycin, sulphonamides and
tetracyclines, was established in the clone. This
was first observed during a small local outbreak in

Leicestershire. But, due to intensive calf trading,
it became widespread in calf units in Britain.
Finally, it reached the food-chain and caused
human infections as well (Rowe et al., 1979). In
addition, it was not only limited to the British
Isles. Based on molecular studies, Rowe et al.
(1979) describe how such clones are spread by
international trade to Belgium and The
Netherlands, due to linked chains of food pro-
duction. Furthermore, they showed that the
Belgian isolates were trimethoprim-resistant,
reflecting the increasing use of this antimicrobial
agent in calf rearing. The genetic and molecular
properties of these phage types were elucidated
by Willshaw et al. (1980). They showed that
both phage types were related and were derived
from DT49.

In the years after 1979, a new phage type,
DT204c, became most prominent. The first iso-
lates originated from calves in Somerset,
England. In the following years, its incidence in
isolates of bovine origin increased rapidly reach-
ing peak values of 64% in cattle and 70% in
calves. Because of its prevalence and multiple
resistance, DT204c is probably one of the best-
investigated phage types at the epidemiological,
genetic and molecular level (Threlfall et al.,
1980, 1986; Willshaw et al., 1980; Graeber et al.,
1995). Isolates of this particular phage type
showed high genetic flexibility and variability,
through the aquisition of R factors, transposons
and prophages (Wray et al., 1987, 1998). Like
DT204 and DT193, these multiply resistant iso-
lates of DT204c were not only limited to the UK.
Initially, resistance to chloramphenicol, strepto-
mycin, sulphonamides, tetracycline and
trimethoprim predominated, but in later years
almost all of the isolates of this particular phage
type had a core resistance against, ampicillin,
chloramphenicol, kanamycin and tetracycline.
Special attention was paid to and investigations
were made into resistance against aminoglyco-
sides (Threlfall et al., 1985, 1986) and high-level
resistance against the fluoroquinolones in
Germany (Graeber et al., 1995; Helmuth and
Protz, 1997).

Gentamicin resistance in DT204c first
appeared in 1983 and the molecular characteriza-
tion determined the existence of three lines of
isolates (Threlfall et al., 1985, 1986). Two were
confined to cattle and one occurred in cattle and
humans. However, it was suggested that the use
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of apramycin in animal husbandry was responsi-
ble for the appearance of gentamicin resistance
in DT204c isolates. It seems that, at this time,
the use of antimicrobial agents in calf-rearing
created such a strong selective pressure that a
certain host adaptation had occurred in some of
the clones. Another example of this kind of
adaptation was the increasing incidence of fluo-
roquinolone-resistant DT204c isolates in
Germany. The use of fluoroquinolones for the
treatment of calves in Germany was licensed in
1989. After that, a steep increase in multiply
resistant S. typhimurium O5-negative isolates that
had high minimal inhibitory concentrations
(MICs) against fluoroquinolones were observed.
MICs were in the range of 32–128 µg ml�1 for
enrofloxacin and other fluoroquinolones. Peak
incidence was reached in 1990, with 15% total
resistance and 50% fluoroquinolone resistance in
all S. typhimurium of bovine origin (Graeber et
al., 1995). Fortunately, these isolates did not
reach humans frequently and only one therapy
failure in a young girl was described (Hof et al.,
1991).

Multiply resistant S. typhimurium DT104
A much more widespread distribution among
humans and all food-producing and other ani-
mals is attributed to the currently predominating
S. typhimurium phage type, DT104. This phage
type is remarkable for several reasons. It is multi-
ply resistant, is geographically widespread and
can be isolated from humans, a large variety of
animal species, including all food-producing ani-
mals, and its resistance genes are located on the
chromosome. As pointed out above, this con-
trasts with the location of resistance genes in
other major clones of multiply resistant
Salmonella, which were in general located on
extrachromosomal elements, which left the
possibility that resistance could be lost under
conditions of low selective pressure. As stated
above, chromosomal integration had so far only
been described by Seiler and Helmuth (1986) in
multiply resistant S. dublin isolates from
Germany, which disappeared from Germany
almost completely in the 1990s.

EPIDEMIOLOGY OF DT104. The majority of DT104
isolates are characterized by a pentaresistance
against ampicillin, chloramphenicol, strepto-

mycin, sulphonamides and tetracyclines (R-type
ACSSuT). Today, resistance against gentamycin,
trimethoprim and fluoroquinolones has been
described as well. The origin of the first pentaresis-
tant DT104 isolates seem to be exotic birds, such
as parrots and parakeets. The first isolate recorded
at the Veterinary Laboratories Agency in the UK
was from a seagull (C. Wray, Weybridge, personal
communication); subsequently the infection was
detected in cattle, which are the major reservoir of
DT104 today.

In humans the first isolates were obtained
in England and Wales as early as 1984. However,
before 1988, fewer than 50 isolates of this partic-
ular phage R type were detected (Threlfall et al.,
1994). In the following years, the incidence of
DT104 increased dramatically in England and
Wales, from 259 isolates in 1990 to 3837 isolates
in 1995 (Threlfall et al., 1996), and in 1997, of
the 2956 isolates, 95% were pentaresistant
(Threlfall et al., 1998b). This epidemic is not
confined to the British Isles. Reports from
Germany show a prevalence of DT104 of 30% in
humans (Liesegang et al., 1997), 75% in cattle,
50% in pigs, 30% in poultry and 39% in other
animals in 1997 (Rabsch et al., 1997).
Increasing incidences were described for Austria
(Thiel, 1997), several other European countries
(Anon., 1997; Rabsch et al., 1997); north-east
USA (Benson et al., 1997) and Canada (Besser
et al., 1997). For the USA, the incidence of
DT104 or related pentaresistant isolates
increased from 0.6% in 1979–1980 to 34% in
1996 and it is estimated that about 9% of human
Salmonella infections have been caused by
DT104 isolates (Glynn et al., 1998). On the
basis of these data, it remains highly speculative,
although scientifically challenging, to trace the
real source from which DT104 emerged.
Nevertheless, due to its widespread dissemina-
tion, it has become a global problem. Just the
fact that it was first detected in the UK is not
evidence that it emerged there.

First reports concentrated on the prevalence
of DT104 in calves and adult cattle (Low et al.,
1996a); however, as early as 1996, several reports
pointed to isolations of DT104 from sheep (SAC
Veterinary Services, 1996) and companion ani-
mals, such as cats (Low et al., 1996b; Wall et al.,
1996). Today DT104 has been reported in a large
variety of livestock and in horses, goats, dogs,
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elk, mice, coyotes, squirrels, racoons, chipmunks,
pigeons and the environment as well. In cattle,
DT104 can persist in symptomless carriers for
more than 6 months and recurrent infections
have been observed (Low et al., 1996a). This
poses a higher risk of occupationally acquired
infections, e.g. for veterinarians, food handlers
and farmers (Fone and Barker, 1994).

The importance of DT104 for humans was
investigated in several outbreak and case–control
studies. The case–control study performed by
Wall et al. (1994) showed an association with the
consumption of several food items and contact
with animals, particularly sick farm animals.
Surprisingly, the association was primarily with
pork sausage, chicken and meat paste, but not
with beef or beef products. However, Davies et al.
(1996) described an outbreak of DT104 associ-
ated with beef.

How cattle acquired DT104 was the topic of
a case–control study of infections in cattle per-
formed by Evans and Davies in 1996. It turned
out that major factors of herd management and
hygiene were risk factors. Among them were the
housing conditions, purchase of new cattle, cont-
aminated buildings, lack of isolation facilities
and vectors such as wild birds and cats.

Some reports have described a higher viru-
lence for DT104 isolates in comparison with
other Salmonella serovars. In their case–control
study, Wall et al. (1994) described a higher
degree of hospitalization, reaching 36% of the
infected humans. In 1997, a study by Miller
pointed in the same direction. It was found that
13% of pentaresistant DT104 isolates were
obtained from blood cultures, compared with
only 4% of other R types (Miller, 1997).
However, Threlfall et al. (1996b) contradicted
these findings when they compared the preva-
lence of certain serovars in almost 70,000 faecal
and blood isolates. It turned out that, with 1.3%,
DT104 blood isolates were not significantly more
frequent than other serovars.

LOCATION OF RESISTANCE GENES IN DT104. The
first report describing the chromosomal location
of the resistance genes for DT104 was given by
Threlfall et al. (1994), when the authors showed
that pentaresistant isolates carried the S.
typhimurium virulence plasmid (Helmuth et al.,
1985; Brown et al., 1986). The genetic elimina-
tion of the virulence plasmid did not eliminate

the pentaresistance, which was neither transfer-
able nor mobilizable. Since 1992, trimethoprim
resistance could also be detected among the iso-
lates. The resistance resided on a 4.6 MDa, non-
transferable but mobilizable plasmid (Threlfall et
al., 1996). However, this study did not give the
exact location of the resistance genes, nor did it
describe the resistance genes involved.
Consequently, Sandvang et al. (1997) performed
a detailed molecular study on eight Danish
DT104 isolates originating from five pig herds.
By using the polymerase chain reaction (PCR)
for integron detection and sequencing for inte-
gron identification, the presence of two integrons
among five of their eight strains could be demon-
strated. The first integron specified resistance
against the aminoglycosides streptomycin and
spectinomycin by the ant (3��)-Ia gene cassette.
The β-lactamase gene cassette PSE-1 was located
on the second integron. These Danish data were
confirmed absolutely by Ridley and Threlfall
(1998) in a larger study performed on 45 human
and 21 animal isolates from various European
countries, the USA, Trinidad and South Africa.
Interestingly, all isolates of DT104 contained the
same inserted gene cassettes, one a 1 kb product
containing streptomycin and spectinomycin
resistance and the other a 1.2 kb product of the
PSE-1 gene. Both integrons were encoded on a
single 10 kb XbaI DNA fragment, which brings
them in close vicinity and makes a tandem
arrangement likely. These findings are persuading
evidence that all the different isolates are clonal
in nature. Drug-sensitive isolates did not gener-
ate any PCR products, indicating that integrons
without resistance gene cassettes are absent from
DT104.

The papers described above did not estab-
lish the location of the tetracycline and chloram-
phenicol genes in pentaresistant DT104 isolates.
Therefore, Briggs and Fratamico (1998) investi-
gated the arrangement for all five resistance
genes by synthesizing a long (13 kb) PCR prod-
uct. The sequence of this product and its com-
parison with gene-bank sequences showed the
presence of all resistance genes responsible for
the pentaresistance phenotype. However, some
striking observations were made: the cmlA gene,
responsible for chloramphenicol resistance,
appeared to be homologous to the cmlA exporter
gene of Pseudomonas aeruginosa. The two type I
integrons are separated by an R-plasmid sequence
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of Pasteurella piscicida and the 5�-CS is part of a
larger IncG plasmid, pCG4, of Corynebacterium
glutamicum.

Altogether, the data presented above shed
light on important questions about antibiotic
resistance in Salmonella. If the resistance genes
are part of a larger transposon or related to path-
ogenicity islands, antibiotic use would select not
only for resistance but also for increased viru-
lence. However, further research is needed on
this aspect.

Fluoroquinolone resistance in Salmonella spp.

In addition to the increasingly prevalent multiply
resistant clones, the resistance against fluoro-
quinolones has received special attention among
the public and the scientific community.
Fluoroquinolones belong to a class of the newer
antimicrobial agents, with a broad spectrum of
activity, high efficiency and widespread applica-
tion in human and veterinary medicine (World
Health Organization, 1998).

Under treatment conditions, the emergence
of fluoroquinolone resistance in Salmonella had
already been observed at the end of the 1980s
(Howard et al., 1990; Piddock et al., 1990a).
However, first reports on an increasing incidence
of fluoroquinolone resistance in Salmonella from
animals stem from British and German observa-
tions (Piddock et al., 1990b; Helmuth, 1992). In
Great Britain, the isolates exhibited high
nalidixic acid resistance and a decreased suscepti-
bility to ciprofloxacin, a fluoroquinolone com-
monly used for human therapy. High
fluoroquinolone resistance was observed after the
licensing of fluoroquinolones for veterinary use in
calves in Germany in 1989. Subsequently, the
number of fluoroquinolone-resistant Salmonella
isolates increased dramatically (Helmuth and
Protz, 1997). The prevalence peaked in 1990,
with a level of 15% of all Salmonella isolates and
50% of all isolates of bovine origin. Interestingly,
almost all of these strains originated from the
area close to the Dutch border, where the
German calf-fattening industry is concentrated.
The MIC levels for enrofloxacin were in the
range 28–128 µg ml�1 and complete cross-
resistance to the other fluoroquinolones was
shown. Heisig (1993) showed that these isolates
exhibited their high-level resistance due to

alterations in the gyrA and gyrB subunit, and Hof
et al. (1991) reported a therapy failure in a
patient infected with this highly resistant
DT204c clone.

Other reports on veterinary isolates from
various countries concentrate on strains that
show high MICs against nalidixic acid, but lower
MICs against the fluoroquinolones. In the Dutch
study, 8.5% of Salmonella isolates from three
broiler flocks showed resistance to nalidixic acid
and flumequin, but no increased resistance to
cipro- or enrofloxacin was observed (Jacobs-
Reitsma et al., 1994). This was in contrast to the
study of Griggs et al. (1994), which showed that
nalidixic-acid-resistant veterinary isolates had
increased MICs against fluoroquinolones of
0.12–2 µg ml�1. The underlying mutations could
be complemented by plasmids carrying gyrA.
This increased fluoroquinolone resistance in
nalidixic-acid-resistant Salmonella isolates has
been observed by others as well (Ruiz et al.,
1997).

An increase of ciprofloxacin resistance in
Salmonella in England and Wales during
1991–1994 was described by Frost et al. (1996).
In general, there was an increase from 0.3% to
2.1%; however, for S. hadar the increase was
most pronounced, ranging from 2% to 39.6%.
These observations led to a number of studies
with the aim of investigating the nature of the
resistance phenotype and if animal and human
isolates shared the same properties (Reyna et al.,
1995; Griggs et al., 1996; Piddock et al., 1998).
Both studies showed that resistance was the
result of point mutations which lead to amino
acid substitutions in the gyrase A subunit, and
that there was no difference between the animal
and human isolates.

Because of their multiple resistance, DT104
infections are difficult to treat and consequently
special attention has been drawn to fluoro-
quinolone resistance in S. typhimurium DT104
isolates. In 1997, Threlfall et al. described an
increasing incidence of resistance to trimetho-
prim and ciprofloxacin in epidemic S.
typhimurium DT104 in England and Wales. On
the basis of a cut-off of ≥ 0.125 µg ml�1, the
authors describe an exponential increase for
ciprofloxacin resistance from almost zero in 1994
to 14% in 1996. As in Germany, this increase
paralleled the licensing of enrofloxacin for veteri-
nary use in the UK in 1993 (Threlfall et al.,
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1998a). In the WHO meeting on ‘Use of
quinolones in food animals and potential impact
on human health’, these isolates were referred to
as non-resistant but strains with reduced sensitiv-
ity (World Health Organization, 1998). This led
to a discussion on current breakpoints and the
importance of low-level resistance for therapy
(Watson et al., 1998). In 1998 this discussion
was intensified after a patient died in Denmark
from a food-borne DT104 infection with a strain
exhibiting reduced sensitivity to ciprofloxacin
(Anon., 1998). In total, 22 people were infected
with a DT104 strain that exhibited an unusual
resistance profile, including resistance to
nalidixic acid. Identical strains were found in a
slaughterhouse, two municipal food laboratories
and a farm from which animals had been deliv-
ered to the abattoir. Among the infected people,
seven persons were admitted into a hospital and
six were treated with ciprofloxacin. None of the
patients responded to therapy and one, a 62-year-
old woman, died of an intestinal rupture that led
to septicaemia.

Fluoroquinolones are recommended thera-
peutics for life-threatening Salmonella infections.
Consequently, the level of resistance in
Salmonella should be kept low and the MICs
against this class of antimicrobial agents should
be low too. The Danish case has shown that
resistance levels based on a single mutation, and
in the area just above or below some standard
breakpoints, can lead to fatal infections and that
some of our ideas about the threat of antimicro-
bial-resistant microorganisms might need revi-
sion.

What needs to be done to keep resistance 
levels low?

As shown above, many Salmonella serovars show
high resistance levels against therapeutically use-
ful drugs. However, it should be kept in mind
that uncomplicated gastrointestinal infections,
which are the majority of the cases, do not
require treatment with antimicrobial agents,
either in humans or animals. In contrast, gener-
alized infections, such as bacteraemia, meningitis
or infections of other extra-intestinal organs,
especially in the very young or old or otherwise
compromised patient, require chemotherapy.
Furthermore, it has been observed that salmonel-

losis caused by resistant organisms could compli-
cate antimicrobial therapy for other infections
(Cohen and Tauxe, 1986). Most of the studies
cited above were performed for epidemiological
purposes and show the acquisition of resistance
genes due to the selective pressure applied. In
this respect, Salmonella is a good indicator of
what might happen in other bacterial species,
and resistant Salmonella might be an efficient
source for the dissemination of resistance genes
to other species. For these reasons, the monitor-
ing of resistance development and levels in
Salmonella is of great importance to public
health.

Recently, European and international con-
ferences called for a prudent use of antimicrobial
agents (World Health Organization, 1997, 1998;
Rosdahl and Pedersen, 1998). Their conclusions
and recommendations focus on the prescription
of antimicrobial agents by a veterinarian for
purely therapeutic purposes after microbiological
identification of the causative agent. The use of
any antimicrobial agent should never substitute
for poor hygiene and, wherever possible, alterna-
tive management methods should be used. If
possible, therapy should be performed on indi-
vidual animals with the narrowest-spectrum
agent available and the dose and duration of
therapy should limit the selection of resistant
microorganisms.

Personal Remarks

I am aware that it is impossible to cover all the
literature on many aspects that have been pub-
lished by so many distinguished scientists on this
highly controversial topic during the last
decades. It was just impossible to cite them 
all, especially with the limited space available. 
In addition, some of the data seemed in-
conclusive and others are highly contradictory.
Consequently, I decided to concentrate on some
of those publications that seemed, at least for me,
milestones in this field. I tried to put them in a
context that describes reality and our current
knowledge, on purely scientific bases and
grounds. I hope that all the work put into this
area, no matter if cited or not, and this review
will help to improve the situation on antimicro-
bial resistance and lead to the more prudent use
of antibiotics.
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Chapter 7

Salmonella Infections in the Domestic Fowl

Cornelius Poppe
Health Canada, 110 Stone Road West, Guelph, Ontario N1G 3W4, Canada

Historical Perspective

At the turn of the century, pullorum disease,
caused by S. pullorum, was one of the most
important diseases in commercial poultry. The
disease was first described by Rettger in 1900 as a
‘septicaemia of young chicks’ (Rettger, 1900);
later he called it a ‘fatal septicaemia in young
chicken, or white diarrhoea’ and named its cause
Bacterium pullorum (Rettger, 1909). During ensu-
ing years, pullorum disease became recognized as
a common, worldwide, egg-transmitted disease of
chickens. A macroscopic tube-agglutination test
to detect carriers of pullorum disease was devel-
oped by Jones (1913); later, it was largely
replaced by a simple whole-blood test, in which
stained antigen is used (Schaffer et al., 1931).

Fowl typhoid in poultry, caused by S. galli-
narum, is a septicaemic disease affecting primar-
ily chickens and turkeys. The first described
outbreak of the disease occurred in England in
1888, when a chicken breeder lost 400 chickens
(Klein, 1889). Fowl typhoid has a worldwide dis-
tribution and has been found in almost all
poultry-producing areas of the world (Pomeroy,
1984).

During the first five to six decades of the
1900s, the main issues with respect to salmonel-
losis were the occurrence of S. typhi, causing
typhoid fever, a host-specific disease in humans
(Mandal, 1979), which declined dramatically
during that period in Europe and North America
(Ranta and Dolman, 1947; Edwards, 1958; Bynoe

and Yurack, 1964; Nicolle, 1964; Seeliger and
Maya, 1964; Sommers, 1980), and the wide-
spread prevalence of pullorum disease and fowl
typhoid in chickens and turkeys, which caused
high mortality in flocks worldwide and prevented
the establishment and growth of the poultry
industry until the development and widespread
application of testing and control measures
(Rettger, 1909; Hewitt, 1928; Schaffer et al.,
1931; Hinshaw and McNeil, 1940; Moore, 1946;
Chase, 1947; McDermott, 1947; Bullis, 1977a;
Pomeroy, 1984; Snoeyenbos, 1984). A voluntary
National Poultry Improvement Program (NPIP),
aimed at preventing disease transmission to prog-
eny by testing of breeder flocks, became operative
in the USA in 1935 (Snoeyenbos, 1984). The
pullorum and fowl-typhoid testing and control
measures resulted in a much lower prevalence of
these diseases in most of the developed countries
in the 1950s and 1960s (Sojka et al., 1975;
Pomeroy, 1984; Snoeyenbos, 1984). More
recently, Canada, the USA and several European
countries reported complete absence or a low
prevalence of pullorum disease and fowl typhoid
(Thain and Blandford, 1981; Johnson et al.,
1992; Salem et al., 1992; Erbeck et al., 1993;
Waltman and Horne, 1993) but these diseases
still occur more or less frequently in countries in
Eastern Europe, Central and South America
(Silva et al., 1981), Africa (Bouzoubaa and
Nagaraja, 1984) and Asia (Chishti et al., 1985;
Kaushik et al., 1986).

Since the 1940s, there has been a rapid
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increase in the isolation of the non-host specific
Salmonella serovars from humans and animals
(Galton et al., 1964; Guthrie, 1992). This was
particularly the case with S. typhimurium, which
until more recently has been the most prevalent
serovar isolated from humans and animals
(especially cattle) in many countries (Kelterborn,
1967; McCoy, 1975; Bullis, 1977b; Wray, 1985;
Lior, 1989; Ferris and Miller, 1990; Rodrigue et
al., 1990; Kühn et al., 1993; Hargrett-Bean and
Potter, 1995). Poultry and poultry products have
been the main sources of non-host-specific
Salmonella infecting humans (Schaaf, 1936;
Edwards, 1958; Galton et al., 1964; Seeliger and
Maya, 1964; McCoy, 1975; Laszlo et al., 1985;
Humphrey et al., 1988; St Louis et al., 1988), but
dairy products (D’Aoust, 1985; Ryan et al.,
1987), beef (Bryan, 1981; Parham, 1985; Bean
and Griffin, 1990) and pork (Maguire et al.,
1993) have also been associated with large out-
breaks of salmonellosis.

Epidemiology

Prevalent serovars

Most of the information regarding the prevalence
of Salmonella has been based on passive labora-
tory-based Salmonella surveillance (Faddoul and
Fellows, 1966; Sojka et al., 1975). Often no dis-
tinction has been made between symptomatic
and asymptomatic infection or chronic carriage.
Such surveillance systems have inherent biases
(Bynoe and Yurack, 1964; Galton et al., 1964).
Many factors, including intensity of surveillance
(Galton et al., 1964), submission for serotyping
(Sojka et al., 1975), severity of illness and associ-
ation with a recognized outbreak in the human
population (Philbrook et al., 1960; Telzak et al.,
1990; van de Giessen et al., 1992; Altekruse et al.,
1993) and lack of a systematic method of report-
ing (Edwards, 1958), affect whether an infection
will be reported. Reporting of animal and human
salmonellosis has been substantially underesti-
mated. However, the surveillance data allow
broad comparisons and identify trends, reservoirs
and routes of transmission of Salmonella serovars.

There has been considerable variation in
the occurrence of the most common Salmonella
serovars in domestic fowl in different countries
and at different times. Certain serovars have

been known to become widespread in a country
or geographical area for a given period and then
decrease in incidence to a point of little impor-
tance (Faddoul and Fellows, 1966; Borland,
1975). S. typhimurium has been among the most
common serovars isolated from poultry in many
countries, especially during the period from
about 1950 until the late 1970s (Faddoul and
Fellows, 1966; Williams, 1984). In 1948, a list of
the commonest serovars in chickens and turkeys
in the USA ranked in declining order, included
S. typhimurium, S. anatum, S. derby, S. bareilly, S.
meleagridis, S. oranienburg, S. give, S. bredeney, S.
newport and S. montevideo (Bullis, 1977b). In
1976, the commonest serovars isolated from
chickens and turkeys in the USA ranked in
declining order, were S. typhimurium, S. heidelberg,
S. saintpaul, S. infantis, S. thompson, S. montevideo,
S. worthington, S. johannesburg, S. enteritidis and S.
anatum (Bullis, 1977b). S. typhimurium was the
commonest Salmonella serovar isolated from
poultry and other birds in the UK during the
period 1968–1973; it accounted for 41.1% of all
isolates and was followed, in decreasing fre-
quency of isolation, by S. enteritidis (6.2%), S.
pullorum (3.9%) and S. gallinarum (2.8%) (Sojka
et al., 1975).

During the last 10–15 years, S. enteritidis has
replaced S. typhimurium as the commonest
serovar in poultry in many countries worldwide.
A comprehensive monograph on all aspects of S.
enteritidis has been published (Saeed, 1999). In
England and Wales, the percentage of S. enteri-
tidis isolates from poultry rose from 3.3% of all
Salmonella serovars in 1985, to 6.9% in 1986, to
22.3% in 1987, to 47.8% in 1988 and to 48.3%
in 1989. The most frequently reported S. enteri-
tidis phage type (PT) was PT4, which accounted
for 71% of the isolates from poultry in 1988
(McIlroy and McCracken, 1990). However, more
recently, there has been a reduction in the isola-
tion rates of S. enteritidis in the UK: the number
of isolations of S. enteritidis from chickens
declined from 823 in 1993 to 407 in 1994 and to
245 in 1995. During the same period
(1993–1995), S. senftenberg and S. mbandaka
were the second and third most commonly iso-
lated Salmonella serovars from chickens in the
UK, but their number of isolations was much
smaller than that of S. enteritidis. A study in The
Netherlands in 1989 to determine the presence
of Salmonella in 49 and 52 randomly selected
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layer and broiler flocks showed that S. infantis
and S. virchow were each isolated from 30.9% of
the flocks, while S. typhimurium, S. enteritidis and
S. hadar were isolated from 25%, 20.6%, and
17.6%, respectively, of the flocks. Salmonella were
isolated from the faecal samples of 47% of the
layer and 94% of the broiler flocks. S. enteritidis
was isolated from nine of the 49 (18.4%) layer
flocks and from six of the 52 (11.5%) broiler
flocks (van de Giessen et al., 1991).

Nation-wide studies were carried out in
Canada in 1989–1990 to determine the preva-
lence of Salmonella in randomly selected layer,
broiler and turkey flocks. Faecal samples and/or
scrapings from egg belts from 52.9% of 295 layer
flocks were contaminated with Salmonella.
Thirty-five different Salmonella serovars were iso-
lated. The most prevalent serovars were S. heidel-
berg, S. infantis, S. hadar and S. schwarzengrund;
they were isolated from samples of 20%, 6.1%,
5.8% and 5.1% of the flocks, respectively. S.
enteritidis was isolated from 2.7% of the layer
flocks; S. enteritidis PT8 was isolated from five
flocks, PT13a from two flocks and PT13 from one
flock (Poppe et al., 1991a). A similar study of 294
broiler flocks showed that environmental samples
(litter and/or water) from 76.9% of the flocks
were contaminated by Salmonella. Fifty different
serovars were isolated. The most prevalent
serovars were S. hadar, S. infantis and S.
schwarzengrund; they were isolated from samples
of 33.3%, 8.8% and 7.1% of the flocks, respec-
tively. S. enteritidis was isolated from 3.1% of the
flocks; S. enteritidis PT8 was isolated from seven
flocks and PT13a from two flocks (Poppe et al.,
1991b). 

In the USA, in 1990 a survey of spent 
laying hens was conducted over a period of 
3 months to estimate the prevalence and distrib-
ution of S. enteritidis in commercial egg-produc-
tion flocks. It showed that any Salmonella serovar
and S. enteritidis were isolated from 24% and 3%,
respectively, of 23,431 pooled caecal samples col-
lected from 406 layer houses. Regionally, the esti-
mated prevalence of S. enteritidis-positive houses
(i.e. at least one positive sample found in a
house) for the northern, south-eastern and cen-
tral/western regions was 45%, 3% and 17%,
respectively. Overall, the prevalence of
Salmonella-positive houses was 86% (Ebel et al.,
1992).

Sources of infection and routes of transmission

The sources of Salmonella infection for domestic
fowl are numerous. Poultry and many other ani-
mals are often unapparent carriers, latently
infected or, less frequently, clinically ill, and they
may excrete Salmonella in their faeces and form a
large reservoir and source of contamination for
other animals, humans and the environment.
Poultry often become infected via horizontal
transmission by litter, faeces, feed, water, fluff,
dust, shavings, straw, insects, equipment and
other fomites contaminated with Salmonella and
by contact with other chicks or poults, rodents,
pets, wild birds, other domestic and wild animals
and personnel contaminated with Salmonella.
Vertical transmission occurs when follicles in the
ovary are infected or the developing eggs become
infected in the oviduct. Management practices
may have a significant influence on the degree of
transmission of Salmonella. Many of the factors
that influence horizontal and vertical transmis-
sion are interrelated.

Horizontal transmission

AT HATCHING. Horizontal spread of Salmonella
occurs during the hatching of chicks. This was
shown when contaminated and Salmonella-free
eggs were incubated together. Unincubated, fer-
tile hatching eggs were inoculated by immersion
for 15 min in a 16°C physiological saline solu-
tion containing 108 S. typhimurium. After 17–18
days incubation, the eggs were transferred to
hatchers and control eggs at the same stage of
incubation were added to the same tray and to
those trays above and below. Fertile inoculated
eggs hatched at a rate of 86%, despite the high
level of contamination, indicating that chicks in
eggs contaminated with Salmonella are likely to
hatch and may contaminate other chicks in the
same hatcher cabinet. Air samples showed a
sharp increase in contamination in the hatcher
at 20 days of incubation. About 90% of chick
rinses were Salmonella-positive in samples from
both inoculated and control eggs. In samples
from inoculated eggs, Salmonella was detected in
the digestive tract of 8% of embryos at transfer
from incubator to hatcher and in 55% of chicks
at hatch, whereas, in samples from control eggs,
44% of digestive tracts of hatched chicks were
positive (Cason et al., 1994).
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AIR. Poultry may become infected by aerosols
containing Salmonella. Laying hens exposed to
aerosols containing 103 or 105 but not those
given 102 S. enteritidis PT4 bacteria developed
diarrhoea and some lost weight or died
(Baskerville et al., 1992).

LITTER. Chicks or poults in barns often contami-
nate the litter with faeces containing Salmonella,
and contaminated litter is an important source
and means of transmission of Salmonella. Poultry
often ingest large numbers of Salmonella by pick-
ing at faecal and caecal droppings of littermates.
Salmonella bacteria belonging to the most com-
mon serovars were found to spread rapidly from
infected day-old chicks to penmates reared on
litter (Snoeyenbos et al., 1969; Rigby and Pettit,
1979). Infection of contact chicks reached about
100% within 7 days of contact (Snoeyenbos et
al., 1969). Salmonella were isolated from 30% of
litter samples in 55% of broiler chicken houses
(Long et al., 1980). Another study of Salmonella
contamination of the environment of broilers
showed that Salmonella were commonly isolated
from litter: 47.4% of 3534 litter samples con-
tained Salmonella and one or more litter samples
of 223 of 294 (75.9%) broiler flocks were positive
for Salmonella (Poppe et al., 1991b). Chickens on
litter transmit Salmonella more readily than when
in wire cages (Brownell et al., 1969; Rigby and
Pettit, 1979). Placing chicks infected orally with
S. typhimurium in wire cages hastened the age-
related decline in faecal excretion of S.
typhimurium (Rigby and Pettit, 1979).

The infectivity and mortality rate among
chicks were higher on fresh litter than on built-
up litter (Botts et al., 1952). Several studies have
shown that Salmonella bacteria, such as S. pullo-
rum, S. gallinarum, S. infantis and S. typhimurium,
persist longer in fresh litter than in built-up litter
(Botts et al., 1952; Tucker, 1967; Fanelli et al.,
1970). S. pullorum and S. gallinarum persisted for
11 weeks in new litter, but for only 3 weeks in
built-up litter. Similarly, S. thompson survived for
8–20 weeks in new litter, but for only 4–5 weeks
in old litter. When the infected pens were left
unoccupied, the survival time of Salmonella bac-
teria in both types of litter increased to more
than 30 weeks (Tucker, 1967). Cycling of
Salmonella bacteria between litter and the intesti-
nal tract appeared to be significant in maintain-
ing intestinal infection. This cycling was more

evident in unchanged new litter than in built-up
litter or in fresh litter changed periodically
(Fanelli et al., 1970).

A positive relationship between moisture
content of litter and survival of Salmonella bacte-
ria has been reported (Tucker, 1967). Water
activity was positively correlated with Salmonella-
positive drag swabs of litter in broiler chicken
houses (Opara et al., 1992). Increased moisture
and a high pH as a result of dissolved ammonia
were shown to be the cause of the higher bacteri-
cidal activity of old or built-up litter compared
with new litter (Turnbull and Snoeyenbos,
1973).

WATER. Contaminated drinking-water may facili-
tate the spread of Salmonella among domestic
fowl (Gauger and Greaves, 1946). In a study of
Salmonella contamination in broiler flocks,
Salmonella were isolated from 108 of 875 (12.3%)
water samples and one or more water samples
from 63 of 292 (21.6%) flocks were positive for
Salmonella (Poppe et al., 1991b). Chicks and
poults often defecate in the drinkers and contam-
inate the drinking-water with their beaks and by
stepping or walking in the drinkers. This happens
particularly with young chicks or poults before
the drinkers are raised from the floor of the barn.
It was found that contamination of drinking-
water also depends on the kind of drinkers used
in the barns. There was a significantly greater
risk of contamination of drinking-water with
Salmonella from trough drinkers and plastic bell
drinkers than from nipple drinkers (Renwick et
al., 1992). Laying hens inoculated with 105 S.
enteritidis PT4 spread the infection via drinking-
water to other uninoculated hens in 1–5 days
(Nakamura et al., 1994).

FEED. The feed may contain Salmonella and form
a source of infection for poultry (see Chapter
17). Serovars of Salmonella found in broilers have
been traced to feeds, water and the breeder flocks
from which the broilers originated (Morris et al.,
1969). In a study of nine broiler flocks, the fre-
quency of contamination of feed was lower than
that of litter, water and dust (Higgins et al.,
1982). Likewise, Salmonella contamination of the
environment of layer flocks’ feed samples were
less often contaminated with Salmonella than
egg-belt scrapings: Salmonella were isolated from
7.2% of feed samples and 25.7% of egg belt- 
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samples (Poppe et al., 1991a). Examination of
environmental samples from broiler flocks
showed that 13.4% of feed samples, 12.3% of
water samples and 47.4% of litter samples were
contaminated with Salmonella (Poppe et al.,
1991b).

RODENTS. Rodents play an important role in the
epidemiology of Salmonella infection in poultry
(Henzler and Opitz, 1992; Anon., 1995b). A
microbiological survey of ten mice-infected poul-
try farms showed that, on five farms where no S.
enteritidis was isolated, 29.5% of 696 environ-
mental samples and 6% of 232 mice were cul-
ture-positive for other Salmonella serovars. On
another five farms on which S. enteritidis was iso-
lated, Salmonella of any serovar were isolated
from 41.4% of 1407 environmental samples and
from 31.8% of 483 mice, and S. enteritidis from
7.5% of 1407 environmental samples and from
24% of the 483 mice. A bacterial count from the
faeces of a mouse yielded more than 105 S. enteri-
tidis bacteria per faecal pellet (Henzler and Opitz,
1992).

STRESS. The stress of induced moulting in ageing
hens – a management practice to bring about a
second egg-laying cycle by temporary removal of
feed and water and altering the photoperiod –
was shown to affect the shedding of Salmonella.
When White Leghorn hens aged 69–84 weeks
were deprived of feed to induce a moult and
orally infected on day 4 of the fast with 5 � 106

S. enteritidis bacteria, significantly more moulted
hens shed S. enteritidis in their faeces than
unmoulted infected hens on day 14 and day 21
post-infection (p.i.). Intestinal levels of S. enteri-
tidis were increased 100–1000-fold in the
moulted compared with unmoulted hens on day
7 and day 14 p.i. (Holt and Porter, 1992). S.
enteritidis was transmitted more rapidly to unchal-
lenged hens in cages adjacent to moulted
infected hens than to those in cages adjacent to
unmoulted infected hens (Holt, 1995). Short-
term exposure to environmental stress, such as
the introduction of young chickens in the same
rearing room and the removal of feed and water
for 2 days, resulted in an increase in the shedding
rate of S. enteritidis by laying hens (Nakamura et
al., 1994).

SEWAGE. Chickens may become infected by the

transmission of Salmonella from sewage via feral
and domestic animals. Following the diagnosis of
S. enteritidis PT4 infection in a commercial layer
flock in southern California, effluent from a
nearby sewage treatment plant was shown to
contain the same phage type. S. enteritidis PT4
was isolated from the sewage effluent, from hens,
from mice trapped in the hen-houses, and from
cats and skunks on the premises (Kinde et al.,
1996a,b).

HOUSING. The manner in which chickens are
kept may influence the percentage of infected
hens within a flock. Investigation of an outbreak
of S. enteritidis PT4 among 176,000 laying hens
showed a lower prevalence among caged than
among free-range hens (1.7 vs. 50%). The preva-
lence in culled hens kept in dirt-floor houses
ranged from 14 to 42% (Kinde et al., 1996a).

PENETRATION OF THE EGGSHELL. Contamination
of the egg contents may occur by contamination
of the eggshell with faeces from hens excreting
Salmonella (Schaaf, 1936; Stokes et al., 1956;
Williams et al., 1968; Borland, 1975; Timoney et
al., 1989). Hens may have only an enteric infec-
tion and the Salmonella in the faeces may pene-
trate the eggshell pores as the egg cools and
before the establishment on its surface of the pro-
teinaceous cuticular barrier, which prevents bac-
terial invasion of the egg (Stokes et al., 1956;
Board, 1966; Forsythe et al., 1967; Williams et al.,
1968). Alternatively, faecal matter adherent to
the shell may contaminate the egg contents
when the eggs have cracks or when the eggs are
broken open for the preparation of food products
(Borland, 1975). There appears to be a link
between the shedding of high numbers of S.
enteritidis bacteria and contamination of eggs.
When cloacal tissues were heavily contaminated
with S. enteritidis, the eggs were culture-positive,
whereas, if these tissues had a low rate of infec-
tion, the eggs were culture-negative (Keller et al.,
1995).

Vertical transmission of Salmonella through eggs
Transmission of Salmonella via hatching eggs may
occur as a result of infection of the ovary and
oviduct. For an oophoritis to occur, the bird must
have experienced a systemic infection. The poul-
try-specific serovars S. pullorum and S. gallinarum,
causing pullorum disease and fowl typhoid,
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respectively, are the main serovars transmitted
vertically. Other serovars that may cause a
transovarian infection include S. typhimurium,
S. enteritidis, S. heidelberg and S. menston
(Schaaf, 1936; Gordon and Tucker, 1965;
Snoeyenbos et al., 1969; Hopper and Mawer,
1988; Cooper et al., 1989; Humphrey et al.,
1989b; McIlroy et al., 1989; Timoney et al., 1989;
Gast and Beard, 1990; Barnhart et al., 1991;
Hoop and Popischil, 1993; Corkish et al., 1994;
Keller et al., 1995).

S. enteritidis strains not uncommonly colo-
nize the reproductive tract, which results in eggs
containing Salmonella. Examination of 1119 eggs
of two small flocks of 35 egg-laying hens showed
that the contents of 11 eggs contained Salmonella
bacteria. The production of infected eggs was
clustered, though intermittent. The positive eggs
were produced by ten of the 35 hens (Humphrey
et al., 1989b). Inoculation of approximately 106

S. enteritidis into the crop of adult hens was fol-
lowed by a bacteraemia with infection of many
body sites, including peritoneum, ovules and
oviduct, in the majority of the hens (Timoney et
al., 1989). The organisms were present in the
yolk or albumen of eggs of about 10% of the hens
shortly after infection and again 10 days later,
which is evidence for egg or transovarian trans-
mission of the infection. The finding that the
albumen, but not yolk samples, of some of the
eggs were positive suggests that some eggs
became infected in the oviduct (Timoney et al.,
1989).

Examination of 37 laying hens from three
small flocks with a naturally acquired infection
showed that in six hens the ovaries and in ten
hens the oviduct were colonized by S. enteritidis
PT4. By immunohistochemical labelling, S.
enteritidis was demonstrated in seven of eight cul-
ture-positive hens on the surface of and within
the epithelial cells in the lumen and in the
tuberine glands of the oviduct and intracellularly
in the follicular epithelium of the ovary (Hoop
and Pospischil, 1993). When adult laying hens
were inoculated orally with 108 S. enteritidis, the
microorganisms were isolated 2 days p.i. from the
spleen, liver, heart, gall-bladder and intestinal
tissues and from various sections of the ovary and
oviduct (Keller et al., 1995). Detection of
microorganisms by immunohistochemical stain-
ing was rare for most tissues, despite their cul-
ture-positive status, but they could be detected in

oviduct tissues associated with forming eggs,
indicating a heavier colonization in the egg dur-
ing its development. Forming eggs taken from
the oviduct were culture-positive at a rate of c.
30%, while freshly laid eggs in the same experi-
ment were positive at a rate of less than 0.6%,
suggesting that forming eggs are colonized in the
reproductive tract but that factors within the
eggs significantly control the pathogen before the
eggs are laid. When the cloacal tissues were
heavily contaminated with S. enteritidis the eggs
were culture-positive, whereas if these tissues had
a low rate of infection the eggs were culture-neg-
ative. It was concluded that, prior to eggshell
deposition, forming eggs are subject to descend-
ing infections from colonized ovarian tissue, lat-
eral infection from colonized upper oviduct
tissues and ascending infections from colonized
vaginal and cloacal tissues (Keller et al., 1995).

Examination of the attachment and inva-
sion of chicken ovarian granulosa cells by S.
enteritidis PT8 showed that the organism can
invade and multiply in these cells. The bacteria
were found, with or without a surrounding mem-
brane, in the cytoplasm of granulosa cells. It was
suggested that the granulosa cell layer of the pre-
ovulatory follicles may be a preferred site for the
colonization of the chicken ovaries by invasive
strains of S. enteritidis (Thiagarajan et al., 1994,
1996).

A study was conducted in which ten hens
were taken from each of three flocks naturally
infected with S. enteritidis and from one flock natu-
rally infected with S. typhimurium (Cooper et al.,
1989). In the first flock, Salmonella could not be
isolated by cloacal swab or by the culture of 78
eggs, whilst S. enteritidis PT4 was isolated on post-
mortem examination from three birds, from the
caeca, the oviduct and, or, the ovary. In the sec-
ond flock, S. enteritidis was isolated by cloacal swab
on one occasion and from a pooled sample of two
eggs on one occasion from a total of 39 eggs, but it
was not isolated post-mortem from any organ. In
the third flock, Salmonella spp. could not be iso-
lated by cloacal swab or by the culture of 47 eggs;
however, three unshelled yolks taken from one
bird yielded S. enteritidis PT1, four hens had con-
gested ovaries, shrunken follicles and evidence of
inspissation and six birds yielded S. enteritidis PT1
from the reproductive organs. In the fourth flock,
infected with S. typhimurium, the organism could
not be isolated from 32 eggs and no gross patho-
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logical changes were observed on post-mortem in
any of the hens (Cooper et al., 1989). Likewise,
others observed ovarian infection, congestion of
ovules, misshapen ovules and egg peritonitis in
hens from a laying flock infected with S. enteritidis
PT4 (Hopper and Mawer, 1988), and a diffuse yel-
low fibrinous peritonitis, internal laying of soft-
shelled eggs, clots of inspissated yolk in the
peritoneal cavity and/or the oviduct and shrunken
thick-walled congested follicles containing coagu-
lated yolk in hens of another layer flock infected
with S. enteritidis PT4 (Read et al., 1994).

Environmental Considerations

The faecal excretion of Salmonella by poultry, the
transportation and disposal of slurry and manure
from poultry houses and barns, the transportation
of slaughter offal to rendering plants, the cross-
contamination of rendered meat meal and other
poultry and animal by-products by dust and cont-
aminated conveyor belts in rendering depart-
ments of slaughtering plants and in feed mills,
hoppers, bins, and trucks transporting feed to
poultry barns all contribute to spreading
Salmonella in the environment (further details
will be found in Chapter 16). Pigeons, sparrows,
other birds, rodents, cats, dogs and insects may
be contaminated by contact with or the inges-
tion of spilled meat meal, feather meal and other
animal by-products outside rendering depart-
ments at slaughtering plants and at poultry
houses from conveyor belts, hoppers and open
trucks. This may lead to contamination of efflu-
ents, surface waters, creeks, rivers, lakes, pastures
and soil, to the colonization of birds, cattle, pigs,
sheep, horses, rodents and other animals or to
contamination of animal feeds or may contribute
directly to the recolonization of farm animals
(Tannock and Smith, 1971; Borland, 1975;
Diesch, 1978; Morse, 1978; Oosterom, 1991;
Kirkwood et al., 1994).

Animal Infection

Infections caused by S. gallinarum and 
S. pullorum

S. pullorum and S. gallinarum are host-specific
Salmonella, which cause pullorum disease and

fowl typhoid, respectively, diseases specific to
chickens, turkeys and several other avian species
(Klein, 1889; Rettger, 1900).

Fowl typhoid
The first described outbreak of fowl typhoid was
characterized by high mortality, especially during
the first 2 months of the outbreak. The chicken
appeared normal until about 24–36 h before
death. The disease symptoms began with diar-
rhoea and yellow-to-green droppings. The birds
were very quiet but no somnolence occurred and
they died a day after developing diarrhoea
(Klein, 1889). Symptoms described by others
include huddling, laboured breathing and gasp-
ing, a greenish diarrhoea and mortality com-
mencing in day-old to 5-day-old chicks and seen
also in 21- and 28-day-old chicks (Kaushik et al.,
1986).

On post-mortem examination pathologi-
cally, the liver and spleen were enlarged, the
serosa and mucosa of the intestines were
engorged with blood and the rectum contained
yellow, fluid faeces (Klein, 1889). Others noted
an enlarged liver with a greenish-bronze colour
and whitish necrotic foci distributed uniformly
on its surface; a much enlarged spleen with
embedded whitish necrotic foci; catarrhal enteri-
tis; an enlarged heart with small pinhead-sized
white foci on the myocardium; haemorrhages in
the pericardial fat, the endocardium and the
proventriculus; severely congested lungs; and
enlarged and congested kidneys (Chishti et al.,
1985; Kaushik et al., 1986). Histologically, the
liver showed congestion, fatty degeneration and
diffuse parenchymatous hepatitis, with focal areas
of necrosis and mononuclear infiltration in the
periportal areas; severe hyperplasia of the reticu-
loendothelial cells in the spleen, occasionally
accompanied by areas of necrosis; disintegration
of muscle fibres and infiltration of mononuclear
cells in the myocardium; congestion and infiltra-
tion by mononuclear cells subepithelially in the
mesobronchus of the lungs; and congestion and
perivascular infiltration of mononuclear cells in
the kidneys (Kaushik et al., 1986).

The bacteria isolated from the liver grew
slowly on nutrient agar and were non-motile.
Subcutaneous inoculation of blood or spleen tis-
sue of sick and dead chickens caused death in
chickens but not in pigeons and rabbits (Klein,
1889).
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Outbreaks of fowl typhoid occurred increas-
ingly in chickens and turkeys in the USA during
the 1939–1945 period and were most prevalent
during the summer and early autumn. The
species affected included chickens, turkeys and
guinea-fowl. Birds of all ages and breeds were
affected. Fowl typhoid and pullorum disease
often tended not to occur simultaneously on the
same farm. The disease appeared to persist on
farms from year to year (Moore, 1946). Possible
reasons for the persistence of S. gallinarum in
chicken barns may be its longevity in environ-
mental sources, such as fluff, chicken mash and
drinking water and in frozen carcasses of birds
that had died but had not been destroyed (Orr
and Moore, 1953).

Pullorum disease
The first occurrence of the disease was described
as ‘a peculiar epidemic which occurred among
young chickens two to three weeks old’. Fourteen
of 17 chicks purchased became sick and died
within 14 days. The first signs of disease were
‘loss of appetite, the feathers then became rough,
and diarrhoea prevailed’. The chicks remained
standing in one place, refused to eat and later
were unable to stand and died. The remaining
chicks recovered from the disease, but remained
stunted in growth for 2 or more months (Rettger,
1900). Chicks were sometimes found dead within
a day or two after they had hatched. It was not
unusual for poultry raisers to lose from 50 to 70%
of the chicks under 4 weeks to ‘fatal septicaemia’
or ‘white diarrhoea’ (Rettger, 1909). Less charac-
teristics lesions, such as runting, swollen joints
and lameness, were found in an outbreak of pul-
lorum disease in 4-week-old roasters (Salem et
al., 1992). A recent outbreak of atypical pullo-
rum disease in two backyard chicken flocks was
characterized by the sudden death of many adult
birds in one flock and chronic wasting with high
mortality in a second flock (Erbeck et al., 1993).
Pullorum disease tends to occur in younger
chickens than fowl typhoid. In a study of 200
chickens with grossly enlarged livers and spleens,
the isolation rates of S. pullorum were 38.9%,
2.3%, 7.9% and 13.0% in chickens below 4
weeks of age, of 4–8 weeks of age, of 9–24 weeks
of age and above 24 weeks of age, respectively,
whereas S. gallinarum isolations were made from
1.1%, 31.8%, 10.5% and 4.3% of chickens of
these age-groups (Chishti et al., 1985).

Pullorum disease in laying hens caused
reduced egg production, fertility and hatchability
(Bullis, 1977a). S. pullorum was frequently car-
ried in the ovaries of hens, and, while a large per-
centage of the ova from infected ovaries never
matured, such birds laid some fully developed
eggs capable of hatching, which contained the
organism, from which infected chicks developed.
These, in turn, infected other chicks by their
droppings. In the majority of cases the presence
of S. pullorum in adult hens produced no notice-
able symptoms; occasionally, the organism pro-
duced a fatal septicaemia in a few birds. The
disease was most prevalent during the 4 months
from March to June (Hewitt, 1928). Chilling of
chicks during transport or crowding, overheating
or chilling during the critical first week of brood-
ing aggravated pullorum disease in young chicks.
Some breeds of chickens, especially the White
Leghorn, were more resistant to pullorum disease
than others (Hutt and Scholes, 1941). The
genetic resistance to S. pullorum appeared to be
related to a superior control of the thermo-regu-
latory mechanism in the White Leghorn chicks
(Scholes and Hutt, 1942).

The whole-blood test, employing killed S.
pullorum bacteria stained with crystal violet as
the antigen (Schaffer et al., 1931), was used
widely and successfully in chickens (see Chapter
24 for details of this and other tests).
Examination of the ability of the standard, rapid,
whole-blood, plate agglutination test and serum
tube agglutination test antigens to detect infec-
tion in Leghorn hens inoculated with large oral
doses of six recent S. pullorum isolates (three
standard, two intermediate and one variant
strain) showed that the traditional NPIP serolog-
ical strategy (relying principally on the whole-
blood plate test as a screening tool) remains an
effective and economical method of detecting
infection of chickens with current field strains of
S. pullorum (Gast, 1997).

In recent years, most of the pullorum disease
outbreaks in the USA have been reported in
small or backyard poultry flocks, which may serve
as potential reservoirs for disease transmission to
commercial flocks (Erbeck et al., 1993). A large
outbreak of pullorum disease occurred among
Delaware roasters. The outbreak involved 19
breeder flocks and more than 261 grow-out
premises in five states in the USA (Johnson et
al., 1992; Salem et al., 1992). Twenty-two parent
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(multiplier) breeder flocks became infected. The
transmission occurred vertically through the egg
and horizontally by contact in the hatcheries and
by placement of chicks on contaminated litter
(Johnson et al., 1992).

In addition to chickens and turkeys, many
other avian species are susceptible to pullorum
disease, although often to a lesser degree. Oral
and intravenous infection of northern bobwhite
quail and mallard ducks revealed that the mortal-
ity in the former ranged from 65 to 100%,
whereas none of the latter died or exhibited any
signs of morbidity (Buchholz and Fairbrother,
1992).

At post-mortem examination, chickens
affected by pullorum disease were emaciated and
anaemic, the livers pale, the crops empty, the
intestines pale and almost empty, the caeca
nearly empty or filled with a semi-solid or rather
firm cheesy matter and the yolk-sacs unabsorbed
(Rettger, 1900, 1909). Severe articular and peri-
articular swelling, especially of the hock joints
and also the wing joints, was observed in an out-
break of pullorum disease in 4-week-old roasters
(Salem et al., 1992). The livers were swollen and
showed multiple small white foci and petechial
haemorrhages. Hydropericardium and turbid
pericardial fluid, and white nodular lesions that
looked like tumours were found in the heart and
gizzard. The spleens were mottled or pale and
brown nodules were found in the lungs of some
of the birds. A white discoloration of the gizzard
muscle was observed.

Histologically, separation of muscle fibres
and infiltrations of macrophages, lymphocytes,
plasma cells and heterophils were seen in the
heart and the gizzard muscles. Lesions in the liver
consisted of hepatocellular coagulation necrosis,
small foci of mixed heterophil–mononuclear
cells, enlarged portal lymphoid nodules and foci
of extramedullary granulocytopoiesis. An acute,
severe lymphocytic depletion was seen in the
spleen, and acute cortical lymphocyte loss and
medullary expansion were observed in multiple
thymic lobes. The joint lesions consisted of acute
synovitis and extensive infiltration of the syn-
ovial membrane by plasma cells. A broncho-
pneumonia, with consolidation and filling of
tertiary bronchi with mononuclear cells and het-
erophils, was observed in some of the roasters
(Salem et al., 1992).

Pure growth of a bacillus was obtained most

often from hepatic blood. The organism was an
‘actively motile, aerobic and facultative anaero-
bic bacillus’. Subcutaneous inoculation of chicks
with the organism caused a septicaemic disease
characterized by a pronounced diarrhoea
(Rettger, 1900). Although Rettger (1900)
described the organism as an ‘actively motile’
bacillus, S. pullorum has long been considered to
lack flagella and found to be non-motile.
However, recently it has been shown that S. pul-
lorum reacted with Salmonella anti-flagellar anti-
sera (Ibrahim et al., 1986), genes encoding
flagella in S. pullorum have been identified
(Kilger and Grimont, 1993) and motility could
be induced and observed in 39 of 44 S. pullorum
strains examined (Holt and Chaubal, 1997).

Infections caused by other Salmonella serovars

Poultry are commonly infected with a wide vari-
ety of Salmonella serovars. The infection is mostly
confined to the gastrointestinal tract and the
birds often excrete Salmonella in their faeces.

Pathogenesis
Studies on the pathogenesis of experimental S.
typhimurium infection in chickens showed that,
after invasion, the bacteria multiplied in liver
and spleen and spread to other organs, producing
a systemic infection. The cause of death was
probably a combination of anorexia and dehydra-
tion resulting from general malaise and 
diarrhoea. Invasiveness was the virulence deter-
minant of overriding importance. There was no
correlation between route of infection and viru-
lence (Barrow et al., 1987). Following oral inocu-
lation of S. enteritidis in 1-day-old chicks, the
organisms spread rapidly from the caeca and crop
to internal tissues. The incidence of invasion
decreased rapidly with age. Intraluminal phago-
cytosis of Salmonella bacteria was observed occa-
sionally. A few organisms were seen in close
association with the epithelial brush border in
the lower ileal lumina. In 1-day-old birds, the
mode of entry appeared to be translocation and
an early mucosal heterophil response was noted
in the intestines but not in the crop. The invad-
ing organisms were usually single and, on enter-
ing the tissues, were often surrounded by a halo.
Phagocytosis was not observed in the epithelium
but was seen occasionally in the lamina propria
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of the ileocaecal junction and of the caeca.
Intratissue Salmonella bacteria were seen occa-
sionally in the caeca of 2-week-old birds but were
not detected in adult birds (Turnbull and
Snoeyenbos, 1973). The occurrence of salmonel-
losis is influenced by factors including the age of
the bird, the infectious dose, the route of infec-
tion, the invasiveness of the strain or serovar and
the breed of chicken. Many factors influence the
occurrence of salmonellosis in the domestic fowl.
These include the following.

AGE AND DOSE. Young-age chicks and poults are
highly susceptible to infection by Salmonella and
many shed the bacteria with the faeces. A defi-
nite correlation exists between the age of the
chicken and the number of organisms required to
induce infection detectable by shedding.
Experimental oral infection of chickens aged 2
days and 1, 2, 4 and 8 weeks with either 102, 104,
106, 108 or 1010 S. typhimurium bacteria showed
that 102 S. typhimurium bacteria induced infec-
tion in all the 2-day-old chicks, two-thirds of the
1- and 2-week-old birds and none of the 4- and
8-week-old birds. Similarly, 104 bacteria induced
infection in all 2-day-old and 1-week-old chicks
but in only about 25% of chicks 2, 4, and 8
weeks old. Even 106 bacteria were insufficient to
induce infection in half of the 8-week-old chick-
ens and a quarter of the 4-week-olds. Mortality
occurred only between 2 and 12 days p.i. in
chicks infected when 2 days old (Sadler et al.,
1969).

Others observed that oral inoculation of
newly hatched chicks with fewer than ten organ-
isms of S. enteritidis was followed by multiplica-
tion in the caecal contents. S. enteritidis strains
multiplied only in vitro in samples taken from the
ileum and duodenum, irrespective of age, but
multiplied in caecal samples from newly hatched
chicks. Invasion from the intestines by S. enteri-
tidis strains was both age- and dose-dependent.
The numbers of S. enteritidis organisms recovered
from the spleen and liver were similar when
chicks were dosed orally at 1 day old and at 3
days old. However, when chicks were dosed at 5
or 6 days old, the invasion and colonization of
livers and spleens were dose-dependent, with an
inoculum of at least 109 colony-forming units
(cfu) being required to ensure invasion (Cooper
et al., 1994a). The age of the hens at the time of
infection with S. enteritidis influenced intestinal

colonization of the hens, egg production, isola-
tion rates of S. enteritidis from eggshells and isola-
tion rates of S. enteritidis from the egg albumen.
Hens of 62 weeks of age inoculated orally with
109 S. enteritidis of a PT13a strain were more
often colonized intestinally, produced fewer eggs
and produced a higher percentage of eggs with
contamination of the eggshells and the egg albu-
men than hens of 37 and 27 weeks of age (Gast
and Beard, 1990). Hens at 20 weeks of age were
less susceptible to S. enteritidis infection than
mature birds at 55 weeks of age. Hens at 20
weeks of age showed no clinical signs, while hens
at 60 weeks experienced an acute septicaemia
and associated mortality (Humphrey et al.,
1991a). The period during which specific-
pathogen-free (SPF) hens infected by direct
inoculation into their crop with either 103, 106

or 108 cells of S. enteritidis PT4 excreted the
organism in faeces was closely related to the size
of the inoculum, with the birds excreting for
mean periods of 3, 16 and 37 days, respectively
(Humphrey et al., 1991b). After oral inoculation
of food-poisoning Salmonella serovars, the num-
ber of chickens excreting Salmonella bacteria in
their faeces gradually declined over a period of at
least 4 weeks. In contrast, serovars adapted to
other animal hosts, such as S. choleraesuis and S.
abortusovis, were excreted for no longer than a
few days (Barrow et al., 1988).

ROUTE OF INFECTION. Chicks are more suscepti-
ble to Salmonella infection by inhalation and par-
enteral routes than via the oral route (Barrow et
al., 1987; Poppe and Gyles, 1987; Baskerville et
al., 1992; Poppe et al., 1993b; Cooper et al.,
1994b).

SEROVAR AND STRAIN. Colonization of the ali-
mentary tract of chickens depends on the
Salmonella serovar. Following experimental chal-
lenge, S. typhimurium (strain F98) and S. menston
were excreted in the faeces by chickens for
weeks, whereas S. choleraesuis, a serovar host-spe-
cific for pigs, was eliminated in a short time
(Smith and Tucker, 1980). After inoculation of
1-day-old chicks, the numbers and distribution of
S. typhimurium F98, S. menston and S. choleraesuis
were similar for up to 5 days. The highest counts
were found in the caeca, cloaca and distal small
intestine, with somewhat smaller numbers in the
crop. By 7 days p.i., S. choleraesuis was not recov-
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ered from the crop and, by 14 days p.i., it had
been completely cleared from the alimentary
tract, whereas at this time the other two serovars
were still present in considerable numbers in the
lower part of the alimentary tract. The three
serovars behaved differently from each other in
3-week-old chickens. S. choleraesuis was isolated
once from the caeca at 1 day p.i. but not there-
after. Both S. menston and S. typhimurium had
almost ceased to be excreted by 14 days p.i. and
only small numbers of S. typhimurium were pre-
sent in the caeca at 21 days p.i. S. menston but
not S. typhimurium was isolated from the crop for
up to 7 days p.i. (Barrow et al., 1988). When
chicks 1 and 7 days old were given feed contami-
nated artificially with 30–200 organisms g�1 of
either S. typhimurium or S. kedougou, S.
typhimurium was recovered from caeca, lungs,
liver, spleen and kidneys but S. kedougou only
from the caeca. S. kedougou proved a more effec-
tive intestinal colonizer than S. typhimurium in
the young chicks, while the reverse was true in
the older birds (Xu et al., 1988).

INVASIVENESS OF SALMONELLA STRAINS. Strains
of S. typhimurium differed markedly in their inva-
sive abilities (Barrow et al., 1987). The invasive
ability of S. enteritidis appeared to be not PT- but
strain-related (Timoney et al., 1989; Poppe et al.,
1993b; Gast and Benson, 1996) and major differ-
ences in invasiveness for adult hens were seen
among S. enteritidis PT8 strains. One PT8 strain
behaved like an invasive PT4 strain isolated orig-
inally from the pericardial fluid of a chicken,
whereas other strains were shed in the faeces but
did not cause invasive bacteraemia (Timoney et
al., 1989). One strain of S. enteritidis PT4 was
more virulent than another PT4 strain for orally
inoculated 1-day-old chicks and laying hens
(Poppe et al., 1993b). Similarly, inoculation of
groups of 5-day-old Leghorn chicks with a range
of oral doses of three PT4 and three other PTs
showed that, whilst some significant differences
were observed between individual S. enteritidis
PT4 strains in the frequencies at which they col-
onized the intestinal tract and invaded to reach
the spleen, no consistent overall pattern differen-
tiated PT4 isolates from isolates of other PTs
(Gast and Benson, 1996).

Other studies have shown that colonies of S.
enteritidis PT13a with an unusual wrinkled mor-
phology were the result of the production of

lipopolysaccharide (LPS) with a high-molecular-
weight O antigen and an elevated O-antigen-to-
core (O/C) ratio, and that such colonies were
more virulent for intraperitoneally (i.p.) inocu-
lated 5-day-old chicks, in that they yielded
higher numbers g�1 of spleen 3 days p.i and
caused a higher percentage of contaminated eggs
after intravenous (i.v.) inoculation of laying hens
than non-wrinkled colonies with a lower O/C
ratio (Petter, 1993; Guard-Petter et al., 1995).
An S. enteritidis PT4 strain producing colonies
with a wrinkled appearance (Cox, 1996) was
more invasive for the reproductive and other tis-
sues of laying hens and more tolerant to heat,
acid and hydrogen peroxide than non-wrinkled
colonies (Humphrey et al., 1996). When day-old
Leghorn chicks were inoculated orally with 106

of each of two S. enteritidis PT13 strains – one
strain derived from the ovary of a hen from a lay-
ing flock with evidence of environmental conta-
mination with S. enteritidis infection and the
other isolated from the heart blood of a septi-
caemic broiler – the ovarian isolate could not be
reisolated from the liver, spleen and caecal con-
tents of the chicks, but the blood isolate was
recultured from 4/10 livers, 4/10 spleens and
10/10 caecal contents of the asymptomatic
chicks upon euthanasia and necropsy of the
chicks at 14 days p.i. (C. Poppe, unpublished
data). The two strains were indistinguishable:
they were of the same PT, possessed a 36 MDa
plasmid, had outer-membrane proteins (OMPs)
of 45, 42, 40 and 37 kDa and both were sensitive
to antimicrobial agents (Poppe et al., 1993a).
However, the ovarian isolate formed an entire
and smooth colony, whereas the blood isolate
developed a corrugated colony appearance after 2
days of growth at room temperature on Luria-
Bertani broth (LB) agar (C. Poppe, unpublished
data).

Others, however, have reported that strains
of S. enteritidis PT4 were more invasive for young
chicks than strains of PT7, 8 and 13a, and sug-
gested that the increased invasiveness of PT4
may be one of the factors that contributed to the
establishment of S. enteritidis PT4 in the UK
(Hinton et al., 1990a). The same authors also
found that more recent isolates of S. enteritidis
PT4 were more invasive than strains isolated in
previous years and suggested that recent isolates
of PT4 may have an enhanced virulence for
chickens (Hinton et al., 1990b).
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BREED OF CHICKEN. A survey of inbred and par-
tially inbred lines of chickens showed pro-
nounced difference in mortality following
challenge of newly hatched chicks with S.
typhimurium (Barrow et al., 1987; Bumstead and
Barrow, 1988). Two lines of chickens (Light
Sussex and White Leghorn line W) were highly
resistant to challenge, two lines (Rhode Island
Red and Brown Leghorn) were moderately sus-
ceptible and one line (White Leghorn line C)
was highly susceptible (Bumstead and Barrow,
1988). This difference in susceptibility was
observed with a range of five strains of S.
typhimurium of differing degrees of virulence, fol-
lowing both oral and intramuscular challenge.
The inheritance of resistance was studied in
detail by examining a series of crosses between a
susceptible White Leghorn line C and a resistant
White Leghorn line W. The pattern of mortality
in crosses and back-crosses between these lines
indicated that resistance is dominant and that it
was consistent with the inheritance of a domi-
nant autosomal resistance gene. There was no
evidence of association with the major histocom-
patability complex. Later, it was shown that lines
that had previously been shown to be resistant to
S. typhimurium were also resistant to S.
gallinarum, S. pullorum and S. enteritidis, and lines
susceptible to S. typhimurium were also more sus-
ceptible to the other serovars (Bumstead and
Barrow, 1993).

Diagnosis
SYMPTOMS. Salmonellosis in broilers due to S.
typhimurium infection has been characterized by
growth retardation, blindness, twisted necks,
lameness and mortality and cull rates that varied
between 1.7% to 10.6% in flocks during the first
2 weeks of age (Padron, 1990). Mortality rates in
poultry infected with S. enteritidis PT4 were 2%
in broilers during the first 48 h of life, with a
cumulative mortality and morbidity rate of 6%
and 20%, respectively, at 5 days of age (McIlroy
et al., 1989). Affected young chicks may exhibit
symptoms including anorexia, adipsia, depres-
sion, ruffled feathers, huddling together in
groups, reluctance to move, drowsiness, somno-
lence, dehydration, white diarrhoea and stained
or pasted vents (Schaaf, 1936; McIlroy et al.,
1989; Baskerville et al., 1992). During the second
week of life, chicks infected with S. enteritidis
PT4 failed to grow and had a stunted appearance

(O’Brien, 1988). Laying flocks are often clini-
cally normal, despite the isolation of S. enteritidis
from caecal droppings, dust and litter (Hinton et
al., 1989; McIlroy et al., 1989). However, clinical
signs are sometimes found in laying hens.
Increased mortality (1.6% month�1) and
decreased egg production (8% over a period of 6
weeks) were found in a large commercial laying
flock infected with S. enteritidis PT4 (Kinde et al.,
1996a).

SEROLOGY. Serological tests do not reliably
detect birds with intestinal infection with
Salmonella. Agglutination tests with S.
typhimurium and S. pullorum antigens did not
dependably detect infection in 4-week-old
White Leghorn chickens infected orally with
106 S. typhimurium (Olesiuk et al., 1969).
Similarly, 6-month-old SPF Brown Leghorn
cockerels inoculated orally with 1010 S.
typhimurium were colonized 1 day p.i., but a
rising titre against the H antigen of a mono-
phasic S. typhimurium strain was only noted
during 3–6 days p.i. and reached a peak at 9 days
p.i., after which it persisted at moderate level
until the end of the experiment 45 days p.i., at
which time none of the birds were still colonized
with Salmonella. Development of a titre depends
on the occurrence of a systemic infection
(Brown et al., 1975). A similar study of cockerels
infected with S. infantis showed that the sero-
logical response was lower, fell more quickly and
frequently became negative 3–6 weeks p.i.
(Brown et al., 1976).

While examining chickens from flocks
naturally infected with S. enteritidis, serological
results could not be related to the isolation of
Salmonella. In individual birds, the rapid slide
test, using S. pullorum-derived O antigen, and the
tube agglutination tests specific for somatic group
D antigen and S. enteritidis PT4-derived flagellar
antigen could not be relied upon to detect infec-
tion. The microantiglobulin test, employing
intravitally stained S. enteritidis PT4 antigen, and
the enzyme-linked immunosorbent assay
(ELISA) method, using LPS antigen from S.
enteritidis, were more sensitive than the slide and
tube agglutination tests, detected more infected
birds that were negative by the rapid slide and
tube agglutination tests and showed high titres in
some birds from which Salmonella could not be
isolated post-mortem. Sera from two flocks that
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had a history of natural S. enteritidis infection
were evaluated by all the tests; evidence of infec-
tion was found with the microantiglobulin and
ELISA tests but not with the other tests (Cooper
et al., 1989). Examination of blood samples from
21 Salmonella-free hens and ten hens naturally
infected with S. enteritidis showed that none of
the 21 Salmonella-free hens tested gave a positive
result but three of the ten (30%) infected birds
tested were positive, which suggested that the
pullorum test, which uses a common O antigen
with S. enteritidis, appears to detect only a low
proportion of infected birds (Hopper and Mawer,
1988). The ability to raise an immune response is
influenced by the age of the hens. Hens of 20
weeks infected orally with S. enteritidis developed
high titres of antibodies of the immunoglobulin
M (IgM) class, while those that were 1 year old
at infection developed relatively little antibody
(Humphrey et al., 1991a). The production of
antibodies has been linked to the size of the
infecting dose. SPF hens infected by introduction
into the crop of either 103, 106 or 108 cells of S.
enteritidis PT4 produced the lowest level of IgG
and IgM after receiving 103 organisms, inter-
mediate levels after receiving 106 organisms and
the highest levels of antibodies after receiving
108 bacteria (Humphrey et al., 1991b). Further
information on serology will be found in Chapter
24.

CULTURE. Numerous methods for the isolation of
Salmonella have been described. Cultural meth-
ods have recently been reviewed (Barrow, 1995;
Tietjen and Fung, 1995) and Chapter 21 pro-
vides a comprehensive review of the different
media and isolation techniques.

Pathological findings
Post-mortem lesions seen in salmonellosis may
consist of dehydration, emaciation, an unre-
sorbed or poorly resorbed yolk-sac, infection of
the yolk-sac and necrotic debris in the yolk-sac,
air-sacculitis, splenomegaly, hepatomegaly,
necrotic foci and petechiae in the liver and
spleen, pseudomembranous perihepatitis and
peritonitis, involving the serosal surfaces of the
intestines, ovary and oviduct, enteritis, charac-
terized by a watery intestinal contents and red-
dened areas of the mucosal surface of the
duodenum, ileum and colon, typhlitis, with or
without bloodstained or inspissated caecal cores,

diarrhoea, mild to severe mucopurulent or fibri-
nous pericarditis and dilatation of the pericardial
sac by a thin bloodstained or a thick purulent
fluid (Schaaf, 1936; Turnbull and Snoeyenbos,
1973; Brown et al., 1975; O’Brien, 1988; McIllroy
et al., 1989; Rampling et al., 1989; Baskerville et
al., 1992; Gorham et al., 1994). Characteristic
pathological findings in 2-day-old chicks inocu-
lated orally with 102, 104, 106, 108 or 1010 S.
typhimurium included omphalitis, necrotic foci in
the liver, swollen kidneys and fibrinous peritoni-
tis. Salmonella bacteria were isolated from the liv-
ers, yolk-sacs, kidneys and pericardial fluids, as
well as intestinal contents (Sadler et al., 1969).
Other pathological findings in 1- to 2-week-old
broilers naturally infected with S. typhimurium
were hypopyon, panophthalmitis and a purulent
arthritis (Padron, 1990). Histopathological find-
ings in hens infected with S. enteritidis PT4 were
foci of necrosis and infiltration by heterophils
and lymphocytes in the liver parenchyma and
around the portal tracts, increased lymphoid tis-
sue in the lamina propria and submucosa of the
duodenum, ileum, caeca and colon, fusion and
distortion of the intestinal villi and lymphocytic
infiltration in the oviduct and in the tubules and
around the larger collecting ducts in the kidneys
(Baskerville et al., 1992).

The caeca are the site within the intestinal
tract of infected chickens that most commonly
contain Salmonella (Fanelli et al., 1971; Brown
et al., 1975, 1976; Barrow et al., 1988; Xu et al.,
1988). Examination of 12 different sites of the
intestinal tract of chickens inoculated orally at
4 weeks of age with 108 S. typhimurium and S.
infantis bacteria and examined at 0, 1, 2, 3, 6, 9,
13 and 17 days p.i. showed that 39.6% were
positive by cloacal swab taken just prior to
necropsy, 46.7% by caecal tonsil culture, 58.2%
by cloacal-content culture and 85.2% by caecal-
content culture. There were no significant dif-
ferences in localization between the two
serovars of Salmonella (Fanelli et al., 1971).
Salmonella were more frequently isolated from
the caeca than from any other organs, tissues or
other parts of the gastrointestinal tract of 6-
month-old SPF Brown Leghorn cockerels
infected orally with 1010 S. typhimurium. The
other organs more frequently positive in the
birds were the spleen, liver and kidneys, fol-
lowed by less frequent isolation from lungs and
heart (Brown et al., 1975).
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Treatment
Many antibiotics have been used either singly, in
combination with other antimicrobial agents or
in conjunction with the administration of caecal
competitive exclusion (CE) flora from adult birds
to prevent Salmonella infection or to treat chick-
ens with clinical salmonellosis (Seuna et al.,
1985). However, administration of antimicrobials
to chickens is often followed by the development
of resistance and prolonged excretion of
Salmonella (Barrow, 1989; Manning et al., 1994).
Gentamicin, an aminoglycoside, and enro-
floxacin, a fluoroquinolone, have been used to
eliminate Salmonella from layer-type hatching
eggs artificially infected with S. enteritidis. Eggs,
prewarmed at 37°C, were immersed for 5 min in
a cold (4–8°C) broth culture containing 102 cfu
ml�1 of S. enteritidis PT4. The artificially infected
hatching eggs were treated with the pressure-dif-
ferential-dipping (PDD) method, using 1500
p.p.m. gentamicin sulphate or 600 p.p.m. of
enrofloxacin for 10 min and 5 min at reduced
pressure. The effect of the treatment of the
hatching eggs was measured by examining the
eggs and newly hatched chicks for infection with
S. enteritidis PT4. Treatment for 10 min in the
gentamicin solution eliminated S. enteritidis from
the eggs and the hatched chicks, whereas 1%
were infected if the treatment lasted for only 5
min. When the eggs were exposed for 10 min to
enrofloxacin, 1% of the eggs and hatching
chicks were infected with S. enteritidis PT4,
whereas treatment with enrofloxacin for 5 min
resulted in an infection rate of 4.1% of the eggs
and chicks (Hafez et al., 1992). When groups of
chicks and turkey poults were infected orally
with various doses of S. typhimurium var.
copenhagen and were treated for 5–10 days per os
with water containing enrofloxacin (dosage 50
p.p.m. of the aqueous solution), the Salmonella
were eliminated from the faeces for a short
period of time, after which they were again
excreted, albeit at lower numbers (Guillot and
Millemann, 1992). These results are reminiscent
of those in humans, where treatment with
ciprofloxacin failed to completely curtail excre-
tion of Salmonella (Neill et al., 1991).

In The Netherlands, an S. enteritidis eradica-
tion programme in poultry breeder flocks was car-
ried out with elimination by slaughter of élite,
grandparent and other breeder flocks that were
positive for S. enteritidis during the period

1989–1992. This was followed by a control pro-
gramme, which consisted of treatment with
enrofloxacin, followed by two treatments with
CE flora (Nurmi and Rantala, 1973). Four S.
enteritidis PT4-positive flocks (in total approxi-
mately 100,000 birds) became serologically nega-
tive after treatment (Edel, 1994).

Prevention
COMPETITIVE EXCLUSION. Nurmi and Rantala
(1973) demonstrated that oral administration of
caecal bacterial flora from adult birds to newly
hatched chickens increased the chick’s resistance
to Salmonella infection. Evaluations under field
conditions were carried out in several countries;
CE treatment of 88 broiler units in Germany
showed that 42% of the 38 treated flocks were
colonized with Salmonella bacteria, whereas 48%
of the 50 untreated flocks were colonized
(Hüttner et al., 1981). Trials in Sweden, involv-
ing 2.86 million broilers, showed that 0.65% of
the treated broilers were colonized vs. 1.5% of
the untreated broilers (Wierup et al., 1987),
whereas trials in The Netherlands with 284
flocks consisting of 8 million broilers showed that
14.7% of the treated flocks and 0.9% of the
treated broilers were colonized with Salmonella
bacteria vs. 24.1% of untreated flocks and 3.5%
of untreated broilers (Goren et al., 1988).
However, examination of faeces collected from
the broiler transport crates and skin samples from
the broilers after slaughter showed that the
differences between treated and untreated flocks
and broilers were minimal (Goren et al., 1988).
Studies on the control of S. enteritidis coloniza-
tion in broiler and Leghorn chicks with dietary
lactose and a defined caecal flora maintained as a
continuous-flow (CF) culture showed that treat-
ment with defined cultures of caecal and dietary
lactose had an increased protective effect when
compared with treatment with either caecal
culture or dietary lactose alone (Corrier et al.,
1992). Further information will be found in
Chapter 18.

VACCINES. Live, attenuated S. enteritidis, S. galli-
narum and S. typhimurium strains and bacterins
have been used with the aim of reducing the col-
onization of liver, spleen, ovaries and caeca in
chickens and lowering the shedding of S. enteri-
tidis in faeces and eggs. Barrow et al. (1990a,
1991) vaccinated laying hens of 24 weeks of age

120 C. Poppe



twice, separated by a 2-week interval, with
spectinomycin-resistant mutants of either the S.
gallinarum 9R mutant or a rough aroA insertion
mutant of an S. enteritidis PT4 strain. Two weeks
after the second vaccination, the immunized and
a control group of non-immunized birds were
challenged with a nalidixic acid-resistant mutant
of a fully virulent S. enteritidis PT4 strain.
Immunization with the 9R strain produced a
marked reduction in the number of isolations of
the challenge strain from a number of organs,
including the ovaries. In contrast, immunization
with the rough, aroA strain produced little
change in the isolation rate from the ovaries and
small reductions in isolation rates from the livers
and spleens. Both vaccine strains produced a
reduction in the number of isolations from laid
eggs. The 9R strain was isolated from the ovaries
throughout the period of examination, whereas
the aroA strain was not. The 9R strain was iso-
lated from one of 473 eggs before challenge,
whereas the aroA strain was not isolated before
challenge from any of the 492 eggs examined.
Sera taken from the birds immediately prior to
challenge were examined by slide agglutination,
using live S. enteritidis cells. Sera from birds vac-
cinated with the 9R strain contained agglutinins,
whereas sera from most of the chickens immu-
nized with the aroA mutant did not (Barrow et
al., 1991). Oral vaccination of newly hatched
chickens with 105 or 109 cfu of a genetically
defined S. enteritidis aroA strain and i.v. challenge
with 108 cfu of a NalR S. enteritidis when the
chickens were 8 weeks old showed a reduction of
colonization of spleens, livers and caeca of vacci-
nated chickens compared with unvaccinated
controls. In another experiment, two groups of
newly hatched female chicks were vaccinated
orally with 109 cfu of the aroA mutant, and one
group was revaccinated intramuscularly (i.m.)
with 109 cfu at 16 weeks of age. When chal-
lenged i.v. with 109 cfu of a NalR S. enteritidis at
23 weeks of age, there was a reduction in the col-
onization of spleens, livers, ovaries and caeca of
the vaccinated chickens compared with unvacci-
nated controls. Inclusion of the i.m. booster gave
increased protection to the ovary, although the
vaccine strain was isolated on one occasion from
a batch of eggs laid at 20 weeks old (Cooper et
al., 1994b).

Another approach was the use of a stable,
live, avirulent, genetically modified ∆cya ∆crp S.

typhimurium vaccine strain, χ3985, in chickens
for the control of Salmonella infection. Oral vac-
cination of chickens at 1 and at 14 days of age
with 108 cfu of χ3985 protected against invasion
of spleen, ovary and bursa of Fabricius and colo-
nization of the ileum and caeca in chickens chal-
lenged with 106 cfu of virulent homologous
Salmonella strains from the serogroup B (to which
S. typhimurium belongs). Chickens challenged
with heterologous Salmonella strains from the
serogroups C, D and E were protected against vis-
ceral invasions of spleen and ovary, while inva-
sion of the bursa of Fabricius and colonization of
ileum and caeca were reduced in vaccinated
chickens. Oral vaccination at 2 and at 4 weeks of
age induced an excellent protection against chal-
lenge with virulent serogroup B Salmonella
serovars and very good protection against chal-
lenge with serogroup D or E Salmonella serovars,
while protection against challenge with group C
Salmonella serovars was marginal but significant.
Vaccination at 2 and 4 weeks of age also pro-
tected vaccinated chickens against challenge
with 108 cfu of highly invasive S. typhimurium or
S. enteritidis strains. Chickens from vaccinated
hens had significantly higher antibody responses
than did the progeny of non-vaccinated hens
after oral infection with Salmonella strains
(Hassan and Curtiss, 1994, 1996). Killed
Salmonella vaccines have not produced convinc-
ing levels of protection against wild-type
Salmonella challenge (Truscott, 1981; Barrow et
al., 1990b; Gast et al., 1992, 1993), although oth-
ers have seen protection when chickens were
challenged via the i.v. or i.m. route (Timms et al.,
1990). Further information on vaccines will be
found in Chapter 19.

Public Health Aspects

Sources of infection

Many of the human S. enteritidis infections have
been traced to contaminated eggs and to the lay-
ing hens at the farm that supplied the eggs
(Telzak et al., 1990; CDC, 1992; van de Giessen
et al., 1992; Altekruse et al., 1993; Henzler et al.,
1994). Shell eggs, scrambled eggs, soft-boiled
eggs, lightly cooked eggs, lightly cooked
omelettes, food products containing raw or partly
cooked eggs, including mayonnaise, sauce tartare,
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egg-nog, milk shakes, mousses, egg sandwiches,
dishes containing raw egg-white, ice-cream con-
taining uncooked eggs and poultry meat have all
been implicated in outbreaks of S. enteritidis
infection (Anon., 1988; Coyle et al., 1988;
Humphrey et al., 1988; Paul and Batchelor, 1988;
Perales and Audicana, 1988; Cowden et al., 1989;
Mawer et al., 1989; Stevens et al., 1989; Hennessy
et al., 1996).

The largest nosocomial infection in the
USA occurred in 1987 in a New York City acute
and long-term care hospital, where 404 of 965
patients (42%) were affected and nine patients
died. Pooled batches of eggs from the hospital
kitchen tested positive for S. enteritidis PT8, as
did 383 of 555 (69%) of ovaries from hens at the
farm from which the eggs were obtained. The
eggs had been used to prepare mayonnaise, which
was used in turn to prepare a tuna–macaroni
salad (Telzak et al., 1990). Large outbreaks of S.
enteritidis infection have occurred rarely in
Canada. A notable exception was an outbreak of
95 cases of infection with S. enteritidis PT13,
which occurred among patients and staff of a
regional hospital in Owen Sound, Ontario. A
mixer used to blend raw shelled eggs, minced
ham and sandwich fillings was the most likely
vehicle of transmission (Anon., 1992).

S. enteritidis infections in humans have also
been associated with the consumption of meat
(Humphrey et al., 1988; Reilly et al., 1988).
People may become infected with S. enteritidis as
a result of infected broiler breeder flocks and
broiler rearing flocks and contamination of broil-
ers at slaughter (McIlroy et al., 1989; Corkish et
al., 1994). Broilers may exhibit a pericarditis due
to S. enteritidis infection, and pure cultures of S.
enteritidis have been obtained from such infec-
tions (O’Brien, 1988; Rampling et al., 1989).
Broiler carcasses may become contaminated by
crop contents during the slaughtering process
(Hargis et al., 1995). In the UK, S. enteritidis PT4
has been isolated from 16–21% of chilled and
frozen chicken (Roberts, 1991). In another study
in the UK, S. enteritidis was isolated from 51% of
raw chicken and from 23% of giblet samples
(Plummer et al., 1995).

Other serovars have also been identified as a
cause of food-borne infections associated with
the consumption of insufficiently cooked or raw
eggs, egg-white or yolk or food products contain-
ing such ingredients. During an epidemiological

investigation of recurring outbreaks of S.
typhimurium infections in an institution for men-
tal disease in Massachusetts, which involved 104
cases and six fatalities, egg-nog was established as
the vehicle of transmission. S. typhimurium infec-
tion was found in the flock of birds that supplied
the eggs and was recovered from some of the
eggs. The S. typhimurium isolates from the eggs
were of the same PT as those isolated from the
patients (Philbrook et al., 1960). Raw eggs used
to make the icing of a birthday cake, vanilla
slices made by mixing ingredients in a mixing
bowl also used for mixing the contents of raw
shelled eggs, and raw eggs used to make savoury
quiche, banana pie, fruit flan and meringues were
all associated with outbreaks of S. typhimurium
PT141 (Chapman et al., 1988). Foods containing
mayonnaise contaminated with S. typhimurium
PT49 were the cause of gastrointestinal illness in
120 of 700 people. The same PT was isolated
from the mayonnaise and from samples taken
from the chicken house of the main egg supplier
whose eggs were used to prepare the mayonnaise
(Mitchell et al., 1989). In another egg-associated
outbreak, S. heidelberg affected 91 of a total of
about 1000 persons who attended a convention
in New Mexico and consumed fried eggs; the
eggs appeared to be ‘runny’ and insufficiently
cooked (Weisse et al., 1986).

Prevention

Outbreaks of S. enteritidis infections due to 
consumption of contaminated eggs or foods con-
taining such eggs have led to several recommen-
dations to eliminate or curtail salmonellosis in
humans. The tracing of outbreak-associated eggs
to farms where laying hens were infected with S.
enteritidis led the US Department of Agriculture
to implement a national programme to control
the spread of S. enteritidis in commercial layer
flocks (Hedberg et al., 1993). After a large noso-
comial infection in New York City (Telzak et al.,
1990), all health care facilities in New York
State were directed to eliminate raw or under-
cooked eggs from the diets of persons who are
institutionalized, elderly and/or immunocompro-
mised. People immunocompromised by the
human immunodeficiency virus were shown to
be particularly vulnerable to recurrent septi-
caemia caused by S. enteritidis, S. typhimurium and
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S. dublin, but not by S. heidelberg (Levine et al.,
1991). It has been recommended to pasteurize
eggs for use in nursing homes, in other institu-
tional settings and in commercial foods that may
not be adequately cooked before eating (Telzak et
al., 1990; Hedberg et al., 1993).

Consumers have been advised to avoid eat-
ing raw or undercooked eggs and to avoid eating
foods that contain raw eggs, e.g. home-made prod-
ucts, such as Caesar salad, egg-nog, mayonnaise
and ice-cream (Steinert et al., 1990; Buckner et al.,
1994). Strains of S. enteritidis, S. typhimurium and
S. senftenberg inoculated into the yolk of shell eggs
were found to survive forms of cooking where
some of the yolk remained liquid (Humphrey et
al., 1989b). Cooking the eggs at a sufficiently high
temperature and for a sufficient period of time has
been shown to prevent infections. During a study
of sporadic cases of S. enteritidis and S. typhimurium
infections in adults in Minnesota, it was observed
that the extent to which eggs were cooked was
inversely related to illness (Hedberg et al., 1993).
Boiling the eggs for 7–8 min was sufficient to
destroy S. typhimurium (Schaaf, 1936; Baker et al.,
1983; Humphrey et al., 1989a). The cooking-
time–temperature relationship for complete kill of
S. typhimurium depended on the cooking method
with fried eggs: 3 min on each side at 64°C for
turned-over eggs, 4 min at 70°C for covered eggs
and 1 min at 74°C for scrambled eggs. In contrast,
cooking for 7.5 min at 64°C for sunny-side-up eggs
was not sufficient for destruction of the test organ-
ism (Baker et al., 1983).

Consumers have been advised to refrigerate
eggs (Humphrey, 1990). It has been found that
several S. enteritidis phage types, S. typhimurium
and other Salmonella serovars did not grow in the
egg or egg yolk when stored below 10°C (Kim et
al., 1989; Humphrey, 1990; Saeed and Koons,
1993). Salmonella remained viable but did not
multiply in the egg-white at 20°C or 30°C and
many died out at 4°C (Bradshaw et al., 1990; Lock
and Board, 1992). Other recommendations are
not to microwave dishes containing raw eggs but
to cook them (Evans et al., 1995), in order to pre-
vent cross-contamination from raw eggs to other
foods, to wash hands, cooking utensils and food-
preparation surfaces with soap and water after
contact with raw eggs, not to sample food products
containing raw egg, such as biscuit batter, and to
promptly refrigerate foods containing eggs
(Humphrey et al., 1994; CDC, 1996).

Regulations to Control Transmission

Regulatory authorities in many countries have
adopted orders and directives to prevent the
occurrence and spread of Salmonella. The
Council of European Communities issued a
directive requiring member countries to specify
measures to avoid the introduction of Salmonella
on the farm and to control Salmonella in flocks of
layers. Faecal samples must be taken and pooled
from breeder flocks consisting of more than 250
birds. When S. enteritidis or S. typhimurium is
detected, the authorities must be notified. The
flock is then sampled under supervision of the
veterinary authority, the birds are grouped in
batches of five and samples of liver, ovaries and
intestines are taken. If positive, the birds must be
slaughtered or slaughtered and destroyed, the
poultry house cleansed and disinfected and the
manure and litter safely disposed of. Eggs at the
hatchery derived from a positive flock must be
destroyed or treated as high-risk material.
Sampling is also to be carried out of compound
feeding stuffs used to feed poultry. The Poultry
Breeding Flocks and Hatcheries Order 1993
adopted in the UK specifies the sampling of
chick-box liners and dead breeder chicks upon
arrival at the farm and the taking of faecal sam-
ples of breeder hens at 4 weeks of age and 2
weeks before lay. It further specifies that grand-
parent and élite breeding flocks supplying eggs to
the hatchery must be sampled each week and a
composite sample of meconium taken from
chicks or the carcasses of all dead-in-shell and
cull chicks and that parent breeder flocks must be
sampled every 2 weeks.

The NPIP contains a US S. enteritidis moni-
tored programme intended to reduce the inci-
dence of Salmonella organisms in hatching eggs
and chicks through a sanitation programme at
the breeder farm and in the hatchery. It lists
requirements to sample meconium from chick
boxes and chicks that died within 7 days hatch-
ing and for the samples to be sent to an author-
ized laboratory. It also states requirements
regarding the pelletizing and heating of feed and
its components and the environmental samples
to be taken to verify if they contain group D
Salmonella, regulates the use of a federally
licensed S. enteritidis bacterin in multiplier breed-
ing flocks provided that they were examined
serologically and bacteriologically after having
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reached the age of 4 months, states that hatching
eggs may be incubated only at hatcheries meet-
ing the NPIP provisions, stipulates sampling
plans for flocks from which S. enteritidis has been
isolated to determine if they are eligible under
the programme, and stipulates the conditions for
hatcheries to meet the requirements of the pro-
gramme.

Programmes to control and eradicate S.
enteritidis, S. typhimurium and/or all Salmonella
serovars from poultry breeder flocks have been
established in many countries. The Swedish pro-
gramme is intended to control all Salmonella
serovars. Imported grandparent chicks are kept
for 15 weeks in quarantine and tested four times
for Salmonella. A mandatory programme exists to
test all layer and broiler flocks bacteriologically
for Salmonella before slaughter. If S. enteritidis is
isolated, the flock is destroyed (Wierup et al.,
1995). A programme to prevent and control
Salmonella in grandparent breeder flocks in New
Zealand was described by Bates and Granshaw
(1995). In Canada, eggs from layer flocks
infected or environmentally contaminated with
S. enteritidis have been sent to egg breaking sta-

tions for pasteurization. When human infection
was traced to a layer flock, the flock has been
destroyed and compensation has been paid.

Practices to control Salmonella have been
instituted and promoted by the poultry industry
in several countries. A ‘Canadian Egg Industry
Code of Practice’ and ‘Best Management
Practices for Turkey Production’ to prevent and
control Salmonella have been produced by the
Canadian Egg Marketing Agency and the
Canadian Turkey Marketing Agency, respec-
tively. Management practices to reduce the risk
of Salmonella infection in broilers and turkeys in
the USA were described by Holder (1993) and
Nagaraya and Halvorson (1993). After depopula-
tion of the flock infected with Salmonella, a
cleansing and disinfection procedure must be car-
ried out before the premises may be repopulated.
Procedures to disinfect and to sample poultry
houses after cleansing and disinfection and
before placing chicks or hens have been
described (Davies and Wray, 1996a; Davison et
al., 1996) but complete elimination of Salmonella
and rodents carrying the pathogen has been diffi-
cult to achieve (Davies and Wray, 1996b).
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Introduction

The worldwide incidence of Salmonella food poi-
soning has increased dramatically during the last
few years. Although the proportion of food-poi-
soning outbreaks and cases in which the source
of infection can be positively identified is small,
poultry and poultry products are repeatedly
implicated. Salmonella from poultry currently
enter the human food-chain mainly as a result of
carcass contamination from infected faecal mate-
rial or from eggs.

Salmonellosis and Salmonella infections in
turkeys are distributed worldwide and result in
severe economic losses when no effort is made to
control them. The large economic losses are
caused by high poult mortality during the first 4
weeks of age, high medication costs, reductions
in egg production in breeder flocks, poor poult
quality and high costs for eradication and control
measures. The most important aspect, however,
is the continuing effect of Salmonella-contami-
nated turkey meat and meat products on public
health.

Various efforts are made at the breeder flock
hatchery level to control mortality and morbidity
losses from Salmonella infections. It is estimated
that these efforts cost the turkey industry in the
USA approximately $US10 million yearly
(Pomeroy et al., 1989). When the expense of
investigations, control measures, disposal of con-
taminated material, lost leisure-time spending
and other costs are added and the total multi-

plied worldwide, the losses become massive
(Davies and Wray, 1994). The economic costs of
salmonellosis in humans are enormous and $US1
billion was lost because of absence from work and
medical treatment in the USA in 1987 (Roberts,
1988). The failure of the human population to
apply hygienically acceptable food-handling and
cooking practice and the fact that the processing
plants are not able to reduce the level of patho-
genic bacteria in poultry products mean that
every effort must be made to reduce the
Salmonella contamination of the live birds before
despatch to processing plants.

In turkeys, as well as in chickens, a distinc-
tion is usually made between infections caused by
the two non-motile host-adapted serovars of S.
pullorum (pullorum disease) and S. gallinarum
(fowl typhoid) and the remainder of the motile
Salmonella (paratyphoid (PT) infection), includ-
ing the S. arizonae subgenera (arizonosis).

Historical Perspective

The first case of PT infection in domestic poultry
was reported by Moore (1895), who described an
outbreak of infectious enteritis in pigeons due to
a bacillus of the hog-cholera group. The first
occurrence of PT infections in turkey poults was
reported by Pfaff (1921) in the USA. Pomeroy
and Fenstermacher (1939) observed the infection
in turkeys in Minnesota in 1932. PT infections
cause major losses, predominantly in young
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poults, and Hinshaw and McNeil (1940) found
that S. typhimurium accounted for approximately
50% of the PT outbreaks in turkeys that they
investigated.

The causative agent of pullorum disease was
first isolated by Rettger in 1899. In 1909, he
named it Bacterium pullorum and later changed it
to S. pullorum. Pullorum disease in turkeys was
first described in 1928 by Hewitt. According to
Hinshaw and McNeil (1940), the infection
appeared to be introduced into turkeys by con-
tact with infected chickens in hatcheries and/or
by brooding chicks and poults together. Likewise,
contact with chickens or yards used by chickens
is an important factor in the spread of fowl
typhoid to turkeys. Pfeiler and Roepke (1917)
and other authors reported the disease in turkeys
reared on farms where it was also prevalent in
chickens.

The first description of an organism now
classified as S. arizonae was by Caldwell and
Ryerson (1939), in which attention was drawn to
a bacterium isolated from diseased chuckwallas,
horned lizards and gila monsters. The first reports
of S. arizonae in turkeys were by Peluffo et al.
(1942) and Edwards et al. (1943). Later, Hinshaw
and McNeil (1946) isolated Arizona serovar
7:1,7,8, now classified as O18:z4;z32 and
O18:z4;z23, from a number of outbreaks in poults
and showed that all infections were traceable to
eggs produced in a defined area in California.

Aetiology

Salmonella belong to the family Enterobacteri-
aceae and all members are Gram-negative, non-
sporing rods that do not have capsules.
According to the latest nomenclature, which
reflects recent advances in Salmonella taxonomy,
the genus Salmonella consists of two species, S.
bongori and S. enterica (Le Minor and Popoff,
1987), and their taxonomy is dealt with in
Chapter 1. During the last few years, many
modern molecular biological tests for the sub-
typing of Salmonella have been developed
(Brunner et al., 1983; Eisenstein, 1990). The
genus Salmonella of the family Enterobacteriaceae
can be roughly classified into three categories or
groups.

Group 1: highly host-adapted and invasive
serovars

This group includes species-restricted and inva-
sive Salmonella, such as S. pullorum and S. galli-
narum in poultry and S. typhi in humans.

Group 2: non-host-adapted and invasive
serovars

This group consists of approximately ten to 20
serovars that are able to cause an invasive infec-
tion in poultry and may be capable of infecting
humans. Currently, the most important serovars
are S. typhimurium, S. hadar, S. arizonae and S.
enteritidis.

Group 3: non-host-adapted and non-invasive
serovars

Most serovars of the genus Salmonella belong to
this group and may cause disease in humans and
other animals.

Epidemiology

Many different Salmonella serovars have been iso-
lated from turkeys; their exact number, however,
is difficult to estimate. Some serovars may be pre-
dominant for a number of years in a region or
certain countries and then disappear to be
replaced by another serovar. Table 8.1 lists
Salmonella serovars isolated from turkeys, based
on the available literature.

Salmonella surveillance in commercial
turkey flocks was carried out between 1993 and
1995 by Hafez et al. (1997), whose results showed
that the most frequently isolated serovars were S.
newport (34.6%) and S. reading (30.3%), fol-
lowed by S. bredeney (10.6%); S. enteritidis phage
type 8 was detected for only a short period (5
weeks) in one flock. Salmonella shedding was of
intermittent duration and varied between 1 and
20 weeks. In eight of 24 monitored meat turkey
flocks, Salmonella could not be detected during
the entire rearing period. Seven flocks (29.2%)
appeared to be infected with only one serovar
and in another three flocks (12.5%) two different
serovars were isolated during the rearing period,
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Serovar Author Serovar Author

S. abortusequi (B)* 2 S. heidelberg (B) 1; 2; 8; 7, 11; 
S. agona (B) 13; 14; 16; 21; 22 15; 18; 21; 22; 23; 24; 25
S. albany (C3) 25 S. illinois (E3) 2; 25
S. aluchua (O) 6; 25 S. indiana (B1) 22; 24; 25
S. amager (E1) 25 S. infantis (C1) 2; 6; 8; 11; 13; 14; 18;
S. amherstiana (C3) 2; 25 21; 22; 23; 24; 25
S. anatum (E1) 1; 2; 5; 6; 14; 17; 18; 22, S. irumu (C1) 25

23; 24; 25 S. javiana (D1) 2; 25
S. arizonae 8; 15; 20; 22; 24 S. johannesburg (R) 22
S. banana (B) 25 S. kaapstad (B) 7; 25
S. bareilly (C1) 2; 25 S. kentucky (C3) 2; 5; 8; 25
S. berkeley (U) 2; 4; 25 S. kingston (B) 2; 25
S. berta (D1) 2; 15; 25 S. lexington (E1) 2; 25
S. binza (E2) 1; 5; 6; 25 S. litchfield (C2) 2; 22; 25
S. blockley (C2) 6; 23; 25 S. livingstone (C1) 22
S. bovismorbificans (C2) 2; 10; 25 S. london (E1) 13; 24; 25
S. braenderup (C1) 7, 10; 25 S. madelia (H) 2; 25
S. brancaster (B) 2; 25 S. manchester (C2) 1
S. bredeney (B) 1; 2; 5; 7, 9; 11; 22; S. manhattan (C2) 2; 6; 9; 10; 14; 22; 24; 25

23; 25 S. manila (E2) 6
S. budapest (B) 25 S. mbandaka (C1) 7; 24
S. california (B) 2; 9; 12; 25 S. meleagridis (E1) 2; 17; 22; 25
S. cambridge (E2) 25 S. menston (C1) 2; 25
S. canoga (E3) 2; 25 S. mgulani (P) 25
S. cerro (K) 2; 25 S. minneapolis (E3) 25
S. chester (B) 1; 2; 6; 17; 25 S. minnesota (L) 2; 25
S. choleraesuis (C1) 2; 25 S. mission (C1) 25
S. concord (C1) 2; 25 S. montevideo (C1) 1; 2; 5; 6; 7 11; 21; 24; 25
S. corvallis (C3) 2; 25 S. muenchen (C2) 1; 2; 6; 25
S. cubana (G2) 2; 5; 6; 25 S. muenster (E1) 25
S. derby (B) 2; 6; 10; 24; 25 S. newbrunswick (E2) 2; 5; 25
S. djugu (C1) 7 S. newington (E2) 1; 2; 6; 22; 25
S. drypool (E2) 8; 11; 22 S. newport (C2) 1; 2; 6; 7, 9; 10; 11; 22; 25
S. dublin (D1) 2; 25 S. ohio (C1) 23
S. duesseldorf (C2) 25 S. onderstepoort (H) 2; 25
S. duisburg (B) 24 S. oranienburg (C1) 2; 25
S. eastbourne (D1) 2; 25 S. oregon (C2) 5
S. edinburg (C1) 25 S. orion (E1) 25
S. eimsbuettel (C1) 8 S. panama (D1) 2; 10; 25 
S. emek (C3) 23 S. paratyphi B (B) 2; 25
S. enteritidis (D1) 2; 7; 8, 11; 14; 21; 24; 25 S. pomona (M) 2; 25
S. florida (H) 25 S. poona (G1) 25
S. fresno (D2) 25 S. pullorum (D1) 25
S. gallinarum (D1) 2; 25 S. reading (B) 2; 6; 7, 9; 10; 13; 18; 22; 
S. gaminara (I) 2; 25 25
S. give (E1) 2; 6; 10; 25 S. rubislaw (F) 2; 25
S. grumpensis (G2) 25 S. rutgers (E1) 25
S. hadar (C2) 7, 15; 21; 23; 24 S. saintpaul (B) 1; 2; 5; 7, 8; 9; 10; 11; 13; 
S. haifa (B) 7 15; 19; 22; 23; 24; 25
S. halmstad (E2) 1 S. sandiego (B) 1; 2; 6; 8; 9; 10; 13; 22; 25
S. hamilton (E2) 25 S. schwarzengrund (B) 2; 6; 10; 21; 25
S. harrisonburg (E3) 2; 3; 25 S. senftenberg (E4) 1; 2; 6; 7; 8; 9; 10, 22; 24;
S. havana (G2) 24 25

Table 8.1. Salmonella serovars isolated from turkeys.

continued on next page



in some cases concurrently. More than two
serovars could be detected in the remaining six
flocks (25.0%). In the UK, S. newport was the
commonest serovar during the period (Anon.,
1995).

Transmission

Transmission and spread of Salmonella occurs by
vertical and/or horizontal routes. Primary vertical
transmission occurs by true ovarian transmission,
by passage through the oviduct or by contact
with infected peritoneum or air sac. Secondary
vertical transmission happens by contamination
of the egg content as a result of faecal contami-
nation of the eggshell from cloaca and/or conta-
minated nests, floor or incubators, with
subsequent penetration into the eggs.

Vertical transmission is the most important
route of infection in turkey for S. gallinarum, S.
pullorum, S. arizonae, S. senftenberg, S.
typhimurium and S. hadar. Williams and Dillard
(1968) found that unpigmented turkey eggs were
more frequently penetrated by S. typhimurium
than normal pigmented eggs. Such unpigmented
eggs have thinner shells and more gross pores.

Hatcheries are one of the major sources of

horizontal transmission and Salmonella can sur-
vive for long periods in eggshells, meconium,
dust and litter. Organisms can also spread by air
throughout the hatchery, resulting in rapid trans-
mission.

On the farm, infection is transmitted hori-
zontally (laterally) by direct contact between
infected and uninfected turkeys, and by indirect
contact with contaminated environments
through ingestion or inhalation of Salmonella
organisms. Subsequently, there are many possibil-
ities for lateral spread of the organisms through
live and dead vectors. Transmission frequently
occurs via faecal contamination of feed, water,
equipment, environment and dust, in which
Salmonella can survive for long periods. Failure to
clean and disinfect properly after an infected
flock has left the site can result in infection of
the next batch of birds. Salmonella have been
reported to survive in turkey litter for up to 9
months after removal of an infected flock.

Significant reservoirs for Salmonella are
humans, farm animals, pigeons, waterfowl and
wild birds. Rodents, pets and insects are also
potential reservoirs and transmit the infection to
birds and between houses. The organisms are
often localized in the gut of these carriers, which
shed Salmonella intermittently in their faeces,
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* Indicates antigenic group in the Kauffmann–White schema to which each serovar belongs.
Authors: 1, Bryan et al. (1968); 2, Dräger (1971); 3, Edwards and McWorther (1953a); 4, Edwards and
McWorther (1953b); 5, Boyer et al. (1962); 6, Faddoul and Fellows (1966); 7, Hafez et al. (1997); 8, Kumar
et al. (1971); 9, Kumar et al. (1972); 10, Nivas et al. (1973); 11, Willinger et al. (1986); 12, Hugh-Jones et al.
(1975); 13, McBride et al. (1978); 14, Hirschmann and Seidel (1992); 15, Opengart et al. (1991); 16,
Shreeve and Hall (1971); 17, Shahata et al. (1984); 18, Zecha et al. (1976); 19, Schellner (1985); 20, Pollan
and Vasicek (1991); 21, Pomeroy (1991); 22, Pomeroy et al. (1984); 23, Samberg and Klinger (1984); 24,
Pietzsch (1982); 25, Hinshaw (1959).

Serovar Author Serovar Author

S. shomron (K) 2; 11 S. typhimurium (B) 1; 2; 6; 8; 9; 11; 14; 17;
S. siegburg (K) 25 19; 21; 22; 23; 24; 25
S. simsbury (E4) 2; 25 S. typhimurium var. 7, 11; 18; 22; 24; 25
S. sofia (B) 23 Copenhagen (B)
S. stanley (B) 25 S. uganda (E1) 25
S. takoradi (C2) 25 S. urbana (N) 2; 25
S. taksony (E4) 5; 25 S. vejle (E1) 25
S. telaviv (M) 2; 25 S. westhampton (E1) 7; 25
S. tennessee (C1) 2; 18; 25 S. wichita (G1) 2; 25
S. thomasville (E3) 5; 25 S. worchester (G2) 25
S. thompson (C1) 2; 6; 13; 14; 17; 25 S. worthington (G2) 1; 2; 5; 7, 18; 25



thus contaminating the poultry environment.
Rodents constitute a persistent reservoir of
Salmonella infection, from which poultry houses
and stored feeding stuffs must be protected as far
as possible (Kumar et al., 1971; Baxter-Jones and
Wilding, 1981; McCapes et al., 1991).

Probably one of the commonest sources for
lateral spread of the organisms is feed. Nearly
every ingredient ever used in the manufacture of
poultry feedstuffs has been shown at one time or
another to contain Salmonella. The organism
occurs most frequently in protein from animal
products, such as meat and bone-meal, blood
meal, poultry offal, feather meal and fish-meal.
Proteins of vegetable origin have also been
shown to be contaminated with Salmonella.
Turkey feed samples have been investigated by
Bryan et al. (1968), Willinger et al. (1986) and
Hafez et al. (1997), who detected Salmonella con-
tamination rates of between 3 and 9%.

Factors Influencing the Course of
Infection

The course of the infection and the prevalence of
salmonellosis in turkeys depend on different fac-
tors, such as the Salmonella serovar, age of birds,
infectious dose and route of infection. Further
stress-producing circumstances, such as bad man-
agement, poor ventilation, high stocking density
or concurrent diseases, may also contribute to the
development of a systemic infection, with possi-
ble heavy losses among young poults. After
recovery, birds continue to excrete Salmonella in
their faeces, and such birds must be considered as
a potential vector of the microorganisms.

Paratyphoid Infection

Infections of avian species with motile
Salmonella, with the exception of S. arizonae, are
designated as paratyphoid infections and, gener-
ally, such infections are more prevalent in turkey
than in any other avian species. Moran (1959)
reported that the S. typhimurium serovar was
encountered four times more frequently in
turkeys than in chickens.

This group of infections is one of the most
important bacterial diseases in the turkey breeder
sector and results in high losses among turkey

poults during the first month after hatching, with
maximum losses occurring in the first 10 days.

Among valuable breeder flocks, infections
are generally accompanied by severe economic
losses, because of their chronic nature and the
difficulty of eradication. In many cases, the infec-
tion seriously impairs fertility, hatchability and
egg production.

Clinical signs

Incubation periods range from 2 to 5 days.
Mortality in young poults varies from negligible
to 10–20% and, in severe outbreaks, may reach
80% or more. The severity of an outbreak in
young poults depends on the serovar involved, its
virulence, the degree of exposure, the age of the
birds (Bierer, 1960), environmental conditions
and the presence of concurrent infections. The
age at which the disease is first observed in poults
will depend on whether the poults are infected in
the incubator or after being placed in the
brooder. In poults infected orally at 1 day of age
with 108 colony-forming units (cfu) per bird with
either S. typhimurium, S. anatum, S. thompson, S.
meleagridis or S. chester, losses started 2 days and
stopped 8 days post-exposure. The mortality rate
ranged between 70 and 90% (Shahata et al.,
1984). Similar results were obtained by Pomeroy
(1944), Mitrovic (1956) and Bierer (1960). On
the other hand, neither mortality nor clinical
signs were observed after experimental oral infec-
tion of 3-day-old poults with 106 cfu per bird of
S. enteritidis phage type 8 or 4 (Hafez and Stadler,
1997).

Poults may be infected from a few days after
hatching to maturity. Clinical signs may be
absent even if infection occurs in the incubator
or a few days after hatching. If infection was egg-
transmitted or occurred in the incubator, there
are many unpipped eggs and pipped eggs with
dead embryos.

Symptoms usually seen in young poults are
somnolence, weakness, drooping wings, ruffled
feathers and huddling together near heat sources.
Many poults that survive for several days will
become emaciated and the feathers around the
vent will be matted with faecal material.
However, in young poults, diarrhoea is not a con-
stant symptom. Lameness, caused by arthritis,
may also be present. Adult birds usually show 
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little or no evidence of the infection and serve
mostly as intestinal or internal-organ carriers
over long periods.

Experimental PT infections have resulted in
an acute disease of short duration, when the birds
showed inappetence, increased water consump-
tion, diarrhoea, dehydration and general listless-
ness. Also, Chaplin and Hamilton (1957)
reported synovitis in turkeys infected intra-
venously with S. thompson. Leg weakness in
mature birds is not uncommon. Higgins et al.
(1944) encountered a flock of 24-week-old turkeys
infected with PT in which 10% of the birds were
so severely affected with an arthritic condition
that they were unsuitable for marketing.

Lesions

Lesions may be entirely absent in extremely severe
outbreaks. Birds that die in an acute phase of the
disease show a persistent yolk-sac, catarrhal and
haemorrhagic enteritis and necrotic foci in liver,
spleen and heart muscle. Furthermore, congestion
of the liver, kidney, gall-bladder and heart muscle
are the most constant post-mortem findings. The
pericardial sac is often filled with a straw-coloured
fluid. Another common finding is a caseous caecal
core, which is sometimes filled with blood. Lung
and heart lesions are rare but air-sac involvement
is common (Hinshaw, 1959). In adult turkeys,
marked inflammation of the intestine, with occa-
sional necrotic ulcers, has been observed and in
these cases the liver and spleen are usually swollen
and congested.

Pullorum Disease

Pullorum disease is an acute systemic disease of
young poults, characterized by sudden death and
high mortality. The disease is mostly egg-trans-
mitted. In adult turkeys, the disease is often
localized and can cause lifelong latent infections
and lead to a decrease in egg production and fer-
tility, as well as hatchability.

Clinical symptoms

The incubation period is 3–5 days. Morbidity
and mortality are highly variable, from less than

10% to as high as 100%. The first indication of
disease by vertical transmission is usually an
increase in the number of dead-in-shell poults.
Infected hatched poults appear moribund and
sudden death without clinical symptoms may
occur. Mortality begins to increase around the 4
or 5 days of age, with a peak mostly between the
second and third week.

The symptoms are not characteristic and are
similar to those of PT infection. Laboured
breathing due to pneumonia is commonly
observed. Some poults show white diarrhoea,
with a pasting of feathers round the vent (‘pasty
vent’). Conjunctivitis, swelling of joints and syn-
ovial sheaths and lameness may also be seen. In
rare instances, nervous symptoms have been
observed. Survivors are often irregular in size,
stunted or poorly feathered, and many remain
carriers and disseminate the causative agent.
Adult turkeys usually show no clinical signs,
though some appear unthrifty. Variable degrees of
decreased egg production, fertility and hatchabil-
ity have been observed.

Lesions

S. pullorum may cause severe systemic lesions,
although their severity is highly variable. Lesions
are limited in young poults that die suddenly in
the early stages. The liver may be enlarged, con-
gested or discoloured and may be streaked with
haemorrhages. Changes are commonly accompa-
nied by small, white, focal necrosis. Necrotic foci
or greyish-white nodules are also seen in heart,
lungs, gizzard muscle and caeca. The intestine
usually lacks tone and contains an excessive
mucous discharge. The caeca may contain a
caseous core and are sometimes filled with blood.
Peritonitis is frequently manifested and pericardi-
tis may be observed. The yolk-sac and its con-
tents reveal slight or no alteration. In more
protracted cases, the absorption of the yolk-sac
may be poor and the contents may be of creamy
or pasty consistency. The spleen may be enlarged,
the kidneys congested and the ureters distended
with urates. In septicaemia forms, hyperaemia
may also be found in other organs.

In adult birds, the lesions most frequently
found in the chronic carrier hen are misshapen,
pedunculated, discoloured cystic ova, which usu-
ally contain oily and caseous material enclosed in
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a thickened capsule. The ovary may be haemor-
rhaged, with atrophic discoloured follicles.
Ovarian and oviduct dysfunction may lead to
abdominal ovulation or impassable oviduct,
which in turn brings about extensive peritonitis
and adhesions of the abdominal viscera. In male
birds, the testes may be atrophied, with thicken-
ing of the tunica albuginea and multiple
abscesses. Occasional myocarditis with pericardi-
tis and ascites may also occur, in both sexes.

Fowl Typhoid

Fowl typhoid is an septicaemic disease caused by
S. gallinarum; the mortality and course of the dis-
ease are variable, depending on the virulence of
the strain involved.

Clinical signs

The incubation period is about 5 days and the
losses may extend over 2–3 weeks with a ten-
dency for recurrence. The initial outbreak is
mostly accompanied by high mortality rates of up
to 26.5% (Hinshaw, 1930), followed by intermit-
tent recurrence with less severe losses.

The clinical symptoms of fowl typhoid in
turkeys are similar to those described for pullo-
rum disease and are not characteristic. However,
some infected poults show green to greenish-yel-
low diarrhoea, with pasting of feathers around
the vent, increased thirst, anorexia, somnolence,
retarded growth and respiratory distress.

In growing and mature turkeys, increased
thirst, listlessness and a tendency to separate
from healthy birds have been observed. Body
temperatures increase several degrees to as high
as 44–45°C just before death.

Lesions

In young poults, the lesions resemble those
observed in pullorum disease. In peracute cases,
post-mortem lesions may be absent and, in acute
cases, subcutaneous blood-vessels are infected.
The skeletal muscles are congested and dark in
colour and often appear as if partially cooked.
The heart is swollen and small, greyish, necrotic
foci are seen in the myocardium. The liver is

enlarged and friable, with necrotic foci and a
bronze coloration. The spleen and kidneys are
enlarged. The lungs are congested and have small
grey areas of focal necrosis. Haemorrhagic enteri-
tis, especially in the duodenum, and ulceration of
the intestine are more or less consistent lesions
in turkeys. Usually an increased percentage of
large retained yolks is present. In adult carriers,
there is a predilection for the reproductive
organs, and lesions are similar to those described
in pullorum disease.

Arizonosis

Arizonosis, caused by serovars O18:z4;z32 and
O18:z4;z23 (formerly 7:1,7,8), is a serious problem
in the turkey industry, due to high mortality and
reduced production and hatchability. The turkey
appears to be the primary poultry host for these
particular serovars, although the host range for
other serovars of S. arizonae is unlimited. The
infection is egg-transmitted and most of the out-
breaks occur in young turkeys during the first 3
weeks of life. The infection can be masked in
day-old poults by antibiotic treatment.

Clinical signs 

The incubation period ranges between 5 and 10
days. Mortality varies greatly: 3.5–15% is com-
mon, although losses up to 90% have been
reported. Mortality is generally highest during
the first 3 weeks after hatching and may continue
until 5 weeks after hatch (Greenfield et al.,
1971). In turkeys, S. arizonae infection is indis-
tinguishable from other forms of salmonellosis.
Young poults appear in poor condition, listless,
shivering, huddling near heat sources and sitting
on their hocks. In addition, diarrhoea, with past-
ing in the vent area and uni- or bilateral blind-
ness and nervous disorders, such as
uncoordinated gait, convulsions, twisted neck
and torticollis, have been observed in birds with
brain lesions (Kowalski and Stephans, 1968).
Poor growth and moderate to marked uneven
growth in the flock are often seen after the clini-
cal disease has ended.

Clinical signs are rarely found in mature
turkeys and they seldom die from the infection
(Sato and Adler, 1966). However, they remain
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latent carriers and shed the organisms. Infected
parent stocks may show decreased egg produc-
tion, fertility and hatchability.

Lesions

In poults that die with septicaemia, lesions may
be absent. Frequently, however, there is an
enlarged, congested, mottled, yellow liver, with
pinpoint necrotic foci, distended gall-bladder and
retained yolk-sac. Marked congestion and ero-
sion of the gastrointestinal tract and caseous
casts filling the caecal lumen are common find-
ings. Other lesions include accumulation of
caseous exudate in air sacs and the abdominal or
thoracic cavities.

A small but significant number of poults
have eye lesions. The eye usually has a normal
cornea but an opaque lens and a cheesy exudate
covers the retina. This lesion is not pathogno-
monic, because it also occurs with paratyphoid,
aspergillosis and colibacillosis, although it occurs
more frequently with arizonosis. Purulent exu-
date in the meninges, lateral ventricles of the
brain or the middle and inner ear is seen in birds
with central nervous system signs. In adult birds,
small caseous mesenteric lesions and cystic
ovules have been described by Hinshaw and
McNeil (1946).

Diagnosis of Salmonella Infections in
Turkeys

Clinical signs and lesions are of little value in
diagnosis. Accurate diagnosis must be substanti-
ated by isolation and identification of the
causative bacteria and/or detection of antibodies
using serological examination.

Isolation and identification

Usually the organism can be detected in hatch-
ing eggs, dead-in-shell embryos, heart blood,
liver, spleen, kidney, crop, intestinal content,
unabsorbed yolk, faeces and environmental sam-
ples, such as drag swabs, floor litter, nest litter
and dust.

Yamamota et al. (1961) found S. typhi-
murium in higher number in caecal faeces than in

intestinal faeces after experimental inoculation
of bacteria into the crop of adult turkey. Faddoul
and Fellows (1966) found that, in 70% of the
positive turkey consignments, Salmonella could
be isolated only from intestinal tracts, where they
have a predilection to establish a chronic infec-
tion in the caeca. Hafez and Stadler (1997) inoc-
ulated 3-day-old poults orally with 106 cfu per
bird of S. enteritidis (one group with phage type 8
and the other with phage type 4). Samples of
heart, liver, lung, spleen, crop, proventriculus,
duodenum, caeca, bursa of Fabricius and bone
marrow were collected at 21 days of age and cul-
tured separately for the presence of Salmonella.
The highest detection rates were obtained by
culturing the spleen and caeca. Culturing caseous
material covering the retina is useful for the
detection of S. arizonae in infected birds
(Kowalski and Stephans, 1968).

Method of isolation
A large number of studies on Salmonella isolation
from poultry flocks and poultry products have
been published (see Chapter 21). Because the
experimental designs concerning the kind of
specimens, the Salmonella serovars involved and
culture procedures have varied widely, it is diffi-
cult to compare the results. In addition, there is
no single, ideal scheme for isolation of all
serovars. According to Fricker (1987): 

It is a foolish person who suggests the use of a single
procedure for the isolation of all salmonellas from
all types of samples. One must decide upon which
medium or media to use in the light of knowledge
of the type of sample being studied and the types of
Salmonella likely to be present. 

To choose a method of isolation, the following
aspects must be considered: sensitivity, applicabil-
ity, duration and cost. In every step of isolation,
different factors, such as type of sample, amount
of inoculum, temperature and time of incubation,
may negatively influence the results (Hafez et al.,
1993a). There is no general recommendation for
the media types. In most publications, pre-enrich-
ment, followed by selective enrichment and
streaking on selective agar, is accepted as provid-
ing the most satisfactory results.

The World Health Organization (WHO)
provided guidelines on the detection and moni-
toring of Salmonella-infected poultry flocks, with
particular reference to S. enteritidis (Wray and

140 H.M. Hafez and S. Jodas



Davies, 1994). They recommend the use of
buffered peptone water broth as a non-selective
pre-enrichment, followed by selective enrich-
ment in Rappaport–Vassiliadis (RV) medium and
streaking on xylose lysine desoxycholate (XLD)
and Brilliant green agar (BGA). In addition, bis-
muth sulphite (BS) agar is an excellent plating
medium for the isolation of S. arizonae
(Mallinson and Snoeyenbos, 1989).

Hafez et al. (1993b) carried out a study in
turkey flocks to determine the best technique for
isolation of Salmonella from turkey faeces, using
different selective enrichment media. The results
revealed that using Diasalm agar (Van Netten et
al., 1991) as selective enrichment gives the best
results (Table 8.2).

Conventional cultural procedures for hatch-
ing eggs using egg yolk, albumen or shell samples
have generally resulted in low isolation rates.
Other sample and culture techniques, such as the
‘egg moulding method’ described by Baxter-Jones
and Wilding (1982), have shown increased isola-
tion rates of Salmonella in turkey hatching eggs in
comparison with conventional culture methods.
Hafez et al. (1986) described a further modifica-
tion using enrichment media in empty eggshells.
The reisolation rate of S. senftenberg using this
method was always higher than examination of
yolk and/or albumen alone from artificially cont-
aminated broiler chicken, turkey and quail
hatching eggs. Recent investigation on isolation
of S. enteritidis from experimentally contami-
nated chicken hatching eggs (layer type) using
pre-enrichment of empty eggshell samples led to
significantly higher detection rates, in compari-
son with the same samples cultured without pre-
enrichment after contamination with 102 cfu
ml�1 S. enteritidis (Hafez and Jodas, 1992).

Serological examination

Invasive host-adapted Salmonella are generally
able to stimulate the production of circulating
antibodies, and different serological techniques
may be used to detect the infection. The advan-
tage of serological tests over bacteriological
examination is that antibodies in serum of
infected birds persist for a longer time and the
bacteria shedding in faeces of infected birds is
intermittent. On the other hand, some poultry
with a positive serological response may not be
infected with Salmonella organisms and poultry in
the early stages of infection may be serologically
negative. Antigens and macroserological tests for
the detection of antibodies against Salmonella in
poultry have been described and discussed else-
where (Anon., 1989; Wray and Davies, 1994; see
also Chapter 24).

Several serological tests have been devel-
oped for the diagnosis of Salmonella infections in
turkeys. The rapid whole-blood test (WBT), first
used in the 1920s by Runnells et al. (1927), pro-
gressed into a stained antigen slide agglutination
test (Schaffer et al., 1931). The WBT was shown
to be undependable for the detection of either
pullorum or fowl typhoid in turkeys (Hinshaw
and McNeil, 1940; Winter et al., 1952).
However, the serum agglutination test (SAT) has
been shown to be effective for testing turkey
flocks for antibodies against S. typhimurium and
S. arizonae infections (Timms, 1971; Kumar et al.,
1974). The standard tube agglutination test is
used to test turkey serum for pullorum–typhoid,
S. typhimurium and S. arizonae infection (DeLay
et al., 1954; Mallinson and Snoeyenbos, 1989).
Further methods, such as microagglutination/
microantiglobulin, have been used, with varying
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Table 8.2. Comparison of different enrichment media for detection of Salmonella in turkey faeces (Hafez et
al., 1993a). No. of samples tested = 110.

Enrichment media and temperature used (°C)

Results Diasalm/41.5 RV/41.5 TT/41.5 TT/37

Positive samples 38 30 19 20
34.5% 27.3% 17.3% 18.2%

Negative samples 72 80 91 90
65.5% 72.7% 82.7% 81.8%

RV, Rappaport–Vassiliadis broth; TT, tetrathionate broth.



degrees of success (Williams and Whittemore,
1971; Kumar et al., 1977). Recently, the enzyme-
linked immunosorbent assay (ELISA) using a
variety of antigens, including somatic
lipopolysaccharide, flagella, SEF14 fimbriae,
outer-membrane proteins (OMP) and crude anti-
gen preparations, has been used, especially for
detection of S. enteritidis and S. typhimurium car-
riers in chicken, but there is no available litera-
ture on the using of these methods in turkey
flocks. Nagaraja et al. (1984, 1986) successfully
used the OMP as ELISA antigen for detection of
antibodies against S. arizonae infection in turkey
breeder flocks.

Differential Diagnosis

Young birds with generalized salmonellosis and
arizonosis infections may show signs and lesions
identical to any acute septicaemia caused by a
wide variety of bacteria, including Escherichia coli.
In severe outbreaks of salmonellosis, liver and
heart lesions may be very similar to those seen
with secondary invaders in avian mycoplasmosis.
Nervous symptoms may resemble those of
Newcastle disease, aspergillosis (Jodas and Hafez,
1997) or other diseases affecting the central ner-
vous system. The heavy yellowish-white cheesy
exudate covering the retina is, as indicated previ-
ously, not pathognomic of turkey poults with ari-
zonosis.

Treatment

Treatment of salmonellosis in turkeys with
antimicrobial drugs is highly effective in reduc-
ing mortality and clinical signs, if the treatment
is administered sufficiently early in the out-
break. In turkeys, administration of tetracy-
clines, neomycin, amoxycillin, trimethoprim/
sulphonamide, polymixin B, chloramphenicol,
nitrofurans, fluoroquinolones and gentamicin in
drinking water, in feed or by injection has been
shown to be very effective. However, the major-
ity of survivors become carriers. So far, no drug
or combination of drugs has been found that is
able to eliminate the infection and symptomless
carriers from treated flocks. Hafez et al. (1997)
found that the treatment of turkey flocks with

different antimicrobials to combat respiratory
disease conditions or coccidiosis did not reduce
the shedding of Salmonella in the faeces of natu-
rally infected flocks. On the other hand, Guillot
and Milleman (1990) reported that the use of
enrofloxacin appears to be very effective in
reducing the intestinal carriage of S. typhimurium
after experimental infection.

Generally, the use of antimicrobials will
tend to promote the development of antibiotic
resistance in bacteria, either by mutational resis-
tance or by the acquisition of antibiotic resis-
tance (R) plasmids, which can be transferred to
Salmonella from intestinal E. coli. Resistance to
furazolidone and the quinolones has so far been
unable to spread to different bacterial species,
because it is mediated by chromosomal genes
(Barrow, 1992a).

Although there are some gradual increases
in the resistance to some antibiotics (Wray et al.,
1992), in Germany most Salmonella isolates from
turkeys tested in vitro were sensitive to all
antimicrobials used (Stadler, 1995). On the
other hand, Hirsh et al. (1983) were able to iso-
late R plasmid-mediated gentamicin-resistant S.
arizonae and S. thompson from turkey poults,
hatching eggs and litter. Likewise, Wray et al.
(1998) reported in 1996 that 41% of Salmonella
isolates from turkeys in the UK were resistant to
three or more antimicrobials, primarily because
of the presence of multiply resistant S.
typhimurium DT104. In addition, 75% of the
DT104 isolated showed reduced susceptibility to
fluoroquinolones. Ekperigin et al. (1983) con-
trolled severe outbreaks of disease in flocks of
poults caused by a gentamicin-resistant S.
arizonae strains by the use of oral and parenteral
administration of tetracyclines. In addition,
antimicrobials can promote the development of
L forms.

Sensitivity testing of the involved
Salmonella isolates should be done concurrently
with the commencement of medication, because
the results of resistance tests in different regions
are not comparable and the sensitivity of
Salmonella varies from time to time. 

The European Commission has ruled that
chloramphenicol and furazolidone cannot be
used in food-production animals, including poul-
try, since maximum residue limits cannot be
established (EEC 2377/90, Annex IV).
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Control of Salmonella Infections in
Turkey

In countries with intensive poultry production it
has been determined that, under current condi-
tions, it would be very difficult to eliminate
Salmonella contamination in poultry production.
However, the possibility of eliminating host-
specific serovars and reducing non-host-specific
invasive serovars (paratyphoid) is realistic. In
1992, the European Union adopted a directive to
monitor and control Salmonella infections
(Zoonoses Directive 92/117/EEC) in breeding
flocks of domestic fowl. However, the directive
does not include measures for control of
Salmonella in turkey breeding flocks. Studies in
Canada have shown that Salmonella are wide-
spread in the environment of turkey farms; Irwin
et al. (1994) recovered Salmonella from 9.8% of
feed samples, 79.6% of litter samples and 80.4%
of dust samples. Many countries, however, have
introduced control strategies which are based on
different approaches, with the goal of reducing
and eliminating Salmonella infections in turkeys. 

In general, the major strategy for the control
of Salmonella should include the following.

1. Cleaning the production chain from the top.
2. Feed hygiene.
3. Feed additives.
4. Competitive exclusion (CE).
5. Vaccination.
6. Education programmes.
7. Hygienic measures.
8. Eradication.

Cleaning the production chain from the top

The success or failure of any Salmonella reduction
programme begins at the primary breeder level,
the suppliers of seed stock to most of the world’s
turkey industry. The primary breeders must be
committed to reducing and eliminating
Salmonella in their stock and also in grandparent
stocks (Pomeroy, 1991).

The major strategy for the control of
Salmonella in poultry should now be directed to
cleaning the production chain from the top in
order to prevent the vertical transmission of
Salmonella. Control measures to prevent the
introduction and spread of Salmonella infection

in breeder flocks should concentrate on high
standards of animal management, with bacterio-
logical and serological monitoring of breeding
birds. These measures must be coupled with
meticulous attention to all stages of hatching egg
production.

All eggs should be collected not less than
three times daily and the shells should be disin-
fected soon after collection on the farm, since
the penetration of the shell by microorganisms is
particularly rapid. If the bacteria penetrate the
shell before the egg reaches the hatchery, it is dif-
ficult to find an effective method to counteract
such contamination (Clayton et al., 1985).
Generally, two methods are used to disinfect
turkey hatching eggs under field conditions,
namely, fumigation and dipping in a solution of
detergent or disinfectant.

Fumigation is best done with formaldehyde
gas for at least 20 min, with a concentration of
35 ml formalin mixed with 17.5 g potassium
permanganate and 20 ml water m�3 space.
Temperature during fumigation must be main-
tained at a minimum of 20–24°C and relative
humidity at 70%. The eggs should be placed in
trays that will permit the fumigant to contact as
much of the shell surface as possible. After fumi-
gation, hygienic measures should be followed to
preclude recontamination. Because of the
unpleasant nature of formaldehyde gas and its
possible health hazards to the operator, some
owners elect to use wet treatments. Different san-
itizing solutions are used and most of them are
based on chlorine, glutaraldehyde or quaternary
ammonium compounds. Weand and Horsting
(1978) reported that chlorine, quaternary ammo-
nium compounds and formalin are the most
effective and practical disinfectants for sanitizing
hatching eggs. 

Dipping eggs in detergents or disinfectants is
highly effective in greatly reducing or eliminat-
ing the bacteria from the shell, when performed
correctly. However, there is little or no effect on
those bacteria that have already penetrated the
shell (Baxter-Jones and Wilding, 1981). The
manufacturer’s instructions for the chemicals
used should be followed, particularly those con-
cerning the number of eggs that may be dipped
per litre of solution and how often fresh solution
has to be provided. Attention must also be
directed to the temperature of the detergent,
which must be higher than the egg temperature.
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Eggs sent to the hatchery should not be dry-
cleaned, as damage to the cuticle increases the
risk of subsequent microbial penetration.

Hatcheries must be designed to permit only
a one-way flow of traffic from the egg entry room
through egg trays, incubation, hatching and
holding rooms to the van-loading area. The ven-
tilation system must prevent recirculation of con-
taminated air. Trays used in the hatchery should
be thoroughly cleaned and disinfected before
eggs are placed on them. Fumigation and disin-
fection programmes should not be used to replace
cleanliness but to support it. All eggs should be
sanitized on arrival at the hatchery (presetting
treatment), using fumigation. Additionally fumi-
gation can be carried out after setting. This pro-
vides a final disinfection following handling,
transport and various environmental contamina-
tions, during storage of hatching eggs. Further
fumigations are mostly carried out immediately
after the transfer of hatching eggs from the setter
to the hatcher.

Dipping turkey hatching eggs in disinfectant
and/or antibiotics, using temperature-differential
dipping (TDD) or pressure-differential dipping
(PDD), to control egg-transmitted Salmonella and
other bacterial pathogens has been widely inves-
tigated and is of great value. Baxter-Jones and
Wilding (1981) pointed out that egg treatment
methods to reduce egg-borne Salmonella should:
(i) not be antibiotics, in order to avoid resistance
problems; (ii) be effective for at least 48 h; (iii)
affect neither hatchability nor poult quality; and
(iv) be inexpensive, easy to use and safe for the
staff. Use of disinfectants in TDD on turkey
hatching eggs artificially infected with S.
typhimurium resulted in elimination of the infec-
tion. Similar results have been obtained by treat-
ment of broiler chicken hatching eggs
experimentally infected with S. senftenberg
(Mandel et al., 1987). However, application of
the TDD and PDD methods, using different dis-
infectants, on hatching eggs from layer birds arti-
ficially infected with S. enteritidis did not
significantly reduce the S. enteritidis reisolation
rate of newly hatched chicks (Jodas, 1992). Lucas
et al. (1970) dipped infected turkey hatching
eggs in kanamycin, neomycin and spectino-
mycin. The first two were able to significantly
reduce S. saintpaul but not S. typhimurium.
Investigation by Saif et al. (1971) revealed that
S. arizonae could be eliminated from artificially

infected turkey hatching eggs using the TDD-
method with gentamicin sulphate. In addition,
Saif and Shelly (1973) were able to reduce the
reisolation rate significantly, using the TDD
method and 1000 p.p.m. gentamicin sulphate on
turkey hatching eggs artificially infected with 25
different Salmonella strains. To control the egg
transmission of S. arizonae, Ghazikhanian et al.
(1984) dipped preheated turkey hatching eggs for
2–3 min into 400 p.p.m. gentamicin sulphate and
300 p.p.m. quaternary ammonium compound.
The eggs were then injected via the small end
with 0.6 mg of gentamicin per egg. Results indi-
cated that the proper application of the dual
hatching-egg treatment with effective antibiotic
would totally remove S. arizonae contamination
distributed in different segments of hatching
eggs.

Techniques and equipment for dipping
turkey hatching eggs, using PDD in solutions of
antibiotics are now commercially available.
These methods are largely used for eradication of
Mycoplasma infection in turkeys but are still used
to combat other egg-borne infections, including
Salmonella.

Some turkey hatcheries in Germany wash
the hatching eggs after delivery with disinfec-
tants and water and then dry them with hot air,
followed by dipping in 1000 p.p.m. gentamicin
and/or 500 p.p.m. enrofloxacin under a reduced
pressure of 500 mbar for 5 min. The partial
vacuum is then released and the eggs are allowed
to soak in the antibiotics at atmospheric pressure
for a further 10 min. After removal from the dip,
eggs are allowed to drain and dry before setting
in the incubator.

In a 2-year investigation of parent turkey
flocks and a hatchery, different Salmonella
serovars (S. montevideo, S. mbandaka, S. braen-
derup and S. hadar) were isolated from hatching
eggs delivered to the hatchery from four out of
six examined parent flocks. Bacteriological exam-
inations of 485 samples collected from the hatch-
ery (dead-in-shell, hatchery debris, meconium,
1-day old chicks, transport cartons) on 18 differ-
ent hatching days failed to isolate Salmonella.
The possibility of hatching eggshell contamina-
tion with isolated Salmonella serovars and vertical
transmission to hatched poults could not be
demonstrated, since all hatching eggs were sani-
tized by fumigation on the farm and PDD, using
enrofloxacin, at the hatchery (Hafez et al., 1997).
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Precautions should be followed, since dip-
ping solutions can become excessively contami-
nated with resistant microorganisms such as
pseudomonads, and organic material. To prevent
bacterial contamination of the solution, filtering
with subsequent cool storage and/or addition of
disinfectants is the most effective method.
Thorough and continuous bacteriological moni-
toring of dip solution is also required. The con-
centration of the antibiotics must be examined
regularly and renewed routinely. By using
enrofloxacin, the pH value of the dipping solu-
tion can be corrected during storage. According
to Froyman (1994), the use of egg dipping in
antimicrobials should be critically evaluated,
because of the irregular uptake of dip solution,
uneven distribution of active substance in the
egg compartments and lack of standardization in
dipping technique.

Additionally, it is known that different dis-
infectants used for washing can negatively influ-
ence the antibiotic uptake of hatching eggs.
Therefore it is recommended that the compati-
bility of different disinfectants used for egg wash-
ing and/or used in dipping solution is examined
before application (Bickford et al., 1973; Horrox,
1987). Because the uptake of active agent by the
hatching egg can be very irregular during dip-
ping, individual egg injection with accurate
delivery of the proper dose is preferred in breed-
ing stock of élite and grandparent turkeys.
Automated systems for in ovo drug disposition
before hatch are being developed (Froyman,
1996).

Feed hygiene

Contaminated feed has long been recognized as
the commonest source of new Salmonella serovars
for poultry flocks. Investigations in different
countries have shown that many poultry feed
ingredients are contaminated with Salmonella.
The level of contamination frequently varies
between the time of feed manufacture and its
delivery, which indicates the highly important
role of transport in the recontamination of both
raw materials and finished feed (McIllroy, 1996).
Different approaches have been utilized to reduce
the Salmonella contamination of feed ingredients,
as well as finished feed. The subject is reviewed
in Chapter 17, and the reader is also referred to

Häggblom (1993), who reviewed the Swedish
control methods. Renggli (1996) summarized the
different methods used and the level of deconta-
mination achieved.

Feed additives

Short-chain organic acids
Chemical methods have been established to pre-
vent the recontamination of finished feed. Short-
chain organic acids (formic acid, propionic acid)
have been used recently as feed additives. There
are two fundamentally different applications:
first, for the decontamination, very high acidifi-
cation is needed (6% propionic acid) and, sec-
ondly, for the prevention of (re)contamination,
lower doses (0.5–0.7%) are required and have
been shown to reduce Salmonella colonization in
birds consuming the treated feed (Hinton and
Mead, 1991a). The antimicrobial effect of the
organic acids decontaminates infected feed on
contact and, as a further effect, its residual activ-
ity prevents subsequent reinfection (Hinton,
1996). The acids do not eliminate Salmonella
from dry feed, but they kill the organisms in the
crop of the birds when the feed has been moist-
ened after consumption, by the combined effects
of the acids, higher water activity and tempera-
ture. Recently, Berchieri and Barrow (1996)
showed that formic and propionic acid (Bio-
Add) in feed was able to reduce significantly the
transmission of S. gallinarum strain 9R between
birds after experimental infection. Also, the mor-
bidity and mortality in 1-week-old birds were sig-
nificantly lower (33.3%) in a group receiving
acid-treated feed, compared with 75.6% in a
group receiving untreated feed. The results sug-
gest that some protection could be possible
against other invasive Salmonella, such as S. pul-
lorum, S. enteritidis and S. arizonae, and that the
treatment might be used to reduce the extent of
vertical transmission by these pathogens.
Treatment of feed with organic acids must be
considered as an important support to good
hygiene and husbandry on all production chains.

Carbohydrates
Other feed additives, such as carbohydrates (lac-
tose, mannose, galactose, saccharose), which are
able to influence the caecal environment by
increasing the amount of acid produced by 
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bacterial fermentation, thus decreasing the pH,
have been found to reduce Salmonella coloniza-
tion (Oyofo et al., 1989; DeLoach et al., 1990;
Hinton and Mead, 1991b). Corrier et al. (1991)
found that the addition of lactose to the diet of
turkey poults decreased the caecal pH and, when
it was combined with volatile fatty acid (VFA)-
producing anaerobic caecal microflora, markedly
increased the concentration of undissociated
VFA, thus preventing Salmonella colonization.
Other sugars within more complex carbohydrates
have been successful (Bailey et al., 1991). Further
information is to be found in Chapter 18.

Antimicrobials
Certain antimicrobials can be used as feed addi-
tives to prevent, but not to treat, clinical salmo-
nellosis in poultry. Few antimicrobials are
effective in reducing faecal shedding and they
may prolong excretion. The antibiotics not only
affect Salmonella but also several types of gut flora
that are inhibitory for Salmonella.

Probiotics
Probiotics are products that are able to prolifer-
ate in the intestinal tract and beneficially affect
the host animal by improving its intestinal
microbial balance and consequently enhance the
growth, production and health of farm animals.
The word probiotic is derived from the Greek
meaning ‘for life’ (Fuller, 1992). They are mainly
composed of lactobacilli, streptococci, bifidobac-
teria, bacilli and yeasts. These microorganisms
are able to inhibit the growth of potentially path-
ogenic microorganisms by lowering the pH
through production of lactate, lactic acid and
VFA (Mulder, 1996). The use of probiotics in
chickens was reviewed by Barrow (1992b).

In turkeys, the in ovo inoculation at the
time of transfer of embryonated eggs from the
setter to the hatcher or spray application of
Lactobacillus reuteri has beneficial effects in pro-
moting greater viability, associated with
enhanced colonization of the caeca with L.
reuteri and more rapid shedding of Salmonella
when the birds were challenged with either S.
typhimurium or S. senftenberg at hatch or on the
day after hatch (Edens et al., 1991; Edens and
Casas, 1992).

Casas et al. (1993) reported the use of L.
reuteri in turkey under field conditions. Three
applications using a spray formulation in the

hatchery, the first at 15% pipping (26 days of
incubation), the second at 40–60% pipping and
the third at 12 h before taking the poults out of
the hatcher, resulted in good protection against
in-hatcher contamination with S. typhimurium.
Feed application up to 5–6 weeks of age with
meat turkeys resulted in improved viability, body
weight and feed conversion. Similar results have
been found by Damron et al. (1981).
Improvement of body weight and feed intake was
reported in male turkeys at 20 weeks of age
(Jirophocaked et al., 1990) after using dried
Bacillus subtilis culture.

However, in a number of trials in chickens,
in which birds have been given the probiotic
product and then challenged with small numbers
of Salmonella, in no instance did administration
of the probiotic reduce the Salmonella population
of the caeca (Hinton and Mead, 1991a; Stavric et
al., 1992; Bolder et al., 1993). Hinton and Mead
(1991b) concluded that it is unlikely that the
present formulations of probiotics will have a
part to play in the control of Salmonella infec-
tions in poultry.

Competitive exclusion

CE, also named the ‘Nurmi concept’ or exclusion
flora (EF), in combination with conventional
hygienic measures, has been shown to be very
effective as a preventive measure against
Salmonella infection in poultry, and further
details will be found in Chapter 18. Schneitz and
Nurmi (1996) also presented an excellent review
on CE, with special reference to history, develop-
ment, safety, administration in chickens and
turkeys, benefits and mechanism of function. CE
is a culture of an undefined mixture of microor-
ganisms from the crop and intestinal-tract con-
tents of adult birds (Nurmi and Rantala, 1973) or
defined cultures (Impey et al., 1984; Stavric,
1992). Commercial CE products are accepted
and used in several countries today (see Chapter
18). However, reluctance of authorities to grant
licences for undefined products is one reason for
the slow market penetration (Nurmi et al., 1995).
This may also result in attempts to introduce
characterized CE cultures as defined ones.

CE should be applied to newly hatched
chicks or turkey poults as soon as possible at the
hatchery or farm. Administration can be carried
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out by spray in the hatchery, using either a gar-
den sprayer or an automatic spray cabinet, similar
to that used for Newcastle disease or infectious
bronchitis vaccine. The droplet size should be at
least 1 mm in diameter (Pivnick and Nurmi,
1982; Goren et al., 1989; Mead, 1994).
According to Mulder (1996), however, the
administration of the flora in the hatchery causes
some opposition, because it is illogical to spray a
large number of microorganisms in an environ-
ment which has, by all possible means, to be kept
more or less sterile to prevent contamination. An
alternative is to apply the CE preparation via
drinking-water when chicks or poults are
delivered to the farm (Schneitz and Nuotio,
1992; Wierup et al., 1992; Mead, 1994). Also,
spray application in the hatchery followed by
drinking-water administration on the farm has
been found to be effective in controlling
Salmonella in commercial broiler chickens
(Blankenship et al., 1993). Further applications
in older birds, after antibiotic treatment to regen-
erate the intestinal microflora, have shown satis-
factory results. According to Fowler and Mead
(1990), the combination of antibiotic therapy
and CE was able to reduce the Salmonella infec-
tion rate in broiler breeder flocks and the vertical
transmission to the end-product. Inoculation of
turkeys with intestinal extracts has also been
demonstrated to increase resistance to Salmonella
colonization (Lloyd et al., 1977). Turkey poults
are fully protected with CE prepared from chick-
ens or turkeys (Impey et al., 1984; Reid and
Barnum, 1984; Seuna et al., 1984; Schneitz and
Nuotio, 1992).

The results of Corrier et al. (1991) indicate
that intracloacal inoculation of newly hatched
poults with intestinal flora from adult chickens or
addition of lactose to the feed both significantly
decreased caecal colonization by S. senftenberg.
Furthermore, combined treatment with intestinal
flora and provision of dietary lactose resulted in
generally lower levels of Salmonella colonization
than did either of the two treatments alone.

Many authors reported that treatment must
precede exposure to Salmonella to be protective
(Anderson et al., 1984). However, evidence
exists that CE treatment given after Salmonella
challenge reduces the number of Salmonella in
the chicken caeca and the number of infected
birds in a flock (Schneitz and Nurmi, 1996). For
the control of Salmonella in turkeys, use of caecal

cultures may also be limited by the interference
of antibiotics (Anderson et al., 1984).

Vaccination

Vaccines may be useful in controlling clinical sal-
monellosis caused by host-adapted or invasive
serovars. However, the application of vaccines to
control colonization with non-invasive
Salmonella is unlikely to be effective since
humoral or cell-mediated immunity will have lit-
tle influence on events in the lumen of the gas-
trointestinal tract (Barrow, 1990). In addition,
there is evidence that highly invasive strains are
likely to stimulate a stronger immune response
and to be eliminated earlier than would occur
with less invasive strains (Barrow et al., 1988).

Live and inactivated (killed) vaccines are
used to control Salmonella in poultry, though
there appear to be no reports of the use of live
vaccines in turkeys. McCapes et al. (1967) stud-
ied the use of a Salmonella bacterin in turkey
breeders, particularly to determine whether any
parental resistance would be passed to their
poults. Poults originating from S. typhimurium-
vaccinated hens exhibited resistance to yolk-sac
challenge with both the B group S. typhimurium
and S. schwarzengrund, but not with the E group
S. anatum. According to Thain et al. (1984),
administration of an inactivated S. hadar vaccine
to turkey breeding stock may be of value in limit-
ing the spread of this serovar in young poults.
They found that the use of this vaccine produced
high levels of immunoglobulin G (IgG) antibod-
ies, which were passed on through the egg to the
poults. Also, successful vaccination of turkey
breeders for the control of Salmonella with auto-
genous mineral-oil adjuvant vaccines, prepared
from the serovars S. sandiego and S. arizonae, was
applied by Nagaraja et al. (1988). Their results
suggested that OMP of the organism give better
protection than formalin-killed whole-cell bac-
terin. Ghazikhanian et al. (1984) showed that
using autogenous oil-emulsion S. arizonae bac-
terin resulted in a significant reduction of the
overall egg transmission rate in vaccinated chal-
lenged hens compared with non-vaccinated chal-
lenged turkeys.

The use of subunit vaccines prepared from
OMP from S. heidelberg, incorporating them into
lipid-conjugated immunostimulating complexes
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(ISCOMs), for protection against homologous
and heterologous Salmonella challenge in turkeys
has been studied by Charles et al. (1993). The
reisolation rate of Salmonella from internal organs
after challenge with S. heidelberg, S. reading or S.
enteritidis in turkeys was completely negative for
the homologous serovar and significantly lower
for the heterologous serovar in vaccinated
turkeys. The results also indicate that fewer
turkeys shed Salmonella after vaccination with
ISCOM preparations than after vaccination with
OMP alone.

Education programmes

Since the success of any disease control pro-
gramme depends on the farm and personal sani-
tation, it is essential to deliver education
programmes about microorganisms, modes of
transmission as well as awareness of the reasons
behind such control programmes to people
involved in poultry production. In addition,
effective education programmes must be imple-
mented to increase public awareness of the nec-
essary measures to be taken for protection against
Salmonella in food products from turkeys. Finally,
research must continue to find additional control
and preventive means.

Hygienic measures

Turkey houses should be kept locked and visitors
not allowed to enter without permission. Further
precautions related to staff should be taken,
including regular bacteriological examination to
identify the carriers and to prevent transmission
and cross-contamination on the farm. The all-in,
all-out principle should be adopted wherever pos-
sible. Multiple ages of birds on a farm constitute
a serious disease risk, in particular if multiple-age
birds are closely associated. When a turkey house
is depopulated, all droppings and litter should be
removed from the house prior to cleaning.
Cleaning, disinfection and vector control must
be integrated in a comprehensive Salmonella con-
trol programme. The procedure should be tai-
lored to meet the particular needs. The cleaning
and disinfection programme should include the
time schedule, type of disinfectant and concen-
tration and desired level, as well as check and

microbiological monitoring of the procedures.
The procedures should be established not only
for cleaning and disinfecting the house and sur-
faces but also for cleaning and disinfection the
equipment that is itself used for cleaning.
Rodents, especially rats and mice, are particularly
important sources of Salmonella contamination of
poultry houses. Intensive and sustained rodent
control is essential and needs to be well planned
and routinely performed, and its effectiveness
should be monitored. Household pets also consti-
tute a serious Salmonella hazard. Buildings should
therefore be animal-proof. Guidelines on clean-
ing, disinfection and vector control in
Salmonella-infected poultry flocks have been
given by WHO (Anon., 1994).

Additional hygiene measures are leaving a
house empty for 2–4 weeks before a new flock is
placed and restocking with poults from a known
Salmonella-free source, if possible. The rearing of
several successive flocks on the same litter should
be avoided.

Eradication

Pullorum disease and fowl typhoid have been
nearly or totally eradicated from countries with a
modern turkey industry through consequent test-
ing and eradication of the infected breeding
flocks. A similar development appears to have
been achieved with S. arizonae and, to a lesser
extent, with S. typhimurium in turkey breeding
stocks. The methods of testing for detection of
carriers and the measures adopted are described
elsewhere.

Public Health Aspects

In spite of significant improvements in technology
and hygienic practice at all stages of poultry pro-
duction, accompanied by advanced improvement
in public sanitation, salmonellosis remains a per-
sistent threat to human and animal health. In
many countries, the high incidence of salmonel-
losis in humans appears to be caused by infection
derived from contaminated poultry meat, includ-
ing turkeys. According to Dubbert (1988), even
with its apparently high contamination rate, meat
poultry has not been the leading cause of food poi-
soning. Statistics gathered by the Centers for
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Disease Control in the USA from 1973 to 1983
show that turkey was implicated in 9% of salmo-
nellosis outbreaks in which the vehicle was
known, while beef or veal accounted for 19% of
the outbreaks. In addition, the poultry industry
does far more extensive monitoring than other
meat producers, and the number of annual isola-
tions from poultry compared with that from other
meats reflects the level of testing, rather than the
level of contamination (Murray, 1992). However,
with the high prevalence and contamination rate
of turkey meat and products with Salmonella, it is
not surprising that turkey products are an impor-
tant source of human Salmonella infection
(Gensheimer, 1984; Smith et al., 1985; Todd,
1987; Yule et al., 1988; De Boer and Van der Zee,
1992; Hafez et al., 1997). Bentley (1984) reported
that 70% of poultry-associated food-borne salmo-
nellosis in Canada derived from turkey meat. In
the turkey industry, the practice of further process-
ing turkey carcasses for sale as portion, sausage or
burgers, etc. has increased worldwide. The greater
proportion of turkey meat is still used, however, in
the catering industry. The contaminated products
cause disease as a result of inadequate cooking or
cross-contamination of working surfaces in the

kitchen environment. Large outbreaks are mostly
associated with the food prepared in food-service
establishments, such as hotels, restaurants and
institutions, and by catered foods.

In the UK until 1980, the most significant
serovar isolated from turkeys has been S. hadar,
which was first identified in 1969 in poultry offal
meal imported from Israel. In 1973, turkey breed-
ing flocks were infected from feed, with rapid
spread in both turkeys and chickens, and by 1976
this serovar had become the fourth most fre-
quently isolated Salmonella from humans in
England and Wales (Watson and Kirby, 1984). In
an analysis of the factors contributing to the
more than 1000 outbreaks of food poisoning in
England and Wales between 1970 and 1979,
Roberts (1983) concludes that the food most fre-
quently responsible was poultry. In 168 human
outbreaks, turkey meat was implicated.

New approaches to the problem of contami-
nation must be adopted and the discussion on
the decontamination of the end-product must be
re-evaluated carefully and without emotion. In
general, the basic conception of the problem and
what needs to be done to solve it have remained
the same.
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Chapter 9

Salmonella Infection in Ducks

Robert R. Henry
Cherry Valley Farms, North Kelsey Moor, Lincoln LN7 6HH, UK

Historical Perspectives

Duck farming for the production of meat and
eggs has been practised for several thousand
years. The association between ducks and
Salmonella has been known for probably about as
long, if not in exactly those terms, at least as a
‘cause-and-effect’ situation, in that the consump-
tion of duck eggs was associated with a high
probability of ‘stomach upset’. That this was
probably due largely to the presence of S.
typhimurium transmitted to the egg by a clinically
perfectly healthy duck was a discovery that came
very much later. The concept of ‘Salmonella food
poisoning’ is of relatively recent origin and the
present general interest even more recent, being
a side-effect of urbanization and intensive farm-
ing, combined with mass catering.

Although food poisoning as a result of eat-
ing duck eggs has been recognized for centuries,
so far as can be determined (on the basis of lack
of reported incidents) Salmonella food poisoning
from duck meat is very rare. This is probably due
largely to the culinary methods and eating habits
of the relatively small proportion of the popula-
tion that eats duck meat, rather than to any great
difference between duck farming and other poul-
try farming methods.

In spite of the long history of the association
between Salmonella and duck, the literature on
the subject is scanty and is largely confined to
reports of serovars isolated on routine monitoring
of post-mortem specimens either targeting poul-

try in general or as part of a more general
Salmonella prevalence survey. This lack of infor-
mation may simply reflect the view that the
source of infection, epidemiology, diagnosis and
treatments reported for the other avian species
apply equally to the duck. This is, of course,
largely true, but there are some differences,
which may be relevant when considering moni-
toring procedures or treatment regimes.

The following commentary reflects mainly
experiences in the UK, with references where
applicable to work from other countries. All ref-
erences relate to the Pekin/mallard type of duck
(Anas platyrhynchos), unless otherwise stated.

Pathogenesis

Although the prevalence of Salmonella in the
duck population (both farmed and feral) is well
recognized internationally, the degree to which
the duck population itself suffers as a conse-
quence appears to be minimal. It may be that the
gregarious habits of the species in its natural
habitat and the fact that it tends to swim, feed
and drink in what can only be regarded as its
own effluent has, over the millennia, produced a
genetic strain tolerant to the potentially patho-
genic organisms residing in the gut to which this
behaviour pattern exposes it. Whatever the rea-
son, the duck is not uncommonly infected with
Salmonella but is only very rarely diseased, so far
as can be determined by clinical observation.
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Septicaemia due to Salmonella may occasionally
arise but can usually be traced to some form of
environmental or managemental stress. Such
infections are most common in very young duck-
lings that have been exposed to chilling stress or
where lack of good hatchery hygiene has permit-
ted massive challenge.

Clinical Disease

The usual signs of clinical disease following
infection are more common in the very young
duckling, and generally commence in the imme-
diate post-hatch period. The recent experience
with S. enteritidis phage type (PT) 4 was that,
although immediate post-hatch infections were
seen, in birds of about 3 weeks of age or more the
clinical condition also occurred under those cir-
cumstances that otherwise commonly give rise to
Escherichia coli septicaemia.

Where clinically significant Salmonella
infections do arise, the signs are those common
to almost any bacterial infection: general listless-
ness, hunched appearance, diarrhoea, dehydra-
tion (as evidenced by semi-closed eyes with
possibly some ‘gumming’ of the eyelids), reduced
food and water intake, possibly some signs of ner-
vous incoordination and eventual coma and
death. The progress through the various stages
may take only a few hours (hence the American
term ‘keel disease’, because ‘the birds just keel
over and die’). Perhaps more commonly, the
clinical condition runs a course of 4–5 days.
Recovered birds may show some degree of
unthriftiness, which, in some cases, can be asso-
ciated with a hock or foot arthritis or synovitis.
When adult birds become infected there are nei-
ther gross clinical signs nor even a drop in egg
production, so far as can be determined from field
cases and experimental infections. It has, how-
ever, been reported that, following experimental
challenge, there is a change in eggshell structure,
which is consistent with the presence of stress
within the flock (S.E. Solomon, Glasgow, per-
sonal communication, 1997). If changes in egg
fertility or hatchability follow the change from
negative to positive Salmonella status of a flock,
they are too slight to be apparent, even when
true egg transmission results. Whether this lack
of obvious effect results from the sometimes slow
spread of infection through an adult population

or whether it reflects the tolerance of the duck is
not clear.

Post-mortem Findings

On post-mortem examination of birds that have
died or are showing clinical signs due to Salmonella
infection, the pathological findings cover the full
range of reactions that may be noted in the fowl,
with, to varying degrees, carcass congestion, peri-
carditis, perihepatitis, hepatic microabscesses,
typhlitis and the emaciation, dehydration and
nephrosis/nephritis, that probably reflect more the
general malaise of the bird than any specific effect
caused by the Salmonella. In this context, it should
be noted that nephritis, particularly with accom-
panying visceral gout, is, in the duck, pathogno-
monic for lack of water intake, irrespective of the
cause. Although microabscesses (demonstrable as
small pale spots on the liver) may result from
Salmonella infection, in birds of between 1 and 2
weeks of age, streptococcal infections may be
found to have a similar effect.

Zhakov and Prudnikov (1987) reported
changes in the bursa of Fabricius and thymus in
ducks immunized with live S. typhimurium vac-
cine and challenged subsequently. Bursal follicu-
lar depletion was observed, with enlargement of
the medulla of the thymus and reduction in the
size of the cortex. These findings may have sig-
nificance with regard to the immune mechanisms
being activated, but bursal changes, at least, are
not specifically associated with salmonellosis and
bursal regression in ducks has also been associ-
ated with reovirus infection (Smyth and
McNulty, 1994).

Diagnosis

There are, in general, two situations in which
‘diagnosis’ of Salmonella infections is called for;
the first of these is the technically trivial situa-
tion in which clinical signs of disease are present,
with, and occasionally without, gross pathologi-
cal changes to be found in dead or sacrificed
birds, while the second is the rather more chal-
lenging requirement for accurate but economi-
cally sustainable monitoring of layer/breeder
flocks for Salmonella infection and transmission of
Salmonella to the egg.
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For the purpose of diagnosis of clinical dis-
ease, it is usual to culture affected organs on blood
agar and MacConkey agar media, with subse-
quent aerobic incubation at 37°C for 18–24 h. In
cases of acute salmonellosis, an almost pure
growth of Salmonella can be expected if the speci-
mens are reasonably fresh. Identification from ini-
tial culture by serological or biochemical means is
usually possible. Although multiple-serovar car-
rier status is not uncommon, clinical salmonel-
losis would appear to be due to single serovars.

It is also recommended practice to take cul-
tures from the brains of ducks that have died or
have shown either nervous signs or general
malaise, because Salmonella can be recovered
with reasonable certainty. There is an advantage
that contaminants seem to be less prevalent in
this tissue than, for instance, in liver or spleen.
Recovery of Salmonella from the brain of birds
that merely show presumptive Salmonella-associ-
ated malaise is less common, possibly because the
level of malaise at which culls may be taken
varies considerably, or possibly because the
assumed association is false, despite the fact that
the bird may be a Salmonella carrier.

Monitoring Programmes

The situation with regard to the diagnosis of car-
rier status/egg-transmitter status is more complex,
mainly because of the limitations imposed by
costs and practicalities. The wide range of pro-
grammes designed for monitoring flocks for the
presence of Salmonella demonstrates the unsuit-
ability of any one of them for all situations.

In considering the suitability of a pro-
gramme for any given set of circumstances the
following factors should be considered.

1. Egg transmission can occur without clinical
signs in either parent or offspring.
2. Infection results in faecal shedding of the
organism for a greater or lesser length of time,
irrespective of when the first infection
occurred.
3. On a flock basis, egg transmission of one
Salmonella serovar may take place with faecal
shedding of a different serovar. It has not been
established whether this implies dual infections
in some cases.
4. As far as can be determined, seroconversion

in the parent always accompanies egg transmis-
sion. 

Sampling strategy

The strategy for monitoring parent flocks for
Salmonella status starts with the assumption that
any infection that may be present has, at some
time or other, entered via the oropharynx and
will have, shortly thereafter, appeared at the
cloaca, where it will be present for a variable
length of time. As far as is known, wound infec-
tion/insect bites in the duck are not a significant
factor in the spread of salmonellosis, although
injection of S. virchow has been reported to result
in faecal excretion and vertical transmission
(Gosh et al., 1990).

The optimum strategy with respect to moni-
toring parent flocks for potential to spread
Salmonella to their offspring involves sufficiently
frequent faecal sampling from 1 day old onwards,
together with possibly serological investigations.

Sampling tactics

In the UK, the Poultry Breeding Flocks and
Hatcheries Order (HMSO, 1993) does not apply
to duck breeders, but conformation with its
requirements appears to be a sound basis for
Salmonella monitoring. This Order lays down
requirements, inter alia, to take box liners and
‘dead on arrival’ from newly placed parent flocks,
followed by all birds that die or are culled in the
first 4 days. These examinations are useful for
monitoring infection of parent or hatchery ori-
gin, provided that an adequate number of sam-
ples are taken. Although the prevalence of
infection emanating from a contaminated hatch-
ery may be high, this is not necessarily so, and
equally the tendency for Salmonella infection to
spread amongst day-old ducklings is high, but
this also does not necessarily occur. Personal
observation (R.R. Henry) shows the possibility of
nine faecal excretors of S. enteritidis in a pen of
400 birds, part of a total flock size of 2500 up to
an age of 5 weeks (when the infected birds were
identified and removed).

There are further requirements in this Order
to take composite faeces samples at 4 weeks of
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age and 2 weeks before ‘entering the laying
phase’. This frequency of monitoring may be
inadequate to identify an infected flock early
enough for some remedial action to be taken.

Experience has shown that the use of cloa-
cal swabs to determine faecal excretion of
Salmonella is less efficacious than the use of litter
samples. The belief that a high percentage of the
birds may be excreting at any one time is not
well founded. Examination of litter samples is
capable of revealing levels of excretion that may
be missed by cloacal swabbing unless a very high
percentage of the birds is examined. Perhaps
because of the nature of duck litter management,
it appears that examination of litter is more
effective and more practical than the examina-
tion of drag swabs. Examination of water from
drinking troughs is also a possible sample source
for monitoring for Salmonella, but the number of
recovered organisms (per gram of material) is not
as high as from litter. Samples taken at fort-
nightly or monthly intervals appear to be an
appropriate compromise between cost/work load
and effective surveillance. There are situations in
which examination of litter samples or other
sources of faecal material are not appropriate –
for instance, during medication for other condi-
tions.

Depending on the past history and age of
the birds, reliance may have to be placed on
serology or, if appropriate, bacteriological exami-
nation of egg material. For examination of egg
material to be an effective monitoring procedure,
selection of an appropriate number of eggs is
essential. If the Salmonella status of a potential
breeder flock is in doubt due to lack of testing,
from a management point of view it is optimal to
screen those eggs produced at the onset of lay
that are not considered suitable for the produc-
tion of commercially viable offspring. Almost by
definition, under these circumstances, the egg
numbers will be low and infertility high, but,
since examination of live eggs is not optimal for
Salmonella recovery, this is not a problem. In the
early stages of lay, it may be necessary to examine
all available eggs to obtain reliable data. These
eggs should be incubated for at least 10 days prior
to bacteriological examination. The examination
of fresh eggs is not an effective monitoring proce-
dure.

For eggs being taken on to hatch, the eggs
discarded at the candling of eggs after 10 days of

incubation appear to be the most practical and
productive material for Salmonella detection.
Early dead embryos are preferred to ‘clears’ (i.e.
infertile eggs), although Salmonella may not be
the cause of early embryo death. However, cul-
ture of such eggs, if it produces Salmonella, usually
produces it as a monoculture, with a bacterial
count of the order of 106 colony-forming units
(cfu) g�1.

Apart from identifying positive parent flocks
with complete accuracy (and reasonable sensitiv-
ity), the technique has the advantage that it
leaves time for the eggs to be hatched in isola-
tion or diverted to another hatchery, should such
options be available, thus preventing spread to
other hatchlings. Given a moderate degree of
care, it is possible and, in some parts of the world
commonplace to move duck eggs at about 23
days of incubation over considerable distances,
for the final stages of hatching.

The examination of meconium or hatch
debris/dead-in-shell, as required by the Poultry
Health Scheme in the UK, is clearly too late for
much useful action to be taken and, unless the
hatcher contains the offspring of only one parent
flock, it is considerably less accurate with regard
to the identity of the parent source of any 
isolate(s).

Antibiotic Sensitivity

Salmonella isolates in the UK show good in vitro
sensitivity to amoxycillin, apramycin, chloram-
phenicol, colistin, cotrimoxazole, enrofloxacin,
framycetin, neomycin, spectinomycin, strepto-
mycin, the tetracyclines and trimethoprim.
Wasniewski and Galazka (1991) reported from
Poland that, of 41 S. typhimurium and 74 S. enter-
itidis isolates, 95% and 92%, respectively, were
enrofloxacin-sensitive and ‘much fewer’ were
sensitive to streptomycin, oxytetracycline,
neomycin and chloramphenicol.

Treatment

Treatment of ducks for clinical salmonellosis is
only rarely necessary. Since the disease usually
follows some form of stress – frequently chilling –
the primary action is to remedy the predisposing
cause if this is still relevant. Should veterinary
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advice indicate that antibiotic therapy is
required, the only antibiotic licensed in UK for
water administration is amoxycillin. For in-feed
medication, chlortetracycline is suitably licensed.
The evidence that either of these is likely to be
of clinical benefit for the control of salmonellosis
is scanty. The clinically affected birds tend not to
eat or drink and hence do not benefit from the
medication provided. Antibiotics may help to
reduce the weight of challenge to the in-contact
birds but neither of those mentioned above
appears to prevent production of the carrier state.
For both the above licensed medications, the
withdrawal time is 7 days.

Treatment of faecal excretors of Salmonella
to limit environmental contamination is possible
using neomycin in the feed at a standard rate of
320 g activity t�1. The feed supply rate should be
taken into account when calculating the appro-
priate medication rate. If birds are not fed ad
libitum, there may be considerable intake of litter,
with resulting medicament dilution. The use of
neomycin in the food prior to moving birds from
rearing to laying premises has also coincided with
the disappearance of faecal shedding of some
Salmonella serovars.

Treatment of layers to eliminate S. enteritidis
(PT4) has been shown to be possible by the use
of enrofloxacin medication, following the manu-
facturer’s recommended regime. The treatment of
flocks to prevent egg transmission of other
Salmonella is presumably possible by the same
means, although faecal transmission may well
cease spontaneously without treatment and with-
out the appearance of egg transmission. However,
the successful eradication of S. typhimurium from
a positive laying flock has not been achieved so
far. Egg transmission of the organism has been
very significantly reduced but, in a flock of only
100 layers, a low level of transmission eventually
reappeared following enrofloxacin treatment.
Tenk et al. (1994) report treatment of a flock of
geese with a 31% excretion rate using
enrofloxacin. Salmonella excretion was suspended
for a period of 42 days, at which time a 4% excre-
tion rate was observed. That this followed pluck-
ing stress is probably significant.

Given a suitably large selection of small
flocks, suitable hatchery and rearing arrange-
ments and an intensive monitoring programme, a
medication regime would permit Salmonella-neg-
ative parent flocks to be established.

Prevention

Although the use of anaerobic cultures of adult
bowel flora to colonize the intestinal tract of the
fowl has proved a useful technique in limiting
Salmonella carrier status (Nurmi and Rantala,
1973), the technique has not, as yet, proved use-
ful for the duck. Ducklings infected with
Salmonella at 1 day old or shortly after, whether
given a strictly anaerobically grown culture of
adult bowel flora or not, will become carriers for
a variable length of time, which may last until
point of lay. This is, perhaps, all the more sur-
prising because attempts to evaluate the preven-
tive effects of adult bowel flora on carrier status
with artificially challenged day-old ducklings
have foundered over the failure to establish
infection and transmission in the negative con-
trols. The factors that differ between the field
and experimental situation are not yet clear.
That there is possibly a requirement for further
investigation in this respect is suggested by the
fact that Salmonella carrier status may sponta-
neously disappear from a flock coming into lay
and that the spread of even S. typhimurium
between adjacent houses does not necessarily
take place. Even pen-to-pen spread of infection
is not inevitable, at least in the short term, in
spite of movement of stockman foot traffic
between pens.

Vaccination of day-old ducklings to prevent
either S. enteritidis or S. typhimurium infections
has not been attempted. Immunization of older
birds with either Bovivac (Hoescht Rousel) for
its S. typhimurium content or the S. enteritidis
vaccine (Salenvac™) failed to prevent egg trans-
mission of these Salmonella. There is reason to
believe that the prevalence of egg transmission
was reduced and these vaccines (as appropriate
to the problem) may prove a useful adjunct to
medication in an eradication scheme.

The use of live vaccines has not been con-
sidered because none are commercially available
in the UK but, in view of the immune mecha-
nism of the duck, these might be the only ones
likely to be fully effective.

Sources of Infection

Salmonella infections can be spread both horizon-
tally and vertically.
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Horizontal transmission

Horizontal transmission would appear, from a
comparison of raw feed-material isolates and
duck isolates, to account for the changes in
prevalent serovar that occur on farms from time
to time, and possibly in a significant proportion
of the ongoing incidences. The role of litter-
material contamination, residual environmental
contamination and feral vectors in the latter
context should not, however, be underestimated.
The latter two may account for the recrudes-
cence of infections considered to have been
eliminated from the farm.

Feed
Although heat treatment of duck feed and the
incorporation of organic acids into the feed have
significantly reduced the prevalence of feed-
borne Salmonella, the extent of treatment is not
yet total. Thus it will not prevent the adventi-
tious contamination of feed during the later
stages of manufacture, storage and transport. The
situation in this respect is currently improving
but until such time as raw materials are free of
Salmonella contamination it is likely to be a
major source of infection.

Environment and feral vectors
The horizontal transmission of Salmonella from
contaminated environments and from wild birds
and vermin is universally acknowledged. The
role of fomites and possibly even human vectors
tends to be forgotten, but lapses in biosecurity
from these sources are equally probable. In
flocks that conform to the requirements of the
UK Poultry Health Scheme, horizontal trans-
mission from these sources is under good con-
trol. In the UK, a dramatic change has taken
place over the last 10 years and Salmonella-nega-
tive breeder flocks are becoming more common
and are probably as common as Salmonella-posi-
tive ones.

The Salmonella-negative status of grower
flocks is less common, mainly because of eco-
nomic factors, which give rise to the requirement
for multi-age sites, where satisfactory inter-crop
clean-down may be compromised by the proxim-
ity of other livestock and a safe haven for vermin
may be readily available. There is a significant
move towards resolving the situation.

Litter
One of the main differences between the man-
agement practices of duck growing and broiler or
turkey growing is the need to replenish the duck
litter material on a daily basis. In the UK, the lit-
ter can be either of wood by-product origin
(shavings or sawdust) or straw (usually barley or
wheat straw).

The concept that either litter source will be
Salmonella-free is far from certain. Contamination
of straw can be expected to occur both in the field
and, more probably, in the stack, which, unless
preventive steps are taken, can become home to
rats/mice and wild birds, and home/hunting-
ground to cats, all of which are potential carriers
and disseminators of Salmonella contamination.
The situation with regard to wood shavings or
sawdust is somewhat similar. Although the faecal
material that might carry the contamination is
(relatively) easier to identify in wood shavings
than in straw, there is little practical that can be
done on farm to remove any such contamination.
The behaviour pattern of ducks is such that they
avidly sift through the fresh litter provided, for
extraneous and possibly tasty/nutritious material.
Straw, shavings, litter and almost anything else of
ingestible size are likely to be swallowed. Proper
storage of the bulk material at source before deliv-
ery to the distributor and proper packaging of the
final product prior to farm delivery are essential if
Salmonella contamination from these sources is to
be avoided.

Vertical transmission

True egg transmission occurs when the egg is
infected before oviposition. The alternative route
of vertical transmission, egg contamination, may
occur in conjunction with or independently of
egg transmission. The duck egg usually has a very
thick cuticle, which may help to prevent inva-
sion of the egg by Salmonella via eggshell pores,
but it is observed that cuticle cover can vary con-
siderably. Additionally, cuticle removal may
commonly be seen as a result of the surface of the
egg being scraped by the parent or another duck
while the cuticle is still soft after oviposition.
Ducks have a habit of defecating in the nesting-
boxes provided and duck faeces are of a fluid con-
sistency. Baker et al. (1985) observed that good
egg hygiene is helpful in minimizing hatchery
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contamination. The occurrence of egg transmis-
sion of S. typhimurium and the faecal excretion of
a different Salmonella serovar by birds in a flock is
not unknown, although whether individual birds
were dual-infected has not been ascertained.

Under normal circumstances, true egg trans-
mission of Salmonella in the duck is very largely
confined to transmission of S. typhimurium.
Whether the egg transmission of S. enteritidis by
the duck was true egg transmission, or fell into
the category more properly referred to as egg con-
tamination, does not appear to have been inves-
tigated fully for the duck. However, the
apparently successful use of antibiotic to control
faecal excretion and the continued appearance of
S. enteritidis-infected day-old ducklings tends to
suggest the former.

Vertical transmission has been identified in
mature layers as soon as 8 days after challenge
following artificial infection through the drink-
ing water with S. typhimurium, supplied at the
rate of 103 cfu bird�1 in their water.

The use of neomycin in the food at up to
640 g t�1 failed to prevent egg transmission of S.
typhimurium, although extensive bacteriological
examination indicated the absence of faecal
excretion over the period of lay (R.R. Henry,
personal observation).

The natural egg transmission of Salmonella
serovars other than S. typhimurium has not been
demonstrated in the author’s experience,
although vertical transmission of S. livingstone
and S. nagoya have been noted. Egg transmission
of S. hadar has been noted in the Muscovy
(Barbary) duck (Cairina moschata). This type of
bird is, in many ways, more goose-like than duck-
like in many of its attributes. Gosh et al. (1990)
reported the vertical transmission of S. virchow
following both oral and intraperitoneal challenge
of adult birds.

Hatchery transmission
Whether Salmonella egg infection takes place by
true egg transmission, shell penetration or exter-
nal shell contamination, the end effect is conta-
mination of, first, the hatchlings and hatcher in
which the eggs are hatched, secondly, ducklings
of the same and other parentage in the same
hatcher and, thirdly, the general hatchery envi-
ronment, from which further duckling infection
may take place at a later date. 

Salmonella Serovars

The Salmonella serovars that may infect ducks
and give rise to general infection and/or gut car-
rier status appear to differ little from those that
would be expected to behave similarly in the
fowl or turkey, except that the fowl-adapted S.
pullorum/gallinarum does not appear to be a par-
ticular duck pathogen (Buchholz and Fairbrother,
1992), although its presence has been recorded
on occasion.

A survey in the USA by Price et al. (1962)
on 7029 post-mortem occasions carried out over
10 years isolated 491 Salmonella. Of these, 457
(93%) isolates were S. typhimurium and there
were fewer than ten each of the other serovars
(Table 9.1). These organisms were isolated from
ducklings considered to be clinically affected
with ‘keel disease’, but in retrospect the role of
some of the isolates as the primary cause of dis-
ease may be doubtful. A similar survey in
Slovakia by Simko (1988) reported on 679
Salmonella isolations, of which 61% were S.
typhimurium, 22% S. anatum, 4% S. meleagridis
and other serovars (Table 9.1) were less than 1%.
He also reported 706 isolations from goose farms,
of which 41% were S. enteritidis, 17% S.
typhimurium, 16% S. anatum and 11% S. newport
and other serovars listed in Table 9.1.

Because of changes in both UK legislation
and public attitude, considerable attention has
been paid to the presence of Salmonella in the gut
of many species, including ducks. Routine sur-
veillance has shown carrier status of the serovars
listed in Table 9.1, both in apparently healthy
ducks and, rarely, associated with clinical infec-
tions of ducklings in the first few days of life. In
recent years (1989–1996) in the UK, S.
typhimurium and S. enteritidis have been associ-
ated with septicaemia in young duckling, but as a
primary cause of disease they did not and do not
figure strongly.

The statistic of apparent prevalence of
Salmonella in general or any one serovar in par-
ticular seems to depend as much on the level of
interest shown in the subject as on the true inci-
dence. Multiple isolations – for instance, in the
process of ascertaining the longevity of carrier
status – tend to bias the statistic as to the actual
numbers of birds infected and the overall poten-
tial health impact (on birds or humans), unless
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very careful correlation of the reported isolations
is carried out.

These UK isolates from ducks have usually
been seen as transient gut infections and occa-
sionally as short-term hatchery or farm residents.
S. typhimurium is almost certainly the predomi-
nant serovar in the UK, as elsewhere, probably
because, in addition to horizontal transmission, it
is the subject of vertical transmission (q.v.) by all
routes.

In general, the lists of isolated serovars seem
to reflect mainly feed-material contamination
and, as such, may be expected to be broadly simi-
lar around the world and across species at risk,
following the common economic pressures for
cheap feed ingredient raw material.

Isolation of Salmonella

The culture of Salmonella from material of duck
origin may be carried out with almost any of the
recognized pre-enrichment, enrichment and
selective media in common use (see also Chapter
21). Although the growth characteristics of
Salmonella on selective media are well docu-
mented, the different media are usually designed
to be optimal under specific conditions, which
may not include unforeseen types of background
flora such as occurs in ducks. In the case of
under-investigated species, such as ducks, ad hoc
investigations of new media are recommended,
in view of the findings of Mann and McNabb
(1984), who investigated the prevalence of

Salmonella in geese. To investigate the use of dif-
ferent media for isolation of Salmonella from duck
material, a trial was carried out by R.R. Henry
(unpublished observations). Samples of 25 g of
neck-flap or sliced giblets and 10 g amounts of
meconium, all known to be contaminated with
Salmonella, were diluted with buffered peptone
water at ratios of 25 g : 225 ml and 10 g : 90 ml,
respectively, and incubated overnight at 37°C.
Appropriate subcultures were made in the follow-
ing enrichment media: tetrathionate (Tet.),
Rappaport–Vassiliadis broth (RV), RV soya pep-
tone broth (RVS), selenite (Sel.) and modified
semi-solid RV (MSRV). After incubation, sub-
cultures were made on to xylose lysine desoxy-
cholate (XLD) agar, XLD agar + novobiocin
(XN), brilliant green agar (BG) and
xylose–lysine + tergitol 4 agar (XLT4).

No media combination was totally success-
ful and slight differences between different com-
binations of enrichment broths and selective
agars were apparent in relation to the different
Salmonella serovars present, e.g. MSRV favoured
the isolation of S. enteritidis but missed S. mban-
daka, whereas RV favoured S. typhimurium and S.
indiana. When two or more different serovars
were present, none of the combinations detected
the maximum of three different serovars.
Differences were also apparent in the ease of
media preparation, e.g. XLT4 equated in use to
XN, but required the addition of four compo-
nents, in contrast to one for XN. The selection
of the optimal media combination must largely
remain a matter of individual choice, but this
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Table 9.1. Salmonella serovars isolated from ducks.

Serovar Author Serovar Author Serovar Author

S. agona 2, 2*, 3 S. hadar 2, 2*, 3 S. nagoya 3
S. anatum 1, 2*, 3 S. heidelberg 2, 2*, 3 S. newport 1, 2*, 3
S. bareilly 2, 2* S. indiana 3 S. oregon 1
S. binza 3 S. infantis 3 S. orion 3
S. braenderup 3 S. kedougou 3 S. panama 1, 2*
S. bredeny 2*, 3 S. lille 2* S. regent 3
S. choleraesuis 2* S. livingstone 3 S. saintpaul 1
S. derby 3 S. london 2 S. seftenberg 1, 3
S. enteritidis 1, 2*, 3 S. manchester 1 S. thomasville 3
S. frenso 3 S. manhatten 1 S. typhimurium 1, 2, 2*, 3
S. gallinarium/
pullorum 2 S. mbandaka 3 S. virchow 2
S. give 1, 3 S. montevideo 2 S. wangata 3

Authors: 1, Price et al., 1962; 2, Simko, 1988: ducks; 2*, Simko, 1988: geese; 3, MAFF (1997).



study indicated that the RVS with BG and XN,
with Sel with BG and XN as a back-up, appears
to be the medium of choice.

The procedure for the examination of egg
material may follow any of the procedures out-
lined above, but the findings (over 4000 acces-
sions involving 15,000 eggs) suggest that, if
eggshells are suitably disinfected, the pre-enrich-
ment incubation of whole, macerated 10-day-
incubated dead-embryo or clear eggs at 37°C
overnight, followed by direct plating to BG and
XN, is a more cost-effective procedure for detect-
ing contaminated eggs with a view to categoriz-
ing a parent flock as Salmonella-positive or
-negative. This method saves on media, time and
incubator space. Should results, for some reason,
prove equivocal, the pre-enrichment broth can
still be subjected to selective enrichment at 48 h
post-inoculation.

It has been noted that XLD (with or with-
out 10 p.p.m. novobiocin) has the unexplained
and unmatched property of showing duck-associ-
ated S. typhimurium as a noticeably smaller
colony than other Salmonella or even S.
typhimurium from other sources. This property is
retained even after the Salmonella has been sub-
cultured on non-selective media four times. The
colony size, which is also independent of the H2S
production characteristics of the isolate, is a use-
ful marker in the laboratory, enhancing the abil-
ity to ‘pick off ’ multiple isolates and saving on
time spent on identification of the selected small
colony isolate.

Serology

Ducks that are challenged by a disease entity
will, like any other species, mount a combination
of cell-mediated and humoral responses. The
humoral response produced by the duck differs
from that of the other farmed avian species, both
in the detail of the immunoglobulin G (IgG)
produced and in the amount and nature of the
IgM. These differences in the humoral response
have been summarized by Higgins and Warr
(1993).

From a practical serological point of view,
the result of these differences is that serological
tests that depend on some secondary effect (e.g.
agglutination, complement fixation, passive
haemagglutination, agar gel precipitation, etc.)

tend to be insensitive. Experience has shown
that, when using the rapid slide agglutination
test against ‘pullorum antigen’, a 10% false-posi-
tive reaction may be expected, although the rea-
son for this has never been investigated. The
foregoing is not to say that ducks will not give a
response to some of these, tests but the signifi-
cance of the results has to be considered in rela-
tion to the sensitivity of the test (and possibly
also its specificity).

Enzyme-linked immunosorbent assay
(ELISA) tests seem at present to be the most use-
ful for examining the humoral response of the
duck to a wide variety of antigens, including the
flagellar and lipopolysacchride (LPS) antigens of
Salmonella. Unfortunately, there is no common
agreed protocol. Workers in this field either use
their own standards or utilize commercial kits,
where these are available. Details of ELISAs will
be found in Chapter 24.

There is no laid-down standard methodol-
ogy for ELISAs with regard to initial serum dilu-
tion, how many dilutions should be looked at or
the time/temperature of incubation. Each test
system relates the optical density (OD) to a pre-
determined level on any of a statistically valid
number of samples. In the author’s laboratory, a
single 1/100 serum dilution in normal saline is
used, with an incubation period of c. 30 min at a
temperature of 37°C. ODs are read when the
(duplicated) positive control shows an OD of c.
0.8. The ODs of the test sera are quoted as a per-
centage of the positive control. The advantages
of such a system are that it is: (i) robust; (ii) 
sensitive; (iii) reproducible; and (iv) relatively
simple.

The disadvantages are that: (i) the test
depends on the continuing presence of a good-
quality standard serum; (ii) the ODs obtained are
diagnostically only useful ‘in house’ and therefore
comparison of results with workers in other labo-
ratories is difficult and depends on comparing
interpreted results, rather than actual titre val-
ues, or exchanging control sera; (iii) The rela-
tively high serum concentration (1/500, 1/1000
or even greater dilutions are more usual) may
render the test ‘oversensitive’. It is arguable that,
for a monitoring system, oversensitivity is only a
problem if it leads to false conclusions or a waste
of time in retesting. So far, this has not been the
case.
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Serology interpretation

The humoral response is only a very minor part
of the duck’s immunological defence mechanism
and, until a serological test is developed that
relates titre to either the actual carriage of a par-
ticular Salmonella serovar or the bird’s resistance
to Salmonella infections, there appears to be little
point in regarding ELISA results as other than an
indication of Salmonella infection in a duck or
within a group of ducks.

Examination of sera from the Muscovy duck
can be carried out using the same methodology.
Within limited experience, it would appear that
this type of bird reacts, serologically, rather more
vigorously than the Pekin bird, as judged by the
ODs obtained under similar conditions of hus-
bandry and challenge and in spite of using the
second antibody designed for the Pekin duck.

To judge that, given a set of ‘positive’ reac-
tions, the birds have encountered the particular
Salmonella from which the antigen was prepared
(either LPS or flagellar) is an overoptimistic view
of the test system. There is a tendency to regard
serological reactions as a response to the organ-
ism providing the test antigen (e.g. pullorum
test-positive or S. enteritidis-positive), whereas
the only valid inference from the test is that the
serum is showing a reaction to the antigen in use.

In the above example, birds would be reacting to
the Salmonella’s O9 LPS antigen, which may or
may not have come from either of these organ-
isms and may equally be indicating contact with
another group D Salmonella, e.g. S. dublin.

The use of flagellar antigens is beset with
the same difficulties. The use of the flagellar H
gm antigen of S. enteritidis gives strong positive
reactions to sera from ducks vaccinated with S.
dublin (H gp). It is suggested that the common
poultry Salmonella sharing the flagellar antigenic
type with S. enteritidis would be unlikely to
stimulate antibody (Timoney et al., 1990) and
that therefore flagellar antigens would provide a
suitable test for S. enteritidis infection. The truth
of this observation is probably ‘period-dependent’
rather than absolute. Some 20 years ago, S. mon-
tevideo or S. agona would probably have produced
more serological reactions in poultry in general
than the S. enteritidis circulating at the time.

It is possible to produce a Salmonella H ‘m’
antigen, using various serovars of Salmonella,
with a considerable increase in specificity but, in
duck sera at least, an apparent drop in sensitivity
that precluded the use of the test (at that time)
for certification purposes. Possibly further refine-
ment of the test would be worth consideration,
should the subject matter remain of general
interest.
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Chapter 10

Salmonella Infections in Cattle 

Clifford Wray and Robert H. Davies
Veterinary Laboratories Agency (Weybridge), New Haw, Addlestone, Surrey KT15 3NB, UK

Salmonella infections are an important cause of
mortality and morbidity in cattle and subclini-
cally infected cattle are frequently found. Cattle
thus constitute an important reservoir for human
infections. There have been a number of reviews
over the years (see Buxton, 1957; Gibson, 1965;
Wray and Sojka, 1977) and this chapter brings
these previous accounts up to date.

Historical Perspective

The early history of the disease is confused
because at that time the genus Salmonella was
inadequately characterized. Few of the serovars
were clearly defined and they were commonly
confused with members of other genera.

Calf paratyphoid was first recorded in
Europe in the middle of the nineteenth century,
when a form of diarrhoea or Kälberruhr attracted
considerable attention in The Netherlands,
Germany and Denmark. The disease was recog-
nized in certain localities where it tended to
occur year after year and to cause heavy losses.
Obich (1865) was the first to consider the disease
to be caused by an infectious agent, but it was
not studied bacteriologically until Jensen (1891)
investigated an outbreak in Denmark and iso-
lated a coliform bacillus from the viscera of
affected calves; which he named Bacillus paracoli.
Thomassen (1897) isolated an organism which
he named ‘pseudotyphoid bacillus’, thus indicat-
ing a relationship with the recently isolated

‘typhoid bacillus’. Further Salmonella isolations
from calves were made by a number of workers;
some of these appeared to be similar to Bacillus
enteritidis, which was isolated by Gärtner from an
outbreak of food poisoning, and others resembled
S. paratyphi B. Further confusion was caused by
the isolation of Bacterium typhimurium from mice
by Löffler in 1889, and Kaensche’s description of
an organism isolated during an outbreak of food
poisoning in Breslau in 1893. This outbreak
occurred when condemned meat from an emer-
gency-slaughtered cow was stolen and marketed.
The cultured organism was generally known as
the Breslau bacillus, although Kaensche used the
name Bacillus kaensche.

Salmonella infection was subsequently
reported in adult cattle by Mohler and Buckley
(1902), who described a disease outbreak in the
USA caused by an organism resembling S. enteri-
tidis. Many of these earlier identifications of S.
enteritidis were subsequently shown by serology to
be erroneous and are now recognized as S. dublin,
which has been recognized subsequently in many
countries. Similar confusion existed between S.
paratyphi B and S. typhimurium and it was not
accepted until the 1920s that these two serovars
were distinct. When the genus Salmonella was
more clearly defined, it was apparent that the
serovar most commonly associated with bovine
salmonellosis in those parts of Europe where the
disease was endemic was S. dublin, and S.
typhimurium was next in order of frequency.
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Epidemiology

Incidence of salmonellosis in cattle

S. typhimurium and S. dublin appear to be the
commonest serovars isolated from cattle,
although the distribution of these two serovars
may differ between countries, and S. dublin is
thought not to be present in some countries.

Prior to the introduction in 1975 of the
Zoonoses Order (HMSO, 1989) in the UK, esti-
mates of the prevalence of salmonellosis were
based on the number of cases diagnosed by the
Ministry of Agriculture’s laboratories. During the
1960s and early 1970s, S. dublin was the predomi-
nant serovar, and the number of cases increased
from 115 in 1958 to a peak of 4012 cases in 1969
(Wray and Sojka, 1977). Its prevalence has sub-
sequently declined, so that S. typhimurium is now
the more frequent (MAFF, 1998). With the
introduction of the Zoonoses Order, isolations of
Salmonella from certain species of food animals
became reportable. For practical purposes, an
‘incident’ is defined as the isolation of Salmonella
sp. from an individual animal, from identifiable
groups of animals or from their products or sur-
roundings.

In the UK, S. dublin currently causes some
400–500 incidents annually, infection being
equally common in adult cattle and calves.
Infection of cattle with S. dublin is more frequent
than with S. typhimurium in Denmark and
Sweden, while the converse is the case in France.
In The Netherlands, the prevalence of S. dublin
appears to be increasing (Visser et al., 1993).
Although S. dublin has been isolated from
humans in New Zealand, it has not been
detected in farm animals (Sanson and Thornton,
1997). S. dublin infection was formerly more fre-
quent in cattle in Australia than S. typhimurium,
but since 1990 the latter is more common. Since
1980, S. dublin has spread eastward from
California to other states and northwards into
Canada, where it had not been detected previ-
ously (Robinson et al., 1984). Its prevalence now
appears to be declining, although it was detected
in 26 states during 1995/96 (Ferris and Miller,
1996).

A study of allelic variation in S. dublin by
Selander et al. (1992) identified three elec-
trophoretic types, marking three closely related
clones, one of which (Du1) was globally distrib-

uted. Non-motile variants are common in the
USA, comprising 24% of the S. dublin isolates
(Ferris and Miller, 1996). The non-motile vari-
ants recovered from the USA belonged to Du1.
Strains possessing the Vi antigen were confined
to clone Du3, which is apparently limited to
France and Great Britain (although in our expe-
rience British isolates do not express this anti-
gen). Studies by Ferris et al. (1992) of 100
clinical isolates of S. dublin identified 26 groups
by phage typing, but 52% belonged to one group.
Seven plasmid profile groups were identified, of
which 90 isolates belonged to three groups.

Many different phage types of S. typhimurium
have been isolated from cattle and in the UK
one particular type appears to become dominant
until it is replaced by another phage type. During
the 1960s, multiply resistant S. typhimurium
phage type 29 became widespread in calves
(Anderson, 1968). This then declined and, in
1977, multiply resistant phage types 204 and 193
became frequent, and the variant DT204c was
the predominant type in calves (Wray et al.,
1987b).

Although the prevalence of DT204c
decreased during the early 1990s, a subsequent
increase in the prevalence of multiply resistant
DT104 in both adult cattle and calves has
occurred (Wray and Davies, 1996; MAFF, 1996).
In the UK, one or two phage types usually pre-
dominate, although some 20–30 different phage
types are detected annually at a much lower inci-
dence. Surveillance in The Netherlands has
shown a similar progression of multiply resistant
phage types. In 1972, PT201 (Dutch typing sys-
tem) was detected in calves; this was replaced by
PT193 in 1977, in 1979 PT202 (corresponding
to DT204c) was detected and currently
PT206DT104) is occurring (van Leeuwen et al.,
1984; W.J. van Leeuwen, RIVM, Bilthoven, The
Netherlands, personal communication, 1998).

Many Salmonella serovars other than S.
dublin and S. typhimurium have been isolated
from cattle (Kelterborn, 1967). During the
period 1968–1974, Sojka et al. (1977) recorded
the isolation of 101 different Salmonella serovars
from cattle in England and Wales. Currently in
the UK, 40–50 different Salmonella serovars, usu-
ally at a low prevalence, are detected annually in
cattle (MAFF, 1996). In the USA, 48% of the
730 Salmonella, other than S. dublin and S.
typhimurium, isolated from cattle were repre-
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sented by seven serovars (Ferris and Miller,
1996).

Antimicrobial resistance

More detailed information will be found in
Chapter 6. Antimicrobial resistance has been
monitored in Salmonella isolated from cattle in
England and Wales since 1971. During this
period, S. dublin has remained fully susceptible to
the antimicrobials used for sensitivity testing
(Wray, 1997). A similar situation occurs in
Scandinavia, some other European countries and
Australia. However, in Germany (Helmuth and
Seiler, 1986), the USA (Blackburn et al., 1984)
and The Netherlands (van Leeuwen et al., 1984),
multiply resistant S. dublin strains have been iso-
lated. Likewise, in France, multiply resistant S.
dublin has been isolated from calves but not from
adult cattle (Martel and Coudert, 1993).

Multiple antibiotic resistance in the UK is
usually associated with a small number of phage
types of S. typhimurium, e.g. PT29 (Anderson,
1968), DT204c (Wray et al., 1987b) and more
recently DT104 (Evans and Davies, 1996; Wray
and Davies, 1996). In The Netherlands,
multiply resistant phage types were 201, 193,
202 and, more recently, 206 (van Leeuwen et al.,
1984; W.J. van Leeuwen, personal communica-
tion). However, in the USA, most S.
typhimurium from cattle are multiply resistant
(B.P. Smith, Davis, California, personal com-
munication). Other serovars may also acquire
antimicrobial resistance (Martel et al., 1995;
Wray, 1997) and an account of the epidemiology
of multiply resistant S. newport, was given by
Holmberg et al. (1984).

Route of infection

Infection is usually by the mouth and numerous
experiments have shown that oral doses ranging
from 106 to 1011 S. dublin and 104 to 1011 S.
typhimurium are necessary to cause disease in
healthy cattle (see Wray and Sojka, 1977). With
the higher doses, the results of experimental
infections are more consistent and the symptoms
more acute. These doses are likely to be higher
than those encountered under natural condi-
tions, where concurrent disease and stress con-

tribute. Nazer and Osborne (1977) found that
intraduodenal inoculation of 104 S. dublin pro-
duced disease.

It has long been suggested that aerosol
transmission may be a means by which Salmonella
are transmitted, although De Jong and Ekdahl
(1965) and Nazer and Osborne (1977) found
that large doses (104–1011 S. dublin) injected
supraconjunctivally were required to produce dis-
ease. More recently, experimental infection of
calves by aerosol has been reported (Wathes et
al., 1988).

Transmission of infection

Most infection is introduced into Salmonella-free
herds by the purchase of infected cattle, either as
calves for intensive rearing or adult cattle for
replacements. Purchased animals may have
acquired infection on their home-farm premises,
in transit or on dealers’ premises (Wray et al.,
1990, 1991). In the USA, however, up to 75% of
large western dairy herds are infected with
Salmonella, but it is difficult to determine the
source of serovars, other than S. dublin, because
of the widespread environmental contamination.

Adult cattle
A case–control study of S. typhimurium DT104
infection in cattle showed that the introduction
of newly purchased cattle to a farm increased the
risk of disease and that the period of highest risk
was the first 4 weeks after purchase. Purchase
through dealers was associated with a fourfold
increase in risk, compared with purchasing cattle
directly from other farms (Evans and Davies,
1996). As indicated previously, S. dublin has
become widespread in some countries, after being
localized in an area for many years. Clonal spread
within a country is also a common feature of the
epidemiology of S. typhimurium in cattle herds
(Aarestrup et al., 1997).

Some adult cattle which recover from
Salmonella infection, especially in the case of
S. dublin, may become active carriers and excrete
the organism continuously or intermittently in
their faeces for years, if not life. Sojka et al.
(1974) investigated two active S. dublin carriers
and found that continuous excretion of the
organism occurred, the number of organisms
ranging from 102 to 104 g�1 faeces. In contrast,
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animals recovering from S. typhimurium infection
may continue to excrete the organism in their
faeces, but this period is usually limited to a few
weeks or months after recovery (Gibson, 1965).
However, Evans and Davies (1996) in their
investigation of S. typhimurium DT104 infection
commented that, while the disease outbreak was
of short duration, subclinical infection in the
herd could persist for up to 18 months and that
recurrence of infection may occur in some herds
2–3 years after the original infection (Davies,
1997). During a study of disease caused by
serovars other than S. dublin and S. typhimurium,
Richardson (1975a) found that some cows
excreted Salmonella for up to 11 months after the
disease outbreak.

Ingestion of Salmonella does not necessarily
lead to infection or disease, and Richardson
(1975b) considered that S. dublin organisms, and
presumably other serovars, may be ingested by
adult cattle and pass through the alimentary
tract, with little or no invasion of lymph nodes.
Grazing contacts of active carriers often yield
positive rectal swabs, but when removed from
pasture and stalled they cease shedding
Salmonella in about 2 weeks. Likewise, during an
outbreak of S. newport, Clegg et al. (1983) fre-
quently isolated the organism from rectal swabs
from a number of animals, but when the two
longest excreters were housed in clean premises,
the organism was isolated neither from rectal
swabs nor at post-mortem examination.

Some animals in a herd may harbour local-
ized infection in lymph nodes or tonsils, espe-
cially following S. dublin infection, without
excreting the organism in their faeces. Such ani-
mals may be termed latent carriers, which are of
importance in the epidemiology of S. dublin
infection and the persistence of the organism on
farms. Watson et al. (1971) pointed out that no
investigation had been made into cattle that had
negative faeces in herds in which S. dublin infec-
tion was present. During their investigation, they
found that 14 of 59 cows with negative rectal
swabs were infected at post-mortem examination.
Latent S. dublin carriers may become active carri-
ers or even clinical cases during stress, especially
during pregnancy, when abortion may occur and
the organism may be excreted in the genital dis-
charges, urine and milk.

Smith et al. (1994) found that some cattle
in California had chronic Salmonella infection of

the udder, and some of these cattle shed the
organism in both faeces and milk. Experimental
studies (Spier et al., 1991) induced infection by
inoculation of low numbers of organisms (c.
5000) into the teat canal, and the resulting milk
contained 102–105 colony-forming units (cfu)
ml�1 milk. Such milk may be a source of infec-
tion for calves. House et al. (1993) found that
three heifers that were infected with S. dublin as
calves had infected supramammary lymph nodes
when slaughtered at 13 months of age. It is likely
that S. dublin septicaemia may result in lymph-
node infections and consequent shedding during
lactation. In contrast with California, where
chronic S. dublin infection of the udder is not
uncommon, European studies indicate that mam-
mary-gland infection with Salmonella is uncom-
mon, although epidemiologically important.
Giles et al. (1989) described an outbreak of S.
typhimurium in a dairy herd in which a cow
excreted the organism intermittently in its milk
for 2.5 years. More recently, Sharp and Rawson
(1992) described possible mammary-gland infec-
tion with S. typhimurium DT104 and Wood et al.
(1991) the persistence of S. enteritidis in the
udder.

A number of studies have shown that
Salmonella infection may be present on farms in
the absence of clinical disease. Thus, Heard et al.
(1972) studied patterns of Salmonella infection on
four farms and found that, on a well-run farm,
although the incidence of Salmonella infection
was high, there was little disease. A 3-year study
of a farm on which S. dublin was present detected
the organism in cattle and their environment in
the absence of clinical disease (Wray et al., 1989).
Morisse et al. (1992) isolated Salmonella from
6.9% of 145 cows in 17 herds without a history of
Salmonella. Smith et al. (1994) found a 75%
prevalence of Salmonella-infected dairy herds by
serological testing. Thus, failure to recognize that
the introduction of infection may sometimes
precede the development of clinical disease by
several months or years may lead investigators to
attribute infection to somewhat unlikely sources.
A sudden change in herd resistance, due to con-
current disease, nutritional stress or severe
weather, can result in clinical disease.

Calves
The mixing of young susceptible calves and their
subsequent transport is an effective means for the
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rapid dissemination of Salmonella, especially S.
typhimurium. Gronstol et al. (1974) studied the
effect of transport experimentally and found that
cross-infection occurred and the stress activated
latent infection in calves whose faeces had been
negative for 5 weeks. Indeed, it is likely that
DT204c was introduced into The Netherlands by
the import of British calves (Rowe et al., 1979).
A number of studies have shown that few calves
are infected on arrival at the rearing farm
(Rankin et al., 1969; Osborne et al., 1974; Wray
et al., 1987a), but infection then spreads rapidly,
often in the absence of clinical disease. Our stud-
ies (Wray et al., 1987a) showed that the infec-
tion rate for S. typhimurium increases during the
first week to reach a peak at 14–21 days,
although the spread of S. dublin appears to be
slower, with a peak at 4–5 weeks. On all of the
farms studied, there was little clinical disease. It
was also found that the Salmonella infection rate
and duration of excretion was higher in single-
penned calves than in those that were group-
housed. During an analysis of the spatial and
temporal patterns of Salmonella excretion by
calves penned individually, the results showed
that non-contagious or indirect routes were more
important than direct contagious routes in dis-
ease spread (Hardman et al., 1991). These
authors suggested that the avoidance of aerosol
production and the effective cleaning and disin-
fection of utensils between feeding and of build-
ings between batches were likely to be of great
importance in the control of salmonellosis in
calves.

Both active and latent carriers of S. dublin
may produce congenitally infected calves and,
though most of these calves are often stillborn,
some may survive to infect in-contact animals or
to become a carrier. Calves may also be infected
by drinking milk from cows with Salmonella
infection in the udder or associated lymph nodes
(Smith et al., 1989).

Additional factors in the aetiology of disease

Many factors, conveniently labelled as ‘stress’,
may either exacerbate the disease or increase the
susceptibility of cattle to Salmonella infections.
Frik (1969) suggested that the persistent carrier
state in adult cattle follows concurrent S. dublin
and Fasciola hepatica infection, and Richardson

and Watson (1971) reported that salmonellosis
in adult cattle was more prevalent on fluke-
infested farms, although Taylor and Kilpatrick
(1975) suggested that the two infections were
independent of each other, but were influenced
by similar external conditions. However, in
experimental studies, Aitken et al. (1976) found
that fascioliasis increased the susceptibility to S.
dublin infection.

Similarly, in calves, combined Salmonella
and bovine viral diarrhoea virus (BVDV) infec-
tion was more severe than Salmonella infection
alone (Wray and Roeder, 1987), and severe dis-
ease was observed in a group of pregnant dairy
heifers that had natural BVDV and S.
typhimurium DT104 infection (Penny et al.,
1996). Morisse and Cotte (1994), on the other
hand, could find no association between BVDV
and F. hepatica and Salmonella infections, because
both agents had an identical prevalence in
infected and control herds. They suggested, how-
ever, that metabolic and hepatic changes
observed during the peripartum period could
result in disturbances in the intestinal ecosystem
and in the emergence of Salmonella populations.

In a case–control study of S. typhimurium
DT104 in cattle, Evans (1996) found that the
feeding of purchased maize or root crops was
associated with a reduced risk of disease. It is
known that the normal flora of the alimentary
tract is inhibitory to colonization by Salmonella
(Chambers and Lysons, 1979). The inhibitory
effect is probably most dependent on the volatile
fatty acid content and pH of rumen fluid, and a
change in feed or an inadequate level of feeding
can alter the balance of the intestinal flora to
favour the multiplication of Salmonella (Frost et
al., 1988; Morisse and Cotte, 1994). Thus, it is
possible that the susceptibility of an animal to
Salmonella may be modulated by feeding changes
that affect the intestinal flora balance.

Environmental Aspects

Persistence in buildings

An important aspect of the epidemiology of
Salmonella infection in cattle is the persistence of
the organism in animal accommodation after
depopulation. Salmonella were isolated from the
environment of six of nine calf units investigated
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after cleansing and disinfection (Wray et al.,
1987b). Similar results were found in markets
(Wray et al., 1991) and on calf dealers’ premises,
when the organism was detected in the environ-
ment of ten of the 12 premises investigated
(Wray et al., 1990). The cleaning and disinfec-
tion routines were often ineffective and
Salmonella were isolated from 7.6% and 5.3% of
the wall and floor samples, respectively, before
disinfection and 6.8% and 7.6% afterwards. Eight
different Salmonella serovars were detected, of
which the commonest was S. typhimurium. On
one of the premises, the Salmonella isolation rates
increased after cleansing and disinfection, and it
is possible that the use of pressure hoses may
spread Salmonella by aerosols to other parts of the
building or that vigorous cleansing may have
washed Salmonella out from previously untouched
areas. S. typhimurium DT204c has been shown by
plasmid-profile analysis to persist in calf units for
periods ranging from 4 months to 2 years (mean
14 months) (McLaren and Wray, 1991). A
case–control study of S. typhimurium DT104
indicated an increased risk of disease when cattle
were housed, possibly indicating that con-
taminated buildings may be a source of infection
or that close confinement or stress when housed
increases the risk of clinical disease (Evans and
Davies, 1996). In laboratory experiments, S.
dublin survived for almost 6 years in faeces on
different building materials (Plym-Forshell and
Eskesbo, 1996).

Animal wastes

Modern, intensive, cattle production systems
produce large amounts of slurry, which has high-
lighted the risk of pasture contamination because
of the disposal problems. The subject was
reviewed comprehensively by Jones (1992),
although many of the studies were performed in
the laboratory rather than on the farm. Jones and
Matthews (1975) isolated small numbers of
Salmonella, fewer than 100 g�1 from 20 of 187
different samples of cattle slurry. In Sweden,
Thunegard (1975) found that 35% of cattle
slurry samples contained Salmonella, compared
with only 6% of solid manure samples.
Multiplication of Salmonella has been reported
during storage of slurry (Blum, 1968; Findlay,
1973), but, in general, their numbers are reduced

by storage. Salmonella have been shown to sur-
vive for up to 286 days in slurry, but this is a
function of the initial number of organisms, stor-
age temperature and Salmonella serovar. Survival
is greatest at temperatures below 10°C and in
slurries containing more than 5% solids.
Although Salmonella die rapidly in slurry during
storage, there are occasions when disinfection
may be necessary, and various chemicals, such as
lime, formalin or chlorine, have been recom-
mended (Jones, 1992). Aeration of slurry is also
an effective method of reducing Salmonella
(Munch et al., 1987), who found a 90% reduc-
tion within 2 days.

Pasture contamination

Salmonella may survive for long periods in
infected faeces, where their survival is dependent
on a number of factors, especially climatic condi-
tions. Field (1948) reported that S. dublin sur-
vived for at least 72 days in faeces on pasture in
winter and 119 days in summer. In moist,
unheaped faeces, survival up to 3–4 months has
been reported, although properly composted fae-
ces heat up rapidly and Salmonella reduction is
much quicker. Findlay (1972) found that S.
dublin survived for 13–24 weeks when spread in
slurry on pasture, although Taylor (1973), using a
smaller inoculum, did not isolate S. dublin from
soil or pasture for more than 76 days. Taylor and
Burrows (1971) found that S. dublin applied in
slurry could be recovered from the bottom 3
inches of grass for 19 days, although it could not
be recovered from the upper levels for more than
10 days. When the grass was cropped, no survival
was reported beyond 7 days. From their experi-
ments, they concluded that the disease risk was
not great after 7 days and that to infect calves it
was necessary to use slurry containing 106 S.
dublin. A similar experiment by Kelly and Collins
(1978), in which cattle were allowed to graze
pasture 10 days after it had been treated with
slurry from a dairy herd, did not result in any ani-
mal becoming infected. However, outbreaks of
disease in cattle have been described following
the grazing of cattle on slurry-contaminated pas-
ture (Rasch and Richter, 1956; Jack and Hepper,
1969), when unstored slurry has been spread or
waste allowed to enter watercourses.

Salmonella survival has been estimated to be
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from less than 30 days to 1 year in soil, from 200
to 259 days in soil contaminated with animal fae-
ces, from 57 to 300 days in soil contaminated
with cattle slurry and from 11 days to 9 months
in soil containing sewage sludge (Jones, 1992).
Davies and Wray (1996) found that, when calf
carcasses contaminated with S. typhimurium were
placed in either a decomposition pit or a deep
burial pit, Salmonella were isolated from the soil
around the pit for 27 weeks and for 15 weeks
around the burial site. Salmonella reappeared in
soil samples during the cold weather after an
apparent 9-week absence. Spread to a nearby
drainage ditch occurred and wild birds became
contaminated from eating Salmonella-infected
maggots.

Sewage sludge

Sewage sludge is used as a fertilizer, and examina-
tion of 882 samples of settled sewage, sewage
sludges and final effluent from eight sewage-treat-
ment works found that 68% of the samples were
positive for Salmonella (Jones et al., 1980). An
investigation of 26 outbreaks of salmonellosis in
animals found that the attributed sources of
infection were sewage effluent (ten incidents),
septic-tank effluent (eight), sewage sludge
(three), seagulls (three) and abattoir effluent
(two) (Reilly et al., 1981). Because sewage sludge
is used as a fertilizer, guidelines on the agricul-
tural use of sewage sludge have been produced to
minimize possible risks (HMSO, 1977); these
have subsequently been incorporated into UK
legislation through the Sludge (Use in
Agriculture) Regulation 1989, which implements
the EC Directive 86/278. In the UK, there is lit-
tle evidence of risk to animals when known cont-
aminated sludge is spread on pasture, provided
that the guidelines are followed (Linklater et al.,
1985).

In contrast, on the continent, there have
been a number of reports of outbreaks that were
associated with grazing cattle on pasture contam-
inated with sludge (Jones, 1992). Consequently,
in Germany, the agricultural disposal of sewage
sludge is not allowed if it is not considered
hygienically safe.

Water-borne infection

There are many reports on the isolation of
Salmonella from rivers and streams and, once a
water-supply is contaminated, rapid spread of
infection may occur. In Wales, a number of cases
of S. dublin infection have been associated with
watercourses contaminated by grazing animals
and farm effluents (Williams, 1975). Polluted
water may also contaminate pasture whenever
flooding occurs, and evidence indicates that
many clinical outbreaks in cattle arise from graz-
ing recently flooded pasture.

Biological treatment of sewage removes
most of the suspended and dissolved organic mat-
ter but it does not necessarily remove pathogenic
bacteria. Consequently, surface watercourses may
be heavily contaminated from this source
(Harbourne et al., 1978). In The Netherlands,
many rivers, canals and lakes are contaminated,
although the likely numbers of Salmonella are
small (< 10 salmonella l�1).

In the USA, Gay and Hunsaker (1993)
found that recycled water that had been used to
flush out the accommodation and was then being
pumped into the stalls was contaminated with
Salmonella and responsible for the continued
presence of Salmonella on the farm.

The role of wild animals

Infection may be introduced on to farms by free-
living animals and birds. Rats and mice may
acquire S. dublin infection (Tablante and Lane,
1989), but available evidence suggests that they do
not play a major role in the spread of infection
(Gibson, 1965). Infected mice and rats may pro-
long the persistence of Salmonella on farms, but it is
probably of limited duration. Evans and Davies
(1996) found that wild birds and cats were possible
vectors of S. typhimurium DT104, particularly if
they had access to feed stores. A high population
density of cats around the farm and evidence of
access to feed stores by wild birds were both associ-
ated with an increased risk of disease. Cats have
also been shown to be infected with S. typhimurium
DT104 (Wall et al., 1995, 1996). The presence of
infection was also detected in mice, rats and, to a
lesser extent, dogs, foxes and badgers, and contam-
ination of feed, grain stores and bedding by their
faeces was common (Davies, 1997).
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Feedstuffs

The role of animal feedstuffs in the epidemiology
of Salmonella is the subject of Chapter 17 and
this section serves only to emphasize the more
important aspects. The importation into Europe
of contaminated products has often been fol-
lowed by the appearance of Salmonella serovars
previously unknown in Europe. Although
S. dublin and S. typhimurium are the commonest
serovars, the increasing prevalence in the UK of
other serovars in cattle during the 1970s was
associated with imported animal protein, e.g.
meat and bone-meal and fish-meal. Finished
feeds have also been found to be contaminated
with Salmonella, as have vegetable proteins such
as soya, rape-seed meal and cottonseed. Likewise,
waste from the food industry, such as biscuit-
meal, is often contaminated.

The introduction of contaminated ingredi-
ents into compound-feed mills that prepare
mixed animal feedstuffs may lead to contamina-
tion of cooling systems, storage bins and other
equipment, from which, in turn, other products
may be contaminated. Although many of the
protein ingredients are treated with heat at tem-
peratures high enough to ensure the destruction
of Salmonella, faulty processing and contamina-
tion during and after processing may often lead
to heavy contamination of supposedly sterilized
products. Various methods have been used to
reduce Salmonella contamination of animal 
feeds, such as direct injection of steam, expan-
sion–extrusion, pelletization and treatment with
organic acids, such as propionic and formic acid.
In recent years, many farmers in the UK have
been mixing their own feeds, and as Evans and
Davies (1996) pointed out, poor storage condi-
tions on the farm may allow Salmonella contami-
nation by animals and birds.

Clinical Findings

Adult cattle

Adult cattle of all ages may be affected; acute and
subacute forms of the disease are recognized.
There are no significant differences between infec-
tions caused by the different Salmonella serovars.

In acute salmonellosis, the onset is sudden,
with fever, dullness, loss of appetite and

depressed milk yield; Kahrs et al. (1972) recorded
that milk production dropped from 5000 to 1000
lb day�1 during an outbreak of S. typhimurium
infection in a herd of 111 cows. The fever often
subsides precipitously with the onset of severe
diarrhoea, which may vary from watery green-
brown to fetid watery faeces containing blood,
mucus and shreds or casts of necrotic bowel lin-
ing. Pregnant animals may abort. The fever tends
to persist for a few days and then declines before
death, which occurs most frequently 4–7 days
from the onset of clinical signs. In untreated
cases, the case fatality rate may reach 75%,
although this may be reduced to 10% by treat-
ment. In all cases, the animals show signs of tox-
aemia, dehydration and associated weight loss,
with the faeces remaining liquid for 10–14 days,
and complete recovery may take up to 2 months.

Subacute salmonellosis is less dramatic.
Fever varies or is absent and the other symptoms
are less severe. The prognosis, even without
treatment, is quite good, although complete
recovery takes about 2 months. In some
instances, variations in the clinical disease arise
from the fact that illness is not due to recently
acquired infection, but to activation by some
other disease or the stress of a latent infection or
infection cycling through a herd (Gibson, 1958).
Such cases may show a wide gradation in the
severity of clinical signs, and it may be difficult to
determine whether disease is caused primarily by
Salmonella or whether Salmonella are playing a
secondary role (Hughes et al., 1971).

As mentioned earlier, sick, pregnant cows
may abort. However, it has become apparent that
cows may abort from S. dublin infection without
showing clinical signs. In the UK, S. dublin is the
second most commonly diagnosed bacterial cause
of abortion. Hinton (1971, 1974) studied the
clinical aspects of S. dublin abortion and, in 86 of
111 cases, abortion was the only clinical sign.
There was no evidence of congenital infection of
the calf when abortion cases that were not faecal
excreters calved again. On the other hand, when
constant faecal excreters were examined, con-
genital infection of the calf and/or transient vagi-
nal excretion could be demonstrated. Field
observations (Henner and Lugmayr, 1972) and
experimental studies (Hall and Jones, 1977) have
suggested that abortion is preceded by a period of
pyrexia, when the organism is multiplying in the
placenta.
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Calves

In calves, the clinical disease is more common
after the first week of life and clinical signs are
often seen at 2–6 weeks of age. The clinical pic-
ture in calves is subject to wide variation, includ-
ing pulmonary infections, but the enteric form of
the disease predominates. The typical clinical
case is characterized by fever, dullness and loss of
appetite, followed by a brown scour, with fluid,
offensive faeces, which often contain blood or
mucus. Affected calves quickly lose condition
and become dehydrated, weak and emaciated.
With S. dublin, bacteraemia and respiratory signs
often predominate; the calves often tend to be
older than those affected with other serovars
(Wray et al., 1987a).

Some calves may suffer septicaemia and col-
lapse with no diarrhoea. Affected animals show
profound depression, dullness, prostration, high
fever (40.5–42°C) and death within 24–48 h.
Because the infection also commonly causes
pneumonia, evidence of this may be present.
Jaundice is a feature in some cases and nervous
signs of encephalomeningitis may be seen in
other cases. Polyarthritis and osteitis have also
been described, and a sequel to some cases of
enteric salmonellosis is the development of dry
gangrene of the extremities, including ear tips,
tail tip and the limbs from the fetlock down
(O’Connor et al., 1972). Calves from dams
infected with S. dublin may be stillborn, non-
viable or sickly from birth.

The severity and duration of clinical signs
are often related to the standard of husbandry
and hygiene. On poorly run farms, 80% or more
calves may develop clinical signs, with mortality
rates of 10–50%. Contributory factors are impor-
tant in determining the occurrence and severity
of clinical disease. Concurrent viral diseases,
such as BVDV infection, have been shown to be
of importance.

Haematological and Biochemical
Aspects

The haematological changes during bovine sal-
monellosis have not been studied in depth and
their interpretation is rendered difficult by such
factors as the age of the animal, state of hydra-
tion and possible effects of endotoxaemia.

In calves that died from salmonellosis,
Smith et al. (1979) and Endresen (1970) found
that a leucopenia and assoicated neutropenia
preceded death, whereas in experimentally
infected calves, Wray (1980) observed that a ter-
minal leucocytosis followed the leucopenia. In
calves that survive salmonellosis, a leucocytosis,
with an increase in immature neutrophils, occurs
(Smith et al., 1979; Wray, 1980; Rings, 1985).

Elevated erythrocyte counts, haemoglobin
content and packed-cell volumes have been
observed in cattle during the terminal phase of
salmonellosis (Hall et al., 1980; Wray 1980), and
in some an anaemia may occur, which is masked
by the haemoconcentration. In calves that sur-
vive, erythrocyte counts remain within normal
values.

Alterations in the blood biochemical levels
occurred terminally in some of the calves that
died, blood urea levels increased markedly and
alterations in sodium and potassium levels indi-
cated the severity of dehydration (Fisher, 1971;
Wray, 1980). In diarrhoeic calves that died of sal-
monellosis, Fisher and Martinez (1975) found
that faecal solids increased, and this, coupled
with a reduction in fluid intake, resulted in con-
siderable extravascular loss of water.

Blood urea analysis, clinical chemistry and
leucocyte examination may be of value in the
prognosis of Salmonella infections of cattle and
provide guidance for therapy, although care must
be exercised in their interpretation because of
the variability.

The Pathogenesis of Salmonella
Infection

Calves

As indicated previously, the intestine does not
appear to be the sole portal of entry for
Salmonella, and infection of oesophagectomized
calves with S. typhimurium resulted in
haematogenous spread via the tonsil to the intes-
tine (De Jong and Ekdahl, 1965). Most experi-
mental studies have been made with oral
challenge, where the organism gains entry to the
tissues by an invasive process, mainly in the
lower small intestine. Here the bacteria are able
to invade the intestinal mucosa via both M cells,
which overlie the lymphoid follicles, and the
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enterocytes. The bacterial infection results in
distinct pathological changes: the villi become
oedematous and shortened and there is an abnor-
mal extrusion of enterocytes. Using specific
staining techniques, Segall and Lindberg (1991)
showed that S. dublin had a special affinity for
the columnar enterocytes of the terminal
jejunum and ileum, the follicle-associated epithe-
lium over the Peyer’s patches and glandular tis-
sues in the duodenum, tonsilar area and lungs.
Using ligated bovine intestinal loops, Watson et
al. (1995) found no difference in the ability of
S. typhimurium and S. dublin to invade the
intestinal mucosa. When isogenic mutants were
used, mutations in the slyA (a gene postulated to
regulate the expression of virulence factors) had
only a small effect on invasiveness, whereas
mutations in invH (a gene involved in secretion
of proteins from Salmonella) caused a significant
reduction in epithelial invasion.

The mechanisms involved in the induction
of diarrhoea are poorly understood; the involve-
ment of bacterial toxins has long been speculated
upon, but, to date, there is little evidence to sup-
port a role for toxins. There are numerous reports
of cytotonic, cytotoxic and enterotoxic activities
in vitro, but these reports are often contradictory.
(Lax et al., 1994). A putative Salmonella entero-
toxin gene (Stn) has been cloned (Chopra et al.,
1987). The effect of mutations in the invH, slyA
and Stn genes on the enteropathogenicity of S.
typhimurium and S. dublin was studied in bovine
ligated intestinal loops by Watson et al. (1997).
They found that the invH mutation markedly
affected the secretory and inflammatory response,
implicating secreted effector molecules and
enteropathogenicity. Surprisingly, the slyA muta-
tion caused only a small effect, whereas the Stn
mutation had no effect on enteropathogenicity.
There appeared to be a direct correlation
between the inflammatory response and the
secretory response, although it could not be con-
cluded that one occurred as a consequence of the
other or vice versa. A role for secreted effector
molecules in Salmonella-induced fluid secretion
has recently been confirmed. Disruption of Sop B
(a 60 kDa secreted protein of S. dublin) does not
affect intestinal invasion but abolishes secretory
and inflammatory responses in bovine ileal loops
(Galyov et al., 1997).

Many Salmonella serovars contain large plas-
mids that are associated with virulence (viru-

lence plasmids), and a common nomenclature
(Salmonella plasmid virulence (SPV)) has been
agreed for the operon. The S. dublin virulence
plasmid mediates systemic infection but not the
enteric phase of the disease in cattle (Wallis et
al., 1995), although Libby et al. (1997) in their
studies observed diarrhoea and enhanced intra-
cellular proliferation in intestinal tissue associ-
ated with the presence of the spv genes. The S.
dublin virulence plasmid also appears to be
involved in the lysis of macrophages, although
the spv genes do not appear to be involved
(Guilloteau et al., 1996). However, slyA and
invH mutations have also been shown to affect
macrophage lysis (Watson et al., 1997), again
implicating secreted effector molecules in this
process.

Many of the systemic pathological effects of
salmonellosis leading to shock are believed to be
caused by the release of endotoxins (cell-wall
polysaccharides). Peel et al. (1990) did not detect
increased blood levels of tumour necrosis factor
in experimentally infected calves and conse-
quently postulated that local release of endotoxin
may be responsible for the pathological changes
in the intestine.

Adult cattle

While there have been numerous studies of
experimental Salmonella infections in calves,
these have been very much less frequent in adult
cattle. In cows that had been starved and refed,
Brownlie and Grau (1967) observed multiplica-
tion of S. dublin in the rumen. However, Hall et
al. (1978) failed to detect multiplication of S.
dublin after intraruminal inoculation of animals
that had not been starved. Similarly, Chambers
and Lysons (1979) found that rumen fluid was
inhibitory to S. typhimurium. When nine preg-
nant heifers were dosed orally with 1010–1011 S.
dublin, the response was variable: two became
severely ill, three developed mild illness and four
remained healthy (Hall and Jones, 1979). One of
the mildly ill animals aborted. In earlier experi-
ments (Hall and Jones, 1977), using intravenous
challenge, they found that S. dublin multiplied
rapidly in the connective tissue of the cotyledons
just before abortion, which resulted in placental
destruction and hormonal changes, which initi-
ated the abortion.
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Spier et al. (1991) produced intramammary
infection in five post-parturient cows with low
numbers of S. dublin and, while excretion of S.
dublin was intermittent, none of the cows showed
clinical signs, even though persistently infected.
However, following the administration of dexam-
ethasone, one cow became acutely ill and
chronic mastitis was demonstrated in the others.

Post-mortem Findings

Adult cattle

The post-mortem findings of a typical case reveal
an acute muco/necrotic enteritis, especially of
the ileum and large intestine. The wall is thick-
ened and covered with yellow-grey necrotic
material overlying a red, granular surface. The
mesenteric lymph nodes and spleen may be
enlarged. These lesions, however, are insufficient
to form a firm diagnosis, and bacteriological con-
firmation is necessary.

Calves

Animals dying of acute septicaemia show exten-
sive submucosal and subserosal petechial haem-
orrhages. More prolonged cases are characterized
by poor bodily condition, usually with evidence
of fetid diarrhoea. The small intestine typically
shows a diffuse mucoid or mucohaemorrhagic
enteritis and the mesenteric lymph nodes are
oedematous, congested and greatly enlarged. A
severe haemorrhagic and diphtheritic enteritis
has been seen in some cases of S. typhimurium
infection. The liver commonly shows jaundice,
with thick turbid bile, and many reports refer to
the presence of necrotic foci in the liver and kid-
neys. Gibson (1965) commented that, although
such liver lesions were commonly reported in
mainland Europe, they were uncommon in his
experience. Sharply defined areas of pneumonia
may be present in the anterior lobes of the lungs.
When joints are affected, the joint cavities and
adjacent tendon sheaths contain a gelatinous or
serofibrinous fluid. Skeletal lesions of epiphyseal
separation, osteoperiostitis and rarefying
osteomyelitis of the distal limb bones were
described in calves suffering from chronic S.
dublin infection (Gitter et al., 1978).

Laboratory Diagnosis of Salmonella
Infections

Bacteriological examination

In the live animal, confirmation of clinical sal-
monellosis is performed by culture of rectal swabs
or, preferably, freshly voided faeces. In adult cat-
tle with clinical salmonellosis, the organism is
excreted continuously and in large numbers and
isolation of the organism presents no difficulties.
Faecal culture, however, may give negative
results in the early stages of the disease before the
onset of acute diarrhoea. In the febrile stages of
the disease, especially S. dublin infection, the
organism may be isolated by blood culture and,
sometimes, from the milk.

In the case of active carriers, usually S.
dublin but occasionally other serovars, faecal cul-
tures carried out on three occasions at 7–14 day
intervals are recommended to confirm diagnosis.
Latent carriers of S. dublin may best be detected
at parturition, when vaginal swabs, faeces and
milk may be positive (Richardson, 1973). During
an investigation of S. dublin abortion, Hinton
(1974) found that excretion of the organism in
milk and the vaginal mucus did not persist
beyond 4–5 weeks and faecal excretion was usu-
ally transient. When abortions occur, it is usually
possible to isolate Salmonella from fetal stomach
contents or placenta. In some cases, these mate-
rials may be culture-negative, because abortion
was caused by endotoxaemia, release of endoge-
nous prostaglandin F2α (PGF2α) and lysis of the
corpus luteum.

Faeces or rectal swabs may be used for
calves, but swabs from up to 50% of the infected
calves may be negative on culture, because of
intermittent excretion, and samples should
therefore be taken from a number of calves. The
salivary excretion of S. dublin has been described
(Richardson and Fawcett, 1973), but a number of
workers found that faeces were more reliable
than mouth swabs.

At necropsy, the isolation of Salmonella from
tissues and intestinal contents usually presents
few problems, but care must be taken in the
interpretation of the findings, especially when
small numbers of the organism are isolated from a
few tissues or in cases where other pathogens are
present. The isolation of Salmonella should be
correlated with clinical signs and pathological
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lesions in order to determine the significance of
the isolation.

To identify infected herds or to monitor per-
sistence of infection, slurry or environmental
samples collected with swabs may be cultured.
Likewise, milk filters, when available, may also
be used to monitor dairy herds.

Culture media

This is dealt with in Chapter 21, and the follow-
ing is provided for guidance. Although many dif-
ferent media have been described, it should be
remembered that S. dublin is inhibited by bril-
liant green and care should be exercised in the
use of media containing brilliant green. Likewise,
S. dublin may be inhibited by the incubation of
enrichment broths at 43°C, e.g. Mueller–
Kauffman tetrathionate (Gitter et al., 1978) or
Rappaport (Peterz et al., 1989).

For cattle faeces and rectal swabs, enrich-
ment in selenite broth and plating on brilliant
green agars or deoxycholate–citrate agar are usu-
ally used in the UK. In the USA, many use
xylose–lysine–Tergitol 4 (XLT4) after enrich-
ment in selenite and tetrathionate. Our recent
studies obtained better results by using pre-
enrichment in buffered peptone water, subculture
(1 : 100 dilution) into semi-solid Rappaport–
Vassiliadis and plating on Rambach agar. The
last method is also suitable for slurry and milk.

Serological diagnosis

The different tests and principles behind their
use are more fully dealt with in Chapter 24.

Serum samples from cattle may be tested by
the serum agglutination test (SAT) (Wray et al.,
1977), when flagellar titres of 1 : 320 or higher
and somatic titres of 1 : 40 or higher are consid-
ered indicative of infection. In the cases of calves
less than 4 months of age, a good flagellar
response is produced, but there is little or no pro-
duction of somatic agglutinins. When a calf is
3–4 months old, it is capable of producing high-
titre agglutinins. The SAT has been used mostly
for S. dublin but, when Lawson et al. (1974) eval-
uated the test in a known infected herd, many
serologically positive animals were found not to
be infected at slaughter. Other serological tests

that have been used include the complement fix-
ation test, indirect haemagglutination test and
anti-globulin test (see Wray and Sojka, 1977),
but the results have been no better than the
SAT.

More recently, indirect enzyme-linked
immunoabsorbent assays (ELISAs) have been
developed and Robertsson (1984) studied S.
dublin-infected herds. Smith et al. (1989) used the
ELISA to predict the carrier status of cows in a
herd where animals had mammary and intestinal
infections with S. dublin. They found that, with
eight ELISA-positive cows, only 3.4% of 985 fae-
ces and 2.5% of 756 milk samples were culture-
positive (Smith et al., 1992). In calves, 17.3% of
643 faeces were culture-positive. They considered
that ELISAs were a better guide than culture for
identified carrier status. Nielsen and Vestergaard
(1992) found a sensitivity of 92% and specificity
of 91% when an ELISA, read at an end-point titre
of 800, was used to detect S. dublin carriers. A
comparison of persisting anti-lipopolysaccharide
(LPS) antibodies and post-mortem culture of ani-
mals from Salmonella-infected herds showed that
only half (14/31) S. dublin-seropositive adult cattle
were culture-positive, although 6/13 calves were
positive. However, none of the cattle seropositive
for S. typhimurium was culture-positive at post-
mortem. They concluded that serology was useful
to identify infected herds but insufficient for the
identification of persistently infected animals.
Because of cross-agglutination between the
Salmonella groups B- and D-LPS in the ELISA,
Konrad et al. (1994) oxidized the LPS with
sodium periodate to produce pure O9 antigen and
so eliminate these cross-reactions.

Hoorfar et al. (1996) evaluated a fimbrial
(SEF14) antigen to differentiate S. dublin- and S.
typhimurium-infected herds and, while there was
not complete agreement in an ELISA using a
somatic antigen, they considered that the high
specificity of the SEF14 antigen may increase the
predictive value of the test in areas with a low
prevalence of Salmonella.

The use of milk assays for Salmonella
antibodies

A number of earlier assays based on the milk-ring
test were not reliable and false-positive results
were not uncommon (see Wray and Sojka,
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1977). Although Hinton (1973) considered the
whey agglutination test to be nearly comparable
to the SAT, it was only practical to examine
whey for flagellar agglutinins. However, ELISAs
have been used to test milk for Salmonella anti-
bodies with promising results. The ELISA was
used by Smith et al. (1989) to detect S. dublin
antibodies in milk; they found a good correlation
between serum and milk titres and concluded
that ELISAs were a useful test for detection of
cattle with chronic S. dublin infection of the
intestine and mammary gland. All of the cattle
shed S. dublin in the milk and faeces; 46% of
1733 milk samples and 4% of 1733 faeces were
culture-positive. Antibody titres remained ele-
vated for long periods and there was a significant
difference in milk ELISA titres between the
infected group and the uninfected control group.

Likewise, Hoorfar et al. (1994) and Hoorfar
and Wedderkopp (1995) used the ELISA to
screen milk samples for S. dublin and S.
typhimurium antibodies; they found a good corre-
lation between serum and milk antibody titres,
but considered that further modifications were
necessary before the assay could be used for bulk
milk samples.

Treatment

There are differences of opinion amongst veteri-
narians about the rationale and wisdom of treat-
ing cases of salmonellosis with antimicrobials
(Whitlock, 1984), because of their efficacy and
the likelihood of producing carriers. The general
view of most practitioners is that prompt treat-
ment with broad-spectrum antibiotics is benefi-
cial. Aggressive treatment early in the course of
the disease, especially in calves, where infection
may become septicaemic, is required.

A number of experiments have shown that
some antimicrobials may prolong Salmonella
shedding, but the importance under farm condi-
tions is uncertain, especially as studies of calves
on farms have shown that, during outbreaks of
salmonellosis, there is concomitantly a high
prevalence of subclinical infection in untreated
animals.

The choice of drugs to be used depends on
tests to determine the antibacterial sensitivity of
the isolate, especially as some Salmonella isolates
may be multiply resistant, though early treatment

based on a likely successful regimen must be used
before these results are available. Parenteral fluid
therapy will increase the survival rate when
given intravenously. Oral fluids will also help
animals to survive the period of acute dehydra-
tion and toxaemia. Intravenous (i.v.) hypertonic
saline (4 mg kg�1 of 7% NaC1), combined with
oral rehydration with water or hypotonic
sodium-containing fluid via a stomach tube, has
proved particularly useful.

Vaccination

Prevention of salmonellosis by immunization has
been practised for many years and both live and
inactivated vaccines have been used. Although
many publications attest to the efficacy of live
vaccines in experimental trials, few are commer-
cially available. Likewise, the relative impor-
tance of humoral and cell-mediated immunity
has been the subject of debate, but it is now gen-
erally accepted that both play a part in producing
protection. In the UK, only a formalin-inacti-
vated preparation of S. dublin and S. typhimurium
is now available for protection of cattle against
Salmonella infections. In seven dairy herds that
were infected with S. typhimurium, the use of the
vaccine resulted in a rapid cessation of Salmonella
excretion, which contrasted with the prolonged
Salmonella excretion observed in five non-vacci-
nated herds (Evans and Davies, 1996). The vac-
cine has been the subject of recent field and
experimental trials and has been shown to
induce antibodies in adults, which are transferred
to calves in colostrum (Jones et al., 1988). Since
calves may become infected within the first few
weeks of life, passive protection by colostral anti-
bodies is essential, because the development of
active immunity depends to some extent on the
age of the calf. Although attempts at passive pro-
tection have met with conflicting results, Jones et
al. (1988) immunized cows with formalin-inacti-
vated S. typhimurium approximately 7 and 2
weeks pre-partum. Calves were allowed to suck
for 48 h and were then fed cold, stored colostrum
from their own dam for a further 8 days. The
calves were protected against a lethal challenge
given at 5 days and they only excreted Salmonella
in their faeces for a short period. Mortality was
also reduced in calves that sucked from a vacci-
nated dam and were then fed on normal
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colostrum and, in calves born to non-immunized
cows and later fed on immune colostrum, the
degree of protection was correlated with the
colostral antibody titre.

Most recent attempts at developing
improved vaccines for calves have utilized live
vaccines, which are considered to produce better
cell-mediated immunity. These have either been
naturally occurring avirulent strains, laboratory-
derived or mutated strains or, more recently,
genetically engineered strains. A live S. dublin
vaccine, consisting of a part-rough strain, was
shown during use in the field to give good protec-
tion when administered parenterally to calves,
but it is no longer available commercially in the
UK.

In Germany, live S. typhimurium and S.
dublin vaccines have been available commercially
for many years; these consist of adenine and his-
tidine auxotrophs and adenine and thiamine
auxotrophs, respectively. These are administered
in the calves’ milk at 1 day of age, and good
immunity has been shown. The vaccine strains
can be differentiated from wild-type strains by
their inability to grow in minimal media or by
genetic techniques (Schwarz and Liebisch, 1994;
Liebisch and Schwarz, 1996).

Control of Bovine Salmonellosis

In general, measures for the control of bovine
salmonellosis are equally applicable to all
serovars, despite the differences in some aspects
of their epidemiology.

Herd disease security measures

If possible, a closed-herd policy should be main-
tained. If stock are purchased or returned to the
farm from markets, etc., they should be kept in
isolation for 4 weeks, as many disease outbreaks
occur within 2–3 weeks of arrival and the quar-
antine period allows the infection to be con-
tained and reduces spread to the resident stock.
The quarantine buildings should be located as far
away as possible from the resident herd, and good
hygiene (separate boots, overalls and equipment)
and disinfection procedures observed. Animals
should be inspected daily for signs of diarrhoea or
other illness and, after about 3 weeks, faeces may

be cultured for the presence of Salmonella. In the
case of adults, a positive serological test for S.
dublin or S. typhimurium will indicate that the
animal should be kept in isolation and its faeces
cultured.

As mentioned previously, waterways and
pasture may be contaminated during the applica-
tion of slurry and sewage sludge; therefore, sur-
face water should be fenced off and pastures
rested for 4–5 weeks after the application of
slurry and sludge. Effective rodent and bird con-
trol should be carried out, because these animals
have been shown to contaminate stored feed.

Visitors who have been on to other farms
and in contact with animals should be provided
with clean protective clothing and disinfected
boots. Foot-baths with active disinfectants should
be provided at the entry to all livestock farms.

Calf-rearing units

Control measures on farms rearing purchased
calves should be planned on the probability that
Salmonella infection will be introduced sooner or
later. Disease is not, however, inevitable and its
prevention depends on two main factors:

1. Minimizing the number of Salmonella to
which the calves are exposed;
2. Maintaining maximum resistance by optimal
nutrition and management practices.

An all-in, all-out system should be adopted
and buildings thoroughly cleaned and disin-
fected, allowing at least 2 weeks between batches
to minimize carry-over of infection. Ideally,
calves should be bought in age-matched groups
directly from local farms, using the purchaser’s
own transport; if this is not possible, calves
should be bought from as few sources as possible,
using reputable dealers or reliable buying groups.
Markets should be avoided if possible. Body
weight, condition and adequate colostral antibody
status are useful guides. Journey times should be
as short as possible, using suitable vehicles and
complying with appropriate regulations. Housing,
i.e. the general layout of the site and construc-
tion of the calf house, should take account of
drainage to minimize cross-infection. All fittings,
utensils and surfaces should lend themselves to
effective cleansing and disinfection. A strict
hygiene routine for buckets and teats should be

182 C. Wray and R.H. Davies



maintained. Each calf should have its own
bucket and automatic feeders should be disman-
tled, cleaned and disinfected daily. Concurrent
infection, especially respiratory diseases or
BVDV, may precipitate clinical disease and ill
calves should be nursed in isolation facilities.
The use of vaccines has been questioned on the
grounds that calves may be infected on arrival,
but their use is preferable to the prophylactic use
of antibiotics.

Control measures during outbreaks

Once salmonellosis has occurred, the priority is
to stop it spreading to other animals and people.
Clinically affected animals should be kept in iso-
lation or segregated, to reduce the large weight of
environmental contamination. Animals that
have recovered may still excrete the organism
and should remain in isolation until Salmonella
excretion ceases (usually 2–12 weeks). In many
Salmonella outbreaks, infection will be found to
be widespread, with healthy animals excreting
Salmonella in their faeces. Stressful events, such
as parturition, nutritional stress, anorexia, other
disease, etc., may trigger clinical disease, and,
because newly calved cows are susceptible, dis-
ease often occurs in calving boxes or stalls. These
should not be used for other animals until they
have been thoroughly cleaned and disinfected.

If the problem reaches outbreak proportions
and it is not possible to isolate all the affected
animals, attempts should be made to segregate
groups of different-aged animals as far as possible.

Salmonella spreads around the farm environ-
ment on boots, tractors, other equipment, surface
water, effluent from animal accommodation,
birds, rodents, domestic animals, etc., and every
effort should be made to attain a very high stan-
dard of cleanliness and discipline at all times. All
manure and effluent should be contained for dis-
posal or treated in such a way as to minimize
environmental contamination. Slurry should be
stored for at least 3 months and bedding from the
isolation areas is best burned. Manure and slurry
are best spread on arable land.

Vaccination may have a part to play in the
control of disease outbreaks, and vaccination of
cows will help to protect the calves and reduce
Salmonella contamination.

Calves
Sick calves or calves from known infected cows
should not be introduced into an already occu-
pied calf house or unit. One infected calf can
give rise to widespread infection in a calf house,
irrespective of whether the calves are single-
penned or group-housed. This is especially the
case with purchased calves, which may come
from a large number of sources.

The calf attendant should follow a disci-
plined procedure of disinfection on entering and
leaving the house and, if possible, should not
deal with healthy calves in another house, or
should care for healthy calves first.

Public Health Aspects

Although Salmonella are an important cause of
food poisoning, it should not be forgotten that
humans may be infected by direct contact with
infected cattle. Skin lesions caused by S. dublin
and other serovars have been described in
veterinarians following obstetrical manipula-
tions (Williams, 1980; Visser, 1991). It was
reported by Evans and Davies (1996) that, on
20% of the cattle farms where S. typhimurium
DT104 infection was present, possible or con-
firmed associated human illness occurred in farm
workers or their families. A study of human cases
of salmonellosis found that 30% were associated
with contact with infected cattle (Fone and
Barker, 1994) and, in a case–control study, 10%
of the cases originated on farms (Wall et al.,
1994, 1995b).

Milk-borne Salmonella infection

Contamination of milk may occur by a variety of
routes. Cattle may occasionally, during the
febrile stages of salmonellosis, excrete the organ-
ism in their milk (Gibson, 1965; Maclachlan,
1974) or, more commonly, infected faeces from
either a clinical case or a healthy carrier may
contaminate milk during the milking process
(McEwen et al., 1988). In Western Europe, udder
infection with Salmonella appears infrequent,
although the excretion of S. typhimurium has
been reported (Ogilvie, 1986; Giles and King,
1987). In herds that had experienced acute out-
breaks of salmonellosis, Morisse et al. (1984)
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detected Salmonella in 10–60% of aseptically
drawn milk samples. During a herd investigation
by Giles et al. (1989), a cow was detected which
excreted S. typhimurium intermittently from the
udder for 2.5 years. In California, udder infec-
tions with S. dublin do not appear to be uncom-
mon (Smith et al., 1989; Spier et al., 1991), and
S. dublin infection of humans from drinking raw
milk has been documented (Werner et al., 1979;
1984). Milk may also be contaminated by the use
of polluted water (Gay and Hunsaker, 1993) or
dirty equipment. Indirect contamination may
also occur when the udders, flanks, etc. of cattle
become contaminated when they wade into pol-
luted streams and the Salmonella enter the milk
during milking (George et al., 1972).

Many outbreaks of human salmonellosis
have been associated with the drinking of raw
milk (Sharpe et al., 1980; Potter et al., 1984)
and, in Scotland, an outbreak of human illness
caused by S. dublin involved at least 700 persons
(Small and Sharp, 1979). During the period
1992–1996, Djuretic et al. (1997) described 11
general outbreaks associated with milk and dairy
products, such as cheese.

Some of these outbreaks involved pasteur-
ized milk and, although the heat treatment used
during pasteurization is adequate to destroy
Salmonella in milk, pasteurization-plant failure
and post-pasteurization contamination can occur.
Ryan et al. (1987) reported one such outbreak
when over 16,000 culture-confirmed cases of
human S. typhimurium infection occurred, after
drinking pasteurized milk from a plant where
post-processing contamination occurred.

Milk products, such as cheese (Rampling,
1996), ice-cream (Djuretic et al., 1997), dried
milk powder (Rowe et al., 1987) and others
(Becker and Terplan, 1986), have frequently
been associated with human salmonellosis.

Meat and meat products

The most serious hazard to public health is that
arising from the sick or casualty animal; in such
animals, latent Salmonella infection may become
generalized and so infect other animals in the
lairage or during transit. Although there have
been many surveys of the incidence of Salmonella
in healthy cattle at abattoirs, there has been no
uniformity of the material examined or the sam-
pling techniques, and consequently the results
are not comparable. Surveys in various countries
have shown that in adult cattle the incidence of
Salmonella varied from 0.3 to 11.6% and in calves
from 4.3 to 14.3% (see Wray and Sojka, 1977).

The transfer of Salmonella from animals car-
rying the organisms both externally and inter-
nally can be limited only by cleanliness of the
lairage and strict adherence to hygienic proce-
dures during slaughter and dressing. The pres-
ence of even small numbers of Salmonella in
carcass meat and edible offal may lead to heavy
contamination of minced meat and sausage. In
1971, Edel and Kampelmacher found 33.7%
minced meat samples, 20% tartar, 16.7% beef-
burgers and 16.9% raw sausages to be contami-
nated with Salmonella. Roberts et al. (1975)
found the prevalence of Salmonella in sausages
and sausage meat from several different producers
to range from about 2 to 60%. A more recent
survey found 17% of 786 samples of raw sausage
to be contaminated with Salmonella, which
included S. typhimurium DT104 (Nichols and de
Louvois, 1995). Improperly cooked and stored
beef was associated with an outbreak of S.
typhimurium DT104 (Davies et al., 1996) and a
study of food in Manchester found 0.5% of
cooked meat and 3.2% of tripe and udder to be
contaminated with Salmonella (Barrell, 1987).
Such contaminated meat and meat products may
either cause direct infection or indirect contami-
nation through cross-contamination in the
kitchen.
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Historical Perspectives

The organism now known as S. choleraesuis was
first isolated from pigs by Salmon and Smith
(1886), when they considered it to be the cause of
swine fever (hog cholera). The importance of the
organism as a cause of disease in pigs was neglected
when the viral aetiology of swine fever was discov-
ered, and a number of years elapsed before S.
choleraesuis was recognized as a primary pathogen
that was capable of causing several different disease
syndromes.

Pigs are also susceptible to S. typhimurium,
which may be the more important pathogen in a
number of countries, not only from the animal-dis-
ease aspects but also from the public-health point
of view (Buxton, 1957). A wide variety of other
serovars have been isolated from pigs and,
although they may occasionally cause disease, in
general, infected pigs remain healthy carriers and,
as a consequence, are of public-health importance.
In addition to the economic impact of salmonel-
losis on the human population, it is also a major
cause of economic loss in pig production, resulting
in millions of dollars in lost income to the pork
industry (Schwartz, 1990).

Epidemiology

General introduction

Members of the genus Salmonella are extremely
ubiquitous in nature, recovered from nearly all

vertebrates, as well as insects, and are often
referred to as universal pathogens (Taylor and
McCoy, 1969; Falkow and Mekalanos, 1990). It
is convenient to consider porcine Salmonella as
consisting of two groups. The first group would
consist of the host-adapted serovar S.
choleraesuis. The second group would consist of
all other serovars, which have a much broader
host range and include S. typhimurium, which is
most often associated with gastroenteritis world-
wide (Falkow and Mekalanos, 1990). However,
some host-adapted serovars can cause severe dis-
ease in humans, which may result in high mortal-
ity, as observed following infection by S.
choleraesuis (Cherubin, 1980).

Prevalent serovars and phage types

In the UK, S. choleraesuis was the predominant
serovar in pigs during the 1950s and 1960s and,
in 1958 and 1968, it constituted 90% and 74.2%,
respectively, of all Salmonella isolates from pigs
(Sojka et al., 1977). Subsequently its prevalence
has declined in the UK and only one incident of
S. choleraesuis was reported in pigs in 1997. It is
now regarded as an infrequent isolate. This seems
to be the current situation in a number of other
European countries (Laval et al., 1992; Baggesen
and Christensen, 1997a; Helmuth et al., 1997)
and also in Australia, where the organism was
last isolated in 1987 (C. Murray, Adelaide, per-
sonal communication, 1998). In contrast, in
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North America, S. choleraesuis remains a major
problem for the pig industry (Wilcock and
Schwartz, 1992). The reasons for the differences
between North America and Europe are not
known but may be related to husbandry practices.

In Europe, the predominant Salmonella
serovars in a number of different counties are S.
typhimurium and S. derby. In the UK in 1997, of
the 338 Salmonella incidents reported in pigs,
62% were caused by S. typhimurium and 12% by
S. derby (Report, 1997a). Regional differences
are also apparent and, in Germany, the second
commonest serovar in 1998 was S. agona, while
in Denmark it was S. infantis.

In the USA, S. typhimurium (including var.
Copenhagen), S. derby and S. choleraesuis (var.
Kunzendorf) are the three commonest serovars
recovered from clinical submissions to the
National Veterinary Services Laboratory (Ferris
and Miller, 1998). The top five serovars
recovered during a national prevalence study
conducted in 1995 were S. derby (33.5%), S.
agona (13.0%), S. typhimurium (including var.
Copenhagen) (14.7%), S. brandenberg (8.0%), S.
mbandaka (7.7%) (E. Bush, personal communica-
tion). However, the recovery of a serovar varies
by source, as well as geographical location
(Currier et al., 1986; Davies et al., 1997).

The number of reports of some other
serovars has increased during the last decade, but
it is not known whether this is the result of bet-
ter monitoring or whether it indicates an
increased disease or environmental prevalence.

Of the different phage types of S.
typhimurium, the most frequent in pigs in the UK
are DT104, DT193 and DT208, all of which are
resistant to a number of antibiotics (Wray et al.,
1997). In 1997, only 15.8% of the Salmonella iso-
lates from predominantly diseased pigs were fully
susceptible to the antibiotics used for monitor-
ing; tetracycline resistance was the most fre-
quent. In Denmark in 1996, 80% of the
Salmonella isolates from pigs were fully suscepti-
ble; although the multiply resistant S.
typhimurium phage type DT104 was present, its
frequency was low and control measures had
been instituted (Report, 1997b). Phage typing of
veterinary isolates of S. typhimurium in the USA
was initiated in 1996 and S. typhimurium DT104
has been isolated from a number of species,
including pigs. In 1997, 19% of the diagnostic
and 44.2% of the slaughter isolates were fully sus-

ceptible to all antimicrobials. Multiple resistance
to five or more antimicrobials was observed in
23.3% of diagnostic and 16.8% of slaughter iso-
lates (NARMS-EB, 1997).

Transmission

Historically, transmission of Salmonella between
hosts is thought to occur via the faecal–oral route
of exposure. Since Salmonella are often shed in
large numbers in the faeces, it is not improbable
to expect that this is a major route for transmis-
sion of the organism. A number of studies have
reproduced experimental infection by the oral
route and, during acute disease, pigs will shed up
to 106 S. choleraesuis (Smith and Jones, 1967) or
107 S. typhimurium (Gutzmann et al., 1976) g�1

faeces. Generally, high doses have to be used and
disease is frequently difficult to reproduce. Dawe
and Troutt (1976) produced moderate disease
following oral inoculation of 106 cells, but most
authors report successful disease reproduction
with doses of 108–1011 Salmonella (Gray et al.,
1995, 1996a,b). During a study on two farms,
Williams et al. (1981) were unable to reach any
firm conclusions as to the natural route of trans-
mission of S. choleraesuis and they suggested that
cannibalism of piglets may be of importance in
the spread of the organism.

However, as early as 1965, De Jong and
Ekdahl, after oesophagectomizing calves and giv-
ing an oral challenge, proposed that both
haematogenous and lymphatogenous routes of
infection are important in the dissemination of
Salmonella, particularly S. typhimurium. Hardman
et al. (1991) further demonstrated that calves
penned individually were susceptible to infection
with Salmonella.

Aerosol experiments in chickens and mice
have shown that infections with Salmonella can
be achieved more regularly via the lungs than by
oral inoculation (Clemmer et al., 1960; Darlow et
al., 1961). This gave support to the role that
aerosols may also play in the transmission and
dissemination of Salmonella. 

Further studies in pigs using oesophagotomy
indicated that the upper respiratory tract may be
equally important in transmission (Fedorka-Cray
et al., 1995) and that the tonsils and lungs may
be important sites for the invasion and dissemi-
nation of Salmonella. Pneumonia associated with
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S. choleraesuis infection has been previously
described (Baskerville and Dow, 1973) and a
recent increase in S. choleraesuis-associated pneu-
monia has been reported (Turk et al., 1992). It is
unclear whether this predilection for the lung is
due solely to the pathogen, poor ventilation in
large confinement buildings or some combina-
tion of these and other factors. Experimental
infection models have not provided good
answers, because positive lung samples have been
regarded as an artefact of intranasal or per os
inoculation. However, in addition to the
oesophagotomy work by Fedorka-Cray et al.
(1995), Gray et al. (1996b) also demonstrated
that the lung is colonized in pigs that are natu-
rally exposed to pigs infected with S. choleraesuis,
indicating that lung colonization is not an arte-
fact of experimental inoculation. Collectively,
these studies indicate that the traditional para-
digm of faecal–oral transmission is no longer
valid and that other possibilities, such as aerosol
or dust-borne transmission, need to be consid-
ered.

Environmental considerations

Although transmission of Salmonella typically
occurs through faecal–oral or aerogenous trans-
mission, other vectors must be considered when
discussing dissemination of the organism. In pigs,
observed sources of contamination include
rodents, insects, humans and contaminated feed
and feedstuffs (Clarke and Gyles, 1993;
McChesney et al., 1995). Mouse faecal pellets
have been shown to contain up to 105 colony-
forming units (cfu) Salmonella (Henzler and
Opitz, 1992). During an investigation of
Salmonella contamination, which involved 23 pig
farms, Davies and Wray (1997) found a wide
range of wild animals, including rats, mice, cats
and birds, to be infected. Cats and birds were
associated with contamination of feed and grain
stores, and rodents were involved in the perpetu-
ation of infection in specific buildings on the
farm. Infected foxes were most common on out-
door breeding farms. Flies and dust can also act as
mechanical vectors that spread Salmonella
throughout the facility or environment (Edel et
al., 1967, 1970).

It is well known that animal feeds fre-
quently contain Salmonella and that animals fed

contaminated feed often become infected
(Linton and Jennet, 1970). The rate of contami-
nation of animal protein delivered to a large
feed-mill in the south-eastern part of the USA
was reported over a 10-month period (Williams
et al., 1969). Of 311 samples, 68% contained one
or more of the 68 Salmonella serovars identified in
the study. Eighty-six per cent of the meat-meal
and 18% of the fish-meal sampled were found to
be contaminated. In another study to determine
the prevalence of Salmonella in pig feeds, 2.8% of
the feeds and feed ingredients taken from farm
environments were positive for Salmonella
(Harris et al., 1997). Feed trucks have also been
implicated as a source for feed and feedstuff con-
tamination (Fedorka-Cray et al., 1997a).

Salmonella may persist in the environment
for long periods and Linton et al. (1970) consid-
ered such persistence an important risk factor.
Berends et al. (1996) suggested that contamina-
tion of endemic flora in finishing sites was the
predominant source of infection of finished pigs,
rather than infection originating from breeding
farms or other sources, though the latter is more
important when pigs from various sources are
mixed on finishing farms. Baggesen et al. (1997)
isolated Salmonella from faeces, pens, dust, equip-
ment, ventilation equipment and slurry during
their studies on pig farms. Gray and Fedorka-
Cray (1995) showed that S. choleraesuis survives
in dry faeces for at least 13 months post-shed-
ding, demonstrating the importance of cleaning
organic matter from the environment. Davies
and Wray (1997) found a high level of Salmonella
persisting in pig pens after disinfection, and the
organism persisted in soil for at least 6 months on
outdoor farms (R.H. Davies, VLA, Weybridge,
personal communication, 1999).

Virulence Factors/Pathogenesis

Many potential virulence factors have been
identified for Salmonella, but few have been
tested critically for their contribution to
virulence and the subject is reviewed in Chapter
4. It has been estimated that Salmonella possess
over 200 virulence factors, of which only a frac-
tion has been characterized (R. Curtiss III, per-
sonal communication, 1999). Many studies have
relied on in vitro data to draw their conclusions.
This makes it difficult to develop meaningful
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extrapolations for human and animal disease. In
addition, many studies utilize mice as a model for
disease and these results often cannot be
repeated in other hosts and few studies have been
done in pigs.

Pospischil et al. (1990) used immunola-
belling techniques (peroxidase and immunogold)
to detect and locate Salmonella in the tissues of
experimentally infected pigs. S. typhimurium had
a low tendency to invade the enteric mucosa and
did not reveal any predilection for a specific
intestinal location. In contrast, S. choleraesuis
was located preferentially in the colon and on
the luminal surface of the ileal M cells of the
Peyer’s patches, from where it had a tendency to
invade. Studies in vitro suggest that S.
typhimurium may adhere by means of mannose-
resistant adhesins (Jones et al., 1981), and inva-
sion of Madin Darby canine kidney cells by S.
choleraesuis has been shown to be an active
process, requiring bacterial RNA and protein
synthesis (Finlay et al., 1988).

Several serovars have been shown to pro-
duce enterotoxins, specifically cholera-like toxin
(Prasad et al., 1990, 1992). Very little is known
about this toxin as it relates to the pathogenesis
of Salmonella infection. A common feature of
Salmonella-induced enteritis is severe damage to
intestinal epithelial cells, which is likely to be
the result of a cytotoxin. At least three cytotox-
ins have been identified. A wide variety of
serovars possess a heat-labile cytotoxin, described
by Ashkenazi et al. (1988). Another cytotoxin is
a low-molecular-weight membrane-associated
toxin, which has not been characterized
(Reitmeyer et al., 1986). A third toxin, described
by Libby et al. (1990), appears to be present in
nearly all Salmonella, Shigella and enteroinvasive
Escherichia coli. This cloned protein is a 26 kDa
cell-associated haemolysin and its role in viru-
lence is under study.

Roof and Kramer (1989) showed that viru-
lent S. choleraesuis were able to survive within
porcine neutrophils by inhibiting superoxide
anion production and resisting the bactericidal
activity of the cells. Heat-shock proteins have
been shown to be produced by S. typhimurium
inside murine macrophages. Mutants that are
defective in the ability to produce these proteins
are less virulent in mice and do not survive well
in macrophages (Falkow and Mekalanos, 1990).
The phagocytosis of S. choleraesuis in the lungs of

pigs was studied by Baskerville et al. (1972) dur-
ing the period 6 h–14 days after intranasal infec-
tion. All bacteria were phagocytosed soon after
arrival by polymorphonuclear leucocytes and
macrophages; many were destroyed but some sur-
vived and multiplied within the cells. Between
days 5 and 7, the Salmonella caused necrosis of
the phagocytes, were liberated in large numbers
and caused damage of the lung tissues. Later
studies showed that the free bacteria did not
attach to or penetrate pulmonary cells and they
suggested the damage was caused by toxin
(Baskerville et al., 1973).

The lipopolysaccharide (LPS) of Salmonella
is a major determinant of host specificity and
virulence (see Chapter 2). The intact LPS affords
resistance to phagocytosis and killing by
macrophages and complement-mediated killing
(Saxen et al., 1987; Robbins et al., 1992). In
addition, it has been shown that LPS is a major
contributor to survival of Salmonella in the
intestinal tract (Nnalue and Lindberg, 1990).
The LPS component of Salmonella also con-
tributes to vascular damage and thrombosis. The
endotoxic properties of Salmonella cause fever,
disseminated intravascular coagulation, circula-
tory collapse and shock (Takeuchi and Sprinz,
1967; Clarke, 1985).

Motility provided by flagella appears to be
important for invasion for some, but not all,
serovars of Salmonella. Regardless of the other
contributions the flagella may make, their pres-
ence increases the probability that the organism
will come in contact with an epithelial cell. It
has been shown that strains with polar rather
than peritrichous flagella have an increased abil-
ity to come in contact with, and potentially
invade, epithelial cells (Jones et al., 1992).

A siderophore called enterobactin has been
identified in S. typhimurium (Benjamin et al.,
1985). This protein does not appear to be neces-
sary for full virulence and its importance may be
relative to the amount of extracellular growth,
that occurs. Interestingly, pigs infected with S.
choleraesuis have a reduction in serum iron, total
iron-binding capacity and transferrin. The intra-
cellular environment is low in iron and it has
been suggested that S. choleraesuis has a non-
siderophore mechanism for scavenging iron
(Clarke and Gyles, 1993).
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Disease in Pigs

Associated serovars

Clinical porcine salmonellosis can be separated
into two syndromes; one involves S. typhimurium,
which is associated with enterocolitis, while the
other involves S. choleraesuis and is usually asso-
ciated with septicaemia. In the USA, clinical
porcine salmonellosis is almost solely due to infec-
tion with S. typhimurium or S. choleraesuis. Clinical
disease has also been associated with S. typhisuis.
This serovar is difficult to isolate and, because of
this difficulty, may be responsible for more out-
breaks than it is directly associated with by cul-
ture (Wilcock and Schwartz, 1992). In addition,
there have been reports of both S. dublin
(Lawson and Dow, 1966) and S. enteritidis
(Reynolds et al., 1967) causing disease in pigs. In
contrast, clinical disease in other countries has
been associated with many other serovars and S.
choleraesuis may or may not be one of them (B.
Nielsen, Copenhagen, personal communication,
1995).

The vast majority of S. choleraesuis out-
breaks in pigs are due to the H2S-producing vari-
ant Kunzendorf (Wilcock and Schwartz, 1992).
However, the non-H2S producing S. choleraesuis
has been as high as number 2 in the top 10 com-
monest Salmonella isolates from pigs in a given
year (Ferris and Thomas, 1993).

Populations affected

Intensively reared, weaned pigs are most often
affected by Salmonella infection. In general, S.
typhimurium tends to cause disease in young pigs
from 6 to 12 weeks of age. Disease from this
serovar is rare in adult animals, but infection is
frequent. S. choleraesuis causes disease among a
wider range of ages. Mortality tends to be higher
in younger than in older pigs, while morbidity is
often equal regardless of age. Disease from S.
choleraesuis in the adult is not a common occur-
rence. However, if a susceptible population is
exposed, the animals will be significantly affected
(Wilcock and Schwartz, 1992). It is not known
how common subclinical infection is in the
adult. Normally, only moribund suspect cases are
cultured for S. choleraesuis. The occurrence of sal-
monellosis in suckling pigs is rare, presumably

because of lactogenic immunity, but infection is
not uncommon (Gooch and Haddock, 1969;
Wilcock et al., 1976). However, neonatal pigs are
susceptible to oral challenge with Salmonella and
develop a disease similar to that observed in
weaned pigs (Wilcock and Olander, 1978).

Septicaemia

The septicaemic form of porcine salmonellosis is
usually caused by S. choleraesuis. Affected pigs are
inappetent, lethargic and febrile, with tempera-
tures of up to 107°F (41.7°C). Respiratory signs
may consist of a shallow, moist cough and
diaphragmatic breathing. Clinical signs first appear
after 24–36 h of infection (Reed et al., 1986).
Often, producers will find the first evidence of
disease as dead pigs with cyanotic extremities and
abdomens. In most outbreaks, mortality is high
and morbidity is variable but generally less than
10% (Reed et al., 1986; Wilcock and Schwartz,
1992). Diarrhoea is normally not a feature of S.
choleraesuis infection until at least the fourth or
fifth day of infection. It may last from 5 to 7 days
after onset if chronic reinfection is not occurring.

Gross lesions include colitis, infarction of
gastric mucosa, swollen mesenteric lymph nodes,
splenomegaly, hepatomegaly and lung conges-
tion. Random white foci of necrosis are often
observed on the liver (Reed et al., 1986; Wilcock
and Schwartz, 1992).

The microscopic lesion that is most often
associated with S. choleraesuis in pigs is the
paratyphoid nodule. This lesion can be viewed in
the liver as clusters of histiocytes amid foci of
acute coagulative hepatocellular necrosis and
corresponds to the white foci seen grossly
(Lawson and Dow, 1966). Other lesions may
include fibrinoid thrombi in venules of gastric
mucosa and cyanotic skin and glomerular capil-
laries. Swelling of histiocytes and epithelial cells,
typical of Gram-negative sepsis, as well as hyper-
plasia of reticular cells of the spleen and lymph
nodes, is often observed (Wilcock et al., 1976).

Enterocolitis

Enterocolitis in pigs is typically associated with
S. typhimurium infection and occasionally with 
S. choleraesuis infection. In contrast to the 
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septicaemic disease, the initial sign of infection is
often watery, yellow diarrhoea. Infected pigs are
inappetent, febrile and lethargic. Mortality is
usually low. However, morbidity can be high
within a few days of infection (Wilcock and
Schwartz, 1992).

The major gross lesion at necropsy is focal
or diffuse necrotic colitis and typhlitis.
Mesenteric lymph nodes are greatly enlarged.
Intestinal lesions develop as red, rough mucosal
surfaces, which may also have grey-yellow debris.
Colon and caecal contents are bile-stained and
scant, often with black or sand-like gritty mater-
ial on the surface. Intestinal necrosis may be seen
as sharply delineated button ulcers, often associ-
ated with resolving lesions (Wilcock and
Olander, 1978; Wilcock and Schwartz, 1992;
Wood and Rose, 1992). In cases of S.
typhimurium enterocolitis, the liver and spleen
are not enlarged except by terminal congestion
(Wilcock and Schwartz, 1992).

Histopathological examination reveals
necrosis of cryptic and surface enterocytes, which
may be local or diffuse. The lamina propria and
submucosa contain macrophages and lympho-
cytes, with neutrophils observed only in the very
early stages of disease. It is not uncommon to see
lymphoid atrophy or regenerative hyperplasia
associated with this disease (Wilcock et al., 1976;
Jubb et al., 1985; Reed et al., 1986).

Treatment

Various antibiotics have been used to treat severe
Salmonella infections in pigs, but actual con-
trolled trials to judge their efficacy are few.
Wilcock and Schwartz (1992) mention a number
of trials, but the general conclusion was that
therapy was equivocal or of little merit.
Antimicrobials have also been used to reduce,
but not eliminate, the shedding of Salmonella by
sick or recovered pigs (Holcomb and Fedorka-
Cray, 1997). However, anecdotal information
from practitioners suggests that severe Salmonella
infections will respond to appropriate antimicro-
bial therapy. Ancillary therapy, such as the use of
fluids to replace lost electrolytes and to prevent
dehydration, will assist recovery.

Detection of Salmonella

Culture

A great interest has developed in the animal-pro-
duction and food-processing industries to create
and evaluate new methods to detect, either
directly or indirectly, the presence of Salmonella.
Traditional culture methods may take 3–5 days to
complete and much effort has been directed
towards finding more rapid methods. However,
the culture of Salmonella is the standard by which
all other methods are measured. Recovery of the
organism is the only means by which definitive
serotyping can be achieved. In addition, the
isolation of the organism serves as an invaluable
source of epidemiological data, which cannot be
overlooked.

Most of the original methods were devel-
oped for the diagnosis of clinical salmonellosis in
humans and other animals. In pigs, clinical sal-
monellosis is, with the exception of S. cholerae-
suis infection, uncommon. The sensitivity of the
culture method may also be affected by the phase
of the infection. In acute salmonellosis, large
numbers of Salmonella are shed in the faeces,
whereas a chronically infected pig or a carrier
may excrete only low numbers of Salmonella
intermittently. Thus, for clinical samples, direct
culture may suffice, whereas samples from chroni-
cally infected pigs or from the environment will
almost certainly require pre-enrichment and
selective enrichment. 

Many different culture media and methods
have been developed and used for Salmonella
detection and these are reviewed in Chapter 21.
For the isolation of S. choleraesuis, Smith (1952)
found it absolutely necessary to utilize media
other than tetrathionate broth and selenite F
broth, both of which have been reported to be
toxic for the organism. It has been suggested that
this may explain the infrequent isolation of S.
choleraesuis in pigs during epidemiological surveys
(Ewing, 1986). During a study on the prevalence
of Salmonella in finishing pigs, Davies et al.
(1997) failed to isolate S. choleraesuis on
xylose–lysine–Tergitol 4 (XLT4) medium, though
the organism grew on modified brilliant green
agar. When possible, a combination of enrich-
ment media should be employed and may 
include Gram-negative (GN)–Hajna broth and
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tetrathionate broth for the isolation of host-
adapted serovars, as well as broad-host-range
Salmonella (Ewing, 1986; Fedorka-Cray et al.,
1996).

Many plating media have been devised for
the isolation and differentiation of Salmonella
(see Chapter 21) and the choice of the media
will be governed by the operator’s experience and
requirements. A recent study compared
Hektoenenteric (HE) agar, Rambach agar,
Salmonella identification (SM-ID) medium,
XLT4, novobiocin–brilliant green–glycerol–
lactose agar (NBGL) and modified semi-solid
Rappaport–Vassiliadis medium (MSRV) for the
isolation of Salmonella. Tests of these relatively
new media found MSRV to be the most sensitive
and specific, but it was also the most difficult to
use. The XLT4 plates were found to be as sensi-
tive as HE, with improved specificity. The other
media did not perform as well (Dusch and
Altwegg, 1995). It should also be remembered
that the classical S. choleraesuis does not produce
H2S and may be missed on media, such as xylose
lysine desoxycholate (XLD), which incorporate
an H2S indicator.

In all cases, pooled faecal samples are pre-
ferred over rectal swabs for the detection of
Salmonella-carrier pigs (McCall et al., 1966).

Enzyme-linked immunosorbent assays

Enzyme-linked immunosorbent assays (ELISA)
can be used to detect either the organism or a
humoral immune response to the organism.
Antigen-capture ELISA to detect microorgan-
isms in food and feedstuffs are gaining widespread
use in the industry. Whereas culture may take
3–7 days to identify the organism, ELISA can
detect the organism in a much shorter period of
time, usually 1 day or less. However the reliabil-
ity of some of these assays is questionable. In gen-
eral, the cleaner the sample, the better the assay
will perform. Usually faeces or faeces-contami-
nated samples do not test as well as food and
feedstuffs. Feng (1992) listed and described sev-
eral commercial rapid-screening assays. Several
antigen-capture immunoassays have been utilized
to detect Salmonella in pig faeces (Araj and
Chugh, 1987; Lambiri et al., 1990; van Poucke,
1990). They have the same disadvantage of many
ELISA tests in that they require 104–105 cfu

Salmonella ml�1 to detect the organism (Dziezak,
1987). In order to achieve these numbers, a time-
consuming and expensive concentration protocol
or a lengthy pre-enrichment must be employed.
Some investigators have had success in utilizing
rapid-enrichment protocols to detect Salmonella
in pig faeces (Cherrington and Huis in’t Veld,
1993).

The second use of ELISA is to detect ani-
mals that have been, or are currently, infected
with Salmonella (see Chapter 24). The detection
of antibodies to the O antigen of Salmonella has
been used successfully in pigs (Nielsen et al.,
1994). The mixed ELISA utilizes LPS produced
from both S. typhimurium and S. choleraesuis. The
majority of pig-related Salmonella serovars pro-
duce high titres to the O antigens that are pre-
sent. Although the test can be utilized at the
herd level, it is not suitable as an individual pig
test (Nielsen et al., 1995). The mixed ELISA has
been used for routine screening of breeding,
multiplying and slaughter pig herds in Denmark
since 1993. The screening of breeding and multi-
plying herds is performed on serum samples,
whereas meat juice is used for slaughter pigs. The
meat juice is obtained by freezing a 10 g sample
of muscle tissue at �20°C overnight and then
allowing it to thaw, thereby releasing antibody-
containing tissue fluid. On the basis of the
ELISA results, further farm investigations may be
undertaken, using culture methods.
Unfortunately, experimentally and naturally
infected pigs have been shown to have a titre to
LPS for at least 12 weeks after exposure to S.
choleraesuis, even after clearing the bacteria
(Gray et al., 1996b). This may result in a number
of ELISA-positive pigs that are no longer
infected. It is unclear what effect vaccination has
on the outcome of this assay. However, data indi-
cate that pigs vaccinated with a commercially
available, modified, live, plasmid-free S. cholerae-
suis vaccine do not initiate a humoral immune
response to S. choleraesuis antigens. This would
suggest that pigs vaccinated with this strain
would appear as non-infected pigs in a diagnostic
test.

Another ELISA has been used to detect
antibodies in Salmonella-carrier pigs, employing a
heat-extracted antigen (Kramer et al., 1994).
The results from this study indicate that most
pigs infected with S. typhimurium or S. cholerae-
suis have an antibody response to this antigen.
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This assay shows a correlation between preva-
lence and severity of infection and the magni-
tude of the antibody response. A second ELISA,
utilizing a different type of heat-extract antigen
in a mixed-ELISA format, has also been devel-
oped and shows good sensitivity and specificity
(Gray and Fedorka-Cray, 1999).

Polymerase chain reaction

The extraordinary ability of the polymerase
chain reaction (PCR) to exponentially replicate
a target DNA sequence has made it a very pow-
erful tool in the armamentarium of the diagnosti-
cian, epidemiologist and molecular biologist.
This assay is based on the ability of target (organ-
ism)-specific primers, through complementary
DNA base-pairing, to anneal only to the target
sequence. Thermostable DNA polymerase recog-
nizes the template primer complex as a substrate,
which results in the simultaneous copying of
both strands of the segment of DNA between the
two annealed primers. The denaturation anneal-
ing and elongation steps take place in a cyclical
fashion, relying on the thermostability of the Taq
polymerase, until the target sequence is amplified
to detectable amounts (Ehrlich and Sirko, 1994).

The PCR assay has been used to identify
Salmonella in food and clinical samples (Araj and
Chugh, 1987; Rahn et al., 1992; Cohen et al.,
1993). However, obstacles in the detection of
organisms include the presence of substances
inhibitory to PCR (Wilde et al., 1990; Rossen et
al., 1992) and the inability to detect <103 cfu g�1

of sample without pre-enrichment (Ehrlich and
Sirko, 1994). Investigators have improved detec-
tion methods in PCR assays by combining it with
immunomagnetic separation (Widjojoatmodjo et
al., 1991, 1992) or by enrichment culture (Stone
et al., 1994).

Vaccination

It is generally accepted that live, attenuated,
orally administered Salmonella vaccines provide
the best protection against Salmonella infection.
The superior protection achieved in comparison
with killed Salmonella bacterins and subunit vac-
cines is generally attributed to the ability of live
vaccines to stimulate a more effective cell-

mediated immune response. Oral administration
allows the attenuated mutant to utilize natural
routes of infection, which facilitates the crucial
step of antigen presentation to lymphocytes in
the gut-associated lymphoid tissue. These events
induce the production of secretory immunoglob-
ulin A (IgA) on mucosal surfaces (Clarke and
Gyles, 1993).

In many countries, however, inactivated
vaccines are the only products available and
their efficacy is equivocal. Linton et al. (1970)
considered that immunization with a killed vac-
cine conferred only a weak protection against
Salmonella infection in general. Davies and Wray
(1997) showed that vaccination of breeding
stock on a farm with an inactivated S.
typhimurium/S. dublin vaccine was associated with
a reduction of Salmonella from 67% to 12% in
weaned pigs and from 52% to 5% in the adults.
In Denmark, Dahl et al. (1997) demonstrated
that the use of killed vaccines reduced the clini-
cal impact of S. typhimurium infection in pigs but
did not reduce subclinical infection.

Recently, the development of specific non-
reverting mutations to construct both homolo-
gous and heterologous vaccine vehicles, with
multiple attenuating mutations, has been
achieved (Chatfield et al., 1992).

A mutation in the galE region in S. typhi
results in a deficiency in UDP-glucose-4-
epimerase, the enzyme that converts UDP-glucose
to UDP-galactose, an essential component of
Salmonella smooth LPS (Levine et al., 1989). In
several large trials on humans, this mutant has
appeared to be very efficacious. Because of this
success, this mutation has been employed for
many Salmonella serovars, including S.
typhimurium (Nnalue and Lindberg, 1990).
However, a galE mutation in S. choleraesuis does
not reduce virulence in pigs. The somatic antigens
of Salmonella serogroups are the main component
of host specificity and facilitate survival in the gas-
trointestinal tract and entry into deeper tissues
(Nnalue and Lindberg, 1990). This is due to the
fact that galactose is missing from the oligosaccha-
ride repeating unit of the O-antigen side-chain of
S. choleraesuis (Nnalue and Stocker, 1986).

Another common attenuation involves the
creation of auxotrophic mutants that require
metabolites not available in animal tissues.
Aromatic mutants, which have a complete block
in the aromatic biosynthetic pathway, have a
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requirement for aromatic metabolites, such as 
p-aminobenzoate and 2,3-dihydroxybenzoate.
Oral vaccination with aroA, aroD mutants in
mice and calves has been effective in reducing
disease and has been shown to be safe
(Robertsson et al., 1983; Smith et al., 1984;
Hook, 1990). Experiments using an aroA mutant
of S. typhimurium indicated that vaccinated pigs
shed Salmonella significantly less frequently than
non-vaccinated pigs (Lumsden et al., 1991).

Mutations in global regulatory pathways
have also been a popular means of attenuation.
Several studies have utilized strains with dele-
tions in the genes for adenylate cyclase (cya) and
for cAMP-receptor protein (crp). Cyclic AMP
and cAMP-receptor protein regulate at least 200
genes, many of which are required for the break-
down of catabolites. Salmonella with deletion
mutations in the cya, crp genes have been shown
to be safe and effective in eliciting protective
immunity in mice, chickens and pigs (Curtiss
and Kelly 1987; Stabel et al., 1990, 1991; Coe
and Wood 1992). A large study evaluating the
safety and efficacy of a battery of S. choleraesuis
�cya, �crp isogenic mutants in mice indicates
that several of these strains are protective and
safe (Kelly et al., 1992).

An S. choleraesuis strain that has been cured
of the 50 kb virulence plasmid has been shown to
be safe and efficacious in pigs (Kramer et al.,
1992). The non-specific mutation was obtained by
repeated passage through porcine neutrophils. The
plasmid-free variant lacks the ability to invade
Vero cell monolayers and porcine neutrophils, as
well as having increased resistance to killing by
hydrogen peroxide (H2O2) and phagocytic killing
by porcine neutrophils (Roof et al., 1992).

In Germany, an adenine-deficient strain of S.
choleraesuis is used for immunization of pigs and is
commercially available (Meyer et al., 1993).

The use of vaccines should be considered as
part of an overall strategy to control Salmonella
on the farm and their use should be in conjunc-
tion with other measures.

Competitive Exclusion

To prevent the Salmonella carrier state in pigs,
new intervention strategies need to be investi-
gated. Competitive exclusion is one approach
and has been used successfully with poultry

(Bailey, 1987; Bailey et al., 1992, Blankenship et
al., 1993) and further information on the subject
will be found in Chapter 18. A mucosal competi-
tive-exclusion culture from swine (MCES) was
developed by Fedorka-Cray et al. (1999).
Following application in suckling pigs and subse-
quent challenge with S. choleraesuis, 28% of the
gut tissues from the MCES-treated pigs were
poitive versus 79% positive tissues from the con-
trol pigs. A 2–5 log10 reduction of Salmonella in
the caecal contents or ileocolic junction was
observed in the MCES-treated pigs when com-
pared with the controls. These data indicate that
use of MCES may be a useful approach for con-
trol of Salmonella in pigs.

Control Measures

During the last decade, the structure of the pig
industry has changed markedly, with the intro-
duction of large integrated systems and breeding
pyramids, akin to those of the poultry industry.
Control measures are of increasing importance,
because of consumer concerns about food-borne
zoonoses. Epidemiological studies in recent years
suggest that Salmonella infection of suckling
piglets is much lower than that of older animals,
because of lactogenic immunity, and that, by the
application of integrated quality-control systems
agreed upon by all staff, the prevalence of
Salmonella on pig farms can be reduced.
Application of these systems requires some
knowledge of the Salmonella prevalence on an
individual farm and this can be monitored, as
indicated earlier, by either serology or culture.
The main components of an integrated quality-
control system are as follows.

Biosecurity

As indicated previously there are many routes by
which Salmonella can be introduced on to a farm
and the organism is often disseminated widely on
farms. Control measures include changes of
clothing and boots for visitors, bird and rodent
control, foot-baths containing active disinfectant
outside houses, limiting access to the site by visi-
tors and lorries, etc. Farm size, stocking densities
and pig density within a region all have a nega-
tive effect on the Salmonella status of a farm, 
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perhaps by predisposing to Salmonella spread
within and between farms.

All-in, all-out systems

Effective cleaning and disinfection are important
aspects of disease control. It is generally accepted
that farms should operate an all-in, all-out policy,
with adequate cleaning and disinfection after the
pen is empty. Linton et al. (1970) found that
uninfected animals, which remained in disin-
fected pens usually stayed free of Salmonella, but,
as the number of pigs per pen increased, a higher
prevalence of infection was found. Tielen et al.
(1997) found that Salmonella-negative piglets
placed in clean accommodation remained free,
despite serological evidence of Salmonella in the
sows. Fedorka-Cray et al. (1997b) weaned pigs at
14–21 days and removed them to clean accom-
modation, where the piglets remained free of
Salmonella. Improved disinfection of weaner and
grower pens on several farms produced a signifi-
cant reduction in the incidence of positive
batches (from 80% to 11% on one farm) (Davies
and Wray, 1997).

A word of caution should be introduced,
however, as other investigators have shown no
reduction in the prevalence of Salmonella using
all-in, all-out management of finishing pigs,
compared with conventional farrow-to-finish
systems, in North Carolina, USA (Davies et al.,
1997).

Feeding systems

Many batches of animal feed are contaminated
with Salmonella (see Chapter 17). In The
Netherlands, it was found that the prevalence of
Salmonella infection was ten times lower in pigs
fed a porridge than those fed dry feed (Tielen et
al., 1997). A study of 40 fattening farms in the
Netherlands isolated Salmonella from 19.4% of
the samples from farms using whey, compared
with 64.4% of farms using water (Van Schie and
Overgoor, 1987). Field studies in Denmark found
a lower prevalence of Salmonella on farms mixing
their own feed and feeding liquid feed (Bager,
1994). It is possible that the size of the feed parti-
cles can influence the intestinal flora or the dis-
tribution of organic acids, which have been

shown to be inhibitory (Prohaszka et al., 1990).
Naturally fermented feed is now being recom-
mended for reduction of Salmonella infection in
Denmark. Likewise, the use of acidified feed may
improve the response to treatment and reduce
the spread of disease.

Vaccination and strategic medication will
also assist in Salmonella reduction on a farm,
although the latter should be discouraged
because of the risk of producing resistant
microorganisms.

Salmonella control presents a challenge to all
involved in the pig industry. It is important that
control is based on a detailed knowledge of the
epidemiology of infection and a specific control
programme for each enterprise. Many strategies
have been tried and tested, e.g. vaccination, use
of antibacterials, etc. None have been successful
on its own, but improved hygiene and disease
security, combined with vaccination, are
methods that have been used successfully in
other sectors of the livestock industry.
Implementation of the hazard-analysis critical
control point (HACCP) principles on the farm,
which are currently being studied in the USA
and elsewhere, may provide a model for future
production practices.

Public-health Aspects

Pigs are an important reservoir of Salmonella for
humans and there have been many reports on
the isolation of the organism from pork and pork
products (Buxton, 1957; Bryan, 1980). In the
USA, 12.4% of fresh pork sausages were positive
for Salmonella (Johnston et al., 1982). More
recent reports indicate that a wide range of
Salmonella may be present in fresh pork (Bozzano
et al., 1993; Fernandez-Escartin et al., 1995). In
Greece, 28% of pork pig carcasses were found to
be contaminated with Salmonella (Epling et al.,
1993). Carcass contamination was 17.5% in
Canada (Lammerding et al., 1998), 21% in The
Netherlands (Oosterom et al., 1985), 6.5% in the
USA (FSIS, 1999) and 27% in Belgium (Korsak
et al., 1998). Pig meat products, such as hot vac-
uum-packaged pork (Van Laack et al., 1993)
especially those incorporating low-grade mater-
ial, such as mechanically recovered meat (Banks
and Board, 1983), are frequently contaminated
with Salmonella. 
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In many countries, the relationship between
human illness and Salmonella contamination of
pig meat is unclear, with the possible exception
of Denmark, where approximately 15–20% of
human cases are considered to be related to pork
and pork products (Wegener et al., 1994). In the
UK, there have been reports of recent outbreaks
of food poisoning associated with pork products
(Maguire et al., 1993; Cornell and Neal, 1998).

The prevalence of Salmonella in the intes-
tine of individual pigs from different sources is
extremely variable (Gray et al., 1995, 1996a,b).
Individual animals may remain as carriers for up
to 36 weeks (Wood and Rose, 1992). In
Denmark, 6.2% of caecal samples were found
positive, usually with one serovar or phage type
predominating from each farm source (Baggesen
et al., 1996). Sampling methods are important in
these surveys, because it has been shown that
rectal swabs provide an underestimate of the
level of infection, as may carcass swabs. Davies et
al. (1999) investigated Salmonella contamination
at a large abattoir and isolated Salmonella from
7.0% of 2211 carcass swabs and 11.6% of 2205
samples of large-intestinal contents. Many of the
isolates were resistant to antibiotics. It is com-
monly supposed that lairage of pigs will increase
the chance of cross-infection and contamination
of pigs (Morgan et al., 1987). Salmonella shedding
may be increased by any stress factor, including
transport (Scheepens et al., 1994; Berends et al.,
1996), but stress levels, and possibly Salmonella
excretion, are reduced by overnight lairage
(Warris et al., 1988). There appears to be little
difference in the magnitude of this effect in rela-
tion to the distance travelled (Rajkowski et al.,

1998). Davies et al. (1999) found a reduced rate
of intestinal carriage of Salmonella and carcass
contamination in pigs that had been held
overnight in lairage, as compared with pigs
slaughtered within 2–3 h of arrival.

The slaughter process in a well-run pig abat-
toir is capable of reducing the level of surface
contamination of carcasses, because of the scald-
ing and singeing stages, but any Salmonella that
survive these stages can be spread between car-
casses by the dehairing equipment (Gill and
Bryant, 1993). Most of the contamination, how-
ever, results from escape of intestinal contents
during evisceration (Saide-Albornoz et al.,
1995). The studies of Davies et al. (1999) indi-
cated that there was little increase in carcass
contamination after evisceration, although fur-
ther increases caused by trimming and meat
inspection have been described (Mousing et al.,
1997). HACCP-style procedures have been
widely adopted in abattoirs, but the level of
microbial monitoring to verify the critical con-
trol points and the correct application of proce-
dures is often insufficient (von Langer, 1995).
Employment of HACCP principles in the abat-
toir, however, appear to have decreased the
recovery of Salmonella from pig carcasses (FSIS,
1999). It is clear that biosecurity and hygiene
precautions to control Salmonella should be taken
throughout the pig meat production and distribu-
tion chain, from nucleus breeders to hot-dog
stalls (Simonsen et al., 1987). The use of isolated
weaning techniques may increase the likelihood
that pigs can be raised free of Salmonella
(Fedorka-Cray et al., 1997b).
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Chapter 12

Salmonella Infections in Sheep
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Historical

The earliest references to the occurrence of
Salmonella causing dysentery in sheep appear to
be those of Frickinger (1919) and Bruns and
Gasters (1920). They described an outbreak of
dysentery in 300 wethers following rail transport;
of these animals, 250 were ill and 140 died. Meat
from emergency-slaughtered animals was used to
make sausages and 1500 people subsequently
developed food poisoning. In Colorado, two out-
breaks of dysentery in feedlot lambs were
described by Newsome and Cross (1924, 1930),
the outbreaks involving 31,369 and 1600 lambs,
respectively. A Salmonella sp. now considered to
be Salmonella abortusovis was first isolated from a
case of abortion in Germany in 1921 (Schermer
and Ehrlich, 1921) and subsequently in the UK
(Bosworth and Glover, 1925). The characteris-
tics of the British isolate were described and cor-
related with those of the German isolate by
Lovell (1931). Subsequent isolations of the
organism were made in Cyprus (Manley, 1932)
and France (Lesbouryies et al., 1933) and there
have been many subsequent references to its
occurrence in other countries.

Many other Salmonella serovars have subse-
quently been associated with deaths and abor-
tions in sheep in all parts of the world. The
number of flocks affected annually is probably
small, but within these flocks the losses may be
high because many animals may be affected in
any one outbreak.

Epidemiology

Salmonella infections in sheep have been recorded
in most countries of the world. In the UK, the
number of incidents varies from 100 to 200 a year
and, given the size of the UK sheep population,
ovine salmonellosis is of much less economic
importance than salmonellosis in other species of
farm animals. In the UK, S. abortusovis has been
isolated on two occasions since 1975 – once in
1976 and again in 1984 – although it was previ-
ously widespread in the south-west of England.
The more common serovars associated with ovine
salmonellosis during the period 1991–1997 were
S. typhimurium, S. arizonae (O61:k:1,2,7), S. derby
and S. montevideo. The last of these has regularly
been associated with abortion in ewes, especially
in south-east Scotland and northern England.
During the period 1970–1981, a total of 67
incidents of S. montevideo were identified, but in
1982 a sudden upsurge occurred and infection was
confirmed in 38 flocks The prevalence still
remains high and some 20–30 incidents occur
annually. Twenty-seven biotypes of S. montevideo,
which belong to two biogroups, have been recog-
nized. One biogroup (10di) has been shown to
predominate in sheep in the UK, while the other
biogroup (2d) is associated mainly with human,
cattle and poultry infections (Reilly et al., 1985).
In addition to the serovars mentioned above,
20–30 other serovars are recorded annually.

In other countries for which data are 
available, S. typhimurium appears to be the 
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commonest Salmonella serovar in sheep, although
the predominant phage type may differ between
countries, e.g. in Australia DT135 and DT9 are
dominant, whereas in the UK DT104 is currently
the most common. S. abortusovis has been
described in many countries worldwide and in
some it is a serious problem. S. arizonae (O
61:k:1,5,7), which belongs to S. enterica ssp. IV,
was first isolated from sheep in the USA and has
subsequently been isolated in a number of coun-
tries, including the UK, Canada, Norway and
Germany.

Many other Salmonella serovars have been
isolated from sheep throughout the world, but,
given their large numbers, the prevalence of
ovine salmonellosis is low; however, when dis-
ease outbreaks occur, the losses can have serious
economic consequences.

Transmission

As S. abortusovis is host-specific, it is invariably
introduced into a flock by an infected sheep
(Mura and Contini, 1954; Ivanov et al., 1966).
Infection probably takes place by mouth and, in
all probability, occurs a long time before the
abortions are actually apparent. Continental
workers have isolated S. abortusovis from ram’s
testicles (Bartmann, 1957) and from the
preputial secretions of a ram serving ewes in an
infected flock (Stanoev and Milev, 1967). Rams
certainly become infected at the same time as
ewes. Jack (1968) found that rams from 11
infected flocks all had high serological titres, but
he was unable to isolate the bacterium from their
genitalia. Likewise experimental studies by
Sanchis and Pardon (1986) failed to detect the
organism in the genitalia of 18 experimentally
infected rams, and ewes made pregnant by three
of the remaining rams showed no signs of infec-
tion. Jacob (1959) examined the role of rams in
infected flocks. Lesions within the epididymis
were present in four of the 43 rams examined,
but S. abortusovis was isolated from only one ram
with a testicular abscess and from none of the
preputial washings of rams examined.

In the case of the other Salmonella serovars,
there are many sources of infection, e.g. food,
water, other animals, wild birds and humans, and
infection is most probably by the oral route. It
has, however, also been suggested that infection

may occur via the conjunctiva and nostrils,
because of the difficulties in causing disease by
experimental oral infection. Sanchis et al. (1991)
infected pregnant ewes intraconjunctivally and
eight of 18 aborted and another four gave birth
to stillborn lambs. Jack (1968), on the other
hand, was unable to cause abortion by the intra-
conjuctival route.

S. arizonae has been isolated from the nos-
trils of naturally (Meehan et al., 1992) and exper-
imentally infected sheep (Hannam et al., 1986)
and when lambs were infected intranasally; the
organism was isolated throughout the 6-month
study period (Brogden et al., 1994). The nasal
cavity appears to be a site of persistent coloniza-
tion in some carrier sheep and further studies are
desirable to determine its importance.

Other Factors

Other diseases may aggravate Salmonella infec-
tion in sheep. Vodas and Elitsina (1986) found
that mixed infections with S. abortusovis and
Chlamydia psittaci were more severe than S. abor-
tusovis alone. Likewise, Linklater (1983)
recorded the presence of C. psittaci during abor-
tion outbreaks associated with S. montevideo and
Sojka et al. (1983) found that S. arizonae (O
61:k:1,5,7) was often associated with other dis-
ease conditions. Heavy dosing with zinc oxide as
a prophylaxis against facial eczema has also pre-
cipitated Salmonella outbreaks in young sheep
(Allworth et al., 1985).

Angelachov (1964) considered that envi-
ronmental factors, including poor feeding,
appeared to be linked with the development of
abortion caused by S. abortusovis. Cooper (1967)
has shown that starvation may activate latent
infection and Baker et al. (1971) commented
that losses caused by S. dublin were reduced when
the ewes were provided with extra feed prior to
movement.

In range sheep, the commonest occurrence of
salmonellosis is during times of drought, when the
sheep are concentrated on to small areas of grass,
which become heavily contaminated by their
faeces. Linklater (1983) found that abortions
caused by S. montevideo reached epidemic propor-
tions during the severe winter of 1982. This neces-
sitated supplementary feeding and subjected the
pregnant ewes to prolonged cold stress, and also led
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to close congregation of sheep at a high risk in
early pregnancy. Radial spread probably took place
by means of birds or other wild animals or by envi-
ronmental contamination by watercourses. Hunter
et al. (1976) found that S. typhimurium spread from
infected sheep into nearby watercourses and
infected animals drinking downstream.

As mentioned previously, transport can pre-
cipitate Salmonella infection in sheep and, in
Australia, high mortality rates were associated
with shipping sheep to the Middle East
(Gardiner and Craig, 1970), although Higgs et al.
(1993) concluded that inanition was probably
the primary cause.

Clinical Findings

Clinical signs of salmonellosis are varied and
include general systemic and enteric signs, as
well as abortion. The signs vary with serovar, and
with S. abortusovis, abortion occurs during the
last 4–6 weeks of pregnancy. The fetuses are rea-
sonably fresh and placental retention is rare,
although the placenta may occasionally show
chorionic thickening. Affected ewes may have a
transitory pyrexia, which can go unnoticed, and
are rarely seen ill unless post-parturient infection
develops. The ewes do not discharge for more
than a few days after abortion, and infection does
not appear to cause infertility in either ewes or
rams, and lambing in the flock is usually normal
the following year.

Stillbirths or weak lambs may be born at
term, and apparently healthy lambs may scour or
die of septicaemia during their first 2–3 weeks of
life.

The clinical picture is very similar with S.
montevideo infection. Apart from aborting,
affected ewes usually appear normal. Many ewes
in an infected group may excrete the organism in
their faeces without abortion and the infection
can pass through a group of non-pregnant ani-
mals without any signs being present (Linklater,
1983). The number of ewe deaths in a flock can
vary from occasional deaths up to 10–15% of the
flock, and abortion losses range from 10 to 75%
or more (Fincham, 1961).

With S. typhimurium, enteric and systemic
signs may predominate (Saunders et al., 1966;
Hunter et al., 1976). Affected animals are
anorectic, have a high temperature (> 41°C) and

scour profusely. Those that do not die of septi-
caemia may continue to scour and die from dehy-
dration. Pregnant animals may die of septicaemia
before aborting and, if S. typhimurium is present
in a group of in-lamb ewes, all symptoms are usu-
ally present, including apparently sudden deaths
without prior signs of ill-health.

The symptoms with S. dublin are similar to
those of S. typhimurium, with pyrexia, malaise and
diarrhoea being common, as well as abortion
(Baker et al., 1971). McCaughey et al. (1971) found
a marked haemoconcentration and decreased leu-
cocyte count in sheep infected experimentally with
S. dublin.

In Australia four forms of salmonellosis were
recognized in sheep: septicaemia, acute, sub-acute
and chronic enteric disease (Richards et al., 1993).

Pathological Findings

Aborted fetuses and placentae are usually fresh
and no typical macroscopic lesions are present.
Histological examinations reveal severe placental
damage, with desquamation and necrotic lesions
of the chorionic epithelium, associated with leu-
cocytic infiltration and bacterial emboli in the
allantochorion. Examination of the caruncles of
ewes slaughtered after abortion reveals areas of
necrosis, associated with leucocyte demarcation
and thrombosis of blood-vessels, and leucocytes
within the lumen of the uterine glands.

Within the fetus, specific lesions are not pre-
sent. Common findings are subcutaneous oedema
and excess fluid within the abdominal and tho-
racic cavities, associated with fibrinous exudate
from the serous membranes of the viscera, and
haemorrhages within the lungs and epicardium.
Histologically, hyperaemia, haemorrhages and
oedema are present in many organs.

Post-mortem findings in carcasses of animals
that die of salmonellosis are variable. Usually
signs of septicaemia are seen, with splenic
enlargement, congested organs and, often, acute
enteritis (Richards et al., 1993). In animals that
have not eaten for several days, the gall-bladder
is distended and the liver swollen and friable. In
acute disease, there is severe abomasitis and
enteritis, with the associated lymph nodes being
grossly enlarged. The intestinal contents tend to
be very fluid and inflammatory changes may also
be detected in the caecum and colon.
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Richards et al. (1993) found that, in sub-
acute disease, the ileum and upper large intestine
were involved and, in chronic disease, there was
considerable mucosal repair in the ileum, caecum
and proximal colon.

The histological changes in naturally
infected sheep varied with the severity of the dis-
ease (Richards et al., 1993). In acute cases, there
was intense focal to diffuse haemorrhagic necro-
tizing inflammation of the mucosa and neutrophil
infiltration. In chronic cases, the predominant
lesion was focal nodular hyperplasia of the
mucosa. The major visceral organs were severely
congested and there was widespread evidence of
disseminated intravascular coagulation, accompa-
nied by rupture of capillaries and small vessels.
Focal necrosis, with microgranuloma formation,
was a common finding in the liver. Similar find-
ings were recorded by Orr et al. (1977) in sheep
that were infected experimentally with S.
typhimurium and killed over a period of 21 days.

Pathogenesis

Natural infection is most probably by the oral
route and the subsequent course of events is
probably similar to that described for cattle (see
Chapter 10).

Experimental infections with S. abortusovis
have utilized a number of different routes and, on
many occasions, disease has not been reproduced.
Pardon et al. (1980) reported on the unreliability
of intragastric infections and found that the sub-
cutaneous route gave more consistent results.
With doses varying between 2.5 � 107 and 1010

colony-forming units (cfu), they produced abor-
tion in seven of 11 pregnant ewes infected
between the 64th and 84th days of pregnancy.

Sanchis et al. (1991) infected 20 pregnant
ewes intraconjunctivally; eight aborted and
another four gave birth to stillborn lambs. There
is an apparent effect of stage of gestation on the
response of pregnant sheep to S. abortusovis.
Sanchis and Pardon (1984a), using a subcuta-
neous inoculum of 1010 organisms, showed that
ewes infected 37 days before mating did not abort
in the subsequent pregnancy, one of nine
infected 33 days after service aborted and eight of
ten infected at 89 days’ gestation aborted. The
average time between infection and abortion in
the last group was 19 days.

Abortion in pregnant ewes was successfully
reproduced by oral dosing with S. montevideo
(Linklater, 1985), who found that abortions
occurred 12–19 days after infection. Apart from
abortion, the ewes showed little signs of ill-
health. Similarly, live lambs born to infected
ewes and themselves excreting showed few signs
of ill-health. Likewise, Linklater found that those
infected at 12–14 weeks’ gestation aborted, while
those infected later with the same dose of organ-
isms did not. He concluded that the syndrome
produced by S. montevideo is therefore akin to
that produced by S. abortusovis.

Brown et al. (1976) infected 6- to 9-month-
old lambs with S. typhimurium (DT32) and
slaughtered them serially; Salmonella were recov-
ered from the blood between the third and
eighth day after infection. Bacteriological recov-
ery at slaughter correlated with the severity of
the lesions. Systemic infection was confirmed in
all lambs slaughtered up to 9 days post-infection.
In two lambs killed on days 11 and 21, respec-
tively, Salmonella were isolated only from the
posterior mesenteric lymph node, and Salmonella
were not isolated from two lambs killed at 3
months.

Linklater (1985) found that an oral dose of
109 cfu S. typhimurium produced an acute sys-
temic disease, characterized by fever, anorexia,
dullness and a profuse diarrhoea, similar to that
described in a field outbreak (Hunter et al.,
1976). Death occurred 6.2 (± 1.9) days after
infection and the period of faecal excretion was
relatively short 13.9 (± 4.9) days and none of the
animals excreted for more than a month.
Therefore sheep do not appear to become carriers
following recovery from oral infection. More pro-
longed faecal excretion has been described when
other routes have been used for S. typhimurium
infection, e.g. intravenous (Josland, 1953) and
intranasal (Tannock and Smith, 1971).

Linklater (1985) found that S. typhimurium
infections were more severe in pregnant ewes
than in non-pregnant ones, and abortion was
produced 5–9 days later by doses of organisms
that were not lethal to non-pregnant animals.
Similar finding were reported by McCaughey et
al. (1971), who infected pregnant ewes with S.
dublin and caused abortion 4–7 days after infec-
tion. Similar clinical responses were reported by
Thomas and Harbourne (1974). Thus it would
appear that S. typhimurium and S. dublin pro-
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duced a similar severe febrile response in sheep,
with abortion and septicaemia being common
signs.

In contrast, S. infantis infections of sheep
did not cause a bacteraemia and the organism
was isolated from the intestine and mesenteric
lymph nodes after challenge (Brown et al., 1977).

Diagnosis

Confirmation of diagnosis depends on the isola-
tion of the causal organisms. In the case of abor-
tions, typical Gram-negative organisms are seen
in direct smears made from stomach contents of
fetuses and from placentae. These can be con-
firmed as Salmonella by direct overnight culture
on selective agars, such as deoxycholate citrate
agar, MacConkey agar, etc. (see Chapter 21).
Typical non-lactose-fermenting colonies are
present in profuse numbers and it should not be
necessary to resort to enrichment media if
salmonellae are the cause of abortion. However,
Thomas and Harbourne (1974) commented on
their failure to isolate S. dublin from mummified
fetuses from experimentally infected sheep.
Occasional problems may occur with S. arizonae,
because the organism is a slow lactose fermenter
and it belongs to the O61 group, which may not
be included in the standard polyvalent ‘O’
typing sera. S. abortusovis grows more slowly
than other serovars and may require up to 72 h
for colonies to reach a significant size. The
literature is confusing on the best media for
isolation of S. abortusovis and Jack (1968) found
selenite broth inhibitory, as were some of the
selective media.

In view of the uncertainties, routine cul-
tures of fetuses should be made on blood agar and
placental culture direct on MacConkey agar.
Pardon et al. (1990) used Salmonella–Shigella agar
during their studies on S. abortusovis. Salmonella
may also be isolated from vaginal discharges in
the period immediately following abortion.

In enteric and septicaemic cases, isolation of
the causal organism should be possible by direct
culture of organs, faeces and intestinal lymph
nodes. Enrichment broths are helpful for faeces
and intestinal contents and in cases where
antibiotics may have been used. In chronic
enteric infections, the predilection site for infec-
tion is the posterior mesenteric lymph node, and

it may be possible to recover Salmonella from it
after faecal excretion has ceased. Linklater
(1985) isolated S. montevideo from the posterior
mesenteric lymph node of a lamb 20 days after
being born to an experimentally infected dam.

Serological Diagnosis

A serum agglutination test has been used for
detecting ewes infected with S. abortusovis, but it
is advisable to sample several sheep soon after
abortion, because antibody levels usually drop
within the 2–3 months of parturition. Somatic
titres of 1/40 and above and flagellar titres of
1/320 and above are considered to indicate expo-
sure. However, many apparently healthy sheep
have antibodies, especially flagellar agglutinins,
to common Salmonella serovars and Sojka et al.
(1977) found that 17% of 882 samples gave a
positive titre of 1/320 to the H ‘c’ antigen of S.
abortusovis. Since many apparently healthy sheep
have flagellar agglutinins to Salmonella at diag-
nostic titres, it is considered that in adult sheep
interpretation of the results as positive should be
based on both the somatic and the flagellar titres.
Ivanov et al. (1972) found that the indirect
haemagglutination test was more sensitive than
either the serum agglutination or the comple-
ment fixation test for the diagnosis of S. abortuso-
vis infection.

A microagglutination test was developed by
Sanchis and Abadie (1985) and later a fast agglu-
tination test with a rose bengal antigen (Sanchis
and Abadie, 1990). They found that the rose
bengal test appeared to be more sensitive and
able to detect seroagglutination for a longer
period than the microagglutination test. Other
tests that have been developed include a milk-
ring test (Kartashova, 1969) and a coloured anti-
gen test analogous to the Castaneda Brucella test
(Dhawedkar and Dimov, 1968).

Thomas and Harbourne (1974) adapted the
stained pullorum test to detect antibodies in the
milk of S. dublin-infected sheep, but found that
the tests did not give clear-cut results, and many
of the milk samples were positive during the first
fortnight of lactation – probably reducing its
value as a screening test (Arkhangel’skii and
Kartashova, 1962).

Allergic tests have also been used and, 2–3
months after abortion, the number of positive
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skin reactions was greater than the number of
positive serum results (Arkhangel’skii et al.,
1980).

Treatment

Usually, by the time salmonellosis is detected in a
flock, the infection has spread throughout the
group. Nevertheless, isolation of infected animals
is worthwhile to try to limit the spread of the
infection.

Animals that are septicaemic have to be
treated with suitable parenteral antibiotics and
those that scour may require supportive therapy
with electrolyte solutions. Aborting ewes fre-
quently develop post-parturient metritis and
injections of long-acting preparations of antibi-
otics at the time of abortion will help to prevent
this. Attempts have also been made to minimize
losses by the administration of antibiotics in feed
as soon as the causal Salmonella is identified.
Results for these treatments are equivocal and
evidence for their efficacy is mostly circumstan-
tial.

Jack (1968) used furazolidone to treat ewes
experimentally and naturally infected with S.
abortusovis, but found no benefit. Likewise, Baker
et al. (1971) and Gitter and Sojka (1970) found
that antibiotic therapy before lambing failed to
control S. dublin infection. Spence and
Westwood (1978) considered antimicrobial ther-
apy ineffective for ewes but of some benefit for
the lambs during an outbreak of S. agona. On the
other hand, Saunders et al. (1966) expressed
their personal opinion that antibiotic therapy
apparently assisted recovery, but pointed out that
no group was left untreated during an outbreak of
enteric S. typhimurium infection. On the other
hand, Hunter et al. (1976) found antimicrobial
therapy ineffective during an outbreak of S.
typhimurium and considered that vaccination was
the only apparently successful control measure.

Immunity

There does not appear to have been a systematic
study of the immune response of sheep to
Salmonella. Most of the available information
results from studies on the development of vac-
cines against different Salmonella serovars.

Begg et al. (1990) immunized sheep with a
live Aro� S. typhimurium and found that only
those that had been inoculated intramuscularly
developed high levels of serum antibodies and
significant delayed cutaneous hypersensitivity. In
contrast, those immunized orally gave minimal
responses. Most of the antibody in the intestine
appears to be immunoglobulin M (IgM), with
some IgG1 and IgG2 and an absence of IgA
(Lascelles et al., 1988; Brennan et al., 1995;
Mukkur et al., 1995). On the other hand,
Husband (1978, 1980), using the intraperitoneal
route, detected intestinal IgA in lambs and pro-
tection against Salmonella infection.

Although delayed cutaneous hypersensitiv-
ity was observed following vaccination by Begg et
al. (1990), Mukkur et al. (1995) and Brennan
and Baird (1994), the latter (Brennan et al.,
1995) were unable to detect a marked T-lympho-
cyte response, and cultured purified cells
responded very weakly to Salmonella antigen and
failed to produce interferon-gamma (INF-γ) and
interleukins 2 and 4.

Studies with S. abortusovis suggest that the
immunological response is similar to that of S.
typhimurium. Following intraconjunctival infec-
tion with S. abortusovis, the sheep produced
agglutinins to both O and H antigens. Later stud-
ies, which used in vitro culture of lymphocytes
(Berthon et al., 1994), found the antibodies to be
mainly IgM and IgG1, with IgG2 production
occurring later.

Vaccination

Parenteral killed vaccines have been used for
many years to protect sheep against Salmonella
infections. Much of the early work was done in
New Zealand by Josland (1954), who concluded
that vaccination appeared to offer some protec-
tion against experimental challenge with S.
typhimurium, although the number of vaccinated
animals that showed resistance did not differ sig-
nificantly from the controls. Field trials done by
Wallace and Murch (1967) and by Beckett
(1967), however, were more successful, with
fewer deaths in the vaccinates than in the con-
trols. Rudge et al. (1968) claimed that sheep vac-
cinated with a bivalent preparation that
contained the antigen of both S. typhimurium
and S. bovismorbificans showed significantly less
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bacteraemia, severe scouring and mortality rates
than unvaccinated controls. These findings were
confirmed by Davis (1969) after a series of field
trials on eight farms.

The use of vaccines has been described
since S. abortusovis was first isolated, but the fact
that the disease subsides spontaneously in the
years after an outbreak may have resulted in false
claims for the use of some of these vaccines.

Subcutaneously applied live S. abortusovis
vaccine has been used to prevent abortions in
ewes in France (Sanchis and Pardon, 1984b;
Pardon et al., 1990). The vaccine strain RV6 rep-
resents a non-dependent reverse mutant selected
from a streptomycin-dependent strain of S. abor-
tusovis. One injection of RV6 protects ewes at
least as much as two injections of killed adjuvant
vaccine. Such subcutaneous vaccinal injections
have been administered to thousands of pregnant
ewes in different areas of France. Innocuity and
efficacy have been tested in field conditions
(Sanchis and Pardon, 1984b).

Linde et al. (1992) produced an attenuated
live S. typhimurium vaccine by means of meta-
bolic drift mutations, and found it gave signifi-
cant protection against S. abortusovis in two large
field trials. The mortality rates in the controls
were 30%, in those given killed vaccine 11% and
only 0.1% in those given the live vaccine.

Robinson (1970) reviewed the work on vac-
cines and concluded that natural infection or
live vaccines gave more solid immunity than
killed parenteral vaccines. Jelinek et al. (1982)
used a live galE mutant of S. typhimurium to pro-
tect sheep against oral challenge with 2 � 1011

S. typhimurium. The vaccine was given by both
the subcutaneous route (109 organisms) and
orally for 4 days, with doses ranging from 2 �
1010 to 2 � 1012. The mortality rates in the
vaccinates were 0/6 and 1/15, as compared with
6/9 of the unvaccinated controls.

AroA mutants have also been used experi-
mentally in sheep (Mukkur et al., 1987; Begg et
al., 1990; Mukkur and Walker, 1992). They
found that better protection was obtained by giv-
ing two intramuscular or two subcutaneous doses.
Oral dosing gave protection against mortalities
but the reduction in the prevalence of severe
diarrhoea was less consistent. Mukkur et al.
(1991) also produced an AroA S. havana vaccine,
which reduced carriage of the challenge strains as
compared with the controls. Mukkur and Walker
(1992) found that parenteral immunization gave
protection within 7 days, whereas protection
after oral immunization was not evident until 3
weeks after immunization. Protection persisted
for 6 months but not for 12 months.

Control and Public-health Aspects

A major concern is for people working with
infected animals and there are many reports of
shepherds and farmers becoming infected (e.g.
Hunter et al., 1976; Findlay, 1978; Spence and
Westwood, 1978). It is also possible that meat,
milk and milk products may be contaminated
with Salmonella, but there have been no recent
outbreaks in the UK associated with these 
vehicles.
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Chapter 13

Salmonella in Horses

John K. House and Bradford P. Smith
Department of Medicine and Epidemiology, School of Veterinary Medicine, 

University of California – Davis, Davis, CA 95616, USA

Historical Perspective

Salmonella abortusequi-induced abortion was first
described by Kilborne and Smith in 1893
(Kilborne, 1893; Smith, 1893). Salmonella
typhimurium was subsequently recognized as a
cause of colitis in 1919 (Graham et al., 1919). By
the 1950s, S. abortusequi had virtually disappeared
from the USA; however, there are a number of
reports of S. abortusequi-associated abortions in
horses from Italy (Condoleo et al., 1983), India
(Garg and Manchanda, 1986) and Albania
(Kuka, 1989). Internationally, reports of the
prevalence of S. typhimurium and other Salmonella
serovars have progressively increased. The initial
report of S. typhimurium by Graham described out-
breaks of disease in horses undergoing cross-
country rail transportation (Graham et al., 1919).
Many of the risk factors and characteristics of
equine salmonellosis have been further elucidated
by descriptions of disease on breeding farms and
in hospitalized horses (Baker, 1969; Ingram and
Edwards, 1980; Roberts and O’Boyle, 1981; Hird
et al., 1984; Ikeda et al., 1986; Madigan et al.,
1992; van Duijkeren et al., 1994). The Salmonella
serovars isolated from clinically affected horses are
also commonly associated with disease in other
livestock species. Other than S. abortusequi, there
does not appear to be an equine-adapted serovar
that causes persistent infections in horses. Colitis
remains the commonest clinical manifestation of
salmonellosis in adult horses. Septicaemia, with or
without colitis, is most commonly seen in foals.

Epidemiology

The ability of healthy horses to resist Salmonella
infection and the proclivity for clinical disease to
occur in the immunologically compromised and
naïve host (foals) illustrate the opportunistic
nature of the pathogen. Equine salmonellosis is
most commonly observed on breeding farms and
in veterinary hospitals (Morse et al., 1976b;
Carter et al., 1979, 1986; Roberts and O’Boyle,
1981; Kikuchi et al., 1982; Hird et al., 1984,
1986; Faulstich, 1987; Rumschlag and Boyce,
1987; Begg et al., 1988; Powell et al., 1988;
Castor et al., 1989; Traub-Dargatz et al., 1990;
Walker et al., 1991; Hansen et al., 1993; van
Duijkeren et al., 1994; Pare et al., 1996). In other
environments, the common themes to most of
the reported outbreaks of disease in adult horses
are congregation of animals (high stocking den-
sity) and alteration of gastrointestinal function
by feed and/or water deprivation, disease or med-
ication (Cordy and Davis, 1946; Owen et al.,
1983; McClintock and Begg, 1990). Assuming
there has been no acquired immunity from prior
exposure, resistance to Salmonella is largely
dependent on intact innate immunity and the
defence provided by the normal intestinal bacter-
ial flora.

The protective effect of the gut flora is in
part mediated by the inhibitory effects of the
volatile fatty acids (VFAs) and the low oxidation
and reduction potentials that they produce in the
gut (Meynell, 1963). The inhibitory effect of
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VFAs is enhanced at low pH, when there is a
higher proportion of undissociated VFAs present
(Wolin, 1969; Chambers and Lysons, 1979). The
stronger acids (lactic) are less toxic than the
weak acids (acetic, propionic, butyric).
Undissociated molecules of acidic substances can
penetrate the cell membrane of Salmonella more
readily than the corresponding ions. Strong acids
have a higher pKa and are thus more dissociated
than weak acids (Chiu, 1974). At relatively low
pH values, weak acids, which exist to a consider-
able extent in undissociated form, can enter cells
and damage them by changing the internal pH,
whereas a strong acid cannot (Chiu, 1974).

Anorexia, antimicrobial administration,
intestinal surgery and marked changes in diet
increase the susceptibility of horses to Salmonella
challenge (Hird et al., 1984, 1986; Carter et al.,
1986; Traub-Dargatz et al., 1990). Changes in the
quality of substrate ingested have profound
effects on the bacterial and protozoal populations
in the large bowel (Argenzio, 1975; Clarke et al.,
1990). Concentrate (grain) feeding is associated
with an increase in bacterial counts and a reduc-
tion in the protozoal counts and pH in the cae-
cum (Goodson et al., 1988). Acetic, propionic
and butyric acids are the predominant end-prod-
ucts of carbohydrate digestion, with less lactic
and succinic acid present. Increasing concentra-
tions of lactic acid are found when there is an
excess of rapidly fermentable carbohydrate
(Argenzio et al., 1974; Argenzio, 1975).
Reduction of motility favours the growth of
anaerobes, such as Clostridia, and facultative
anaerobes, such as Salmonella (Linerode and
Goode, 1970). Feeding following a period of fast-
ing is associated with an increased proportion of
soluble carbohydrate delivered to the caecum,
thus promoting rapid fermentation and lactate
production (Breukink, 1974).

Salmonella is acquired most commonly via
oral intake, involving faecal–oral contamination
or contaminated feed. Many Salmonella infec-
tions are not associated with clinical manifesta-
tions of disease (McCain and Powell, 1990).
Prevalence surveys based on faecal and tissue
Salmonella cultures report between 0 and 70% of
normal healthy horses are infected with
Salmonella (Table 13.1; Smith et al., 1978;
Gibbons, 1980; Roberts and O’Boyle, 1981; Begg
et al., 1988; McCain and Powell, 1990).

Many of these prevalence surveys were car-

ried out in veterinary hospitals and slaughter
facilities. Interpretation of the survey results is
confounded by lack of data to distinguish
recently acquired infections from chronic infec-
tions. A recent survey of horses in a veterinary
hospital, using a Salmonella-specific polymerase
chain reaction (PCR), found evidence of
Salmonella in faeces of 64.5% of hospitalized
horses (Cohen et al., 1996). Lack of knowledge
regarding the identity and relatedness of the
serovars involved limits the interpretation of this
study. Comparative surveys of hospitalized and
naturally housed horses indicate a much lower
prevalence of Salmonella shedding by horses
housed in their normal environment (Roberts
and O’Boyle, 1981; Begg et al., 1988). When all
the surveys are considered, the prevalence of
Salmonella in asymptomatic horses appears to
reflect the level of Salmonella contamination in
which the horses are placed (Table 13.1).

In experimental-challenge studies, doses of
106–1011 colony-forming units (cfu) were
required to induce disease (Owen et al., 1979;
Smith et al., 1979; Roberts and O’Boyle, 1982).
Fasting horses for 48 h prior to challenge was
necessary to produce a consistent model of dis-
ease. Clinical signs were dependent on the chal-
lenge dose, virulence of the organism and equine
management. A small oral dose of S. typhimurium
(106) caused fever and depression, a larger dose
(109) caused fever and colitis and a still larger
dose (1011) caused bacteraemia and death (Smith
et al., 1979; Roberts and O’Boyle, 1982). This
same range of clinical signs is seen with naturally
occurring disease.

A high proportion of animal and vegetable
protein supplements used in feed formulations in
the USA (and probably elsewhere) contain small
numbers of Salmonella (Davies, 1986;
McChesney et al., 1995). Other sources of
Salmonella for horses include people, other
horses, wild and domestic animals, water and
contaminated equipment or environment. There
are numerous reports suggesting that equine
Salmonella carriers are a common source of infec-
tion for other horses (Baker, 1969, 1970; Begg et
al., 1988; McCain and Powell, 1990), but only a
few documented cases of chronic Salmonella
infections have been described in the horse
(Bryans et al., 1961; Binde et al., 1983).
Following experimental Salmonella challenge,
transportation and antimicrobial therapy exacer-
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bated the severity of clinical disease and
increased Salmonella shedding (Owen et al.,
1983). The extrapolation of this work is the sug-
gestion that clinical salmonellosis subsequent to
antimicrobial therapy, abdominal surgery,
anthelmintics and purgatives reflects recrudes-
cence of chronic latent Salmonella infections
(Begg et al., 1988). In a 5-year study of 1931
horses hospitalized in an intensive-care facility
(Mainar-Jaime et al., 1998), these phenomena
were not observed, suggesting that recrudescence
of latent infections following severe stress is a
rare event. Salmonella infections of compromised
hospitalized horses were most frequently nosoco-
mial (House et al., 1999). Interestingly, in this
study nosocomial Salmonella did not appear to
have an impact on mortality rate of Salmonella-
infected hospitalized horses (Mainar-Jaime et al.,
1998).

Although foals born to mares that are shed-
ding Salmonella in their faeces are often infected
and may become clinically ill shortly after birth,
there are no reports of Salmonella shedding in the
colostrum and milk of infected mares. Salmonella
exposure may result from faecal contamination at
birth or during the immediate peripartum period
as the foal searches for the udder. Mares shedding
Salmonella at and following parturition are usu-
ally asymptomatic (Kikuchi et al., 1982; Binde et
al., 1983; Walker et al., 1991). Neonates are
more susceptible than adult horses, probably due
to their incompletely developed immune system
and relative lack of competitive gut flora.

Because veterinary hospitals are required to
treat horses with salmonellosis and concurrently
house high-risk patients, an effective infectious
disease-control programme is essential. Drainage
systems may function as reservoirs of environ-
mental Salmonella contamination in stables and
veterinary hospitals. The blockage of drains and
reflux of effluent represent a high risk of exposure
to Salmonella. Facility design has a great impact
on sanitation efforts and should be considered
prior to building veterinary facilities (Tillotson et
al., 1997). Horses with colic that undergo
abdominal surgery suffer significant stress, e.g.
the large colon or caecum may be emptied and
lavaged, feed is often withheld for 24–48 h or
they are treated with antimicrobials, undergo
anaesthesia and experience different degrees of
ileus. These events contribute to producing a
patient that is extremely susceptible to develop-

ing salmonellosis when exposed to even very
small numbers of virulent organisms. In particu-
lar, horses with large colon impactions appear to
be at greater risk of acquiring nosocomial
Salmonella infections in a veterinary-hospital
environment (House et al., 1999). The frequency
of Salmonella outbreaks and Salmonella shedding
by asymptomatic horses tends to increase in hot
weather (Smith et al., 1978; Carter et al., 1986).
Presumably heat stress impairs host immunity,
while at the same time the reduced bacterial gen-
eration time increases the environmental chal-
lenge dose. In another study, high ambient
temperatures were a risk factor for nosocomial
Salmonella infections in hospitalized horses
(House et al., 1999).

Pathogenicity and Prevalence of
Serovars

Certain serovars show up year after year as the
most frequent isolates from ill horses in the USA.
S. typhimurium (including var. Copenhagen)
remains the most frequently identified serovar
from horses having clinical signs of illness in the
USA and the UK (Ferris and Miller, 1989; C.
Wray, Weybridge, UK, personal communication,
1997). In 1996, S. typhimurium was also the most
frequently reported serovar from horses in
France, followed by group C Salmonella. S. bovis-
morbificans and S. dublin were each isolated from
one or two horses. In Northern Ireland, S.
typhimurium was isolated from six horses and S.
dublin from three horses. Reports from Belgium
recorded 28 equine Salmonella isolates in 1996,
including 20 S. typhimurium, five S. enteritidis,
and one each of S. bovismorbificans, S. hadar and
S. saintpaul. Many other group B, C and E
Salmonella serovars have been associated with
equine diarrhoea. While many of the 2400-plus
Salmonella serovars may cause or contribute to
clinical illness, S. typhimurium (including var.
Copenhagen) is generally recognized to be one of
the most virulent serovars for horses and is also
the most frequently isolated serovar from a wide
range of animal species. Many S. typhimurium
isolates contain a virulence plasmid, which facili-
tates intracellular survival (Woodward et al.,
1989).

Likewise, Salmonella isolates in veterinary
hospitals contain resistance (R) plasmids, which
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provide resistance to antimicrobial drugs, 
making treatment more difficult and expensive
(Sato et al., 1984; Ikeda and Hirsh, 1985;
Donahue, 1986; Hartmann and West, 1995). In
the veterinary hospital environment, R-plasmid-
mediated antimicrobial resistance may be passed
between Salmonella serovars and between differ-
ent isolates of the same serovar (Ikeda and
Hirsh, 1985). This has major clinical implica-
tions because resistance to an antimicrobial
drug, that has never been used in the clinic may
occur. S. typhimurium DT104 is a phage type
that has recently emerged having chromosomal
resistance to five antimicrobials and marked vir-
ulence for humans and animals. S. typhimurium
DT104 was isolated 46 times from horses in the
UK in 1996, out of a total of 124 equine
Salmonella isolates.

Clinical Signs

Foals less than 2 months of age infected with
Salmonella are likely to become bacteraemic and
to exhibit a rapid, weak pulse, and they may
either die acutely from endotoxic shock or
develop focal organ, bone and joint infections, in
addition to experiencing dehydration and elec-
trolyte imbalances, associated with diarrhoea.
Focal infections are most common in growth
plates (physes) and joints, resulting in lameness
(Morgan et al., 1974; Goedegebuure et al., 1980;
Poyade-Alvarado and Marcoux, 1993). Bacterial
endocarditis, septic renal infarcts and meningo-
encephalitis may also occur (Stuart et al., 1973).
In older horses, the commonest clinical signs of
Salmonella infection are fever, diarrhoea, anorexia
and marked leucopenia. Infection with less viru-
lent serovars or in more resistant horses may
result in no clinical signs or mild signs, such as
fever and anorexia. Diarrhoea associated with
Salmonella is due to colitis and typhlitis (caecal
involvement). Hind-gut fermenters, such as
horses, elephants and rabbits, have a huge colonic
surface area, and colitis caused by Salmonella can
result in massive, rapid fluid and electrolyte losses.
As a result, Salmonella colitis in horses has a
higher mortality rate than salmonellosis in sim-
ple-stomached animals and ruminants (neither
have a colon or caecum with a surface area
approaching that of a horse colon). In the early
stages of colitis, there may be cramping and fluid

distension of the bowel, resulting in mild to mod-
erate signs of colic (often before the onset of diar-
rhoea). It is important for the clinician
examining the horse with colic to consider
impending colitis as a cause. Horses with colic
that have a fever and reddened rectal mucosa
should be considered suspect Salmonella cases and
treated accordingly (Dorn et al., 1975; Smith,
1979; Smith et al., 1979). The diarrhoea typically
associated with salmonellosis contains protein
and fibrin and has a resulting foul odour. Faecal
colour usually remains fairly normal, although it
may appear brown or bloody and the consistency
may approach liquid. Loss of mucosal integrity
predisposes to systemic absorption of endotoxin,
and the resulting endotoxaemia induces a
depressed mental state, anorexia, discoloured
mucous membranes, poor capillary refill, rapid
heart rate, weak pulse quality and neutropenia.
The massive fluid and electrolyte losses associated
with the voluminous diarrhoea lead to dehydra-
tion, electrolyte imbalances, acid–base abnormal-
ities and renal shut-down. The end-result may be
endotoxic shock and death. Although there are
numerous reports of Salmonella infections causing
a high case-fatality rate, no effect on mortality
rates was observed in another study of hospital-
ized horses (Mainar-Jaime et al., 1998).

Clinical Pathology

The most dramatic clinical pathological changes
associated with salmonellosis are neutropenia
and/or a toxic, degenerative left shift, loss of
plasma proteins and increases in red blood-cell
packed cell volume (PCV). The neutropenia is
often quite profound (< 1000 neutrophils µl�1)
and neutrophils may be vacuolated. In some
cases, plasma fibrinogen will be elevated. When
the mucosal integrity is compromised by
Salmonella, the liver is presented via the portal
blood with a large number of bacteria and large
amounts of bacterial toxins that require removal
via the portal bloodstream. In performing this
function, hepatocytes may be irreversibly dam-
aged and hepatocellular enzymes (sorbitol dehy-
drogenase (SDH), aspartate aminotransaminase
(AST), etc.) may be markedly elevated in the
serum. Horses dehydrated from diarrhoea may
have altered electrolyte levels and blood pH and
a prerenal azotaemia, indicated by elevated blood
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urea nitrogen and serum creatinine. When a
horse is receiving fluid therapy, a poor prognosis
is suggested by declining plasma-protein values,
associated with an increasing PCV or a very high
PCV that fails to respond to fluid therapy.

Diagnosis

Colitis with essentially identical clinical signs
can be associated with a number of other agents
(Staempfli et al., 1992a,b; Beier et al., 1994). In
50–70% of cases, an aetiological agent is not iso-
lated; many of these cases occur as a sequel to
antimicrobial therapy for an unrelated problem.
In the last few years, in the Veterinary Medicine
Teaching Hospital (VMTH) at the University of
California, Davis, Clostridium difficile has been
isolated more frequently from horses with severe
colitis than has Salmonella (Magdesian et al.,
1997). Some of the other major differential diag-
noses include Potomac horse fever (equine
monocytic ehrlichiosis), necrotizing enterocoli-
tis, other clostridial diseases, non-steroidal anti-
inflammatory toxicity, cantharadin and other
toxins and endotoxaemia. The definitive diagno-
sis of salmonellosis requires culture of the organ-
ism from faeces, blood or tissues. Standard
culture methods, with and without selective
enrichment, are used for faecal cultures. Culture
of a rectal biopsy has been found more sensitive
than faecal culture (Palmer et al., 1985b).
Transient bacteraemia may occur during the
course of the disease and Salmonella may be cul-
tured from blood collected aseptically using com-
mercially available bottles of broth (such as
trypticase soy broth). Serology using enzyme-
linked immunosorbent assay (ELISA) can be
used to detect an antibody response in infected
animals (House et al., 1996). The serological
response of horses to Salmonella infection varies
with different Salmonella serovars. At necropsy,
Salmonella can usually be isolated from mesen-
teric lymph nodes of infected horses. Many foals
and some horses that die from Salmonella infec-
tion are bacteraemic and, as a consequence, the
organism will be isolated from any tissue cul-
tured. The cause of death is uncertain in horses
that die with colitis and have Salmonella culture-
negative tissues, but Salmonella culture-positive
faeces.

Treatment

The treatment of equine salmonellosis differs
slightly according to the age of the patient and
the manifestations of disease. The keys to suc-
cessful treatment are controlling bacteraemia and
focal sites of infection through judicious use of
effective antimicrobial drugs, limiting inflamma-
tory cascades to prevent septic (endotoxic) shock
through use of non-steroidal anti-inflammatory
drugs (NSAIDs), replacing fluid and electrolyte
losses and meeting ongoing requirements, giving
plasma to replace enteric protein losses and
meeting the nutritional demands of the patient.

Because untreated salmonellosis has a high
mortality rate in horses, early diagnosis and
aggressive therapy are essential. Preliminary
symptomatic treatment regimes are adjusted as
clinical data regarding the patient’s acid–base
and electrolyte status become available and
according to the antimicrobial drug susceptibili-
ties of the organism isolated.

In neonates, early diagnosis by means of blood
culture helps to select the correct antimicrobial
drug. Clinical signs of Salmonella sepsis cannot be
readily differentiated from any other cause of
neonatal bacterial sepsis, and the initial antimicro-
bial drug selected should be effective against most
Gram-negative enteric bacteria, the most common
type of bacteria associated with sepsis in neonatal
foals. Drugs with relatively low toxicity, such as
third-generation cephalosporins or chlorampheni-
col, are preferred; however, drug selection should
ultimately be based on antimicrobial sensitivity
data. Septic neonates will also require intensive
nursing and frequent feeding. NSAIDs can help
mitigate the immune cascades that are initiated by
endotoxin. Failure to dampen these cascades may
result in endotoxic shock. The toxic effects of
NSAIDS – chiefly, gastritis, colitis and renal papil-
lary necrosis – are exacerbated by dehydration. The
nephrotoxic effects of these drugs may be additive
when combined with other drugs, such as amino-
glycoside antibacterials, so correction of dehydra-
tion and therapeutic drug monitoring are
important in the severely compromised neonate.
Other recommended approaches to treating neona-
tal sepsis should also be followed, as outlined in
textbooks of equine neonatology (Madigan, 1997).

There is generally less emphasis on antimi-
crobial therapy for treatment of Salmonella-
induced colitis in adult horses unless the patient
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is severely leucopenic. Systemic antimicrobial
drugs are indicated to prevent or treat bacter-
aemia, but they generally have little effect on the
colitis per se. Treatment with antimicrobials does
not reduce Salmonella shedding in the faeces
even when antimicrobial sensitivity tests suggest
that the drug selection is appropriate (Morse et
al., 1976a; van Duijkeren et al., 1995). Many
clinicians also feel that oral antimicrobials have
little effect on the course of the colitis. NSAIDs,
intravenous fluid therapy and intravenous plasma
to replace serum proteins lost through the
inflamed bowel are all important parts of success-
ful therapy. Providing deep, dry bedding and sup-
port for the frog and the use of NSAIDS to block
the effects of endotoxin help to prevent lamini-
tis, a common complication that can lead to the
unfortunate sequel of a surviving but chronically
lame horse.

Pathological Findings

The principal gross lesions in horses that die
from colitis are enlarged mesenteric lymph nodes
and severe typhlitis and colitis. Inflammation of
the ileum may also be present. Necrosis and
ulceration of the mucosa and lamina propria,
with severe oedema and congestion of the
mucosal and submucosal blood-vessels, may be
observed in the small colon, large colon and cae-
cum. The most severely affected areas are usually
over the submucosal lymphoid patches. The
mucosa usually appears congested and a thin film
of fibrin may be observed on mucosal surfaces.
The mesenteric and colonic lymph nodes are

often oedematous and congested and periportal
cholangiohepatitis may be observed, secondary to
the necrotizing process in the gastrointestinal
tract. The presence of generalized petechia and
ecchymoses is compatible with septicaemia and
disseminated intravascular coagulation.

In foals, bacterial localization may lead to
lesions of endocarditis, septic arthritis, septic
physitis, renal infarcts, meningitis and uveitis.

Prevention and Control

Salmonella are widespread in the environment
and in animal populations. The three major fac-
tors that determine the outcome after exposure
to Salmonella are host resistance, size of exposure
(i.e. number of organisms), and virulence of the
serovar. Pathogen exposure and host resistance
are the only variables that can be manipulated to
prevent clinical salmonellosis (Fig. 13.1).

Clinically affected patients rapidly amplify
environmental contamination. Infected horses
may shed anything from one to 109 Salmonella
g�1 faeces, with clinically ill patients shedding
the highest numbers. The magnitude of shedding
is influenced by the size of the challenge dose,
host immunity and pathogen virulence. Horses
may shed Salmonella within several hours of
exposure, and infected animals should be isolated
as quickly as possible to minimize environmental
contamination. Preventing Salmonella contami-
nation of the environment and equipment by liq-
uid faeces is exceedingly difficult. At the
University of California, Davis, horses are iso-
lated if they have clinical signs (fever, leucopenia

Salmonella in Horses 225

Maximal Decreased

host resistance

Large exposure ±

Small exposure

+ ++

– ± +

host resistance
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and diarrhoea) compatible with salmonellosis.
Confirmation of diagnosis by Salmonella isolation
leads to an additional 36–48 h of environmental
Salmonella contamination and exposure of other
patients at risk. On infected premises, Salmonella
can often be isolated from the drains, floors, dust
and crevices in stall walls (Hird et al., 1984;
Castor et al., 1989). Animal care providers may
inadvertently carry the organism from one horse
to another on clothing and hands. Contaminated
equipment has also been implicated as a vector
in veterinary hospital outbreaks (Hird et al.,
1986).

Protocols to minimize Salmonella environ-
mental contamination and the risk of exposing
susceptible animals and people to Salmonella
include isolation of infected animals, steaming or
burning of their manure and bedding to kill
Salmonella, feed and water management to mini-
mize Salmonella contamination (vermin-proof
bins), chlorinated water, fly and rodent control
and personnel training (Gibbons, 1980).
Salmonella control programmes need to be tai-
lored according to the farm or institutional
resources. Monitoring environmental Salmonella
contamination and the incidence of Salmonella
shedding in horses at risk is important to evalu-
ate the effectiveness of and to recognize deficien-
cies in Salmonella control strategies implemented.

The resistance of horses in veterinary hospi-
tals is typically compromised, rendering them
very susceptible to Salmonella infection. Many
patient management decisions have an impact
on the susceptibility of patients to Salmonella
infection. Antimicrobial therapy, alterations in
diet and the use of contaminated equipment
have all been associated with an increased risk of
salmonellosis in hospitalized horses (Owen et al.,
1983; Hird et al., 1984, 1986; Traub-Dargatz et
al., 1990; Cohen and Honnas, 1996).
Consideration should be given to the decisions
behind the use, selection and duration of antimi-
crobial therapy. In one study, horses receiving

parenterally administered antibiotics were 4.2
times more likely to become infected with
Salmonella than horses not receiving antibiotics,
and horses receiving both oral and parenteral
antibiotics were 40.4 times as likely to be
infected (Hird et al., 1986). Oxytetracycline
therapy has been associated with prolonged
Salmonella shedding and precipitation of clinical
disease (Owen et al., 1983). In a more recent
study, the only antimicrobial associated with an
increased risk of nosocomial Salmonella infection
in hospitalized horses was potassium penicillin
(House et al., 1999).

There are a number of reports of other
species of livestock introducing pathogenic
Salmonella serovars into veterinary hospitals
(Baker, 1970; Morse et al., 1976b). Hence, from
the perspective of Salmonella control, it is desir-
able to hospitalize horses in facilities separate
from those of other livestock. Host immunity and
pathogen dose may also be affected by environ-
mental conditions. Salmonella outbreaks tend to
occur more commonly in the summer months.
Increasing the incubation temperature of growth
media from 23°C to 37°C reduces the generation
time of Salmonella from 108 min to 18 min
(Chiu, 1974). Higher environmental tempera-
tures have an impact on the host by reducing
feed intake and increasing the sensitivity to
endotoxin (i.e. at higher temperatures, illness is
more severe and the mortality rate is higher).

There are no controlled clinical trials that
evaluate the efficacy of Salmonella vaccines in
horses; however, a number of empirical reports
suggest that the use of autogenous Salmonella
bacterins and attenuated S. abortusequi vaccines
help prevent disease on breeding farms (Fang et
al., 1978; Carter et al., 1979; Dewes, 1979). The
only Salmonella vaccine licensed for use in horses
in the USA is Endovac-Equi, produced by
Immvac. Endovac-Equi is an S. typhimurium
bacterin–toxoid in aluminium hydroxide 
adjuvant.
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Chapter 14

Salmonella Infections in Dogs and Cats

Margery E. Carter and P. Joseph Quinn
Department of Veterinary Microbiology and Parasitology, Faculty of Veterinary Medicine, 

University College Dublin, Ballsbridge, Dublin 4, Ireland

Salmonellosis occurs worldwide in dogs and cats
and is of clinical and public-health importance.
Infections in these animals are usually asympto-
matic, with intermittent excretion of Salmonella
in faeces. Clinical syndromes, which are com-
paratively uncommon, are often most severe in
young or debilitated animals. These syndromes
include enterocolitis, septicaemia and, rarely,
abortions. Conjunctivitis has been reported in
cats. Outbreaks of salmonellosis have occurred in
veterinary hospitals, where predisposing factors,
such as immunosuppressive therapy or major
surgery, can precipitate disease in a carrier ani-
mal. The significance and extent of the
carrier–excreter state in dogs and cats was per-
haps not fully realized until the early 1950s,
when surveys of apparently healthy animals were
conducted. One of the earliest comprehensive
reviews of Salmonella infections in animals was by
Buxton (1957), who documented the occurrence
of the organisms in cats and dogs.

Epidemiology

Serovars

Numerous Salmonella serovars have been isolated
from dogs. There are regional and national varia-
tions in the occurrence of serovars (Tables 14.1
and 14.2), reflecting those present in the ani-
mals’ diet or general environment. S.
typhimurium and S. enteritidis appear to be univer-

sally distributed, with S. anatum a common iso-
late from dogs in the USA (Morse and Duncan,
1975). No host-adapted serovars are described in
dogs or cats. There are rare reports of S. paratyphi
B isolation from dogs, usually where this serovar
is also present in the human population. Some
authors have noted a similarity in the distribu-
tion of serovars isolated from dogs and humans
(Galton et al., 1952). Comparatively few surveys
have been carried out in cat populations (Table
14.3). Multiply resistant strains of S. typhimurium
definitive types (DT) 104 and 204c have been
isolated from domestic carnivores. S. enteritidis
phage type (PT) 4, often associated with poultry
and eggs (Humphrey, 1990), has also been recov-
ered from cats.

Excreter state

Isolation rates of Salmonella serovars from faeces
of clinically normal cats range from 0 to 14%
(Center et al., 1995). The prevalence of
Salmonella in the faeces of asymptomatic dogs
under various environmental and husbandry
conditions is presented in Table 14.4.

Salmonella excretion rates for asymptomatic
dogs ranged from 0 to 43%. Faecal samples from
dogs in boarding kennels, dog pounds and veteri-
nary hospitals occasionally yielded more than
one serovar from a single sample, four serovars
being isolated in one instance (McElrath et al.,
1952). Generally, there was a lower excretion
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Table 14.1. Salmonella serovars isolated from dogs in various countries.

Germanya Iranb Irelandc South Africad UKe

S. agona S. adelaide S. agona S. berta S. adelaide
S. anatum S. anatum S. brandenburg S. enteritidis S. alachua
S. bilthoven S. braenderup S. bredeney S. gloucester S. ardwick
S. brandenburg S. derby S. derby S. haardt S. dublin
S. bredeney S. enteritidis S. dublin S. lagos S. enteritidis (unknown PT)
S. derby S. haifa S. enteritidis S. saintpaul S. enteritidis PT1
S. dublin S. havana S. fyris S. tennyson S. goldcoast
S. enteritidis S. heidelberg S. kentucky S. tsevie S. indiana
S. give S. hindmarsh S. montevideo S. typhimurium S. infantis
S. heidelberg S. infantis S. ohio S. kedougou
S. infantis S. kiel S. typhimurium S. montevideo
S. java S. kisangani S. panama
S. manhattan S. manhattan S. rissen
S. newington S. newport S. schwarzengrund
S. oranienberg S. reading S. seftenberg
S. panama S. saintpaul S. singapore
S. saintpaul S. II sofia S. stanley
S. thompson S. tallahassee S. typhimurium (unknown PT)
S. typhimurium S. thompson S. typhimurium DT104

S. typhimurium S. typhimurium DT204c
S. virchow
S. worthington

a Förster et al. (1974); b Shimi et al. (1976); c P.T. Quinn, M.E. Carter and Y.E. Abbott, Faculty of Veterinary
Medicine, Dublin, unpublished data, 1986–1996; d Venter (1988); e Veterinary Investigation Services
(1988–1996) and Neil et al. (1981).
PT, phage type; DT, definitive type

Table 14.2. Salmonella serovars isolated from dogs in the USA (based on Bruner and Moran, 1949; Adler et
al., 1951; Ball, 1951; Gorham and Garner, 1951; Galton et al., 1952; Bruner, 1973; Uhaa et al., 1988).

S. anatum S. illinois S. newbrunswick
S. bareilly S. infantis S. newington
S. bonariensis S. inverness S. newport
S. bovismorbificans S. javiana S. norwich
S. bredeney S. johannesburg S. oranienburg
S. budapest S. kentucky S. oregon
S. california S. krefeld S. paratyphi B
S. canoga S. litchfield S. pomona
S. carrau S. livingstone S. poona
S. cerro S. lomita S. pullorum
S. choleraesuis S. luciana S. rubislaw
S. cubana S. macallen S. saintpaul
S. derby S. madelia S. sandiego
S. duval S. manhattan S. seftenberg
S. enteritidis S. meleagridis S. tallahassee
S. florida S. memphis S. tennessee
S. gaminara S. miami S. typhimurium
S. give S. minnesota S. urbana
S. hartford S. montevideo S. weslaco
S. homosassa S. muenchen S. worthington



rate in household pet dogs, compared with those
confined to kennels. In one survey of pet dogs, a
wide range of serovars was obtained and this was
attributed to exposure to a variety of sources
rather than to cross-infection between animals
(Shimi et al., 1976). The excretion rate in stray
dogs was comparatively high, as these animals
presumably survived by scavenging and hunting.
Surveys of racing greyhounds in kennels yielded
an infection rate of up to 43.5%, with an esti-
mated exposure rate leading to more than one
infection every 2 months (Stucker et al., 1952).
This high level of excretion was attributed to the
diet of contaminated raw meat and offal. The
infection rate in these greyhounds fell to lower
levels (20–30%) during the racing season, indi-
cating that infection was due to ingestion rather
than through animal contact at the racing track.
Working farm dogs may be exposed to high levels
of Salmonella in the farm environment, particu-
larly if recent outbreaks of salmonellosis have
occurred in the livestock (Carter et al., 1983).

Asymptomatic canine excreters appear to
shed Salmonella in faeces intermittently for compar-
atively short periods. When the faeces of 49 cul-
ture-positive dogs were sampled over a 4–6 week
period, only five dogs yielded the same serovar that

had been isolated initially. Within this sampling
period, seven dogs were found to have acquired a
second, and in some instances a third, Salmonella
serovar (Mackel et al., 1952). Tanaka et al. (1976a)
examined apparently healthy stray dogs for faecal
shedding of Salmonella. The number of organisms
fluctuated from 102 to 105 Salmonella 100 g�1 of
faeces. Two dogs were found to shed small numbers
of organisms (102 Salmonella 100 g�1) sporadically
for up to 74 days. Three other dogs excreted
104–105 Salmonella 100 g�1 of faeces initially and
shedding continued for up to 115 days.

Transmission

Transmission in dogs and cats usually occurs
either directly or indirectly by the faecal–oral
route. Tanaka et al. (1976b) succeeded in experi-
mentally producing a carrier state in dogs by oral
administration of naturally contaminated faeces.
Each dog received 39–92 S. typhimurium organ-
isms per os. These experimentally infected dogs
shed Salmonella for 18–24 days. None of three
dogs dosed with 60 freshly isolated Salmonella
organisms became shedders or produced antibod-
ies. This apparent loss of virulence of S.
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Table 14.3. Salmonella serovars isolated from cats in Iran, UK and USA.

Irana UKb USAc

S. adelaide S. enteritidis (unknown PT) S. anatum
S. anatum S. enteritidis PT4 S. bareilly
S. blockley S. enteritidis PT24 S. bredeney
S. braenderup S. typhimurium (unknown PT) S. choleraesuis
S. derby S. typhimurium DT12 S. derby
S. gaminara S. typhimurium DT49 S. donna
S. havana S. typhimurium DT104 S. enteritidis
S. infantis S. typhimurium DT193 S. javiana
S. kisangani S. typhimurium DT204c S. lomita
S. livingstone S. montevideo
S. manhattan S. pharr
S. oritamerin S. poona
S. II sofia S. pullorum
S. thompson S. sandiego
S. typhimurium S. saintjuan
S. tyresoe S. typhimurium

S. weslaco

a Shimi and Barin (1977); b Veterinary Investigation Services (1988–1996); c Ball (1951), Bruner (1973) and
Bruner and Moran (1949).
PT, phage type; DT, definitive type.
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Table 14.4. Categories of apparently healthy dogs, from different countries, shedding Salmonella serovars.

Categories of Georaphical Dogs shedding/ %
dogs sampled region/country dogs sampled shedding Reference

Household pets Hawke’s Bay/ 0/150 0.0 Timbs et al. (1975) 
New Zealand
Washington/USA 10/809 1.2 Gorham and Garner

(1951)
Tehran/Iran 21/472 4.4 Shimi et al. (1976)
Florida/USA 244/1626 15.0 Galton et al. (1952)

Boarding kennels Tehran/Iran 28/181 15.5 Shimi et al. (1976)
Florida/USA 21/126 16.6 McElrath et al.

(1952)

Quarantine Honolulu/Hawaii 38/295 12.9 Adler et al. (1951)
kennels (rabies) Jacksonville/USA 194/1385 14.0 Mackel et al. (1952)

Dog refuges/pounds Hawke’s Bay/ 5/150 3.3 Timbs et al. (1975)
New Zealand
Florida/USA 71/895 7.9 McElrath et al.

(1952)
Brisbane/Australia 12/138 8.7 Frost et al. (1969)

Greyhound kennels Florida/USA 930/2548 36.5 Galton et al. (1952)
Jacksonville/USA 697/1602 43.5 Stucker et al. (1952)

Veterinary hospitals Brisbane/Australia 7/157 4.5 Frost et al. (1969)
Jacksonville/USA 13/66 19.7 Mackel et al. (1952)

Working dogs on Hawke’s Bay/ 13/300 4.3 Timbs et al. (1975)
sheep farms New Zealand

Working dogs at Brisbane/Australia 2/10 20.0 Frost et al. (1969)
abattoir

Stray dogs Tehran/Iran 3/19 15.8 Shimi et al. (1976)
Khartoum/Sudan 104/442 23.5 Khan (1970)

typhimurium for the intestinal tract following cul-
ture of the organisms was also observed in experi-
ments with mice (Tanaka et al., 1977).

Intraocular inoculation of S. typhimurium in
cats with 9 � 105 colony-forming units (cfu) pro-
duced conjunctivitis, with faecal shedding of
Salmonella organisms, while a lower dose (9 �
103 cfu) initiated an asymptomatic excreter state
(Fox et al., 1984).

Rare cases of intrauterine transmission have
been reported in both bitches (Redwood and
Bell, 1983) and queens (Reilly et al., 1994).

Sources of infection

Domestic carnivores are exposed to diverse
sources of Salmonella serovars (Fig. 14.1). Dogs

are particularly indiscriminate in their eating
habits, ingesting food irrespective of quality,
freshness or source. Many cats and dogs are
allowed to roam and thus have access to carrion
or are able to hunt, kill and eat wildlife species.
Meat, offal and meat-and-bone-meal, common
ingredients in the diets of dogs and cats, are fre-
quently contaminated with Salmonella. Offal sold
at a wholesale meat market and judged ‘fit for
consumption’ was found to contain 24 different
Salmonella serovars and 56.6% of 408 samples
yielded Salmonella organisms (Sinell et al., 1984).
When 112 samples of commercial raw meat, used
for feeding greyhounds, were cultured for
Salmonella, 44.6% were positive (Chengappa et
al., 1993). In both surveys, S. typhimurium was
the most common serovar isolated.

Galton et al. (1955) isolated Salmonella from
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Sources of Salmonella for dogs and cats

Carrier animal /
subclinical excreter Clinical salmonellosis

Dog

Cat

Predisposing factors

Food and water

Uncooked offal and bones
Raw eggs or chicken
Commercial dry dog foods
Unchlorinated water

Scavenging

Offal
Wildlife carcasses
Household rubbish

Hunting

Rodents
Wild birds
Reptiles

Immunosuppression
   Stress
   Corticosteroid therapy
   Anticancer therapy
   Heavy parasite burden
Diabetes
Antimicrobial therapy
Hospitalization – stress and
   nosocomial infections
Major surgery
Prolonged anaesthesia
Debilitation
   Old age
   Concurrent infection
   Neoplastic disease
   Malnutrition
Water deprivation

Farm animals
Other dogs and cats
Wildlife
Human excreta

Faeces and fomites
from carrier animals

Host factors
Immune status
Age
Habits of individual
animal

Size of inoculum
Serotype or strain
Virulence
Competition from
normal gut flora

Agent factors

Fig. 14.1. Sources of Salmonella for dogs and cats and predisposing factors which may precipitate clinical
salmonellosis in a previously asymptomatic carrier animal.



26 (26.5%) of 98 samples of dry dog meal, but
found none in pressed foods, such as dog biscuits,
or in kibbled products. Two brands of dog meal
that failed to yield Salmonella serovars had been
effectively heat-treated. Day et al. (1963) fed
contaminated dry dog meal to young dogs and, of
the nine serovars recovered from their faeces,
seven were also cultured from the meal.

Raw or undercooked poultry meat or eggs
can be a source of Salmonella for both humans
and companion animals. S. enteritidis PT4 may be
present in the yolk of intact hens’ eggs
(Humphrey et al., 1989). Storage of eggs at tem-
peratures of 10°C or above can allow the organ-
isms to multiply rapidly to numbers that may
permit their survival after cooking (Humphrey,
1990).

Wildlife species are a potential source of
Salmonella for dogs and cats. Over 50 Salmonella
serovars have been isolated from mice and rats
(Weber, 1982). Wild mice can become infected
with S. enteritidis. A naturally infected mouse
excreted the organism in its faeces for 19 weeks
and had 104 Salmonella g�1 of liver and 103

organisms g�1 of macerated intestine (Davies and
Wray, 1995). Deaths from S. typhimurium have
been recorded in garden birds (Laing, 1990;
Kirkwood et al., 1995). The occurrence of
Salmonella serovars in free-living wild birds was
reviewed by Wilson and MacDonald (1967), who
concluded that, although salmonellosis in birds is
a potential hazard to humans and domestic ani-
mals, there is a low incidence of disease in the
general wild-bird population. However, rare
localized outbreaks of salmonellosis do occur.
Both captive and wild reptiles, including lizards,
tortoises and terrapins, are notorious for
Salmonella infections (Borland, 1975) and dogs
and cats may acquire infection from these
sources.

Coprophagia or ingestion of faecally conta-
minated food or water may result in infection by
Salmonella serovars. The organisms are often
widespread in soil on farms where outbreaks of
salmonellosis have occurred and these organisms
can survive for up to 9 months in shaded, moist
soil (Carter et al., 1979). A comparative survey of
working dogs on sheep properties with and with-
out ovine salmonellosis during the previous 12-
month period indicated an excreter rate in dogs
of 4.7% and 4.0%, respectively (Timbs et al.,
1975). S. bovismorbificans, the most common

serovar in sheep in the district, was isolated
only from dogs on farms where recent outbreaks
of salmonellosis in the sheep had occurred. S.
typhimurium was isolated from the faeces of the
two asymptomatic farm dogs where clinical
disease attributed to this serovar had occurred
in dairy cows (Carter et al., 1983). Two recently
acquired parakeets (Melopsittacus undulatus)
that developed clinical salmonellosis were
thought to have been the source of S.
typhimurium var. Copenhagen infection for a
human infant and a 4-year-old Siamese cat in
the same household (Madewell and
McChesney, 1975).

Carrion is a potentially rich source of
Salmonella and replication of these organisms
may occur in carcasses, depending on ambient
temperatures. Fly maggots are a possible source of
infection associated with carcasses. Fly eggs
placed in moist food contaminated with S. enteri-
tidis resulted in infected maggots, pupae and adult
flies (Kintner, 1949).

Animal Infection

Pathogenesis

The numbers of Salmonella ingested, the serovar
or strain involved and its virulence may deter-
mine the clinical outcome of infection with
Salmonella serovars. Non-specific host factors that
affect the ability of organisms to establish and
produce infection include gastric acidity, peristal-
sis, quality of intestinal mucus, lysozyme in secre-
tions, lactoferrin in the intestinal tract and the
normal resident intestinal flora (Clarke and
Gyles, 1993). The greater susceptibility of young
animals to salmonellosis may be associated in
part with the lack of a well-established normal
flora. In addition, a naïve or incompetent
immune system renders such animals vulnerable
to these enteropathogens.

Salmonella are facultative intracellular
pathogens and the ability of these organisms to
survive and multiply inside phagocytes is critical
to the outcome of infection (Salyers and Whitt,
1994). Endotoxin (lipopolysaccharide) is a major
virulence factor of Salmonella serovars and is the
probable cause of death in animals with septi-
caemic salmonellosis. Endotoxin also interferes
with the beneficial effects of activated comple-
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ment. Other toxins produced by Salmonella
include a heat-labile enterotoxin and a cytotoxin
that inhibits protein synthesis (Groisman et al.,
1990). Some virulence factors are associated with
plasmids, such as a 50 MDa plasmid in S. dublin
(Terakado et al., 1983), a 60 MDa plasmid in S.
typhimurium (Jones et al., 1982) and a 36 MDa
plasmid in S. enteritidis (Nakamura et al., 1985).

The distribution of organisms in the asymp-
tomatic carrier state was studied in 17 dogs natu-
rally infected with S. typhimurium (Tanaka et al.,
1976a). Salmonella were isolated from the
mucosae and contents of most segments of the
intestinal tract, including the gastric mucosa in
three cases. The mucosae of the caecum, colon
and ileum were most commonly found to harbour
Salmonella particularly at the junction of these
intestinal segments. Salmonella were present at
levels between 102 and 106 100 g�1 of intestinal
tissue. Organisms were also recovered from the
intestinal lymph nodes, with most isolates from
the jejunal node. The carrier state was subse-
quently produced experimentally with S.
typhimurium (Tanaka et al., 1976b). Salmonella
were isolated from the mucosa of the middle por-
tion of the ileum, 1 day post-inoculation (PI)
and within 1–2 days they had spread to the
mucosae of the lower part of the ileum, the cae-
cum and the upper part of the colon. The major
site of localization and multiplication in 5–15
days PI was the mucosa adjacent to the ostium
ileocaecocolium. The jejunal node yielded
Salmonella from the second day PI. Detectable
serum antibody levels were present from the sev-
enth day PI.

A high percentage of Salmonella are eventu-
ally cleared by the host’s defences and only a
small proportion survive for comparatively short
periods, leading to the carrier state (Clarke and
Gyles, 1993). A range of predisposing causes can
precipitate clinical salmonellosis in a previously
asymptomatic carrier animal (Fig. 14.1). In ente-
rocolitis, the organisms adhere to the intestinal
cells, invade the mucosa and are taken up by
mucosa-associated macrophages. They induce
toxin-mediated damage to microvilli of apical
enterocytes, which results in shortening of villi,
degeneration and abnormal extrusion of entero-
cytes and increased emptying of goblet cells.
There is a neutrophilic reaction in the lamina
propria, accompanied by transepithelial migra-
tion of neutrophils into the lumen (Takeuchi and

Sprinz, 1967). Invasive strains of Salmonella are
able to breach the mucosal barrier and invade
underlying tissues. When these strains penetrate
underlying tissues, septicaemia follows, with
replication in the cells of the reticuloendothelial
system. Characteristic systemic signs of fever and
vascular damage occur, due to the effects of cir-
culating endotoxin.

Factors predisposing to the development of
clinical disease

Clinical salmonellosis is rare in cats and dogs.
Healthy adult animals appear to have a high nat-
ural resistance to the disease. Young animals and
ageing or debilitated dogs and cats are most sus-
ceptible (Buxton, 1957). This high natural resis-
tance to clinical disease may be lowered by
various immunosuppressive or stress factors (Fig
14.1). The disease is difficult to reproduce experi-
mentally in dogs and cats. This may be due, in
part, to the difficulty in experimentally mimick-
ing the stress factors present in situations such as
veterinary hospitals (Timoney, 1976). Sporadic
cases of salmonellosis can occur in the general
cat and dog populations, but outbreaks of the dis-
ease tend to occur in confined groups of animals,
such as those in kennels, research facilities and
veterinary hospitals. Animals in confinement
often experience environmental stresses, such as
overcrowding and changes in diet, heating, light-
ing and humidity. Animals in research facilities
may be exposed to stress during shipping. Fifteen
cats out of 142 (10.6%) in 17 shipments to a
research laboratory were found to be infected
with Salmonella serovars and two subsequently
died from the septicaemic form of the disease
(Fox and Beaucage, 1979). Additional stresses in
veterinary hospitals may include immunosuppres-
sive therapy, surgery, prolonged anaesthesia and
antimicrobial therapy. Animals with concurrent
disease or suffering from debilitating conditions,
such as diabetes, are susceptible. Clinical salmo-
nellosis developed in six dogs with multicentric
lymphosarcoma that were subjected to surgery
and treated with corticosteroids and anti-cancer
drugs. Three of the affected animals subsequently
died from salmonellosis (Calvert and Leifer,
1982).

The index case initiating an outbreak of sal-
monellosis in a veterinary hospital may be an
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animal admitted with Salmonella-associated diar-
rhoea or may result from activation of a pre-
existing asymptomatic infection. Clinically
affected dogs and cats usually excrete larger num-
bers of Salmonella than carrier animals. However,
comparatively small numbers of Salmonella may
be required to cause clinical salmonellosis in ani-
mals stressed by surgical or medical treatments
(Timoney et al., 1978).

Predisposing or risk factors have been inves-
tigated in several nosocomial outbreaks of salmo-
nellosis. In an episode involving hospitalized
dogs, Calvert (1985) listed pre-existing disease,
hospitalization of 5 days or longer, major surgery,
glucocorticoid therapy, cytotoxic drug adminis-
tration and neoplasia as important risk factors
leading to the development of clinical salmonel-
losis. In a nosocomial outbreak of disease in dogs
due to S. krefeld, Uhaa et al. (1988) statistically
analysed the risk factors involved. The use of
antimicrobial agents, particularly ampicillin, was
identified as an important risk factor. This has
been attributed to selective elimination by the
antibiotic of competing intestinal microflora that
are antagonistic to Salmonella, thereby creating a
more favourable environment for the replication
of Salmonella serovars. A serious nosocomial out-
break of salmonellosis in cats was reported by
Timoney et al. (1978). Most of the cats involved
were less than 1 year old and had been admitted
for routine surgical procedures, medical reasons
or for boarding. The animals became ill 2–5 days
after admission. Salmonella serovars were consis-
tently isolated from the oral cavity, as well as
from the faeces, of the affected cats. Organisms
in the oral cavity may contaminate the cats’
coats during grooming, increasing the hazard of
Salmonella being transferred to the hands and
clothing of personnel caring for the animals.

Clinical signs

The majority of Salmonella infections in dogs and
cats are asymptomatic. The main clinical syn-
dromes, in both animal species, are an acute
enterocolitis and septicaemia, with resultant
endotoxaemia. Rare syndromes include conjunc-
tivitis in cats and in utero infections in bitches
and queens, which result in abortions, stillbirths
or the birth of weak offspring.

Acute enterocolitis usually develops within

3–5 days of exposure and is limited to mucosal
invasion. It is manifested by watery or mucoid
diarrhoea, containing blood in severe cases,
accompanied by vomiting, fever (40–41°C),
inappetence or anorexia, lethargy, abdominal
pain and progressive dehydration. Some cats
drool excessively during the illness and often
have pale mucous membranes (Timoney, 1976;
Center et al., 1995). Most animals recover in 3–4
weeks, but a carrier–excreter state may persist for
a further 6 weeks.

In a few instances, acute enterocolitis can
develop into an overwhelming infection, with
septicaemia, endotoxic shock and signs consis-
tent with the development of disseminated
intravascular coagulation. Respiratory distress is
often reported in these animals. In two cases
involving young pups of about 2 months of age,
septicaemia associated with S. dublin resulted in
meningoencephalitis and neurological signs, such
as left-sided hemiparesis (Milstein, 1975; Nation,
1984). Septicaemia in cats due to S. arizonae
(Krum et al., 1977) and S. enteritidis (Fox and
Beaucage, 1979) has been reported.

Abortion attributable to Salmonella serovars
is rare. Redwood and Bell (1983) reported an in
utero infection caused by S. panama in two boxer
bitches in the same breeding establishment. A
pure growth of S. typhimurium was isolated from
stillborn kittens (Reilly et al., 1994) and S.
choleraesuis was cultured from the uterus of a rural
cat containing three dead fetuses (Hemsley, 1956).

S. typhimurium-associated unilateral con-
junctivitis has been described in a cat (Fox and
Galus, 1977). The condition was reproduced
experimentally using an intraocular instillation
of S. typhimurium (Fox et al., 1984). Features
common to the natural infection and experimen-
tal studies included moderate to severe conjunc-
tivitis of several days’ duration, with lacrimation,
blepharospasm and a prominent nictitating
membrane. Scleral injection and mucopurulent
ocular discharge continued for several days,
with large numbers of neutrophils in conjunc-
tival scrapings, but with no signs of systemic ill-
ness. S. typhimurium was recovered from the
faeces.

Some cats with salmonellosis are pyrexic
and have a neutropenia with a left shift and
vague non-specific signs of illness but no definite
intestinal signs (Dow et al., 1989).

An unusual case of Salmonella-associated
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pneumonia was reported in an 8-year-old cat pre-
viously treated for severe dental calculus. The
animal appeared to have no enteric manifesta-
tion of disease (Rodriguez et al., 1993). S.
typhimurium was isolated from kidney tissue of an
8-month-old dog with unilateral pyelonephrosis.
No other organ systems were involved (Crow et
al., 1976). The animal recovered following surgi-
cal removal of the kidney and antibiotic therapy.
A 7-year-old dog with intermittent epigastric
pain, extending over a period of 8 months, was
found to have chronic cholecystitis (Timbs et al.,
1974). S. typhimurium was present in the liver,
the bile and a mesenteric lymph node. The main
post-mortem finding was severe thickening of the
gall-bladder wall. Histopathological findings
included numerous inflammatory foci in the liver
and mucosal congestion and haemorrhage in the
intestines, without evidence of diarrhoea.

Pathological findings 

When salmonellosis is confined to the intestinal
tract, gross pathological findings may include an
acute enteritis with bloodstained luminal con-
tents, limited to the distal ileum, caecum and
colon. Histopathological findings vary from
catarrhal inflammation to villous atrophy,
mucosal erosion and infiltration of neutrophils
and macrophages into the lamina propria.

The carcasses of cats that die or are eutha-
nized in extremis tend to be emaciated and dehy-
drated. The mucous membranes are pale and
diffuse haemorrhagic enteritis is often present.
Most of the parenchymatous organs may be
grossly normal but the liver frequently contains
small necrotic foci, about 2 mm in diameter.
Blood-tinged fluid may be present in the serous
cavities (Timoney, 1976). In some animals, the
main pathological findings include petechial or
ecchymotic haemorrhages, involving most organs
including the lungs and epicardial and endocar-
dial surfaces. Thrombosis and haemorrhage are
consistent histopathological findings (Krum et
al., 1977).

Pups that have died rapidly from septi-
caemic salmonellosis may have good fat reserves.
Multifocal or local extensive areas of consolida-
tion are present in the lungs. The spleen, liver
and kidneys may be swollen, pale and friable.
Petechial or ecchymotic haemorrhages are often

present in many organs. Histopathological find-
ings can include embolic pneumonia, splenitis,
myocarditis, nephritis and meningoencephalitis.
Salmonella localize in the vascular beds of lungs,
heart, spleen, liver, kidneys and brain (Nation,
1984).

Diagnosis

Salmonellosis should be suspected in hospitalized
dogs or cats developing fever and acute entero-
colitis, particularly in those animals that have
recently undergone major surgery, those with
serious medical conditions or those receiving
immunosuppressive therapy. Young pups or kit-
tens with diarrhoea should be investigated for
possible infection with Salmonella. Bloody diar-
rhoea and a degenerative left shift of the
leucogram are consistent with salmonellosis
(Calvert, 1985).

In severe disease, abnormal biochemical
changes may include hypoalbuminaemia, ele-
vated serum alkaline phosphatase levels and
hypoglycaemia. Calvert (1985) found that a
combination of: (i) hypoalbuminaemia with
hypoglycaemia, or (ii) hypoalbuminaemia, ele-
vated alkaline phosphatase levels and hypogly-
caemia correlated with a poor prognosis.

The definitive diagnosis of salmonellosis
requires the isolation of the organisms from
affected tissue, blood, cerebral–spinal fluid or
transtracheal washings, specimens that do not
normally yield Salmonella in carrier animals.
Because of the comparatively common occur-
rence of the asymptomatic excreter state, isola-
tion of Salmonella from faecal samples does not
confirm a causal relationship between the organ-
ism and the clinical disease in the animal
(Center et al., 1995). However, high numbers of
Salmonella are usually recovered from animals
with Salmonella-associated diarrhoea, while
asymptomatic carrier animals shed fewer organ-
isms intermittently and usually these organisms
can be isolated only after enrichment procedures
(Fox, 1991). The presence of large numbers of
leucocytes in faeces is indicative of an invasive
infection. Salmonella can be isolated from con-
junctival scrapings from cats with conjunctivitis
(Fox et al., 1984), and in abortions and stillbirths
the organisms are present in fetal and placental
tissues (Redwood and Bell, 1983).

Salmonella Infections in Dogs and Cats 239



Isolation procedures include the inoculation
of selective indicator media, such as modified
brilliant green agar, xylose lysine desoxycholate
(XLD) or Salmonella–Shigella (SS) media, as well
as the use of an enrichment broth, such as selen-
ite F, tetrathionate and Rappaport broths, which
are selective for Salmonella serovars. The media
are incubated at 37°C aerobically for 2–3 days
(see Chapter 21). Aliquots from enrichment
broth are subcultured on to further plates of
selective indicator media. An initial presumptive
identification of Salmonella organisms is based on
their colonial appearance. Subsequently, suspect
colonies are subcultured in indicator media, such
as triple-sugar iron agar and lysine decarboxylase
broth. These are incubated at 37°C for 18 h and
examined for the characteristic appearance given
by Salmonella serovars. The serovar can be estab-
lished using culture from the slant of the triple-
sugar iron agar in a slide agglutination test with
commercially available typing sera (Quinn et al.,
1994). Antibiotic susceptibility tests should 
be conducted on Salmonella isolates associated
with the septicaemic form of salmonellosis.
Antibiotic-resistant strains of Salmonella are not
infrequently isolated from cats and dogs
(Timoney, 1978). Phage typing of some serovars,
such as S. typhimurium and S. enteritidis, which is
usually carried out in reference laboratories, can
be useful in epidemiological studies.

A polymerase chain reaction (PCR)-
hybridization technique for detecting S. typhim-
urium in canine faeces has been developed. It was
found to be more sensitive than standard cultural
procedures (Stone et al., 1995).

Standard serologicalal tests may prove useful
in groups of animals but have a limited applica-
tion for individual dogs and cats. Differential
diagnosis should include canine parvovirus and
coronavirus infections, canine enteric campylo-
bacteriosis, canine haemorrhagic gastroenteritis
and feline panleucopenia.

Treatment

Antimicrobial therapy is unnecessary and possi-
bly undesirable in uncomplicated Salmonella
enterocolitis. Careful management of fluid and
electrolyte balances usually promotes recovery
(Fox, 1991). Antimicrobial therapy, particularly
by the oral route, may alter the normal flora, pro-

long the shedding period for Salmonella and
increase the risk of the development of transfer-
able antibiotic resistance. Ampicillin adminis-
tered parenterally or orally was considered to be a
significant risk factor in nosocomial outbreaks of
salmonellosis in dogs (Uhaa et al., 1988).

Antimicrobial therapy is required for poten-
tially fatal septicaemic salmonellosis. The choice
should be based on isolation and antibiotic sus-
ceptibility tests. However, most isolates are sus-
ceptible to the fluoroquinolone enrofloxacin,
administered at 5 mg kg�1 per os every 12 h
(Rutgers et al., 1994). Chloramphenicol and
trimethoprim–sulphonamide combinations may
also be effective. Transfusion of plasma can
reduce mortality in dogs with signs of severe
endotoxaemia. Immunoglobulin for the treat-
ment of endotoxaemia in dogs is available com-
mercially in some countries.

Prevention

Prevention of both the carrier–excreter state and
cases of clinical salmonellosis is desirable from
the human health aspect, particularly in house-
holds with young children. Complete prevention
of Salmonella infections is difficult, because of the
numerous sources of Salmonella serovars available
to dogs and cats, the viability of the organisms in
the environment and the comparatively common
occurrence of carrier animals. Because of the
wide range of serovars that may infect domestic
carnivores, vaccination is not currently a feasible
proposition. However, thorough cooking of the
animals’ food, particularly meat and poultry
products, good hygiene and the use of heat-
processed commercial food products would elimi-
nate major sources of Salmonella for dogs and
cats. Uneaten, moist food should not be allowed
to remain in food bowls at ambient temperatures
for long periods, as Salmonella may be able to
replicate in the food. Dry meals and biscuits must
be stored carefully to avoid contamination by
rodents or insects. Dogs and cats should not be
allowed access to water from dubious sources or
to unpasteurized milk. The hunting and scaveng-
ing activities of dogs and cats may increase their
exposure to Salmonella serovars, but such instinc-
tive behaviour is not easily controlled.

Preventative measures are particularly
important in veterinary hospitals, where predis-
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posing factors could initiate outbreaks of clinical
salmonellosis. In addition to the measures sug-
gested for household dogs and cats, meticulous
attention should be paid to routine cleaning and
to sterilization or disinfection of cages, food
bowls and utensils. Cages should be steam-
cleaned or disinfected with sodium hypochlorite
(3%) or iodophors (2%). Endoscopic and other
equipment likely to become contaminated
should be sterilized after use.

Staff can spread Salmonella between patients
on their hands, footwear or clothing. Routine
hand washing, before and after handling hospi-
talized animals, should be observed and protec-
tive clothing must be changed and washed
regularly.

If possible, boarders and animals with minor
ailments should be separated from animals most
at risk, particularly those undergoing major
surgery or receiving immunosuppressive therapy.
An ideal procedure would be to identify
Salmonella excreters on arrival by cultural meth-
ods on 3 consecutive days, using enrichment pro-
cedures for isolation. However, practical
considerations, such as emergency surgery, may
render this strategy impractical. Any animal
admitted with diarrhoea or developing diarrhoea
while in the hospital should be isolated, a faecal
sample cultured for Salmonella and procedures
instituted to prevent fomite transmission.
Animals with clinical salmonellosis usually
excrete large numbers of organisms, thus posing a
serious threat to those in their immediate vicinity.

Public Health Aspects

Sources of infection

Cats and dogs tend to be the most popular house-
hold pets in developed countries. It has been
estimated that, by the beginning of the next mil-
lennium, the numbers of pet cats in the UK will
reach 7.8 million and the dog population will
have declined slightly to 6.8 million (Anon.,
1996). These companion animals can spend a
large proportion of their lives indoors in close
contact with their owners. Some cats frequent or
live on food premises as part of a rodent control
programme. Because of their agility, felines can
gain access to and contaminate food preparation
areas. Humans can become infected, usually by

the oral route, by Salmonella shed in faeces of
either carriers or clinically affected animals.
Salmonella can be present on hands after han-
dling animals, on fomites or in contaminated
food. Humans are considered more likely to
acquire infection from cats than from dogs. Cats
tend to rake soil or litter over their faeces, thus
contaminating their paws. Oral swabs from
infected cats have revealed the consistent pres-
ence of Salmonella organisms, leading to the con-
tamination of their fur during grooming
(Timoney et al., 1978). This presence of the
organisms over the cat’s coat increases the poten-
tial for transfer of Salmonella to the hands and
clothing of humans handling such animals. Many
reported cases of pet-associated salmonellosis
occur in young children, where a direct route of
transmission may be of importance, as infants
tend to place objects into their mouths indis-
criminately (Kaufmann, 1966).

Isolation of the multiply resistant S.
typhimurium DT104, resistance (R) type ampi-
cillin, chloramphenicol, streptomycin, sulphon-
amides, tetracycline (ACSSuT) from cats and
dogs is of public-health concern. This definitive
type has become the second most prevalent
Salmonella, after S. enteritidis PT4, in the human
population in England and Wales. During the
period from 1991–1995, of 110 Salmonella
isolated from cats, 70 were S. typhimurium and
40 of these were DT104, R type ACSSuT. Four
of the strains had additional resistance to
trimethoprim (Wall et al., 1996). S. typhimurium
DT104 was shown to be excreted in the faeces
of infected cats for 12 weeks after recovery from
an acute episode of enterocolitis (Wall et al.,
1995).

Prevention

It is standard policy in many countries to exclude
domestic carnivores from premises where food is
prepared, stored or served. Animals should not
be allowed to eat from the same food dishes as
humans. Individuals handling dogs and cats must
be made aware of the need to thoroughly wash
their hands after contact with animals, especially
before serving or consuming food. Because clini-
cal salmonellosis is uncommon in dogs and cats,
animals with diarrhoea may often be treated
empirically, without submission of a faecal sample
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for culture. Veterinarians should consider the
possibility of salmonellosis in animals with
enterocolitis and advise their clients on the
zoonotic potential of such infections.
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Chapter 15

Public-health Aspects of Salmonella Infection

Tom Humphrey
PHLS Food Microbiology Research Unit, Church Lane, Heavitree, Exeter EX2 5AD, Devon, UK

Historical Perspective

Gaffky is credited with being the first to culture the
causative agent of typhoid (S. typhi) in 1884. At
that time, it was also known that bacteria similar
to S. typhi could cause enteric disease in humans
and farm animals. This was confirmed when
Salmon and Smith reported the isolation of the
bacteria responsible for ‘hog cholera’ or ‘swine
fever’ in 1885. The name Salmonella was subse-
quently adopted in honour of Salmon, an
American veterinary surgeon. In the early to mid-
20th century, there were many pioneering studies
into the identification and differentiation of
Salmonella. The schemes that were developed made
use of the fact that, although Salmonella show con-
siderable antigenic diversity, they elicit two princi-
pal antibody reactions in infected animals. Thus
antibodies are produced against cell-surface or
somatic O antigens and flagella or H antigens. In
1929, White developed a typing scheme based on
this antigenic variation, which was later modified
by Kauffmann. This work enabled the differentia-
tion of Salmonella into serovars. In the UK, as in
many other countries, it is usual to supplement this
with phage typing. With common serovars or
phage types (PTs), it may be necessary to take
identification further and include a range of molec-
ular or genotypic typing methods.

Space does not permit a detailed analysis of
the progression of Salmonella epidemiology in
many countries and therefore discussion on this
aspect will be largely confined to England and

Wales, as trends in these countries are indicative
of those in many others.

Up to the Second World War, most
Salmonella isolated from human cases belonged to
14 serovars that were largely indigenous to the
UK. The epidemiological picture was dominated
by S. typhimurium, S. enteritidis, S. newport and S.
choleraesuis. In the early 1940s, it became obvious
that there had been a marked increase in the
numbers of different serovars isolated from human
cases. Ten new serovars were identified in 1942
and eight more in 1943. Almost all of these were
novel to the UK and had been described else-
where, particularly in the USA. It became appar-
ent that many of these ‘new’ Salmonella serovars
had been introduced into the UK from imported
spray-dried egg. The pattern of human infection
has gradually become more complicated ever
since, with more and more Salmonella serovars
being identified. As this chapter will demonstrate,
however, although there are over 2400 identifiably
different Salmonella serovars, the epidemiological
picture tends to be dominated by two or three
serovars only. S. enteritidis and S. typhimurium con-
tinue to predominate, although, in recent years in
Western Europe, the former has become markedly
more common than the latter.

Recent Trends in Human Infection

Human Salmonella infection continues to be a
major problem, in terms of both morbidity and
economic cost (Barnass et al., 1989).
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In many countries, there was a marked
upsurge in the number of cases of human salmo-
nellosis between the mid-1980s and mid-1990s.
Much of this has been associated with S. enteri-
tidis, and the worldwide increase in human infec-
tion has been referred to as a pandemic (Rodrigue
et al., 1990). This bacterium is primarily chicken-
associated and vehicles most commonly identified
with human infection are contaminated chicken
meat or eggs (see later). There are approximately
50 PTs of S. enteritidis. When the pandemic began

in the mid-1980s, there was a clear geographical
distribution of PTs. In Eastern Europe, PT1 pre-
dominated, in Western Europe PT4 was the most
important, whereas in North America most cases
were caused by either PT8 or PTl3a (Rodrigue et
al., 1990). There are no obvious reasons for the
above distributions, particularly as it is thought
that the S. enteritidis pandemic started as a single
event, perhaps in one of the élite poultry breeding
flocks. Since the mid-1980s, there has been a
gradual change in the epidemiological pattern of
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S. enteritidis infection. PT4 has spread to many
countries other than those in Western Europe and
it is becoming increasingly important in North
America (Alktekruse et al., 1997) and Japan (S.
Kumagai, personal communication, 1997). The
number of cases of human infection in England
and Wales caused by S. enteritidis remained largely
unchanged between 1991 and 1997, where PT4
predominated, although cases of Salmonella infec-
tion declined in 1998. In England and Wales,
other PTs of S. enteritidis, such as PT6, are
increasing in importance and cases of infection
caused by these bacteria have markedly increased
in the last 3 years (L. Ward, personal communica-
tion, 1998). PT4 continues to cause widespread
infection throughout Western Europe (Schmidt,
1995), and it is of interest that, despite the wide-
spread nature of S. enteritidis, the infection rates
in different countries appear to be so variable.
The increase in reported cases in England and
Wales occurred in the second half of the 1980s
(Fig. 15.1) and this trend is typical of much of

Western Europe. There are marked regional
variations in North America and this is also seen
in Europe. Thus, while cases increased markedly
in Germany, from 50,633 in 1981 to 195,378 in
1992, cases in The Netherlands fell from 10,783
to 2590 in the same period (K. Stöhr, Geneva,
personal communication, 1996).

The continued importance of S. enteritidis as
a human pathogen has tended to overshadow the
other Salmonella serovars. It should not be forgot-
ten that the great majority of the c. 2400 serovars
are capable of causing infection in humans. In
any given year, many hundreds of different
Salmonella will be isolated from human cases,
food animals and foods derived from them. S.
typhimurium is the second commonest human iso-
late in England and Wales (Table 15.1) and this
picture is repeated throughout much of the rest
of Western Europe (Schmidt, 1995). In England
and Wales, S. enteritidis and S. typhimurium
account for over 80% of reported human
Salmonella infections (Table 15.1).
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Table 15.1. The five most common Salmonella serovars isolated from human cases in England and Wales
and the USA, 1991–1995.

England and Wales USA

Year Total Serovar (%) Total Serovar (%)

1991 27,693 S. enteritidis (63) 40,443 S. enteritidis (22)
S. typhimurium (19) S. typhimurium (21)
S. virchow S. heidelberg
S. newport S. hadar
S. agona S. newport

1992 31,355 S. enteritidis (64) 34,688 S. typhimurium (22)
S. typhimurium (17) S. enteritidis (19)
S. virchow S. heidelberg
S. newport S. hadar
S. hadar S. newport

1993 30,650 S. enteritidis (66) 36,917 S. typhimurium (23)
S. typhimurium (16) S. enteritidis (22)
S. virchow S. heidelberg
S. newport S. newport
S. hadar S. hadar

1994 30,559 S. enteritidis (57) 37,522 S. enteritidis (26)
S. typhimurium (18) S. typhimurium (21)
S. virchow S. heidelberg
S. hadar S. newport
S. newport S. hadar

1995 28,791 S. enteritidis (52) 41,222 S. enteritidis (25)
S. typhimurium (21) S. typhimurium (22)
S. virchow S. newport
S. hadar S. heidelberg
S. newport S. hadar



The ubiquity of Salmonella and their ability
to infect or colonize food animals mean that
almost any food can cause human infection, par-
ticularly foods of animal origin, and most animal-
derived food groups will provide examples of
vehicles of Salmonella infection. It is necessary to
differentiate between short-term problems,
which may result from a chance infection that
leads to the contamination of a particular prod-
uct or foodstuff, and the underlying background
of human salmonellosis brought about by sus-
tained infection or carriage in some food
animals. Thus, the occasional colonization or
infection of dairy cows (Gay et al., 1994) may
result in Salmonella outbreaks associated with
either raw (Maguire et al., 1992) or improperly
pasteurized (Ryan et al., 1987) milk products. A
similar relationship exists between Salmonella
infection in pigs and contamination of pork
products (Cowden et al., 1989a; Maguire et al.,
1993). In general, outbreaks of this kind show a
pronounced epidemiological picture. Infection
in a particular food animal will lead to con-
tamination of a certain food product, which in
turn will cause cases of human Salmonella infec-
tion. Two nationwide outbreaks in England and
Wales, which involved S. agona in 1975 and S.
hadar in the years between 1977 and 1981
(Anon., 1989), are a good illustration of this
phenomenon. Both were associated with poultry
infected from contaminated imported feed. The
problem was identified by surveillance. Control
measures were instituted and human cases
showed a rapid decline. Such events are note-
worthy because of their comparative rarity. In
truth, human cases are dominated by only one or
two Salmonella and/or by a defined range of food
products. This will be illustrated by reference to
two Salmonella of current international impor-
tance.

The first is S. typhimurium definitive type
(DT) 104. Isolations from, and clinical cases in,
cattle and latterly pigs, sheep and poultry,
showed a marked increase in the UK in 1991
(Anon., 1995a). This was followed by an
increase in human cases. The outbreak caused
particular concern, as most isolates of the epi-
demic strains of DT104 were resistant to many
commonly used antibiotics (Threlfall et al., 1992,
1994). Given that S. typhimurium DT104 is asso-
ciated with many different food animals, it is not
surprising that case–control studies revealed that

a range of foods were vehicles of human infec-
tion. These included sausages, cooked chicken, a
commercial brand of paté and milk products
(Wall et al., 1994).

A working contact with infected domestic
animals has also been found to be an important
risk factor (Fone and Barker, 1994). S.
typhimurium DT104 has also shown a marked
recent increase in parts of the USA
(Alktekruse et al., 1997), but cases in the UK
peaked in 1995 and have declined by about
50% since then (Anon., 1999). Although S.
typhimurium DT104 has many phenotypic
attributes in common with S. enteritidis PT4
(Humphrey et al., 1997a), including highly
invasive behaviour in chickens (Williams et al.,
1998; Leach et al., 1999), it may not share its
longevity as a human pathogen. The con-
tinuing importance of the latter bacterium as a
human and poultry pathogen requires a more
detailed consideration of its behaviour in foods
and food animals, and this will be discussed in
the following section.

Common Vehicles of Infection

Table 15.2 shows some data on food vehicles of
PT4 and DT104 infection in England and Wales.
Table 15.2 is dominated by poultry meat and
eggs. It cannot be emphasized too strongly, how-
ever, that the ubiquity of Salmonella means that
any food, if not handled properly and protected
from contamination, can cause infection.
Salmonella are not overly fastidious in either their
growth temperature or their nutritional require-
ments. They will grow at temperatures of
between 7 and 46°C on a wide range of cooked
or raw foods (Ingham et al., 1990; Golden et al.,
1993) and storage at non-refrigeration tempera-
tures has been shown to be important in many
outbreaks (Roberts, 1986). For example, Luby et
al. (1993), reported a large outbreak, in which
customers became infected with either S. agona
or S. hadar, because cooked turkey was held unre-
frigerated in a small restaurant kitchen for sev-
eral hours, rinsed with water to remove offensive
odour and incompletely reheated before serving.

Outbreak analysis by the Public Health
Laboratory Service (PHLS) in England and Wales
has enabled the identification of important risk
factors in outbreaks of food poisoning, where the
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most commonly identified human pathogen is
Salmonella. Most outbreaks occur as a consequence
of the delay between preparation/cooking and
consumption of the food, as this gives Salmonella
time to reach high numbers, which means that
infection may be more widespread and thus more
easily identified and possibly more severe. The
important food-associated risk factors are inade-
quate cooking or reheating, storage at inappropri-
ate temperatures and cross-contamination from
raw to cooked foods. Infected/carrier food handlers
are relatively unimportant as the cause of
Salmonella outbreaks and evidence, albeit indirect,
suggests that people (including excreters of
Salmonella) who have passed ‘formed’ stools and
practise reasonable hygiene are rarely responsible
for either initiating or extending an outbreak
(Cruickshank and Humphrey, 1987). Salmonella
are readily removed by hand washing (Pether and
Gilbert, 1971). Catering staff are often found to
have eaten the food that has caused an outbreak
and are therefore victims rather than perpetrators.
It should be noted, however, that food handlers
suffering from diarrhoea constitute a significant
risk and should be excluded from work for 48 h
following recovery (Anon., 1995b).

While the direct involvement of carrier
food handlers as disseminators of Salmonella is
doubtful, their potential role in food cross-conta-
mination is beyond dispute. Salmonella-contami-
nated raw products, principally meat and poultry,
have been shown to bring about extensive conta-

mination of the kitchen environment (de Wit et
al., 1979; de Boer and Hahne, 1990). The
homogenization of contaminated egg contents
can also result in the production of contaminated
droplets, which distribute S. enteritidis widely in
the environment around mixing bowls. The bac-
teria were found to be capable of prolonged sur-
vival (> 24 h), whether in small egg droplets or
in smears that were largely invisible to the naked
eye (Humphrey et al., 1994). This in itself is not
necessarily important in the infection process but
Salmonella such as PT4 and DT104, which are
capable of persistence (Humphrey et al., 1995;
1997a), are more likely to come into contact
with foodstuffs which might permit multiplica-
tion. Recent work by Bradford et al. (1997)
found that contact times of as little as 5 s were
sufficient to transfer PT4 from dried egg droplets
to either cooked beef or melon. Once on these
foods, the bacterium was capable of rapid growth
at 20°C. Food handlers must adopt the highest
possible hygiene standards, not only in terms of
personal hygiene but also in their handling and
storage of foodstuffs, particularly where they are
using both raw and cooked foods.

Milk and Milk Products

Clearly, the use and maintenance of proper
kitchen hygiene are important in the control of
salmonellosis and other types of food poisoning.
There have been many outbreaks, however, that
have resulted from failures in process hygiene.
Milk and milk products provide good examples of
outbreaks of this type. Pasteurized milk has an
enviable safety record, although some outbreaks
have been associated with this product. A recent
outbreak in England and Wales of S. goldcoast
infection, in which cheese made from ‘pasteur-
ized’ milk was identified as the vehicle, was
caused by serious faults in the pasteurization
process (Anon., 1997). This is a relatively
unusual occurrence, however, and contamination
after heat treatment is more likely. An example
of this was a large, multi-state outbreak of salmo-
nellosis in the USA, where production faults
meant that pasteurized milk was contaminated
with the raw product (Ryan et al., 1987).

It would seem that certain strains or serovars
of Salmonella may also be more resistant to
processes used in food production than previously
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Table 15.2. Food vehicles in outbreaks of S.
enteritidis PT4 and S. typhimurium DT104
infections in England and Wales. (Data from Anon.,
1997.) Table only includes data from outbreaks
where vehicle was identified.

PT4 DT104
Food vehicle (1989–1996) (1992–1995)

Egg and egg dishes 103 2
Desserts* 98 –
Poultry 75 12
Red meat/meat products 39 10
Fish/shellfish 18 1
Salad/fruit/vegetables 17 –
Sauces* 12 –
Milk/milk products 9 5
Miscellaneous foods 130 3

* Many desserts or sauces contained raw shell egg.



thought. Such tolerance and the ability of
Salmonella to respond to and interact with their
environment present considerable challenges to
the food-production industries and can lessen
margins of error in food-treatment processes. All
Salmonella studied so far can be killed by properly
applied pasteurization. Many other heat treat-
ments that are common in the production of milk
products, for example, are believed to be able to
kill Salmonella. The spray-drying process applied
to milk may not necessarily fall into this category,
however, and can only be applied safely if the
milk used has been pasteurized and any failures in
this initial process can compromise the safety of
the final products. In addition, the frequent
changes in temperature within the spray drier can
cause cracks in the internal metal cladding. These
may become contaminated with milk and milk
powder and occasionally Salmonella. An outbreak
of S. ealing infection in young children in
England and Wales in the mid-1980s was caused
by spray-dried milk powder, which was believed
to have been contaminated with Salmonella by
milk powder leaking from cracks in the metal
liner in the spray drier (Rowe et al., 1987).

Salmonella can survive in certain cheeses,
and such products have been implicated in some
large outbreaks. In Canada, l500 people were
infected after consuming Cheddar-type cheese
contaminated with raw milk (D’Aoust, 1985).
More recently, in the UK, an outbreak of infec-
tion with S. dublin was associated with soft,
unpasteurized, cow’s-milk cheese (Maguire et al.,
1992). Similarly, a large outbreak of S. paratyphi
B (var. Java) infection in France in 1993, in
which over 273 cases were identified, was caused
by a contaminated goat’s-milk cheese (Desenclos
et al., 1996).

The principal vehicle in milk-associated
human salmonellosis is unpasteurized milk, and
many outbreaks have been caused by its consump-
tion. A recent PHLS survey found that raw milk
on sale to the public in England and Wales was fre-
quently of an unsatisfactory microbiological quality
and sometimes Salmonella-positive (Anon., 1997).
Prohibition of the sale of unpasteurized milk
imposed in Scotland in 1983 has all but eliminated
milk-borne outbreaks in that country. Sale of raw
milk is also prohibited in many other European
countries. In England and Wales, it is still possible
for consumers to purchase unpasteurized milk,
although the use of raw milk is banned in schools.

Raw milk may become Salmonella-positive
as a consequence of systemic infection with
Salmonella, such as S. dublin or S. typhimurium
DT104, or infection of the udder. In general,
however, milk becomes contaminated as a result
of faecal contamination. Intestinal carriage of
Salmonella in dairy cows can be prolonged (Giles
et al., 1989). An analysis of outbreaks of milk-
borne Salmonella infection between 1951 and
1980 revealed that in 49 the milk became
Salmonella-positive as a result of faecal contami-
nation and in 22 by udder excretion (Galbraith
et al., 1982). Properly applied milking hygiene
can reduce contamination levels in the raw milk
but cannot be relied on as the only control mea-
sure. To ensure consumer safety, milk should be
pasteurized. The example of cheese-associated
outbreaks given earlier also demonstrates that
acidification alone will also not control
Salmonella, particularly as some wild-type iso-
lates, like those of Escherichia coli O157:H7
(Waterman and Small, 1996), naturally show
enhanced acid tolerance (Humphrey et al., 1995,
1997a).

Other Foods

There are many examples of ‘unusual’ foods caus-
ing Salmonella outbreaks, often on a sufficiently
large scale to cause national problems. Recent
outbreaks include a savoury maize snack contam-
inated with S. agona (Killalea et al., 1996), bean
sprouts that contained S. saintpaul (O’Mahony et
al., 1990) and salami that was S. typhimurium
DT124-positive (Cowden et al., 1989a).
Chocolate products, which normally give little
cause for concern because of their low water
activity, have caused a few outbreaks of salmo-
nellosis. More than 170 cases of infection with S.
eastbourne were reported in Canada and the USA
in 1973–1974 after the consumption of chocolate
products (Craven et al., 1975), and in 1982
imported Italian chocolate containing S. napoli
gave rise to many cases of disease in England and
Wales (Gill et al., 1983). The interesting feature
in both these outbreaks was that the dose suffi-
cient to cause illness was low, probably no more
than 1000 organisms in the S. eastbourne out-
break, while numbers of S. napoli found in the
Italian chocolate ranged from 2 to 23 g�1

(Greenwood and Hooper, 1983). These numbers
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are much lower than those normally associated
with infection and it may be that the Salmonella
strain involved was more virulent or that the
vehicles were particularly protective. The latter
is more likely and will be discussed again later
(see Table 15.4).

Contamination of Meat and Meat
Products

It is the view of the British Medical Association
that all raw meat and raw-meat products should
be regarded as being potentially contaminated
with bacteria that can cause food-borne disease.
Comminuted meat products, such as sausages, are
often Salmonella-positive. A PHLS survey of
sausages purchased from retail outlets found that
there was a close relationship between price and
presence of Salmonella contamination. Low-price
catering or economy sausages were much more
frequently contaminated than more expensive
brands (Nichols and de Louvois, 1995). This is
believed to be due to the use of mechanically
recovered chicken meat in the cheaper sausages.
The mincing of meat to produce sausages or beef-
burgers will also introduce Salmonella, which are
usually surface contaminants, into the interior of
the product. Salmonella are able to attach to
freshly exposed muscle tissues and attachment
significantly increases heat tolerance (Humphrey
et al., 1997b), which might permit survival when
cooking is not complete. Sausages were identified
as vehicles in sporadic cases of S. typhimurium
DT104 infections in England and Wales in the
early 1990s (Wall et al., 1994). Recent work has
shown that cells of S. typhimurium DT104 inocu-
lated into sausages that were then cooked from
frozen were not all destroyed, even when the
manufacturer’s cooking instructions were fol-
lowed (Anon., 1997).

Salmonella are usually introduced on to car-
casses as a result of faecal contamination. The
extent to which this happens is governed by the
degree of carriage in the live animal and the
hygiene of the slaughter process. There is much
variation in reported isolation rates of Salmonella
from red-meat animals. For example, despite the
current widespread infection with DT104,
Salmonella is isolated relatively infrequently from
adult sheep and cattle in the UK (Mackey,
1989), but isolation is more common in parts of

Australia and the USA, where higher levels of
intestinal carriage have been demonstrated
(Samual et al., 1980). The prevalence of
Salmonella-positive red-meat animals will
increase as a result of mixing at markets, where
negative animals will mix with those that are
colonized/infected (Wray et al., 1991). The stress
of transportation of all animals may lead to a
recrudescence of latent infections (Williams and
Spencer, 1973). Salmonella can also spread
rapidly during transportation or in the lairage
prior to slaughter. Grau and Smith (1974) in
Australia demonstrated that the prevalence of
Salmonella-positive lamb carcasses was related to
the length of time the animals were held before
they were killed.

Improvements in slaughterhouse hygiene
will do much to reduce carcass contamination
rates. The Meat Hygiene Service (MHS) in the
UK has introduced a system of assessment of the
fleece/hide cleanliness of animals arriving at
slaughterhouses. Animals are graded from 1 to 5,
with the higher scores denoting those that are
unclean. Slaughterhouse operators can refuse to
accept animals that are too dirty or can insist
that they are cleaned before slaughter. This mea-
sure is aimed at the control of E. coli O157, but it
should also reduce levels of contamination with
Salmonella and other enteropathogens.

Poultry meat as a vehicle of Salmonella
infection

Most chickens produced for the commercial mar-
ket are reared using the broiler system. Birds are
housed intensively and are supplied with food
and water ad libitum. In general, chicks grow to
slaughter weight in about 42 days and broiler
houses can contain many thousands of birds.
This concentration of potential hosts provides
Salmonella with greater opportunities for causing
infection, and spread can be rapid through
infected flocks. Poultry processing is similarly
intensive. Birds are transported from the farm to
the processing plant in crates that can hold
between 20 and 30 birds each. Crates will be
stacked, which means that birds in the lower
cages will become contaminated with the faeces
of birds in the cages above them. Crates are also
recycled during the working day, are subjected to
only a cursory washing and are frequently
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Salmonella-positive (J. Wilson and T. Humphrey,
unpublished).

A significant proportion of live birds will
arrive at the processing plant already Salmonella-
positive. However, studies in a great many coun-
tries have shown that carcass contamination rates
frequently exceed those of carriage in the live bird
(McBride et al., 1980). This is a manifestation of
the speed and intensity of poultry processing.
Modern slaughter lines can process up to 200 birds
min�1. The slaughter operations are highly effi-
cient and the emphasis has largely been on cost-
effectiveness, because of the fierce commercial
competition in the retail market and the poultry
industry. Cross-contamination is frequent and can
occur at almost any stage of slaughter, but is more
likely at evisceration, when gut contents might be
spilled, and particularly during immersion scald-
ing, where birds are passed through a tank of ‘hot’
water so that feathers will be loosened prior to
mechanical plucking. Faecal material adhering to
the feathers will be washed into the scald water.
There may also be involuntary defecation, which
will introduce more faeces into the water. Most
poultry-associated Salmonella are found in the
intestine of chickens and will be introduced into
scald-tank water from that source. Chickens des-
tined to be sold as chilled carcasses are usually
scalded using ‘soft’ scalding water, where water
temperatures are between 50 and 52°C. At this
temperature, particularly with the high loading of
organic matter in scald-tank water, death rates of
Salmonella can be slow and scald-tank water is fre-
quently Salmonella-positive (Humphrey and
Lanning, 1987). This can cause cross-contamina-
tion of previously Salmonella-negative birds
(Mulder et al., 1978) and scalding has also been
shown to facilitate the attachment of Salmonella to
chicken skin, making them subsequently more dif-
ficult to remove (Notermans and Kampelmacher,
1975).

In general, Salmonella are present on car-
casses, either on the outer surface or in the
abdominal cavity. This poses an indirect threat
to public health, because of the potential for
cross-contamination in the kitchen (de Wit et
al., 1979). If Salmonella are trapped in areas of
the carcass where heat transfer during cooking
may be slow, as in the skin between the legs and
breast, they may survive incomplete cooking,
particularly when cooked by people other than
the consumer, and undercooked chicken meat is

internationally an important vehicle for
Salmonella infection (Wall et al., 1994). The
importance of undercooked chicken meat as a
vehicle for infection with potentially invasive
Salmonella, such as S. enteritidis PT4 (Cowden et
al., 1989b) and S. typhimurium DT104 (Wall et
al., 1994; Williams et al., 1998; Leach et al.,
1999), could also suggest that carcass contamina-
tion may not necessarily always be confined to
carcass exteriors. S. enteritidis PT4 has been iso-
lated from muscle tissues of carcasses sampled at
retail sale in England and Wales (Humphrey,
1991a; A. Rampling, Dorchester, personal com-
munication, 1992). There are two possible routes
of contamination. S. enteritidis PT4 can be highly
invasive in commercial broilers, causing septi-
caemia, raised mortality (Lister, 1988) and peri-
carditis (Rampling et al., 1989). There is the
possibility that, when septicaemic birds are bled,
the bacterium will lodge in the small blood-ves-
sels. Muscle contamination may also occur as a
consequence of the intensity of poultry process-
ing. Studies with Clostridium perfringens (Lillard,
1973) have shown that, when this bacterium is
in scald water, it can subsequently be isolated
from the edible parts of chicken carcasses. Given
the frequency with which Salmonella can be iso-
lated from scald-tank water (Humphrey and
Lanning, 1987), the above route of contamina-
tion may also be important with Salmonella, such
as S. enteritidis PT4. Although the significance of
such contamination has not been fully evaluated,
the consumption of hot, cooked, take-away
chicken was found to be an important risk factor
in sporadic cases of S. enteritidis PT4 infection at
the beginning of the pandemic in England and
Wales (Cowden et al., 1989b). Given the ability
of Salmonella to attach to tissues (Firstenberg-
Eden, 1981; Humphrey et al., 1997b) and the
higher heat tolerance of some isolates of PT4
(Humphrey et al., 1995), it is possible that some
cells of the bacterium survive in the muscle of
chickens which, on cursory examination, appear
cooked. The bacteria would be better protected
from gastric acidity and perhaps better able to
cause infection. The proper cooking of chicken is
an important measure in the control of poultry-
associated Salmonella infection.

The importance of chicken meat as a vehi-
cle for human salmonellosis has led to many sur-
veys being carried out in order to determine
contamination rates. There is general agreement
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that chicken meat sampled from retail outlets is
frequently Salmonella-positive. National surveys
reveal that many Salmonella serovars can be
recovered from chicken meat and that many of
these will match those found in infected humans
(Humphrey et al., 1988; Anon., 1995c). A com-
parison of data from PHLS surveys since 1987
shows that carcass contamination rates have
gradually fallen and, in the last survey which was
undertaken in 1995, only 30% of fresh chicken
carcasses yielded Salmonella (Anon., 1995c). This
represents a substantial improvement from earlier
data, where more than 80% of carcasses were
contaminated. The change is a result of a sus-
tained attempt by the UK poultry industry to
lessen infection/colonization of the live bird.
Control will be discussed later but poultry/meat-
associated human salmonellosis continues to
pose considerable challenges to the international
poultry industry.

Eggs and egg products as vehicles of 
Salmonella infection

There has long been an association between the
contamination of eggs and egg products with
Salmonella and human infection. Experiences in
the UK are typical of those in other developed
countries. Past problems largely involved bulk,
liquid, raw egg or spray-dried egg powder, which
were also responsible for introducing a number of
different Salmonella serovars into the UK during
and immediately after the Second World War.
The egg pasteurization legislation that was intro-
duced in the UK in 1963 to combat this problem
has proved to be a remarkably successful control
measure. For about 20 years after its introduc-
tion, eggs were only infrequently implicated as
vehicles for human salmonellosis. It is believed
that during this long period egg contamination,
if it occurred at all, was largely confined to the
outer shell and was a manifestation of intestinal
carriage of non-invasive Salmonella in commer-
cial laying hens. Salmonella present on eggshells
may gain access to egg contents when they are
broken out and may grow in egg contents at
ambient temperature, particularly when the yolk
and albumen have been homogenized.
Contamination of this kind can be important
and is believed to have been a major contribu-
tory factor in two large outbreaks of human

Salmonella infection in the USA in 1962/63
(Thatcher and Montford, 1962; Ager et al.,
1967).

In the mid-1980s, a remarkable and rapid
change occurred in the international epidemiol-
ogy of human salmonellosis. There was a marked
increase in the number of infections caused by
different PTs of S. enteritidis. Case–control studies
in the USA (St Louis et al., 1988) and England
and Wales (Cowden et al., 1989b) revealed that
the principal vehicle of infection was either
undercooked or raw eggs or dishes derived from
them. In Europe, contaminated poultry meat was
also important (Cowden et al., 1989b).

In common with other poultry-associated
Salmonella, S. enteritidis can be isolated from
eggshells (Humphrey et al., 1989a) and, when
present, Salmonella can migrate through the shell
and associated membranes and reach the con-
tents of intact eggs. This will occur with a higher
frequency if eggshells are damaged (Vadehra et
al., 1969) or particularly when a freshly laid egg
which is warm comes into contact with
Salmonella-positive faeces (Sparks and Board,
1985; Padron, 1990). The new feature of the
international pandemic of S. enteritidis infection,
however, was the fact that the bacterium could
be isolated with regularity from the contents of
clean, dry, intact, commercially produced eggs.
This new behaviour for this bacterium was and is
the single most important factor for the spread
and continued international success of S. enteri-
tidis PTs, especially PT4. All available scientific
evidence suggests that contamination of egg con-
tents is a consequence of the infection of repro-
ductive tissue (Hoop and Pospischil, 1993). The
bacterium is almost always present in egg con-
tents in pure culture (Humphrey, 1994) and
studies on outbreak-associated eggs have shown
that there is no association between the presence
of S. enteritidis on eggshells and that of the bac-
terium in egg contents (Humphrey et al., 1989a,
199l; Mawer et al., 1989). Thus it would seem
that, if S. enteritidis is able to pass through
eggshells, it does not do so with any great fre-
quency and is no better able to do this than
other faecal organisms that will also be present
on eggshells. In fact, research by Dolman and
Board (1992) found that S. enteritidis does not
compete well with other potential egg-content
contaminants in either shell membranes or in
albumen stored at ambient temperature. Further
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evidence for the relative lack of involvement of
shell/faecal contamination is the finding that the
bacterium can be isolated from the reproductive
tissues of naturally infected hens even in the
absence of intestinal carriage (Lister, 1988;
Bygrave and Gallagher, 1989).

The fact that S. enteritidis can be in tissues,
including reproductive tissues, in the absence of
faecal carriage can create problems with regard to
flock surveillance. In addition, studies with PT4
have shown that the behaviour of the bacterium
in laying hens is markedly different from that
seen in broiler flocks. For example, infected hens
rarely show any outward clinical signs of infec-
tion, even though the bacterium is highly inva-
sive. They continue to feed, lay and behave
normally. They do, however, lay eggs with
Salmonella-positive contents. The continued
international importance of S. enteritidis PTs as
both human and poultry pathogens has led to
greater surveillance of egg contamination. Before
the current pandemic, there were relatively few
surveys on Salmonella contamination of egg con-
tents. Philbrook et al. (1960) examined a sample
of 1137 hens’ eggs and isolated S. typhimurium
from the contents of three (0.3%). Later studies
by Chapman et al. (1988), in an investigation of
an outbreak of S. typhimurium infection, did not
find Salmonella in the contents of 1000 eggs
taken from naturally infected flocks. A possible
explanation for this is the recent finding (Keller
et al., 1995) that S. typhimurium may survive less
well in the contents of forming eggs than S.
enteritidis. It should be pointed out, however, that
a full understanding has yet to be gained con-
cerning the mechanisms of egg-content contami-
nation with S. enteritidis.

Egg contamination occurs whilst forming
eggs are in the reproductive tract, but the pres-
ence of S. enteritidis in ovaries and oviducts does
not necessarily mean that egg contents will
become Salmonella-positive. It is a routine finding
on studies of artificially infected hens that, whilst
many reproductive tissue samples can be
Salmonella-positive, S. enteritidis is only rarely
recovered from the contents of eggs laid by hens
infected orally (Keller et al., 1995; Humphrey et
al., 1996). It would seem that it is rather easier to
recover S. enteritidis from the contents of eggs
laid by naturally infected hens, although the
observed prevalence of contamination is very
variable. In a study of eggs from 22 naturally

infected commercial flocks associated with out-
breaks of PT4 infection, 56/8700 (0.6%) were
found to be contents-positive. Rates for individ-
ual flocks ranged from 0.1 to 10% (Humphrey,
1994). A small study by Paul and Batchelor
(1988) in the UK found that, of ten eggs from a
batch implicated in a family outbreak of PT4
infection, five were contents-positive. In con-
trast, in Spain, Perales and Audicana (1989)
found that only 0.1% of eggs from flocks impli-
cated in outbreaks were contents-positive. In
general, however, the examination of eggs from
infected flocks yields more contaminated eggs
than this.

A study where naturally infected hens were
caged individually and each egg laid by each hen
was examined over a 3-month period (Humphrey
et al., 1989c) found that 1% of 1100 eggs were
contents-positive for PT4. The study also
revealed that there can be a clustering of con-
tents-positive eggs, with a number of hens laying
contaminated eggs at or around the same time.
The reasons for this are not yet understood, but
similar clustering has been identified in the
investigation of egg-associated outbreaks.

Almost all currently available evidence on
the levels of Salmonella contamination in egg
contents suggests that in fresh eggs only a few
cells of Salmonella are present (Humphrey et al.,
1989a,b,c; 1991; Mawer et al., 1989; Timoney et
al., 1989; Gast and Beard, 1990). Growth is pos-
sible, however, following storage, particularly at
temperatures above 20°C. The examination of
naturally contaminated eggs revealed a strong
association between egg age and storage condi-
tions and the numbers of Salmonella present in
egg contents (Humphrey et al., 1991). If eggs
were stored at 20°C for longer than 21 days, they
were significantly more likely to be heavily cont-
aminated than eggs that were fresher. These data
were supported by a national study where eggs
obtained from retail outlets in England and
Wales were stored at 20–21°C for approximately
5 weeks before examination. This study revealed
that 50% of contents-positive eggs contained
more than 104 Salmonella g�1 of egg contents (de
Louvois, 1993).

The principal site of contamination in egg
contents appears to be either the yolk membrane
or the albumen immediately surrounding it. Egg
albumen is a strongly iron-restricted environ-
ment and the few cells of S. enteritidis that may
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be present are unable to multiply until they have
access to the iron-rich yolk contents. Salmonella
are unable to traverse the yolk membrane of fresh
eggs but can do so when the membrane perme-
ability has been altered as a consequence of stor-
age. In eggs stored at a constant 20°C, yolk
membranes become permeable in approximately
28 days. Membrane breakdown is accelerated by
storage at high (> 25°C) ambient temperatures,
where temperatures fluctuate or where humidity
is high, as in the kitchen. If S. enteritidis, in com-
mon with spoilage organisms, is able to invade
the yolk, growth may be rapid and studies
demonstrated that five Salmonella cells can reach
a population of 1011 cells per egg within 24 h at
20°C (Humphrey et al., 1989b). The Chief
Medical Officer of England and Wales advised
that eggs should be stored under refrigeration fol-
lowing purchase (Anon., 1988) and most egg
boxes in England and Wales carry this sugges-
tion.

Control of Salmonellosis

Salmonellosis is primarily a zoonosis and inter-
vention is possible at any stage from farm to fork.
The practicality of intervention and its cost-
effectiveness may depend on the Salmonella
serovar involved and the degree of its spread.
Thus, infections in the UK with S. typhimurium
DT124 resulting from the contamination of
salami sticks (Cowden et al., 1989a) were pre-
vented by a temporary withdrawal of the product
and improvements in production hygiene. Milk-
borne salmonellosis can be prevented by the sim-
ple expedient of proper pasteurization of milk
and milk products. Where infection is wide-
spread, such as the multinational pandemic
caused by S. enteritidis (Rodrigue et al., 1990),
control may be more difficult to achieve, particu-
larly if the vehicles of infection are foods, such as
eggs or chicken, which are consumed in large
numbers.

On-farm control measures

For control strategies to be successful, it is neces-
sary to identify the routes and sources of infec-
tion of the food animal, the manifestations of
disease in the infected animal and appropriate

and cost-effective control measures. In the UK,
the isolation of Salmonella from farm animals and
their environment is reportable under the
Zoonoses Order (1989) and advice is offered to
the farmer to assist in controlling the outbreak.
The practical difficulties of control can be most
easily illustrated by comparing and contrasting
the epidemiologies of PT4 and S. typhimurium
DT104. S. enteritidis PT4 is very strongly
chicken-associated, with most infections in
humans being caused by contaminated eggs or
poultry meat (Table 15.2; Anon., 1997).

Animal feed has been shown to be an
important source of animal infection, especially
in poultry (Williams, 1981), and legislation was
introduced in the UK in 1981 and 1989 to pre-
vent Salmonella contamination of animal feed-
stuffs, i.e. the Importation of Processed Animal
Feed (1981) and the Processed Animal Protein
Order (1989). These orders, together with
improvements in production hygiene, have been
remarkably successful and have resulted in a
marked decline in feed contamination rates
(Anon., 1994). (Different aspects of the manu-
facture and processing of animal feed are covered
in Chapter 17.) There is still, however, the possi-
bility of recontamination of animal feed on the
farm, and antimicrobial compounds such as
organic acids have been incorporated to prevent
contamination. Humphrey and Lanning (1988)
found that such treatment of feed given to breed-
ing birds reduced the vertical transmission of
Salmonella and also limited the horizontal spread
of S. enteritidis PT4 in some broiler flocks
(Humphrey, 1991b).

Chickens can also be protected from
Salmonella infection if they are given a mixed
culture of gut bacteria derived from Salmonella-
free adult birds. Protection is maximized if the
cultures are applied as soon as possible after
hatching (Seuna and Nurmi, 1979; see also
Chapter 18). However, S. enteritidis PT4 has
been isolated only rarely from finished feed and
this potential route would not appear to be an
important source of infection, although feed may
still be an important source of other Salmonella
serovars and continued vigilance is required.

Control of PT4 clearly required the identifi-
cation of other routes of infection. It became
clear that the invasive nature of PT4 in chick-
ens, like that of some other S. enteritidis PTs, was
resulting in vertical transmission from infected
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breeding flocks, which resulted in the production
of infected replacement stocks. The importance
of vertical transmission of S. enteritidis and possi-
bly some S. typhimurium DTs in poultry produc-
tion has been recognized by the European Union,
which issued Directive 92/117 to deal with this
problem (Anon., 1992). The Directive requires
the regular monitoring of poultry breeding flocks
and the slaughter of flocks where the presence of
either S. enteritidis or S. typhimurium is confirmed.
Such a policy, whilst having laudable aims, can
prove to be an economic burden on the industry
involved, particularly where, as with S. enteritidis
in poultry, infection is widespread and often at a
high prevalence.

Most poultry used for either egg or meat
production are housed intensively in closed, con-
trolled environments. This allows some control
over the ingress of Salmonella into the poultry
flock and measures such as proper rodent control
are important in the control of S. enteritidis infec-
tion (Eckroade et al., 1991). The marked reduc-
tions in contamination rates of poultry carcasses
on sale in the UK (Anon., 1996) is a tribute to
the intervention measures employed by the UK
poultry industry and decisive action by the UK
government. Intervention has not been as suc-
cessful in egg production and contamination
rates in eggs in retail outlets have yet to show
any significant decline (Anon., 1997), although
the decision by the British Egg Industry Council
to vaccinate commercial laying flocks against S.
enteritidis should bring about an improvement.

Although vertical transmission of S. enteri-
tidis may be a factor in the continued infection of
egg-laying flocks it is felt that difficulties of in-
house cleaning and disinfection, leading to infec-
tions of replacement flocks, may be more
important (Duguid and North, 1991). The obser-
vation that isolates of PT4 better able to cause
infection in chickens are also those most likely to
persist on surfaces (Humphrey et al., 1995, 1996)
may also be of relevance to this problem. It
would seem that the ultimate control of PT4
infection requires a better understanding of the
behaviour of the bacterium in the farm environ-
ment. It may also be necessary to improve the
identification of infected birds. The invasive
nature of S. enteritidis in chickens means that
examination of faeces only may underestimate
the prevalence of infection. A better approach
may be to carry out environmental or serological

screening, with confirmation of positive results
by detailed microbiological examination of birds.
Measurement of yolk antibodies against S. enteri-
tidis is effective in the detection of positive
breeder or layer flocks (van de Giessen et al.,
1992) and provides a cost-effective, non-invasive
technique that is worthy of wider use.

In theory, relatively host-adapted
Salmonella, such as S. enteritidis PT4, offer better
opportunities for control than those more wide-
spread Salmonella, such as S. typhimurium DT104,
which has been isolated from a wide range of
foods and where many vehicles of infection have
been identified (Anon., 1997). It has also been
found in many food animals, causing severe dis-
ease in some. S. typhimurium DT104 is often
found in animals, such as dairy cows (Penny et
al., 1996), which have free access to the natural
environment. Investigations in south-west
England revealed that infection was passing from
farm to farm via watercourses, cows presumably
becoming infected following the consumption of
contaminated water (J. Lund, Exeter, personal
communication, 1995). The proper storage and
handling of slurry and restricting the access of
infected animals to pasture offer a degree of con-
trol, but options are clearly more limited than
with housed animals, such as chickens. S.
typhimurium DT104 bears a number of similarities
to S. dublin and control may be best effected with
vaccination.

Control at slaughter

The high prevalence of Salmonella-contaminated
poultry carcasses has led to many investigations
into decontamination measures during process-
ing. In general, methods that have been shown
to be successful on a pilot scale are either too
expensive in a commercial situation or bring
about unacceptable changes in carcass quality.
One of the more effective end-product treat-
ments is gamma-irradiation and Dempster (1985)
demonstrated that this process can destroy
Salmonella on chicken carcasses. There is, how-
ever, considerable consumer resistance to this
procedure and it is unlikely to be adopted in the
short term. With red meat, spraying with either
hot water (80°C) or lactic acid has been shown
to have an application as a carcass decontami-
nant (Smulders, 1987; Davey and Smith, 1989).
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The degree of cross-contamination in the
abattoir is influenced by both the number of col-
onized/infected animals and the slaughter
hygiene. In addition to the on-farm measures
outlined above and the previously mentioned
need for clean outer surfaces on the live animals,
the prevalence of Salmonella-positive animals
entering the slaughterhouse can be lowered by a
reduction in transport times and a limitation on
the time spent by animals in the lairage.
Measures such as tying of the anus to prevent the
contamination of carcasses with faeces will also
reduce the extent and degree of carcass contami-
nation.

Control measures in retail outlets 
and during catering

Consumers rely on the expertise of food produc-
ers, retailers and caterers to ensure that the food
they purchase, particularly that to be consumed
with no further treatment, is Salmonella-free.
Thus, during food manufacture, measures are put
in place to ensure that foods which may be
Salmonella-positive, such as raw milk or liquid
raw egg, receive heat treatments that are lethal
to Salmonella. Such products are protected from
recontamination after heating. The scale of
processed-food production, particularly in the
developed world, means that some errors will
probably occur and there have been many docu-
mented instances of ineffective heat treatment or
post-heating contamination leading to outbreaks
of salmonellosis. In general, however, such foods
have an excellent safety record.

The risks to consumers are rather greater in
either the home or catering establishments. The
risk factors for Salmonella infection, as with those
for other types of food-borne disease, have been
well documented (Roberts, 1986). Control
should be based upon the practice of good
hygiene in all aspects of the handling of food.
Staff should be made aware of their responsibili-
ties and staff education should emphasize the
importance of hand washing, proper storage and
refrigeration of food, kitchen sanitation and pre-
vention of cross-contamination. The risks when
foods, such as shell eggs, are used raw or are
lightly cooked also need to be emphasized. Staff
with gastroenteric symptoms must be excluded
until recovery. Such measures also need to be

included in educational programmes for staff in
retail outlets, where proper storage and the pre-
vention of cross-contamination are particularly
important.

There has recently been much discussion in
Europe about the refrigerated storage of eggs in
retail outlets as a means of limiting the risk of
infection with S. enteritidis. The ability of this
bacterium to grow in egg contents is largely con-
trolled by the integrity of the yolk membrane.
The rate of yolk membrane breakdown is acceler-
ated by storage at high and/or fluctuating temper-
atures and high humidities. In the UK,
consumers have been advised to store eggs under
refrigeration following purchase (Anon., 1992).
This has the advantage of suppressing or inhibit-
ing the growth of Salmonella, rendering them
more heat-sensitive (Humphrey, 1990) and pre-
serving the integrity of the yolk membrane
(Williams, 1992). In the USA, eggs are held
under refrigeration in shops, whereas in most of
Europe control in retail outlets is confined to
limitations on shelf-life and a suggestion that
storage temperatures should not exceed 20°C.

A great deal of debate has taken place over
the role of the consumer in the prevention of
food poisoning. In the UK, consumers were given
advice by the Chief Medical Officer on the cook-
ing of eggs for high-risk groups, such as the very
young, the very old and the sick or immunocom-
promised (Anon., 1988). There is also much gov-
ernment and food-industry advice on the safe
handling and storage of food. It is well recognized
that the successful control of salmonellosis
requires intervention at all points on the food-
chain. Consumers and caterers can do much with
regard to kitchen hygiene and the proper cook-
ing of ‘at-risk’ foods to limit risk. The ease with
which cross-contamination can occur in the
kitchen (de Wit et al., 1979), coupled with an
increasing desire amongst consumers to eat foods
that are only lightly cooked, means that control
may be best applied during food and animal pro-
duction.

Salmonella infection from pets

The principal focus of this chapter has been on
food-borne Salmonella infection. It should not be
forgotten, however, that person-to-person infec-
tion is common in institutions such as hospitals
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during outbreaks. It is also possible to become
infected from exotic pets. A study in Canada
between 1994 and 1996 (Woodward et al., 1997)
illustrates potential problems. Investigations iden-
tified that 3–5% of human cases of Salmonella
infection were associated with exposure to exotic
pets. Such pets include iguanas, turtles and
hedgehogs. Salmonella isolates from pets and cases
included S. java, S. poona, S. jangwani and S.
manhattan (Woodward et al., 1997). Companion
animals are considered in Chapter 14.

Clinical Manifestations of
Salmonellosis and Infective Dose

Salmonellosis is a potentially serious infection
and in the UK there are approximately 70
Salmonella-associated deaths each year (Anon.,
1997). As with most other enteric infections, the
very young, the elderly and those who are
immunocompromised or who have underlying
diseases are more at risk from infection. The
symptoms and outcome of infection are also
likely to be more serious in these groups. In most
people, however, the clinical outcome of salmo-
nellosis is complete resolution of all symptoms,
frequently with only bedrest and some supportive
therapy. The common symptoms of salmonellosis
are shown in Table 15.3.

The incubation period is usually within the
range of 12–72 h but occasionally may extend up
to a week. In some outbreaks, where large num-
bers of organisms are believed to have been con-
sumed, incubation periods as short as 2.5 h have
been reported (Stevens et al., 1989). With the
great majority of the Salmonella serovars found in
humans, the symptoms are confined to those
shown in Table 15.3. In a small proportion of
cases (c. 1%), Salmonella can be invasive and this
can lead to bacteraemia and Gram-negative sep-
sis. With certain serovars, principally S. dublin, S.
choleraesuis and some strains of S. virchow, the
incidence of extraintestinal infections is higher.
In up to 25% of cases of S. dublin, 75% of S.
choleraesuis and 4% of S. virchow infections, the
organisms can be isolated from blood cultures
(Threlfall et al., 1992). Such cases can carry an
appreciable mortality, though most will recover
with antibiotic therapy. Sequelae of this invasive
disease can include metastatic abscesses in organs
such as bone, particularly vertebrae, the wall of

the aorta and the kidney. Other complications
are non-specific and include reactive arthritis
and ankylosing spondylitis, the pathogenesis of
which is not understood.

The volunteer studies conducted by
McCullough and Eisele (1951), which demon-
strated that, with Salmonella such as S. bareilly
and S. newport, a dose of at least 100,000 cells
was required to cause infection, created the belief
that infection was only possible if large numbers
of cells were consumed. This view was supported
by studies with other serovars, including S. derby
and S. anatum, where it was necessary for volun-
teers to consume more than 10 million cells.
Such numbers of Salmonella must be relatively
rare in foods, apart from instances of gross mis-
handling, and epidemiological data suggest that
infection can be initiated from a low infective
dose, particularly where the bacteria are pro-
tected within a food matrix. Foods with a high
fat content or a good buffering capacity may pro-
tect small numbers of Salmonella during their pas-
sage through the acid regions of the stomach,
thus permitting a lower dose of organisms to ini-
tiate infection. Examples of such foods and infec-
tious doses associated with them are shown in
Table 15.4. It has also been demonstrated that
people on antacids, where gastric acidity has
been lowered, or antimicrobials, which would
have altered the gut flora, are more susceptible to
infection. The infective dose required in these
people may also be lower. Minimal infective
doses can also vary with age and state of health;
in the young they are very low. Analysis of a
large number of outbreaks demonstrated that, for
non-typhoid salmonellosis, there was a relation-
ship between infective dose and the severity of
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Table 15.3. Symptoms of Salmonella infection.

Symptom % of cases*

Diarrhoea 87
Abdominal pain 84
Feeling feverish 75
Nausea 65
Muscle pain 64
Vomiting 24
Headache 21
Blood in stools 6

* From an egg-associated outbreak of S. enteritidis
(Stevens et al., 1989).



illness (Glynn and Bradley, 1992; Mintz et al.,
1994).

The study of outbreaks can provide much
interesting information concerning the patho-

genicity of salmonellosis and human reaction to
infection, as it permits observations on a popula-
tion exposed to the same Salmonella, in the same
foods and at the same time. Such work has
revealed that there can be marked variations in
attack rates, although this may be explained in
part by the uneven distribution of Salmonella in
non-liquid foods. However, early studies by
Hobbs (1971) on poultry-associated outbreaks of
salmonellosis found attack rates varying from 8
to 86% (mean 20%). Recent investigations from
47 Salmonella outbreaks, involving a number of
vehicles and five different serovars, calculated
the mean attack rate as 56% (Glynn and Bradley,
1992).

Salmonellosis remains an internationally
important human disease and presents many
challenges to the food and agriculture industries
and those charged with the protection of public
health. Infection rates will only be reduced if
there is the closest possible working relationship
between all those involved with food production
and the government agencies with responsibility
for food safety.
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Table 15.4. Some examples of foods associated
with low infective doses in outbreaks of
salmonellosis (courtesy of P.J. Stephens).

Salmonella Infective dose
Food vehicle serovar (cells per person)

1 Chocolate S. eastbourne < 100
2 Chocolate S. napoli 10–100
3 Chocolate S. typhimurium � 100
4 Cheddar cheese S. heidelberg 100
5 Cheddar cheese S. typhimurium 1–100
6 Maize snack S. agona 2–450
7 Hamburger S. newport 10–100
8 Potato chips Various types 4–450

1 Craven et al., 1975; 2 Greenwood and Hooper,
1983; 3 Kapperud et al., 1990; 4 Fontaine et al.,
1980; 5 D’Aoust, 1985; 6 Killalea et al., 1996; 
7 Fontaine et al., 1978; 8 Lehmacher et al., 1995.
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Chapter 16

Environmental Aspects of Salmonella

Christopher J. Murray
Institute of Medical and Veterinary Science, Box 14, Rundle Mall, Adelaide, SA 5000, Australia

Introduction

Salmonella are zoonotic organisms and, although
potential pathogens of humans and animals,
asymptomatic carriage is the more frequent occur-
rence. Animals form the major reservoir of
Salmonella, but significant dissemination into the
wider environment has resulted from the activities
of humans and other animals. The ability of
Salmonella to exist in many environmental niches
suggests that it should be accepted as an environ-
mental organism whose dissemination is likely to
continue and increase in the future. Frequently,
the source of contamination, particularly of
processed foods and animals, can only be corre-
lated with the Salmonella found in the local envi-
ronment. This, however, is not usually the primary
source of the organism, which is likely to have
been introduced previously into these sites by
some other vector, such as carrier animals or pol-
lution from human or farm effluent.

Various aspects of the behaviour and distrib-
ution of Salmonella in the environment have
been reviewed previously (Wray, 1975; Murray,
1991). It should also be remembered that other
bacterial pathogens are also associated with the
environment, interacting with both humans and
animals (Hinton and Bale, 1991).

Biodiversity

Many studies have been reported in the literature
of the incidence of Salmonella in animals and

environmental sites, including studies of waste
disposal, environmental niches and the survival
rate during treatments. There has been a general
worldwide trend of an increasing incidence of
Salmonella-related disease. One explanation may
be the decreasing diversity of the genetic base of
some domestic livestock and changes in their
management practices. Consideration must be
given to the serovars involved in different animal
species. Some serovars can dominate in particu-
lar animals, either transiently or long-term,
potentially exposing other animals to these same
serovars. Experience suggests that the capacity
for a serovar or strain of a serovar to colonize dif-
ferent species, including humans, is variable.
Some serovars, e.g. S. dublin, are recognized as
being extremely species-specific, while the major-
ity of Salmonella are commonly accepted,
whether validly or not, as being potentially able
to infect many species. While strains can be
identified across species, e.g. S. typhimurium
phage type 135 in Australia, other strains have
not moved out of one dominant species niche,
despite ample opportunity to cross the species
barrier, e.g. S. hadar in New Zealand, S. II sofia in
poultry in Australia. This species influence is also
evident when reviewing serovars found in many
animals, including environmental animals.

One study (Hunter and Izsák, 1990)
reviewed isolations from cattle, sheep, pigs, fowl
and turkeys in the UK from 1976 to 1988. They
found that the diversity indices for Salmonella
incidence have declined for fowls and other 
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animals, except for turkeys, which were the only
group showing increasing diversity indices. In
fowl, there was increased frequency of S. enteri-
tidis and a declining incidence of other serovars.
These authors suggest that declining diversity
may be influenced by factors such as intensifica-
tion of handling practices, reduction in genetic
diversity of breeding stock and increasing stan-
dardization of food types. This provides the
opportunity for dissemination and persistence of
a pathogenic strain, such as S. enteritidis phage
type 4, which occurred in many countries.

The Kimberley region of Western Australia
presents an unusual opportunity for studying
Salmonella in a natural environment. The region
is tropical, remote and, for much of its area, unaf-
fected by development, having a relatively undis-
turbed natural fauna and a low indigenous
population, with some members still living tradi-
tional lifestyles, relying on captured native fauna
as a food source. This region has yielded several
new and unusual Salmonella serovars. The range
of serovars found in the human population in
that region differs from that found in developed
regions of the same state. S. typhimurium
accounted for 41% of cases within the developed
communities but for only 3% of the Kimberley-
region cases (J.B. Iveson, Perth, personal commu-
nication, 1979). However, the serovars from
humans in the Kimberleys show a similar distrib-
ution to those in native fauna, particularly lizards
and snakes, which are part of the native (human)
diet. Later studies in the same region showed a
similar range of serovars from marsupials and
other native animals (How et al., 1983) and,
more recently, bush flies (I. Dadour, Perth, per-
sonal communication, 1997). Of the native ani-
mals, vegetarian etherians have a similar
frequency of carriage rate and serovar distribu-
tion to carnivores. Many of the serovars isolated
from animals and humans in Australian tropical
regions are less common in temperate regions.
This may be a reflection of fauna distribution,
but may also reflect some host-species preferences
of the Salmonella serovars.

Water

Salmonella are disseminated into the aquatic
environment from a diverse range of sources,
including effluent discharges, agricultural runoff

and excretion by wild animals. Generally,
Salmonella survive for a time period dependent
on the nature of the water. Sediments may pro-
tect enteric bacteria from some of the stresses
associated with aquatic environments and may
provide nutrients that support bacterial growth.
In artificial freshwater systems, Salmonella and
Escherichia coli survived for at least 56 days (Fish
and Pettibone, 1995); the number of cells
increased initially and then stabilized in sedi-
ments, while decreasing in the water over the
sediments.

Freshwater pools in a forest area contained
Salmonella; however, when the pools dried up
during dry periods, Salmonella could not be
detected from the sites of the pools (Thomason et
al., 1975), although Salmonella were detected in
wet soil and vegetation associated with the pool
areas. The authors suggest that consumption of
contaminated water by wildlife and other ani-
mals completes one phase of the cyclic move-
ment of these organisms in nature.

In the tropical region of Australia, freshwa-
ter pools contained Salmonella at levels up to 110
colony-forming units (cfu) 100 ml–1 (Townsend,
1992). Two pools were compared, one with no
focal point for faecal contamination, fed from
plantation and forest, and another with some
households on septic systems in the catchment
area. The plantation-fed pool had Salmonella in
69% of samples, while the other pool had
Salmonella in 96% of samples and generally
higher numbers of the organisms. Both pools pre-
sented a similar distribution of serovars, some
being common in the human population of the
region while other locally common human
serovars were not found.

Earlier studies had reported similar results,
noting that survival in water is affected by factors
including presence of protozoa, antibiosis,
organic material, algal toxins, dissolved nutri-
ents, heavy metals, temperature and physiochem-
ical properties (Burton et al., 1987). The survival
of Salmonella was greater in sediments with
higher clay content. In drinking-water, the sur-
vival of S. enteritidis was found to decrease as
organic load increased (Pokorny, 1988).
Salmonella survival was extended as cell density
increased; each log increase in density resulted in
a 50% extension of survival time. The survival
time at 4°C was almost twice the survival time at
20°C. As the chemical oxygen demand (COD)
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increased from 1.3 mg l�1 to 15.2 mg l�1, sur-
vival at 4°C decreased from 21 to 2 days, when
the initial cell density was 100 cells ml�1. In
estuarine environments, Salmonella were found to
survive for extended periods and would multiply
when temperatures were above 18°C (Rhodes
and Kator, 1988).

The occurrence in waters of viable non-cul-
turable forms of bacteria has been reported. In
fresh water, Salmonella appeared to die off in 2–3
days (Roszak et al., 1984); however, when nutri-
ent was added to the water, Salmonella began to
grow. The initial cell morphology was atypical,
although the cell morphology later became typi-
cal. After 21 days in the non-culturable phase,
cells could no longer be resuscitated.

In marine waters, similar effects are found,
sediments being important, as bacteria may
attach to particles and then settle into sediments
for increased survival. Open seas are important
for eliminating organisms, including Salmonella
from human activities, via discharges and rivers.
Elimination of Salmonella in the North Sea has
been demonstrated to be predominantly due 
to protozoa (Glaus and Heinemeyer, 1994).
Salmonella multiply in sterile sea water; however,
in natural sea water, the rate of elimination
increased where higher protozoa levels were pre-
sent. In areas of greater bacterial load, higher
numbers of protozoa were present, which resulted
in a higher rate of elimination. Seasonal influ-
ences were also noted, with higher levels of pro-
tozoa being found in warmer, summer waters, and
while Salmonella were present in higher numbers
than in colder, winter water, the rate of elimina-
tion was faster.

The inactivation of Salmonella is greater
than for other coliforms, faecal streptococci or
Clostridium perfringens in sea water (Morinigo et
al., 1989), where sunlight increases the inactiva-
tion of Salmonella. Sewage added to sea water
aids their survival in the first 3 days, followed by
a subsequent decline in numbers. In natural
waters, a decline of Salmonella numbers occurs,
although with added sewage the numbers
increase before declining. In filtered fresh water
and sea water, the numbers of Salmonella remain
relatively stable, while, in unfiltered samples of
the same waters, a reduction in numbers occurs.
This indicates the role of other organisms in the
decline of Salmonella in waters in the natural
environment.

Sublethal injury has been demonstrated in
sea water in the Antarctic at �1.8°C in 54–56
days (Smith, J.J. et al., 1994). Adaptation to low
temperature occurs, with Salmonella slowly form-
ing colonies on solid media at �1.8°C, but losing
the ability to grow at 37°C. Survival of
Salmonella in low-nutrient sites, such as sea
water, can be influenced by the production of
starvation-specific proteins (Galdiereo et al.,
1994) and changes to the cell structure. The
reactions of Salmonella to starvation are reviewed
elsewhere (Foster and Spector, 1995).

The parameters affecting Salmonella also
influence other microbial flora in waters. These
influences can affect the total flora, with the fate
of Salmonella being more influenced by the activ-
ity of other organisms, such as protozoa, rather
than by intrinsic features of the organism itself.

Waste

Salmonella may be present in any waste from
human or animal activities. The Salmonella con-
tent of meat waste from domestic sources going
into a refuse system has been determined by
Durrant and Beatson (1981). In this study, the
serovars found in meat waste in the UK included
S. typhimurium S.4,12:d:–, S. virchow, S. bredeney
and S. enteritidis. The degree of contamination of
the environment from this source may be small
compared with animal waste and sewage; how-
ever, in any environmental site, the potential for
proliferation exists and subsequent dissemination
by birds, rodents, insects and other scavengers
when conditions of temperature and moisture are
favourable. Perusal of waste sites can be illumi-
nating, as the author has personally observed the
illegal dumping of large masses of chicken pro-
cessing waste on to an urban refuse site and sub-
sequent scavenging by gulls. Other studies have
documented the incidence of serovars in sewage
and abattoir effluents (Linklater et al., 1985).

It is idealistic to expect that waste will be
decontaminated before disposal and that disposals
will be performed to the requirements of regula-
tory agencies at all times. A large lake in Spain
subjected to untreated human, animal and indus-
trial effluent and used for recreation and irrigation
was found to be contaminated with Salmonella, of
which some serovars were consistent with human
and animal sources (Alcaide et al., 1984).
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Waste treatment

Numerous authors have investigated the occur-
rence of Salmonella in waste and the effects of dif-
ferent treatment processes (see Strauch, 1991). 

The risks associated with sewage sludges and
their disposal include: contamination of waters,
leading to human and animal infections; conta-
mination of aquatic flora and shellfish; posthar-
vest treatments, such as smoking, failing to kill
Salmonella in fish; risks to bathers from exposure;
contamination of foods, such as vegetables, via
irrigation (Danielsson, 1977). The risks are not
limited to Salmonella and include a wide range of
bacterial and viral pathogens. It may well be that
Salmonella is far less significant than many other
pathogens in these sites. Viral pathogens of
humans and animals are far more species-specific
than bacterial pathogens, with human waste pos-
ing a greater risk to humans than to other ani-
mals and vice versa. The effects of treatments on
Salmonella are similar to those of a wide range of
other bacteria, with treatment processes also
affecting parasites within the waste. Treatment of
human waste in developed countries is generally
well controlled; however, constraints on the dis-
posal of treated waste, particularly into aquatic
systems, both marine and fresh waters, are
increasing. Animal waste from farms does not
usually receive the same attention and treatment
as human waste.

Different approaches to waste treatment
exist across a wide range of plants and operating
authorities. Salmonella levels have been com-
pared between primary treatment with removal
of sludge and no primary treatment with long
sludge ageing systems by Farrell et al. (1990), who
monitored six plants in Ohio. Salmonella levels in
sludge solids were found to be an average of 1.3
logs less than in incoming waste water (based on
total solids) with no primary treatment and long
sludge ageing systems, but only 0.8 logs less when
primary treatment was performed. Under US leg-
islation, the extent and type of treatment restrict
reuse of the sludge, which must be treated by a
‘process to significantly reduce pathogens’ before
any contact with crops is permitted. Where there
is no treatment of the sludge after collection
from the waste water treatment process, no use
on land surface is permitted.

The incidence of Salmonella and the effects
of treatments were investigated in eight treat-

ment plants in the UK (Jones and Rennison,
1980). Salmonella was found to be present in 85%
of settled sewage, 87% of raw sewage and 96% of
anaerobically digested sludge, at levels generally
less than 200 Salmonella cfu 100 ml�1. The con-
centration of Salmonella was significantly reduced
by most of the sludge treatments, including per-
colating filters and activated sludge processes.
Aerobic digestion was more effective at reducing
Salmonella than anaerobic digestion, which is the
only process that does not reduce levels by
greater than 70%. Lime and copperas condition-
ing, followed by dewatering, which raises pH to
above 10, effectively eliminated Salmonella.
Commenting on the risks to cattle arising from
the disposal of sludges on to pasture, the authors
concluded that these risks will continue to exist
unless the pathogen is eliminated.

During large-scale transport of sewage
sludge for disposal on to arid land, the potential
exists for airborne dissemination of organisms,
although a 4-month study failed to demonstrate
the presence of Salmonella in air associated with
such a system (Pillai et al., 1996).

The moisture content of composted sewage
sludge is critical to its bacterial stability (Russ
and Yanko, 1981), and moisture content of at
least 20% is required for Salmonella to grow.
When contamination of well-composted sludge
occurs, the effects are transient, with population
peaks after 5 days, followed by die-off. The car-
bon/nitrogen (C/N) ratio is a consistent indica-
tor of the potential for Salmonella growth; a C/N
below 15 : 1 did not support repopulation. Over a
5-year period, dewatered, anaerobically digested
sludge was found to contain an average of 105

Salmonella g�1 of total solids. Composting can
reduce this to below detectable levels (0.2 g�1).
To achieve Salmonella control at all times, the
conditions must be maintained. Should moisture
increase during storage, then repopulation and
regrowth can occur, re-establishing the risk of
Salmonella contamination and dissemination
from the sludge. Treatments of composted sludges
must be practical for general use. Lowering pH
could control Salmonella in composted sludge
(Hussong et al., 1985); however, the resultant
product is undesirable for geochemical reasons.

It is common practice to use slurry as a
means of removal of animal wastes. Subsequent
dispersal on to land and pasture provides a means
of disposal and reuse of nutrients but introduces
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risk of spreading contamination and cross-species
infection, e.g. exposure of cattle to contaminated
slurry from pigs (Jones, 1980). Although the lev-
els of Salmonella in slurry are usually less than
100 ml�1 the survival of the organism varies with
the physical conditions, e.g. the initial pH of
slurry ranges from 6.2 to 8, which is not lethal for
Salmonella. The virulence of S. dublin did not
appear to be affected by storage in slurry (Jones,
1975), although earlier experiments found that
S. dublin levels of 105 ml�1 in slurry were neces-
sary to infect cattle grazing pasture spread with
the contaminated slurry. Survival of Salmonella
on pasture does occur; however, dispersal gener-
ally results in die-off with time and Josland
(1951) found that the survival of Salmonella was
less on pasture exposed to sun compared with
shaded pasture.

Piggery waste treated by passage through
three ponds – anaerobic then facultative then
aerobic – can remain contaminated with
Salmonella (Henry et al., 1995). Water from the
aerobic pond was used for wash water in the pig-
geries studied, because of limited water resources.
Disposal of sludge from the anaerobic ponds
increased the potential for spread of contamina-
tion to the wider environment; although the
risks of Salmonella infections were assessed as
minimal, the presence of these substantial reser-
voirs of contamination precluded complacency.

Contamination in slaughterhouse waste is
similar to levels in farm wastes. Treated waste
remained contaminated, with 84% of flocculated
poultry sludge, 90% of flocculated pig sludge and
92% of aerobically activated pig sludge contain-
ing Salmonella (Fransen et al., 1996).

Use of waste for biogas production as part of
the digestion process has been investigated.
Anaerobic thermophilic digestion may be used to
treat cattle waste, with collection of gas for
energy use. The control of pathogens is regarded
as an important part of the evaluation process
(Plym-Forshell, 1995). The studies showed that
Salmonella are eliminated during digestion at
55°C for 24 h, but subsequent release into a
manure pit was associated with recontamination
of the treated waste, with Salmonella surviving in
the pit for 35 days. Similar findings have been
reported where regrowth of Salmonella occurred
after digestion (Errebo Larsen et al., 1994).
Biogas generation from waste has value for
energy production in conjunction with waste 

disposal in developing as well as developed coun-
tries (Gadre et al., 1986; Kearney et al., 1993),
although the pressures for such processes vary
from environmental concerns to provision of
affordable energy. The capacity for recontamina-
tion and regrowth of Salmonella and other
pathogens becomes extremely significant when
considering the treatment of wastes, their dis-
posal and their subsequent behaviour in the
environment.

Historically, reuse of waste water has devel-
oped from a need to prevent pollution of water-
ways and conserve water and nutrients, and this
remains important today. Shuval (1991) consid-
ered that, although scientific and technical
advances have occurred, problems associated
with many pathogens still remain; however, the
problem of Salmonella transmission to cattle and
subsequently to humans as a result of wastewater
irrigation of pasture land can be considered a
marginal problem, although it cannot be
completely ignored. Thus the pre-treatment of
effluent in order to provide some measure of
inactivation or removal of Salmonella organisms
would be prudent.

As a result of expert committee assessment,
World Health Organization (WHO) guidelines
for reuse of waste water for irrigation to crops
likely to be eaten uncooked are not more than
1000 faecal coliforms l�1. For irrigation of pas-
ture and crops, no microbiological guidelines are
given; however, treatment for microbiological
control should be equivalent to 8–10 days’ reten-
tion in stabilization ponds (WHO, 1989).

There are increasing pressures in developed
countries for reductions of biological oxygen
demand (BOD) and total solids in waste water
from food processing (Rajkowski et al., 1996).
Although reconditioning of water for agricultural
and landscape use is increasing, survival of
Salmonella and other pathogens in the treated
water can occur after removal of solids.
Chlorination of the treated water is the only reli-
able method for general decontamination.

Poultry

As commercial poultry industries have developed
in countries around the world, the role of poultry
as a source of Salmonella for human infections has
been recognized. Countries have approached the
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problems differently; some, such as Sweden,
attempted to eradicate Salmonella from their
commercial flocks and, in others, such as
Australia, the industry initiated extensive moni-
toring and controls. Outbreaks of S. enteritidis in
many countries, beginning during the 1980s,
increased the focus of the poultry industries and
regulatory authorities on Salmonella. Some inves-
tigations focused on environmental aspects of the
spread of Salmonella, some of which are discussed
elsewhere in this review. Although commercial
poultry and egg production favours the vertical
transmission of Salmonella to the final progeny,
environmental controls can influence the spread
of infection. Except for the classical, species-spe-
cific poultry pathogens, S. pullorum and S. galli-
narum, asymptomatic carriage is the dominant
syndrome of salmonellosis in poultry.

Dust has been found to contain Salmonella in
broiler rearing sheds (Morgan-Jones, 1980), while
water has provided a significant source for the
spread between birds. Dust samples collected from
surfaces, including walls, inlets and fans, have
also been found to be reliable indications of envi-
ronmental and flock contamination. Likewise,
Brown et al. (1992) isolated Salmonella from dust,
insulation materials and wood in broiler units.
Thirty-one broiler farms in Texas were surveyed
with drag swabs for Salmonella four times over an
11-month period (Caldwell et al., 1995). Not all
of the farms were stocked at the time of sampling,
but 25 serovars were identified, with repeated
detection of the same serovar on seven farms. On
five of the seven farms, the same serovar was iso-
lated from consecutive samplings. Litter has been
found to be a more effective monitor of environ-
mental contamination in broiler and turkey units
than drinking-water, and the Salmonella isolations
from litter correlate with those in the birds
(Poppe et al., 1991; Irwin et al., 1994).
Investigation of some physical factors related to
Salmonella contamination indicates that higher
moisture content of litter correlates with
increased incidence of Salmonella. Higher ammo-
nia levels in wet regions are associated with
increased incidence, while higher-pH litter shows
decreased incidence (Opara et al., 1992).

Follow-up of egg-associated outbreaks due to
S. enteritidis in the USA include trace back to
source flocks. S. enteritidis of the phage types asso-
ciated with 18 outbreaks studied by Altekruse et
al. (1993) were found in the internal organs of

birds in 71% of source flocks and in 79% of envi-
ronmental samples from the sheds. A greater
range of S. enteritidis phage types was encountered
from the environmental sampling than from
either the outbreaks or the birds, suggesting that
the environment may harbour other strains of
potential public-health significance beside those
detected as a result of outbreak tracing.

The ubiquitous presence of Salmonella within
poultry-shed environments provides opportunities
for multiple modes of transmission. Airborne
exposure to S. enteritidis phage type 4 can produce
generalized infection, even after low doses
(Baskerville et al., 1992). In well-ventilated
chicken sheds, S. enteritidis phage type 4 could be
found in the air with chicks becoming colonized
as a result of the exposure (Lever and Williams,
1996). S. enteritidis phage type 4 and S.
typhimurium can survive in aerosols up to 2 h with
negligible reduction in numbers (McDermid and
Lever, 1996). S. II sofia dominates the Salmonella
flora of commercial broiler flocks in Australia
(Harrington et al., 1991). Evidence suggests that
airborne spread may be a common route of trans-
mission between birds (T. Grimes, Sydney, per-
sonal communication, 1996). Colonization of the
respiratory tract, in addition to caecal contents, is
common with this serovar.

S. enteritidis can survive for at least 1 year in
empty poultry sheds, where naturally infected
flocks have previously been housed (Davies and
Wray, 1996a). In this study, S. enteritidis rapidly
declined in litter, but the organisms persisted in
food troughs, nesting-boxes, unbedded floor areas
and dust on fans. Association with dust particles
appears to aid persistence, the organisms being
found in dust remaining after cleaning and disin-
fection. The organisms were also found outside
the units, in litter and wild-bird droppings.
Survival was demonstrated in feeds for at least 2
years. S. enteritidis could be found in sheds after
cleaning and disinfection, indicating that the
processes may not achieve total elimination of
Salmonella (Davies and Wray, 1996c). Wooden
nesting-boxes were the sites remaining most
highly contaminated after disinfection. As with all
cleaning and disinfection regimes, proper clean-
ing, correct use of disinfection agents and adher-
ence to correct procedures are critical to achieve
control.

In another study, Lahellec et al. (1986)
found that, on the first day when new chicks
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were placed into disinfected sheds, shed walls
yielded the highest frequency of Salmonella
recovery, while, at the end of rearing, drinkers
had the highest frequency. The source of conta-
mination of walls could not be determined.

Canadian practice is to place birds into
facilities that have been thoroughly emptied,
cleaned and disinfected. In Australia, one large
broiler producer follows these procedures, with
the additions of drag swabs after cleaning to
check for Salmonella, and units are not restocked
until declared Salmonella-free (M. McKenzie,
Bribane, personal communication). In Australia,
the predominant S. II sofia may be providing a
competitive-exclusion effect against other
Salmonella. This organism is also frequently iso-
lated from environmental sources associated with
broilers but has not been identified as colonizing
other environmental sites, animals or humans
during the 17 years since it dramatically spread
throughout Australian broiler flocks. Its preva-
lence in egg-laying flocks (3.5% of Salmonella iso-
lated) is much lower than in broilers (67% of
Salmonella isolated), with egg-laying flocks also
showing a greater diversity of serovars (Murray,
1994a).

Poultry are distributed in the human food-
chain. Salmonella from chickens are consequently
spread within the food-preparation environment,
also entering waste systems during preparation
prior to cooking. Serovars on chickens being pre-
pared in a hospital kitchen have been found to
correspond with those in the sewers of the estab-
lishment (Reilly et al., 1991). Similar serovars
were found in the hospital sewers upstream from
the kitchen outlet, suggesting that transmission
occurred to residents, followed by asymptomatic
excretion by patients. Salmonella are highly
motile organisms; the potential also exists that
Salmonella may spread against the normal flow in
sewers, possibly within wet surface films.

S. enteritidis phage type 4 appeared in a com-
mercial layer flock in southern California in
1994, this being the first flock recorded with the
organism in the region (Kinde et al., 1996). The
farm was adjacent to a stream fed solely by efflu-
ent from an upstream sewage-treatment plant.
Feral animals, including rodents and skunks, used
the stream for drinking. S. enteritidis phage type 4
of the same plasmid type was isolated from the
creek water, skunk liver, eggs, chicken liver and
mouse liver. General environmental and wildlife

contamination, as a consequence of the dis-
charge of inadequately decontaminated sewage,
was considered to be the source of infection in
the layer flock.

Farm Environment

Farm environments may become contaminated
with Salmonella following outbreaks of disease or
colonization of animals or by general contamina-
tion. Of 60 dairy herds in California, 75% had
serological evidence of recent exposure to
Salmonella (Smith, B.P. et al., 1994). In addition
to direct animal-to-animal transmission, environ-
mental and management practices were identified
as contributing to increased recycling of
Salmonella. Factors include recycling of lagoon
waste water for flushing, potentially contaminated
feeds, inadequately controlled rodent and wild-
bird populations, contaminated rendering trucks
being driven into animal areas and use of the
same loader for transporting dead animals and
moving feeds. An outbreak of S. montevideo
occurred in cows on a dairy farm in California
and resolved without intervention. Investigation
of the environment 2 years after the outbreak
revealed S. montevideo in 76% of environmental
samples and 88% of samples of effluent (Gay and
Hunsaker, 1993). S. montevideo was found in the
recycled wash water used in the dairy and the
organism had remained as part of the environ-
mental flora of the dairy following the outbreak,
although there was no evidence of clinical infec-
tion in the cows. Environmental pressures to
reduce water usage by increasing recovery and
reuse increase the risk of recycling Salmonella.
Treatment of farm waste water for recycling is
desirable, but practical measures to reduce organic
loads to enable subsequent satisfactory decontam-
ination may not be economic for many farms.

Two outbreaks of salmonellosis in dairy
herds in the UK caused by S. newport were inves-
tigated by Clegg et al. (1983). These outbreaks
involved an initial outbreak of clinical infections
on one farm in May–June 1973, followed by a
subsequent episode from September to February
1974. Slurry from the farm had been dispersed
over land, which subsequently drained into a
dam, which then fed into a stream and became a
source of infection to cattle drinking from the
stream. S. newport was found to survive for up to
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6 months in soil beneath infected cow-pats, but
was not isolated from grass.

Two methods of disposal of carcasses have
been compared for their capacity to eliminate
Salmonella and subsequent spread to the sur-
rounding environment (Davies and Wray,
1996b). In this study, calf carcasses were artifi-
cially contaminated with S. typhimurium, Bacillus
cereus and C. perfringens and then placed into
either concrete-lined decomposition pits or a
burial pit with no lining. It was found that the
frequency of Salmonella isolations decreased more
rapidly from the burial pit than from the decom-
position pit (4 months compared with 6 months
to disappear). A large population of blowfly lar-
vae developed within 2 weeks in the decomposi-
tion pit and these were Salmonella-positive.
Salmonella were also found in wild-bird droppings
in the vicinity of the pit for a period of 4 weeks
after loading the pit. Nearby drainage ditches
were Salmonella-positive, initially close to the pit
but, after 3 weeks, up to 12 m along the drain.
Following a cold period over winter, Salmonella
reappeared, possibly due to changes in other flora
within the environment.

The role of dealers was identified in the dis-
semination of Salmonella during the supply of
calves to other farms, spreading Salmonella from
one site to another (Wray et al., 1990). Australia
exports live sheep, predominantly to the Middle
East, on specially constructed ships, with loads in
excess of 11,000 animals. Salmonellosis is one of
the potential problems during the sea voyage.
Different serovars may be detected in sheep dur-
ing the voyage, some of which may be acquired
during yarding in feedlots prior to embarkation
(Higgs et al., 1993), and stress in the animals in
the feedlots and during the voyage accentuates
the risk of salmonellosis.

During outbreaks, Salmonella have been
found in the nasal passages of sheep, suggesting
that inhalation of contaminated dust may be a
factor in its spread (Tannock and Davis, 1973).
The authors quote another study where isolation
of Salmonella from nasal passages of calves in
abattoir yards indicates that the upper respiratory
tract can be a route of colonization, leading to
infection.

S. hadar became the dominant serovar in
poultry in New Zealand in 1990. Spent broiler
litter is used for fertilizer on dairy pastures, being

directly spread after clean-out. Some farms also
graze cattle to control grass between poultry
houses, with animals being potentially exposed
to S. hadar in dust, as well as by ingestion
(Christensen and Cullinane, 1993). The survival
of S. hadar was found to be extended in pasture
associated with litter compared with pasture
alone. Though excretion of S. hadar was identi-
fied in cattle grazed on the pasture, it was con-
cluded that the practice did not constitute a
serious risk to the cattle. S. hadar also appeared
in broilers in Australia during the same period,
and experience suggests that the strain of S.
hadar is an extremely good survivor in the envi-
ronment, including waste water lagoons (M.
Mackenzie, Brisbane, personal communication).

Environmental control must be included as
part of the control measures for reducing infec-
tion in veterinary practice (Wray, 1985).
Cleaning and disinfection routines may not
always be successful in eliminating contamina-
tion and may even aggravate problems (Wray,
1995). Investigations of an outbreak of S. ohio in
foals on a Californian farm found that control
can be achieved by decontamination and man-
agement of the environment of the foals and
mares (Walker et al., 1991). S. ohio is a serovar
infrequently implicated in outbreaks; however, it
features commonly in summaries of Salmonella
isolations from animal feeds in many countries.
Experience in the food industry, particularly with
control of Listeria monocytogenes, is that control is
not achieved with one application of decontami-
nation. Rather, environmental control is
achieved by repeated decontamination, leading
to a reduction and then elimination of the organ-
isms, followed by adherence to rigid ongoing
maintenance of control measures.

Use of treated and untreated wastes as fertil-
izers is likely to remain, as wastes are a valuable
source of nutrients. Development of improved
technologies to preserve nutrients as part of the
worldwide trend for recycling wastes and reducing
dumping will lead to better extraction of compo-
nents of wastes as reusable nutrient sources. In
the treatment, reuse or disposal of wastes, consid-
eration must be given to the pathogen destruction
during treatments, balanced with the potential for
recontamination of and subsequent proliferation
of pathogens in the treated product.
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Animal Feeds

Feeds used in modern farming practices are domi-
nated by prepared feeds with multiple ingredients,
and the subject is dealt with in depth in Chapter
17. Many of the ingredients are of animal origin,
including meat-meal, bone-meal and fish-meal, or
vegetable origin, such as soya-meal, and have been
through processing that should be sufficient to
eliminate any Salmonella present in the raw mate-
rials. Contamination of the feed ingredients may
also occur as post-processing contamination
within the factory environment. Recontamination
can occur almost immediately after materials leave
a cooker (Bensink and Boland, 1979), and conta-
mination of the plant environment may be high-
est at sites immediately post-cooking (Timoney,
1968). Some serovars may be better adapted for
survival in factory environments and then appear
in the feed ingredients.

Contaminated feed ingredients have
resulted in the international spread of Salmonella,
with the potential for introduction of serovars
from other sources into animal populations.
Comparisons of serovars occurring in feeds
worldwide suggest that the presence of serovars
in feeds does not necessarily correspond with
their presence in animals. Serovars such as S.
mbandaka, S. tennessee and S. livingstone are
reported in feeds in unrelated countries (Murray,
1994b; Malmqvist et al., 1995; Wegener et al.,
1995). Differences were demonstrated between
S. livingstone strains of animal-feed and human
origin in Sweden (Katouli et al., 1994) and yet in
the UK some similarities were demonstrated
(Old et al., 1995; Crichton et al., 1996).

Apart from the obvious focus on the spread
from poultry to humans, alternative uses for poul-
try may aid the dissemination of serovars to other
animals. For instance, day-old cockerels are used
as feed for carnivorous birds and animals in cap-
tivity. S. enteritidis infection in an owl and a lynx
in London Zoo was traced to chicks used as feed
(Kirkwood et al., 1994). This may provide a haz-
ard to both other animals and humans visiting
the area, by increased contamination of the envi-
ronment. Crocodiles are commercially farmed in
Australia for meat and hides. Raw chicken meat
is used as feed for both species farmed (Crocodilus
johnstoni and Crocodilus porosus). While the feed-
ing habits of the two species differ, general
environmental contamination occurs, with

resulting contamination of the dressed meat
(Manolis et al., 1991).

Aquaculture

Aquaculture in non-marine environments has
been commonly practised in South-east Asia and
is growing in developed countries. Extensive and
intensive aquaculture ponds in South-east Asia
were frequently contaminated with Salmonella
(Reilly and Twiddy, 1992). Twenty-two per cent
of mud and water samples and 16% of raw prawns
from ponds investigated contained Salmonella.
Feed may be a potential source of contamination,
with chicken manure commonly used. Salmonella
were also reported from eel ponds in Japan and
farmed catfish in the USA. Additional dissemina-
tion occurs with the disposal of waste throughout
the processing of these products. Increasing devel-
opment of aquaculture, particularly in developing
countries, where poorly treated effluent water is
used, results in increasingly contaminated fish and
crustaceans entering the food trade. The use of
antimicrobials in aquaculture ponds can increase
the potential for the development and dissemina-
tion of resistant organisms.

Rodents

Rodents are regarded as a potential risk to public
health and rats are seen as an indication of
unsatisfactory sanitation. Rats and mice are sus-
ceptible to Salmonella and, in the past, S. enteri-
tidis var. Danysz was used as a control measure.

Of the 299 Salmonella isolated from rodents
during several studies in the UK, S. enteritidis and
S. typhimurium accounted for 58.5% and 28.4%
respectively (Healing, 1991). Of 58 S. enteritidis,
55 were var. Danysz. It was concluded that rats
were unlikely to be a significant source of infec-
tion for humans. In an earlier study (Healing et
al., 1980), Salmonella were not detected in 783
small rodents (excluding rats and house mice).
On a broiler farm in Dorset where S. enteritidis
was prevalent, of 141 rodents tested, including
23 house mice, none yielded Salmonella (Healing
and Greenwood, 1991), which suggests that
rodents may not be a significant source of trans-
mission or maintenance. Salmonella in rodents
may be a reflection of the contamination in the

Environmental Aspects of Salmonella 273



area of feeding, rather than constituting a signifi-
cant reservoir of Salmonella. The activities of
humans may cause rodents to act as sources of
dissemination of Salmonella.

Although S. enteritidis infections of mice on
poultry units was reported 9 years previously
(Krabisch and Dorn, 1980), their significance as
vectors of S. enteritidis on poultry units has
received attention only relatively recently
(Henzler and Opitz, 1992). The latter authors
found that the rate of S. enteritidis infections in
mice on S. enteritidis-contaminated farms ranged
from 4.8 to 71.4%, with a mean of 24%. Mice
caught in the vicinity of poultry farms were
infected with virulent strains of S. enteritidis and
were considered a source of the strains for egg-
laying flocks (Guard-Petter et al., 1997).

In the UK, wild mice were trapped, col-
lected and fed feed pellets contaminated with S.
enteritidis phage type 4 at levels of approximately
105 or 103 cfu per mouse (Davies and Wray,
1995a). When fed 105 cfu, mice excreted
Salmonella for 8 months; however the excretion
decreased to a low level after 4 weeks, which was
then maintained for the next 7 months. The
mice fed 103 cfu excreted Salmonella for 5 weeks,
but excretion had decreased to a low level after 3
weeks. Fourteen poultry units where S. enteritidis
had been detected in poultry were monitored;
mice were found in six of the units, mice from
five yielding S. enteritidis at a prevalence ranging
from 29 to 86%. In the other unit, despite exten-
sive contamination of the environment with S.
enteritidis, the organism could not be detected in
either mice or their droppings. Thirteen units
yielded Salmonella from environmental sampling.

Droppings from mice fed artificially infected
feed were placed into either the feed, water
drinking vessels or litter of 3-week-old chickens
(Davies and Wray, 1995a). The chickens became
infected when exposed to the faeces of mice
infected 2 months previously with 105 Salmonella,
while none were infected from faeces collected 5
months after initial infection of the mice. The
prevalence of infection and the numbers of
Salmonella in droppings of the mice were low,
although one dropping contained 102–103

Salmonella 6 weeks after capture. The authors
also concluded that mice need direct contact
with faeces of infected chickens to become
infected. As mice do not usually have a large ter-
ritory, they may be unlikely to spread infection

from one shed to nearby sheds. Mice can conta-
minate water, where survival and multiplication
of Salmonella can occur, increasing the spread of
infection. Mice need to be controlled as part of
an overall plan of management of poultry units,
in addition to efficient cleaning and disinfection.

Fifteen of 42 rats collected from farms in the
Rotarua region of New Zealand where salmonel-
losis in sheep occurred carried Salmonella. Three
were S. typhimurium and the remainder S. bovis-
morbificans (Robinson and Daniel, 1968). S.
bovismorbificans was the commonest serovar in
sheep at that time. None of the rats displayed
signs of disease when captured. In domestic envi-
ronments surrounding the Veterinary Research
Institute, Ipoh, Malaysia, 71% of shrews and 25%
of rats had Salmonella (Joseph et al., 1984).
Predominant serovars included S. bareilly and S.
weltevreden, which are among the commonest
serovars infecting humans and animals in
Malaysia. It is likely that shrews and rats reflect
the general environment. The residential areas
where the animals were collected had septic-tank
disposal systems, where, as previously discussed,
mesophilic anaerobic digestion is not the most
effective process for reduction of Salmonella. 

An examination of dead hedgehogs col-
lected in Norfolk over a 10-year period (Keymer
et al., 1991) showed that, of 74 animals, ten
yielded Salmonella from the liver and other inter-
nal organs, indicating infection, while 13 animals
had Salmonella in the gut only. Of the ten
infected animals all grew S. enteritidis phage type
11, which is unusual in both humans and other
animals, although it has been isolated from
hedgehogs and other animals.

Insects

Cockroaches are found in almost any place
inhabited by humans, especially where food is
prepared. Much anecdotal evidence exists of
cockroaches being a health risk and a vehicle for
the spread of infectious organisms, including
Salmonella (Bennett, 1993). While there is little
hard evidence for such claims, there is a definite
need to keep sites clean and free of vermin, with-
out concentrating only on cockroaches.

In French urban areas around public swim-
ming-pools, food-handling establishments and
residential flats, Salmonella were not detected in

274 C.J. Murray



157 cockroaches (Rivault et al., 1993). In India,
4.1% of 221 cockroaches collected from urban
environments were carriers of Salmonella and
were regarded as a source for the spread of infec-
tions (Devi and Murray, 1991). Serovars
included S. typhimurium and S. bovismorbificans,
which had been associated with hospital out-
breaks where cockroaches were implicated as the
source. Salmonella was carried by 1.1% of cock-
roaches collected in the vicinity of university
farms, feed stores and residences (Singh et al.,
1980). However, in the same study, 6.2% of rats,
10.9% of house mice, 10.5% of shrews and 6.6%
of ants carried Salmonella. Singh et al. (1995)
showed that when S. paratyphi B var. Java was fed
to cockroaches at a level of 107 organisms g�1 of
feed it could not be detected in faeces after 6
days, in living cockroaches after 8 days or in dead
cockroaches after 10 days.

As with other insects, animals and birds,
Salmonella in cockroaches may be a reflection of
their environment, carried transiently as part of
their gut flora as a result of feeding on sites cont-
aminated with Salmonella, rather than a primary
source of the organisms. Cockroaches are only
one part of the insect flora of domestic and rural
environments and may be over-emphasized in
importance compared with other vehicles,
because of their unpleasant appearance and asso-
ciation with the dark.

Lesser meal-worm beetles (Alphitobius
diaperinus) are frequently associated with poultry
sheds (Davies and Wray, 1995b). Beetles were fed
for 6 days with feed contaminated with S. enteri-
tidis. Over the next 6 days, Salmonella were not
detected as surface contaminants of the beetles,
nor were the Salmonella detected in the beetles
when killed 6 days after removal from the conta-
minated feed. In the same investigation, beetles,
mice and environmental swabs were collected
from two poultry units after S. enteritidis infected
flocks had been removed. Although 136 of 600
environmental swabs and 17 of 35 mice grew S.
enteritidis, Salmonella were not isolated from 500
beetles. The authors concluded that infected mice
and persistent contamination of the environment
are likely to pose a greater hazard than these bee-
tles. In an investigation of the sources for both
vertical and horizontal transmission of S. berta in
poultry in Denmark (Brown et al. 1992), the
serovar was isolated from one of six mealworm
beetles.

Flies have frequently been shown to be con-
taminated with Salmonella, and Edel et al. (1973)
found that 1.5% of the 202 fly traps examined
were contaminated with S. typhimurium. In flies,
the organisms may establish and multiply
(Greenberg et al., 1970). Blowfly larvae (Lucilia
serricata) have also been shown to be contami-
nated with Salmonella and it has been shown that
maggots are a potent vehicle for Salmonella infec-
tion of chickens (Davies and Wray, 1994b).

Birds

Although wild birds are recognized as carriers of
Salmonella, evidence suggests that infected birds
are rarely identified. Short-term carriage of the
Salmonella occurs, reflecting the feeding environ-
ments of the birds. The incidence of Salmonella
carriage in wild birds appears to be low. Of 382
dead wild birds representing a diversity of UK bird
types, 2.9% had Salmonella, while only 0.4% of
trapped wild birds yielded Salmonella from cloacal
swabs (Goodchild and Tucker, 1968). The authors
noted that Salmonella were not recovered from
predatory birds, which suggests that Salmonella
were not common amongst the small birds and
vermin on which they prey. Wild birds associated
with sewage-treatment plants in the UK were
found to have a low incidence; only one bird of
599 had Salmonella. However, gulls were not pre-
sent in the 39 species trapped and tested (Plant,
1978).

While gulls may carry Salmonella and be a
source of dissemination from contaminated sites,
evidence shows that this carriage does not result
in infection and lasts only a few days (Girdwood et
al., 1985). Of 540 wild birds trapped in Norway,
180 were gulls, which were the only birds carrying
Salmonella, with four isolations from three species
(Kupperud and Rosef, 1983). Salmonella were iso-
lated from eight of 30 gulls in the Auckland
region of New Zealand, associated with abattoirs
and rubbish dumps; however, none of 24 gulls in
the remote Ninety Mile Beach region harboured
Salmonella (Robinson and Daniel, 1968). Black-
backed gulls in the area did not disperse more
than 60 miles from their nesting area, while red-
billed gulls could travel more than 250 miles.
Rottnest Island, 19 km off the coast from Perth in
Western Australia, has a resident population of
native animals and a transient human population.
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Gulls on the island carried Salmonella serovars that
were representative of those in the island’s envi-
ronment, rather than that of the nearby mainland
(Hart et al., 1987). Gulls have been identified as a
source of Salmonella contamination for fish-pro-
cessing plants, with which they are frequently
associated (Berg and Anderson, 1972). Fish-meal
is traded worldwide and can be a vehicle of trans-
mission of Salmonella into food animals.

In 1951, a large outbreak of salmonellosis
due to S. typhimurium occurred in sheep in South
Australia (Watts and Wall, 1952). Wild birds
were collected as part of investigations for a
source. Of birds collected, only carnivores carried
Salmonella and they were assessed as being a vehi-
cle for the contamination of water troughs. This
consequently aided the maintenance of the out-
break, with water being one vehicle for the
spread of infection in the sheep. Several crows
and magpies, which were caught alive, were
found to be carriers of S. typhimurium. These
birds remained excreters for 14 days, after which
they gradually ceased excreting, the last infected
faeces being obtained after 27 days. Of foxes and
rabbits also captured, one of four foxes carried
the Salmonella but all 13 rabbits were negative.

Sparrows associated with farms where calf
salmonellosis occurred were infected with S.
typhimurium (seven out of 30 birds positive), with
the same phage type 101 being isolated from both
calves and sparrows (Cizek et al., 1994). Of 432
pigeons from Salmonella-free farms, two carried
Salmonella while 1734 other wild birds (no gulls
included) were negative. In black-headed gulls,
4.2% of adult birds carried Salmonella, while
19.2% of non-flying young in nesting colonies
were positive. The authors conclude that it is
unlikely that Salmonella would spread to individ-
ual birds in wild populations by direct contact.
The Salmonella-contaminated environment was
regarded as the main source of infections among
wild birds, with the organisms being acquired dur-
ing food gathering and drinking. Birds may be a
secondary source of infection for humans and
farm animals. Particularly in land-locked Central
Europe, the black-headed gull is the only species
that may have some practical role in the dissemi-
nation of Salmonella, because of its large numbers,
spatial dispersion and range of movements.

Environmental spread can be diverse; in
Antarctica, S. enteritidis phage type 4 was found in
a penguin during a survey of animals and birds on

Bird Island, South Georgia (Olsen et al., 1996).
Only one isolate was obtained, which, on pulse-
field gel electrophoresis (PFGE), was different
from strains in Europe and South America. The
authors suggest that the source was likely to be
related to sewage or discharges of wastes from
ships or fishing vessels. It is unlikely that migratory
birds or albatrosses would be a significant vehicle
for transmission, as birds, as discussed elsewhere,
generally carry Salmonella only transiently.

Wild Animals as Reservoirs and
Disseminators

Animals in the natural environment may be
reservoirs of Salmonella, irrespective of the coun-
try or region. These include wild animals, such as
opossums (Runkel et al., 1991), domesticated
animals, including dogs, whether strays
(Sugiyama et al., 1993), household pets or kennel
dogs (Shimi et al., 1976), cats and reptiles
(Borland, 1975). Even in urban environments,
exotic animals kept as pets can be a source of
Salmonella. Salmonellosis in humans has been
attributed to pets, including terrapins and lizards.
The serovars associated with reptiles and reptil-
ian-associated infections are similar and are often
unusual compared with the serovars within a
community (Ackman et al., 1995).

Many wild animals are scavengers, although
it is extremely difficult to investigate their micro-
bial flora in pristine environments, that are unaf-
fected, either directly or indirectly, by the
activities of humans. Scavengers, including
rodents and opossums, in Panama had higher car-
riage rates of Salmonella than non-scavengers,
most infected animals being near areas associated
with human activity (Kourany et al., 1976).
Disturbance to the natural environment, includ-
ing deforestation and inadequate sanitation,
increases the potential for contamination of wild
animals.

In some countries, there is field slaughter of
wild animals destined for human consumption.
In Australia, feral pigs and kangaroos are shot in
the wild, partially eviscerated and then trans-
ported under refrigeration for processing
(Bensink et al., 1991). Generally, these animals
are sought in areas well isolated from larger cen-
tres of human habitation. Of animals shot in the
wild, Salmonella were isolated from 34.4% of feral
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pigs and 11.1% of kangaroos. The serovars from
pigs were different from those in kangaroos but,
in both groups, many of the serovars were those
associated with humans and animals within
Australia (Murray, 1994a). On Rottnest Island,
as mentioned previously, the serovars found in
reptiles did not correlate with those in the mar-
supial quokkas, even though they are sharing the
same environmental niche (Hart et al., 1987).

Other Sources

Bean sprouts were identified as the source of an
outbreak of salmonellosis in the UK (O’Mahony
et al., 1990). The outbreak featured cases of S.
virchow and S. saintpaul. The strains of S. saint-
paul were of a different plasmid profile from those
usually seen in the UK (C. Murray, Adelaide,
unpublished data, 1988), and S. virchow phage
type 34, while rare in humans in the UK was
common in humans and poultry in Australia (B.
Rowe, London, personal communication, 1988).
The mung beans used for the sprouting had been
imported from Australia and, at the time, the
outbreak strains were relatively common in poul-
try in the geographical region from where the
beans originated. The beans were packaged in 
a plant that was in the vicinity of a poultry 
by-product plant and the possibility exists that
contaminated dust may have entered the packag-
ing-plant environment.

Salmonella is present in feeds, foods and
their ingredients. The environment is a signifi-
cant source of contamination for these products
and the increased trade in foods can spread
Salmonella internationally; frequently, the
Salmonella originate from the environment
(D’Aoust, 1994). Salmonella are found in or on
fruits, vegetables and spices. While these types of
products are implicated by public-health authori-
ties as the source of Salmonella, they are not the
true source; rather, they are a vehicle for trans-
mission of the Salmonella from an environmental
source associated with the raw product.

Hazard analysis and critical control points
(HACCP) are used internationally for control-
ling processes in the food industry, including
achieving microbial control (Tietjen and Fung,
1995). In the USA, a combination of HACCP
and microbiological criteria is incorporated into
regulations for raw-meat and poultry processing

(Dreesen, 1996; Morris, 1996). Performance
standards include Salmonella monitoring. The
principles of HACCP can be applied to a wide
range of activities related to release of contami-
nated materials into the environment. While
this may be desirable, the hazards are likely to be
assessed as low compared with the economic
costs of control measures.

Environmental colonization, either natural
or within processing environments, is a source of
contamination of prepared foods. This will con-
tinue to occur spasmodically, irrespective of the
best intentions of processors. Indications suggest
that the true factors involved in contamination
will sometimes not be revealed, due to commer-
cial confidentiality and public liability concerns.

S. waycross has been the major serovar asso-
ciated with human infections in Guam for many
years. The serovar cannot be linked to food
sources; however, it is found in domestic dogs,
soils, lizards and domestic vacuum-cleaner dust.
While accounting for approximately 40% of
human isolates, it is rarely involved in outbreaks
(Haddock et al., 1990). The colonization of the
natural environment appears to be the source of
its dissemination into the domestic environment
(Haddock and Nocon, 1994).

Southern Africa has a relatively high inci-
dence of Salmonella ssp. II serovars in the human
population (Schrire et al., 1987). These serovars
are generally associated with environmental
sources and cold-blooded animals. A large num-
ber of these serovars were isolated in Australia
during investigations of herbal teas originating
from Southern Africa (C. Murray, Adelaide,
unpublished data, 1984). In Australia, a number
of new serovars have been found in remote
regions, e.g. S. mowanjum, S. ord and S. kalum-
baru, undoubtedly with environmental animal
reservoirs (Kelterborn, 1987; J. Iveson, Perth,
personal communication, 1983).

S. abortusovis is a host-specific Salmonella
causing abortion in sheep. This serovar was iso-
lated from two children in outback Australia in
1994 (Murray, 1994a). These were the first
recorded cases of the serovar causing infection 
in humans and the first recorded isolations of 
the serovar from any source in Australia.
Subsequently, it was isolated from kangaroo meat
in a processing plant, the meat originating from
animals in the same geographical region as the
children. No evidence of infection was found in
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any sheep associated with the property where the
children became infected. The isolates were sero-
logically S. abortusovis but did not have the
virulence plasmid associated with this serovar (S.
Rubino, Sassari, personal communication, 1996).
It is possible that the source of this organism is
an unidentified wild animal.

One arena affecting transmission to
humans, which is difficult to address, is the
domestic kitchen. Regulatory controls cannot be
applied to this environment; Salmonella control,
as well as control of other pathogens, is reliant
on the hygiene education of the general popula-
tion. Elimination of organisms on all raw foods
entering homes is not likely to occur. All steps in
the food, animal and waste cycles are important
in the control of Salmonella (Oosterom, 1991).

In commercial garden fertilizers in the UK,
Salmonella were detected in 40 of 120 samples,
with mixed serovars, including S. hadar, isolated
(Williams Smith et al., 1982). While this may
have little direct significance for human or ani-
mal health, it is a potential source of Salmonella
and may be a source of contamination of vegeta-
bles, which are becoming increasingly identified
as a vehicle for Salmonella infection (Madden,
1992). Surface decontamination can significantly
reduce the level of Salmonella on tomatoes; how-
ever, when the organisms have penetrated the
stem tissue, decontamination is difficult (Zhuang
and Beuchat, 1996). In spite of the low pH of
tomatoes (pH 4.0–4.3), Salmonella can survive
and multiply when temperature conditions are
favourable.

Salmonella have also been shown to form
biofilms on glass and chlorinated polyvinyl chlo-
ride (CPVC) pipes (Jones and Bradshaw, 1996).
This can enable the organisms to effectively col-
onize processing lines.

Conclusion

It is difficult to presume that a reduction in the
spread of pathogens such as Salmonella into the
environment will occur, despite the introduction
and promotion of improved measures to prevent
the release, spread and destruction of these
organisms. Not only do practices vary in devel-
oped countries but they are subjected to even
greater pressures in many developing or underde-
veloped countries. Practices in one region can
affect another region, particularly with increased
movement of population, food and agricultural
products.

Salmonella are environmental organisms and
may be found in virtually any phase of natural
and man-made environments. Salmonella should
be regarded as part of the normal flora of all
animals, but having the potential to cause infec-
tion within the animals. Salmonella incidence
and distribution in the environment has been
greatly increased by humans, particularly as a
result of modern civilization and agriculture; this
can be regarded as (unnatural) contamination of
environmental sources and the food-chain. Even
well-developed countries are unable to provide
reliable decontamination of discharges from
treatment plants and agriculture. It is difficult to
imagine that all discharges will ultimately be free
of Salmonella and other pathogens.

For practical purposes, we must accept that
Salmonella will not be eliminated and must
address our efforts to controlling its introduction
and spread into the agricultural and food-chains.
These controls will influence the general micro-
bial flora, without focusing solely on Salmonella,
and are achievable in many processes, but
Salmonella will continue to be a feature of
humans, animals and the general environment.
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Salmonella in Animal Feed
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Introduction

Animal feed is a recognized source of pathogenic
microorganisms for farm livestock. However, the
reported incidence of infectious diseases con-
tracted from feed is, in general, extremely low,
despite the fact that many million tonnes of for-
ages and manufactured animal feed are consumed
throughout the world each year. Diseases of farm
animals that may be associated with feed include,
inter alia, anthrax, botulism, bovine spongiform
encephalopathy (BSE), classical swine fever,
foot-and-mouth disease, listeriosis, salmonellosis,
swine vesicular disease, toxoplasmosis and trichi-
nosis (for reviews, see Hinton and Bale, 1990;
Hinton and Mead, 1990; Hinton, 1993). Several
of these agents are also pathogenic for humans,
and animal feed may act as an indirect source of
infection for people consuming foods of animal
origin. Examples of illnesses in this category
include salmonellosis, toxoplasmosis, trichinosis
and possibly new variant Creutzfeld–Jakob 
disease (CJD), although, of these, it is only 
salmonellosis that is currently of worldwide
importance.

Salmonella can be isolated regularly from
animal-feed ingredients, including both animal
and vegetable proteins, such as soya, rape, palm
kernel, rice bran and cottonseed (e.g. Williams,
1981; Jones et al., 1982; Davies, 1992) and thus
feed is a major potential ‘route’ by which new
infections may be introduced into farm livestock
(Shapcott, 1984; Blackman et al., 1992), particu-

larly poultry (Advisory Committee on the
Microbial Safety of Food, 1996). It has frequently
been possible to trace specific serovars present in
feed ingredients through the production process
to the finished product (e.g. Mackenzie and
Bains, 1976). Specific ingredients may also be
implicated in outbreaks of salmonellosis using
analytical techniques such as case–control
studies (Anderson et al., 1997), although, of
course, their presence in feed and feed ingredi-
ents may not be associated with any clinical
problems (e.g. Harris et al., 1997).

Many Salmonella serovars that are not
strictly host-adapted, such as S. derby in pigs and
S. montevideo in sheep, show host preferences
and may be more easily acquired from feed than
the more common types found during routine
feed testing (Jones and Richardson, 1996). The
susceptibility of individual animal species may
vary with age; for example, it is thought that
some newly hatched chicks may become infected
following the ingestion of a single Salmonella cell
(Pivnic and Nurmi, 1982), compared with sev-
eral thousand or million cells for adult birds
(Sadler et al., 1968), although the infective dose
may be underestimated when Salmonella numbers
are determined in experimental studies using
selective agars.

The isolations of Salmonella from feedstuffs
and ingredients recorded in the UK during 1995
and 1996 are summarized in Table 17.1. The
feeding of mammalian meat and bone-meal
(MMBM) to farmed livestock was made illegal in
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the UK during 1996, as part of the measures
introduced to control BSE. As a consequence,
MMBM is no longer tested under the provisions
of the UK’s Processed Animal Protein Order
1989. There has been an increase in the use of
oil-seed meals since the introduction of the ban
on MMBM, and this has been associated with a
twofold increase in the prevalence of Salmonella-
positive oil-seed meal samples in 1996 compared
with 1995 (Table 17.1).

The commonest Salmonella serovars isolated
from feed are rarely the most prevalent in ani-
mals, including humans, while the two most
important serovars associated with human dis-
ease, S. enteritidis and S. typhimurium, are infre-
quently isolated from animal feed and processed
animal protein (Wilson, 1989; Bisping, 1993;
Table 17.2). Salmonella, including these two
serovars, can survive for months or years in stored
animal feed (Davies and Wray, 1996a; Allen,
1997), however, and this suggests that their low
prevalence is not related to their ability to survive
in feed (Davies and Wray, 1996a). In addition,
there has been a gradual reduction in the number
of isolations made from animal feed during recent
years, with no concurrent reduction in cases of

salmonellosis in humans (Gareis, 1995). This sug-
gests that the relationship between the two situa-
tions, if any, is far from simple.

Contamination of Feed Ingredients
During Storage and Processing

Vegetable ingredients

Basic cereal ingredients, such as wheat, barley,
oats and maize, are considered not to be particu-
larly prone to Salmonella contamination, since
the porous nutritious material is contained
within a protective cuticle and grains are
exposed to sunlight before harvesting.
Nevertheless, it is still relatively common to find
evidence of contamination of grain with the
same Salmonella serovars found in local wildlife
species, for example badgers and foxes. Thus, the
organisms can be found in dust taken from
within combine harvesters and balers and also in
spillage and dust from farm auger, grinding and
milling systems. There is also a potential risk of
contamination by livestock-related serovars
when manure or poultry litter is stacked at the
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Table 17.1. The prevalence of Salmonella in feedstuff and raw-ingredient tests in the UK (adapted from
Chief Veterinary Officer, 1997, and C. Wray, personal communication).

Year

1995 1996 1997

No. of Proportion No. of Proportion No. of Proportion
Product tests (%) positive tests (%) positive tests (%) positive

Processed animal protein 10,341 1.9 10,023 3.2 9,603 3.1
at UK protein-processing 
premises

Linseed, rape-seed, 1,749 2.7 4,155 6.0 5,965 5.6
soya-bean and sunflower 
meals at UK crushing 
premises

Non-oil-seed-meal 12,560 1.5 14,091 1.7 14,216 1.8
vegetable products

Pig and poultry meals 3,826 2.8 5,712 4.4 6,039 2.2

Poultry extrusions 4,502 0.6 8,870 1.9 6,307 1.2

Pig extrusions 1,578 0.9 3,874 1.1 4,159 1.1

Ruminant concentrates 2,927 2.8 4,205 2.5 3,992 2.0

Protein concentrates 1,534 7.4 1,513 4.2 1,285 3.0

Minerals/others 951 0.4 1,037 4.2 863 0.1



edge of cereal fields shortly before harvest. This
material, which may harbour a wide range of
Salmonella, is attractive to wild birds and other
wildlife, which may then acquire a transient
Salmonella infection. An outbreak of salmonel-
losis in a livestock unit or human population can
result in large-scale contamination of surface and
river water (Baver and Hormansdorfer, 1995)
and this may be used for diluting agrochemical
sprays, such as desiccants, which may be applied
within a short time of harvest.

Work in the UK at the Veterinary
Laboratories Agency has identified considerable
opportunity for contamination of home-grown
feed ingredients on farms on which Salmonella
are present in cattle or pigs. When the farm grain
store is within 1 km of the livestock-housing or
manure-storage areas cross-contamination, medi-
ated by wild birds, rodents and cats, which have
acquired infection from the livestock areas, has
been common. Thus open-topped storage bins
and flat stores are vulnerable to contamination
unless a high level of bird-proofing, rodent con-
trol and general disease security is practised.
Other causes of contamination include the use of
empty livestock buildings for short-term storage
of grain before drying and trailers and bucket
loaders that have not been adequately cleansed
and disinfected. Grain in trailers may also
become contaminated by Salmonella in material
thrown up from the wheels passing through efflu-
ent on driveways and roads.

The conditions under which certain feed
ingredients are grown and stored in Third World
countries are also likely to lead to cross-contami-

nation. Thus, paddy-fields used for growing rice
may be flooded with water containing Salmonella
from human and animal effluent, while low stan-
dards of sewage disposal facilitate environmental
pollution and consequent infection of wild ani-
mals (e.g. Köhler, 1993). Storage conditions may
also be less satisfactory in countries with low rain-
fall, since protection from rain is not a priority. It
is common in these circumstances for bulk ingre-
dients to be stored in containers that are not
totally enclosed at the production site or during
short-term storage at docks, thus allowing conta-
mination with wild-bird and rodent droppings.

By-products of milling grains, such as bran,
wheat feed or middlings, and rice bran comprise
the surface layers of the grain and, as Salmonella
may be more concentrated in them than in the
original material, heat treatment is often recom-
mended to reduce this problem. These and other
by-products, such as maize gluten, sugar-beet
pulp and molasses, citrus pulp and expelled or
extracted meals prepared from rape-seed, palm
kernel, soya, cottonseed, sunflower and linseed,
may be blended with primary cereal ingredients,
pulses, whole oil-seed products and mineral/vita-
min supplements to produce least-cost rations for
farm livestock.

Contamination of vegetable ingredients
commonly occurs during cooling after cooking
and oil extraction, and specific Salmonella
serovars are frequently associated with certain
processed ingredients from particular suppliers.
These ‘endemic’ strains may persist in the plant
for many years unless effective remedial measures
are taken.

Salmonella in Animal Feed 287

Table 17.2. The results of testing home-produced processed animal protein under the Processed Animal
Protein Order 1989 (adapted from Chief Veterinary Officer, 1997).

No. (%) of positive samples

Year No. of samples tested All serovars S. enteritidis S. typhimurium

1989 1647 88 (6.3) 4 (0.2) 8 (0.5)
1990 1388 40 (2.9) 0 1 (< 0.1)
1991 1360 46 (3.4) 0 2 (0.1)
1992 1318 22 (1.7) 0 3 (0.2)
1993 1274 26 (2.0) 0 1 (< 0.1)
1994 1066 27 (2.5) 0 0
1995 1041 18 (1.7) 0 0
1996 780 18 (2.3) 0 0



Mammalian and avian proteins

Salmonella infections in individual animals are fre-
quently asymptomatic and their prevalence may
increase during transport and lairage, while the
rate of contamination of meat and by-products is
further increased during the slaughter process and
subsequent processing and transport to and storage
in rendering plants (Urlings et al., 1992).

The rendering of slaughterhouse waste
results in products that contain high concentra-
tions of protein and/or fat and these can be
incorporated into animal feed (e.g. El Boushy et
al., 1990). The cooking times and temperatures
used (80–145°C for 0.5–3 h) should be capable
of eliminating Salmonella, but undercooking may
occur, for example after a ‘shut-down’ period,
when the cooking equipment is below the opti-
mum temperature or when the material has not
been sufficiently comminuted and the organisms
remain protected within large fragments of tissue.
The European Union standard for inactivating
the agent of BSE is more than sufficient to kill
Salmonella, namely 133°C for at least 20 min at 3
bar pressure after macerating to a maximum par-
ticle size of 50 mm.

The rendered product may also become
recontaminated with Salmonella after cooling. For
example, in some plants, cooker seals that have
been damaged by bone chips allow seepage of
contaminated uncooked material on to the
expeller mechanism, which conveys the finished
product to the later stages of processing. The
leakage is less likely to be a problem with poultry
protein cookers, as avian bones are broken down
more easily. Once Salmonella establish in the
‘post-cooking’ area, they may become ‘endemic’
in auger systems, storage bins, centrifuges,
presses, tallow tanks, etc., since they readily mul-
tiply in the warm moist product.

Full physical separation between cooked and
uncooked material handling areas is desirable.
However, this may not be wholly successful in
preventing cross-contamination, since the
Salmonella may be dust-borne, and hence other
means of control must also be instituted (Bensink
and Boland, 1979). Surface and, probably, inter-
nal contamination by insects in rendering plants
has been demonstrated, while wild birds surround-
ing the premises may also acquire Salmonella, so
their faeces may contaminate vehicles and storage
equipment (Davies and Wray, 1994).

Liquid organic acid/acid salt products or
combinations of formaldehyde and organic acids
may be added to rendered products to reduce
contamination and recontamination after cook-
ing. Products providing the highest levels of free
aldehydes and acids appear to be the most effec-
tive. It is also advisable not to include poultry
proteins in poultry rations, because of the risk of
recycling S. enteritidis infection, while, in some
countries, ruminant protein may not be used in
livestock rations, as part of the measures intro-
duced to control BSE.

Fish-meal

This comprises either whole or parts of fish and
shellfish that are unsuitable for human consump-
tion and by-products from fish-oil manufacture.
The production process for fish-meal is similar to
that of meat and bone-meal in that the raw
material is macerated and cooked under pressure
(Miller and de Boer, 1988). The resulting oil and
water is ‘run off ’ and the remaining solids are
pressed and centrifuged to remove the residual
oil and the water. This is then passed through a
concentrator to recover suspended solids, which
are added to the fish-meal.

Fresh fish are considered free of natural
Salmonella infection, but shellfish may accumu-
late the organisms from polluted waters.
Contamination may occur during handling and
storage of the fish on boats and dock sides, and
much of the contamination originates from the
faeces of sea birds. Fish-meal imported into the
UK has a higher incidence of contamination
than the domestic product.

Finished-feed Production

Home mixing

Feed ingredients may be fed to ruminants as
‘straights’, i.e. without milling and mixing, or
with various levels of mixing before incorpora-
tion with farm-grown cereals or forages. Pelleting
is rarely carried out during on-farm feed prepara-
tion, although some farms do pellet rations with-
out heat treatment and large farming companies
may have a feed mill where heat-treated rations
are produced.
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The number of ingredients used for on-farm
mixed rations is usually more restricted and less
variable than that used for compound feed manu-
facture. Ingredients are usually also purchased in
bulk and remain on the farm for weeks or
months, during which time the level and infec-
tivity of any Salmonella present will diminish. In
addition, the cereal ingredients used in the
rations are usually home-produced. This limited
range of ingredients and their relatively slow
turnover mean that, although monitoring is less
stringent than that used by the compound-feed
industry, the chance of obtaining a sample of
finished feed containing Salmonella is lower. In
Denmark, the use of feed from compound-feed
mills has been identified as an important risk
factor for acquisition of Salmonella by pig herds,
and farmers have been advised to consider home
mixing as part of the national control strategy. In
the UK, heat treatment of feed has been shown
to be a protective factor against acquisition of S.
enteritidis in poultry flocks, despite the rarity of
isolation of that serovar from finished feeds or
ingredients (S.J. Evans, CVL, Addlestone,
personal communication, 1997). These observa-
tions suggest that acquisition of ‘invasive’
Salmonella from feed may occur more frequently
than was previously thought.

Compound-feed production

A complete compound ration suitable for meet-
ing the production requirements of livestock is
formulated from a variety of basic ingredients to
provide a nutritionally balanced ration. This is
normally done on a least-cost basis, so that spe-
cific ingredients are chosen or substituted accord-
ing to availability and price.

Several different types of processing meth-
ods are used in feed production. Cold processing
includes crimping, cracking, rolling or crushing
cereals for some ruminant and horse feeds and
grinding in a hammer mill or grinder to various
grist sizes for pig and poultry meals and all pel-
leted rations.

Most ruminant rations and ‘coarse’ pig and
poultry meals are not heat-treated. However, hot
processing increases the digestibility of the starch
in cereals by partial cooking and also provides a
variable degree of pasteurization. Pelleting or
cubing is the most widely used processing

method. The meal is conditioned by heating to
50–85°C by steam for a variable time and then
forced by rollers through the rotating die of a pel-
let press. The friction involved in the process fur-
ther raises the temperature by several degrees.
The pelleting process increases feed-utilization
efficacy and reduces waste during feeding,
although there are concerns about the effect of
very high temperatures on the levels of essential
amino acids and vitamins (Andrews, 1991). A
crumbed ration is produced by partially crushing
pellets after heat treatment to produce a ration
attractive for young birds.

Alternatives to pelleting include extrusion
and expansion (Daw, 1991). Expanders produce
conditioned meals by compressing a partially
conditioned product through a variable-size ori-
fice under pressure created by a compression
screw. Extruders produce pellets or shapes
through fixed dies from conditioned meal forced
through by compression screws.

Expanders and anaerobic conditioning sys-
tems (Ekperigin et al., 1990) may be used to pro-
duce heat-treated meals or, more commonly,
their use may precede a conventional pelleting
process.

Salmonella Contamination in the
Compound-feed Mill

Salmonella contamination of lorries, both inside
and out, may be demonstrated and this can be
particularly important when the same vehicles
are used for both ingredients and finished prod-
ucts. Moisture in delivery vehicles may allow low
levels of Salmonella in ingredients to multiply,
and contamination problems may be more preva-
lent in wet weather (Köhler, 1993). Ineffective
disinfection may also accentuate Salmonella prob-
lems, and fogging lorries with low concentrations
of disinfectant is contraindicated. Wet disinfec-
tion of feed-handling equipment should only be
carried out with full agricultural-strength disin-
fectant and when there is enough time to allow
complete drying of surfaces before reuse.

Feed ingredients delivered to a mill are
deposited in the intake pit and contamination
may be associated with faecal material carried by
lorries, including their wheels, or contamination
by wild animals. There may also be carry-over 
of material on grid supports and in dust, thus
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leading to cross-contamination between batches.
Enclosed pits with automatic doors offer some
protection from vermin and wild birds, but dust
control in these systems must be effective, as
movement of the door may lead to dust being
dislodged into the pit.

Ingredients are then augered or blown,
before or after grinding, from the intake point to
storage bins. There may be limited carry-over of
material in auger systems, particularly in the
‘boots’ of chutes or where the direction of flow
changes, although there is little opportunity for
significant multiplication of Salmonella to occur
in high-throughput self-cleaning systems. Long-
term contamination of ingredient storage bins is
more likely. In older mills, open-topped bins may
be used and the feed may be contaminated by
droppings of wild birds that gain access to the
loft space. In modern mills, all bins are closed,
although there may still be problems either when
low-risk ingredients, such as cereals, are stored
after a high-risk ingredient, such as palm-kernel
residues, or, more seriously, when finished prod-
ucts are stored in ingredient bins if there is a
shortage of space. Multiplication of Salmonella
may occur in bulk bins in warm, moist conditions
and this is most likely to occur in the autumn,
when warm days followed by cold nights result in
condensation on the sides of bins (Köhler, 1993).
Contamination in bulk bins can be reduced by a
regular emptying and cleaning programme and
installing appropriate insulation of the building.

Ingredients may be mixed either before or
after grinding. Short-term blending bins and
mixing and grinding equipment are rarely associ-
ated with long-term Salmonella contamination,
but some carry-over of contamination between
batches may occur. If a meal or mash ration is
produced, then the feed is transferred to bulk fin-
ished-product bins or is bagged at this stage.

After grinding and mixing, feed to be pel-
leted is conditioned or expanded prior to pellet-
ing. This process has a variable antibacterial
effect on the feed, proportional to the tempera-
ture and conditioning time used (Mossel et al.,
1967; Shackleford et al., 1987), and in practice
some Salmonella may survive the pelleting process
(Hacking et al., 1978; Cox et al., 1983; Blank et
al., 1996). There is little current information on
the effectiveness of heat treatment in modern,
large-scale feed mills (Voeten and Van de Leest,
1989). Most studies on the effect of heat treat-

ment have been carried out using artificially con-
taminated samples, which do not necessarily
mimic the commercial situation, since more heat
is required to eliminate Salmonella from ‘naturally
contaminated materials (Williams, 1981).
Conditioning and pelleting at 93°C for 90 s at
15% moisture has been shown to reduce
Salmonella by 10,000-fold, which should pasteur-
ize all but the most highly contaminated material
(Himathongkhan et al., 1996). In practice, such
high temperatures and conditioning times are
rarely used, because of the cost of heat energy
and the deleterious effect on pellet quality
(McCapes et al., 1989; Blank et al., 1996).
Heating to 85°C for 1 min is considered a good
target requirement for Salmonella elimination
(Liu et al., 1969), while temperatures of at least
80°C during conditioning, followed by pelleting,
are likely to be successful in the majority of cases
(Blankenship et al., 1985; Coven et al., 1985),
since Salmonella numbers estimated by the most-
probable-number method are usually less than 1
g�1 of feed (Taylor and McCoy, 1969). The
biggest problems are likely to occur during the
period immediately after production starts, when
peak conditioning temperatures may not be
reached. Older open-kettle and ripener systems
operate at lower temperatures and are prone to
Salmonella contamination and hence should not
be used. Closed ripeners are better, but further
heat treatment is usually necessary to ensure a
Salmonella-free product.

Anaerobic pasteurization systems and
expanders allow higher temperatures of up to
170°C to be achieved, but some types may be dif-
ficult to stabilize and there may be some degrada-
tion of proteins and amino acids at these higher
temperatures (Jones et al., 1995).

Experimental work has shown that prior
exposure of Salmonella to stresses, such as alkaline
or acid conditions (Farber and Pagotto, 1992;
Humphrey et al., 1993), prior heat shock
(Bunning et al., 1990; Mackey and Derrick,
1990) or high mineral-salt concentrations
(Palumbo et al., 1995), increases the heat toler-
ance of Salmonella. The most dramatic of these
effects was found after S. typhimurium was habitu-
ated experimentally to extreme dehydration,
after which it was able to survive 60 min at
100°C (Kirby and Davies, 1990). It is uncertain
what relevance these observations have to
Salmonella in a natural environment, but doubts
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about the consistency of heat treatment have led
to calls for feed irradiation, where 10–40 kGy has
been shown to control a wide range of feed cont-
aminants (Leeson and Marcotte, 1993).

Heat-treated feed contains high levels of
moisture and must be cooled as rapidly as possi-
ble before storage to prevent condensation and
spoilage (Colburn, 1995). Simple vertical cool-
ers, in which pellets pass slowly over perforated
sheets that allow the passage of air, may be used
in small mills. Larger mills which manufacture
heat-treated mash rations and producers of veg-
etable protein may use much larger vertical cool-
ers. Horizontal coolers, in which pellets in a
moving bed are cooled by air from below, are
generally being replaced by counter-flow cabinet
coolers or rotary coolers, which occupy less space
and cool the pellets more rapidly. Vertical coolers
are more prone to long-term Salmonella contami-
nation, because most are inaccessible for clean-
ing. Counter-flow coolers also often show a
propensity for persistent contamination, despite
reduced condensation and aggregate formation
compared with other types. Horizontal coolers,
despite the tendency for aggregates to accumu-
late rapidly, appear to become persistently conta-
minated with Salmonella relatively infrequently.
This is likely to relate to the slow cooling of pel-
lets, compared with more compact coolers, which
maintains the conditioning heat within the mass
of pellets for longer (Davies, 1992; Colburn,
1995).

Specific Salmonella serovars may persist
inside individual coolers for years, producing
intermittently contaminated batches of feed
when fatty aggregates, which form around the
intake pipe of the cooler, dislodge. There is con-
siderable debate about the original source of
cooler contamination. Contaminated dust is one
suggested source, although in many cases there
are just one or two contaminated coolers in a
line of several adjacent machines. The contami-
nated coolers and post-cooling sieving equip-
ment produce a great deal of contaminated dust
locally, which should enter all the coolers if dust
is the primary origin of the infection. Dust from
poultry buildings has a similar distribution and,
again, dust-borne cross-infection between adja-
cent buildings is rare (Schmidt and Hoy, 1996).
Occasional failure of heat treatment and conse-
quent passage of Salmonella into the cooler with
incompletely treated feed are the more likely ori-

gin in most cases. This may be aggravated by
structural work in the mill, which may alter con-
densation patterns within equipment.

Persistent contamination of equipment after
the coolers is uncommon but carry-over of small
amounts of feed and dust may occur in sieves,
augers, blowers and hoppers. It is less common
for persistent contamination to occur in bulk fin-
ished-product bins, because they are normally
smaller than ingredient bins and are regularly
emptied. However, open bins in old mills or bins
in which the top hatches are not kept shut may
become contaminated by faeces from wild birds.
Wild birds are also a particular problem in the
‘outloading’ gantry of some feed mills, since they
may nest or perch in the roof space and produce
faeces, which may be shaken from beams into
feed delivery lorries during the course of loading.
Wild-bird faeces may also contaminate feed
stored in open tote bins and the surfaces of feed
bags. A similar problem may occur when veg-
etable ingredients and finished products are held
in flat stores. Organic acids (Humphrey and
Lanning, 1988) and formaldehyde-based treat-
ments (Smyser and Snoeyenbos, 1979; Brown,
1996) have been used in poultry rations to
reduce the effect of post-processing contamina-
tion in meals and occasionally in pelleted
rations.

Decontamination of persistently infected feed
mills and ingredient processors

Salmonella that become endemic residents in a
feed plant may be difficult to eliminate. Birds can
be excluded and deterred with sufficient invest-
ment in proofing and tidiness. Persistent contami-
nation in bulk storage bins can be eliminated by
thorough physical cleaning, followed by effective
disinfection. Sufficient time must be allowed for
the disinfectant to dry completely before refilling
the bin and many mills do not have sufficient
spare capacity to leave bins empty for more than a
short time. In this situation, drying and the activ-
ity of disinfectants can be accelerated by using
space heaters. If condensation is a regular prob-
lem, then appropriate building modifications,
such as improved insulation and ventilation, may
be required (Gabis, 1991). Augers, pipes and
small-volume equipment can be decontaminated
by multiple passage of a carrier material, ideally
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coarse bone-meal, as this has abrasive properties,
which has been treated previously with a high
concentration of a formaldehyde/organic acid
product. If bone-meal cannot be used, for exam-
ple because of BSE regulations, then wheat feed is
a less effective alternative.

Persistent contamination of coolers may be
difficult to eliminate because of their size and the
inaccessibility of much of the equipment. Dry-
cleaning inside and outside the coolers by brush-
ing and the use of vacuum cleaners should be as
thorough as possible before disinfectants are
applied through a lance at medium pressure in
order to soak all surfaces thoroughly.
Formaldehyde, glutaraldehyde and quaternary
ammonium compound combinations applied at
high concentrations are the most suitable for
elimination of Salmonella on surfaces that are
difficult to clean. The spray disinfectant should be
left to dry before the cooler is redisinfected using
neat (40%) formaldehyde solution (formalin),
applied with a fogging machine. After saturation
of all surfaces, the cooler should be left closed for
at least 24 h to maximize the penetrating effect of
the formaldehyde vapour. An alternative to
fogging is traditional fumigation, using formalde-
hyde vapour generated from formalin to which
potassium permanganate has been added. Before
this treatment is used, it is essential that arrange-
ments are made to extract vapour safely via the
venting system before the cooler is used again. All
operators should use respirators designed for use
with formaldehyde. It is also essential that the
whole area surrounding the coolers is cleaned and
disinfected to prevent possible recolonization of
the disinfected surfaces via contaminated dust
produced by the cooler before its decontamina-
tion. For this approach to be successful with large-
volume coolers, several days total shut-down may
be required to allow cleaning and disinfection to
be carried out sufficiently thoroughly.

Auditing Feed Suppliers

A great deal of money is spent on testing feed
ingredients and finished-feed samples with little
hope of detecting contamination. A lorry load of
feed has over 1013 potential particulate contami-
nation sites for Salmonella but only one-millionth
of them will be found in a standard-sized feed
sample and even less as a proportion of a compos-

ite sample (Jones and Riche, 1994). Thus, the
chance of finding Salmonella in feed increases
with the size and number of samples (McChesney,
1995), although intensive sampling is not eco-
nomically feasible. In addition, current Salmonella
culture techniques are relatively time-consuming
and the results only become available after the
ingredients have been used or the finished feed
has been consumed. Techniques are available
which give a presumptive result within 24 h,
although many of these are either laborious to use
or lack sensitivity and hence are not widely used
(D’Aoust et al., 1995; Davies and Wray, 1996b).

Risk assessment and hazard-analysis critical
control points (HACCP) systems are approaches
that can be used to reduce Salmonella levels in the
feed industry (Haselgrove, 1996). Development
of HACCP plans must involve individual assess-
ments of each mill, preferably backed up by iden-
tification of problem areas by the use of
microbiological audits. Within a large feed com-
pany, there will be several mills, which can be
compared by best-practice analysis (BPA) in
order to identify those practices that are associ-
ated with low contamination rates and that can
be adopted in other mills. Similarly, most major
feed companies have drawn up detailed codes of
practice for Salmonella control, although problems
may still occur, despite their application. Error
analysis can be used to identify the mistakes that
can be made at each step of production and
hence to alert staff of the dangers of failing to
implement local operating procedures.

Feed-ingredient processors and feed mills
receive ingredients from a number of sources and
it will not normally be possible to audit all of
these, especially as the original sources of ingre-
dients may not be readily identifiable after mate-
rials have been mixed. Major farm suppliers and
ingredient storage facilities, however, can be
audited. Ideally, the premises should: (i) be more
than 2 km from intensive livestock units, landfill
sites, sewage-treatment plants, abattoirs, etc.; (ii)
preferably have closed bulk-bin storage or no
access of wild birds, cats or rodents to flat storage
areas; and (iii) have dedicated handling equip-
ment in the ingredient stores. Bacteriological
monitoring of major suppliers by testing samples
of spillage and dust from auger systems may also
be undertaken. The presence of Salmonella sug-
gests that the ingredients should only be used
with caution. If microbiological auditing of the

292 R.H. Davies and M.H. Hinton



supplier’s production premises is not practicable,
then more intensive sampling of material deliv-
ered from potential suppliers may be of value ini-
tially, as those with a problem can be eliminated
at an early stage.

The managers of feed mills can verify their
own Salmonella situation, in part, by analysing the
results obtained from testing ingredients and fin-
ished products, as specified by existing codes of
practice. This can be supplemented by the more
sensitive technique of testing material that has
spilled or dust that has escaped from junctions in
equipment in intake pits, ingredient bins, augers,
grinders and mixers, coolers, finished-product bin
augers and bagging plants/outloading gantries. This
approach is helpful for identifying problem areas,
since spillage and dust settlement tend to be rela-
tively localized and hence deductions can be made
about the likely source of contamination (Schmidt
and Hoy, 1996). The presence of several serovars
in the ingredient side of the mill suggests problems
with ingredient suppliers. Contamination detected
in ingredient-bin discharge augers, but not earlier
in the plant, suggests persistent contamination in
the bins. A high prevalence of contamination in
cooler areas (including air filters) and beyond sug-
gests persistent cooler contamination problems.
This system of sampling can be used on a one-off
basis, in order to establish the contamination status
of the mill and to identify potential problem areas,
by taking large numbers of samples throughout the
mill. A less intensive approach, based on regular
monitoring, may be of value, since it allows for
fluctuations in the level of contamination of ingre-
dients. When specific problems are identified,
scrape samples can be taken from inside equipment
to confirm the site of contamination. In the case of
coolers, samples of feed taken, before and after
cooling during the first 10 min after a shut-down
period will often identify residual contamination.
An HACCP-based monitoring system introduced
in Sweden has resulted in improvements in the
sensitivity of Salmonella detection and has identi-
fied many persistently infected mills, which were
not identified by monitoring ingredients and fin-
ished product (Eld et al., 1991; Malmqvist et al.,
1995). When the prevalence of Salmonella contam-
ination is low, initial evidence of the efficiency of
heat treatment can be obtained by assessing the
reduction of other thermophilic enterobacteria
after treatment (Veldman et al., 1995).

Selection of Feed Sources by
Customers

It is important to give Salmonella-free feed to
grandparent and parent poultry flocks and pri-
mary pig breeders. These breeders may wish to
carry out a risk assessment on potential new feed
mill suppliers, based on the same criteria dis-
cussed for ingredient producers. In addition to
this, prevention of the access of wild birds to
intakes and gantries is important, as are the over-
all tidiness and lack of moisture in the mill.
There is less risk of Salmonella contamination in
specialist poultry mills or pig and poultry mills,
since these do not produce ruminant rations,
which frequently include a wider range of poten-
tially contaminated vegetable proteins and are
usually pelleted at lower temperatures. Mills that
produce a high proportion of pelleted rations are
less likely to be subject to cross-contamination
from meals in finished-product storage and han-
dling areas. Poultry companies may also prefer to
obtain feed from mills that do not use poultry
proteins in feeds.

The results of testing of ingredients and fin-
ished products should be examined and, in some
cases, it may be worthwhile commissioning an
independent detailed microbiological audit of
the mill, in which every aspect of production,
including wildlife on the site, is checked for
Salmonella contamination.

Poultry-breeder customers should also
ensure that separate vehicles and storage bins are
always used for ingredients and finished products
and that the level of heat treatment is sufficient
to kill Salmonella. Organic-acid products added to
the feed should also be chosen to optimize the
level of active free acid in the finished ration,
and details of the mill’s policy for auditing ingre-
dient suppliers should be scrutinized.

The Significance of Feed as a Source
of Major Zoonotic Salmonella Serovars

Although the human population and livestock
industry is responsible for the production of large
quantities of faecal material contaminated with
S. enteritidis and S. typhimurium, which is subse-
quently released into the environment, these
serovars are rarely isolated during the monitoring
of feed ingredients and finished feeds (Barrow,
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1993; Bisping, 1993; Anon., 1996; Chief
Veterinary Officer, 1997). When most-probable-
number estimates of Salmonella levels are carried
out on finished feeds, they are usually very low
(Taylor and McCoy, 1969), but it is not certain
whether it is an individual organism that is being
counted or microcolonies ‘attached’ to small feed
particles. It has been suggested that the low num-
bers of Salmonella found in finished feed are likely
to be below the infective dose for all but newly
hatched chicks, but it is common to find the
same Salmonella serovars in poultry flocks as in
the feed and the feed mill environment, so the
occasional appearance of S. enteritidis and S.
typhimurium, which are more virulent in animals
than most other serovars, is likely to be signifi-
cant. In the case of S. typhimurium, the contami-
nation may be present in the form of discrete
rodent and bird droppings, in which the
Salmonella may have been ‘primed’ for enhanced
invasion by passage through a wildlife host (Lax
et al., 1995). Low numbers of Salmonella may also
cause infection in animals, including humans,
when protected from the intestinal defence
mechanisms by high concentrations of fat in the
feed. Salmonella present in low numbers in feed
may multiply in the warm, moist conditions that
may develop in, for example, feed bins that are
subject to condensation and ad lib feed hoppers,
where there may be a build-up of feed aggregates
moistened by saliva. The organism may also be
passaged through rodents, with subsequent cont-
amination of the environment from their faeces.

The Control of Salmonella in Feed

There are a number of ways by which the risks to
farm livestock posed by the presence of
Salmonella in animal feed can be either reduced
in number or eliminated. However, it must be
stressed that, since Salmonella can be transmitted
to farm livestock by many routes, their control in
feed must not be considered in isolation but,
rather, as part of a broader strategy for the overall
control of Salmonella infections (Oostrom, 1991).

Product management

It is essential that feed mills operate to appropri-
ate standards of good management practice

(GMP). This policy, which must involve the
active cooperation of the whole workforce and
may include the implementation of HACCP
principles, will automatically take account of all
relevant legislation and published codes of prac-
tice. The feed mill must have a workable layout
so that the pre- and post-processing areas are
clearly defined, and the employees and equip-
ment they use must be assigned to either one
place or the other.

The raw materials, additives and finished
products must be kept separate and stored under
hygienic conditions. The material should not 
be allowed to get wet, and all vertebrate and
invertebrate pests should be controlled as far as
possible.

Good ventilation and dust control are
important and different sectors of the feed mill
should have separate dust-filtration and extrac-
tion systems, so that recirculation of ‘polluted’
air, particularly to the ‘clean’ areas, is prevented.
The fixed and movable equipment should be
cleaned and, when necessary, decontaminated at
regular intervals, although care must be taken to
ensure that all surfaces coming into contact with
feed are thoroughly dried after any wet cleaning,
since the presence of moisture may allow residual
Salmonella to multiply. In practice, most mills
will limit regular decontamination to circulation
of an organic acid or acid/formaldehyde product.
Ingredient bins should be emptied and cleaned
on a rotational basis, whenever possible. The fre-
quency of cleaning will vary, depending on the
degree of risk to the product. 

Heat treatment

This subject has been referred to earlier, in the
section entitled ‘Salmonella Contamination in
the Compound-feed Mill’. To summarize, elimi-
nation of Salmonella and other pathogens from
feed by heat treatment depends on several fac-
tors, including: (i) moisture content of feed; (ii)
temperature; (iii) heating time; and (iv) initial
levels of contamination. The heat used routinely
during manufacture is often no more than suffi-
cient to reduce levels of bacteria such as the col-
iforms and Salmonella by a few 100- or 1000-fold
(e.g. Stott et al., 1975; Cox et al., 1983; Jones et
al., 1991; Davies, 1992; Veldman et al., 1995)
and hence sufficient Salmonella may persist after
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pelleting of highly contaminated rations for
Salmonella to become established, for example, in
chicks (Hinton and Linton, 1988).

Irradiation

Ingredients and finished feed have been treated
with doses of gamma irradiation of up to 10 kGy
without affecting nutritional quality (Williams,
1981; Leeson and Marcotte, 1993). Irradiation
has been used to eliminate Salmonella from feed
(Mossel et al., 1967; Williams 1981; Leeson and
Marcotte, 1993), although 10 kGy may prove
ineffective in vivo, since this dose may only delay
colonization of broiler chickens with Salmonella
and not prevent it (Hinton et al., 1987).

It has been suggested that a combination of
improved sanitation at the mill, pelleting feed at
the highest possible temperature and low-dose
irradiation of the bagged product would ensure
the destruction of all Salmonella and eliminate
the problem of recontamination. However, it is
unlikely that this method of decontamination
will be adopted by the industry for commercial
farm rations, because of: (i) the high costs of
installing irradiation facilities in a feed mill; (ii)
the logistics of transporting large amounts of feed
to regional treatment centres; and (iii) the diffi-
culties of dealing with a bagged feed system on
large farms. Its use may be justified, however, for
feed prepared for certain categories of specific-
pathogen-free animals or those kept for experi-
mental purposes, particularly laboratory rodents.

Chemical additives

Organic acids
Neither heat treatment nor irradiation will pro-
tect feed against recontamination during storage
and subsequent distribution. An alternative tech-
nique, which does provide some protection
against recontamination, is to add antimicrobial
compounds, such as organic acids, to the feed
(Hinton and Linton, 1988). These acids are
effective in reducing the prevalence of Salmonella
infections in poultry (Hinton and Linton, 1988;
Humphrey and Lanning, 1988), although they
only cause a small reduction in the number of
Salmonella in the dry feed (Duncan and Adams,
1972; Vanderwal, 1979; Banton et al., 1984;

Hinton and Linton, 1988; Humphrey and
Lanning, 1988). This suggests that the acids are
either inactive, or only slightly active, against
bacteria in these circumstances. However, the
feed becomes hydrated after it has been con-
sumed by the bird and it is probably at this stage
that the acids exert their antibacterial effect,
since they are only effective when the water
activity is sufficient to permit bacterial multipli-
cation.

Acid-treated feed should be given through-
out the rearing period, since the acids have no
beneficial effect once the birds have become col-
onized (Hinton and Linton, 1988). Similarly, the
acids are ineffective if the feed contains large
numbers of organisms, although efficiency can be
increased by increasing the concentration of the
acid (Vanderwal, 1979; van Staden et al., 1980;
Hinton and Linton, 1988). This approach may
be appropriate if a specific ingredient requires
decontaminating but it may not be suitable for
finished feed, on the grounds of cost and the
effects of reduced palatability (Cave, 1984).

Formaldehyde
This compound has a high level of activity
against Salmonella and is less likely to be inacti-
vated by the presence of organic matter than
most disinfectant groups. The action of formalde-
hyde is slow, however, and at least 3 h exposure is
required. This can be achieved by adding liquid
formaldehyde to the feed in a closed bin so that
the vapour permeates the bulk of the ration.
Previous work has shown superior decontamina-
tion of feed by formaldehyde, compared with acid
treatment (Duncan and Adams, 1972; Smyser
and Snoeyenbos, 1979; R.H. Davies, unpublished
data), so the licensing of formaldehyde-based
products to treat finished feed (Brown, 1996), as
well as ingredients, should enhance control of
Salmonella in feed as long as treatment is not used
to mask ongoing mill-hygiene problems.

Sugars
The control of Salmonella colonization by the
addition of lactose or mannose to the diet has
generally proved inconclusive and may prove
impracticable for a number of reasons, including
cost. It has been suggested that lactose, which is
not metabolized by the chick, may promote the
growth of lactose-fermenting bacteria, which
either compete directly with the Salmonella or
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produce volatile fatty acids that are toxic to them
(Corrier et al., 1990; Hollister et al., 1994). In
vitro studies involving mannose suggest that this
sugar may reduce the ability of Salmonella to
adhere to the cells of the intestinal tract
(Lindquist et al., 1987; Oyofo et al., 1989).

Fermentation

Heat treatment of contaminated feed ingredients
is expensive in terms of the energy required, and
bacterial fermentation may be an alternative,
particularly to render waste food and certain farm
wastes fit for use as feedstuffs. The process can be
made more effective by the addition of fer-
mentable carbohydrates, such as molasses, and/or
organic acids, such a propionic acid. The contra-
dictory nature of reports on the effectiveness of
fermentation, however, means that the process
may not prove suitable for commercial use, since
its success depends on an antimicrobial process
that cannot be guaranteed (Evans and Smith,
1986).

Growth Promoters and Salmonella
Shedding

Over the years, there has been much debate
about whether the inclusion of growth-promot-
ing antibiotics – agents that are generally active
against Gram-positive bacterial genera – in feed
favour the colonization of the intestinal tract
with Salmonella. There has been relatively little
published on this topic in recent years, particu-
larly with respect to Salmonella carriage in birds
reared on commercial farms, although the prob-
lems caused by a lack of veterinary supervision of
the use of growth-promoting antibiotics has been
highlighted recently (Richter et al., 1996).
Matthes (1985) reviewed the results of experi-
mental studies and concluded that shedding was
prolonged in some but not others. The majority
of investigations referred to involved the study of
broiler birds that were inoculated orally or were
reared in contact with orally inoculated birds.
There is relatively little information, however,
concerning challenge via feed, an important
potential source of Salmonella organisms for birds
reared under commercial conditions. Barrow et
al. (1984) reported that Salmonella shedding was

increased in birds given feed containing
avoparcin and contaminated by the inclusion of
unsterilized meat and bone-meal, while the
results obtained by Hinton et al. (1986), who
used naturally contaminated feed, were inconclu-
sive. Further studies, involving young chicks
given feed artificially contaminated with
Salmonella and containing either avoparcin, vir-
giniamycin or zinc bacitracin, have since been
reported (Hinton et al., 1992). The inclusion of
the growth promoter in the feed was associated
with an increase in the prevalence of Salmonella
colonization of between 15 and 20%. However,
the average number of Salmonella in caecal con-
tents of the positive birds was increased by less
that tenfold and hence the total numbers of
Salmonella within a group of birds remained
within the same order of magnitude. This means
that, in microbiological terms, the growth pro-
moter did not facilitate a ‘super’-infection in the
intestinal tract. Rather than ban their use on
these grounds, it would be more appropriate to
reduce the prevalence of Salmonella infections in
poultry by other means, so that any slight detri-
mental effect that the growth-promoting antibi-
otic may have becomes irrelevant. 

Antibiotic growth promoters may also select
for resistance genes, including particularly those
carried on plasmids. The risk that this may pose
to the health of human and farm livestock has
yet to be quantified, and it may never be possible
to do so with any accuracy, since there is usually
insufficient high-quality epidemiological infor-
mation available. Nevertheless, the use of
growth-enhancing antibiotics is now either
totally or partially banned within the European
Union and in certain other countries, because of
the perception that the treatment of certain cat-
egories of bacterial diseases in human patients
may be compromised by their continued use.

Conclusions

The presence of Salmonella in animal feedstuffs is
a well-recognized phenomenon and there is doc-
umentary evidence to link contamination of feed
given to farm livestock with the development of
salmonellosis in humans consuming foods of ani-
mal origin. However, given the large quantities
of animal feed that are consumed worldwide
every year, the risk of either farm animals or
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humans developing clinical infections caused by
strains originating from this source is small. On
occasion, however, the consequences can be seri-
ous, since the Salmonella may become widely dis-
tributed in the farm-animal and human
population, for example S. agona, which was
originally isolated from fish-meal. The simultane-
ous appearance of S. typhimurium definitive type
(DT) 104 in all livestock species also suggests the
possibility of an as yet unidentified feed source
(Davies and Wray, 1997).

The assessment or quantification of the risk
from animal feed will not be easy and will
inevitably involve some special considerations.
For example, different categories of livestock will
be on different feeding regimens and the ‘dose’ of
Salmonella required to initiate infection will be
dependent on a number of factors, including the
species and age of the animals, the serovar, the
concentration of the contaminated ingredient in
the ration and the total amount of feed con-
sumed. In addition, given appropriate conditions,
particularly with respect to moisture (Allen,
1997), Salmonella can multiply readily at any
time during the preparation, storage and distribu-
tion of the feed.

In theory, the application of heat is the sim-
plest way of decontaminating animal feed.
However, the process is expensive and its effec-
tiveness is influenced by factors such as the heat-
ing time, the temperature and the moisture
content of the feed. It also has no residual bene-

fit, since the treated feed may become recontami-
nated after the process is complete (Wierup et al.,
1995). An alternative approach could involve
several treatment processes or ‘hurdles’ – for
example, the addition of antimicrobial agents,
such as organic acids, and the application of heat
and irradiation. A combination of organic-acid
treatment and heat treatment is the only cur-
rently permissible method in the UK, and it is
used by primary poultry breeders to ensure, as far
as possible, Salmonella-free feed. Now that
formaldehyde treatment has been approved for
use in finished feed, it is likely that it will be
more widely used.

It is essential that the strategy adopted for
the control of Salmonella in feed forms part of a
comprehensive coordinated control programme
that covers the whole chain of production of
foods of animal origin, from ‘farm to fork’.
Clearly, if this approach is to have any chance of
success, it will require the active cooperation of
many disparate organizations, including the pri-
mary producers, food processors, distributors,
retailers and law-enforcement agencies. It is
equally important that each of these partners’
appreciates the other’s problems, that the costs of
the control measures are borne equitably and
that one sector of the food industry is not
expected to bear an unreasonable proportion 
of consequences of a failure, should the agreed
control measures that are introduced prove
unsuccessful.
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Introduction

Despite increasing emphasis on hygiene control
in the production and processing of poultry,
problems caused by food-borne human infections
from this source persist in many countries.
Salmonella is known to be one of the most com-
mon human pathogens in poultry. This is due to
modern methods of hatching and rearing the
birds, which separate the generations from each
other and leave the young vulnerable to invading
pathogens (Baird-Parker, 1991; Bryan and Doyle,
1995).

It is well known that poultry can be success-
fully immunized against systemic infection by the
host-specific serovar S. gallinarum, which has
been virtually eradicated in developed countries.
In contrast, colonization by most of the non-
host-specific serovars that can infect poultry is
largely confined to the gastrointestinal tract and
is usually asymptomatic. It cannot be assumed
that immunological control of these organisms
can be obtained in the same way (Barrow, 1991).
Although there is evidence that the immune sys-
tem is involved in the normal clearance of food-
poisoning Salmonella from the alimentary tract of
chickens (Barrow et al., 1988, 1990; Mead and
Barrow, 1990), the main reason for adult birds
being relatively resistant to Salmonella coloniza-
tion is their complex intestinal microflora, which
occupies the ecological niches sought by
Salmonella. Newly hatched poultry, on the other
hand, are susceptible to a variety of enteric dis-

ease agents, because their intestinal flora has yet
to develop. In comparison, the flora of young
mammals becomes fully established between 24
and 48 h of age and will remain reasonably stable
thereafter (Ducluzeau, 1983).

Before intensive production systems were
introduced, newly hatched birds acquired the full
variety of intestinal bacteria during their first day
or so of life. The organisms were obtained from
the eggshells and by pecking at the faeces of
adult birds. The bacteria rapidly colonized the
intestine of the young bird, coating the intestinal
mucosa and preventing the intrusion of
Salmonella and other undesirable bacteria. The
caeca are the main site for Salmonella coloniza-
tion in poultry and the part of the gut that offers
the most stable environment for microorganisms.
The observation that the natural resistance of
young birds to Salmonella infection increases with
age was first reported by Milner and Shaffer
(1952), but some 20 years then elapsed before
both an explanation and a possible solution to
the problem of early susceptibility to infection
were provided by Nurmi and Rantala (1973).
The phenomenon by which Salmonella is sup-
pressed by the normal flora is known as ‘competi-
tive exclusion’ (CE) and is sometimes described
as the ‘Nurmi concept’, when referring to poultry
(Pivnick and Nurmi, 1982).

Although the CE concept applies to different
types of habitat in virtually all animals, this 
chapter will deal solely with the control of intesti-
nal colonization by human enteropathogens in
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chickens and turkeys, a topic studied most inten-
sively during the past quarter of a century.

The Intestinal Microflora

The intestinal microflora of the chick changes
markedly with age. Initially, the gut contains
bacteria belonging to only a few genera and these
appear rapidly, derived, presumably, from the
hatchery environment. Thus, within a few hours
of hatching, genera of Enterobacteriaceae and
species of Enterococcus and sometimes Clostridium
may occur in the caeca and scattered throughout
the remainder of the alimentary tract. Species of
Lactobacillus become established by about the
third day after the start of feeding. The native
adult flora in the small intestine appears within
the first 2 weeks of life, but the caecal flora can
take more than 4 weeks to develop (Barnes et al.,
1972, 1979b; Mead and Adams, 1975).

The caecal microflora is ultimately domi-
nated by obligate non-sporing anaerobic bacteria,
including species of Bacteroides, Fusobacterium,
Peptostreptococcus, anaerobic Streptococcus,
Eubacterium and Bifidobacterium, and budding
bacteria, such as Gemmiger. More than 40 differ-
ent types of anaerobic Gram-negative and Gram-
positive non-sporing rods and cocci have been
isolated and characterized. At least 17 different
species of Clostridium have also been isolated
from the caecal contents (Barnes and Impey,
1970; Salanitro et al., 1974, 1976; Barnes, 1979;
Barnes et al., 1979b; Croucher and Barnes,
1983). Apart from fusiforms, typical members of
Bacteroides and Bifidobacterium did not appear as
major components of the flora until 4 weeks of
age (Barnes, 1977). It is easy to understand that
the slow development of a mature caecal
microflora makes chicks very susceptible to colo-
nization by enteropathogens.

The Competitive Exclusion Concept

The CE concept may be defined as ‘the early
establishment of an adult intestinal microflora to
prevent subsequent colonization by
enteropathogens’. Tanami (1959) showed that
Lactobacillus acidophilus or Lactobacillus bifidus
given to germ-free guinea-pigs prior to the addi-
tion of Escherichia coli caused a decrease in the

number of E. coli found, and a great excess of L.
bifidus eradicated the organism from the intestine
of the guinea-pigs. The term ‘competitive exclu-
sion’ was used for the first time by Greenberg in
1969. He showed that the exclusion of S.
typhimurium from maggots of blowflies was so
effective that the bacterium survived in the gut
only if the normal microbiota was simplified or
omitted. ‘Colonization resistance’ is an analagous
term that was introduced by van der Waaij et al.
(1971) in studying the intestinal populations in
mice. The term ‘competitive inhibition’, which
was used by Lloyd et al. (1974), would be more
appropriate in the present context, because exclu-
sion of Salmonella is rarely complete.

Microbial interactions and the mechanisms
by which indigenous intestinal microorganisms
inhibit colonization by invading pathogens are
not yet fully understood. There is also a lack of
information on the bacteria involved, although
moderately effective mixtures of pure cultures
have been developed (see below). Apparently,
the only universally accepted fact concerning the
mechanism of CE is that protection depends
upon the oral administration of viable bacteria,
especially anaerobes. Blanchfield et al. (1982)
obtained good protection of chicks against
Salmonella infection by oral administration of
10�5 g of faeces and similar protection was
obtained with anaerobic broth cultures derived
from 10�7 g of caecal or faecal material
(Blanchfield et al., 1984). As the quantity of
inoculum was reduced from 10�7 g to 5 � 10�10 g,
there was a gradual loss of protective activity.
Excellent protection was evident with inocula of
10�7 g and even inocula of 10�8 g resulted in
cultures that completely protected over 50% of
challenged birds. Treatment cultures prepared
with 10�10 g did not give any protection. This
suggests that all the bacterial species needed for
fully protective cultures were present only at a
level of 107 – 108 g�1 of caecal or faecal contents.

Different kinds of in vivo and in vitro models
have been used to study the mechanism of CE. In
vivo models include infant, antibiotic-treated and
germ-free animals, while in vitro models, which
are considered to be less relevant than experi-
ments with animals, include batch, continuous-
flow (CF) and agar cultures (Savage, 1977; Barnes
et al., 1979a; Freter et al., 1983; Rolfe, 1991).

Among the mechanisms by which one or
more bacterial species may inhibit proliferation
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or reduce the numbers of other bacterial types are
the following (Rolfe, 1991).

1. Creation of a restrictive physiological envi-
ronment.
2. Competition for bacterial receptor sites.
3. Elaboration of antibiotic-like substances.
4. Depletion of or competition for essential sub-
strates.

These are discussed in the following sections.

Creation of a restrictive physiological
environment

Volatile fatty acids (VFA), including acetic, pro-
pionic and butyric acids, which are produced by
caecal anaerobes, are known to be inhibitory to
Salmonella, especially in the undissociated state
below pH 6.0. Meynell (1963), in studying the
exclusion of S. typhimurium from the mouse gut,
came to conclusion that Salmonella failed to mul-
tiply because of the combined inhibitory effects
of a low oxidation–reduction potential (Eh) and
short-chain fatty acids produced by the normal
gut flora. He came to this conclusion after elimi-
nating the caecal flora with streptomycin and
finding that the antibiotic also abolished the
mechanism responsible for removing Salmonella
from the gut. At the same time, Meynell (1963)
observed a decrease in concentration of fatty
acids and a rise in pH and Eh.

The importance of VFA as part of the mech-
anism of CE has also been reported by others
(Barnes et al., 1979a; Nisbet et al., 1993; Corrier et
al., 1995a, b). On the other hand, Seuna (1979)
and Soerjadi et al. (1981a) found that protection
against an oral Salmonella challenge starts to
become apparent only 1–2 h after CE treatment.
A similar observation was made by Mead et al.
(1989b) when studying the effect of CE treatment
on the transmission of S. enteritidis between chick-
ens in delivery boxes. All these studies indicate
that, initially, protection is predominantly a physi-
cal phenomenon rather than one involving syn-
thesis of VFA or other metabolites.

Competition for bacterial receptor sites

The ability of bacteria to adhere is important in
establishing or maintaining colonization of

mucosal surfaces (Savage, 1977). The bacterial
glycocalyx, which is considered to be any poly-
saccharide-containing component outside the
cell wall (Costerton et al., 1981), is thought to
mediate adherence of protective bacteria to each
other and to the intestinal epithelium of the
chick (Soerjadi et al., 1982b). Thus, a layer of
cells is formed, and this blocks receptor sites for
Salmonella attachment (Fuller and Turvey, 1971;
Snoeyenbos et al., 1979; Savage, 1983; Schleifer,
1985).

The ability to adhere to epithelial cells in
vitro is a common property of Lactobacillus. Fuller
and Brooker (1980) described surface fibrils and
microcapsules as colonization determinants and
Wadström et al. (1987) explored the role of sur-
face hydrophobicity in the adherence of
Lactobacillus. The proteinaceous nature of some
determinants was demonstrated by Henriksson et
al. (1991), while Conway and Adams (1989)
showed that adherence of Lactobacillus is not
mediated by extracellular polysaccharide. A pro-
teinaceous surface layer (S layer) has been
detected in many Gram-negative bacteria, e.g.
in Campylobacter fetus (Fujimoto et al., 1989), as
well as in Gram-positive organisms, e.g.
Clostridium symbiosum (Messner et al., 1990),
Eubacterium spp. (Sjögren et al., 1988) and
Lactobacillus spp. (Kawata, 1981; Schneitz et al.,
1993).

Loss of contact with the epithelial cell and
its inductive influence may alter bacterial physi-
ology. For example, Fujimoto et al. (1989)
reported that a strain of C. fetus lost its S layer
during cultivation on laboratory media but
regained it after a single animal passage.
According to Ray and Johnson (1986), the S
layer can also be damaged by certain manipula-
tions, e.g. freeze-drying. Schneitz et al. (1993)
also noticed that changes in mode of growth
and ultrastructure of L. acidophilus, which coin-
cided with the loss of adherence to epithelial
cells in vitro, resulted in simultaneous loss of CE
capability in vivo.

Elaboration of antibiotic-like substances

The antibiotic-like metabolites elaborated by
native gut organisms include a wide range of
inhibitory substances of differing chemical com-
position and modes of action. Bacteriocins are

Competitive Exclusion 303



the most comprehensively studied in this respect,
but their significance as regulators of bacterial
populations remains unclear (Rolfe, 1991).

Depletion of or competition for essential
subtrates

The importance of competition for growth-limit-
ing nutrients as a means of controlling microbial
populations is difficult to evaluate in vivo,
because of inhibitory factors in the intestinal
environment (Rolfe, 1991).

Mechanisms discussed in the above two sec-
tions have been studied in relation to pathogens
other than Salmonella and host systems other
than poultry. Their role in the avian alimentary
tract has yet to be investigated systematically. In
addition to the mechanisms suggested above,
there are a multitude of host-dependent factors
that interact with the normal intestinal
microflora and hence could influence the exclu-
sion of pathogens. However, it is extremely
unlikely that any single mechanism is responsi-
ble for excluding invading pathogens from the
intestine.

Development of CE Preparations

Probiotics

The CE concept was first associated with probi-
otics, the use of which originates from the work
of Elie Metchnikoff, a Russian biologist working
at the Pasteur Institute at the turn of the century
(Metchnikoff, 1908). He became convinced that
fermented milks containing so-called ‘lactic acid
bacteria’ were responsible for the longevity 
of Bulgarian farming families. It was assumed that
the introduction of a benign non-toxigenic 
gut flora created conditions that favoured good
health.

Probiotic products that are currently avail-
able are a heterogeneous group of preparations
that contain microorganisms or microbial
metabolites from various sources (Fuller, 1989;
Juven et al., 1991) and are used in agriculture to
promote the growth of food animals and to 
control conditions such as scouring. Also,
Lactobacillus reuteri, together with whey, has been
shown to reduce Salmonella colonization in

turkeys (Edens et al., 1991) and chick mortality
associated with egg-borne E. coli was reduced by
in-hatcher exposure to L. reuteri (Edens et al.,
1994). Otherwise, various probiotics tested in
controlled chick assay trials have not been found
to prevent or reduce Salmonella colonization in
poultry (Hinton and Mead, 1991; Stavric et al.,
1992a).

The World Health Organization (WHO,
1994) suggested that undefined CE preparations
of the kind now used commercially should be 
distinguished from live probiotics, which are
preparations of only one or a few strains of
microorganisms.

Preparations of native intestinal
microorganisms

Undefined, mixed cultures
In their preliminary work, Nurmi and Rantala
(1973) used diluted material from the crop and
intestinal tract of adult chickens to protect newly
hatched chicks against a challenge with S. infan-
tis. Later, a similar degree of protection was
obtained using the third daily subculture from an
anaerobic broth culture of intestinal contents
(Rantala and Nurmi, 1973). The results of this
study have been confirmed and extended by sev-
eral research groups around the world and
reviewed by Pivnick and Nurmi (1982), Schleifer
(1985), Mead and Impey (1987), Schneitz
(1993) and Stavric and D’Aoust (1993).

Lloyd et al. (1977) increased the resistance
of newly hatched chicks and turkey poults to col-
onization with S. typhimurium by oral pretreat-
ment with filtered (glass-wool) caecal material
from a mature bird. Material from other areas of
the alimentary tract was less protective.

Most investigators who have used anaerobic
broth cultures for protective purposes have uti-
lized a modified Viande Levure (VL) medium
(Barnes and Impey, 1971). The advantages of
these cultures are that they can be subcultured
many times without losing their effectiveness
(Snoeyenbos et al., 1978; Mead and Impey, 1986)
and non-bacterial pathogens, such as viruses and
protozoa, which are unable to proliferate in 
bacteriological culture media, are diluted out on
subculture. The cultures can be tested directly 
to ensure the absence of known bacterial
pathogens.
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To minimize the risk of transferring any
pathogens present from donor birds to recipients,
Snoeyenbos et al. (1979) used faeces from a spe-
cific-pathogen-free (SPF) flock as the inoculum
material. Birds in this flock had acquired their
gut microflora by oral inoculation from a group of
conventional birds, specially selected as one
offering particularly good protection. This
approach is said to avoid the problem of insuffi-
cient protection due to the retarded development
of the intestinal microflora in SPF birds (Coloe et
al., 1984; Impey et al., 1984; Mead and Impey,
1986).

Defined cultures
The main point in developing defined treatment
preparations is to avoid the necessity of testing
the product for pathogens. Thus, numerous
attempts have been made to use a variety of pure
cultures for protective purposes, but, despite
some success, the results have generally been dis-
appointing (Stavric and D’Aoust, 1993).

Newly hatched chicks were protected to
some extent against colonization by S.
typhimurium when given pure cultures of a
Clostridium sp. (Rigby et al., 1977) or Enterococcus
faecalis (Soerjadi et al., 1978). Protection was also
obtained with a mixture of 23 bacterial strains,
including species of Lactobacillus and other facul-
tatively and strictly anaerobic strains originating
from caecal material (Barnes et al., 1980b). Impey
et al. (1982, 1984) have reported protective activ-
ity equivalent to that of caecal cultures with mix-
tures of 48 and 65 organisms, in which Bacteroides
were numerically predominant. However, neither
of the two defined-culture mixtures from chicken
provided any protection against Salmonella colo-
nization in turkey poults (Impey et al., 1984).
Stavric et al. (1985) also succeeded in protecting
chicks using a mixture of 50 pure cultures. Less
protection was evident when the challenge dose
was increased beyond 104 colony-forming units
(cfu) per chick or when the number of cultures in
the mixture was reduced. The proportion of
strains from individual genera differed from that
used by Impey et al. (1982). When newly hatched
chicks were inoculated with a mixture of 11 pure
cultures originating from a CF culture of caecal
material, together with dietary lactose, caecal col-
onization by S. typhimurium was reduced by log10
3.59 units compared with the control group

(Nisbet et al., 1993). A mixture of 295 pure cul-
tures of obligate anaerobes did not provide any
protection against S. infantis, according to Goren
et al. (1984a). On the other hand, a mixture of
only three cultures of E. coli, isolated from sewage
and from an abattoir, produced a substantial
reduction in caecal populations of S. typhimurium
over a period of 7 weeks (Barrow and Tucker,
1986). However, the strains were not equally
effective against other Salmonella tested. Barrow et
al. (1990) and Berchieri and Barrow (1990)
reported a profound inhibition of S. typhimurium
F98 induced by an avirulent rough-mutant strain
of the same organism. Similar inhibition was
obtained between two homologous strains of
Citrobacter sp. and the same occurred with strains
of E. coli (Barrow et al., 1987).

The antagonistic effect of Lactobacillus on
the ability of Salmonella to colonize the alimen-
tary tract of young chicks has been studied exten-
sively (reviewed by Juven et al., 1991). Although
evidence is conflicting, at least L. acidophilus
(Schneitz et al., 1993) and L. reuteri appear to be
involved in CE of pathogens from the alimentary
tract of both chickens and humans (Reid et al.,
1990; Edens et al., 1991, 1994; Dunham et al.,
1994). Soerjadi et al. (1981b) showed that
Lactobacillus reduced the number of Salmonella
adhering to chicken crop epithelium by log10 1–2
units. On the other hand, Lactobacillus given
alone or together with a few other pure cultures
had no effect in reducing Salmonella colonization
of the caeca (Barnes et al., 1980a; Weinack et al.,
1985b).

All the pure-culture preparations described
to date have one feature in common (disregard-
ing mutant strains of Salmonella and E. coli,
which may be unacceptable from the public-
health point of view): they give good or rela-
tively good protection at first, but, when used
successively over a long period of time, they tend
to lose their effectiveness. There is no clear
explanation for this, but the use of artificial labo-
ratory media in isolating and cultivating the
organisms may well change their physiology.
Growing the strains together partially overcomes
the problem (Stavric, 1992). Furthermore,
Nisbet et al. (1996) have claimed that growing
the organisms as a mixture under conditions of
continuous culture is a way of stabilizing their
protective activity.
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Commercial CE products

At present, the commercially available CE prod-
ucts are AviFree, Aviguard, Broilact and Preempt
(formerly CF3; DeLoach 29 in Japan). They are
all essentially undefined, despite the claim that
Preempt is a defined preparation. An L. reuteri
culture is also marketed as a CE product, but
appears to be, according to the results presented,
relatively ineffective against enteropathogens.

AviFree
Evidently AviFree is an undefined mixed culture
of whole caecal content from an adult chicken. It
was developed by Alltech Ltd and launched in
1996. There is very little information concerning
the composition or effectiveness of AviFree, but,
according to Newman and Spring (1996), it was
moderately protective against S. typhimurium 29E.

Aviguard
Aviguard is a lyophilized mixed culture developed
by Life-Care Products Ltd in the UK and now
marketed by Bayer AG. It was launched in 1993.
Aviguard is a culture of caecal content from an
adult SPF chicken. In small-scale trials, the prod-
uct protected turkey poults against S. typhimurium
(Cameron et al., 1997) and S. kedougou
(Ghazikhanian et al., 1997) and chickens against
S. enteritidis (Guillot et al., 1997). A successful
field trial was also carried out (Deruyttere et al.,
1997). Aviguard was successfully given to older
birds after therapeutic doses of antibiotics to
regenerate the intestinal microflora and prevent
reinfection with Salmonella (Reynolds et al.,
1997).

Broilact
Broilact was the first commercial CE product and
was developed by the Orion Corporation in
Finland. It was launched in Finland and Sweden
in 1987 and, since 1994, has been sold as a
lyophilized preparation. Attempts have been
made to characterize the principal microorgan-
isms present. In total, 32 different types of bacte-
ria were isolated, including 22 strictly anaerobic
rods and cocci, representing five genera, and ten
different facultatively anaerobic rods and cocci,
representing three genera. Spore-formers were
not found in this product.

An ability to associate with the intestinal
epithelial surface is a common characteristic of

microbes that colonize the alimentary tract
(Rolfe, 1991; Schneitz et al., 1993). Competition
for adherence sites on the mucosa is one of the
suggested mechanisms of CE, and Broilact is
based on this hypothesis (Nurmi et al., 1987).
Most of the scientific investigations that have
been carried out to date on commercial treat-
ment preparations have been on Broilact. The
work has shown that this product gives good pro-
tection in chicks, not only against caecal colo-
nization, but also against subsequent invasion of
specific organs (heart, liver and spleen) by S.
enteritidis phage type (PT) 4 or S. typhimurium
(Mead et al., 1989b; Bolder et al., 1992; Cameron
and Carter, 1992; Nuotio et al., 1992; Schneitz,
1992; Methner et al., 1997). Broilact was also
shown to be effective against Salmonella in the
field (Wierup et al., 1988, 1992; Bolder et al.,
1995; Palmu and Camelin, 1997). In one of these
studies, Bolder et al. (1995) reported an addi-
tional protective effect against Campylobacter
spp. In another study, protection was also
obtained against both avian pathogenic E. coli
and E. coli O157:H7 (Hakkinen and Schneitz,
1996). Furthermore, treatment of chicks with
Broilact has been shown to decrease mortality
due to necrotic enteritis and hepatitis and to
reduce caecal levels of Clostridium perfringens,
which is one of the causative agents of necrotic
enteritis (Elwinger et al., 1992; Kaldhusdal et al.,
1998). With older birds, Broilact has been used
successfully following antibiotic therapy to
regenerate the intestinal microflora (Johnson,
1992; Humbert et al., 1997; Reynolds et al.,
1997). Field studies also indicate improvement in
bird performance in terms of higher body weight
and lower mortality in Broilact-treated birds
(Bolder et al., 1995; Palmu and Camelin, 1997).
The results of a laboratory-scale study showed
that the treatment decreased the viscosity of the
ileal contents and increased the faecal dry-matter
content. It also improved the metabolizable
energy (ME) value of the feed, increased the
concentration of propionic acid in the caeca and
decreased that of butyric acid in the ileal con-
tents (Schneitz et al., 1998).

Preempt
Preempt, formerly called CF3 (Hume et al.,
1998) (DeLoach 29 in Japan), is a mixed culture
developed by Corrier et al. (1995a), using a CF
culture system and low pH of the culture medium
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to select for certain facultative and obligate
anaerobes. The starting material was a
homogenate of caecal tissue and contents
prepared from 10-week-old broiler chickens
(Corrier et al., 1995b; Nisbet et al., 1995, 1996).
It has been shown to reduce Salmonella coloniza-
tion in laboratory trials and in the field and to
improve bird performance (Corrier et al.,
1995a,b, 1998).

Milk Specialties Co. has developed the
commercial version of CF3 (Burns, 1995).
Altogether, 29 different strains of bacteria have
been isolated from CF3, including 14 strictly
anaerobic rods and cocci, representing seven
genera, and 15 facultatively anaerobic rods and
cocci, representing seven genera. However, only
one non-selective medium was used to isolate the
anaerobes from CF3 and one non-selective and
one selective medium were used to isolate the
facultative anaerobes (Corrier et al., 1995a). It is
therefore unlikely that all the organisms present
would have been recovered.

Other CE preparations

MSC
A preparation designated MSC (mucosal
starter culture), which is identical to MCE
(mucosal competitive exclusion), was devel-
oped by Stern et al. (1995). It was shown to be
effective in both laboratory and field trials for
controlling Salmonella in chickens
(Blankenship et al., 1993; Bailey et al., 1997).
There was also some activity against
Campylobacter (Stern, 1994; Stern et al., 1995).
The preparation is of undefined composition,
derived from scrapings of washed caeca or
caecal sections incubated anaerobically in an
appropriate culture medium (Stern, 1990).
Continental Grain Co. holds a licence for
product manufacture (Anon., 1995).

Lactobacillus reuteri
The protective effect of L. reuteri against
enteropathogens is based on its ability to produce
reuterin, a broad-spectrum antibiotic (Talarico et
al., 1988). Very little information is available
concerning the use of this organism in poultry
and its ability to prevent intestinal colonization
with enteropathogens. However, it is claimed
that in ovo treatment reduces chick mortality

caused by Salmonella (Dunham et al., 1994). In
another study, however, L. reuteri given in ovo to
turkey poults had only a minor effect against S.
typhimurium (Edens et al, 1997).

Saccharomyces boulardii
This is a yeast that is also used as a human probi-
otic. It was reported to reduce Salmonella infec-
tion of chicks when administered in ovo or via
the feed, and has been given to the birds just
before transportation from the farm to the pro-
cessing plant (Line, 1997). Enteropathogens
appear to adhere to the yeast surface and are
removed from the bird when the yeast is voided
with the faeces.

Vermicompost
The preparation known as vermicompost was
produced by feeding the earthworm Eisenia
foetida on a mixture of fresh chicken faeces and
vegetable matter, the faeces being obtained from
an SPF adult bird (Spencer and Garcia, 1995).
This approach was seen as a means of producing
large quantities of protective material easily and
inexpensively. The material effectively protected
chicks against a Salmonella challenge.

Applicability of Competitive Exclusion

Pathogen specificity

Studies carried out in several countries have
shown that the CE concept applies to all
serovars of Salmonella that are capable of intes-
tinal colonization in the chick (Pivnick and
Nurmi, 1982; Schleifer, 1985; Mead and Impey,
1987; Schneitz, 1993; Stavric and D’Aoust,
1993).

Although aimed originally at the control of
Salmonella infections, it has been shown experi-
mentally that CE treatment also protects chicks
against pathogenic E. coli (Soerjadi et al., 1981a;
Weinack et al., 1981, 1982, 1984; Stavric et al.,
1992b; Hakkinen and Schneitz, 1996), Yersinia
enterocolitica (Soerjadi-Liem et al., 1984b) and
Campylobacter jejuni (Soerjadi et al., 1982a;
Soerjadi-Liem et al., 1984a; Stern, 1994; Mead et
al., 1996). In addition, CE treatment decreases
mortality due to necrotic enteritis and hepatitis
and reduces levels of caecal C. perfringens, which
is one of the causative factors in necrotic enteritis

Competitive Exclusion 307



(Barnes et al., 1980b; Snoeyenbos et al., 1983;
Elwinger et al., 1992; Kaldhusdal et al., 1998). In
a 7-day study, CE treatment also significantly
reduced caecal colonization by Listeria monocyto-
genes (Hume et al., 1998). On the other hand,
Husu et al. (1990) reported that, in their study,
most chicks eliminated L. monocytogenes from the
body within 9 days after peroral inoculation with-
out any treatment.

Host specificity

Protection of newly hatched chicks against
Salmonella colonization using material from adult
birds of the same species seems to be indepen-
dent of the breed, strain or sex of bird, even
though individual differences exist with respect
to protective capability. Chickens can be pro-
tected to some extent by the microflora of a few
other species of birds (Snoeyenbos et al., 1979;
Weinack et al., 1982; Impey et al., 1984), but
material from other animals, e.g. horse and cow,
has proved to be ineffective (Rantala and Nurmi,
1973). Weinack et al. (1982), Impey et al. (1984)
and Schneitz and Nuotio (1992) showed that
native chicken and turkey microflora provided
reciprocal protection in chicks and turkey poults.
However, defined cultures used experimentally
appear to be completely specific for the avian
species from which the organisms were obtained
(Impey et al., 1984).

Laboratory experience

The effectiveness of CE treatment has been eval-
uated and proved in numerous laboratory-scale
trials involving small groups of birds (reviewed
by Pivnick and Nurmi, 1982; Schleifer, 1985;
Mead and Impey, 1987; Schneitz, 1993; Stavric
and D’Aoust, 1993). In these trials, the chicks
have been housed in cardboard boxes, cages or
isolators with wire-mesh floors, or in wire-walled
or solid-walled pens on concrete floors covered
with litter. Three methods of administering the
treatment material have been used: dosing of
individual birds, treatment via drinking-water or
spraying. The most frequent method of challenge
is by dosing individual birds, although the seeder-
bird technique and challenge via feed or water
have also been used (Weinack et al., 1979;

Linton et al., 1985; Mead et al., 1989b; Hinton,
M. et al., 1991; Schneitz et al., 1991; Schneitz,
1992; Bailey et al., 1998; Corrier et al., 1998).
Usually the trial lasts for 1 week. Both the rear-
ing conditions and the method of administration
may affect the results obtained. Chicks kept in
cages with wire floors may be less prone to sec-
ondary challenge from their environment when
any bird in the group starts to shed Salmonella.
Dosing of individual birds is the most effective
way to administer the treatment material,
whereas spraying small groups of chicks effec-
tively is difficult. The interval between treatment
and challenge and the length of the rearing
period may also affect the results. Experience has
shown that the results are improved if the inter-
val between treatment and challenge is pro-
longed. A longer rearing period has the effect of
reducing Salmonella levels in the caeca, since
Salmonella infections tend to be self-limiting in
older birds.

In an attempt to standardize the methods
used to evaluate different CE preparations, Mead
et al. (1989a) described a recommended assay.
Newly hatched chicks are treated orally on day 1,
challenged orally with Salmonella 24 h later and
examined 5 days after challenge to determine
both the proportion of positive birds in treated
and control groups and the levels of Salmonella
carriage in infected individuals. The efficacy of
the treatment is determined by the calculation of
an infection factor (IF) value, which is the geo-
metric mean of the number of Salmonella per
gram of caecal content for all chicks in a particu-
lar group, and a protection factor, which is
obtained by dividing the IF value for the control
group by that for the treated group (Pivnick et
al., 1985).

Field experience

Carrying out reliable field trials is difficult
because artificial challenge cannot be used. Some
of the chicks may also be contaminated with
Salmonella from the hatchery. Although there is
evidence that levels of Salmonella infection in
commercial broiler flocks can be reduced by the
use of CE (Blankenship et al., 1993; Bolder et al.,
1995; Palmu and Camelin, 1997), treatment
must precede infection for maximum benefit
(Seuna, 1979; Corrier et al., 1998).
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CE preparations have been used routinely in
Finland since 1976 (Raevuori et al., 1978) and
now practically all Finnish broilers are given the
treatment. The long-term use of CE preparations
appears to have contributed significantly to the
decline in Salmonella contamination of both
flocks and carcasses (Hirn et al., 1992) – a point
that is often overlooked. The percentage of
Salmonella-contaminated broiler flocks over this
decade has averaged 2.0 (range 0.5–3.8%,
Annual Reports of the National Veterinary and
Food Research Institute).

In Sweden, CE treatment has been used
since 1981, and an epidemiological study con-
ducted by Wierup et al. (1988) during a period
when Salmonella was being spread from contami-
nated feed also supported the view that CE treat-
ment can be effective under field conditions.
During 1981–1990, 179 flocks, involving 3.82
million chicks, were treated and only one of
these flocks was found subsequently to be
infected with Salmonella (Wierup et al., 1992).
The use of CE treatment in Sweden is now
required by law, so that two consecutive broiler
or turkey flocks following a Salmonella-infected
flock must be given a CE preparation. The inci-
dence of Salmonella in Swedish poultry is very
low and poultry meat is currently marketed as
‘Salmonella-free’. However, the industry in
Sweden, as in Finland, is relatively small and the
climate is colder than in many other countries.
These factors may facilitate the control of
Salmonella by CE treatment and other means.

CE preparations are normally given to
newly hatched chicks or turkey poults as soon as
possible after hatch, either in the hatchery or on
the farm. Because the treatment is prophylactic
rather than therapeutic, the chicks should be
Salmonella-free prior to treatment. However, a
reduction in Salmonella infection has been found
in flocks that were Salmonella-positive in the
hatchery (Blankenship et al., 1993; Bolder et al.,
1995; Palmu and Camelin, 1997). The treatment
has also been given successfully to older birds
after antibiotic therapy to eliminate an existing
Salmonella infection (e.g. Johnson, 1992;
Reynolds et al., 1997). The combined treatment
may thus avoid the necessity of slaughtering
breeding stock that is infected with invasive
Salmonella, i.e. S. enteritidis and S. typhimurium, as
required within the European Union (EU).

Both drinking-water administration and

spraying in the hatchery are suitable for dosing
birds under field conditions. Individual adminis-
tration is restricted to treatment of valuable élite
stock, where the number of birds to be treated is
low.

Initially, the only way of administering CE
preparations in the field was via the first drinking-
water. This method was used successfully in
Sweden by Wierup et al. (1988, 1992). However,
the method has its disadvantages. Sometimes,
some of the chicks fail to drink prior to feeding
and protection spreads unevenly among the flock
(Schneitz et al., 1991). Also, the viability of the
anaerobic organisms in the treatment preparation
shows a rapid decline, especially in chlorinated
water, and the product becomes ineffective before
all the chicks have received an adequate dose
(Seuna et al., 1978). In addition, chicks may be
exposed to Salmonella in the hatchery or during
transportation to the farm and even earlier if
there is vertical transmission from infected breed-
ers. In the first two cases, treatment on the farm
via drinking-water would be too late (Seuna,
1979). With respect to vertical transmission, CE
treatment is likely to have little effect, though the
spread of Salmonella among the chicks can be
restricted by the use of CE (Mead et al., 1989b;
Bailey et al., 1998; Corrier et al., 1998).

The use of aerosols as a method of adminis-
tering CE preparations was suggested by Pivnick
and Nurmi (1982). Subsequently, Goren et al.
(1984b; 1988) developed a method of spray
application to treat newly hatched chicks in the
hatchery, either in the hatchers themselves or in
delivery boxes. Spraying in the hatcher, followed
by drinking-water administration on the farm,
was used by Blankenship et al. (1993) and shown
to be effective in controlling Salmonella infec-
tion, but there is no evidence that a double treat-
ment of this kind is necessary to obtain
maximum protection.

Spray application, either manual (Schneitz
et al., 1990) or automated (Schneitz, 1992),
enables chicks to be treated at the earliest possi-
ble point after hatching and ensures an even
spread of the treatment material. Spray applica-
tion does not have any adverse effects on the
health or performance of the birds during grow-
out (Corrier et al., 1995b; Palmu and Camelin,
1997). The results of studies performed by several
research groups and the 7-year field experience in
Finland show that both manual and automated
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spray application are effective means of dosing
newly hatched chicks.

The possibility of chicks becoming infected
in the hatchers has encouraged researchers to
look for a method of administration that would
enable the birds to be treated prior to hatch
(Cox et al., 1990, 1991). Cox and Bailey (1993)
developed an in ovo method in which the CE
preparation was introduced into either the air
cell or the amnion of the egg a few days before
hatching. However, the use of a caecal culture
containing highly proteolytic organisms and
abundant gas-formers resulted in depressed
hatchability when the material was introduced
into the air cell (Cox et al., 1992; Cox and
Bailey, 1993). Introducing the preparation into
the amnion prevented any of the chicks from
hatching. Adverse effects on hatchability can be
avoided by excluding strongly proteolytic and
gas-forming organisms; also the timing of injec-
tion is crucial (C. Schneitz, unpublished data).
Edens et al. (1997) showed that L. reuteri could
be administered in ovo without loss of hatchabil-
ity and the organism could be readily isolated
from the resultant chicks. As mentioned previ-
ously, however, L. reuteri given in ovo to turkey
poults had little effect on colonization with S.
typhimurium (Edens et al., 1997).

Other beneficial effects of CE

Claims have been made that CE treatment
enhances growth and reduces mortality in treated
birds. According to Goren et al. (1984b), an
improvement in growth rate was observed in
commercial broiler flocks sprayed with an unde-
fined CE preparation. Corrier et al. (1995b)
reported an improvement in the efficiency of
feed utilization in broiler flocks that were given
CE treatment on the day of hatch. An improve-
ment in bird performance, in terms of higher
body weight, better feed conversion and lower
mortality, was reported by Abu-Ruwaida et al.
(1995) and Palmu and Camelin (1997). Higher
body weight and lower mortality in CE-treated
flocks were also reported by Bolder et al. (1995).

In an attempt to explain the nutritional
effects of CE treatment, a laboratory-scale study
was conducted with the commercial CE product
Broilact. The results showed that the treatment
decreased the viscosity of the ileal contents and

increased the faecal dry-matter content. It also
improved the ME value of the feed by 1.6%,
increased the concentration of propionic acid in
the caeca and decreased that of butyric acid in
the ileal contents (Schneitz et al., 1998).

Factors affecting the efficacy of CE

In addition to certain growth-promoting antibi-
otics and coccidiostats, which are discussed later,
factors that can reduce the efficacy of CE treat-
ment include stress and disease. Starving chicks
for the first 24 h of life also has a negative effect
(Goren et al., 1984a), whereas, in older birds, the
protective flora is more difficult to disrupt
(Snoeyenbos et al., 1985). With the day-old
chick, physiological stress induced by high or low
environmental temperatures or removal of feed
and water either interfered with the colonization
of protective organisms or reduced the protection
provided by these organisms; however, there was
no obvious effect at 2 weeks of age (Weinack et
al., 1985a).

Lafont et al. (1983) studied CE-treated chicks
that were carrying low numbers of Salmonella in
their intestines and administered oocysts of
Eimeria tenella at a level known to produce caecal
coccidiosis. The birds then shed large numbers of
Salmonella for more than 2 weeks. Exposure of CE-
treated chicks to aerosols of Mycoplasma gallisep-
ticum and/or infectious bronchitis virus increased
the number of birds shedding pathogenic E. coli or
S. typhimurium, following a challenge 2 days after
protective treatment (Weinack et al., 1984).

Induced moulting of White Leghorn layers
and subjecting market-age broilers to feed with-
drawal have also been shown to increase both
the numbers of Salmonella in the gastrointestinal
tract and the proportion of infected individuals
(Holt and Porter, 1993; Holt et al., 1995; Macri et
al., 1997; Raminez et al., 1997).

As discussed earlier, hatchery-acquired
Salmonella contamination can substantially
reduce the effectiveness of subsequent CE treat-
ments to prevent Salmonella colonization of the
young chicks (Bailey et al., 1998), although treat-
ment on the day of hatch can significantly help to
reduce seeder establishment and the spread of
Salmonella from seeders to highly susceptible con-
tact birds (Mead et al., 1989b; Schneitz, 1992;
Corrier et al., 1998).
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Safety Requirements for Undefined
CE Preparations

The criteria applicable to current undefined CE
preparations are those described by Nurmi and
Nuotio (1994).

1. A healthy donor bird from a regularly moni-
tored flock, preferably SPF. This requires both
ante- and post-mortem examination of the donor
bird.
2. Good laboratory and manufacturing practices
adopted throughout the production process.
3. Meticulous examination of primary inocula
for human and avian pathogens in laboratories
certified by licensing authorities.

Additional or supportive measures for the safety
of an undefined CE product include the follow-
ing.

1. Low incidence of contagious diseases in the
country where the CE preparation is pro-
duced.
2. Series of consecutive cultivation steps in
manufacture which provide a dilution of the
original material of at least 1 in 100 million.
3. Media used for propagation of the organisms
that do not support the proliferation of
mycoplasmas or viruses.
4. Quality control of the final product by the
detection of indicator organisms.

Other Means of Manipulating the
Intestinal Microflora

Dietary additives

Antimicrobials
Poultry feeds generally contain antimicrobial
agents at subtherapeutic levels, either as growth-
promoters or to prevent infectious diseases
caused by bacteria or protozoa (Bailey, 1987).
Several growth-promoting agents, either alone or
together with anticoccidials, have been exam-
ined for their effects on Salmonella shedding.
Conflicting results have been obtained.
According to Smith and Tucker (1978, 1980)
and Barrow et al. (1984), chickens fed diets con-
taining avoparcin remained infected for longer
periods and shed higher numbers of Salmonella
than those given diets without avoparcin. On the

other hand, trials conducted by Smith and Green
(1980) and Gustafson and Kobland (1984)
showed no such disadvantage. However, there is
a tendency in many countries to restrict the use
of antimicrobials at subtherapeutic levels because
of the development of bacterial resistance, which
may cause problems for human beings (Dupont
and Steele, 1987). For example, vancomycin-
resistant Enterococcus faecium strains have been
isolated from production animals, and it has been
suggested that this is due to the use of the van-
comycin-like polypeptide avoparcin in the feed
for growth promotion. This means that entero-
cocci can now be resistant to all currently avail-
able antibiotics (Wegener et al., 1997). In
addition, Ginns et al. (1996) showed that the
prophylactic use of certain antimicrobials could
promote the persistence of many antimicrobial
resistance genes in the E. coli populations of
birds.

The compatibility of commonly used
antimicrobial feed additives with CE treatment
has been of interest (Fowler, 1992), but only a
few reports describe the effects of such additives
on the control of Salmonella colonization in
newly hatched chicks given an adult gut
microflora. Chicks receiving avoparcin in the
feed following CE treatment had significantly
more Salmonella in their caeca than birds given
feed containing no antimicrobials, whereas
chicks given a diet supplemented with
flavomycin had levels similar to those of control
birds with no dietary antimicrobials (Humbert et
al., 1991). Bailey et al. (1988) demonstrated that
a combination of nicarbazin and bacitracin inter-
fered with the protective effect of CE treatment.
In contrast, treatment of newly hatched chicks
for 5 days with either furazolidone (400 p.p.m. in
the feed) or trimethoprim–methoxazole sulphate
(0.02 g trimethoprim and 0.1 g sulphamethoxa-
zole l�1 in drinking-water) did not affect the pro-
tective capability of Broilact (Bolder and Palmu,
1995).

Organic acids
Incorporation of organic acids, especially formic
and propionic acids, in the feed has been shown
to reduce the incidence of Salmonella infections
in broiler chicks (Hinton et al., 1985) and in
both laying hens and their progeny (Humphrey
and Lanning, 1988). Hinton and Linton (1988)
showed that treatment of feed 1 week before
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adding S. kedougou to the feed prevented subse-
quent infection in chicks. However, Hinton, M.
et al. (1991a) found that feed supplemented with
the acids had no effect on caecal colonization by
S. enteritidis PT4 when chicks were challenged
via drinking-water. Differences in challenge
organism, dose and method of challenge may
have accounted for the conflicting results. In the
UK, acidified feed is sometimes used for breeder
flocks, but less so for broilers (Mead, 1990).

Carbohydrates
Different sugars added in feed or drinking-water
have been tested in laboratory and pilot-scale tri-
als for their ability to control Salmonella infec-
tions in broiler chicks and turkey poults. The
results have varied considerably. Addition of D-
mannose has been shown to prevent adherence
of Salmonella to chicken-gut mucosa both in vitro
(Oyofo et al., 1989a) and in vivo (Oyofo et al.,
1989b), while dextrose, maltose and sucrose had
only a minor effect. In contrast, results obtained
by Izat et al. (1990) indicated that mannose
reduced neither the incidence nor the numbers
of Salmonella in the caeca and had no effect on
contamination of pre-chill carcasses of market-
age broilers. Mannose has the disadvantage of
causing sticky droppings, which may lead to
problems in the processing plant.

Lactose has also been reported to reduce
Salmonella colonization in chicks (Oyofo et al.
1989c), and a combination of orally administered
caecal microorganisms and lactose resulted in
greater reductions in Salmonella colonization
than either of the treatments used alone
(Hinton, A. et al., 1991). With turkey poults,
Corrier et al. (1991) showed that protection
against Salmonella colonization was similar for
birds inoculated with anaerobic caecal cultures
and those given dietary lactose, and a combined
treatment resulted in a level of protection equal
to or higher than that obtained when either of
the two treatments was given separately. Nisbet
et al. (1993) reported that dietary lactose and a
CF culture of chicken caecal bacteria controlled
Salmonella colonization in newly hatched broiler
chicks. However, in a study conducted by
Waldroup et al. (1992), no such advantage in the
use of lactose could be shown. The use of lactose
tends to cause slight scouring in the birds and
therefore wet litter, which may lead to hock burn
and breast blisters.

The influence of fructo-oligosaccharide
(FOS) on Salmonella colonization in the chicken
gut has been studied by Bailey et al. (1991) and
Chambers et al. (1997). The results of both stud-
ies showed only a small reduction in levels of
Salmonella in the caeca of birds fed FOS, when
compared with control birds. However, when
chickens were stressed by feed and water depriva-
tion on day 13 and challenged the following day
with a high dose of Salmonella, only 25% of the
birds given FOS became infected, while the cor-
responding figure for control chicks was 92%
(Bailey et al., 1991).

Under some conditions, dietary carbohy-
drates may cause a change in the intestinal flora
of chicks and favour that part of the flora that is
detrimental to Salmonella.

Lactoperoxidase system

The antibacterial activity of bovine colostrum
and post-colostral milk was first observed in the
1920s and was intensively studied by Reiter and
his co-workers between 1964 and 1985. In addi-
tion to specific antibodies, colostrum and post-
colostral milk contain non-specific antibacterial
factors, such as lysozyme, lactoferrin and the lac-
toperoxidase system (LPS) (Reiter and Härnulv,
1984). The LPS consists of three components:
the enzyme lactoperoxidase (LP), thiocyanate
(SCN�) and hydrogen peroxide (H2O2). LP
reacts with H2O2 and oxidizes SCN� to a short-
lived intermediary oxidation product, hypothio-
cyanite, which is antibacterial. The end-products
of the oxidation (sulphate, carbon dioxide and
ammonia) are inert (Reiter et al., 1976). Besides
milk, the LPS occurs in, for example, saliva. The
bactericidal activity of LPS against E. coli, S.
typhimurium and Pseudomonas aeruginosa was
found to be greatest at pH 5.5 and below (Reiter
et al., 1976). On the other hand, pH 5.5 and
lower is known to be inhibitory to Gram-
negative, facultatively anaerobic bacteria. Wray
and McLaren (1987) found that when calves
were fed on fresh milk containing the LPS and
challenged with high doses of S. typhimurium, the
Salmonella excretion patterns and clinical find-
ings were similar to those of control calves fed on
heated milk. A growth-promoting effect of LPS
was shown in calves by Reiter et al. (1981).
However, the effect of LPS administration on
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enteropathogen colonization in poultry does not
appear to have been studied.

Bacteriophage 

Elimination of Salmonella from the chicken gut
with lytic bacteriophage was studied by Berchieri
et al. (1991). A lytic phage, isolated from human
sewage, was used to inoculate S. typhimurium-
infected chicks via the feed. The phage took
longer to establish in the caeca than did the
Salmonella and it disappeared when caecal levels of
S. typhimurium fell to 106 cfu ml�1. No neutraliz-
ing antibodies to the phage were detected in the
serum of these birds. In a second trial, Berchieri et
al. (1991) inoculated five of 30 infected chicks
with the phage. Within 3 days, the phage was iso-
lated from 72% of the contact (non-inoculated)
birds. A second phage, isolated from sewage, when
inoculated into newly hatched chicks at the same
time as any one of three strains of S. typhimurium,
produced a considerable reduction in mortality in
the birds. This effect was only produced by using
high concentrations of phage (> 1010 plaque form-
ing units ml�1). However, the Salmonella-reducing
effect of the phage lasted for no more than 12 h in
the crop, small intestine and caeca, with smaller
effects in the liver after 24 and 48 h.

Used litter

The impact on Salmonella colonization of dosing
chicks with used-litter preparations was studied
by Rigby and Pettit (1980) and Corrier et al.
(1992). In three separate trials carried out by the
former, groups of 180–200 newly hatched broiler
chicks were treated, respectively, with a
lyophilized extract of breeder-flock nest litter, an
anaerobic culture of this extract and an anaero-
bic culture of adult chicken faeces. Both treated
and control chicks were challenged with S.
typhimurium at 3 days of age and reared to 7–8
weeks. Cultures of litter samples and of intestines
from chicks that died or were killed throughout
the growing period showed that the incidence of
infection at market age was significantly lower in
all treated groups than in untreated controls.

Corrier et al. (1992) placed newly hatched
chicks on fresh, unused litter or on litter that had
been collected and stored for 1, 4 or 50 days

before the start of the trial. At 3 days of age, all
chicks were challenged orally with S. typhimurium.
Salmonella levels in caecal contents and the pro-
portion of positive chicks were significantly lower
in the birds reared on used litter of any age than
in those on new litter. The chicks reared on used
litter also showed higher concentrations of caecal
VFA than birds kept on new litter.

These two studies suggest that the types of
bacteria involved in controlling Salmonella colo-
nization in poultry are relatively aerotolerant.

Conclusions

There is increasing interest worldwide in mea-
sures to reduce the symptomless carriage of
human enteropathogens in food animals and
thereby minimize the risk of consumer illness
from contaminated products. The prospects for
developing successful control programmes appear
to be best for intensively reared animals that are
kept indoors in controlled-environment housing,
and poultry is a prime example. In this situation,
the newly hatched chick should be regarded as a
critical control point, because of its extreme sus-
ceptibility to colonization with enteropathogens,
especially Salmonella, a fact that can be attributed
to the slow rate of development of a competing
microflora under modern commercial conditions.
Both the reason for chick susceptibility and a
possible solution to the problem were highlighted
in the seminal publication of Nurmi and Rantala
(1973).

The use of CE preparations for Salmonella
control has a number of advantages. The treat-
ment is relatively cheap and easy to apply, and it
appears to be effective against all non-host-spe-
cific Salmonella that can colonize the alimentary
tract of the bird. Treatment efficacy is unaffected
by the breed, strain or sex of the bird or by most
antimicrobial feed additives. There are also indi-
cations that current treatment products may be
of value in controlling infections with other
enteropathogens, including C. perfringens and E.
coli, should the need arise. Control of C. jejuni is
also possible by this means, but may involve dif-
ferent protective bacteria, because of the specific
niche in the caecum occupied by campylobacters
(Beery et al., 1988).

Treatment of chicks is essentially a preven-
tive measure and must be supported by effective
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biosecurity on the rearing site. It also requires the
use of good husbandry practices to minimize bird
stress, otherwise the effectiveness is reduced
(Weinack et al., 1985a). Because of its preventive
nature, successful use of CE treatment is depen-
dent upon a consistent supply of Salmonella-free
chicks. Failure to meet one or other of these
requirements may explain why field trials have
sometimes given poor results. Thus, CE treatment
can only be a part of any programme aimed at
reducing enteropathogen infections in poultry.
However, it can be readily combined with other
measures, including, where appropriate, vaccina-
tion and the use of acid-treated feed. There is also
an important application to adult breeder birds
that are infected with invasive Salmonella and
would otherwise need to be slaughtered under
current EU regulations. Loss of valuable stock
may be avoided, under some circumstances, by
use of antibiotic therapy followed by CE treat-
ment to repair the antibiotic-damaged gut
microflora and prevent reinfection.

The CE concept exploits a natural phenom-
enon relating to microbial competition in the
alimentary tract and the effect on any Salmonella
ingested by the chick is to prevent their multipli-
cation (Impey and Mead, 1989). Thus, invading
Salmonella are unable to colonize and eventually
they are flushed out of the gut. Most of the cur-
rently available treatment products are relatively
complex in composition and apparently unde-
fined, although at least two of them have been
partly characterized. No fully effective defined
preparations have yet been developed and
progress in this area is hampered by a lack of
knowledge of the precise mechanism of protec-
tion and of the types of bacteria involved.

Undefined treatment products must be carefully
screened for the presence of any avian or human
pathogens before being used commercially. This
is done for some of the available products, and
commercial application has never revealed any
safety problems. Nor have there been any adverse
effects on bird health or growth performance.
Under some conditions, there may even be an
improvement in bird growth and feed utilization
and a reduction in the mortality of chicks
(Goren et al., 1984b; Abu-Ruwaida et al., 1995;
Bolder et al., 1995; Corrier et al., 1995b; Palmu
and Camelin, 1997). More work is needed to
define the conditions under which such benefits
can be obtained.

Despite the long usage of undefined CE
preparations in Scandinavia and the absence of
any indication of a safety hazard to humans or
birds, there is reluctance on the part of some reg-
ulatory authorities to allow commercial use of
these products. This is one reason for the slow
rate of market penetration in certain countries.
Since CE preparations cannot be defined in the
same manner as either a vaccine or a veterinary
medical product, the World Health Organization
has proposed a special product category (‘normal
gut flora’) which should be distinguished from
conventional probiotics. It remains to be seen
whether undefined CE products will eventually
gain widespread acceptance among regulators
and how long it will be before the apparent food-
safety benefits will lead to increased use of CE
treatment in those countries where this approach
has already been sanctioned. In particular, regu-
lar use in broiler flocks would seem to represent a
significant step forward in relation to Salmonella
control.
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Chapter 19

Vaccination against Salmonella Infections in
Food Animals: Rationale, Theoretical Basis and

Practical Application

Paul A. Barrow and Timothy S. Wallis
Institute for Animal Health, Compton Laboratory, Compton, Newbury, Berkshire RG20 7NN, UK

Introduction

Over the last decade, the animal and public-
health problems associated with Salmonella in
poultry have increased to such an extent that
they have become major political issues, of which
the general public has become very aware. S.
enteritidis, in particular, has become a worldwide
problem, arising mainly from poultry (Rodrigue
et al., 1990). In many countries, individual phage
types of this serovar have replaced S. typhimurium
as the most dominant type in poultry and
humans. Control in poultry has become a major
issue and immunity, whether acquired or, more
speculatively, innate, is seen as one of the possi-
ble means of containing the problem. In the UK
cattle industry, clinical salmonellosis in its acute
and chronic forms, together with subclinical
infection, remains a major economic, welfare and
public-health problem. While the incidence of
acute clinical salmonellosis in pigs is less of a
problem compared with that of cattle, subclinical
Salmonella infections that results in carcass cont-
amination lead to the introduction of the organ-
ism into the food-chain. Widespread use of
antibiotics has led to the emergence of multiple
antibiotic-resistant bacteria, especially S.
typhimurium. These problems have indicated to
the industry and government agencies an
increasing requirement for effective vaccines to
control this important zoonotic infection.

This review discusses the reasons for the 

relatively poor success in immunizing food ani-
mals against those non-host-specific Salmonella
serovars that usually produce food poisoning,
compared with the success obtained with the
small number of serovars that more typically pro-
duce systemic ‘typhoid-like’ diseases in a
restricted range of host species. Most of our
understanding of immunity to salmonellosis
arises from experimental work with typhoid-like
diseases, usually S. typhimurium infection in mice.
Such work may not be entirely relevant to the,
often disease-free, colonization by most
Salmonella serovars. Whereas live, attenuated
vaccines against host-specific serovars are highly
protective, similarly developed vaccine strains
have traditionally been less effective in protect-
ing chickens, calves and pigs against intestinal
colonization. Newer methods of attenuation are
being developed, but their exploitation and suc-
cess will depend on appropriate attenuation,
delivery, their use for the types of infection that
have been shown to be amenable to immune
control and their effectiveness under field condi-
tions. However, from the point of view of con-
sumer safety there is a school of thought that
considers inactivated or subunit vaccines to be
the safest. The benefits of developing effective
killed or subunit vaccines over the use of live
vaccines are enormous. Recently, there have
been significant advances in the development of
adjuvants, for example microspheres, which are
capable of potent immunostimulation, targeting
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different arms of the immune system (Morein et
al., 1996). The exploitation of such technology
in conjunction with the ongoing developments
in identifying key Salmonella virulence determi-
nants should form the next generation of
Salmonella subunit vaccines for the control of this
important group of pathogens.

Pathogenesis of Salmonellosis

The development of an effective vaccine is
dependent on an understanding of how
Salmonella organisms infect their hosts and the
host response to infection. A major problem with
this goal is that Salmonella pathogenicity is both
serovar- and host-dependent and that the factors
influencing serovar–host specificity are not
known (see Chapter 4).

The pathogenesis of Salmonella infections
can be divided into two major groups. One group
typically produces systemic disease and is rarely
involved in human food poisoning, while the
other typically produces food poisoning and only
produces systemic disease under particular cir-
cumstances, such as during parturition, during
lay, in very young or old animals or after some
viral or parasite infections. A comparison of the
biological aspects of the two groups might
explain our success in immunological control of
the former group and our limited success in the
control of the latter. It might also contribute to
our understanding of the immune responses to
infection and it is obviously central to any
appraisal of experimental work on pathogenesis
and immunity that like is compared with like.

Our current understanding of Salmonella
pathogenesis and immunity is largely derived
from experimental infection studies, usually with
S. typhimurium, in inbred laboratory strains of
mice. This type of infection is characteristic of a
small number of serovars that produce severe sys-
temic disease, initially involving the reticuloen-
dothelial system in a restricted number of host
species. Following inoculation of mice with an
infective dose, a systemic infection occurs with-
out enteritis. Thus mice are only a useful model
for studying the systemic form of disease. The
severity of the infection is dependent on the vir-
ulence of the Salmonella strain, the route of infec-
tion, the innate resistance of the mouse strain
used and its immune status. Similar information

on S. dublin in cattle or S. gallinarum in poultry is
much less complete.

The second group comprises the remaining
2400 or more serovars. They are not restricted to
particular host species and their epidemiology
can therefore be complex. Most are able to colo-
nize the alimentary tract of animals without pro-
duction of disease.

Some strains of particular serovars, most
notably S. typhimurium and S. enteritidis, are
capable of producing clinical disease under cer-
tain circumstances. This is particularly the case
for young animals or during or after a period of
physiological stress, as mentioned above. In these
cases, a systemic disease, again initially involving
the reticuloendothelial system, occurs in addition
to faecal excretion. The extent of disease and
mortality varies according to the strain, but with
serovars such as these there is always some inva-
sion of the intestinal mucosa and reticuloen-
dothelial system.

Current Understanding of Immunity
to Salmonella Infection

In comparison with the increasingly detailed
information becoming available on the cellular
and humoral responses to Salmonella infection in
mice, very little is known about how the host
responds to the different types of infection seen
in cattle, pigs and poultry (see Chapter 5).
Recent reviews of avian immunology include
those by Davison et al. (1996) and on the
increasing information relating to the secretory
immune system by Lillehoj and Chung (1991)
and Schat (1994). Similar reviews on bovine
immunology have also been compiled (Morrison,
1986).

As described previously, at least two types of
infection need to be considered: (i) essentially an
infection of the reticuloendothelial system, with
little or no initial intestinal involvement; and
(ii) an extensive intestinal infection by an organ-
ism with varying degrees of systemic dissemina-
tion. S. gallinarum infection in immunologically
mature birds is likely to be essentially similar to
S. typhimurium infection in mice. In many cases,
S. dublin infection in adult cattle and S. cholerae-
suis in adult pigs are likely to be similar. Full pro-
tection can be obtained at the level of the
reticuloendothelial system in these infections. In
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the field the oral median lethal dose (LD50) may
be c. 104 colony-forming units (cfu), although
the inoculum received may vary considerably. It
may therefore be that, with large oral doses, chal-
lenge organisms may penetrate to the reticuloen-
dothelial system, whereas smaller challenge doses
are eliminated at the level of the gut. There is
some experimental evidence for this (P.A.
Barrow and B.A.D. Stocker, unpublished results).

Studies with typhoid-like infections in mice
suggest that both humoral and cell-mediated
immune (CMI) responses are involved in
acquired resistance to Salmonella infection
(Collins, 1971; Hochadel and Keller, 1977;
Eisenstein and Sultzer, 1983; Hsu 1989; Michetti
et al., 1992; Guilloteau et al., 1993). However,
the majority of studies assessing Salmonella vac-
cine efficacy have used highly susceptible inbred
mouse strains, in which both types of the immu-
nity are simultaneously required for protection
(Mastroeni et al., 1993b). Live Salmonella vac-
cines are particularly effective in eliciting both
humoral and CMI responses and therefore con-
siderable efforts have been made in developing
this class of vaccine.

Knowledge of the mechanisms whereby
these two arms of the immune system operate
and cooperate has resulted from work on
Leishmania and other infections in mice. In all
cases, T cells are involved. Thus, organisms
(most notably viruses) inside non-professional
phagocytic cells may release antigens, which can
be presented at the cell surface by major histo-
compatibility complex (MHC) class I molecules.
These are recognized by surface receptors on
CD8+ T cells, which are thus stimulated to
divide and to release chemicals, which kill 
the infected cell. Microorganisms inside
macrophages may be destroyed or may release
antigens, which can be degraded to peptides that
are presented at the cell surface by MHC class II
molecules. These are recognized in a specific way
by CD4+ T (helper) cells, which are thus
stimulated to release cytokines, particularly
interferon-� (IFN�). These stimulate the
macrophage to produce tumour necrosis factor
alpha (TNF-α), nitric oxide and oxygen radicals,
which enhance microbial killing. In these cases,
the recognition event between presented antigen
and T cell is supplemented by an essential signal
indicating that the presenting cell is infected.
This is thought to be mediated by the B7 mole-

cule, which interacts with CD28 on the surface
of the T cell.

The outcome of infection of mice with S.
typhimurium depends on a number of factors,
including the dose and route, the virulence of
the strain and the host genetic background.
When mice are inoculated orally with S.
typhimurium, the number of organisms in the
spleen gradually increases (Dunlap et al., 1991).
Many studies are carried out with parenteral,
particularly intravenous, inoculation, so that
bacteria reach the reticuloendothelial system
almost immediately. The pattern of bacterial
multiplication can be divided into four phases
(Hormaeche, 1979).

1. A short phase of early inactivation taking
place within 24 h of inoculation. This is poten-
tiated by factors that activate macrophages and
by antibody administration (Collins, 1974).
Accumulation of polymorphonuclear leucocytes
is also a major feature of early infection, although
its significance has not yet been fully assessed
(van Furth et al., 1993).
2. A phase of exponential growth. This is unaf-
fected by antibody, which may therefore delay
but not suppress it (Collins, 1974; Maskell et al.,
1987). It is strongly influenced by bacterial viru-
lence and by genetically defined resistance,
particularly the Ity phenotype expressed in
macrophages (Lissner et al., 1985; Harrington
and Hormaeche, 1986). If bacterial multiplica-
tion continues, the outcome is fatal, induced by
the effects of endotoxin and possibly other
unidentified toxins.
3. In sublethal infections, the growth phase
reaches a plateau, characterized by an influx of
bone-marrow-derived monocytes. These cells
increase the rate of killing already carried out by
Kupffer cells, and the recruitment of poly-
morphonuclear leucocytes may also play a role
(Campbell, 1986). The effect is also TNF-α-
dependent and this factor may be involved
throughout the plateau phase (Mastroeni et al.,
1993a), although the mechanism is unknown.
4. Finally organisms are slowly cleared from the
reticuloendothelial system at a variable rate,
which is regulated by genes inside and outside
the MHC complex (O’Brien et al., 1981;
Hormaeche et al., 1985; Nauciel et al., 1988).

Vaccination with a suitable live, attenuated
vaccine can be construed as stimulating the
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immune system in the same way that occurs 
following a sublethal infection with a wild-type
strain.

Many genetically defined attenuating muta-
tions have been described (for review, see
Curtiss et al., 1991); the aroA (Hoiseth and
Stocker, 1981) and the cya crp mutations
(Curtiss and Kelly, 1987) have been most widely
exploited. Following oral dosing of mice with
such mutants of S. typhimurium, invasion of the
intestinal epithelium and gut-associated lym-
phoid tissue occurs and the vaccine strains
become disseminated to mesenteric lymph
nodes, liver and spleen, from which they are
cleared over the following 4–5 weeks. Both the
natural route of infection and persistence in vivo
are thought to be crucial in eliciting local and
systemic humoral and CMI responses which can
protect mice against up to 10,000 LD50 of the
virulent parental strain. However, not all
mutants that colonize, invade and persist induce
protection in this typhoid model (O’Callaghan
et al., 1988).

It is generally accepted that live vaccines
confer better protection than killed vaccines,
probably because the former stimulate both cellu-
lar and humoral immunity, while the latter stim-
ulate strong antibody production only (Collins,
1974). This is undoubtedly essential to protec-
tion against the typhoid-like nature of murine
salmonellosis and probably related infections,
such as fowl typhoid (Collins and Mackaness,
1968; Collins, 1974; Villareal et al., 1992).
Genetically resistant mice can be protected by
vaccination with killed vaccines (Eisenstein et
al., 1984), whereas genetically susceptible mice,
such as Balb/c, require vaccination with live vac-
cines (Killar and Eisenstein, 1985; Hormaeche et
al., 1991). However, not all attenuated vaccines
are equally protective, although the reasons for
this are unclear.

T cells are essential for the specific recall of
immunity after the vaccine strain has been cleared
from the reticuloendothelial system. T cell-
depleted mice were unable to control a challenge
infection, even though substantial levels of circu-
lating antibodies were present (Mastroeni et al.,
1992). Depletion of CD4+ and CD8+ T cells
removed protection and the former cell type may
be more important than the latter, although this is
not clear-cut (Mastroeni et al., 1992, 1993b).
Administration of anti-IFN-α or anti-TNF-α

antibodies also impaired cellular immunity, and
granulomas and mononuclear infiltration were
absent and necrosis was more extensive than in
normally immunized mice.

Delayed-type hypersensitivity (DTH) is not
an accurate indicator of the immune status of an
animal (Hormaeche et al., 1991; Killar and
Eisenstein, 1984, 1986). One of the reasons for
this is the confusion caused by Arthus reactivity
and additional hypersensitivity reactions, possi-
bly induced by the lipopolysaccharide (LPS) con-
tent of the crude preparations most frequently
used (Mastroeni et al., 1994). This leads to
greater sensitivity to TNF-α (Matsuura and
Galanos, 1990).

LPS is undoubtedly important in the speci-
ficity of protection in mice (Hormaeche et al.,
1991), although it is not the only bacterial fac-
tor involved. Thus S. typhimurium (04) does not
protect fully against S. enteritidis (09). That
other antigens are involved is also indicated by
strong interleukin-2 (IL-2) production in cell-
proliferation assays in response to whole-cell,
lysed, bacterial preparations but not to LPS on
its own.

Outer-membrane proteins (OMPs) have
also been used as vaccines. Their use arose from
the realization that earlier good results with ribo-
somal vaccines resulted from contamination with
membrane proteins (Smith and Bigley, 1972;
Johnson, 1993). Such proteins can be protective
in mice (Udhayakumar and Muthukkaruppan,
1987) and also stimulate DTH (Hassan et al.,
1991), although, again, contamination with LPS
cannot be ruled out.

Until studies are carried out using natural
routes of infection and the relative contribution
of protection at the intestinal level, in addition
to protection in the reticuloendothelial system, is
assessed, it will be impossible to assess fully the
role of humoral and cellular immunity.

The relative roles of the CMI and humoral
immunity in clearance of S. typhimurium from
chickens are unclear. Lee et al. (1981, 1983)
found that clearance correlated with CMI
responses rather than humoral responses. It seems
likely that CMI responses are responsible for tis-
sue clearance, but how such responses could be
responsible for intestinal clearance remains
unclear. It would seem far more logical for secre-
tory immunoglobulin A (IgA) to be a major fac-
tor (Slauch et al., 1993). There is no correlation
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between colonization ability and tissue invasion
per se and colonization does not necessarily
involve epithelial association of any sort (Barrow
et al., 1988). However, in S. typhimurium, more
virulent strains are eventually eliminated more
quickly than less virulent strains, suggesting that
immunity may be involved in intestinal clearance
(Barrow et al., 1988). Neither B nor T cells are
involved in gut colonization (Corrier et al., 1991).
Following invasion, rapid heterophil responses are
thought to be central to the relatively high resis-
tance of chickens to S. enteritidis, which behaves
in a similar way to S. typhimurium. Treatment
with 5-fluorouracil reduced heterophil popula-
tions without affecting mononuclear cells, which
correlated with a much greater susceptibility to
parenteral infection and, to a lesser extent, to oral
infection (Kogut et al., 1993, 1994).

A virulent organism such as Salmonella,
which infects the reticuloendothelial system,
may have indirect effects on the ability of the
immune system to respond to other infections.
Immunosuppression is known to occur following
viral infections, e.g. infectious bursal disease of
chickens, and also after S. typhimurium infection
in mice (Eisenstein et al., 1988). It remains to be
seen how far infection with an organism such as
S. typhimurium would affect responses to other
antigens. There is some evidence to this effect
(Hassan and Curtiss, 1994), in the same way as
has been reported in mice (Eisenstein et al.,
1984).

Vaccines for Poultry

Infection of poultry with its host-species-specific
serovar S. gallinarum–pullorum induces a strong
protective immunity against reinfection. Live,
attenuated vaccines have been developed that
can be administered parenterally and which are
protective, because the disease is primarily sys-
temic. These vaccines are used extensively. The
9R S. gallinarum vaccine (Smith, 1956) is a rough
strain and therefore it does not stimulate the pro-
duction of antibodies to the somatic antigen. This
is advantageous, since the vaccine’s use will not
interfere with serological tests to detect natural
infection. A second vaccine, 9S, which is a
smooth strain, is more protective but slightly
more virulent (Smith, 1956). The 9R vaccine has
been assessed extensively (Gordon and Luke,

1959; Gordon et al., 1959; Silva et al., 1981), indi-
cating its usefulness, although some residual viru-
lence exists for highly susceptible breeds.

More recently, a number of other methods
of attenuation for S. gallinarum have been used.
S. gallinarum strain 9, cured of its virulence plas-
mid, is greatly attenuated for chickens of more
than a few weeks old (Barrow et al., 1987).
Chickens that had received a parenteral inocula-
tion with such a strain were very resistant to
reinfection with the parent strain (Barrow,
1990). However, the resistance to oral challenge
obtained by immunization with either this strain
or a rough, phage-resistant derivative was not as
great as that induced by the 9R strain, given
either parenterally or orally (Barrow, 1990). An
aroA mutant of strain 9, was generated by genetic
deletion and, since the growth of these mutants
requires p-aminobenzoic acid, which is not freely
available in mammalian and avian tissues, such
mutants are attenuated. The mutant was 
completely avirulent for 2-week-old chickens
(increase in LD50 of 106). This strain was an
effective vaccine, but, as with the virulence-plas-
mid-cured derivative, the degree of protection
produced was not as great as that produced by
9R. However, it was suggested that such more
attenuated, less protective vaccine strains might
be used in more susceptible breeds, followed by a
second vaccination with the 9R mutant (Griffin
and Barrow, 1993).

Because of the paucity of information on
colonization and immunity relating to the
Salmonella serovars that are usually associated
with food poisoning, the development of vac-
cines for use with poultry has, until recently,
been almost exclusively empirical. Various types
of non-living vaccines have been used experi-
mentally and in the field. Killed vaccines may be
inactivated with formalin, acetone, glutaralde-
hyde or heat treatment. S. enteritidis grown under
conditions of iron restriction has been used to
prepare an inactivated vaccine, which has been
licensed in a number of European countries. The
vaccine has been shown to reduce the level of
flock infection (S.B. Houghton, Milton Keynes,
personal communication, 1998). Otherwise, oil
adjuvants, aluminium hydroxide and other
immune-stimulating compounds have been used.
They certainly generate an immune response, but
they produce a poor or inconsistent protective
effect. Some of this work is described below.
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In several experiments, Truscott immunized
chickens with heated bacterial sonicates, pre-
pared from different combinations of serovars
and incorporated into the feed (Truscott, 1981).
This was followed some weeks later by oral chal-
lenge. The extent of protection in the different
experiments, measured by isolation of the chal-
lenge strain from cloacal swabs, varied from very
good to poor.

Other groups (Bisping et al., 1971; Thain et
al., 1984) have found that heated, whole-cell
bacterins have little effect on faecal shedding,
either in vaccinated birds or when their newly
hatched progeny were challenged. Some reduc-
tions in mortality have, however, been demon-
strated (McCapes et al., 1967; Truscott and
Friars, 1972), but the biological significance of
these findings in relation to faecal shedding and
subsequent carcass contamination is unknown.

Some live, attenuated vaccines have been
adapted for use with poultry to mimic natural
infection, but whether they behave in the same
way as the parent or field strains in stimulating
immunity is not known.

A mutant of a mammalian S. typhimurium
defective in the enzyme UDP-galactose
epimerase (galE), which persists for only a short
time in vivo, was originally developed in mice for
use with humans (Tagliagbue et al., 1986) and
cattle (Wray et al., 1977), but it has also been
tested in poultry. Pritchard et al. (1978) vacci-
nated 1-day-old chickens with this strain and
challenged 2 weeks later with an avian S.
typhimurium strain. Small reductions were
obtained in faecal excretion and in the number
of isolations from the viscera and also when
chickens were vaccinated twice, at 4 or 6 weeks
of age, followed by challenge 2 weeks later.
Surprisingly, protection was better when chick-
ens were inoculated intramuscularly rather than
orally (Subhabphant et al., 1983). One drawback
of the use of any galE mutant is the question of
attenuation, because some mutants are known to
retain some virulence for the host (Nnalue and
Stocker, 1986; Hone et al., 1988).

Others have used a murine streptomycin-
dependent S. typhimurium strain (Schimmel et
al., 1974). After vaccination of very young chicks
and challenge 8 days later, protection was poor
and inconclusive. The value of such experiments,
in which animals are challenged when still
immature, so soon after vaccination and with

extremely high challenge doses (1010 cfu), must
be questioned.

Some vaccine strains are excreted in the
faeces for longer periods than are others (Smith
and Tucker, 1980; Barrow et al., 1988). A general
inverse correlation between virulence for chick-
ens and the duration of faecal excretion can be
found. More invasive strains may therefore stim-
ulate a systemic as well as a local immune
response, which should combine to clear such
strains from the gut more quickly than might
occur following colonization by less invasive
strains. However, it might also follow, to our
advantage, that, after immunization with an
invasive strain, clearance of both invasive and
less invasive challenge strains might occur to the
same extent.

Oral inoculation of 4-day-old chickens with
a virulent avian S. typhimurium strain, F98,
resulted in faecal shedding for several weeks.
When these birds were rechallenged orally after
they had virtually ceased to shed the organism,
the challenge strain was excreted in smaller
numbers and for a shorter period of time than in
a previously uninfected control group, demon-
strating the induction of protective immunity
controlling intestinal colonization and faecal
shedding. Inoculation with large numbers of
killed organisms in the feed or intramuscularly
had virtually no protective effect. An aroA
mutant was produced from this strain and in
addition a rough strain was selected by its resis-
tance to virulent bacteriophage. When vacci-
nated intramuscularly, both mutants produced
initially good reductions in faecal excretion of
the challenge strain, but this did not persist. By
oral inoculation, the aroA mutant produced little
protection, while the rough mutant was still very
protective (Barrow et al., 1990a). Oral ingestion
of the mutants by human volunteers did not
result in illness and the strains did not persist in
their faeces for longer than 3 days.

An aroA mutant of S. enteritidis has been
tested in chickens. This also produces a good ini-
tial reduction in faecal excretion of a challenge
S. enteritidis strain, which, however, is of limited
duration (Cooper et al., 1990). However, when
challenge was carried out by contact with orally
infected birds, considerably better protection was
obtained (Cooper et al., 1992). Cross-protection
against challenge with S. typhimurium was not
obtained.
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Vaccines developed for use against host-
adapted serovars are of less value in reducing fae-
cal excretion by non-host-specific serovars. The
S. dublin 51 vaccine has little effect in reducing
excretion of S. typhimurium in chickens,
although it reduces systemic multiplication of the
challenge strain (Knivett and Stevens, 1971;
Knivett and Tucker, 1972). Such vaccines, how-
ever, might be profitably used to reduce systemic
infection with, for example, S. enteritidis, which
belongs to the same serogroup. An aroA strain of
S. enteritidis phage type 4, also made rough to
reduce the titres of anti-LPS antibodies pro-
duced, did not protect layers from challenge,
whereas the S. gallinarum 9R vaccine did,
although this latter vaccine strain was still pre-
sent in the ovaries 1 month later at the time of
challenge. Isolations of the challenge strain from
the ovary were reduced to zero by vaccination
with 9R (Barrow et al., 1990b). There was also a
reduction in the number of isolations from the
liver and spleen. The effect on isolations from
the gut was less clear. Both vaccines produced a
reduction in the number of contaminated eggs,
although this is probably confused by eggs being
infected by both ovarian and cloacal routes.

Whether the effects described above would
be sufficient to improve the public-health prob-
lem remains to be seen. However, it does show
that some current problems can still be tackled
empirically with some success.

Other attenuations have been used with
varying success (Curtiss et al., 1991) and auxo-
trophic mutants, including pur and thy muta-
tions, have been produced, though some have
not yet been tested thoroughly (O’Callaghan et
al., 1988; Sigwart et al., 1989). However, a
purine-requiring mutant is being used extensively
in the field in Germany (Meyer et al., 1992).
Transposon and deletion mutants have also been
produced which are defective in adenylate
cyclase activity (cya) or cyclic AMP receptor
protein (crp) and which have been tested for
their protective value in chickens (Hassan and
Curtiss, 1994). A double-deletion mutant
(∆cya∆crp) was an effective vaccine when birds
were challenged with homologous or heterolo-
gous serovars 2 weeks after the last vaccination.
It was unclear whether the vaccine strain was
still present at the time of challenge. Mutants
defective in expression of OMPs have been
found to be attenuated for mice (Dorman et al.,

1989), but they have not been assessed in birds.
Administration of purified OMPs has, however,
been shown to protect birds against S. gallinarum
infection (Bouzouba et al., 1987; Nagaraja et al.,
1991).

Like competitive exclusion, immunity is
likely to have little protective effect against
infections that are extant at the time of immu-
nization. Following vaccination, a protective
immunity takes several days to develop. This
delay could be overcome by using a live strain,
which, in newly hatched birds, shows the colo-
nization-blocking effect, a form of competitive
exclusion that occurs between closely related
enteric bacteria (Barrow et al., 1987; Berchieri
and Barrow, 1990). This might mean that an
appropriate live, attenuated strain could protect
against infection acquired in the hatchery during
the first few days of life, followed by the develop-
ment of true immunity. Thus, it should also be
active in immunologically naïve animals in the
presence of maternal antibody.

Vaccines for Cattle

Several small studies show significant variation
in the efficacy of vaccines based on dead
Salmonella organisms. A heat-inactivated S.
dublin vaccine administered intradermally was
shown to be effective when the cattle were chal-
lenged by the intravenous route (Aitkin et al.,
1982). Whether this type of vaccine would pro-
tect cattle against oral challenge was not deter-
mined. Acid-hydrolysed S. typhimurium coated
with alkali-hydrolysed LPS or LPS alone was
ineffective in protecting cattle against challenge
with this serovar (Anderson, 1991). Since calves
may become infected with Salmonella within the
first few days after birth (Jones et al., 1983) and
the peak of mortality occurs between 3 and 4
weeks of age, passive protection by vaccination
of the dam is one approach that can be adopted.
Immunization of the dam 7 and 2 weeks prior to
parturition, using formalin-killed, log-phase S.
typhimurium was shown to be safe and effective
for preventing illness in the calf (Jones et al.,
1988a).

Live, attenuated vaccine strains have been
assessed in cattle, with varying success rates.
Many publications attest to the efficacy of live
vaccines in experimental trials, but few are
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available commercially. In the former East
Germany, however, the use of live auxotrophic
mutants of S. typhimurium and S. dublin and a
rough mutant of S. choleraesuis has had a pro-
found effect on the incidence of salmonellosis
in food-production animals (Meyer et al., 1992).
However, the precise nature of the attenuating
mutations in these particular vaccine strains is
unclear and therefore questions arise as to the
stability of such strains in the field, although
reversion to virulence has not been detected
after administration of over 1 million doses
(Meyer et al., 1992). Clearly, live vaccines
should ideally carry defined, multiple, attenuat-
ing mutations and specific genetic markers to
distinguish them from wild-type strains. Three
vaccine strains of S. typhimurium carrying
defined mutations in the aroA gene were tested
for safety and efficacy in 2- to 3-week-old calves.
All three strains were attenuated, although only
one strain, SL1479, was protective after either
oral or subcutaneous administration (Smith et
al., 1984a). Of considerable concern, however,
is that, when the same strain was assessed in 5-
day-old calves, a lethal infection resulted
(Mikula et al., 1989). A live S. dublin aroA vac-
cine has also been assessed in calves. Calves suf-
fered a transient pyrexia and mild diarrhoea
following intramuscular vaccination. When
challenged with either wild-type S. dublin or S.
typhimurium, some enteritis was seen, although
all animals survived, demonstrating that cross-
protection between serovars in large animals is
possible (Smith et al., 1984b), as had previously
been reported with the live S. dublin vaccine
that was then commercially available (Rankin
et al., 1967). However, in both of these studies,
animals were challenged shortly after immuniza-
tion and therefore protection may have be
mediated by a short-lived, non-specific immune
stimulation. Such vaccines would nevertheless
be useful if this mechanism protected animals
when at their most susceptible. The possibility
of reversion to virulence of the vaccine strains
can be substantially reduced by the introduction
of a second attenuating mutation in a different
area of the chromosome. However, if overly
attenuated, vaccine strains will become less
immunogenic. Nevertheless, an S. typhimurim
aroA aroD strain was shown to protect calves
from challenge with virulent S. typhimurium
(Jones et al., 1991).

Vaccines for Pigs

Live, attenuated vaccine strains have also been
assessed in pigs. An aroA vaccine strain of S.
typhimurium was shown to be attenuated and it sig-
nificantly reduced faecal shedding of a virulent
strain following challenge, though in this study
the challenge was performed only 1 week after
vaccination; thus the duration of protection is not
clear (Lumsden et al., 1991). An S. typhimurium
cya crp vaccine strain was also shown to be protec-
tive in pigs; however, this strain caused significant
pyrexia for 4 days post-vaccination (Coe and
Wood, 1992). In the USA, where there is a con-
tinuing problem with S. choleraesuis, significant
progress has been made with a live, attenuated
vaccine strain of S. choleraesuis (Roof and
Doitchinoff, 1995). The strain was generated by
repeated passage of a virulent strain through
porcine neutrophils in vitro and was cured of the
50 kb virulence plasmid. Following oral vaccina-
tion, the vaccine was well tolerated and it pro-
vided significant protection for up to 20 weeks
after vaccination. One slight concern with a vac-
cine of this type is the reacquisition by the vaccine
strain of the virulence plasmid from other
Salmonella that may be present within the herd.
This could well result in reversion of the vaccine
strain to a virulent phenotype. Surprisingly, this
same vaccine strain has also been shown to be
protective in cattle against challenge with S.
dublin (Fox et al., 1997), though, again, in this
study, protection was assessed 2 weeks after immu-
nization and thus protection may have resulted
from non-specific stimulation of the immune sys-
tem after vaccination. Furthermore, the vaccine
was not as effective in cattle as it was in pigs and
induced a significant pyrexia. This latter observa-
tion is not altogether surprising, as plasmid-free
strains of S. dublin and S. typhimurium can induce
a fatal enteritis in calves (Jones et al., 1988b;
Wallis et al., 1995). With the recent increases in
frequency of isolation of multiple antibiotic-
resistant strains of S. typhimurium definitive type
(DT) 104 from pigs, the development of effective
vaccines for this serovar is an urgent requirement.

Vaccines for Sheep

A number of vaccines have been developed 
to control S. abortusovis and S. typhimurium
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infection in sheep. An S. abortusovis strain RV6,
which represents a non-dependent reverse
mutant selected from a streptomycin-dependent
strain, has been evaluated in thousands of sheep
in different parts of France (Sanchis and Pardon,
1984; Pardon et al., 1990). A metabolic-drift
mutant of S. typhimurium has been produced by
Linde et al. (1992) and shown to protect against
S. abortusovis infection.

GalE and AroA mutants of S. typhimurium
have been shown to protect sheep against experi-
mental Salmonella infections. Although S. abor-
tusovis infection is a serious problem in some
countries, most sheep are kept under free-range
conditions and Salmonella infection is only a prob-
lem when sheep are stressed, e.g. under adverse
weather conditions or when transported. Following
an outbreak of salmonellosis, sheep are generally
more resistant the following year and this should
be borne in mind when evaluating vaccines.

Problems Associated with Killed
Vaccines

Vaccines based on dead Salmonella bacteria have
long been known to protect experimental animals
and those in the field against salmonellosis, but, as
indicated earlier, there are many contradictions in
the scientific literature relating to their actual effi-
cacy. In part, this is due to the huge variety of spe-
cific formulations, adjuvants, methods of bacterial
inactivation and animal models, which make the
different studies very difficult to compare.
Parenteral administration of dead vaccines gener-
ally results in a potent serum antibody response,
though often in the absence of secretory antibody
and CMI responses. Widespread laboratory studies
with genetically susceptible mouse strains have
demonstrated that, in such animals, dead vaccines
are not very effective. However, several studies,
frequently using outbred mice or genetically more
resistant inbred mouse strains, have shown killed
vaccines to be highly effective (Lindberg et al.,
1974; Kuusi et al., 1981; Eisenstein et al., 1984).
Furthermore, a recent review was carried out com-
paring the efficacy of different types of S. typhi
vaccine in over 1.8 million humans. Whole-cell,
killed vaccines were more effective than a live,
attenuated vaccine and a vaccine based on Vi cap-
sular polysaccharide, although the killed vaccine
was associated with more adverse side-effects

(Engels et al., 1998). Obviously, typhoid fever in
humans represents a different form of infection
from acute enteric salmonellosis in cattle and sub-
clinical intestinal carriage in pigs, but killed vac-
cines should clearly not be dismissed on the basis
of experimental laboratory studies using highly
susceptible mouse strains.

There are three major potential problems
with dead Salmonella vaccines. First, they only
contain antigens induced by the environmental
conditions in vitro in which they were grown,
although this may be partially overcome by simu-
lated in vivo conditions in vitro by, for example,
growing organisms under iron or other nutrient
restriction. Secondly, they fail to elicit CMI
immune responses, which are considered impor-
tant for long-term protection. This too may be
overcome with the use of an appropriate adju-
vant. Finally, they generally fail to elicit secretory
IgA responses, which are potentially important
in protecting mucosal surfaces. However, some
dead vaccines have been shown to induce
immune responses at mucosal surfaces. Baljer et
al. (1986) protected calves by oral vaccination
with repeated doses of heat-inactivated and dis-
rupted cells, and found that anti-O antibody was
produced in intestinal secretions. In the UK, at
present only inactivated vaccines are licensed
and therefore widely available for cattle, and
these are claimed to be effective in combating
outbreaks of disease in cattle. However, informa-
tion relating to their actual efficacy is scarce.

Residual Virulence of Live Vaccines:
Addressing the Problem and Criteria

for an Effective Vaccine 

A common problem with the use of live vaccine
strains in calves is the mild scouring and associ-
ated shedding of the vaccine strain that often fol-
lows oral vaccination with an effective dose. This
is likely to be a reason for concern over their use
in all food-production animals. Not only is resid-
ual virulence for the host animal undesirable, but
effects on the human population are possible,
since the vaccine strains are likely to enter the
human food-chain. Recent developments in our
understanding of the virulence factors mediating
Salmonella-induced enteritis are of potential
value in further modifying the pre-existing live
vaccine strains, in order to reduce these adverse
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side-effects. A virulence locus on the Salmonella
chromosome, named Salmonella pathogenicity
island 1 (SPI-1), encodes a protein secretory
apparatus that translocates proteins into target
eukaryotic cells (for review, see Galan, 1996).
Mutation of genes in SPI-1 significantly reduces
intestinal invasion of S. typhimurium and S.
dublin in cattle (Watson et al., 1995; Galyov et
al., 1997) and significantly attenuated S.
typhimurium in cattle, although mild pyrexia and
scours still occurred (Watson et al., 1998).
Further studies in our laboratory have identified
an effector protein, named SopB, which is
secreted and translocated by SPI-1 and is directly
involved in the induction of enteritis. SopB has
inositol phosphate phosphatase activity (Norris
et al., 1998), which influences intracellular sig-
nalling and thus electrolyte transport in eukary-
otic cells. Disruption of the expression of SopB
significantly reduces the intestinal fluid secretion
and inflammation induced by S. dublin, without
influencing the invasive phenotype (Galyov et
al., 1997). Another secreted protein, SopD,
appears to act in concert with SopB in entero-
pathogenesis (Jones et al., 1998), although the
precise function of SopD is not yet known.
Neither of these proteins is involved in mediat-
ing intestinal invasion and thus such mutants
should be fully immunogenic. SopB maps to
another pathogenicity island, called SPI-5, which
encodes for four other proteins, all of which
influence enteropathogenesis in cattle but not
systemic pathogenesis in mice (Wood et al.,
1998). These observations suggest that SPI-5 is a
cluster of genes acquired relatively recently in
the evolutionary history of Salmonella which
bestow the enteropathogenic phenotype. The full
potential of these new developments for vaccine
design have not yet been investigated. However,
the use of mutations that specifically reduce
enteritis, in conjunction with mutations that
specifically prevent the systemic form of disease,
has obvious potential benefits over the existing
live, attenuated vaccine strains. What is surprising
is that these major virulence determinants are
conserved between different Salmonella serovars
and antibodies to them can be found in convales-
cent sera (Galyov et al., 1997). However, the pro-
tective immune response operating in the gut,
elicited in vaccinated and convalescent animals, is
very serovar-specific (Villarreal et al., 1997). This
may be a consequence of these effector proteins

being directly injected into cells by Salmonella
and therefore avoiding immune defence mecha-
nisms acting at the mucosal surface.

There are several additional problems with
the current use of live vaccines. First, there is a
problem with the formulation. Live vaccines
have to be prepared in the lyophilized form and
therefore require storage at 4°C and appropriate
rehydration on the farm before administration to
animals. Second, and most important, is the
acceptability to the public of the use of geneti-
cally manipulated organisms in food-producing
animals. Finally, there is the time required for
development and registration of new live vac-
cines for use in the field. With the emergence
and decline of different serovars, as typified by S.
enteritidis phage type 4, by the time the vaccine is
licensed, the Salmonella problem for which the
vaccine was developed may no longer exist. The
use of dead or subunit vaccines overcomes these
particular problems, in that they are stable, are
relatively quick to produce and do not contami-
nate the environment with genetically modified
microorganisms.

It should thus eventually be possible to
delete from the Salmonella chromosome those
genes responsible for fluid secretion (enterotoxi-
genicity), thereby producing a mutant that
should behave like the parent strain in the ali-
mentary tract of poultry but which would be avir-
ulent for humans. The criteria in selecting an
ideal vaccine have been discussed previously
(Pritchard et al., 1978; Barrow, 1991). These are
outlined below.

Strong protection against intestinal and sys-
temic infection is required. An additional
requirement is stable avirulence for humans (see
discussion above). In view of the current
increased public awareness of Salmonella food
poisoning, it is unclear whether the greatest fear
will be of salmonellosis, thereby increasing the
chance of acceptance of the use of live vaccines,
or of the use of a live vaccine itself. There may
always be some resistance to the use of a vaccine
that is Salmonella-derived, unless it can be shown
that the vaccine is no more virulent for humans
than other microorganisms, which are also pre-
sent on the carcass at slaughter. The virulence of
some of these candidate vaccines for humans has
been assessed (Barrow et al., 1990b), whereas the
virulence of the aroA S. enteritidis strains for
humans has not yet been studied. Ideally, the
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vaccine strains should not enter the human food-
chain and, for this and reasons associated with
the release of genetically modified organisms, the
strain should not contaminate the environment.

The ideal route of administration to
poultry would be orally via the drinking-water
or food or by spray. For cattle and pigs, this
should be achieved with a single dose.
However, parenteral administration may be an
additional requirement for maximum protec-
tion. Although the ideal vaccine should be
avirulent for chickens, oral vaccination may
require the use of an invasive strain to stimulate
maximum immunity, because immunogenicity
may be correlated with invasiveness. It seems
likely that a strong secretory IgA response will
be required for this. Whichever route of inocu-
lation is used, some residual virulence may
result in vertical transmission, as occurs occa-
sionally with the S. gallinarum 9R vaccine. This
should present few problems, providing that the
vaccine produces no disease in the progeny.
More importantly, the vaccine must not affect
animal productivity.

Protection should obviously last as long as
possible. Protection of broilers is required for a
matter of weeks, although Salmonella control in
broilers is not required under European Union
(EU) legislation. However, control in breeders is
an integral part of the European control pro-
gramme, and here protection is needed for many
months. Protection against S. gallinarum induced
either by the 9R vaccine (Smith, 1956) or by an
aroA vaccine (P.A. Barrow and B.A.D. Stocker,
unpublished results) lasts for between 3 and 6
months. Protection is therefore not likely to be
any longer than this. How long protection
against faecal excretion will last is completely
unknown.

It seems likely that, when the vaccine strain
has been completely eliminated, little cross-pro-
tection against other serovars occurs. With the
small number of major serovars involved, this
should not be a major problem. Whether it will
be possible in the future to vaccinate against dif-
ferent serovars with a single vaccine remains to
be seen.

Legislation in many countries requires that
all isolations of Salmonella from poultry must be
reported. Thus wild-type strains must be easily
differentiated from vaccine strains. This can be
achieved positively or negatively by antigenic

markers or their absence, by auxotrophy or by
molecular differentiation, many of which tech-
niques would be beyond the competence of many
laboratories. The use of antibiotic resistance is
unlikely to be adopted, because it is so wide-
spread, but resistance to heavy metals might be
used. If monitoring is carried out serologically,
the vaccine must not express the antigens
responsible for stimulating antibodies detected in
the test used.

Vaccination against salmonellosis can pro-
duce a degree of protection over and above that
possessed by unimmunized chickens with a fully
mature intestinal flora. Vaccination should there-
fore be compatible with the use of competitive
exclusion (early application or replacement of
gut flora). No problems should arise that are
similar to those resulting from overuse of anti-
biotics. Vaccination should also be compatible
with the use of growth-promoting antibiotics.

Cross-protection Between Serovars

It is known that different serovars of Salmonella,
either as virulent parent strains or when attenu-
ated, induce different degrees of protection in the
mouse typhoid model (Collins, 1974; Hormaeche
et al., 1991). The role of O antigen in eliciting
protective responses is unclear. Hybrid vaccine
strains expressing O antigen common to both S.
typhimurium and S. dublin induced protection
against both serovars in mice (Lindberg et al.,
1993), but not in cattle (Segall and Lindberg,
1993), suggesting that O antigen is important in
conferring protection in systemic salmonellosis
in mice, but not in enteritis in larger animals. In
contrast, Hormaeche et al. (1991) found no key
role for O antigen in protection in mice, and pro-
posed a role for other undefined antigens. Studies
in poultry have been confusing. Cooper and his
group (1993) have suggested that there is no
cross-protection between S. typhimurium and S.
enteritidis. However, more recently, Hassan and
Curtiss (1994) indicated a considerable degree of
cross-protection between a variety of serovars. It
is assumed, however, that cross-protection
between serovars does not generally occur and
that protection lasts no longer than 6 months.

The problem of protecting animal herds
against a broad spectrum of different Salmonella
serovars remains unsolved. Whether or not it will
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ever be achievable is uncertain. No study to date
has demonstrated good cross-protection between
different Salmonella serovars for any significant
duration after vaccination. We performed a study
assessing cross-protection in calves immunized
with a live S. typhimurium aroA or S. dublin aroA
and challenged with the homologous serovar to
check (and boost) the protective immune
response. When wild-type S. typhimurium and S.
dublin strains were used to infect ligated ileal
loops constructed in these immune animals 3
weeks after challenge with the virulent organism,
clear serovar-specific protection was found. In
animals vaccinated with S. typhimurium, only S.
dublin strains invaded intestinal mucosa and
elicited enteropathogenic responses and vice
versa in S. dublin immunized cattle (Wallis et al.,
1997), despite these two serovars sharing com-
mon enteropathogenic virulence mechanisms

(Wood et al., 1998). This being the case, it is dif-
ficult to see how effective cross-protection
between different serovars can be achieved in the
future. One approach is to include different
serovars in the vaccine preparation, be it live or
dead. However, preliminary observations with
dual, live S. typhimurium aroA and S. enteritidis
aroA vaccination regimens in poultry suggest
that the vaccine strains interfere with one
another, reducing their efficacy compared with a
monovalent regimen (M. Woodward, personal
communication). It would appear that, at pre-
sent, the only really effective means of control-
ling outbreaks of uncommon serovars is through
the use of herd-specific killed vaccines, which
have been shown to be protective in acute out-
breaks (Bauer, 1986) and very effective in reduc-
ing faecal shedding (Aitkin et al., 1982; Weber,
1993).
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Chapter 20

Epidemiology and Salmonellosis

Kathy Hollinger
FDA CVM, Division of Epidemiology and Surveillance, 7500 Standish Place, 

Rockville, Maryland 20855, USA

Epidemiology is defined as the study of the distri-
bution and determinants of health-related states
or events in specified populations, and the appli-
cation of this study to the prevention and control
of health problems (Last, 1995). This study in
animal populations alone is termed epizootiology.
Because the diseases are often transferred
between human and animal populations, the dis-
tinction between the two populations has been
considered semantic. Thus the term epidemiol-
ogy is commonly used to describe the investiga-
tion of health conditions in human and animal
populations (Thrusfield, 1995).

The earliest structured approach to studying
disease causality was focused solely on the agent,
and involved the three Henle–Koch postulates:

1. The organism is present in all cases of disease,
2. The organism does not occur in cases of
another disease, and
3. The organism is isolated in pure culture from
an animal and induces the same disease in other
experimental animals.

Over time, scientists recognized that the
presence of the organism in animals did not
appear to be the main determinant of disease
rates. Factors other than exposure to the agent
were recognized as important in the development
of clinical disease. Later, the concept of necessary
and sufficient causes of disease was introduced.
Necessary causes were those causal factors that
were required elements in the disease process. For

example, the causative agent or microorganism
was a necessary cause. Sufficient causes included
those factors that were predisposing, enabling,
precipitating or reinforcing. Most disease can be
attributed to a combination of the necessary and
sufficient causes, and can be explained by inter-
actions between agent, host and environment. A
schematic representation of the complex inter-
actions between agent, host and environment for
Salmonella is demonstrated in Fig. 20.1. The vet-
erinary epidemiologist is primarily interested in
those determinants or factors that can be con-
trolled to reduce or to prevent disease and in ani-
mal populations, these controllable factors often
include management and husbandry practices. In
the study of infectious diseases, the investigation
of subclinical carriage of a potential pathogen,
and cases of clinical disease may be equally impor-
tant to the epidemiologist, and are essential in the
design of effective prevention and control pro-
grammes. This chapter is an introduction to epi-
demiology and its vocabulary. For more complete
coverage of the topics, excellent sources are avail-
able and are referenced at the end of this chapter.

Goals of Epidemiological Investigation

The objectives of epidemiological investigation
include: detecting the origin of disease, deter-
mining factors associated with the expression 
of disease, controlling or preventing disease,
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understanding the ecology of infectious agents,
assessing the economic consequences of disease
and of interventions to control or prevent dis-
ease (Thrusfield, 1995). Techniques used to
achieve these objectives are based on statistical
and other mathematical tools.

The Use of Rates in Epidemiology

Epidemiology involves the study of health-
related events in populations as opposed to
studying individual cases of disease. One of the
earliest recorded epidemiological studies was
conducted by John Snow, a London obstetrician
in the mid 1800s, utilizing the distribution of dis-
ease rates in populations. Snow had observed
three cholera outbreaks prior to 1850, and pro-
posed a theory that water was the source of the
disease. During a later epidemic, in 1854, Snow
carried out a systematic study of the population,
meticulously recording cases and their sources of
drinking water. He then compared the rates of
disease based on drinking water source. He iden-
tified one of two water companies, in particular
one water pump, the Broad Street pump, as the
source of the disease. After removal of the pump
handle the epidemic was rapidly contained.

Evaluating the health of populations is
based upon the determination of rates and ratios
of infection, disease, or other outcomes of inter-
est in specified subgroups and comparison of rates
to another defined population. The use of rates as
the basis for comparison implies that disease is
not randomly distributed in populations, but
instead is distributed based on determinants of
disease present in subgroups of the population.
Disease determinants are factors that are directly
or indirectly associated with the disease. By com-
paring disease rates in subgroups of a specified
population, epidemiological associations between
disease and potential exposure factors can be
derived. Identification of these factors can be
used to generate hypotheses that are the basis for
further investigations to determine the nature of
the association and investigate potential causal-
ity between the determinant and disease.

Rates are a measure of the frequency of
occurrence of an event. The numerator repre-
sents the number of reported incidents during a
defined time period, and the denominator repre-
sents the population during the same time
period. Some epidemiological rates measuring
disease occurrence include incidence, preva-
lence, attack rate, and case–fatality rate.
Incidence represents the absolute risk of develop-
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ing disease in a population and is defined as the
number of new cases in a specified period of time,
divided by the size of the defined population dur-
ing the same period. Prevalence is the number of
current cases present in a population divided by
the size of the population at risk, or susceptible to
disease. It can be measured at a point in time, in
which case it is a ‘point prevalence,’ or during a
period of time, when it is termed a ‘period preva-
lence’ (see Fig. 20.2). The relationship between
incidence (I) and prevalence (P) is represented
by the formula, P=I � D, where D=duration of
disease. As an example of the impact of duration
of disease on incidence and prevalence, introduc-
tion of a new therapy that would prolong the life
of a diseased animal would result in increased
prevalence while incidence remained constant.
Alternatively, an increase in the incidence of a
disease exhibiting increased virulence, with a
shortened course of illness and a high death rate
may result in a decrease in prevalence.
Prevalence data are useful for evaluating the eco-
nomic impact of interventions and other changes
introduced to manage disease, while incidence
data give an estimate of the proportion of the
population affected.

The population at risk, representing the
denominator, in herds and flocks of animals is
often not a static population. The calculation of
the population at risk on the farm or in other ani-

mal settings can be difficult, as animals may leave
and enter the herd during the period of interest.
The population at risk may be calculated at the
beginning, middle or end of the period or, alter-
natively, by using an average of the two periods.
At times it may not be feasible to obtain good
denominators representative of the population at
risk. In calculating the incidence of clinical dis-
ease caused by S. typhimurium DT104 in cattle
herds in Great Britain (GB), one denominator,
available from agricultural census data, would
have overestimated the true number of herds,
because mixed beef and dairy herds were counted
twice. This would have resulted in a calculation
of incidence that was lower than the actual
incidence. An alternative approach involved
selecting a sample population and determining
the number of new cases occurring during a given
period. The sample-derived incidence gave an
estimate that was closer to the true incidence.
The extrapolation of rates obtained from sample
populations to another population is limited by
the representativeness of the sample to the
population of interest. If the composition of the
sample population was not similar to cattle herds
in GB, the extrapolation of this estimate would
not have been valid.

Attack rates are defined as the cumulative
number of cases over the period of an outbreak
divided by the population at risk at the 
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beginning of the outbreak. Attack rates are com-
monly used to describe outbreak incidence. Other
descriptive rates are used to describe the impact
of disease on populations, such as morbidity, mor-
tality or case–fatality rates. Morbidity is the pro-
portion of individuals affected by the disease
during a specified period. The mortality rate is the
number of deaths in the population at risk during
a defined period. Case–fatality rates are a measure
of the severity of disease and are the number of
deaths due to a specific disease divided by the
number of cases of that disease during the period.

Disease rates in a population can be
expressed as crude rates, such as those described
above, specific rates or as adjusted rates. Crude
rates are usually overall population or herd/flock
rates, and are the average rates, weighted by the
characteristics of the specified population.
Comparison of crude rates is appropriate if the
populations being compared share similar disease
characteristics that make them susceptible to dis-
ease. Specific rates are rates that are stratified
into categories or characteristics, such as age,
geographical location or herd size. Rates can also
be adjusted to allow comparison of two popula-
tions that differ in composition. Two methods of
adjustment are commonly used; direct and indi-
rect adjustment. Direct adjustment applies the
rates in the population of interest to a standard
population and can be used to compare two pop-
ulations directly. Indirect adjustment may be
used when the rates in the population of interest
are not known. It involves applying the rates
from a standard population to the population of
interest; the comparison between two popula-
tions is limited to comparison of each indepen-
dently with the standard population.

Associations between Determinants
and Outcome

The determination of rates of disease in a popu-
lation is the basis of descriptive epidemiology.
The distribution of the study population into
categories, based on disease status and exposure,
is a means of calculating the strength of associa-
tion. Two measures of the strength of an associa-
tion are the relative risk (RR) and the odds ratio
(OR). The relative risk of an exposure can be
calculated mathematically by determining the
incidence of disease in exposed (Ie), and unex-
posed (Iu) populations. The ratio of these two
incidence rates represents the relative magni-
tude of the difference between the exposed and
unexposed groups. The formula for RR is given
in Fig. 20.3. An OR is a second RR measuring
the probability of an event occurring over the
probability the event will not occur. When using
incident cases, the OR is considered a good esti-
mate of relative risk and is derived from the sim-
plified formula ad/bc (Fig. 20.3). If the exposure
to a putative risk factor is not related to the dis-
ease, the OR and RR will equal 1. An OR or RR
> 1 indicates a positive association between the
determinant and disease, and a negative or ‘pro-
tective’ association will result in an OR or RR <
1. If the rate of disease in the population is not
low, ORs can tend to overestimate and exagger-
ate the RR. Rates can be compared to determine
absolute, as well as relative differences. An
absolute difference, termed the attributable risk,
between exposed and unexposed populations is
calculated by subtracting the incidence in the
unexposed population from the incidence in the
exposed population. This results in a value that
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Fig. 20.3. 2 � 2 Table for determination of the strength of the association and chi-squared test.



represents the risk due to the single exposure.
Often multiple factors play a role in the occur-
rence of a disease. These multiple factors can
not only affect the outcome of interest, but also
affect and may be affected by other determi-
nants. Statistical methods used to determine the
independent effect of a determinant in the pres-
ence of these other factors involve multivariable
analysis. Statistical methods for multivariable
analysis include linear and logistic regression
and are facilitated by the use of statistical pack-
ages that simplify these calculations.

Types of Association

Types of associations made in epidemiological
studies can be artefactual, indirect or directly
causal in nature. Artefactual associations may
occur by chance alone or due to bias, and are not
linked to the outcome of interest. Bias is the
deviation from a true association. Biases can arise
during sample selection, study design, data col-
lection, data analysis or interpretation of results.
Bias can be either systematic or random in
nature. Systematic bias is most problematic
because it results in the distortion of the relation-
ship between the exposure and the outcome and
may result in erroneous associations. Random
bias is less likely to alter the association between
the determinant and outcome as it is multi-direc-
tional. Some types of biases are selection bias,
misclassification bias and recall bias. Selection
bias occurs when participants in a study possesses
characteristics that differ from the reference pop-
ulation and distorts the relationship between
exposure and disease. Misclassification bias
occurs when cases are not accurately identified in
a study. Recall bias is the lack of accurate mem-
ory of events and may impair the collection of
accurate exposure histories. Artefactual associa-
tions may also be introduced by confounders.
Confounders have three characteristics: (i) they
are risk factors for the outcome of interest; (ii)
they are not intermediate between exposure and
disease; and (iii) they are associated with the
exposure of interest. An example of a confounder
may be herd size. In a study of Salmonella in cat-
tle herds, larger herds had higher rates of disease
than the smaller herds. The rate of introduction
of newly acquired animals was greater in large
compared with small herds due to replacement of

culled animals. Large herds purchased cattle from
higher risk sources; dealers and markets, com-
pared with the small herds that tended to acquire
cattle from private farm sources. Therefore, herd
size was a risk factor for the disease, was not
intermediate between exposure and causality and
was associated with the introduction of newly
acquired animals.

The effect of confounders in a study can be
controlled either in the study design, by match-
ing cases and controls on the confounding effect,
or during the analysis of the data by use of 
adjustment procedures, either stratification in
univariate analysis or inclusion of important con-
founders in multivariable analysis. The impact of
bias in distorting an association emphasizes the
importance, in the planning stages of a study, of
reducing or eliminating the potential biases in
order to allow the best determination of the true
association.

Valid associations between the risk determi-
nant and the disease may be either direct or indi-
rect. Indirect associations are classified into two
types: those which are due to the factor and the
disease sharing a common underlying condition,
or those due to an intermediate factor modulat-
ing the effect of the factor on the disease. Direct
causal associations, linking exposure and disease,
are best determined within the construct of con-
trolled experiments, but it is often not possible to
conduct these studies. Formal criteria used to dis-
tinguish causal from non-causal epidemiological
associations are the demonstration of: (i) the
strength of an association; (ii) a dose–response
association; (iii) consistency or repeatability of
an association; (iv) a temporally plausible associ-
ation; (v) the specificity of an association; (vi)
use of additional supporting experimental evi-
dence; and (vii) the biological plausibility of the
association. Many associations may initially
appear to be causal, but are later found to be
indirectly associated with disease as the associa-
tion is refined by further studies.

Tests of Association

Once an association has been made, statistical
methods can be used to estimate the probability
of the observed degree of association between the
event and the exposure of interest. The chi-
squared test for association is commonly used in
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disease investigations and determines the proba-
bility of the association occurring by chance
alone. This test is a mathematical comparison
between observed and expected disease rates or
proportions. The larger the chi-squared statistic,
the larger the difference between observed and
expected rates and the less likely that the
observed cell values would have occurred by
chance alone. The chi-squared test statistic is
generated from the data (see Fig. 20.4), and a P
value derived from a table of chi-squared statis-
tics. The derived P value is compared to the pre-
viously determined significance level. The level
of significance is often defined as P�0.05, repre-
senting a rare event, and is the point at which
the event is unlikely to occur by chance alone. If
the calculated chi-squared statistic defines a P
value of less than 0.05, then the event is consid-
ered a statistically ‘significant’ association, as it
has a chance of occurring less than one out of 20
times.

In addition to the chi-squared test for signifi-
cance, the Fisher exact test and others are used to
calculate the significance of an association. The
Fisher exact test is used when 20% or more of the
expected observations contain less than five obser-
vations per cell. Statistically significant associa-
tions should be interpreted with caution, as the
biological plausibility of an association should be
determined prior to the acceptance of statistically
significant results. Software programs are available
to calculate the significance of concurrent multi-
variable associations in logistic regression and
other analyses.

Confidence intervals are another method
used to define an association between a deter-
minant and an outcome variable. A confidence
interval simultaneously describes the magnitude
of an effect and the variability in the sample
estimate, in contrast with the limited informa-
tion obtained from P values which simply
assesses the likelihood of the association.

Other Common Epidemiological
Definitions: Sensitivity, Specificity,

Validity and Reliability

Rates are ideally determined based on case defin-
itions that are sensitive and specific to the condi-
tion of interest and appropriate to the goals of
the investigation. Sensitivity is the probability of
correctly identifying a case and specificity is the
probability of correctly identifying a non-dis-
eased individual. The relationship between sensi-
tivity and specificity is typically inverse; as the
ability to correctly identify a case increases there
is a loss of specificity resulting in an increase in
falsely identified cases. Reliability and validity
are also important epidemiological terms.
Reliability is a measure of the repeatability or the
precision of the results, and validity is a measure
of the truth of an estimate.

Types of Epidemiological Studies

Epidemiological studies are divided into broad cat-
egories termed interventional or observational.
Interventional studies are controlled investiga-
tional studies involving an intentional change to
test a hypothesized relationship between a factor
and the rate of disease in the study population.
Some examples of interventional studies are
clinical trials, such as those commonly used to
determine the efficacy of drugs or vaccines, and
controlled experiments that may test specific hus-
bandry practices. In contrast, observational studies
involve the collection of information from a
natural setting, where the exposure to a defined
characteristic is determined and disease rates in
the population are compared, without investigator
intervention. Three types of observational studies
are: (i) case–control, (ii) cohort and (iii)
prevalence or cross-sectional studies. Case–control
studies are commonly used in outbreak investiga-
tions or when cases are rare. A clear case defini-
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Fig. 20.4. Formula for chi-squared statistic (�2) calculation. The numbers for the expected cell values are
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tion is established by the investigator that is
appropriate to the goals of the investigation, and
highly specific to assure identification of true
cases. Controls are selected, without the disease of
interest, and may be matched to the cases based
on potentially confounding factors such as age or
seasonality of illness. Once cases are matched to
controls based on a factor, the effect of that factor
can no longer be assessed in the analysis. For
example, in a case–control study where cases and
controls were selected and matched on age at
sample submission, factors associated with age
could not be assessed, as there were no differences
between cases and controls. In a case–control
study, the exposure to hypothesized risk deter-
minants is typically assessed retrospectively, after
the outcome of interest is identified. A limitation
of retrospective assessment of exposure can be the
introduction of recall bias because the respondent
may not remember accurate exposure histories,
unless the exposure was well documented while it
occurred. Cohort studies involve the selection of a
study population in which exposure data can be
assessed over time. This population is followed
either prospectively or records are examined or
histories taken retrospectively, often over a long
period, to determine disease outcome and relevant
exposures. Exposure in cohort studies is recorded
prior to the onset or determination of disease in
prospective or concurrent cohort studies and the
rates of disease in the exposed and unexposed
groups are compared to identify exposure–disease
associations. Exposure may also be assessed from
records in which case the study is termed a non-
concurrent or retrospective cohort study. The
incidence of a health event in the population can
be calculated from cohort studies as the cases
occurring during the period of observation are new
cases of disease. Cross-sectional studies involve
the concurrent collection of disease and exposure
data; therefore, one of the criteria for establishing
causality, the temporal relationship between
exposure and disease, cannot be established.

Each study type has advantages and disad-
vantages associated with cost, time required to
conduct the study, the suitability to the study
topic, sample size and comparison group avail-
ability among others (Thrusfield, 1995). These
studies can provide data for the modelling and
prediction of epidemics using computer-assisted
techniques, and the data can be used for policy
making, decision analysis, cost–benefit assess-

ments, and the evaluation of interventions.
Epidemiologic data describing the transmission
of S. dublin were used to model the introduction
and spread of the currently exotic organism into
New Zealand, to investigate the effects of a
reduction in funding for national animal health
surveillance. It was evident from the model that
a reduction in the funding would result in a
longer time to diagnosis and potentially allow
spread of disease to a greater number of herds
(Sanson and Thornton, 1997). Epidemiologic
studies that are well designed and constructed
can provide valuable information for the preven-
tion and control of disease by veterinarians and
farmers as well as provide data for decision analy-
sis and policy setting by public health officials.

Sample Size

The determination of an appropriate sample size
during the planning phase of a study is an impor-
tant component of a well designed study. An
inadequate sample size may not allow the investi-
gator to detect a difference between two compar-
ison groups whereas an excessively large sample
can be wasteful of resources. Factors influencing
the size of the sample are:

1. The prevalence or incidence of the disease or
outcome of interest (although this is often
unknown, a pilot study or estimate obtained
from previously published literature may be
helpful). 
2. The specified minimum difference in disease
prevalence or incidence between comparison
groups that is thought to be of interest.
3. The probability of a type I error, which is
termed the alpha (α) and is the level of signifi-
cance set by the investigator. This represents the
probability or chance of statistically detecting a
difference in disease prevalence or incidence
between cases and controls when there is no
difference.
4. The probability of a type II error (β), which
represents the chance of not detecting a differ-
ence when one actually exists. The power of the
study to detect a specified effect or difference
between the two groups is defined as 1�β. By
convention, β is often set at 0.20 with a resultant
power of 0.80.

Table 20.1 provides a tabulation of the 

Epidemiology and Salmonellosis 347



estimated sample size needed to detect the pres-
ence of disease in a finite population, at different
prevalence levels. At times there are a limited
number of cases available for a study. If the num-
ber of cases is limited, the investigator can
increase the power, or ability to detect a differ-
ence, by increasing the ratio of controls to cases.
However, the effect of increasing controls to
greater than four controls per case results in
diminishing incremental increases in the power
and may not be cost effective. When the number
of available cases is limited, the power of the
study should be calculated to determine whether
performing the study is a worthwhile endeavour.
The factors to be considered for the determina-
tion of sample size are not restricted to statistical
considerations. Sample size will depend on such
pragmatic and technical considerations as labora-
tory capacity and personnel availability as well as
statistically based reasons for the final number of
subjects. The investigator will balance these sta-
tistical and practical considerations during the
design phase of a study.

Outbreak Investigation in Animal
Populations

An outbreak is a localized increase in the number
of new cases of a disease. Outbreak investigations
in animal populations are commonly conducted by
veterinarians. Often, the determination of the
agent causing the outbreak is not the objective of
interest, as it is easy to identify the cause. It is usu-
ally more difficult to identify the source of the

agent, or factors associated with the appearance of
clinical disease in the animals. An outbreak inves-
tigation can be conducted using a structured or
non-structured approach. A non-structured inves-
tigation relies on the investigator’s experience and
interests, and can be limited by these biases, result-
ing in inconclusive or false associations. A struc-
tured approach to an investigation reduces the
impact of investigator biases and is generally
broader in scope. Once an approach has been
determined, the investigation should be planned
prior to arrival on site. A structured approach
begins with confirmation of the outbreak as the
first step of the outbreak investigation. This begins
with verification of the clinical diagnosis with lab-
oratory results and establishing the existence of an
epidemic by comparing previous disease rates with
current disease incidence. After the diagnosis and
epidemic status have been established, the goals of
the investigation must be defined. Often, the goals
of the investigation are to reduce the rate of disease
and to prevent recurrence in the herd or flock. The
goals of the investigation should be directed to
focus on those factors in the causal pathway of dis-
ease that can be altered and are controllable in the
management of the affected animal population.
Focusing on the agent of infection does not take
into account the multifactorial nature of disease
expression, and will limit the information gathered
during the investigation. In many cases, the organ-
ism is endemic to the affected farms, and the deter-
minants of interest are factors associated with the
progression from infection to disease, see Box 20.1
for a brief overview of outbreak investigation pro-
cedures. For a more detailed description of tech-
niques, see Thrusfield (1995).
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Table 20.1. Sample size for detection of Salmonella in a flock of 10,000–100,000 birds at a confidence
level of 95% (from WHO, 1994).

Detectable Sample Detectable Sample Detectable Sample
prevalence level (%) size prevalence level (%) size prevalence level (%) size

1 298 11 26 55 4
2 149 12 24 60 4
3 99 15 19 65 4
4 74 20 14 70 3
5 59 25 11 75 3
6 49 30 9 80 3
7 42 35 8 85 3
8 36 40 6 90 2
9 32 45 6 95 2

10 29 50 5 100 1



Surveillance and Monitoring:
Definitions and Use of Data

Monitoring and surveillance of health events
involves the continuous collection of data on cases
in a specified population. Monitoring is defined as
the performance and analysis of routine measure-
ments, aimed at detecting changes in the environ-
ment or health status of populations. Monitoring
may imply interventions in light of the observa-
tions made during the analysis of the data.
Surveillance is defined as the ongoing systematic
collection, analysis and interpretation of health
data in the process of describing and monitoring a
health event and the timely dissemination of this
data to those who need to know (Last, 1995).
Mechanisms for the collection of surveillance data
can be active, passive or sentinel. Passive data
collection refers to data that is reported by the
veterinarian, laboratory or other party without
solicitation or contact from the surveillance sys-
tem coordinators. Active surveillance involves the
solicitation of data from health care providers or
laboratories. This type of system is more costly, but
typically results in data that is more complete and

accurate than that collected in passive surveil-
lance systems. Sentinel surveillance systems rely
upon reported cases of disease and typically alert
health officials that control and prevention
methods are inadequate. Some examples of
diseases often monitored by sentinel surveillance
systems are rabies, salmonella and anthrax.

Surveillance data can be applied to strategies
for the control and prevention of disease as well as
understanding the disease by describing the time,
place and population characteristics of the
reported cases. An understanding of biases in the
surveillance system, and knowledge of the struc-
ture, purpose and objectives of the system allow
informed use of surveillance and monitoring data.
Biases in surveillance data often occur, due to the
circumstances inherent in the sampling and
reporting process. A pyramidal model demonstrat-
ing stepwise reduction in reported cases of salmo-
nellosis in a surveillance system can be seen in Fig.
20.5. Examples of selection biases in Salmonella
surveillance systems can include those that arise
due to sampling only those animals exhibiting
clinical disease or sampling only those animals
that are of economic value to the producer.
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Box 20.1. Outline of the outbreak investigation process.

1. Confirm clinical findings and diagnosis with laboratory results and verify an increase in the rate of
disease to establish the existence of an epidemic.
2. Define the cases precisely to distinguish disease from illness that is attributable to other causes.
3. Plan the investigation by first defining the goals of the investigation, focusing on those risk factors
associated with the disease, with an emphasis on management factors that are alterable. Collect the data
using quantitative or defined qualitative measures.
4. Describe the outbreak by time, place and animal characteristics. Describe the temporal pattern of
the epidemic, creating an epidemic curve from the number of cases per unit of time. From the epidemic
curve, determine the time of exposure, the incubation period and the curve type, describing the source
of transmission, i.e. common-source or propagated epidemic curve. Describe the spatial distribution of
the epidemic by mapping cases and correlating with the temporal pattern of distribution. Describe the
animal pattern of disease by describing the characteristics of affected and unaffected animal groups.
Descriptive characteristics may include: age, breed, sex, production stage, diet, vaccination status and
any other factors that may be relevant to the population.
5. Data analysis: factor-specific attack rates, case–fatality rates, relative risk and attributable risk are 
calculated. Statistical tests, such as the chi-squared test for independence, are used to determine the
statistical significance of risk determinants.
6. Formulation and testing of hypothesis to determine the cause(s), the source(s) and the mode(s) of
transmission.
7. Further investigation and analysis.
8. Report of findings of the investigation.



Surveillance data are often used to describe
temporal trends in epidemics. Temporal trends
are demonstrated by epidemic curves that are
graphed by counting the number of cases by time
of onset of illness. They can represent short-term
epidemics such as outbreaks, seasonal, long-term
or secular and cyclical epidemics. The shape of
an epidemic curve can provide clues about the
type or source of exposure. Two types of epidemic
curves are common source and propagated epi-
demics. In common source epidemics a group of
individuals is exposed to an agent from a single
source. The exposure may be a single, repeated
multiple, or continued exposure over a period of
time. If the exposure is simultaneous or limited
to a short period all cases of disease develop
within one incubation period of the disease.
Propagated epidemics involve the serial transfer
of the disease to other susceptible individuals in
the population.

Other temporal trends in the distribution of
disease are seasonal or secular in nature. Data
obtained from the Zoonoses Order database indi-
cate that the S. enterica serovar Typhimurium
DT104 epidemic in cattle herds in GB shows a
seasonal trend that peaks during the calving sea-
son. The seasonal increase in the incidence of
DT104 infections reflects the increased suscepti-
bility of adult cows during the immediate post-
partum period and the increased number of
susceptible calves. Seasonal determinants may be

a direct result of agent survivability due to
climatic or environmental conditions, popula-
tion changes reflecting changes in host suscepti-
bility, reservoir status, diet and many other
factors that may influence exposure or expression
of disease in the population.

Secular trends are changes over a long period
of time, involving years or decades. Secular trends
may show variability in disease occurrence due to
changes in the population of susceptible indivi-
duals over time, interventions that have had an
impact on the disease and random effects. Other
techniques used in temporal trend analysis, such as
the establishment of correlation, time series and
cluster analysis are covered in brief in epidemio-
logy texts (Thrusfield, 1995) and in detail by
statistical texts and are not addressed here.

Geographical representation of surveillance
data can be achieved by the mapping of cases,
rates or proportions. Mapping can include the
addition of landscape features, such as streams
and other natural characteristics, which can
result in a sophisticated representation of natural
barriers and modes of transmission.

Characteristics of Salmonella of
Epidemiological Significance

Salmonellae can infect a diverse range of animal
hosts, from insects, reptiles and birds to mammals,
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including man, and can be present and persist in
the environment. All Salmonella serovars are con-
sidered potential pathogens in most animal
species. However, the pathogenicity of some
serovars appears to be limited to a narrow range of
animal host species and are considered ‘host
adapted’, such as S. dublin in cattle. Other
serovars such as S. typhimurium can affect many
animal species, including humans and are termed
‘non-host adapted.’ Salmonella can cause a spec-
trum of disease expression and outcomes, ranging
from sub-apparent infection, impaired productiv-
ity, or clinical disease that may range from mild to
fatal in severity of infection. The organism can be
shed for a variable period after recovery; for
example S. typhimurium DT104 has been detected
in samples taken up to 18 months after clinical
disease in a herd of dairy cattle (Evans and
Davies, 1996). Isolation of the organism from ani-
mals may be impaired by the intermittent shed-
ding of the organism in faeces that is
characteristic of infected animals. It may be diffi-
cult to detect Salmonella when it is present in low
numbers due to the competitive overgrowth of
other Enterobacteriaceae. Distinct patterns of dis-
tribution, virulence, pathogenesis, and resistance
can be ascribed to specific serovars or even sub-
serotypic classifications of Salmonella, based on
phage type, plasmid profile, antimicrobial suscep-
tibility profile or other methods of differentiation.

Serological determination of the presence of
infection also has limitations. The lag period
between exposure and antibody response, inter-
ference by passively transferred immunoglobu-
lins, the inability to identify infecting serovar
and cross-reactivity with antibodies due to
immunization are a few of the limitations.
Therefore, the determination of an infection
rate, using isolation techniques or serology, can
be difficult to assess in affected populations.

The risk factors known to be associated with
isolation of Salmonella and clinical expression of
salmonellosis in cattle are diverse. In a recent
case–control study of S. typhimurium DT104 in
GB, factors associated with increased risk of clin-
ical disease in cattle herds were: cattle dealer
premises, access to feed stores by wild birds, the
presence of feral cats on the farm, the housing of
cattle, a lack of isolation facilities, and the intro-
duction of newly purchased cattle (Evans, 1996).

Some determinants of Salmonella prevalence
are specific to the serovar and affected animal

host; for example, the rate of isolation of S. enter-
itidis PT4 from the gut contents of laying hens
was shown to be increased 24 h after withdrawal
of feed compared with a group of fed birds
(Humphrey et al., 1993). Differences in disease
determinants are also evident in subsets of a
population based on age, breed, or gender differ-
ences in disease susceptibility.

In addition to these factors, some Salmonella
serovars can be persistent in the environment, S.
typhimurium DT204c was detected on a calf-
rearer’s premises up to 2.5 years after the first iso-
lation on a farm with a mean period of persistence
of 14 months on five farms (McLaren and Wray,
1991). Environmental persistence of the organism
facilitates the dissemination of infection, reflected
by rates of disease in recently purchased calves or
cattle and the facility with which Salmonella are
isolated from transport vehicles and market calf
pens (Wray et al., 1991). Other potential sources
of environmental exposures are water courses,
sewage, septic tank effluents, some domestic pets,
wild birds and rodents.

An understanding of the organism may be
gained from the literature, based on the serovar
and specific population of interest. Construction
of a list of previously determined associations
with the disease will provide the investigator
with some of the information needed to begin to
define potential exposures for a proposed investi-
gation.

Molecular Epidemiology and the
Differentiation of Salmonella Strains

Typing of strains into groups below the level of
serovar may be necessary for the purposes of an
epidemiological investigation. Typing may allow
investigators to determine the relatedness of out-
break-associated strains, trace the spread of an
epidemic and make the distinction between a
relapse and a newly introduced infection. The
typing of isolates for an epidemiological investiga-
tion assumes that clonal isolates are epidemiologi-
cally related and represent the amplification and
dissemination of a single isolate. This assumption
is used cautiously as it can be simplistic. Bacterial
populations are constantly changing by mutation,
transfer of genetic determinants and many other
mechanisms for change that create the diversity
observed in microbial populations in nature.
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Typing systems are broadly categorized into
phenotypic techniques that identify the expressed
molecular characteristics of an organism and
genotypic techniques that identify the chromoso-
mal or extra-chromosomal DNA composition of
an organism. Phenotypic techniques include bio-
typing, antimicrobial susceptibility testing, sero-
typing, bacteriophage typing and bacteriocin
typing. Phenotypic classification of strains is
limited by the immense capacity of organisms to
alter the expression of these characteristics.
Genotypic strain typing techniques include plas-
mid profile analyses, restriction endonuclease
analysis (REA) of chromosomal DNA, Southern
blot of restriction length polymorphisms (RFLPs),
pulsed-field gel electrophoresis (PFGE) and
nucleotide sequence analysis. Interpretation of
the typing results can be difficult, as epidemio-
logically related isolates may demonstrate typing
differences in phenotype, plasmid content, phage
reactivity or sequence mutations. Designation of
degree of difference between similar isolates into

indistinguishable, closely related, possibly related
and different strains may facilitate the interpreta-
tion of typing results for epidemiological study
(Arbeit, 1999).

Conclusion

Investigation of salmonellosis using epidemio-
logical techniques can present unique chal-
lenges to the investigator. It is important to
define the goals and objectives before planning
any studies or outbreak investigations. Clear
understanding of the limitations of the data are
also important in the analysis and interpreta-
tion of data from surveillance and other sources.
The use of a well constructed epidemiological
approach to the study of Salmonella in animals
can be used to effectively target prevention and
control practices that can reduce the impact of
this zoonotic enteric pathogen on animal and
human populations.
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Chapter 21

Methods for the Cultural Isolation of
Salmonella

W. Douglas Waltman
Georgia Poultry Laboratory, Oakwood, GA 30566, USA

Introduction

There is a tremendous amount of information in
the scientific literature concerning the media and
methods for the isolation of Salmonella; however,
it is often confusing and contradictory. This
results from the multiplicity of media and meth-
ods that are available; perhaps more than for any
other single species of bacteria. Some of the vari-
ables that can result in differences in recovery,
include: (i) the type, amount and sources of sam-
ples; (ii) whether the samples are artificially or
naturally contaminated; (iii) the use of pre-
enrichment and the type used; (iv) the type and
formulation of selective enrichment used; (v) the
enrichment incubation temperature; (vi) the
enrichment incubation time; (vii) the plating
media used; and (viii) the number of colonies
screened from the plating media.

Historically, the need to isolate Salmonella
originated in the late 1800s, when Salmonella
typhi was found to be the aetiological agent of
typhoid fever. The resulting media and methods
were specifically designed for culturing S. typhi. In
the early 1900s, it became apparent that other
Salmonella serovars were also responsible for clini-
cal disease. Even though these Salmonella were
characteristically different from S. typhi, the same
methods were generally used for isolation. In
many cases, the origin of these infections was
found to be food-borne. The existing cultural pro-
cedures were applied to the isolation of Salmonella

from these foods and, as these foods were tested,
it became apparent that a significant proportion
of the Salmonella outbreaks could be traced to
meat and food-producing animals. It therefore
became necessary to test and monitor food-pro-
ducing animals for Salmonella. Environmental
sampling has been found to be one of the best
ways to monitor for Salmonella on the farm. This
progression of inherently different sample types
and sources, from clinical disease to food to envi-
ronment, has important consequences on the
methods by which Salmonella may be isolated.
The media and methods that are best with one
particular sample type may not necessarily be
optimal for other samples. Therefore particular
procedures need to be evaluated for different
types of samples.

An early survey of European laboratories
found variations in the methodology used to iso-
late Salmonella, which resulted in significant dif-
ferences in the detection of Salmonella (Edel and
Kampelmacher, 1968). A nationwide survey in
the USA of laboratories primarily involved in
culturing Salmonella from poultry and poultry
environments also showed a large variation in
the methodology used by different laboratories
(Waltman and Mallinson, 1995). These authors
recommended a re-evaluation of the methods for
Salmonella isolation based on comparative studies
to determine the best procedures. A similar rec-
ommendation had been made earlier by the
World Health Organization (1994).
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Several review articles have been published
discussing the isolation of Salmonella and may be
referred to for more detailed information (Jameson,
1962; McCoy, 1962; Fagerberg and Avens, 1976;
Harvey and Price, 1979; D’Aoust, 1981; Moats,
1981; Fricker, 1987; Busse, 1995; Andrews, 1996).

Regardless of the sample source, the isola-
tion of Salmonella generally includes: (i) direct
culture; (ii) non-selective pre-enrichment; (iii)
selective enrichment; (iv) inoculation of plating
media; (v) screening suspect colonies; and (vi)
biochemical and serological confirmation.

Direct Culture

The process of directly inoculating tissues or
other samples on to plating media, except in the
case of acute infections, is usually non-produc-
tive. Typically, in chronic infections, carrier ani-
mals or environmental samples, the numbers of
Salmonella are low, especially relative to the high
numbers of other bacteria. These samples should
be inoculated into selective enrichment media
for optimal recovery of Salmonella.

In clinical-disease situations, whether sys-
temic or enteric, samples may be inoculated
directly on to plating media. Samples of internal
organs, which are normally sterile, should be
inoculated on to non-selective (e.g. blood agar,
nutrient agar) or at least weakly selective media
(e.g. MacConkey agar), in addition to the more
selective plating media (e.g. brilliant green agar,
xylose lysine desoxycholate agar). This is a good
practice for those rare cases when a Salmonella
strain may be inhibited by the selective agents in
the plating media.

Some studies have investigated the use of
direct culture for testing eggs for Salmonella. Gast
(1993) and Gast and Holt (1995) found that
direct culture was not as sensitive as selective or
non-selective enrichment. However, it was found
that isolation by direct culture could be
improved by incubating the egg mixture with
additional iron or culture media (Reissbrodt and
Rabsch, 1993; Gast and Holt, 1995).

Pre-enrichment

Early studies showed that direct plating and
direct selective enrichment of certain types of

samples were often unsuccessful for the detection
of Salmonella. Typically, samples that have been
dried, heated, irradiated or otherwise processed
require the use of non-selective pre-enrichment
for optimal recovery of Salmonella. In these sam-
ples, Salmonella may be present but are ‘damaged’
or ‘sublethally injured’. These organisms,
although still viable and able to cause disease
under the right conditions, are easily killed if
placed into the harsh environment of most selec-
tive-enrichment broths, especially when incu-
bated at higher temperatures (Corry et al., 1969).
Non-selective pre-enrichment broth allows these
injured cells to resuscitate prior to transfer into
the selective enrichment media.

Several pre-enrichment media have been
advocated (Edel and Kampelmacher, 1973; Gabis
and Silliker, 1974; D’Aoust, 1981). Lactose broth
(LB) was perhaps the first to receive widespread
use. But there has been concern that LB, because
of the fermentation of lactose and resulting acid-
ity, would allow the pH to fall to a level that is
inhibitory or lethal to Salmonella (Hilker, 1975).

The recovery of Salmonella is not dependent
on the nutritional value of the pre-enrichment
media (D’Aoust, 1981). Other pre-enrichment
media have been formulated without a fer-
mentable sugar and with greater buffering capaci-
ties, e.g. buffered peptone water (BPW), M9 and
universal pre-enrichment (Bailey and Cox, 1992).

Several studies have found that BPW was
better than LB for isolating Salmonella
(Thomason et al., 1977; Thomason and Dodd,
1978; van Leusden et al., 1982; Fricker, 1987).
Juven et al. (1984) compared LB, LB with tergi-
tol, M9 and BPW and found that both BPW and
M9 were better than LB. The pH of the LB cul-
tures after incubation ranged from 4.8 to 5.5,
whereas the ranges for BPW and M9 were
5.8–6.4 and 5.9–6.2, respectively. BPW has been
the pre-enrichment broth of choice for use in 
conjunction with Rappaport–Vassiliadis (RV)
enrichment media.

Likewise, it has been shown that pre-
enrichment is useful for isolating Salmonella
from faeces and environmental samples (Edel
and Kampelmacher, 1973; van Schothorst and
Renaud, 1983; Vassiliadis, 1983; Fricker et al.,
1985; Tate et al., 1990; Schlundt and Munch,
1993). For many years, pre-enrichment of these
samples was not advocated, because it was thought
that non-selective enrichment would allow over-
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growth of organisms other than Salmonella and
give false-negative results. In environmental sam-
ples, Salmonella may become stressed by the level
of available water, pH, temperature or other
inhibitory effects of the microecosystem in which
they are trying to survive.

Selective Enrichment

Selective-enrichment broths are formulated to
selectively inhibit other bacteria while allowing
Salmonella to multiply to levels that may be
detected after plating. There are currently three
major types of selective-enrichment media:
tetrathionate, selenite and RV. There are also 
different formulations within each type of
enrichment.

A survey of laboratories (Waltman and
Mallinson, 1995) found that 13, 17 and 15 differ-
ent enrichments or combinations of enrichment
media were being used for isolating Salmonella
from poultry tissues, the environment and large
animal samples, respectively. RV was not being
used for poultry or poultry environmental sam-
ples and it was used in only 2% of laboratories for
large animal samples. In Europe, however, RV is
widely used and is one of the recommended
media for monitoring poultry flocks, as laid down
in the EC directive 92/117.

Generally, as the number of selective-enrich-
ment media is increased, the number of positive
samples also increases. This is also true for incuba-
tion conditions and plating media. This potential
to increase the numbers of Salmonella isolations by
using multiple media must, however, be compared
with the additional labour and expense involved.

Tetrathionate enrichment media

Muller (1923) described a selective enrichment
broth that contained iodine and sodium thiosul-
phate, which combined to form tetrathionate.
Kauffmann (1930, 1935) modified the enrich-
ment broth of Muller by adding ox bile and bril-
liant green (BG) (tetrathionate brilliant green
(TBG)). The mode of action of tetrathionate
broth on Gram-negative bacteria is poorly under-
stood; however, it is postulated to involve inacti-
vation of sulphydryl groups of enzymes (Palumbo
and Alford, 1970).

Jeffries (1959) modified the tetrathionate
enrichment by adding 40 µg ml�1 novobiocin to
suppress the growth of Proteus and Providencia
spp. Hajna and Damon (1956) also modified the
conventional tetrathionate enrichment broth by
adding yeast extract, glucose and mannitol,
decreasing the bile salts concentration and
increasing the sodium thiosulphate concentra-
tion. The resulting medium is referred to as
tetrathionate Hajna. It is important to recognize
that modification of tetrathionate enrichment
broths, especially the change in the concentra-
tion of sodium thiosulphate, will alter the con-
centration of the iodine/potassium iodide
solution that is added. Failure to use the correct
iodine solution will affect the tetrathionate con-
centration of the enrichment and detrimentally
alter its effectiveness.

Different formulations of tetrathionate
enrichment have contributed to the often con-
fusing comparative studies. The relative concen-
trations of sodium thiosulphate and iodine have
a dramatic influence on the molar concentration
of tetrathionate, which changes the selectivity
and specificity of the enrichment media. It also
alters the temperature at which the enrichment
will be effective and the growth of some
Salmonella serovars is inhibited in tetrathionate
at higher temperatures.

Waltman et al. (1995) compared three
tetrathionate formulations for the recovery of
Salmonella from poultry environmental samples.
They found no significant differences in the
three media. Several studies have shown that
tetrathionate enrichment is better than selenite
enrichment (Smyser et al., 1970; Carlson and
Snoeyenbos, 1972, 1974; D’Aoust et al., 1992;
Waltman et al., 1995).

Selenite enrichment media

Leifson (1936) formulated the first selenite
enrichment, commonly known as selenite F (SF).
Selenite is reduced by bacteria, which increases
the pH and reduces the toxicity of selenite.
Therefore, a fermentable sugar, usually lactose,
which is fermented by enterococci and coliforms,
is added to keep the pH within the acidic range.
The mode of action of selenite is not well
known; however, it has been postulated that
selenite or selenium reacts with sulphydryl groups
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or is incorporated into analogues of sulphur com-
pounds of bacteria (Weiss et al., 1965). North
and Bartram (1953) modified SF by adding cys-
tine (selenite cystine (SC)). It had been reported
by Leifson (1936) that selenite selectivity was
enhanced under reduced conditions. SC report-
edly performs better than SF in the presence of
organic material.

Stokes and Osborne (1955) modified SF by
changing the carbohydrate source from lactose to
mannitol and adding sodium taurocholate and
brilliant green (selenite brilliant green (SBG)).
The formulation was changed to suppress the
overgrowth of Proteus spp. and coliforms. After it
was found that SBG did not work well with egg
samples, sulphapyridine was added (SBGS) and
the inhibitory properties of the enrichment were
restored.

Harvey and Price (1975) found that SBG
was not effective in isolating S. dublin or in iso-
lating other Salmonella when incubated at 43°C.
Selenite enrichment medium has been reported
to be inhibitory for S. choleraesuis (Leifson, 1936;
Smith, 1952; Harvey and Price, 1975).
Greenfield and Bigland (1970) found that S. pul-
lorum and S. gallinarum did not grow well in SF.
Carlson and Snoeyenbos (1974) found that
SBGS was unsatisfactory, because the number of
Salmonella decreased between 24 and 48 h incu-
bation, especially when incubated at 43°C.
Yamamoto et al. (1961) also found that SBGS
was too selective, and less effective than SC and
tetrathionate. In a comparative study, Waltman
et al. (1995) compared SF, SC, and SBG with
tetrathionate and RV enrichment broths. The
tetrathionate and RV enrichment results were
better than the results from the use of selenite
enrichments.

Other disadvantages that have resulted in
the reduced use of selenite enrichment media
include their shorter shelf-life relative to
tetrathionate or RV enrichments. Sodium acid
selenite is reduced to the toxic heavy metal sele-
nium, which has been shown to reduce fertility
and produce congenital defects, is considered to
be embryotoxic and teratogenic and has pro-
duced an increase in hepatocellular carcinomas
and adenomas in animals (Andrews, 1996;
Goyer, 1996). Because selenium is considered a
hazardous chemical, selenite enrichment media
must be disposed of as hazardous waste.

Rappaport–Vassiliadis enrichment media

Rappaport et al. (1956) described an enrichment
medium based on the ability of Salmonella to: (i)
survive relatively high osmotic pressures
(achieved using magnesium chloride); (ii) multi-
ply at relatively low pH (pH 5.2); (iii) survive in
malachite green (106 mg l�1); and (iv) grow
with minimal nutritional requirements (5 g pep-
tone l�1). Later, Vassiliadis et al. (1970) modified
the medium by reducing the concentration of
malachite green (medium referred to as R25).
Further modifications by Vassiliadis et al. (1976)
reduced the malachite green concentration to
36 mg l�1, which made the medium suitable for
incubation at 43°C (medium referred to as R10
or RV).

Pre-enrichment of the sample, regardless of
the type or source, is advocated with RV broth.
The inoculation ratio commonly used for
tetrathionate and selenite enrichment broths is
1 : 10; with RV broth, however, it is 1 : 100
(Rappaport et al., 1956; Vassiliadis, 1983; Fricker
et al., 1985). Some investigators have even advo-
cated a ratio of 1 : 1000. The recommended
incubation temperature is 41.5°C; however, some
studies advocate temperatures as high as 43°C
(Vassiliadis et al., 1976), although the higher
temperature has been found to be inhibitory to
some Salmonella, including S. dublin (Peterz et al.,
1989). The enrichment is normally plated after
24 h incubation, although Fricker et al. (1985)
found that isolation of Salmonella was best after
48 h incubation.

Several studies have shown that RV enrich-
ment was better than either tetrathionate or
selenite enrichment broths (Bager and Peterson,
1991; Oboegbulem, 1993; Schlundt and Munch,
1993; Waltman et al., 1995). RV enrichment
medium has been approved for isolating
Salmonella from raw, highly contaminated food
and poultry feeds, replacing the use of selenite
enrichment media (June et al., 1996).

A number of studies have shown that
tetrathionate and selenite enrichment media
were unsatisfactory for the isolation of S. choler-
aesuis (Smith, 1952; Rappaport et al., 1956;
Smith, 1959; Sharma and Packer, 1969).
Conflicting reports have been published con-
cerning their effectiveness with S. dublin (Harvey
and Price, 1975; Schlundt and Munch, 1993).
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Modified semi-solid Rappaport–Vassiliadis
media

Goossens et al. (1984) developed a semi-solid
medium based on RV selective enrichment broth
(modified semi-solid RV (MSRV)). A few years
later, De Smedt and Bolderdijk (1987) developed
the commercial MSRV as a selective enrichment
medium in a plate format. The selective proper-
ties of MSRV differ from RV in having increased
nutrients and buffering capacity, decreased mag-
nesium chloride concentration and added novo-
biocin. The MSRV plate is incubated at 41.5°C
and the motility of Salmonella further selects and
differentiates Salmonella from other microorgan-
isms. Davies and Wray (1994a) modified the use
of MSRV media by adding a disc soaked in poly-
valent H antisera on to the surface of the media
and observing a zone of inhibition around the
disc when motile Salmonella were present.

Several studies have shown the advantages
of the MSRV culture method (Aspinall et al.,
1992; Davies and Wray, 1994a; Read et al.,
1994). The MSRV culture method cannot be
used for isolating non-motile Salmonella, such as
S. pullorum and S. gallinarum, unless the growth
at the point of inoculation is sub-cultured, which
may result in a large number of false positive
samples.

Gram-negative enrichment broth

Gram-negative (GN) broth, which was devel-
oped by Hajna (1956) for the culture of Gram-
negative bacteria, contains sodium citrate and
sodium desoxycholate as selective agents. Cox et
al. (1972) found that GN was less effective than
RV and SC for isolating Salmonella from egg,
meat, chicken faeces and turkey rolls. Taylor and
Schelhart (1971) compared GN and SF enrich-
ment for the isolation of Salmonella from 1597
stool samples. The GN enrichment was as sensi-
tive as SF, but not as specific. Gram-negative
enrichment may be useful if other enteric organ-
isms, e.g. Shigella, need to be isolated.

Two recent pig and cattle surveys conducted
in the USA used direct inoculation of
tetrathionate and GN enrichment broths with
faecal and feed samples (Fedorka-Cray et al.,
1995). After 24 h, the GN broth was subcultured
into RV broth. The combination of GN followed

by transfer into RV broth was not as effective as
the combination of tetrathionate followed by
transfer into RV broth.

Incubation Conditions

Pre-enrichment

Since the pre-enrichment step increases the time
required for the isolation of Salmonella, several
investigators have attempted to shorten the pre-
enrichment time. Most of these studies have
found that incubating for less than 18 h resulted
in reduced sensitivity (D’Aoust and Maishment,
1979; D’Aoust, 1981; Andrews, 1986; D’Aoust et
al., 1990). Therefore, incubating the pre-enrich-
ment for 18–24 h is recommended to allow resus-
citation of Salmonella before transfer into
selective-enrichment media.

The recommended incubation temperature
for pre-enrichment is 35–37°C. Since the pur-
pose of pre-enrichment is the resuscitation of
damaged Salmonella, a higher temperature should
be avoided. After incubation, an aliquot of the
pre-enrichment broth in the volumes described
previously is transferred into 10 ml of selective
enrichment broth (1 : 10 ratio), except with RV
enrichment broth, where a ratio of 1 : 100 is rec-
ommended.

Selective enrichment

Incubation temperature
Generally, samples, such as internal organs or tis-
sues, having low levels of background flora are
incubated at 35–37°C. A higher temperature is
not necessary to suppress contaminants in these
samples. Moreover, some of the host-adapted
Salmonella (e.g. S. pullorum and S. gallinarum in
poultry and S. dublin in cattle) may be inhibited
at higher temperatures. Intestinal and environ-
mental samples, which generally have higher lev-
els of competing bacteria, may be incubated at
higher temperatures (40–43°C), because
Salmonella are more tolerant to the higher tem-
perature. The optimal growth temperature of
Salmonella is about 37°C; however, with naturally
contaminated samples the selective benefits of
incubation at higher temperatures may offset the
reduced growth potential.
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Harvey and Thompson (1953) were the first
to report that incubation of selenite broth at
43°C was better than incubation at 37°C with
human faecal samples. Others have also shown
the benefits of incubation at 40°C or higher
(Dixon, 1961; Carlson et al., 1967; Harvey and
Price, 1968; Smyser and Snoeyenbos, 1969;
Banffer, 1971; Carlson and Snoeyenbos, 1972;
D’Aoust, 1981; Dusch and Altwegg, 1995).
Jameson (1962) suggested that, when selenite
enrichment was incubated at 37°C, its concen-
tration of selenite was less than optimal. This
suggests that the concentration of some selective
agent that has a bacteriostatic effect on a com-
petitor at 37°C may exert a bactericidal effect at
a higher temperature. Conversely, a concentra-
tion of some selective agent that is effective at
37°C may become inhibitory to Salmonella at
higher temperatures.

Some investigators have found that incuba-
tion at higher temperatures, especially 43°C, can
be inhibitory or even lethal to some Salmonella
(McCoy, 1962; Carlson and Snoeyenbos, 1974;
Harvey and Price, 1979). Certainly, any devia-
tion above 43°C may be lethal (Busse, 1995).
Harvey and Thompson (1953) found that S.
typhi and S. pullorum could not be isolated satis-
factorily at 43°C. Therefore, a selective enrich-
ment cannot be arbitrarily incubated at any
temperature without proper validation.
Generally, a temperature of 41–42°C is advo-
cated for the high incubation temperature to
allow for some variation in incubator tempera-
ture. The temperature of incubators should be
routinely monitored and checked at more than
one area to determine if any ‘hot spots’ exist.
Another precaution involves the use of large vol-
umes of cold enrichment media. Since both
tetrathionate and RV enrichment broths can be
stored and refrigerated, these must be allowed to
warm up to at least room temperature before
addition of the sample and incubation. Cold
media require at least 4–8 h to allow the sample
to reach the appropriate temperature. If the nor-
mal incubation period before plating is 18–24 h,
this dramatically reduces the incubation time
and may reduce the ability to isolate Salmonella.

Incubation time
The US laboratory survey found that 51%, 48%
and 65% of the laboratories culturing poultry tis-
sues and environmental and large-animal samples,

respectively, were incubating the selective-enrich-
ment broths for only 24 h. Another 28%, 25% and
30% of laboratories, respectively, were incubating
the selective-enrichment broths for another 24 h
and replating (Waltman and Mallinson, 1995).

Sharma and Packer (1969) subcultured
enrichment broth cultures after 6, 9, 12, 15, 18,
24, 30, 36 and 48 h and were unable to isolate
Salmonella before 12 h and only small numbers
until 24 h. Likewise, Grunnet (1975) found that
enrichment times less than 24 h were not effec-
tive. After 24 h, 60% of the samples were posi-
tive; subculture after 48, 72 and 96 h increased
the isolation rates by 23%, 11% and 6%, respec-
tively. Using pure cultures, Carlson and
Snoeyenbos (1972) examined the population
dynamics of pure cultures in SBGS and
tetrathionate and found that the maximum num-
ber of cells was not reached until about 32 h.

Several investigators have recommended a
second subculture after 48 h incubation (Galton
et al., 1968; Edel and Kampelmacher, 1974;
D’Aoust et al., 1992). No further advantage of
extending the incubation time beyond 48 h was
found; in fact, other bacteria will usually over-
grow Salmonella (Carlson et al., 1967). However,
with some enrichment media, especially when
incubated at higher temperatures, Salmonella
begin to die between 24 and 48 h (Osborne and
Stokes, 1955; Carlson and Snoeyenbos, 1974).

Delayed secondary enrichment
Delayed secondary enrichment (DSE) is the
process whereby the original selective-enrichment
broth (usually tetrathionate) is held at room tem-
perature after the initial 24 h incubation and sub-
sequent culture. If the initial subculture is
negative for Salmonella, the enrichment broth is
left at room temperature for 5–7 days; then
0.5–1.0 ml of the original selective-enrichment
broth is transferred into 10 ml of fresh selective-
enrichment broth, which is incubated at 37°C for
18–24 h and then subcultured on to plating
media. The difference between DSE and using
extended incubation times, which often showed a
decrease in isolation of Salmonella after 48 h, is
that DSE cultures are held at room temperature,
not incubation temperatures of 35°C or higher.

Several studies have shown increased isola-
tion of Salmonella using DSE (Pourciau and
Springer, 1978; Rigby and Pettit, 1980; Waltman
et al., 1991). In a study of over 1400 clinical and
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environmental samples, the number from which
Salmonella were isolated after 24 h, after 48 h and
following DSE was 107, 137 and 187, respec-
tively (Waltman et al., 1993). If the selective
enrichments had only been plated after 24 h,
then 45% of the total Salmonella isolated would
not have been detected, and subculture after 48
h still failed to detect 29% of the Salmonella.

In a follow-up study, Waltman et al. (1993)
compared incubation for 24 h and 48 h and with
a 3-day and 5-day DSE. The number from which
Salmonella were isolated was 32, 48, 58 and 65,
respectively. Incubation times of 24 and 48 h
would have failed to detect 55% and 32% of the
total Salmonella, respectively. This study also
showed that the longer, 5-day, DSE was better
than the shorter, 3-day, DSE.

Plating Media

Principles

The enrichment process is designed to increase
the number of Salmonella in the culture to a level
that may be detected on plating media. Various
plating media have been developed for the isola-
tion of Salmonella by using the principles of selec-
tivity and differentiation. Selectivity involves
the incorporation of inhibitory substances into
the media that selectively inhibit other bacteria.
The differential characteristics of a plating media
involve the addition of substances that differenti-
ate Salmonella colonies from other bacteria. This
often results from the production of hydrogen
sulphide (H2S) or the production of acid from
some sugar, e.g. lactose.

Many different plating media are available
for the isolation of Salmonella. The US laboratory
survey showed that 14 different plating media
were being used with poultry, environmental and
large-animal samples (Waltman and Mallinson,
1995). It is recommended that at least two plating
media be used, with different selective and differ-
ential properties. For example, the combination of
brilliant green with novobiocin (BGN) and xylose
lysine tergitol 4 (XLT4) agars has been found to be
very effective for the isolation of Salmonella
(Mallinson, 1990; Waltman et al., 1995).

Plating media should be judged not only on
their ability to selectively grow Salmonella, but
also on their ability to differentiate colonies of

Salmonella from those of other bacteria. The
inability to distinguish Salmonella colonies may
result in false positives, which increase the time,
labour and expense involved in culturing the
samples. One of the main problems is the pres-
ence of Proteus spp., but the addition of novo-
biocin to plating media has essentially eliminated
their presence and resulted in a decreased num-
ber of false-positive samples (Moats, 1978;
Komatsu and Restaino, 1981; Waltman et al.,
1995). In these studies, the addition of novo-
biocin not only increased the specificity of the
medium, but it also increased its sensitivity.
Novobiocin prevents the overgrowth of other
bacteria, which may mask the presence of
Salmonella either physically or by altering the pH
of the media, resulting in atypical colonies, and it
also reduces the presence of a high number of
colonies similar to Salmonella, which might pre-
vent the detection of Salmonella unless several
colonies are screened.

It is important that laboratory personnel be
aware of atypical Salmonella, for example,
Waltman et al. (1995) reported that 13% of
Salmonella isolated from poultry and poultry envi-
ronmental samples were not H2S-positive on plat-
ing media. Also, S. pullorum, S. gallinarum and
some S. choleraesuis do not produce H2S on most
media. Other atypical reactions include lysine
decarboxylase-negative or lactose- or sucrose-posi-
tive isolates. It is therefore recommended that at
least two plating media are used, with different
selective agents and differential characteristics.

Plating media are incubated at 35–37°C for
20–24 h and observed for suspected Salmonella.
Some of the host-adapted Salmonella, especially
S. pullorum and S. abortusovis, grow slowly.
Therefore, the plates should be incubated for an
additional 24 h before discarding as negative.
Two exceptions to this 35–37°C incubation tem-
perature are the incubation of a Rambach agar
plate at 41.5°C when it is subcultured from
MSRV (Davies and Wray, 1994a) and the incu-
bation of the EF-18 agar plate at 42°C (Entis and
Boleszczuk, 1991).

Characteristics of plating media

Bismuth sulphite agar
Bismuth sulphite (BS) agar was developed by
Wilson and Blair (1927) for the isolation of 
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S. typhi. The selective properties are conferred by
BS and BG. The differential properties of BS
agar differ from those of other media in that car-
bohydrate fermentation is not used. An H2S
indicator system results in typical Salmonella
colonies appearing black with a characteristic
black sheen.

BS agar has been advocated for the detection
of S. typhi and Salmonella that ferment lactose. A
major disadvantage of BS agar involves its stabil-
ity, which is the subject of controversy. Some
investigators recommend using BS agar within a
few days of preparation, while others recommend
‘ageing’ the medium (McCoy, 1962; Fagerberg and
Avens, 1976). Moats (1981) found that inhibitory
properties of BS agar change during storage.
Salmonella other than S. typhi have been shown to
grow better on BS agar if it has been aged in the
refrigerator for a few days (Cook, 1952; McCoy,
1962; Hobbs, 1963). McCoy (1962) also found
that ‘ageing’ was necessary for the development of
characteristic black colonies surrounded by a clear
translucent periphery.

Another difficulty with BS agar is the differ-
entiation of Salmonella colonies from those of
other bacteria (Montford and Thatcher, 1961;
Erdman, 1974). It is often difficult to distinguish
dark brown and black colonies on BS, especially
when the colonies are poorly separated. Some
Salmonella, especially S. pullorum, S. gallinarum
and S. choleraesuis, do not produce characteristic
colonies (McCoy, 1962).

Brilliant green agar
Brilliant green agar (BGA) was developed by
Kristensen et al. (1925) and later modified by
Kauffmann (1935). The selectivity of the agar
derives from the presence of the BG dye and the
presence of lactose and sucrose, which is the
basis for the differential capabilities of the media.
Almost all Salmonella fail to ferment either lac-
tose or sucrose and their colonies appear pink to
red, with a reddening of the media.

Two major modifications of BGA have been
developed primarily to prevent Proteus spp. over-
growth. The first was the addition of sulphadi-
azine (Galton et al., 1954) or sulphapyridine
(Osborne and Stokes, 1955) (BGS) and the
other was the addition of novobiocin (Tate and
Miller, 1990) (BGN).

The growth of Salmonella on BG and BGS
agars was compared with growth on nutrient or

trypticase soy agar and very little if any inhibition
of Salmonella was found (Moats and Kinner, 1974;
Moats, 1981). Several investigators have advo-
cated the use of BG (Smyser et al., 1963; Pourciau
and Springer, 1978), BGS (Ellis et al., 1976) and
BGN agars (Mallinson, 1990; Waltman et al.,
1995; National Poultry Improvement Plan, 1996).
S. dublin may either fail to grow or may produce
small colonies on BGA (Harvey and Price, 1975).

Deoxycholate citrate agar
Deoxycholate citrate agar (DCA) was developed
by Leifson (1935) and later modified by Hynes
(1942) as a medium to isolate Salmonella and
other enteric pathogens, such as Shigella. The
selective ability of DCA involves sodium deoxy-
cholate and, to a lesser extent, sodium citrate.
The presence of lactose and an H2S indicator
system provides the differential characteristics of
the agar. Since Salmonella usually do not ferment
lactose and do produce H2S, their colonies are
clear with black centres.

Although some studies have shown
favourable results with DCA (Oboegbulem,
1993), a major disadvantage of this medium is the
high number of false-positive colonies, primarily
due to Proteus spp., which are not easily differenti-
ated from those of Salmonella (Jeffries, 1959;
Fagerberg and Avens, 1976).

EF-18
EF-18 is a plating media that is predominantly
used in conjunction with hydrophobic membrane
filtration (Entis and Boleszczuk, 1991); however, a
few studies have been conducted using it as a stan-
dard plating media from enrichment broth. EF-18
is highly selective and contains bile salts, crystal
violet, sulphapyridine and novobiocin. It is also
incubated at 42°C. The differential properties are
conferred by the presence of sucrose and lysine,
and Salmonella colonies appear blue-green.
Warburton et al. (1994b) encountered problems
with the use of this technique for the isolation of
Salmonella, because the colonies were reduced in
size and overgrown by other bacteria.

Hektoen enteric agar
Hektoen enteric (HE) agar was formulated by
King and Metzger (1968) for the isolation of
Salmonella and Shigella, while inhibiting normal
intestinal flora. The selective agent in HE agar is
bile salts. The differential capabilities involve
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the sugars lactose, sucrose and salicin and an H2S
indicator system. Most Salmonella do not ferment
the three sugars, but produce H2S, which results
in bluish-green colonies with black centres.

A major disadvantage of HE is the number
of false-positive colonies that may be present,
primarily Proteus spp. (Poisson et al., 1992; Dusch
and Altwegg, 1995). Several investigators have
added novobiocin to the medium (HEN) to
overcome this problem (Hoben et al., 1973;
Restaino et al., 1977, 1982). Each study showed
that the addition of novobiocin increased the
sensitivity and specificity of the medium.

MacConkey agar
One of the first selective media, MacConkey
(MAC) agar, was described by MacConkey (1905)
for the selective isolation of Gram-negative enteric
bacteria. MAC agar uses bile salts and crystal vio-
let as selective agents; however, the concentration
of bile salts is lower than that in other Salmonella
isolation media. This produces very little selectiv-
ity, although it is useful for isolating Salmonella
strains that may be inhibited on more selective
media. The differential ability of MAC agar lies in
the fermentation of lactose. Most Salmonella do not
ferment lactose and, as a consequence, the colonies
are clear. MacConkey and other similar media, e.g.
violet red bile and eosin methylene-blue agar, are
excellent for isolating enteric bacteria from clinical
specimens; however, they lack sufficient selectivity
and differential properties for isolating Salmonella
from intestinal and environmental sources, either
directly or from enrichment broths.

Mannitol lysine crystal violet brilliant green agar
Mannitol lysine crystal violet brilliant green
(MLCB) agar was developed by Inoue et al.
(1968) and modified by van Schothorst et al.
(1987). The media contains BG and crystal vio-
let as selective agents. The differential character-
istics are conferred by lysine, mannitol and an
H2S detection system. Typical Salmonella produce
large bluish-purple colonies that may have black
centres or be almost entirely black depending on
the amount of H2S produced. Proteus spp. pro-
duce similar colonies.

Modified lysine iron agar
Modified lysine iron agar (MLIA) was developed
by Rappold and Bolderdijk (1979) and modified
to its commercial form by Bailey et al. (1988).

They took advantage of the differential capabili-
ties of lysine iron agar and added lactose, sucrose
and novobiocin. The combination of glucose,
lactose, sucrose, lysine and an H2S indicator sys-
tem enables Salmonella to be differentiated.
Typical Salmonella are blue, with black centres.
The presence of bile salts and novobiocin selec-
tively inhibits other bacteria, including Proteus
spp. Bailey et al. (1988) found MLIA to be better
than BGS and xylose lysine desoxycholate with
novobiocin (XLDN) agar for isolating Salmonella
from turkey, cured chicken and broiler carcasses.
Waltman et al. (1995) found MLIA to be as
effective as BGN, HEN and XLDN agars.

Novobiocin brilliant green glycerol lactose agar
Novobiocin brilliant green glycerol lactose
(NBGL) agar was developed by Poisson (1992).
The selective agents include BG and novobiocin.
The differential characteristics are conferred by
lactose, glycerol and an H2S indication system.
Glycerol was added to help differentiate
Salmonella from Citrobacter. Typical Salmonella
produce colonies with black centres.

Rambach agar
One of the more recently formulated media,
Rambach (RAM) agar was developed based on
the finding that Salmonella produce acid from
propylene glycol (Rambach, 1990). The selective
ability results from the presence of bile salts. The
differential characteristics involve the fermenta-
tion of propylene glycol, typical Salmonella appear-
ing as crimson-red colonies, and a chromogenic
detection system for the production of �-D-galac-
tosidase by other Enterobacteriaceae, which, after
reaction with the chromogenic substance, X-Gal
(5-bromo-4-chloro-3-indole-�-D-galactopyra-
noside), results in the formation of blue-green
colonies. Salmonella belonging to the subspecies
IIIa, IIIb and V produce �-D-galactosidase and
would also appear as blue-green colonies. Some
serovars do not produce the characteristic red
colonies, e.g. S. pullorum, S. gallinarum, S. cholerae-
suis, S. abortussuis, S. abortusequi, and S. dublin
(Kuhn et al., 1994; Pignato et al., 1995a, b).
Likewise, S. typhi and S. paratyphi A and B fail to
produce acid and appear as colourless colonies. 

Salmonella–Shigella agar
Closely related to DCA, Salmonella–Shigella (SS)
agar was formulated to inhibit coliforms, while
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allowing the recovery of Salmonella and Shigella.
The selective agents include, bile salts, BG and, to
a lesser degree, sodium citrate. The differential
agents are lactose fermentation and the presence of
an H2S indicator system. Typical Salmonella are
colourless with black centres. A major disadvan-
tage of SS agar is the number of false positives, pri-
marily due to Proteus spp. (Yamamota et al., 1961;
Pollock and Dahlgren, 1974; Fagerberg and Avens,
1976).

Salmonella identification agar
Salmonella identification (SM-ID) agar is a
chromogenic medium similar to RAM agar; how-
ever, it can be used for the isolation of S. typhi and
S. paratyphi. Differential characteristics involve
fermentation of D-glucuronate and a �-galactosi-
dase indicator. Salmonella, including S. typhi and S.
paratyphi, are typically red. Davies and Wray
(1994b) found the sensitivity and specificity of
SM-ID to be as good as or better than BG, RAM
or xylose lysine desoxycholate (XLD) agars.

Xylose lysine desoxycholate agar
XLD agar was developed by Taylor (1965). The
selective agent is sodium desoxycholate and the
differential ability comes from the combination of
the sugars xylose, lactose and sucrose, the amino
acid lysine and an H2S indicator system. Most
Salmonella ferment xylose, but not lactose and

sucrose, decarboxylate lysine and produce H2S,
and typical Salmonella colonies are red with black
centres.

Although an effective isolation medium, the
major disadvantage of XLD is the high false-posi-
tive rate primarily due to Proteus spp. and non-
H2S-producing Salmonella. The addition of
novobiocin (XLDN) has been shown to increase
the specificity and the sensitivity (Restaino et al.,
1977, 1982; Komatsu and Restaino, 1981;
Waltman et al., 1995).

Xylose lysine tergitol 4 agar
Miller et al. (1991) modified XLD agar by substi-
tuting tergitol 4 (Niaproof), which is inhibitory
to Proteus, Pseudomonas and Providencia, as the
selective agent. The differential characteristics
are the same as for XLD; however, additional
peptone is added to enhance the weak H2S reac-
tions (Miller et al., 1995). Most Salmonella
colonies are black.

Table 21.1 shows the appearance of
Salmonella and other organisms on the more
commonly used selective agars.

Comparison of plating media

Several studies have compared the various plating
media; however, no single study has compared all
the media (Tables 21.2 and 21.3). Studies have
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Table 21.1. Appearance of Salmonella and other organisms on selective agars (after WHO/Zoon./94.173).

Proteus spp. Coliforms Pseudomonas

Medium* Salmonella Growth Appearance Growth Appearance Growth Appearance

BS Black 1 Black 3 Brown-green – –
metallic sheen

BGA Red 3 Red 2 Yellow-green 2 Red
BGS Red 3 Red 4 Yellow-green 2 Red
BGN Red 4 Red 3 Yellow-green 3 Red
DCA Colourless BC 1 Colourless BC 2 Pink – –
Grassner Yellow 1 Yellow 1 Black 1 Yellow
HE Blue-green BC 1 Blue-green BC 3 Pink – –
MAC Colourless 1 Colourless 1 Red–pink 1 Colourless
RAM Crimson with 2 Colourless 2 Blue–violet 3 Dull orange

pale borders
SS Colourless BC 2 Colourless BC 2 Pink – –
XLD Red BC 1 Yellow BC 2 Yellow – –
XLT4 Red BC 4 – 3 Yellow 3 –

*See text for descriptions of plating media.
Growth: 1, good; 2, fair to good; 3, poor; 4, absent to poor. BC, black centre due to H2S production.
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shown a correlation between sensitivity and speci-
ficity. Generally, as the specificity increases, i.e.
false-positives decrease, the sensitivity of the
media also increases. The addition of novobiocin
dramatically increases the sensitivity of the media
by inhibiting the competing flora, especially
Proteus. Other media that have also been shown
to be good isolation media typically have a low
percentage of false-positive reactions.

Selection of Presumptive Salmonella
Colonies

Following incubation, plating media are observed
for typical Salmonella colony formation and mor-
phology, which will differ according to the plat-
ing media used. Therefore, individuals need to be
trained in the appearance of Salmonella on vari-
ous plating media and to be aware of atypical
colonies. Depending on the selectivity of the
respective plating media, there may be almost a
pure culture of Salmonella or there may be several
species of bacteria, including Salmonella, growing
on the plates. Herein lies the usefulness of the
more selective plating media, which will reduce
the level of colonies similar to Salmonella and the
labour involved in screening them. The use of
more than one plating medium will help to
detect atypical strains.

Generally, suspect Salmonella colonies are
selected and inoculated into tubes of composite
media, e.g. triple sugar iron (TSI) and lysine iron
(LI) agar. These tubes are incubated overnight at
37°C and the resulting biochemical reactions
observed. The typical reactions are shown in
Table 21.4.

Three to five suspect colonies should be rou-
tinely screened. This allows a reasonable proba-
bility of detecting Salmonella and the possible
presence of more than one serovar. Additional
colonies may be screened in situations where
more confidence is desired, to ensure the pres-
ence or absence of a particular serovar.

Harvey and Price (1979) found that plating
enrichment broths at different times was as effi-
cient for the isolation of different serovars as
screening a large number of colonies. In samples
that are prone to have multiple serovars, it may be
best to use more than one selective-enrichment
broth and two or more different plating media.

Other methods include the use of miniatur-
ized test kits, automated and semi-automated sys-
tems (see Chapter 22) and latex agglutination
tests. A commercially available kit is available for
specifically screening for group D Salmonella
(Lamichhane et al., 1995). A membrane is placed
over the isolation plate and then processed
through a series of enzyme-linked immunosorbent
assay (ELISA)-like steps. Any positive colonies
may then be picked from the agar and confirmed.

Serotyping

The genus Salmonella has perhaps the most elab-
orate and certainly the largest serological typing
system among bacteria. Serovars are very specifi-
cally identified on the basis of their respective
somatic and flagellar antigens, and this is dealt
with in Chapter 23.

Biochemical Identification

It is often necessary to biochemically identify or
at least screen isolates. Occasionally, other bacte-
rial species will react serologically with the
Salmonella antisera, especially somatic sera. Also,
there are some Salmonella biotypes that can only
be determined based on biochemical reactions.
For example, the separation of S. pullorum from
S. gallinarum in poultry and the separation of S.
choleraesuis from S. choleraesuis var. Kunzendorf
in pigs require biochemical testing. ‘Typical’ bio-
chemical reactions of Salmonella and some other
commonly encountered bacteria are shown in
Table 21.4.
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Introduction

Conventional isolation of Salmonella is accom-
plished by using cultural methods. These cultural
procedures generally have four distinct phases:
(i) pre-enrichment in a non-selective medium, to
allow resuscitation of any injured cells and multi-
plication of the target organism and others pre-
sent in the sample; (ii) selective enrichment, to
allow the survival or growth of the Salmonella,
while inhibiting other accompanying organisms
in the selective broth; (iii) isolation, using selec-
tive agar media that restrict growth of bacteria
other than Salmonella, in order to produce pre-
sumptive isolates; and (iv) confirmation, where
isolates are subjected to a variety of biochemical
and serological tests to confirm that they are
Salmonella and to determine their serovar. In gen-
eral, each individual step needs at least 16 h, up
to a maximum of 48 h. Thus the whole procedure
takes 4–7 days to complete and is therefore labo-
rious and requires substantial available staff.

The detection of Salmonella in some specific
veterinary samples can also be accomplished by
omitting one or more of these steps. This
depends on the type of sample, the infection
level and the reason for the investigation. Direct
incubation in a selective broth or direct plating
on selective agar can be used for clinical
material, such as faeces, post-mortem or organ
samples (intestine/liver/spleen/gonads) and rectal
and/or cloacal swabs, which are expected to con-
tain high numbers of Salmonella.

In contrast, those samples that generally
harbour low levels of Salmonella spp., such as ani-
mal feed, litter, environmental swabs, eggs and
egg material, require all four phases of the cul-
tural procedure to be performed. In these samples
the Salmonella can also be distributed unevenly
and/or have undergone some sort of injury (e.g.
water activity (Aw), pH, presence of antimicro-
bial substances). Therefore special attention
should be paid to sampling procedures.

This double-edged approach implies that dif-
ferent alternative methods can also be used to
replace, partially or in total, the conventional
clinical or cultural methods to obtain a reliable
result in as short a time as possible and preferen-
tially in a less laborious way. The time span that is
required to obtain a negative result for clinical
methods is at least 24 h and can be delayed up to
96 h when the whole cultural method has to be
performed. Presumptive positive results, serotyping
not included, require a minimum analysis time of
48–96 h for the clinical and cultural methods,
dependent on the method used.

Introduction of alternative methods aims
not only reduce the analytical time but also at
savings in staff time and media requirements to
improve overall performance of the Salmonella
detection procedure by enhancing the sensitivity
of the detection procedures. When large numbers
of samples have to be investigated, the need for
alternative, more rapid and more convenient
methods than the current culture methods
becomes especially obvious.
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Alternative systems and test kits are derived
from different basic technologies, including isola-
tion techniques, which are modifications of con-
ventional methods and non-isolation methods,
such as: (i) electrical conductance and imped-
ance; (ii) immunological techniques; (iii) nucleic
acid-based assays; and (iv) the polymerase chain
reaction (PCR) (Blackburn, 1993; Giese, 1995;
Feng, 1996; Patel, 1997; van der Zee and Huis
in’t Veld, 1997). These methods generally take

24–52 h to screen for or detect and identify
Salmonella in veterinary samples. The points of
application of the alternative methods within
conventional cultural techniques are shown in
Fig. 22.1.

The majority of these tests, particularly the
enzyme-linked immunological techniques, also
need 105 cells ml�1 for reliable results
(Blackburn, 1993; Giese, 1995). Accordingly, all
these test protocols involve a pre-enrichment
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CONVENTIONAL METHOD

Sample

Pre-enrichment broth
(BPW)

Modified conventional
Semi-solid media
Serology enrichment
HGMF

Immunocapture and immuno-
separation
Electrical detection (impedimetry)
PCR

16–20 h

4–7 h non-selective enrichment

Selective enrichment broths
(TT, RV, SC)

24–48 h

Selective and diagnostic agars
(BGA, XLD, BS)

18–24 h

18–24 h

Biochemical identification

Serological confirmation

MUCAP

Latex agglutination
Miniaturized kits
(Semi-) automated systems

RIBO-print

ALTERNATIVE METHOD

Immunological techniques
ELISA
ELFA
Immunochromatography

DNA-based techniques

Fig. 22.1. Points of application within classical cultural techniques of alternative methods for Salmonella
detection. BPW, buffered peptone water; RV, Rappaport–Vassiliadis; SC, selenite cystine; BGA, brilliant
green agar; XLD, xylose-lysine-deoxycholate; BS, bismuth sulphite; HGMF, hydrophobic grid membrane
filter; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; ELFA, enzyme-linked
fluorescent assay; MUCAP, 4-methylumbelliferyl caprylate.



stage, and some also involve a selective enrich-
ment and some sort of post-enrichment culture,
each based on appropriate culture media, before
the alternative technique can be used.

Modified Conventional Methods 

Modification of conventional methods can be
applied to all four phases of the cultural methods,
and can include addition of specific substances to
conventional media or the use of specific charac-
teristics of Salmonella, e.g. motility, to facilitate
isolation and/or identification.

Pre-enrichment

In food microbiology, a number of media for pre-
enrichment have been developed for various
foods, but for the majority of these products, as
well as for most veterinary samples, buffered pep-
tone water (BPW) is the medium of choice. In
specific cases, e.g. protocols for transport of envi-
ronmental swabs and for investigation of eggs
and egg products for S. enteritidis, modified pre-
enrichment procedures are needed (van der Zee,
1994; Davison et al., 1995).

Environmental swabs
The validity of environmental monitoring requires
determination of the best sites for sampling, and
therefore one must have confidence in the isola-
tion procedures used. A variety of transport media,
which can be considered as primary enrichment
media, have been recommended to ensure the
isolation of Salmonella from the environmental
samples. For this purpose, BPW (Thomason et al.,
1977), double-strength skim milk (Mallinson,
1990; Opara et al., 1992, 1994), asparagine and
double-distilled water (Davison et al., 1995) can
be used. 

Pre-enrichment for eggs and egg products
The addition of ferric-ammonium-citrate to BPW
made it possible to isolate S. enteritidis from the
yolk of fresh hen’s eggs, while its omission led to
negative results (Dolzinsky and Kruse, 1992). Pre-
enrichment of 20 ml pooled egg contents in
180 ml trypticase soy broth (TSB), supplemented
with 35 mg l�1 ferrous sulphate to ensure adequate
iron availability to support bacterial growth in the

presence of the iron-chelating albumen protein
ovotransferrin, is also recommended (Gast, 1993;
Gast and Holt, 1995). For the same reason, sup-
plementation of BPW with the siderophore fer-
rioxamine E, 1 µg ml�1, was recommended
(Reissbrodt and Rabsch, 1993). It remains unclear
whether the addition of the above-mentioned
supplements favour exclusively the outgrowth of
S. enteritidis or also that of other serovars.

It is obvious that the pre-enrichment phase
will become a more important field of future
research, because many of the alternative novel
detection systems for Salmonella will depend on
pre-enrichment. As a consequence, novel ways
to enhance the numbers of specific pathogens in
the presence of background microbial contami-
nation in primary enrichment broths have to be
investigated further (Patel, 1997).

Selective enrichment

The objective of selective enrichment is to select
Salmonella from all the other organisms present
in the pre-enriched sample. The ideal selective
enrichment should repress competing organisms
and allow Salmonella to multiply unrestrictedly.
Three ‘families’ of selective enrichment are in
common use: tetrathionate, selenite and
Rappaport. These media and their different mod-
ifications are discussed more fully in Chapter 21.
Tetrathionate was formulated by Mueller
(Mueller, 1923) and modified by Kauffmann,
who added brilliant green dye and bile salts as
selective agents (Kauffmann, 1935) and it was
further improved by adding yeast extract as
growth stimulant (Hajna, 1956). Other modifica-
tions, such as addition of novobiocin (Jeffries,
1959), have been reported, although their use
has not become widely accepted.

For selenite media, several modifications to
the original medium, described by Leifson (1936),
have been proposed. Well-known modifications
include selenite F, selenite cystine, dulcitol selenite
and selenite brilliant green. The performance of
these media has been investigated, but with no
overall agreement (Carlson and Snoeyenbos, 1974;
Fagerburg and Avens, 1976). Selenite enrichment
can have a slight advantage over other selective-
enrichment media for the isolation of S. pullorum
or S. gallinarum. It is frequently used for direct
enrichment of faeces and post-mortem samples.
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The original Rappaport medium contains
malachite green as a selective agent (Rappaport
et al., 1956) and was modified by Vassiliadis
(Vassiliadis et al., 1981). This medium has
become known as Rappaport–Vassiliadis (RV)
medium and is now widely used in Europe, in
preference to selenite and tetrathionate media
(Beckers et al., 1987). In the USA, RV medium
was recommended recently for analysis of raw
flesh foods and poultry feed (June et al., 1996).

Modification of conventional enrichment
methods includes the use of ‘motility enrichment
media’ such as the modified semi-solid
Rappaport–Vassiliadis medium (MSRV), diag-
nostic Salmonella medium (DIASALM) and test
kits based on this principle (DeSmedt et al.,
1986; Holbrook et al., 1989). 

For the detection of Salmonella, the use of
motility enrichment on MSRV and DIASALM is
widely recognized as an effective procedure for
the identification of contaminated products (van
der Zee and van Netten, 1992; Davis and Wray,
1994b; Wiberg and Norberg, 1996). This
method, based on the motility of Salmonella,
indicates the organism as a swarm zone after
inoculation with pre-enrichment cultures and
incubation at 41.5–42°C for only 18–24 h in a
Petri dish.

It was observed that the use of semi-solid
agar as a selective enrichment seems to favour
the isolation of S. enteritidis (Svastova et al.,
1984; Perales and Erkiaga, 1991; van Netten et
al., 1991; Poppe et al., 1992). The reason for this
phenomenon when using this type of medium is
still not clear.

Addition of 0.0015% nitrofurantoin to
DIASALM (DIASALM-N) also resulted in spe-
cific suppression of serovars other than S. enteri-
tidis in both low- and high-moisture foods, and
resulted in a two- to threefold increase in recov-
ery of S. enteritidis (van der Zee and van Netten,
1992). Rampling et al. (1990) found that 98% of
S. enteritidis phage type (PT) 4 strains were resis-
tant to nitrofurantoin with minimal inhibitory
concentrations (MICs) �16 mg l�1. Addition of
nitrofurantoin to selective media could thus offer
a much better chance for isolating S. enteritidis
from samples that also contain other serovars
(Ruzickova et al., 1996).

Other commercial systems based on motility
enrichment include combinations of selective,
elective and indicator media in U-shaped tubes

and jars. In the case of the oxoid Salmonella rapid
test (OSRT), as described by Holbrook et al.
(1989), the presumptive detection of Salmonella
is indicated by the use of motility migration
media (RV broth and a brilliant green agar),
combined with indicator media (lysine iron agar
and lysine-iron-cystine-neutral red agar). In the
Salmonella 1–2 test, used for poultry feeds (Oggel
et al., 1995), this is realized by incubation in
modified tetrathionate, followed by a visible
immunoprecipitation reaction in motility agar
containing anti-flagella antibodies. The 1–2 test
gave reliable results for Salmonella analysis of
poultry feeds and poultry-feed supplements, poul-
try products, egg products and environmental
samples (Warburton et al., 1994a; Oggel et al,
1995).

Selective plating

Selective-plating agars rely on different selective
agents, indicator systems or differential charac-
teristics (such as carbohydrate fermentations and
hydrogen sulphide production) to distinguish
Salmonella from many related enteric bacteria.
Because none of the plating agars is ideal when
used singly, it has been recommended to use at
least two media. Each should contain different
selective agents and indicator systems or differen-
tial characteristics, in order to detect a wide
range of Salmonella serovars from different situa-
tions (Fricker, 1987; Andrews, 1996).

Many different plating agars have been
developed and their characters and the different
modifications are discussed in Chapter 21.
Plating media should be incubated at 35–37°C
for 18–24 h, unless specified otherwise.

Recently, some new selective and differen-
tial plating media, based on enhanced selectivity
and other abilities of Salmonella to produce
specific identifying characteristics, have been
developed. Xylose-lysine-tergitol 4 (XLT-4) is a
modification of xylose-lysine-deoxycholate (XLD)
agar. The surfactant tergitol 4 (7-ethyl-2-methyl-
4-undecanol hydrogen sulphate sodium salt) is
added as a selective inhibitor for Proteus spp. and
other Enterobacteriaceae to the xylose-lysine agar
base (Miller et al., 1991, 1995).

Other modifications include media in which
chromogenic substances are incorporated in
order to create a more distinct differentiation
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(e.g. red colonies for Salmonella) from accompa-
nying bacteria on agar media. Rambach agar uses
acid formation from propylene glycol (PG) by
Salmonella, which results in red colonies and 
�-D-galactosidase production by other
Enterobacteriaceae, which, after reaction with the
chromogenic substance 5-bromo-4-chloro-3-
indole-�-D-galactopyranoside (X-Gal) results in
the formation of blue-green colonies (Rambach,
1990). However, all strains of Salmonella sub-
species IIIa, IIIb and V produce �-D-galactosidase
and therefore also appear as blue-green colonies
on this medium (Kühn et al., 1994). The possibil-
ity of the presence of these particular subspecies
in samples from sheep, turkeys and cold-blooded
animals cannot be excluded. On the other hand,
S. typhi and S. paratyphi A and B failed to pro-
duce acid from PG, resulting in colourless
colonies on Rambach agar.

Salmonella identification (SM-ID) agar is
based on the metabolism of glucuronate by
Salmonella on this medium. Combined with the
absence of �-galactosidase activity, this also
results in specific pink/red colonies (Dusch and
Altwegg, 1993). Due to the fact that S. typhi and
S. paratyphi B also form acid from glucuronate,
specific colonies belonging to these serovars can
also be detected on the SM-ID medium.

Although both media are not very selective,
they may perform better after selective enrich-
ment (Dusch and Altwegg, 1993) and they have
been successfully used in differentiating
Salmonella from other enteric bacteria in clinical
isolates (Freydiere and Gille, 1991; Gruenewald
et al., 1991; Davies and Wray, 1994a,b).

Another modification of conventional plat-
ing methods is the hydrophobic grid membrane
filter (HGMF) technique. For Salmonella detec-
tion, this test uses conventional pre-enrich-
ment, followed by 6 h selective enrichment. A
portion of the selective enrichment is filtered
through an HGMF and incubated on EF-18 agar
(Entis and Boleszczuk, 1991). Negative results
are obtained in 42 h. Presumptive positive
results (green colonies on EF-18 agar) need an
additional 24 h for confirmation. The perfor-
mance of the test was evaluated for egg products
against the US Department of Agriculture
Salmonella method. Both methods performed
identically in frozen-, liquid- and dried-egg
products (Entis, 1996). In another study, which
included poultry products and feed samples,

problems with the method resulted from the
inability to isolate colonies of Salmonella on the
HGMF, due to small colony size, abnormal
colony coloration and overgrowth by com-
petitors (Warburton et al., 1994b).

Confirmation

Biochemical screening
Typical colonies on selective agar media are
screened biochemically and have to undergo a
battery of differential tests, depending on the
prescribed (standardized) method that is used.
Before this procedure is started, as a first screen-
ing step, colonies resembling Salmonella on selec-
tive agar plates can be submitted to the
methylumbelliferyl caprylate fluorescence
(MUCAP) test. This test is an easy and rapid
method, which allows the presumptive detection
of Salmonella directly on media such as brilliant
green (BG), Hektoen enteric (HE) and XLD
agar. One drop (c. 5 µl) of reagent added to each
colony produces a strong blue fluorescence when
observed under ultraviolet (UV) light (wave-
length 366 nm) after 3 min. This reaction is due
to the release of 4-methylumbelliferone from the
fluorogenic substrate 4-methylumbelliferyl-
caprilate in the reagent, after this is cleaved by
the enzyme C8-esterase, which is present in
Salmonella. Although there have also been
reports that some strains of Pseudomonas spp.,
Aeromonas spp., Proteus spp., Serratia spp. and
Enterobacter cloaca gave false positive results
(Olson et al., 1991; Ruiz et al., 1991; Manafi and
Sommer, 1992), the MUCAP test can be consid-
ered as an easy, rapid method for screening
colonies suspected of being Salmonella. This will
considerably reduce the number of isolates that
have to undergo an extensive array of biochemi-
cal confirmation tests.

Alternative systems to perform or replace
biochemical screening procedures are available,
such as: (i) miniaturized test kits; (ii) automated
and semi-automated systems; and (iii) latex
agglutination tests.

MINIATURIZED TEST KITS. Miniaturized biochemi-
cal test kits, such as API, Micro-ID and
Enterotube II Biotest ID-GNI, can generally pro-
vide results after 4–24 h. The biochemical pat-
terns of the reactions are translated into profile
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numbers, which lead, upon comparison with a
database, to genus or species identifications with
a stated probability of correct identification. It
should be remembered, however, that the data-
bases are produced predominantly with human
isolates, and atypical Salmonella, e.g. S. pullorum,
may be misidentified as another bacterial species.

AUTOMATED AND SEMI-AUTOMATED SYSTEMS.

There are automated and semi-automated sys-
tems, using different technologies. The
AutoMicrobic System GNI uses a diversity of
biochemical tests, interpreted by an optical
reader and with a computer to generate identifi-
cation profiles (Knight et al., 1990). Other com-
mercially available automated systems are
Microbial-ID, producing identification profiles
based on gas chromatography of cellular fatty
acids (Dziezak, 1990), and the Biolog
Identification System, in which oxidation of dif-
ferent carbon sources is measured to generate
metabolic fingerprints for identification (Miller
and Rhoden, 1991).

LATEX AGGLUTINATION TESTS. Material from sus-
pected colonies can be submitted directly to latex
agglutination tests. In these test kits, Salmonella-
specific antibodies have been coupled to latex
particles, to improve the sensitivity and visualiza-
tion of the agglutination reaction. Depending on
the manufacturer of the test, antisera to flagellar,
somatic and fimbrial antigens are used.
Performances of kits from different manufacturers
can vary greatly (D’Aoust, 1992), and therefore
these agglutination tests can only be used in this
presumptive stage of the confirmation procedure
and cannot replace conventional serotyping.

Serotyping
Conventional serotyping is a labour-intensive
procedure, involving serological identification of
antigens located on flagella (H antigens) and the
somatic antigens (O antigens) in the cell wall.
The combined identification of flagellar and
somatic antigens comprises the antigenic profile.
This procedure is therefore performed only in
centralized or reference laboratories. There have
been attempts to automate the conventional pro-
cedure, but rapid techniques have only been used
recently. For enhanced flagellar-antigen phase
inversion of diphasic Salmonella, the immuno-
magnetic separation technique (explained later)

can be used (Davies and Wray, 1997).
Recently, an automated system, the Ribo-

Printer, based on DNA fingerprinting technol-
ogy, has been introduced (Bruce, 1996). In this
system, the DNA extracted from cells from
colonies on agar media is fragmented and then
separated by electrophoresis. These fragments are
relocated to a membrane and the pattern is then
recognized by using a DNA probe, which, in
combination with a chemiluminescent reaction,
results in emission of light from the fragments.
This is then captured by a camera, and can be
compared with other patterns in a database. This
system can be a valuable tool for rapid epidemio-
logical investigation and tracing sources of
Salmonella contamination (Bailey et al., 1996).

As far as isolation techniques are concerned, it
can be stated that modified conventional meth-
ods are generally reliable and produce accurate
results, comparable with those of standard or con-
ventional methods. The modifications, aimed at
more expedient reporting time, as well as savings
in materials and analytical time, do not affect
their reliability. The detection limit will at least
be equal to that of conventional methods (van
der Zee and van Netten, 1992). In most cases, the
specificity will also be superior to that of conven-
tional methods (Oggel et al., 1990). In general,
the costs for materials will be equal to or lower
than those of conventional methods. In some
cases, however, when expensive substances like
X-Gal are needed, costs may be higher. The
methods are as easy to carry out as the ‘original’
conventional method – or even easier.

The use of a reliable conventional cultural
method is important in assuring cross-compar-
isons with alternative techniques, especially when
non-isolation techniques are involved. Many
studies have compared non-isolation assays for
Salmonella detection with isolation by culture to
evaluate the non-isolation technique. However,
these evaluations employed a variety of media,
which appeared to be less sensitive than the non-
isolation assays being assessed. Consequently, in
naturally contaminated samples, a false-positive
result obtained with a non-isolation technique
cannot be differentiated from a false-negative iso-
lation result (Tate et al., 1992). These considera-
tions have to be kept in mind when results of
studies are mentioned in the reviews of the non-
isolation techniques mentioned subsequently.
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Non-isolation Techniques

Electrical conductance and impedance

When microbial growth and metabolism take
place in a culture medium, changes in conduc-
tance of the medium will occur. The time neces-
sary for these changes to reach a threshold value,
the detection time, is inversely proportional to the
initial inoculum. Until there is a large microbial
population (105–106 colony-forming units (cfu)
ml�1) of actively metabolizing microorganisms,
the instrument cannot recognize these changes
(Firstenberg-Eden and Eden, 1984). Impedimetric
automated systems for direct and indirect measure-
ment of changes in electrical properties of culture
media are widely used in the food and feed indus-
try for detection and estimation of a range of
organisms (Bolton and Gibson, 1994). These sys-
tems have gained in significance for the rapid
detection of Salmonella, are easy to apply and able
to examine 120–640 samples at the same time.

Three systems (Malthus, Rabit and
BacTrac) are actively marketing their own tests
and media for Salmonella detection, whilst the
fourth system (Bactometer) can be used with
media of one’s own choice (Bullock and
Frodsham, 1988; Di Falco et al., 1993).

When detecting pathogens with impedime-
try, reliability largely depends on the perfor-
mance of the selective medium used in the assay.
For the detection of Salmonella, Malthus assays,
with media based on the metabolism of
trimethylamine oxide (TMAO) to trimethyl-
amine (TMA), were tested extensively (Gibson,
1987; Ogden, 1988). Assay modifications
involved the inclusion of an antibiotic mixture
in the pre-enrichment step, followed by subcul-
ture into two selenite-based media, held in dis-
posable cells, one containing TMAO and
dulcitol and the other containing lysine (Bolton
and Gibson, 1994). Users of this method have
reported false negatives (up to 12%) and false
positives (up to 10%) with raw foods, including
meat, feed and environmental samples (D’Aoust,
1992; Quinn et al., 1995). Other electrical
Salmonella assays give the possibility of carrying
out the assays in RV medium by the indirect con-
ductance method (Bolton and Gibson, 1994).

The BacTrac 4100 system operates accord-
ing to the so-called impedance-splitting method,
which allows the simultaneous and separate

determination of changes of the impedance of
the culture medium (M value) and of the elec-
trode impedance (E value). A volume of 0.1 ml
pre-enrichment culture has to be transferred to
9.9 ml impedance-splitting Salmonella medium,
which consist of magnesium chloride, malachite
green oxalate, novobiocin, phosphate buffer,
mannitol, peptone and yeast extract. The imped-
ance changes are recorded automatically in the
system during incubation at 40°C for up to 22 h.
In this way, it can be used as a screening test, in
which negative results can be obtained within 38
h. In a study involving 250 food samples, a false-
negative rate of 7.4% and a false-positive rate of
4.9% were found (Pless et al., 1994).

The fact that at least 105–106 cfu ml�1

actively metabolizing Salmonella are needed to
register a preliminary detection means that a
time span of at least 20 h is required when only
low levels of Salmonella are present. This is a seri-
ous drawback to the use of this technique for the
specific detection of pathogens. A strong point is,
of course, the fact that these systems are very
easy to handle and fully automated and can
analyse large numbers of samples at the same
time. The instruments have proved to be very
useful when used for some defined samples (Silley
and Forsythe, 1996). When working with these
systems, one should, however, realize that large
investments are necessary. Additional costs for
consumables and/or reagents for each individual
test also have to be considered.

Immunological techniques

Immunological techniques comprise the largest
group of alternative methods and are currently
available in many test kits for the detection of
Salmonella. The techniques used in these test kits
include immunodiffusion (see also modified con-
ventional techniques), enzyme-linked immunosor-
bent assays (ELISA) and enzyme-linked immuno-
fluorescent assays (ELFA), based on the ‘sandwich’
principle, and immunoagglutination, immunocap-
ture, immunoprecipitation and combinations of
these techniques.

Enzyme-linked immunoassays, based on the
‘sandwich’ principle (Fig. 22.2) that are in use for
Salmonella have detection limits that range from
103–105 cfu ml�1, and therefore pre-enrichment
and/or selective enrichment for at least 16–24 h
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is required (Blackburn, 1993). Numerous com-
mercial test kits are available. As far as reliability
is concerned, the false-positive rates for environ-
mental, feed and poultry carcass samples ranged
from 2.3% to 5.8% and false-negative rates from
0.4% to 22.0% (Tate et al., 1992; Quinn et al.,
1995). In general, the assays that have to be
operated manually (e.g. Salmonella Tek, TECRA
Salmonella, Salmonella EIA) are not as easy to
perform as conventional, modified conventional
or impedimetry-based methods, although fully
automated systems (TECRA OPUS) are mar-
keted now (Patel, 1997).

The fully automated Vitek immunodiagnos-
tic assay system (VIDAS) based on ELFA, can
also be used for detection of Salmonella. Capture
antibodies are coated on the internal surface of a
pipette-like solid-phase receptacle (SPR), which
is used to draw up the necessary reagents from a
pre-prepared test strip (Fig. 22.3). The VIDAS

SLM assay detects motile and non-motile
Salmonella through the incorporation of somatic
and flagellar antibodies. The SLM test has a
detection limit of 105 cfu ml�1. This test also
needs pre-enrichment, selective enrichment and
post-enrichment in M broth. The assay time after
the 42 h enrichment protocol is 45 min. The
VIDAS SLM Salmonella kit gave good agreement
with conventional cultural methods, but false-
positive reactions have also been reported, in
some cases, for food samples (Blackburn et al.,
1994) and raw turkey (Curiale et al., 1997).
Additional investments for the instrument also
have to be made and the costs of the consum-
ables needed for the tests are similar to those of
other commercially available ELISA kits.

Immunocapture, separation and concentra-
tion techniques result from the requirement to
detect very low numbers of pathogens in foods.
This technology achieves its goal by immuno-
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Fig. 22.2. Principles of the enzyme-linked immunosorbent assay (ELISA) in sandwich configuration.
1. Microwells coated with antibodies to Salmonella antigen. 2. Salmonella antigen from the sample and the
antibodies bound to the microwell form immune complexes. 3. Enzyme-labelled antibodies (conjugate) are
added and bind to the antigen part of the complex (antibody–antigen–antibody ‘sandwich’ complex). 4. A
substrate is added on which the complex-bound enzyme works to produce a colour reaction. If complex
bound enzyme is not present, no colour reaction will follow.
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Fig. 22.3. Principles of the VIDAS automated enzyme-linked fluorescent assay (ELFA).
1. Antibody-coated pipette-tip-like SPR. 2. Salmonella antigen is bound by the antibody. 3. The bound
immunocomplex is detected by the anti-Salmonella antibody conjugated to alkaline phosphatase. 4. The
bound enzyme catalyses the added substrate. 5. The product is released in the test strip and the fluorescence
reaction is measured by the VIDAS scanner. 



logical binding (capture), eventually followed by
physical separation of target organisms from a
mixed enrichment culture, resulting in concen-
tration of the target organism. Immunocapture,
separation and concentration techniques can be
applied after pre-enrichment and/or selective
enrichment, which can vary in time from 6 to 24
h. A 5–7 h post-enrichment period is needed
before the final ELISA, ELFA or immuno-
chromatographic test is performed (Blackburn,
1993; Giese, 1995). After pre-enrichment and/or
post-enrichment, at least 102–103 cfu ml�1 of the
organism need to be present to enable Salmonella
detection (Skjerve and Olsvik, 1991; Vermunt et
al., 1992).

At this time, three systems, using different
solid phases (magnetic polystyrene-based parti-
cles, dipstick and the internal surface of a hollow
spur) on which the Salmonella antibody is coated,
are available.

An antibody-coated dipstick is used in the
TECRA immunocapture system, developed for
use with the TECRA Salmonella visual
immunoassay, as well as in the TECRA
UNIQUE, both 24 h Salmonella test kits. The
dipstick is used to capture Salmonella selectively
from the incubated pre-enrichment broth. The
dipstick-bound Salmonella are then reincubated
in M broth for at least 5 h before performing an
ELISA (visual immunoassay) or immunoprecipi-
tation test (TECRA UNIQUE). The UNIQUE
test was compared with MSRV medium in a
study involving 100 samples of chicken-carcass

rinses, chicken portions and dust samples from
chicken houses. The UNIQUE Salmonella test
had a sensitivity of only 59.3% and a specificity
of 97.6%, compared with the MSRV method
(Poppe and Duncan, 1996).

In the VIDAS ICS system, a pipette-like
SPR, coated with specific antibodies, is the basis
of a fully automated test for the detection of
Salmonella within 24 h. The interior of the SPR
has antibodies against Salmonella adsorbed on its
surface. An aliquot of the pre-enrichment broth
is placed into a reagent strip, which contains
washing and releasing solutions, and the sample
is cycled in and out of the SPR for a specific
length of time, performed automatically by the
VIDAS instrument. Salmonella present in the
broth will bind to the Salmonella antibodies.
Unbound sample components are then washed
away. The captured Salmonella are then released
in a well in the reagent strip and this immuno-
concentrated solution can be used for final detec-
tion, either by VIDAS SLM assay or plate
inoculation (Fig. 22.4).

Dynal and Vicam provide magnetizable par-
ticles coated with specific antibodies against
Salmonella (Giese, 1995). The target organisms in
the sample bind to the immunomagnetic beads,
which are then isolated from the other sample
material and microorganisms in a magnetic field.
The Salmonella can then be either detected by
subculture on plating media or used in combina-
tion with other techniques, such as ELISA or
PCR (Fig. 22.5).
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Fig. 22.4. Principles of the VIDAS immunoconcentration Salmonella test.
1. Salmonella and other organisms in the pre-enrichment broth in a well in the test strip + antibody coated
SPR. 2. The Salmonella are captured by the antibody coated SPR. 3. Washing procedures eliminate most of
the other organisms. 4. An immunoconcentrated solution of Salmonella is released in a well in the test strip.
This solution can be used for final detection by either VIDAS SLM assay or selective plating.



The semi-automated EIAFOSS system com-
bines the immunomagnetic separation (IMS)
technique with ELISA. It is a 48 h screening test
for qualitative determination of Salmonella in
feed. The concept includes a three-stage
Salmonella enrichment procedure, with primary
(19–28 h), selective (18–26 h) and post- (2.5 h)
enrichment steps. The Salmonella are immuno-
captured by the sensitized magnetic particles
(Dyna beads) and heated for 15 min. A second
antibody, conjugated with β-galactosidase, is
then added, which binds the immunocomplex.
With the addition of 4-MUG substrate, a fluores-
cent compound is formed, which is quantified by
a fluorescence detector. The samples have to be
verified using conventional cultural methods.

The method gave good results in studies that
included animal feed, broiler carcasses and raw
egg products (Krusell and Skovgaard, 1993;
Fierens and Huygebaert, 1996).

The PATH-Stik, a dipstick-based immuno-
chromatography assay, is also available for detec-
tion of Salmonella. After pre-, selective and post-
enrichment, cell lysis is performed and subse-
quently enzyme-labelled antibodies against
Salmonella are added. The resulting complex is
captured with an antibody-coated dipstick. A
positive detection shows as a coloured line on
the dipstick after incubation in a chromogenic
substrate (Fig. 22.6).

The PATH-Stik Salmonella assay has a
detection limit of 106 cfu ml�1 after cultural
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Fig. 22.5. Principles of immunomagnetic separation (IMS).
1. Incubated pre-enrichment broth containing all microorganisms present in the sample. 2. Magnetizable
beads coated with anti-Salmonella antibodies are added. 3. Pre-enrichment broth with latex beads is mixed for
20 min. 4. Salmonella are bound to the surface of the latex particles. 5. A magnetic field is applied, and the
supernatant aspirated. 6. The beads with the immobilized Salmonella can be used to perform the final test(s).
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Fig. 22.6. Principles of the dipstick-based immunochromatographic assay.
1. Salmonella antigen in post-enrichment broth. 2. Enzyme-conjugated anti-Salmonella antibody is added
and forms immunocomplex with the antigen. 3. The dipstick, coated with Salmonella antibody, is added
and formation of a ‘sandwich complex’ takes place. 4. A chromogenic substrate is added and will be
converted from colourless to purple–blue in the presence of complex bound enzyme. 5. This reaction is
presented as a positive result by the appearance of two blue–black lines on the stick.



enrichment and the assay takes only 20 min
(Blackburn et al., 1994). The method was evalu-
ated in comparison with the International
Organization for Standardization (ISO) 6579
method (Brinkman et al., 1995). For products
with low Aw (animal feed, soya powder, egg pow-
der), the sensitivity was 88.2% and the specificity
97.9%. Products with a high Aw (raw-egg prod-
uct, raw poultry) resulted in a specificity of
92.3% and a sensitivity of 96.2%.

Nucleic acid-based assays

Nucleic acid-based assays include DNA-probe
technology. Only one commercial assay based on
DNA probes with tests for Salmonella is currently
available. The colorimetric Gene Trak Salmonella
assay employs Salmonella-specific DNA probes that
target ribosomal RNA in the bacteria and a colori-
metric system for detection. For Salmonella detec-
tion, a 44 h culture period, consisting of pre-,
selective and post-enrichment, is needed before
the probe assay itself can be completed in 2.5 h.
This results in a total analytical time of about 48
h. The commercially available probe assay requires
the presence of at least 103–105 target organisms
ml�1 (Giese, 1995) to yield positive results. The
performance of this assay has been studied but
with no overall agreement. It proved to be com-
parable to conventional bacteriology in a study for
the identification of Salmonella in cloacal samples
(Cotter et al., 1995). False-negative rates for this
assay of 1.25–13.4% and false positives of
0.57–4.9% have been reported (St Clair and
Klenk, 1990; Tate et al., 1992; Quinn et al., 1995)
for raw chicken, poultry feed and environmental
samples. In practice, the colorimetric Salmonella
assay was more labour-intensive than commer-
cially available ELISA tests and thus far more
labour-intensive than modified conventional or
automated methods; additional costs for the
instruments are needed also.

Polymerase chain reaction

The PCR amplifies a targeted region of the
Salmonella genome by repetition of a three-step
process: (i) denaturing double-stranded DNA
into single strands by heating; (ii) annealing spe-
cific, complementary, oligonucleotide primers to

the single-stranded DNA by cooling; and (iii)
enzymatically extending the primers to produce
an exact copy of the original double-stranded tar-
get sequence (Fig. 22.7).

The entire process, in which an amount of
DNA equivalent to an ‘overnight culture’ is
obtained, can be completed within 2 h. The
technique was evaluated for detection of
Salmonella in eggs (McElroy et al., 1996).

Three manufacturers (Sanofi, Dupont and
Perkin-Elmer) have released PCR-based test kits
for Salmonella. All three now provide a kit in
which the primer-mediated enzymatic amplifica-
tion of target DNA is relatively easy to perform,
because they use pre-dispensed PCR mixtures,
which reduces the possibility of contamination
and pipetting errors when preparing DNA poly-
merase, nucleotide triphosphates and buffer for
the reaction. These kits also include a lysis buffer,
which eliminates the need for DNA extraction
by organic solvents or isolation columns. The
assays are available as 24 h Salmonella assays, and
they focus on detection of Salmonella in pre-
enrichment culture with at least 102–103 target
cells ml�1 (manufacturers’ product information).
Special instruments to perform the DNA amplifi-
cation and final tests are also needed for these
assays. The final detection step of amplified
material differs in all three products. Gel electro-
phoresis is used in the Dupont BAX test, a
colorimetric ELISA procedure by the Sanofi
PROBELIA Salmonella PCR and an automated
fluorescence immunoassay by Perkin-Elmer.

Application of rapid methods and test kits for
detection of Salmonella

To stimulate the application of alternative meth-
ods, Salmonella detection tests with at least three
main characteristics are needed. The tests should
be: (i) highly efficient at accurately and reliably
detecting low levels of Salmonella; (ii) cheap,
rapid, simple and consumer-friendly, with the
possibility of computerization; and (iii) interna-
tionally accepted.

EFFICIENCY. For this criterion, it can be said that
the amount of false-negative and/or false-positive
results is decisive. False-negative results are, in
principle, unacceptable, although sometimes
inevitable. False positives will cause a false alarm
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and, as a consequence, extra work. Accordingly,
the amount of false-positive results has to be lim-
ited to acceptable ranges.

LOW DETECTION LIMIT. This criterion is essential,
because some stringent product requirements
exist, in which absence of Salmonella in a 25 g
sample is required.

COSTS. The initial costs of purchasing automated
instruments have to be considered. Reagent sup-
ply and operational costs per test can be high.
The volume of tests and the effectiveness of use
of the instrument are essential issues in recover-
ing the initial investment.

RAPIDITY. This can sometimes be the main rea-
son for using these methods. Methods that can
be used in ‘on-line’ processes and that are suit-

able for use in hazard-analysis critical control
points (HACCP) schemes would be ideal.

EASY TO HANDLE. Some of the methods require
highly skilled personnel, which may not always
be present in quality-control laboratories in the
food industry.

AUTOMATION. This allows the possibility of
examining large numbers of samples at the same
time and the possibility of computerization. This
is a must nowadays for the modern food microbi-
ology laboratories.

INTERNATIONAL ACCEPTABILITY. This is a require-
ment of great importance to international trade.

A summary of the ways in which alternative
methods for pathogens generally meet some of
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Fig. 22.7. Principle of the polymerase chain reaction (PCR). Small specific DNA sequences (primers) are
allowed to bind to heat-denatured (separate) DNA strands. A heat stable enzyme (DNA polymerase) extends
the primers to new complementary strands, after which the cycle is repeated.



the previously mentioned criteria is given in
Table 22.1.

Problems with the application of novel
techniques

Testing for Salmonella is needed at different stages
in the animal husbandry ‘production chain’. Also
the need for quick results and required sensitivity
or specificity of the tests may vary. Consequently,
different approaches can be developed and applied.
As shown previously the potential methodology is
available but, unfortunately, it must be admitted
that not many of the newly developed techniques
have been used in routine work. Apparently, there
is a gap between what is offered and what is suit-
able for implementation. The reasons for this
include the following observations.

• Some of the methods require highly skilled
personnel, who are not always available in
routine laboratories.

• The isolation of the target organism from
food, feed, organ or faecal samples is a diffi-
cult step. This is not usually accounted for in
the instructions delivered with the instru-
ment or test kit.

• In some non-isolation techniques there are no
objective results. Subjective judgements must
be made by highly trained personnel.

• Operational costs may be high. Alternative
methods are considerably more expensive than
conventional methods as far as utensils and
reagents are concerned. Therefore, the benefits
of reduced labour and time, low detection
limits and the possibility of computerization
should be weighed against these higher costs.

• A barrier to acceptance of new alternative
tests, especially in the food and feed industry,
and also the fact that there is no worldwide
standardization for validation and approval of
these tests. For this reason, accredited labora-
tories might be reluctant to introduce new
techniques. New methods for detection of
Salmonella from different samples have to be
evaluated against standard methods before
being introduced. At the international level,
in the USA, the evaluation programmes of the
Association of American Chemists (AOAC)
International are the most widely accepted. In
France, the Association Française de
Normalisation (AFNOR) has a similar posi-
tion. To deal with these problems, an initiative
was started by the European Community. The
so-called MICROVAL project, started in 1993,
aims at the inception of a European validation
procedure, which should take no longer than 9
months to validate a new alternative method.

Future Perspectives and Concluding
Remarks

In developing new techniques for Salmonella
detection, the problems – as mentioned above –
have to be considered. As a first step, creative
combinations of immunoassays, DNA technol-
ogy and automated instrumental techniques hold
promise and can form the basis of future microbi-
ological monitoring systems. There are a few
areas where advances are being made to develop
new techniques for microbial analysis in general
and Salmonella detection in particular. Some of
these areas are described below:
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Table 22.1. Alternative screening and detection methods for Salmonella and their characteristics.

Method Accuracy Detection limit1 Analysis time (h) Ease of handling

Modified conventional ** 101–102 24–60 +
Impedimetry * 105–106 24–60 +
Immunological techniques
ELISA ** 105–106 48–60 +/±
IMS/IC ** 102–103 24–48 +/±
DNA techniques ** 103–105 22–60 ±
PCR ** 102–103 22–24 ±

1 Detection limit is expressed as the number of cells ml�1 to yield detection in the substrate that is tested in
the test kit or instrument.
*, Accuracy good for some defined groups of samples; **, high. Ease of handling: +, high; ±, intermediate.



More efficient cultural techniques

Novel ways to rapidly enhance the multiplica-
tion of Salmonella in the presence of background
contamination and interference from food com-
ponents in pre-enrichment broth are being inves-
tigated. The use of ferrioxamine (Reissbrodt and
Rabsch, 1993) or oxyrase enzyme (Fung et al.,
1994) in these broths is an example.

Bacteriophage-based assays

lux genes
Recombinant bacteriophages specific for
Salmonella and containing bacterial luciferase can
be constructed. The phage will cause the host cell
to luminesce when it is mixed with Salmonella.
Luminescence can be detected using a so-called
photon-counting charge-couple device camera, a

luminometer or an X-ray film (Chen and Griffiths,
1996).

Bacterial ice-nucleation diagnostics (BIND)
The assay uses genetically engineered bacterio-
phage containing a so-called ‘ice-nucleation
activity’ (ina) gene (Wolber and Green, 1990).
When delivered to Salmonella, the gene induces
production of a protein that increases the freez-
ing-point of the solution (Fig. 22.8). If Salmonella
bacteria are present in a sample, they will receive
the ina gene from the bacteriophage in the BIND
assay, causing the cell to produce ice-nucleation
proteins. When the temperature of the sample is
then lowered to �8.5°C, positive samples freeze
and a freezing indicator dye, which is yellow-
green and fluorescent in the liquid state, will turn
to orange; negative samples remain yellow-green.
The BIND assay can identify Salmonella in only
22 h.
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Fig. 22.8. Principles of the bacterial ice nucleation diagnostics (BIND) test.



Biosensors

Other powerful tools for monitoring Salmonella
infections are biosensors, in particular
immunosensors based on surface plasmon reso-
nance (SPR). The technique offers a number of
potential advantages over conventional
immunoassays (Severs and Schasfoort, 1993).
The detection is quick and in real time, while
the immunochemical reaction takes place.
Moreover, the system is easy to use, does not
need highly sophisticated environments and can
easily be automated for decentralized testing.
The SPR immunosensor is based on changes in
the reflection of laser light at a metal–liquid sur-
face, due to a change in refractive index. Local
refractive-index changes, produced by binding of
(serum) antibodies to immobilized antigens, dis-
turb this field and the plasmons arise at a differ-
ent angle of incidence. This shift can be detected
by measuring a calibrated change in intensity of
the reflected beam at a fixed angle of incidence
with a pin diode. The sensitivity of the SPR
immunosensor normally depends on the molecu-
lar weight of the ligand to be detected. Antibody
titres in serum can be detected directly after
binding to the antigen-coated slide. Biosensors
based on SPR certainly hold promise for future
monitoring of Salmonella infections in animal
husbandry. The availability of automated instru-
mentation (BIAcore system) indicates a further
likely increase of the future applications of this
technology.

In particular, research should aim at selec-
tion of the appropriate methodology, the prob-
lems of sample preparation and organism

separation and the specificity of results, all work-
ing from sample matrix towards analytical end
points, rather than the other way around.

It has been proved that the accuracy and
efficacy of alternative methods for Salmonella
detection are equal to or even better than that of
conventional standard methods.

The greatest benefit of alternative tests for
Salmonella is savings in time in comparison with
conventional culture methods, although all these
techniques are dependent on some form of cul-
ture enrichment to acquire a sufficient concen-
tration of the target organism to achieve
detection. Accordingly, the name ‘rapid meth-
ods’ may, in some cases, seem to be a little mis-
leading, because some of these methods only
replace the materials used in the isolation and
confirmation stage, whereas the time needed for
pre-enrichment and/or selective enrichment pro-
cedures remains the same. In some cases, how-
ever, a rapid screening of enrichment cultures
before starting the complicated conventional iso-
lation and confirmation procedure can save con-
siderable work.

If the problem of standardization of valida-
tion can be solved satisfactorily and easy-to-per-
form tests with even shorter reporting times than
the 22–24 h now achieved can be developed,
then the use of alternative methods will increase
substantially in the near future.
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Chapter 23

Laboratory Aspects of Salmonella

Yvette E. Jones, Ian M. McLaren and Clifford Wray
Veterinary Laboratories Agency (Weybridge), New Haw, Addlestone, Surrey KT15 3NB, UK

Biochemical Identification

Selective agar media are examined for typical
Salmonella colony formation and morphology,
which will differ according to the media used.
Laboratory personnel need to be aware of the
appearance of Salmonella on the different plating
media and also to be aware of atypical colonies
(see Chapter 21). Depending on the selectivity
of the respective plating media, there may be
almost a pure culture of Salmonella or the pres-
ence of several different bacterial species in addi-
tion to Salmonella: hence the use of the more
selective plating media, which will reduce the
level of colonies similar to Salmonella and the
labour involved in screening them. The use of
more than one plating medium will help to
detect atypical strains, e.g. non-hydrogen sul-
phide (H2S) producers.

The methylumbelliferyl caprylate fluores-
cence (MUCAP) test is a useful screening test
(Chapter 22). One drop (c. 5 µl) of the reagent is
added to each colony and observed under ultra-
violet (UV) light (wavelength 366 nm), when a
strong blue fluorescence is produced after 3 min.
However, other species of bacteria, e.g.
pseudomonads, may occasionally give false-
positive results.

For a fuller account of the biochemical
characteristics of Salmonella the reader is referred
to Ewing (1986). The genus Salmonella consists
of two species, S. enterica and S. bongori (Chapter
1). S. enterica consists of six subspecies, which

can be differentiated by the tests indicated in
Table 23.1. Most isolates of Salmonella from
domestic animals belong to subspecies enterica
and the behaviour of these organisms is, with few
exceptions, regular and may be classified as typi-
cal for the subspecies.

The principal biochemical tests by which
Salmonella can be identified are given in Table
23.2. It should, however, be pointed out that
variable test results are likely, e.g. lactose-fer-
menting Salmonella of subspecies 1 have been
described, and reference to Ewing (1986) shows
that, with few exceptions, no test is 100% posi-
tive or negative when a wide range of strains are
examined. Since most of the isolates belong to
subspecies 1 (enterica), these can be readily con-
firmed with a simplified range of biochemical
tests, usually the fermentation of glucose, manni-
tol and dulcitol, inability to ferment sucrose,
salicin and lactose, inability to hydrolyse urea,
O-nitrophenyl-β-D-galactopyranoside (ONPG)-
positive and production of H2S. 

However, it is probably more normal to use
composite media such as triple sugar iron agar
(TSI). This contains glucose, lactose and sucrose,
an H2S detection system and an indicator. The
medium is inoculated by stabbing into the centre
of the butt and continuing down to the base and
then streaking the inoculum on to the slope,
with incubation at 37°C. Organisms capable of
fermenting glucose, but not lactose or sucrose,
will show an initial acid (yellow) slant in a short
period as the small quantity of glucose is utilized.

© CAB International 2000. Salmonella in Domestic Animals
(eds C. Wray and A. Wray) 393



However, the reaction under the aerobic condi-
tions on the slant reverts and becomes alkaline
(red) because of protein breakdown in the
medium. Under anaerobic conditions in the butt
of the tube, the medium remains acid (yellow)
and H2S production is characterized by a black-
ening of the medium. The tube should be lightly
stoppered; otherwise all the medium may
become black. Some Proteus and other species
may give a similar reaction, but can readily be
distinguished by their ability to hydrolyse urea,
and urea agar should always be used in parallel.
Typical reactions in TSI are shown in Table
23.3.

Other composite media include Kliger’s
iron agar and Kohn’s two-tube media.
Alternative systems, such as miniaturized bio-
chemical test kits, e.g. API, Micro-ID and
Enterotube, may also be used. The results are
translated into a numbered biochemical profile,
which can be compared with a database for
genus or species identification with a probability
of correct identification. It should be remem-

bered, however, that the databases are produced
predominantly with human isolates and atypical
Salmonella, e.g. S. pullorum may be misidentified
as another bacterial species, e.g. hafnia and also
that S. arizonae O18:z4,z32 and O18:z4,z23 are
important pathogens of poultry, and O61:k:1, 5,
7 is a frequent isolate from sheep and S. II sofia
is widespread in Australian poultry.

The biochemical reactions of the ‘host-
adapted’ serovars, such as S. choloraesuis, S. galli-
narum/pullorum and, especially S. abortusovis, are
variable (Table 23.4) and are auxotrophic
microorganisms, which require one or more
growth factors. Thus S. choleraesuis fails to fer-
ment trehalose, which differentiates it from S.
paratyphi C and S. typhisuis. The subdivision of S.
paratyphi B and S. java (a frequent isolate from
terrapins) is based on the ability of the former to
produce a slime wall and its inability to utilize D-
tartrate. S. pullorum and S. gallinarum can be dis-
tinguished by the inability of the former to
ferment maltose and dulcitol.
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Table 23.1. Differential characteristics of Salmonella species and subspecies (from Le Minor et al., 1982,
1986).

S. enterica

subsp. subsp. subsp. subsp. subsp. subsp.
Characters enterica salamae arizonae diarizona houtenae indica S. bongori

Dulcitol + + � � � d +
ONPG (2 h) � � + + � d +
Malonate � + + + � � �

Gelatinase � + + + + + �

Sorbitol + + + + + � +
Culture with KCN � � � � + � +
L(+)-tartrate* + � � � � � �

Galacturonate � + � + + + +
γ-Glutamyltransferase +† + � + + + +
β-Glucuronidase � d � + � d �

Mucate + + + –(70%) � + +
Salicin � � � � + � �

Lactose � � �(75%) +(75%) � d �

Lysis by phage 01 + + � + � + d

Usual habitat Warm-blooded Cold-blooded animals and environment
animals

* d-tartrate. † Typhimurium d, Dublin –. +, 90% or more positive reactions; �, 90% or more negative 
reactions. d, different reactions given by different serovars; ONPG, o-nitropenyl-β-D-galactopyranoside;
KCN, potassium cyanide.



Biotyping

In its broadest sense, the term biotyping can be
used to describe members of a group of living
entities which resemble one another but which
can be distinguished from one another on the
basis of one or more biological parameters.
Bacterial biotyping predates the age of genetic
technology and historically these parameters
have been phenotypic rather than genomic in
nature. This is based on an assessment of the
physical constitution of the organism as deter-
mined by interaction with its environment, as

opposed to genetic content. Until recent times,
such phenotypic characters were relied upon for
the purpose of bacterial taxonomy and identifica-
tion. The knowledge from phenotypic characteri-
zation was also applied in the development of
improved isolation media and protocols. An
account of bacterial biotyping could include bac-
teriophage susceptibility, antimicrobial suscepti-
bility, resistance to heavy metals and dyes and
production of bacteriocins. However, the present
chapter will only deal with the subdivision of
Salmonella serovars/phage types on the basis of
substrate utilization.
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Table 23.2. Biochemical reactions of typical Salmonella enterica subsp. enterica strains.

Reaction of 
Test Reaction of typical strains Test typical strains

Motility + Fermentation of:
Nitrate reduction + Glucose +
Oxidase � Mannitol +
O/F F Maltose +
Urea hydrolysis � Lactose �

Indole � Sucrose �

H2S production + Salicin �

Citrate utilization + Adonitol �

Sodium malonate � Dulcitol +
Growth on KCN � Lysine decarboxylase +
MR + Arginine dihydrolase +
VP � Ornithine decarboxylase +
Gelatin liquefaction � Deamination of phenylalanine �

ONPG �

KCN, potassium cyanide; MR, methyl red; O/F, oxidation/fermentation; VP, Voges Proskauer.

Table 23.3. Reactions on triple sugar iron agar.

Organism Butt Slope H2S

Enterobacter aerogenes AG A �

Enterobacter cloacae AG A �

Escherichia coli AG A �

Proteus vulgaris AG A +
Morganella morgianii A or AG NC or ALK �

Shigella dysenteriae A NC or ALK �

Salmonella typhi A NC or ALK �

Salmonella paratyphi AG NC or ALK �

Salmonella typhimurium
(and other typical Salmonella) AG NC or ALK +

AG, acid (yellow) and gas formation; A, acid (yellow); NC, no change; ALK, alkaline (red); +, hydrogen sul-
phide (black); �, no hydrogen sulphide (no blackening).



Biotyping may be applied to Salmonella for a
variety of reasons. It may, for example, be used to
determine the extent of changes in the pheno-
typic activity of mutant strains created for research
purposes. This would be especially applicable
where a deletion or insertion might affect more
than the intended target character. Biotyping has
been applied in many instances to improve our
understanding of the spread of epidemic strains
and also to phylogenetic studies which aim to
determine how groups of bacteria may be related.
Irrespective of the application, a good biotyping
scheme should satisfy three criteria. First, it should
have the desired discriminatory power to subdi-
vide the existing group. Secondly, it needs to be
reliable. This refers to both reproducibility of
replicate tests on the same strain and stability of
the typing character during the course of the epi-
demic spread. Thirdly, it needs to be relatively
cheap and easy to use. This is particularly impor-
tant for epidemiological studies, which may
involve testing many strains.

A scheme with these qualities was devised
for S. typhimurium and described by Duguid et al.
(1975). It consists of five primary tests (xylose
utilization, fermentation of meso-inositol, rham-
nose and D-tartrate and meso-tartrate resistance)
and ten supplementary tests (fimbriation, motil-
ity, fermentation at 37°C of L-tartrate, xylose,
trehalose, glycerol and inositol at 25°C, rham-
nose utilization, nicotinamide requirement and
cysteine). Using the scheme, they were able to
suggest possible mutational routes by which vari-
ous groups of S. typhimurium had developed. In
another study, in combination with phage typing,
Anderson et al. (1978) gained an improved

understanding of the phylogeny and spread of
epidemic strains by distinguishing clones of dif-
ferent biotypes within the same phage type.

The same biotyping scheme with slight
modifications has been successfully applied to
studies on S. agona (Barker et al., 1982), S.
paratyphi B (Barker et al., 1988), S. montevideo
(Reilly et al., 1985), S. senftenberg (Tuchili et al.,
1991) and S. livingstone (Odongo et al., 1990).

General considerations for devising a 
biotyping scheme

Strains
A panel of strains representing the group of
interest should be assembled from as wide a geo-
graphic, temporal and host range as possible. In
this way, the likelihood of obtaining different
biotypes will be maximized.

Inoculum
This should be dense and prepared just before use
from freshly grown subcultures. The use of old
material is strongly discouraged.

Substrates
Conventional biochemical test media are suit-
able; however, the substrates commonly listed in
identification tables are likely to be of limited
value for the purposes of subdividing serovars and
phage types. This is because they will have been
selected to ensure shared characteristics of all
members of that group. More likely to be of value
are substrates excluded from these lists or those
recorded as giving ‘variable’ results.
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Table 23.4. Biochemical reactions of ‘host-adapted’ Salmonella enterica serovars.

Typical S. S. S. S. S. S.
Salmonella choleraesuis pullorum gallinarum typhi typhisuis paratyphi A

H2S + � ± ± + (weak) + �

(var. kunzendorf) 
+

Citrate + +* + + � � �

Gas from glucose + + + ± � + +
Dulcitol + � � + � (+) +
Mucate + � � + � � �

Maltose + + � + + + +
Trehalose + � + + + + +

* Simmon’s citrate-negative, Christensen citrate-positive.



Incubation time and temperature
For the sake of good reproducibility, the stan-
dardization of these criteria is vital. In addition,
it should be borne in mind that the incubation
period selected must be sufficiently long to allow
positive results to appear but at the same time
not so long that mutational fermentations arise.
Generally, the incubation temperature should be
between 35°C and 37°C. However, some enzyme
systems are temperature-sensitive and differentia-
tion of some strains is possible with incubation at
alternative temperatures, e.g. meso-inositol at
25°C and 37°C in the scheme of Duguid et al.
(1975).

Reading of test results
Tests can be read as growth/turbidity. This can be
done by eye alone or in a more quantified way
using an optical device, such as a spectropho-
tometer. Alternatively, an indicator can be
included in the medium to show pH change. The
choice of indicator may influence the results, as
each has a particular pH range over which the
colour change takes place (Table 23.5).

Factors influencing the pH and hence the
result but which are external to the organism
under test should be minimized. This includes
the precise pH of the medium, the degree of
gaseous exchange and even possibly the cleanli-
ness of the glassware used. It is also important to
standardize the reading criteria as much as possi-
ble, particularly in the intermediate area between
fully positive and fully negative.

Quality control of media
Care needs to be exercised to limit the effect of
potential variation between batches of media or
ingredients. New batches should be tested with a
panel of control strains representing positive,
negative and, if possible, intermediate reactions.

Other formats

There are numerous identification kits for
Enterobacteriaceae, which may be of value for bio-
typing Salmonella. They are mostly in micro for-
mat, e.g. API 20E (Biomerieux), Micro ID
(Organon Teknika), etc. Notwithstanding the
earlier comment regarding the choice of substrate,
such kits are generally intended for identification
of genus/species rather than for subdividing
serovars. Generally, the more substrates included,
the greater the potential for subdivision of exist-
ing groups. Perhaps the greatest number of sub-
strates offered in a single test format is that of
Biolog. Their Gram-negative (GN) plate presents
95 different carbon sources in a single microplate
format. Incubation times are shortened consider-
ably because the ‘signal’ is read not as growth but
as a change in the colour of tetrazolium violet,
caused by variation in the redox potential within
the substrate through bacterial respiration.

Biotyping has been a valuable tool for the
bacteriologist and should continue to be seen as
such. With care and attention to detail, it affords
a reliable, relatively cheap and easy means of
characterizing strains of Salmonella.

Salmonella Serotyping

Salmonella are identified by characterization of
their surface antigens, as described in the
White–Kauffmann–Le Minor (WKL) scheme.
The identity, known as the Salmonella serovar, is
designated by the identification of two sets of
antigens. The somatic antigens, known as the ‘O’
antigens, are present on the main body of the
organism. They are polysaccharide antigens,
identified by agglutination with specific aggluti-
nating antibody in serum, usually prepared in
rabbits, to give the serogroup, e.g. S. typhimurium
is a group B Salmonella due to the presence of the
O4 somatic antigen. Two phases of antigen
(termed H) are present on the protein flagellar
structures that extend from the surface of the
bacterium and such antigens are described as
diphasic. Some serovars possess only one phase of
flagellar antigen and are described as monopha-
sic. Two serovars, S. pullorum and S. gallinarum,
have no flagella and are non-motile strains.
However, the majority of Salmonella possess 
two phases of flagellar antigens, which are 

Laboratory Aspects of Salmonella 397

Table 23.5. Indicator pH range and colour change.

Indicator pH range Colour

Methyl red 4.2–6.3 Red–yellow
Andrades 5.0–8.0 Pink–yellow
Bromocresol purple 5.2–6.8 Yellow–purple
Bromothymol blue 6.0–7.6 Yellow–blue
Neutral red 6.8–8.0 Red–yellow
Phenol red 6.8–8.4 Yellow–red



occasionally present together and may be identi-
fied by agglutination with specific antisera. It is
more usual, however, to find one set of ‘H’ anti-
gens at any one time. To change the ‘H’ phase
expressed, the organism is placed in an environ-
ment surrounded by antibody to the ‘H’ antigen
already identified to induce phase inversion. The
agglutination tests are then repeated to identify
the remaining ‘H’ antigens.

Agglutination tests should be carried out
with a range of absorbed Salmonella antisera.
Commercial supplies of specific agglutinating
antisera for slide testing are available in most
countries. For accurate serotyping, good-quality
antisera are essential. Serotyping should take
place only when a culture has been biochemi-
cally confirmed as Salmonella. This is due to the
presence of similar antigens on other members of
the Enterobacteriaceae, which may agglutinate
with Salmonella antisera, e.g. Citrobacter species
with group C antisera.

Agglutination tests can be carried out in
three ways. The method of choice is dependent
on the number of cultures being serotyped and
resources available. All three methods utilize the
specific recognition of the antigen by homolo-
gous antibody. When a culture of Salmonella is
mixed with specific antisera, agglutination
occurs, which can be seen macroscopically as
‘cells clumping’, when homologous antibody and
antigen are present. Repeating this process with a
range of specific antisera will characterize which
antigens are present.

When serotyping Salmonella, always plate
out the organism on an agar plate to obtain sin-
gle colonies. It is vital to conduct all tests from
one colony (a clone from a single cell), i.e. grow
up antigen from one colony to eliminate the pos-
sibility of serotyping a mixed culture of
Salmonella, which will give false-positive results.
If a mixed culture is suspected, inoculate individ-
ual colonies into separate nutrient broths and
grow as individual cultures for serotyping.
Agglutination techniques are described below.

Slide agglutination test

This test requires a high degree of skill. The den-
sity and smoothness of the cell suspension placed
on the slide will affect the result. Culture taken
directly from inhibitory or differential culture

medium may adversely affect the end result and
basic culture medium, such as nutrient agar, is
best. Care should be taken whilst working with
live cultures. To obtain inocula suitable for both
somatic and flagellar agglutination tests, a nutri-
ent agar slope is inoculated with a few drops from
an overnight culture of one Salmonella colony
grown in nutrient broth. Ensure that the inocu-
lum comes into contact with the sloped agar sur-
face and that approximately 3 mm depth of
liquid culture is visible at the base of the slope.
Incubate overnight at approximately 37°C.

Identification of somatic O antigens

Place a loopful of normal saline on to a clean
glass, microscope slide. This will act as a negative
control and identify roughness in the organism.
(If agglutination is seen in the saline control
when the culture is added, the culture is autoag-
glutinating, cannot be typed further and is
assigned as a ‘rough strain’.)

Place a second loopful of saline next to the
first.

Take half a loopful of culture from the
growth on the agar slope and mix equal portions
into the two saline drops until a fairly thick sus-
pension is achieved. If the suspension is too
thick, more than one drop of antisera will be
needed to give agglutination. If the suspension is
too weak, it may be difficult to see agglutination.

Take a loopful of polyvalent ‘O’ antisera
(this usually represent O groups A–I or A–S) and
add to one of the suspension drops. Mix this with
the loop (or by carefully tilting the slide back
and forth) for at least 60 s or until agglutination
is seen. Agglutination is identified by the forma-
tion of white granular lumps in the suspension. If
no agglutination occurs, the culture is unlikely to
be Salmonella and should be examined further
biochemically. If agglutination does occur, repeat
the process with group-specific antisera until the
somatic antigens are identified.

Proceed through the range of group specific
antisera, as in Box 23.1.

It is important to note that the expression of
certain O antigens is controlled by the presence or
absence of lysogenic phage, e.g. O3, 10 lysoge-
nized by phage ε15 will become O3, 15 and, if lyso-
genized by phage ε15 and ε34, it will become O3,
15, 34; these were previously known as E2 and E3
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O subgroups, respectively. Members of the sub-
groups were formerly named Salmonella serovars,
but current practice in the WKL scheme is to call
the former S. binza : S. orion (15+) and the former
S. thomasville : S. orion (15+, 34+). From the taxo-
nomic viewpoint this is correct, but for the epi-
demiologist it can be confusing.

Identification of flagellar H antigens

Flagellar agglutination is best observed under
low-power magnification, preferably with a dark-
ened background. Agglutination can be observed
by eye, but is finer in appearance than somatic
agglutination and weak positive reactions may
easily be missed.

Place two loopfuls of inocula taken from the
liquid culture at the base of the agar slope next to
one another on a clean glass slide. One of these
drops will act as the negative control and identify
autoagglutination. Add one loopful of polyvalent

H antisera to one drop on the slide and mix.
Observe for agglutination whilst mixing.

If positive, repeat the test with specific
Salmonella ‘H’ antisera. Most commercial compa-
nies make polyvalent mixes or rapid sera for this
purpose, where antisera have been combined to
give a range of five or six sera to test. This elimi-
nates a large number of possible antisera and
reduces the amount of testing. Once a positive
polyvalent serum has been found, it remains to
test the individual constituents of that serum in
order to identify which flagellar antigens are
present.

Phase inversion – also called phase induction
and phase reversal

Some Salmonella, e.g. S. enteritidis (9,12:gm:–) are
monophasic, having only one flagellar phase.
However, most serovars are diphasic and possess
two flagellar phases.
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Box 23.1. Identification of somatic O antigens.

O2-positive ⇒ test O12 ⇒ (group A antigens identified)
⇓
Negative
⇓
O4-positive ⇒ test O5 and O27 ⇒ (group B antigens identified)
⇓
Negative
⇓
O6, 7-positive ⇒ test O8 and O14 ⇒ (group C1 and C2 antigens identified)
⇓
Negative
⇓
O8-positive ⇒ test O20 ⇒ (group C3 antigens identified)
⇓
Negative
⇓
O9-positive ⇒ test O12 ⇒ (group D1 antigens identified)
⇓ ⇓
Negative if negative test O46 ⇒ (group D2 antigens identified)
⇓
O3, 10, 15, 19-positive ⇒ test O10, O15, O19, O34 (group E antigens identified)
⇓
Negative
⇓
O13, 22, 23-positive ⇒ test O22 and O23 ⇒ (group G antigens identified)
⇓
Then test O11 and work through remaining group sera up to O67. Not all group sera are available
commercially.



Once the first-phase flagellar antigens of a
monophasic Salmonella have been identified, the
culture is identified as a serovar by reference to
the WKL scheme. For diphasic Salmonella, the
other flagellar phase must be induced. This can
be done in several ways, e.g. the method of
Svengard, where antibody is incorporated into
semi-solid agar in a Petri dish and inoculated in
the centre with the Salmonella culture. The plate
is incubated and the culture at the edge of the
radiating growth is tested by slide agglutination
for the presence of flagellar antigens. At the
Veterinary Laboratories Agency, the Craigie tube
method is used. In this method, semi-solid cul-
ture medium (0.27% agar in nutrient broth) in a
universal bottle contains an open-ended glass
tube of approximately 5 mm diameter. The agar
is melted by placing the universal bottle in a
water-bath at 100°C for 10–15 min. The agar is
then kept in the water-bath until its temperature
has reduced to 56°C. At this point, approxi-
mately 30 µl of Salmonella antiserum is added to
the agar. The antiserum chosen for addition to
the medium is that which has already identified
one phase of flagellar antigen, e.g. if the first set
of flagella slide tests identified Hi, then i anti-
serum is incorporated into the semi-solid agar.
Allow the agar to set at room temperature.

Inoculate a 1 µl loop of Salmonella culture
taken from the liquid at the base of the nutrient
agar slope into the glass tube, until the bottom of
the loop is approximately 0.5 cm below the sur-
face of the agar. Incubate the medium overnight
at 37°C and observe for growth on the surface of
the agar. This growth should normally appear
overnight, but it may take 2–3 days’ incubation,
dependent on the culture and agar content. The
Salmonella culture will ‘swim’, using flagella to pro-
pel through the medium, down to the base of the
tube, out into the surrounding medium and finally
upward toward the surface of the agar. The growth
on the surface, which has a milky appearance, can
be used to conduct a repeat of the serotyping steps
described above to identify the other flagellar
phase. If the original antigens identified are still
present, phase inversion must be repeated by pas-
sage of the surface growth until the phase changes
and the remaining phase antigens have been
identified. If the antigen structure is complete, e.g.
somatic and flagellar antigens fully identified, the
‘name’ can be found by reference to the WKL
scheme. Over 90% of Salmonella strains isolated

are of the subspecies enterica. This subspecies were
originally given a serovar ‘name’, which can still
be found in the WKL scheme.

Some flagellar antigens are grouped into
‘complexes’ according to shared antigens and
consequent relationships they have with one
another. Thus:

1 complex contains flagellar antigens 1,2; 1,5;
1,6; 1,7

E complex: eh; enx; enz15
L complex: lw; lv; lz13; lz28
G complex: gp; gm; p; u; s; m; t; f; q; z51

Flagellar antigens not included in complexes
include: a; b; c; d; i; k; r; y; z; z39; z41; (z6 may be
found included with 1 complex; it is known to
cross-react with 1,5).

Microagglutination test (MAT)

This method was devised at the Laboratory of
Enteric Pathogens by Rowe and Hall and their
co-workers and it is the most useful when
serotyping large numbers of cultures.

Before commencing this technique, it is
important to titrate the antisera to be used
against a wide bank of positive and negative
Salmonella cultures in order to determine the
optimum dilution for each antiserum so as to
identify agglutination. Most commercial antisera
can be diluted with sterile saline for use in the
MAT. The titre of diluted antisera drops over a
period of time. It is therefore recommended that
diluted antisera be stored at 4°C for a maximum
of 10 days. The MAT has several advantages. It
requires less skill than slide testing, many more
cultures can be processed and it is safer, as the
cultures being tested are killed. Microscopic
examination of agglutination is not necessary.

Once the optimal titres have been deter-
mined, 96-well ‘U-bottomed’ microtitration
plates can be prepared to screen for the antigens
present. One plate should be prepared for O
identification and another for H. The most
common serovars found locally will dictate
which antisera are contained in the primary
screening plates for O and H antigens.

Preparation of antigens for MAT
From a single colony, inoculate two 3 ml volumes
of heart infusion broth (Difco) with 1% added
glucose (HIB). Incubate these for 4–5 h at 37°C.
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PREPARATION OF MAT SOMATIC ANTIGEN. Place
one HIB culture in a water-bath at 100°C for 1 h.
Allow the culture to cool before use.

PREPARATION OF MAT FLAGELLAR ANTIGEN. To the
other culture, add 3 ml of 1% formal saline.
Leave at room temperature overnight before dis-
pensing into the microtitration plate. 

Somatic MAT
It is suggested that the O screen plate should con-
tain 25 µl of the following somatic antisera: poly-
valent O; O4; O5; O27; O6,7; O8; O9; O12;
O3,10,15,19; O11; O13,22,23; saline (negative
control). Then 25 µl of killed antigen is added to
each test well. Cover with cling film or a plastic
plate cover and incubate in a water-bath at 51°C
for approximately 2 h. After this time, the MATs
can be moved into a refrigerator for a further 18 h.

For reading, the plates should be placed on a
microtitration plate reader in an overhead-lit
area, preferably within a dark background. When
agglutination does not occur, the bacterial cells
fall to form a tight button in the bottom of the
well. Agglutination is identified by a distortion of
the button of cells or a loose button or sometimes
clumps of cells are visible.

Flagellar MAT
Prepare a microtitration plate by adding 25 µl of
optimally diluted antisera to individual wells.
Add 25 µl of killed antigen to each well, cover
with cling film or a plastic cover and incubate in
a water-bath at 51°C for 2 h. The plates should
have their bottoms just on the water-line. After
incubation, read the test results under the light-
ing conditions described previously. Negative
results will appear as a cloudy suspension.
Positive results are identified by the presence of
floccular agglutination, accompanied by a clear-
ing of the background suspension.

A suggested set of antisera to include in the
screening H plate is: polyvalent H; 1 complex; E
complex; L complex; G complex; b; i; r; y; z; z10;
saline (negative control).

Follow-up MAT
Where a polyvalent serum has given a positive
result, repeat the MAT with the individual con-
stituents of the serum.

Phase inversion should be carried out, as
previously described, to identify both flagellar

phases. The milky liquid growth on the surface of
the Craigie medium can be inoculated into HIB
broth and tested in the same way as for the
previously identified phase.

Tube agglutination test

This method is very similar to MAT, except that
it is carried out with larger volumes in tubes sus-
pended in a rack and is consequently more time-
consuming.

The test method will vary, depending on the
serum used. It is therefore advisable to follow the
instructions from the serum manufacturer.

Preparation of somatic antigen for tube agglutination
test

A culture inoculated on to a nutrient agar slope
is most suitable for this method. After overnight
incubation at 37°C, wash the growth off the agar
slope with approximately 2 ml of absolute alco-
hol. Use a Pasteur pipette to loosen growth from
the agar if necessary. Transfer the suspension of
cells to another container and leave at room
temperature for at least 3 h. Centrifuge the sus-
pension to gently deposit cells to the bottom of
the container. Discard the supernatant.
Resuspend the cells in enough normal saline to
give the equivalent of a Brown’s tube 2
(McFarland 3) suspension.

Preparation of flagellar antigen for tube agglutination
test

Inoculate 3 ml of nutrient broth with approxi-
mately one-quarter of a single colony and incu-
bate overnight at 37°C.

The culture is killed by the addition of 1 ml
of 10% formalin and leaving at room tempera-
ture for at least 15 min before testing. NB: when
the formalin is disposed of, ensure that it is not
likely to come into contact with substances that
can form toxic gases, e.g. bleach.

The ‘virulence’ antigen, commonly called
Vi, is present on some isolates of some Salmonella
serovars, e.g. S. typhi, S. paratyphi A and S.
dublin, and Citrobacter. Its presence is identified
by agglutination with Vi antisera. If present, any
O antigens will not be identifiable until the cul-
ture is boiled for approximately 30 min, when
any of the procedures described previously will
identify the presence of O antigen.
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Phage Typing

Phage typing has a long history with regard to
the differentiation of Salmonella serovars of
human and animal origin (Craigie and Yen,
1938a,b; Felix and Callow, 1943; Anderson et al.,
1977; Ward et al., 1987). Since the discovery of
bacteriophages by Twort/D’Herelle in 1915/1917,
many different typing schemes have been
developed. Most of the systems are based on
virulent phages, and more detailed technical and
historical information will be found in Guinée
and van Leeuwen (1978). Phage-typing schemes
for S. typhi, S. paratyphi A and B, S. typhimurium
and S. enteritidis are used in most reference labo-
ratories and a number of schemes have been
developed for other Salmonella serovars, which
may be of more local importance.

Many phages occur in sewage, sewage-con-
taminated water and faeces and, once isolated,
they have to be purified by repeated single-plaque
isolation. Preliminary identification consists of
establishing the host range and plaque morpho-
logy. Typing-phage preparations can be produced
by growing equal concentrations of purified phage
particles and host cells in their logarithmic phase
of growth in pre-warmed nutrient broth at 37°C

for as long as lysis visibly continues and usually no
longer that 7 h. The mixture is then heated at
60°C for 30 min to kill the host cells; most typing
phages for Salmonella survive such treatment. If
the phage is not thermostable, the host cells may
be killed by the addition of a few drops of chloro-
form. The lysates are then centrifuged to remove
the killed bacteria. It is sometimes impossible to
prepare a phage suspension of sufficiently high
titre in liquid media and the agar-layer technique
should be used (Guineé and van Leeuwen, 1978).
The phage preparation is then titrated on its host
strain to determine the routine test dilution
(RTD), which is defined as the highest dilution
that produces confluent or, in some cases, semi-
confluent lysis of the host strain that was used for
propagation.

The Salmonella to be typed is grown in 5 ml
nutrient broth in an incubator at 37°C. The
period of time and conditions depend on the
serovar, e.g.105 min with shaking at 60 r.p.m. for
S. enteritidis. Nutrient agar plates that have been
dried at 37°C for 180 min are flooded with the
Salmonella culture, so that a thin film results. The
quality and thickness of the agar may affect the
results; in general, better results are obtained
with a thicker agar. The plates are dried again for
a maximum of 15 min at 37°C and the phage
preparations added at their RTD. Various
mechanical devices, such as the Lidwell appara-
tus, may be used to spot the phage on to the
Salmonella lawn. The plates are then read after
being incubated overnight at 37°C. The different
degrees of lysis are shown in Table 23.6.

In addition to phage-typing schemes for S.
typhi, S. paratyphi A and B and S. typhimurium,
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Table 23.6. Method of recording degrees of lysis on
enteric phage-typing plates.

Plaque size No. of plaques/lysis

Large (L) 0–5
Normal (N) ± 6–20
Small (S) ± 21–40
Minute (M) +± 41–60
Visible only with ++ 61–80

hand-lens (µ) ++± 81–100
+++ > 120
Semi-confluent lysis (SCL)
Confluent lysis (CL)
< SCL (intermediate degrees
< CL of lysis)
Confluent ‘opaque’ lysis (opacity 
due to heavy secondary growth) 
(OL)

Plaques should be described as follows: large (L),
normal (N), small (S), minute (M) and mu (µ). The
latter are only visible with a 10 � magnification
hand lens.

Table 23.7. Phage-typing schemes in common use.

No. of phage No. of 
preparations phage types

S. typhi 110 110
S. paratyphi A 9 15
S. paratyphi B
S. paratyphi B (var. Java) 12 53
S. enteritidis 16 65
S. typhimurium 37 260+
S. hadar 9 62
S. virchow 15 68
S. thompson 10 38
S. pullorum 5 13
S. agona 9 38



schemes have been developed for many other
Salmonella serovars. More than one typing
scheme may have been developed for a serovar,
e.g. S. typhimurium, and, as a consequence, the
results of typing may not be comparable. The
number of phage preparations and different

phage types for the more commonly used typing
schemes are shown in Table 23.7. Other phage-
typing schemes that have been developed for
some of the other Salmonella serovars are shown
in Table 23.8.
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Table 23.8. Phage-typing schemes for other Salmonella serovars.

S. adelaide Atkinson et al. (1952)
S. anatum Gershman (1974b)
S. bareilly Majumdar and Singh (1973), Jayasheela et al. (1987)
S. blockley Sechter and Gerichter (1969)
S. bovismorbificans Atkinson et al. (1952), Atkinson (1956)
S. braenderup Sechter and Gerichter (1968)
S. dublin Williams Smith (1951b), Lilleengen (1950), Vieu et al. (1990)
S. pullorum/gallinarum Lilleengen (1952)
S. newport Gershman (1974a), Petrow and Kasatiya (1974)
S. panama Guinée and Scholtens (1967)
S. thompson Gershman (1972), Williams Smith (1951a)
S. virchow Velaudapillai (1959); Chambers et al. (1987)
S. weltevreden Garg and Singh (1971), Kaliannan and Mallick (1973)
S. hadar De Sa et al. (1980)
S. oranienberg Bordini and Trefouel (1970)
S. choleraesuis Lalko (1971)
S. enteritidis Macierewicz et al. (1968), Ward et al. (1987), Lilleengen (1950)
S. good Kawanishi (1972)
S. montevideo von Thal (1957), Vieu et al. (1981)
S. infantis Kasatiya et al. (1978)
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Chapter 24

Serological Diagnosis of Salmonella by ELISA
and Other Tests

Paul A. Barrow
Institute for Animal Health, Compton Laboratory, Compton, Newbury, Berkshire RG20 7NN, UK

Introduction

The public and professional interest in Salmonella
and salmonellosis in relation to human food poi-
soning, in addition to the ever-present economic
problems associated with animal disease, has cre-
ated an incentive to produce accurate data on
the prevalence of infected flocks and herds, and
of Salmonella-infected animals within flocks and
herds. Bacteriological methods have been the
traditional means of obtaining such data
(Statutory Instruments, 1989; Commission of the
European Communities, 1992).

A major advantage of serological over bac-
teriological methods is that, whereas Salmonella
organisms are excreted intermittently
(Richardson, 1973a; Williams and Whittemore,
1976), serum immunoglobulin G (IgG) concen-
trations are generally persistent. The logistical
problems of frequent sampling of large numbers of
animals are thus reduced. One major disadvan-
tage is that, soon after initial infection, serum IgG
concentrations will be low (although increasing),
whereas bacterial excretion may be at a maxi-
mum. Also, serovars generally regarded as non-
invasive (although perhaps less significant
numerically, from the public-health point of
view) may not be detected serologically. Such
tests are therefore probably mainly applicable for
the initial screening of stock for invasive serovars,
such as S. dublin in cattle, S. choleraesuis in pigs,
S. enteritidis, S. pullorum and S. gallinarum in poul-
try and S. typhimurium in all species. However,

many Salmonella serovars are invasive in poultry
and mice (Barrow et al., 1994) and serovars con-
sidered to be poorly invasive, such as S. infantis
and S. bredeney, which produce little or no sys-
temic disease in animals, nevertheless may pro-
duce infections that are detectable serologically
(Smith et al., 1972; Nielsen et al., 1995b).

A number of serological tests were devel-
oped earlier for detecting invasive serovars, the
most successful being slide agglutination, using
either serum or whole blood, for the detection of
poultry flocks infected with either S. gallinarum
or S. pullorum. This test has been applied success-
fully for more than 50 years in the control and
eradication of S. pullorum. It is easy to carry out
on the farm and, at the time of its development,
saved time and money in comparison with other
serological assays then available. The advantages
and disadvantages of this assay, and also the fre-
quency of false reactions, are discussed in detail
by Gordon and Brander (1942).

Although relatively crude, it was successful
in largely eradicating pullorum disease from the
intensive sectors of the poultry industry in many
countries. The test can be used for other serovars,
but generally with limited success. Tube and
microagglutination tests and the more sensitive
microantiglobulin tests (MAGs) have been
applied to experimental and field infections with
serogroups B, C and D. However, these tests are
cumbersome and do not lend themselves readily
to extensive use for large-scale herd or flock
screening.
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The detection systems required by recent
European Community legislation for poultry
(Commission of the European Communities,
1992) are based on bacterial culture. However,
the option is available for serological screening,
providing that those assays used give the same
guarantees that hatchery investigations provide.
Serological assays, mainly the enzyme-linked
immunosorbent assay (ELISA), are now currently
used in this context in a number of countries.

Recent advances in ELISA technology,
including miniaturization and mechanization,
together with the availability of commercially pre-
pared high-quality reagents, have resulted in its
application to the detection of infection caused by
several pathogens in humans, poultry, pigs and cat-
tle. ELISAs based on lipopolysaccharide (LPS) and
virulence (Vi) antigens have been used to detect S.
typhimurium and S. typhi infection in rodents and
humans respectively (Carlsson et al., 1972; Lentsch
et al., 1981; Engleberg et al., 1983). They have also
been used to monitor experimental Salmonella
infections in calves (Robertsson et al., 1982a) and
various avian pathogens, including infectious-
bronchitis virus (Mockett and Darbyshire, 1981)
and Pasteurella multocida (Briggs and Skeeles,
1983). However, it is only more recently that these
assays have been applied to detecting Salmonella
infections in poultry, cattle and pigs on a large
scale.

Serological Response to Salmonella
Infections

Work with experimental Salmonella infections can
assist in understanding the parameters that may
affect the performance of the ELISA and other
assays in detecting infection. Most of these studies
have been carried out with S. typhimurium, but
there is no reason to believe that S. enteritidis or S.
dublin would produce essentially different results.
However, the pathogenesis of these infections is
dissimilar. In addition, many serovars are consider-
ably less invasive than those mentioned above
and, despite the detection of antibody in poultry
infections caused by S. bredeney and S. virchow
(Smith et al., 1972), it must be borne in mind that
the amount of circulating specific IgG may be less
in such infections.

In poultry, a number of studies have been
carried out with different types of assays, using a

standard indirect ELISA, with either LPS, fla-
gella, outer-membrane proteins (OMPs) or a son-
icated whole-cell protein extract as detecting
antigen. IgG, IgM and IgA were detected follow-
ing infection of specified pathogen-free (SPF)
chickens. Serum IgG titres rose 2 weeks after
infection, reached a peak at 5 weeks and
remained high for a further 4 weeks. Serum IgM
titres appeared before IgG, as expected, and dis-
appeared earlier. In bile and gut washings, IgA
was the predominant isotype. The responses to
all antigens were similar (Hassan et al., 1991).
High IgG titres persist for many weeks following
S. enteritidis (Barrow and Lovell, 1991; Kim et al.,
1991) or S. typhimurium (Barrow, 1992) infec-
tion, in the latter case high titres still being pre-
sent when the experiment was terminated at 45
weeks after infection. This has practical conse-
quences, since high IgG titres may persist in the
absence of infection.

Not all those investigating immune responses
have detected typical IgM responses. Using com-
mercial reagents, IgM was not detected in com-
mercial chickens naturally infected with S.
enteritidis (Chart et al., 1990c), although the time
interval between sampling and infection of these
birds was not known. Neither IgM nor IgG was
detected in commercial layers experimentally
infected with S. enteritidis (Humphrey et al., 1989).
The apparent absence of detectable IgM by
ELISA was puzzling, since it contributes consider-
ably to the tube agglutination reaction (Nicholas
and Cullen, 1991). However, later studies by the
same group indicated that considerable quantities
of specific IgM were detectable, apparently for
many weeks after infection. In these cases, the
concentrations measured were often greater than
those of IgG (Humphrey et al., 1991a,b).

In some ways, immunoblotting has addi-
tional sensitivity, because the response, albeit
semi-quantitative, to individual antigens can be
discerned (Chart et al., 1990c). Variable
responses to LPS, flagella and OMPs can be
observed. Non-specific reactions occur with
chicken serum, which increase with the age of
the bird from which the sera were taken; these
must be treated with caution.

Hassan et al. (1991) also detected delayed-
type hypersensitivity responses in chickens to a
number of antigens, including LPS and OMPs by
intradermal inoculation and examination of skin
swelling.
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Cellular and humoral immune responses in
calves to attenuated vaccine strains and after
challenge with a virulent S. typhimurium organ-
ism have been studied (Robertsson et al.,
1982a,b; Lindberg and Robertsson, 1983;
Robertsson, 1984). Following vaccination of 4-
to 5-week-old calves, specific serum IgG and IgM
titres against LPS and porins were found to have
increased after 3 weeks. Similar titres to both
antigen types were obtained by subcutaneous
vaccination with a heat-killed strain, whereas
the anti-porin antibody titre was greater with
oral vaccination with a live attenuated strain.
Three weeks after challenge, the titres to the two
antigens were similar. There was no response to
heterologous LPS. Lymphocyte stimulation by
LPS and porins from an antigenically homolo-
gous but not a heterologous organism were also
observed. Skin reactivity was directed primarily
at LPS as a macromolecule. High specific serum
IgG titres and, to a lesser extent, IgM titres have
been found in experimentally infected cattle for
periods of up to 3 months. Milk and serum titres
remained high for up to 1 year in mammary-
gland carrier animals (Smith et al., 1989).

Specific circulating IgG responding to LPS
has been observed to rise in titre between 1 and 3
weeks after experimental inoculation of pigs with
S. typhimurium or S. infantis. High concentra-
tions, indicated by high (OD) values, persisted
for several weeks (Nielsen et al., 1995b).

A number of host factors affect humoral
response to salmonellosis, including the genetic
background of the animal (Barrow, 1992) and its
age. In the latter case, older animals generally pro-
duce stronger responses to a variety of antigens
than very young animals (Williams and
Whittemore, 1975; Hassan et al., 1990; House et
al., 1993). The response of young animals to LPS
may be poorer than to flagella (Roden et al., 1992).
In addition, animals may differ in their response to
different LPS types (Roden et al., 1992).

Salmonella Diagnosis Using
Agglutination-based Serology and

Other Systems

A number of assays based on agglutination or
complement fixation have been used over the
years. In some cases, the sensitivity of these has
been increased by using antiglobulins (Coombs et

al., 1945; Cunningham, 1968). As will be seen
below, in all cases, the systems either suffer from
relatively poor sensitivity or, in the process of
increasing sensitivity, become cumbersome and
less specific.

The crudest of tests, based on slide aggluti-
nation, has been used very successfully with poul-
try (see above) to eliminate carriers of S.
pullorum. The use of rapid agglutination was
introduced by Runnells et al. (1927) and a
stained antigen–whole-blood combination was
developed by Schaffer et al. (1931). This was
introduced in the UK by Gordon and Brander
(1942) and proved to be of great value in elimi-
nating carrier birds. Retesting at 2- to 4-weekly
intervals is recommended until two consecutive
negative results are obtained with the whole
flock (Anon., 1984). False-positive reactions can
occasionally cause problems and the whole-blood
test (WBT) has been found to be unreliable in
turkeys and ducks. These problems may occur
because of infection with other Salmonella, but in
many cases it has not been possible to discover
the cause. Other bacteria, including members of
the Enterobacteriaceae and enterococci, have also
been reported to produce cross-reactions
(Garrard et al., 1948). Such problems are likely
to be more significant as the incidence of true
positive reactions falls.

The test has a number of other disadvan-
tages besides cross-reactions. The results vary,
depending on antigen quality, which may vary
with the strain of S. pullorum and is dependent
on operator expertise. Gast (1997) found that
there were slight differences in results between
different stained antigen preparations, although
it was unlikely that birds infected with the differ-
ent variants of S. pullorum would be missed.
Whether it is cheaper for large-scale screening
than microtests, such as the ELISA, is question-
able, because it is labour-intensive, but one
advantage is that the seropositive birds can be
culled on the spot.

The slide-agglutination WBT for S. pullo-
rum has been adapted for use with S. enteritidis,
using saponin-containing antigen to lyse the
blood and produce a clearer result (Chart et al.,
1990a,b). Chart et al. (1990c) found reasonably
good correlation between the results obtained by
slide agglutination and immunoblotting and
those obtained with an indirect ELISA for sera
from an S. enteritidis-infected flock. However,
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exceptions were observed, in that some non-
agglutinating sera produced relatively high OD
values while two agglutinating sera produced low
ODs. Further differences between the results pro-
duced by slide agglutination and ELISA were
found in a subsequent study (Chart et al., 1990d),
where, in five flocks infected with S. enteritidis, a
poor correlation was found for individual sera,
although high and low OD values in the ELISA
and positive and negative agglutinations were
found in each of the five flocks.

The relative merits of slide agglutination and
ELISA for detecting S. enteritidis-infected flocks
have been discussed extensively in published cor-
respondence (Chart et al., 1990a,b, 1991; Barrow,
1991; Cullen and Nicholas, 1991). It is also possi-
ble that slide agglutination would preferentially
identify IgM-producing birds. The proportion of
birds producing IgM will be relatively low and this
isotype does not persist at high titre, but it may
assist in identifying current infections.

Agglutination-based assays may be more
sensitive in the early stages of infection, when
IgM titres are highest. For poultry, tube aggluti-
nation tests have been found to be unreliable
with S. bredeney and S. virchow (Smith et al.,
1972) and titres against other serovars were
found to vary widely (Smyser et al., 1966; Cooper
et al., 1989; Nicholas and Cullen, 1991). In con-
trast, the indirect haemagglutination (IHA) test
is more sensitive and specific antibody titres
against LPS may persist for several months at
titres in excess of 1 : 100 (Smith et al., 1972).

After the discovery of antibodies against
Salmonella O and H antigens in cattle by Lovell
(1934), tube agglutination with these antigens
has been used to attempt to detect cows that are
carriers of S. dublin. The titres obtained by Field
(1948) and Richardson (1973b) for both anti-
gens were considered to be of diagnostic value
but they were unable to identify some animals
known to be latent carriers of S. dublin. Wray et
al. (1975) found IHA, using both alkaline and
ether extracts, to be no more sensitive than tube
agglutination. In addition to false-negative reac-
tions, which might occur early in infection, false-
positive reactions also occurred. Titres to flagellar
antigens in the serum agglutination test (SAT)
were higher and persisted for longer periods than
those detected in the IHA test. Serum agglutina-
tion has been made more sensitive by the
antiglobulin test. For S. dublin in cattle, Wray et

al. (1981) found that false-positive and false-
negative results still occurred at different levels
of sensitivity. However, although it was possible
to differentiate naturally infected animals from
those vaccinated with a rough strain by compar-
ing agglutination and antiglobulin titres, it was
not possible to differentiate carrier animals from
convalescent, non-infected animals using the
antiglobulin test. This would be desirable for S.
dublin control. The MAG has also been applied
to Salmonella infections in poultry (Williams and
Whittemore, 1972, 1975) and has been found to
be more reliable than agglutination assays. The
MAG was more sensitive and high titres were
found to persist for several months. It can also be
used with serovars other than S. typhimurium,
including S. thompson and S. infantis (Williams
and Whittemore, 1979; Thain et al., 1980).
Results obtained with this test correlated well
with the ELISA, both in birds infected experi-
mentally with S. enteritidis and in the field
(Cooper et al., 1989; Nicholas and Cullen, 1991).
However, as these authors point out, the practi-
cal difficulties in using this test for large-scale
screening outweigh any potential advantages.

Similar problems were found by Wray and
Sojka (1976) with the complement fixation test
(CFT). They found that serum agglutinins
against flagellar antigens remained at a diagnostic
titre for longer than did complement-fixing anti-
bodies using a number of somatic antigen prepa-
rations. Non-specific reactions also occurred and
a considerable number of infected cattle reacted
negatively with both the CFT and agglutination
test. Hinton (1973) adapted the Brucella milk-
ring test to the detection of S. dublin infections
following abortion. Use of whey for agglutination
of flagellar antigens was practical and nearly as
sensitive as using serum. The use of paired sam-
ples, the second taken 2–3 weeks after the first,
assisted in diagnosis. He drew attention to the
problems associated with infection with related
serovars causing rises in antibody titres. There
was little correlation between agglutinin titre
and the results of the milk-ring test.

Thus agglutination-based assays suffer from
limited sensitivity and a tendency to produce
both false-positive and false-negative results.

Given the sensitivity and specificity of
ELISAs, combined with their ease of use for
large-scale screening, it is not surprising that
these assays have largely overtaken others. A few
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comparisons have been made between different
systems for S. enteritidis infections in poultry.
Cooper et al. (1989) and Nicholas and Cullen
(1991) found that agglutination-based systems
were less sensitive than other tests and identified
fewer infected birds. Similar results were found
by Timoney et al. (1990). Previous workers have
also found slide agglutination to be too unreli-
able and insensitive for S. typhimurium (Nagaraja
et al., 1991). On the positive side, use of the
slide-agglutination test with S. pullorum antigen
resulted in fewer false-positive reactions in S.
enteritidis-infected flocks (Gast and Beard, 1990).

Agglutination-based systems have also been
developed for the rapid identification of S. enteri-
tidis cultures. SEF14 fimbriae, found only in S.
enteritidis, a proportion of S. dublin strains and the
obscure, related serovars S. blegdam and S. moscow
(Thorns et al., 1990), have been used as the basis of
a latex agglutination test using monoclonal anti-
bodies (Thorns et al., 1992). However, this has
been tested in different laboratories to confirm cul-
tures of S. enteritidis, rather than for serological pur-
poses (McLaren et al., 1992).

A few investigations have additionally been
made into the possibility of using delayed-type
hypersensitivity for detecting cattle infected with
S. dublin. Aitken et al. (1978) showed that intra-
dermal inoculation of killed S. dublin cells
evoked a typical delayed response in most
(25/28) intravenously inoculated cattle. There
was a poor correlation with O and H agglutinin
titres, but the reactions could be evoked up to
493 days post-infection. On retesting, reduced
reactions were observed in a considerable propor-
tion of the animals. Robertsson et al. (1982b)
also demonstrated similar responses by inocula-
tion of crude supernatant fractions.

Because of the high sensitivity and specificity,
together with their ease of use for large-scale
screening and the fact that little capital equip-
ment is necessarily required, ELISA technology
has largely superseded other systems for herd and
flock monitoring. Subsequent sections of this
review concentrate almost solely on this system.

ELISAs Available for Serological
Diagnosis of Salmonella

There are two basic systems available, the indi-
rect ELISA (Barrow, 1992) and the competitive

‘sandwich-type’ ELISA (van Zijderveld et al.,
1992). However, the definition is not completely
clear, as will be seen.

The indirect ELISA involves the use of a
detection antigen coated on to the wells of a
microtitre plate. After the application of a block-
ing reagent to reduce non-specific binding, test
samples are applied to the wells. Specifically
bound antibody in the sample is detected by an
antibody–enzyme conjugate. A variety of anti-
gens, including LPS, flagella, SEF14 fimbriae and
cruder antigen preparations, have been used.
Selective or improved binding of the antigen
may be obtained by precoating with a mono-
clonal antibody, although, in this case, there is
no competitive aspect to the assay.

The competitive-sandwich ELISA employs
a specific mechanism of coating antigen to wells,
namely monoclonal antibody. This is then fol-
lowed by a pure or crude antigen preparation.
Test samples are applied followed by conjugated
monoclonal antibody, which will not bind to the
antigen if the test sample contains antibodies.
The assay can be shortened by adding both test
sample and conjugate together. Monoclonal anti-
bodies have been prepared for flagella, LPS and
SEF14 for S. enteritidis (van Zijderveld et al.,
1992; Thorns et al., 1994). Standard indirect
assays may also be used in a competitive way by
using the blocking effect of an unknown serum
on a standard positive serum (Hoorfar et al.,
1994).

There are advantages and disadvantages to
both basic systems. The indirect assay is simpler
and reagents are available that are applicable to
all Salmonella serovars in chickens, turkeys and
ducks. The competitive ELISA can be applied to
all animal species and, in general, shows higher
specificity. However, reagents are not commer-
cially available for all serovars. There are also
some affinity problems and it may be less sensi-
tive than the indirect assays. In the field, both
systems have been known to produce false-posi-
tive reactions.

ELISA – choice of antigen

LPS is the most frequently used discriminatory
detecting antigen. Sera obtained from chickens
infected either with S. typhimurium (Barrow,
1992) or with S. gallinarum (Barrow et al., 1992)
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yielded much higher titres with homologous than
with heterologous LPS as detecting antigen.
Similar specificity can be demonstrated using
groups B and D LPS tested with sera raised in
chickens against Salmonella strains from different
serogroups, such as B, C1, C4 (now also grouped
within group C1), D, E1, E4 and O35 (Chart et
al., 1990c; Hassan et al., 1990). Differentiation
between infections caused by S. enteritidis, S. gal-
linarum and S. pullorum using LPS has been
claimed (Cooper et al., 1989), but there have
been no further reports of this. However, varying
degrees of cross-reactions between groups B and
D LPS have been demonstrated with sera from
chickens infected with S. typhimurium (Nicholas
and Cullen, 1991; Barrow, 1992; Barrow et al.,
1992). The cross-reactions were caused by anti-
bodies against the common 12 antigens present
in groups B and D, as was demonstrated by
immunoblotting (Chart et al., 1990c). The prob-
lem may be reduced by adjustment of the dilu-
tion of the test sample (Barrow et al., 1992).
There is also some evidence that periodate treat-
ment of group D LPS can destroy O1 and O12
cross-reacting epitopes, while preserving the O9
and O4/5 specificities (House et al., 1993; van der
Heijden, 1994). A third possibility is to use an O
antigen, such as that from group D2, containing
9,46 specificity. However, in experimental infec-
tion, this antigen did not react with sera from S.
enteritidis-infected chickens (Huis in’t Veld et al.,
1994). The specificity of reactions may also be
checked by blocking the reaction with a mono-
clonal antibody specific for the reactive epitope
present on the detecting antigen. Thus a mono-
clonal antibody specific for O9 LPS has been
used to confirm infection of cattle with a group D
(O9) serovar, which, with bacteriological evi-
dence, indicates S. dublin infection (Hoorfar et
al., 1994, 1996).

Experimental infection of chickens with
other members of the Enterobacteriaceae does not
induce the production of high titres of cross-
reacting antibodies (Nicholas and Cullen, 1991;
Barrow, 1992; Barrow et al., 1992). Organisms
tested include avian pathogenic E. coli serovars
and strains of Citrobacter, Klebsiella and Proteus.

Flagella antigens have also been used to
avoid this problem of differentiating serovars pos-
sessing cross-reacting LPS. Cross-reactions
caused by different serovars sharing the same fla-
gella antigens may conceivably pose a problem,

and no information is currently available on the
expression in vivo of phase 1 and phase 2 anti-
gens. Under experimental conditions, using S.
enteritidis infections (Baay and Huis in’t Veld,
1993) or S. typhimurium infections (Hassan et al.,
1990), specific immune responses can be demon-
strated. However, in the field, confusing cross-
reactions seem to occur. The former authors also
report that flagella-specific IgG is not as persis-
tent as LPS-specific IgG, detectable quantities
disappearing within 4 months, and that the titres
peak before those of LPS-specific antibody.

In contrast, in early work, Humphrey and
colleagues (Humphrey et al., 1989) and Chart et
al. (1990c) were unable to detect flagella-specific
IgG or IgM in chickens infected experimentally
or naturally with S. enteritidis. One interesting
feature found by Timoney et al. (1990) is that not
all chickens experimentally infected with S.
enteritidis develop high flagella-specific antibody
titres; in the majority of the birds, no raised titres
were observed. R. Nicholas (Weybridge, personal
communication, 1999) found that flagella
responses may be poorer than those against LPS
if the strain is poorly invasive.

One area where flagella antigen can already
be used with success is to differentiate infection
caused by flagellate and non-flagellate serovars,
particularly S. enteritidis from S. gallinarum and S.
pullorum. Timoney et al. (1990) were able to dif-
ferentiate these infections in this way. Barrow et
al. (1992) found similar results by ELISA and by
immunoblotting. Birds in a Brazilian flock, in
which clinical fowl typhoid was observed, were
identified by high IgG titres to group D LPS and
by low gm-H-specific IgG in contrast to control
sera from S. enteritidis-infected chickens.

One study has been carried out on SEF14
antigen by Thorns et al. (1994), using both indi-
rect and capture ELISAs. Specific IgG was
detectable by 1 week post-infection and persisted
for at least 8 weeks when the experiment was ter-
minated. No cross-reactions were observed with
sera from S. typhimurium- or S. gallinarum-
infected birds. A capture ELISA was used to
examine field sera and was compared with an
indirect ELISA, using flagella or heat-extract
antigen. The SEF14 antigen ELISA was as sensi-
tive as the heat-extract antigen ELISA and as
specific as the flagella ELISA.

Other antigens of varying specificity have
been used and some claims for specificity have
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been made. They include surface-protein anti-
gens, some of which are said to be specific
(Nagaraja et al., 1984, 1986; Dadrast et al., 1990;
Kim et al., 1991), sonicated whole-cell soluble-
protein antigen (Hassan et al., 1990; Steinbach et
al., 1994). In the latter case, calves infected with
group B, C or D serovars produced stronger
absorbency values using LPS as detecting antigen
with S. dublin or S. typhimurium infection. High-
molecular-weight proteins produced the highest
absorbence values, but these were not very spe-
cific. Poor responses were obtained with S. agona
and S. infantis although the animals were only
bled once at 2 weeks after inoculation.

ELISA – choice of sample

Because of its high IgG concentrations, egg yolk
(Rose and Orlans, 1981; Kaspers et al., 1991),
rather than serum, has already been applied to
the diagnosis of other avian infections with
pathogens such as Newcastle disease virus, infec-
tious bronchitis virus (Piela et al., 1984) and
Mycoplasma (Piela et al., 1984; Mohammed et al.,
1986). It has also been applied to S. enteritidis, S.
typhimurium and S. gallinarum (Dadrast et al.,
1990; Nicholas et al., 1990; McLeod and Barrow,
1991; Nicholas and Andrews, 1991; Barrow,
1992; Barrow et al., 1992). In chickens experi-
mentally infected with either S. typhimurium or
S. gallinarum, specific IgG titres in egg yolk were
found (after an initial lag) to be very similar to
serum titres (Barrow, 1992; Barrow et al., 1992).
Fewer data are available from testing egg yolk for
S. enteritidis-specific IgG. Dadrast et al. (1990)
indicated in a pilot study that 60% of egg yolks
from an infected flock had high LPS-specific IgG
titres. Nicholas and Andrews (1991) studied
three flocks infected with S. enteritidis and one
infected with S. typhimurium. The infection rates
in the first three flocks determined by ELISA
with group-D LPS and with a threshold deter-
mined with SPF sera were 20/100, 99/180 and
55/180. Using a heat-extracted antigen the rates
were higher. None of the yolks from the S.
typhimurium-infected flock was considered as
indicating infection using S. enteritidis-derived
detecting antigens in the ELISA. McLeod and
Barrow (1991) examined egg yolks from chickens
in 17 houses. From four houses, 159/300 yolk
samples had ODs greater than 0.2 and 58/300

greater than 0.8 and S. enteritidis was isolated
from birds in these houses. In contrast, 177/450
yolk samples taken from the 13 uninfected
houses produced values of less than 0.1, 416/450
less than 0.2 and all 450 less than 0.4.

There is some indication that a standard
indirect ELISA might be more appropriate for
analysing egg yolk than a competitive (blocking)
sandwich ELISA. The low dilution of the sam-
ples used in the latter ELISA may lead to inter-
ference and to reduced sensitivity and false-
negative reactions (van de Giessen et al., 1994).

Any of the tissue fluids are likely to contain
concentrations of IgG equivalent to those pre-
sent in serum. Meat juice, obtained from
butchered meat, has been used routinely in
Denmark to trace Salmonella-infected pig herds
(Nielsen et al., 1995a).

In addition to producing systemic disease in
cattle, S. dublin may become localized in the
mammary gland and be shed in the milk, which
may give rise to the production of local specific
IgG1 immunoglobulins (Watson, 1980). As
described previously, these have been used to
detect infection using agglutination-based assays.
They may also be used in ELISAs for monitoring
infection with this serovar, using LPS as detect-
ing antigen (Robertsson, 1984; Smith et al.,
1989; Spier et al., 1990; Hoorfar et al., 1995a,b).
Milk IgG and IgM titres from individual samples
were considerably lower than those in the sera of
experimentally infected cows and known carrier
animals. In the former group, they were only
marginally higher than those in uninoculated
control animals. These authors (Smith et al.,
1989; Spier et al., 1990) concluded that,
although milk samples were convenient, two
serum IgG samples had more predictive value of
carrier status than two milk samples taken 60
days apart. Since a large proportion of milk IgG1
is derived from serum antibody, milk may also be
used to detect systemic infection in the absence
of localized mammary infection. It has been used
in this regard for S. dublin (see above references)
and S. typhimurium (Hoorfar and Wedderkopp,
1995).

Meat juice, released from a sample, of stan-
dard size, cut from a carcass and frozen and
thawed, has been increasingly used for epidemio-
logical purposes in Denmark. This method has
been applied particularly in monitoring pig herds
(Nielsen et al., 1996, 1997, 1998) but has also
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been applied to predicting the infection status of
cattle (Hoorfar et al., 1997). Not surprisingly, pig
meat from the diaphragm or sternomastoid mus-
cle yielded juice with similar ODs. Considerable
variation was observed in the volume of juice
released per gram of tissue, which Nielsen et al.,
(1998) ascribe to variations in residual blood
content of the muscle, the level of pre-slaughter
stress and the associated effect of glycogen con-
tent and pH post-slaughter. Apart from a slightly
lower titre seen with meat juice in comparison
with sera, the former samples behaved in a simi-
lar manner to sera on dilution (Nielsen et al.,
1998).

ELISA – factors affecting immunoglobulin
titres and practical aspects

With a serovar such as S. typhimurium, the
extent of invasiveness appears to have little
effect on the IgG titres produced in chickens
(Hassan et al., 1990). However, the extent of
multiplication of the bacteria in the tissues did
appear to affect the immune response (Bumstead
and Barrow, 1988; Barrow, 1992). There is also
some evidence that non-specific factors, includ-
ing handling the chickens (Barrow, 1992) and
the onset of lay (Barrow et al., 1992), may affect
the IgG response.

Reinfection of chickens with the same
organism does not seem to boost the serum IgG
titres greatly (Williams and Whittemore, 1976;
Hassan et al., 1991; Barrow, 1992). The IgG titre
obtained is, to some extent, dose-dependent and
is related to the extent of faecal excretion, but
not necessarily so for individual birds (Humphrey
et al., 1991a; Barrow, 1992).

However, slightly different results were
found in cattle when challenged with different
doses of Salmonella. Lindberg and Robertsson
(1983) found that vaccination of calves with live
or killed S. typhimurium organisms produced a
rise in IgG and IgM, which was not potentiated
by challenge if the vaccine was killed, but a fur-
ther increase occurred if the vaccine was a live,
attenuated strain.

The ELISA is relatively robust and can
accommodate poor-quality sera. Antibody titres
do not deteriorate if serum or blood is dried on to
absorbent paper (Hassan et al., 1990; Minga and
Wray, 1990). The dried serum on paper can be

stored at room temperature for several weeks
without a loss of titre. Likewise it can be treated
with some disinfectants, such as phenol vapour
or chloroform with no effect on antibody titre.
However, ethylene oxide, formalin vapour and
gamma-irradiation all reduce titres to varying
degrees. Heat inactivation of serum (56°C,
30 min) has no effect on antibody titre (Hassan
et al., 1990). Kyvsgaard et al. (1996) found that
electron-beam irradiation (β particles) reduced
titres against S. dublin in bovine sera when the
sera were liquid but not when the sera were irra-
diated when frozen with dry ice. The same
authors showed that addition of 5 or 10 mM
binary ethylenimine had no effect on the titres
obtained from liquid sera. Such techniques might
allow transfer of serum, blood and diluted egg
yolk between laboratories in different countries
without risk of introducing other pathogens.

The effect of antibiotic therapy on antibody
levels might be considered to be limited; how-
ever, the evidence is mixed. One group (Goren,
1992) has reported that not only might a 10–14
day treatment of Salmonella-infected poultry with
enrofloxacin, followed by competitive exclusion,
virtually eliminate infection and prevent reinfec-
tion but also the birds treated in the field become
serologically negative. However, insufficient
data were presented to assess this properly.
Experimental work with S. enteritidis indicated
that enrofloxacin treatment started 13 days post-
infection, followed by competitive exclusion,
might reduce antibody titres significantly but not
eliminate them (Desmidt et al., 1992). Antibiotic
therapy starting at 3 days post-infection had a
greater effect. The effect of therapy on a well-
established infection was not examined (Desmidt
et al., 1992).

The problem of cross-reactions induced by
vaccination may initially seem more intractable.
Immunization with live, attenuated (aroA) S.
enteritidis strains that are smooth produces
detectable but lower titres in LPS-specific
ELISAs (Cooper et al., 1990). This has also been
confirmed by immunization with pur mutants (G.
Steinbach, unpublished results). There may be
two ways to avoid this problem more completely.
Immunization with reduced doses of vaccine may
induce lower titres of IgG (C. Wray, Weybridge,
personal communication, 1999). Alternatively,
mutants may be produced that are devoid of the
antigens used for detecting IgG in ELISAs or, less
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satisfactorily, marker antigens may be introduced.
The little experimental evidence available indi-
cates that the antibody response to LPS or fla-
gella antigen is poor when chickens are infected
with strains not possessing these (Barrow, 1992).

Similarly, in cattle, vaccination with a live
aroA S. typhimurium strain also generated detect-
able, specific, circulating IgG (Lindberg and
Robertsson, 1983). Slight rises in temperature
followed oral vaccination, indicating invasion of
the tissues and resultant febrile response.

Application of ELISA to field infection in
poultry

Several ELISAs have been used to study field
infections caused by S. enteritidis, S. gallinarum
and S. pullorum. Little work has been reported on
its use in studying S. typhimurium infections.
Both serum and egg yolk have been used as sam-
ples. In most cases, the logistics of flock sampling
require that the absorbance value obtained with
a single serum dilution, rather than titration, is
used as an estimation of antibody concentration.
Cooper et al. (1989) found high O group B LPS-
specific titres (log2 7.8–13.6) in 25 sera taken
from three laying and breeder flocks infected
with S. enteritidis. In contrast, only one of ten
sera taken from a flock infected with S.
typhimurium showed a high titre (log2 8.96) when
tested against group D LPS. The cut-off point
used to decide whether an absorbance indicated
infection was based on OD values obtained by
testing sera from uninfected SPF chickens, but
sera from no other Salmonella-free chickens were
examined.

Using the same ELISA, Nicholas and
Cullen (1991) found high absorbance values
determined with LPS and heat-extract antigen as
detection antigens, with 25/40 and 40/40 sera
respectively from a flock of layers, 10/40 of which
were identified bacteriologically as infected.
Absorbance values obtained with 40 sera from an
S. enteritidis-free flock were all less than the
threshold value.

Chart et al. (1990c) examined 29 laying
hens, ten of which were found to harbour S.
enteritidis. A wide range of absorbance values was
obtained with sera from these birds. No attempt
was made to classify chickens as infected on the
basis of the ELISA results. A second study

involved six different flocks, all of which had
been shown to be infected with S. enteritidis
(Chart et al., 1990d). Absorbance values from 99
sera from one flock were very low, perhaps
because of recent infection. From the remaining
five flocks, a wide range of absorbance values was
obtained in each case, the authors concluding
that S. enteritidis-infected flocks probably vary
considerably in the levels of LPS-specific IgG
detectable by their ELISA.

Using a flagella antigen prepared from an S.
enteritidis strain in an ELISA, Timoney et al.
(1990) examined an S. enteritidis-infected
breeder flock and an uninfected layer flock. Of
151 serum samples from the uninfected flock, all
produced absorbance values of less than 0.5 and
147 were less than 0.25. Of the 47 sera from the
infected flock, 32 were greater than 0.50 and 14
were greater than 1.0.

Fewer data are available from testing egg
yolk for S. enteritidis-specific IgG. The work of
Dadrast et al. (1990), Nicholas and Andrews
(1991) and McLeod and Barrow (1991) has
already been dealt with in detail earlier in this
chapter.

Barrow et al. (1989) examined sera from
seven flocks, four of which had bacteriological
evidence of S. typhimurium infection. High anti-
body titres detected by the whole-cell soluble-
protein sonicate antigen were found in three of
these flocks and in none of the three flocks con-
sidered uninfected. Nicholas and Andrews
(1991) found that 6/29 egg-yolk samples from a
flock of free-range layers from which S.
typhimurium had previously been isolated were
deemed to be positive by ELISA using group B
LPS and one was positive using group D LPS.

Timoney and colleagues (1990) used flagella
prepared from S. enteritidis to differentiate field
infections caused by this serovar from those
caused by S. pullorum, since both serovars men-
tioned above belong to group D (O1, 9, 12). All
of eight sera from a breeder flock and ten from a
layer flock, both infected with S. pullorum, pro-
duced absorbance values of less than 0.25, a simi-
lar profile to an uninfected flock examined
simultaneously. In contrast, high absorbance val-
ues of greater than 0.5 were seen in over 40% of
chickens either experimentally or naturally
infected with S. enteritidis. Berchieri et al. (1995)
examined Brazilian flocks, some of which showed
evidence of either fowl typhoid or pullorum

Serological Diagnosis of Salmonella by ELISA 415



disease. Sera from the uninfected flocks gave
relatively low absorbance values when tested
with group D LPS as detection antigen (all less
than 0.4), whereas between 9 and 42% of the
sera from the infected flock gave absorbances
greater than 1.0. As expected, absorbance values
obtained with flagella prepared from S. enteritidis
(H, gm) were uniformly low, indicating absence
of infection with this serovar.

Van de Giessen et al. (1994) analysed two
pools each of five egg yolks from 170 laying flocks
and found that 15.8% of them had elevated
titres. Five of six flocks examined bacteriologi-
cally yielded S. enteritidis.

De Jong (1994) analysed breeding flocks as
part of the Dutch national S. enteritidis eradica-
tion programme. In this, an LPS-based indirect
and double antibody sandwich blocking ELISA
based on flagella were compared. Of 1148 serum
samples considered negative by the blocking
ELISA, 1038 were also considered to be so by the
indirect ELISA, 110 being considered positive by
the indirect ELISA. A small number of flocks
giving discrepancies were the results of vaccina-
tion against S. typhimurium. Five flocks were con-
sidered positive by both assays. Following
cultural examinations, the author considered the
blocking ELISA to be more specific.

Nielsen et al. (1994) also developed a block-
ing ELISA, using monoclonal antibodies pro-
duced against the O9 antigen. Little evidence
was presented, but the indication again was that
this assay was less sensitive but more specific
than the indirect ELISA, since sera from S.
typhimurium-infected flocks did not give positive
reactions using the former assay.

Desmidt et al. (1994) analysed sera from 33
different types of flocks using an LPS-based indi-
rect ELISA. There was good correlation between
the number of sera giving high ODs (> 0.65 –
>1.00) and cultural evidence of infection. Of
sera from flocks known to be infected with S.
typhimurium, only a small number gave high val-
ues and those flocks infected with serovars from
groups C1, C2 and E3 generally never gave such
high values. Analysis of egg yolk from six
selected flocks produced similar results.

Results obtained by Thorns et al. (1994)
using SEF14 antigen have already been presented.

As can be seen, most work has involved
salmonellosis in chickens. Assays have been suc-
cessfully developed for S. arizonae infection in

turkeys (Nagaraja et al., 1984, 1986) and also for
salmonellosis in ducks (P.A. Barrow and R.M.
Hatfield, unpublished results).

Applications of ELISA to field infections in
cattle

A small number of studies have shown the value
of using bovine serum or milk in ELISAs for
monitoring S. dublin or S. typhimurium infection
in cattle.

Smith et al. (1989) developed an indirect
assay with LPS as detecting antigen. In addition
to cattle experimentally infected with S. dublin,
they examined seven naturally occurring carrier
cows, six uninfected, randomly selected, control
cows and six normal, uninfected, S. dublin-nega-
tive cows in the same herd from which the car-
rier animals were selected. The mean serum ODs
in the random control cows and the uninfected
animals from the S. dublin-infected herd were
14% and 8%, respectively of the value of the pos-
itive control for serum samples and �1.0% and
0.6%, respectively, for milk. The mean values for
serum and milk from the carriers were 85.2% and
70.6%, respectively. This compared with a mean
serum value of 17.7% obtained from experimen-
tally infected cows. It was suggested that specific
serum IgG concentrations might be useful as an
indicator of carrier animals. The serum IgG in
experimentally infected animals rose to a maxi-
mum approximately 60 days after infection and
thereafter diminished, whereas serum and milk
titres in carrier animals remained consistently
high for more than 1 year (the entire period of
observation).

The same authors (Spier et al., 1990) moni-
tored milk and serum IgG and IgM specific for S.
dublin LPS in similar groups of cows to those
studied by the group earlier (Smith et al., 1989).
Again, serum IgG specific for S. dublin was the
most indicative parameter predictive of carrier
status. Two serum IgG titres obtained 2 months
apart were a better indicator than the IgG : IgM
ratio from a single sample. In milk, carrying out
two ELISAs 60 days apart and analysis of IgG
and IgM levels was useful but was not as accurate
as serum immunoglobulin assays.

The group studied a milking herd and, as a
result of screening milk and serum samples, again
concluded that specific serum IgG could be used
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to identify S. dublin carrier animals, later identi-
fied at necropsy, as infected (House et al., 1993).

Similar ELISAs have been used in Denmark
for the detection of both S. dublin and S.
typhimurium. Using a standard indirect LPS-based
ELISA and confirmation of LPS specificity with a
blocking assay, Hoorfar et al. (1994) showed the
value of serological examination of cattle as a
herd test for S. dublin. High positive ODs were
always obtained from herds where infection was
endemic but were never obtained from herds on
islands where salmonellosis never occurred.
Similar results were found using milk in the
ELISA.

Hoorfar et al. (1997) have also compared
meat juice with sera for the detection of
Salmonella in Danish cattle. Whereas all cattle
from the Salmonella-free Island of Bornholm pro-
duced sera with OD values of much less than the
cut-off point (0.5), 19% (28/144) of cattle from
an area where S. dublin was endemic produced
ELISA-positive sera and meat-juice samples. In
contrast, 2% (3/144) were positive for muscle
fluid only and 1/144 was positive with serum
only. This produced sensitivity and specificity
values of 97%. Similar correlations were also pro-
duced with an indirect S. typhimurium ELISA
and in an O9 blocking ELISA. Highly significant
correlation was found between the results pro-
duced with serum and meat juice.

One or two high OD values were found in
uninfected cattle, which were possibly the result
of infection with a different serovar, but this was
not pursued (Hoorfar et al., 1995a,b). This is an
important finding, because it is well known that
cross-reactions occur with LPS as detecting anti-
gens with sera from poultry infected with group B
or D serovars. This might be avoided by using
group D-specific (periodate treated) LPS (House
et al., 1993; van der Heijden, 1994), but it is
important to know the extent to which this
might occur. Use of a blocking ELISA with the
homologous LPS alone does not show this.

Similar results have been found with S.
typhimurium infections in cattle (Hoorfar and
Wedderkopp, 1995). The problem of specificity
between group D and B was appreciated (Hoorfar
and Bitsch, 1995) and it was considered that
group LPS was reasonably specific. The speci-
ficity was not total and was useful to the point
that the test was valuable as a herd test (Hoorfar

et al., 1996). B.P. Smith and colleagues (personal
communication) have also used LPS ELISAs to
determine the level of herd exposure to
Salmonella groups C1, C2, C3 and E1.

Applications of ELISA to field infections in pigs

Increasing information is being published on the
use of ELISAs for diagnosis of Salmonella infec-
tion in pigs by workers in Denmark (Nielsen et
al., 1995a,b, 1996, 1997, 1998). In that country,
the standard indirect ELISA is included in a
comprehensive scheme for controlling the incid-
ence of salmonellosis in pigs, intended as a
means to control zoonotic infection (Nielsen et
al., 1997). Thus serum ELISAs using standard
indirect assays with several O antigens (1, 4, 5, 6,
7) are used for monitoring infection in breeder
and multiplier herds. For slaughter herds, all
herds producing more than 100 finishers per year
are screened by use of the meat-juice ELISA at
slaughter. Based on the results, slaughter herds
are divided into three groups, one with no or an
acceptably low incidence of reactors, a second in
which this incidence has increased and a third in
which the level is unacceptably high.
Restrictions are placed on these last two groups
to attempt to reduce the size of the problem. All
samples are analysed centrally and results are
sent directly to farmers.

Initial screening of farms known to be
infected with different serovars indicated that
considerable variation occurred between the
ODs obtained with meat juice from individual
animals from herds known to be infected with
individual serovars. ODs of greater than 10% of a
positive control were regarded as positive and
were obtained from many herds, including some
that were culture-negative. However, the mean
OD% values were of greater value, again showing
the value as a herd test (Nielsen et al., 1996).
The use of LPS from S. typhimurium and S.
choleraesuis (mix ELISA) was found to be of
value and was used by this group in later studies
(Nielsen et al., 1998). It is estimated that
800,000 samples are analysed annually in this
way in a totally automated system at a low price
(US 20 cents per finisher). As a herd test, the
assay has great predictive value, whether or not
the control scheme is a long-term success.
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Determination of cut-off points and
standardization

For all biological parameters, normal variation
occurs, and it is essential to take this into
account in determining the titre or OD above
which sera will be considered to have been taken
from Salmonella-infected animals. In assays such
as these, it may be necessary to adjust the cut-off
point according to the disease prevalence in
order to maximize the financial advantages of
screening (Ridge and Vizard, 1993). However,
this could create confusion by allowing different
cut-off points for different countries. Other prob-
lems of interpretation are currently being tackled
for Salmonella ELISAs.

The cut-off point can be measured by
screening a set of serum samples from animals
known to be free of infection followed by a cal-
culation of the mean value, with a number of
standard deviations added. For poultry, SPF birds
have been used for this purpose (Nicholas and
Cullen, 1991). Commercial birds maintained
under high security conditions may also be used.
These generally produce a higher cut-off than
SPF sera (Timoney et al., 1990; McLeod and
Barrow, 1991), possibly because of a wider range
of antigen exposure, including vaccination
against other pathogens. This has also been done
for pig sera (Nielsen et al., 1995b).

The use of a cut-off point derived from a
mean plus standard deviations means that the
more samples that are tested the more the
chance that the cut-off point will be exceeded.
Even the addition of four standard deviations
will be exceeded in approximately one in 60,000
tests.

It may, therefore, be appropriate to look at
other ways of interpretation, which would avoid
this problem and the problem caused by varia-
tion in interpretation as a result of differing dis-
ease incidence. Analysis of the profiles of ODs
reveals that, in most infected flocks and cattle
herds, sera producing ODs well above the cut-off
point can be observed (Timoney et al., 1990;
McLeod and Barrow, 1991; Desmidt et al., 1994;
Hoorfar et al., 1994). It is possible to utilize this
fact by introducing a cut-off point well above
that calculated on the basis of clean sera, milk or
yolk. In the case of poultry, flocks have been
identified as infected by the presence of sera or
egg yolk producing high ODs of 0.65 or greater

(Desmidt et al., 1994). Sensitivity and specifici-
ties for an ELISA were estimated for the calcula-
tion of a cut-off on a herd basis (Hoorfar et al.,
1994, 1995a). In this case, an OD value of 0.3
gave a sensitivity of 1.0 and a specificity of 0.9.
This has also been used for bulk tank milk sam-
ples. For sera, this value resulted in no
Salmonella-free herds reacting positively in the
ELISA. The cost of large-scale testing following
identification of false positives must be borne in
mind. However, ELISAs have also been used as a
predictive assay for individual cows (Spier et al.,
1990).

The value of sampling bulk milk raises the
question over pooling samples. Because of the
convenience, combined with a predictive value,
this has been recommended by Hoorfar and his
colleagues as a prelude to testing individual ani-
mals (Hoorfar et al., 1995a). However, pooling of
samples such as egg yolk or sera may lead to a
reduction in the sensitivity of the assay.

Many assays are currently in use and national
and international authorities are under pressure to
adopt them for screening, and it is therefore desir-
able that some degree of standardization is
obtained. One such exercise has been carried out
under the aegis of the World Health Organization
(WHO) (Barrow et al., 1996). A set of sera from
infected and uninfected SPF and commercial
chickens was provided for several groups. The
results produced indicate that, with some excep-
tions, the different assays behaved similarly and
that there was some consensus in interpretation of
results. This has also been carried out with bovine
antisera, with very similar results (Dilling and
Smith, 1992). Given that serological monitoring
of poultry for Salmonella infections is likely to be
used increasingly frequently, the idea has been
raised that a standard assay system should be
recommended. However, more than one basic
type of assay exists. In addition, national labora-
tories already use assays that they themselves have
developed. The provision of a bank of antisera
against which assays may be calibrated might be
the most appropriate approach to standardization.
This could be organized by an organization such
as the WHO, OIE (Office International des
Epizooties) or, at a regional level, by a European
Union reference laboratory.

In the case of cattle, bulk milk or serum
from all animals in a herd will be sampled. This
might not be possible for poultry. However, for
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the latter species, recommended sampling sizes of
60 per flock are less than adequate and samples of
300 per house are more useful, since this
increases the sensitivity to allow detection of an
infection rate of 1% rather than 5%.

Conclusion

The above discussion indicates that, for poultry,
the ELISA must be regarded as a flock test. For S.
dublin, it is possible to use it for individual ani-
mals to predict carrier status. For S. typhimurium
infections in cattle and pigs, where environmen-
tal contamination may be more extensive, it is
only of value as a herd test. For organisms such as
S. dublin and S. pullorum, where carriage may
occur in the absence of extensive excretion,
ELISA serology might be used on its own for pre-
diction of carriage. However, for other serovars
in all animal species, ELISAs must be followed
up by bacteriological examination. However,
when carried out at intervals, it may become as
sensitive as or more sensitive than bacteriology.

The ELISA appears to be the most widely
used and accepted serological assay, although
there may still be a place for other systems as
these are refined. The ELISA has a number of
advantages, including ease of operation, cost,
sensitivity and specificity. There are areas where
improvements are required and more information
is needed. These include a reduction in the cross-
reactions between groups B and D LPS. This may
be less important in poultry than it seems,
because some current legislation (Commission of
the European Communities, 1992) involves con-
trol of both S. typhimurium and S. enteritidis at
breeder level. The use of a test with a combina-
tion of detecting antigens may therefore be more
appropriate. More information is required on the
potential value of flagella and SEF14 antigen for
screening purposes. Further work is required on
the effects of chemotherapy and vaccination on
serological status. Further discussions are also
required on the choice of ‘cut-off ’ values and the
interpretation of data, together with the poten-
tial value of a set of reference sera against which
assays could be calibrated.

On the basis of the experimental and field
data acquired so far, the ELISA appears to satisfy
most of the requirements for its adoption as a
serological test to detect infections produced by

S. dublin, S. enteritidis, S. typhimurium, S. galli-
narum and S. pullorum. Although sera may be
used, it would seem sensible for egg-yolk samples
to be used to minimize disruption and milk to
facilitate initial screening. Some consideration
must also be given to increasing the number of
samples taken at each time. The replacement of
60 samples by 300 to increase the sensitivity of
monitoring of large herds or flocks is desirable.
Whether this could be carried out at parent level
remains to be seen, but it should certainly be
adopted for grandparent and élite stock.
Similarly, there would seem to be no reason why
the rapid slide-agglutination test for S. pullorum
and S. gallinarum should not now be replaced by
ELISA.

Recommended Protocols for
Immunological Assays

Sample collection

Samples should be sent to the laboratory the
same day or stored at 4°C before centrifugation
to aid separation of serum. Serum may be stored
for several days at 4°C or indefinitely at �20°C
before testing. Sodium merthiolate (0.02% w/v)
may be added as a preservative.

Whole blood may be dried on filter paper
discs and sent to the laboratory by post.

Egg yolk should be diluted 1 : 10 in phos-
phate-buffered saline containing 0.1% Tween 20
(PBST) before storage.

Milk samples should be stored at �20°C
immediately on arrival in the laboratory or cen-
trifuged at 2000 g at 4°C to remove the fat layer
prior to storage. Samples may be added to wells
undiluted or diluted in PBST.

It is recommended (Nielsen et al., 1988;
Hoorfar et al., 1997) that meat juice be prepared
in a standard manner. For this, a piece of meat
3 cm � 1 cm � 1 cm is recommended for pigs
(Nielsen et al., 1998) or 10 g for cattle (Hoorfar
et al., 1997). This should be taken from the ster-
nomastoid or the diaphragm muscle. It is trans-
ferred to a muscle fluid collection system (patent
pending in Europe (application no. 95610056)
and the USA), which consists of a polyethylene
funnel connected to a 10 ml polyethylene tube.
The funnel is covered and placed in a �20°C
freezer overnight. The next morning, the system
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is incubated at 20–22°C (room temperature) for
5 h to allow thawing to take place. The fluid col-
lected should be stored at �20°C until analysed.

Whole-blood test

Characteristics
The WBT provides a rapid test that can be used
on the farm. It is a cheap test to perform and
requires little equipment. For use in the labora-
tory, serum may be separated and tested.

The sensitivity of the WBT is low and, in
inexperienced hands, false-positive and negative
results may be recorded. In experienced hands,
however, the results are comparable to those of
the SAT.

The stained pullorum antigen will only
detect the somatic antibody response and there
is, as yet, no commercially available reagent to
detect flagellar antibodies.

Fimbrial antigens may cause false-positive
results.

Blood, 0.02 ml, is taken from the wing vein
of a bird, after pricking with a needle, and placed
on a white ceramic tile, using a loop of the
appropriate size.

Polyvalent crystal violet-stained S. pullorum
antigen (e.g. stained S. pullorum antigen,
PA0191, Central Veterinary Laboratory, UK) or
other source, 0.04 ml, is added to the blood and
mixed with it.

The tile is rocked gently for 2 min, after
which time the test is read.

Positive and negative control sera should be
included in each batch that is tested.

The test is unreliable for turkeys and ducks.

Rapid slide-agglutination test

The test components must reach room tempera-
ture before being used.

Serum, 0.02 ml, is mixed with 0.02 ml poly-
valent crystal violet-stained antigen.

The tile should be rocked gently for 2 min,
after which time the test is read.

Test sera should be free from contamination
and haemolysis. It may be helpful to centrifuge
serum samples that have been stored for any
period. In the case of turkey sera, it may be nec-
essary to extend the mixing period to 3 min.

Due to transient, non-specific reactions,
positive/suspicious sera should be retested after
heat inactivation at 56°C for 30 min.

Serum agglutination test

Characteristics
Relatively insensitive and many older birds have
low levels of agglutinins in their sera caused by
enterobacteria other than Salmonella.

Single samples are of little value; paired
samples are needed as the minimal requirement.

The test is relatively cheap; the antigens
can be readily prepared and expensive equipment
is not necessary. It can be adapted to the
microtitre format.

It can be readily used to determine somatic
and flagellar titres.

It is desirable to have standard sera for qual-
ity-control SAT (antigen preparation).

Preparation of somatic antigen
1. Plate out the Salmonella culture from the
appropriate stock culture on to a blood agar base
(BAB) plate, or other suitable medium, for
single-colony growth. Incubate overnight at
37°C (± 2°C).
2. Select a smooth colony and carry out a slide
agglutination test to ensure that the required
somatic antigen is present.
3. Using a sterile loop, inoculate a nutrient agar
slope in a universal container with the selected
colony.
4. Incubate the culture for 8–12 h at 37°C (±
2°C).
5. After incubation, wash off the culture, prefer-
ably inside a safety cabinet, with approximately
2 ml of absolute alcohol, and transfer, using a
Pasteur pipette, into a sterile universal con-
tainer.
6. Leave the antigen for 4–6 h at room tempera-
ture to enable the alcohol to kill the bacteria and
detach flagella.
7. Spin the universal container in a bench-top
centrifuge for 5 min at 3600 r.p.m. Pour off the
liquid and add enough phenol saline to give
the antigen an opacity equivalent to Brown’s
tube 2 (c. 108 ml�1) or another appropriate
standard.
8. Carry out standard titration with known
serum to ensure that the antigen is positive for
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the required factor.
9. Store in a refrigerator at 4°C until required.

Preparation of flagellar antigens
1. Plate out the appropriate Salmonella stock cul-
ture on to a BAB plate, or other appropriate
medium. Incubate overnight at 37°C (± 2°C).
2. Passage in semi-solid agar (c. 0.3%) in a
Craigie’s tube or other suitable container to
induce optimum expression of the appropriate
flagellar antigen. If the serovar is biphasic, H
antiserum corresponding to the phase to be sup-
pressed is added to the agar.
3. Use slide agglutination to check that the
Salmonella is in the required phase. If this is cor-
rect, inoculate a loopful of culture into 20 ml
nutrient broth. Incubate for 12–18 h at 37°C (±
2°C) for optimum growth. (If the phase is incor-
rect, passage through semi-solid agar again.)
4. Pipette 250 µl of 40% formaldehyde into the
antigen suspension. (Use gloves and preferably
work in a safety cabinet.)
5. Test the antigen by SAT, using the appropri-
ate typing serum.

Realization of SAT
1. It is easiest to screen the sera at a dilution of
1 : 20. Antigen (0.25 ml) is added to 0.25 ml
serum pre-diluted to 1 : 10 in normal saline.
2. The tests are incubated in a water-bath at
50°C, for 24 h in the case of somatic antigens
and for 4 h for the flagellar antigens.
3. Sera that give a positive reaction are then
diluted 1 : 20 to 1 : 320 and tested again with the
appropriate antigen. Titres of 1/160 to 1/1320
(cattle) or greater than 1/40 (poultry) are con-
sidered to indicate infection.

Enzyme-linked immunosorbent assays of
immunoglobulins specific for S. enteritidis

Two main basic systems are available for detec-
tion of IgG (IgY), the indirect ELISA and the
competitive sandwich-type ELISA.

The indirect ELISA involves the use of a
detecting antigen coated on to the wells of a
microtitre plate. After the application of a block-
ing reagent to reduce non-specific binding, test
samples are applied to the wells. Specifically
bound antibody in the sample is detected by an
antibody–enzyme conjugate. A variety of anti-

gens, including LPS, flagella, SEF14 fimbriae,
OMPs and cruder antigen preparations, have
been used.

The competitive sandwich ELISA employs
a specific reagent for coating antigen to wells,
namely monoclonal antibody. This is then
followed by a pure or crude antigen prepara-
tion. Test samples are applied, followed by con-
jugated monoclonal antibody, which will not
bind to the antigen if the sample contains
specific antibodies. The assay time can be
shortened by adding both test sample and con-
jugate together. Monoclonal antibodies have
been prepared for LPS, flagella and SEF14 for
S. enteritidis.

There are advantages and disadvantages to
both systems. The indirect assay is simpler and
reagents are available to all Salmonella serovars
for chickens, turkeys, ducks and mammalian
hosts. The competitive ELISA can be applied to
all animal species and, in general, shows higher
specificity. However, reagents are not commer-
cially available for all serovars. There are also
some affinity problems and it may be less 
sensitive than the indirect assays. In the field,
both systems have produced false-positive reac-
tions.

Both types of assay may be used with
serum, yolk or reconstituted dried blood, which
may be treated with some antibacterial agents
without loss of antibody titre. Some differentia-
tion can be made between infections produced
by Salmonella serovars from different
serogroups. Some cross-reaction occurs between
groups B and D, which, ideally, should be
reduced. The optimal method for choosing a
cut-off absorbance value above which sera are
designated as having come from an S.
enteritidis-infected flock has not yet been
decided.

ELISAs are readily adapted to automation
and hence large-scale testing programmes. A
major problem is that expensive equipment is
necessary and many of the reagents are also
expensive. However, they may be incubated at
ambient temperatures and read by eye, provided
that control samples are used.

S. enteritidis lipopolysaccharide preparation
Although LPS to some Salmonella ‘O’ groups can
be purchased commercially, it is relatively easy to
prepare LPS.
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1. Two litres (4 � 500 ml in 4 � 1 l flasks) of
nutrient broth are inoculated with a smooth S.
enteritidis phage type 4, strain P125589 or other
suitable strain. Cultures are incubated in a shak-
ing incubator at 37°C.
2. Cultures are centrifuged in Sorvall RC5B

centrifuge (7000 r.p.m., 15 min, 4°C).
3. Pellets are resuspended in a total of 40 ml (2

� 20 ml) distilled H2O and centrifuged (7000
r.p.m., 10 min, 4°C).
4. Both pellets are resuspended in 2 � 20 ml

H2O and mixed well.
5. Acetone, 400 ml, is cooled to �20°C with

alcohol and frozen CO2.
6. The S. enteritidis suspension (40 ml) is

placed in a 500 ml flask with 360 ml acetone
cooled to �20°C. This mixture is kept at
approximately �20°C for 60 min.
7. The mixture is filtered on to filter-paper.

This is washed with 200 ml of fresh acetone, also
at �20°C.
8. The filter-paper and bacterial deposit are

allowed to dry on the bench for 30 min and then
dried overnight in a desiccator or in a vacuum
(lyophilizing) machine for 5 min.
9. The bacterial deposit is carefully scraped off

the paper and ground to a fine powder with a
pestle and mortar.
10. The ground bacterial powder is resuspended
in distilled water to 6% w/v and warmed to 65°C
in a water-bath.
11. Phenol, to a final concentration of 90% and
at a temperature of 65°C is added. The mixture is
incubated at 65°C for 5 min and then put on ice
at 0°C for 30 min.
12. The mixture is centrifuged at 8000 g for 20
min at 2°C.
13. The top layer is removed carefully and dial-
ysed, either against running water or against sev-
eral changes of water, for 48 h.

ELISA procedure used at Institute for Animal
Health, Compton, Newbury, UK

Flexible polyvinyl chloride micro-ELISA plates
(Dynatech Laboratories) are used. Wells along
the sides of the plates may give slightly higher
readings. The ELISA comprises five stages, each
using 100 µl of the appropriate reagent, incu-

bated for 30 min at 37°C unless otherwise stated.
After each stage, the reagents are removed by
aspiration and the wells washed three times in
phosphate-buffered saline containing 0.1%
Tween-20 using an ELISA washer (Skatron A/S,
PO Box 8, 3401 Lier, Norway).

The stages are as follows.

1. LPS antigen, prepared as described previously
and diluted to 1/500 (c. 70 g ml�1) in 50 mM
carbonate buffer, pH 9.6 (15 mM Na2CO3,
35 mM NaHCO3 in freshly distilled water), is
added to the wells for 1 h at 37°C.
2. Bovine serum albumin, 3% (Fraction V,
Sigma), in carbonate buffer pH 9.6 is added for
30 min.
3. The test serum, diluted at 1/500 in PBST, is
added for 30 min. Positive and negative control
sera must always be used.
4. Rabbit anti-chicken IgG alkaline phosphatase
conjugate (Sigma), diluted 1/1000 in PBST, is
added for 30 min.
5. Substrate – p-nitrophenyl phosphate (1 mg
ml�1) in diethanolamine buffer pH 9.8 – is added
for 30 min. The buffer is made up by adding
19.4 ml diethanolamine and 20 mg MgCl2 to
160 ml distilled water. The pH is adjusted to 9.8
with 1 M HCl and the volume made up to
200 ml.
6. The reaction is stopped by the addition of
50 µl 3 M NaOH.

The absorbance is read at 405 nm, using an
automatic micro-ELISA reader (Titertek
Multiskan MCC/340, Flow Labs).

If washing equipment and ELISA readers
are not available, the plates may be washed with
PBST by gravity flow and the assays may be read
by eye, comparing the test sera with the positive
and negative control sera included on each plate.

Incubation may also be carried out at ambi-
ent temperature.
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Introduction

Zoonotic Salmonella serovars are a major cause of
food-borne disease in humans in most Western
countries (Fisher, 1997). Several serovars also
regularly cause disease in animals and humans by
transmission from one individual to another;
notable examples are the host-specific and host-
adapted serovars, characterized by their ability to
cause the systemic type of salmonellosis (Bäumler
et al., 1998).

Investigations into the epidemiology of ani-
mal and human salmonellosis are often per-
formed by use of bacterial typing methods.
Outbreak investigations and the tracing of
Salmonella from livestock through the food-chain
to humans are important examples of situations
where such methods are used, but, as seen from
Table 25.1, several reasons exist for the applica-
tion of typing methods to studies of salmonel-
losis.

At present, typing investigations of
Salmonella begin with serotyping according to
the White–Kaufmann scheme (Kauffmann,
1961), and additional methods would normally
only be applied if this method indicates rela-
tionships between isolates. With the more com-
monly isolated serovars, phage typing is then
often applied to obtain further discrimination,
e.g. typing of S. typhimurium according to the
method of Anderson et al. (1977) and S. enteri-
tidis according to Ward et al. (1987). The use of
these methods has been discussed in previous

chapters and will not be dealt with here.
However, both serotyping and phage typing
usually show limited discriminatory power when
isolates from a narrow geographical region or
isolates obtained during a limited time period
are typed. Typing by other phenotypic methods,
such as biotyping (Odongo et al., 1990; Katouli
et al., 1992) and antibiogram typing (Threlfall
et al., 1983; Wray et al., 1987), may improve
discrimination in certain situations, but usually
a much more detailed typing result can be
obtained by the use of DNA-based, molecular
typing methods.

In this chapter, the use of molecular typing
methods for studies of Salmonella epidemiology is
reviewed. The methodology will be presented,
and the methods will be discussed in the context
of their application to both salmonellosis among
livestock and the transmission of Salmonella from
animals to humans. 

Molecular Methods for Typing
Salmonella

Numerous genotyping methods have been
applied to the typing of Salmonella. Two of the
main advantages of these methods are that they
do not depend on the expression of phenotypic
properties and that all strains of Salmonella can
be typed by the same methodology, with only
minor modifications for use with the individual
serovar. The genotypic typing methods have 
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normally been applied in a comparative way, i.e.
only strains analysed on the same gel are fully
comparable, but, with the development of fully
automated gel-scanning systems and well-
designed gel analysis systems, this is changing. A
few methods have been used intensively and will
be discussed here. No single method can at pre-

sent be recommended for all typing purposes
within Salmonella. The choice of methods will
depend on the specific circumstances, and often
more than one method is applied to improve the
quality of the typing.

Plasmid profiling

Methodology
Plasmid profiling was the first genotypic method
used for strain separation within Enterobacteriaceae
(Shaberg et al., 1981). When the bacterium
divides, copies of resident plasmids will be distrib-
uted between the two daughter cells, and members
of the same clonal line are expected to carry the
same plasmids. Strains of Salmonella often carry
plasmids ranging in size from 2 to 150 kb (for an
example, see Fig. 25.1), but frequencies and size
distributions vary between serovars.

Table 25.2 reports baseline information on a
number of common serovars, based on investiga-
tions of a diverse collection of strains of each
serovar.

Plasmid profiling of strains of Salmonella can
be done by simple methods, and useful results
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Table 25.1. Reasons for application of (molecular)
typing to strains of Salmonella.

Typing situation Purpose of typing

Surveillance Obtain baseline information 
and react on changing patterns; 
estimate the attribution of animal 
reservoirs to human cases

Outbreak Identification of common source
Endemic Identify factors that 

contribute to persistence and 
spread

Treatment Evaluation of treatment failure 
(recurrence or new infection)

Diagnosis Identification of virulent subtypes
Food production Monitor critical point for cross- 

contamination

Fig. 25.1. An example of demonstration of plasmids and plasmid restriction enzyme profiles in strains of
Salmonella. (a) Lanes 1 and 2 are plasmid size markers in E. coli strains 39R861 (147 kb, 63 kb, 36 kb and
7 kb plasmids) and V517 (54 kb, 7.4 kb, 5.6 kb, 5.1 kb, 4.4 kb, 3.3 kb, 2.7 kb and 2.1 kb plasmids). Lanes
3–12 show the plasmid content of ten Danish S. dublin strains. The strains in lanes 3–11 differ with respect
to the plasmid profile. The strain in lane 12 does not carry any plasmids. (b) The HindIII restriction endonu-
clease profile of the plasmids shown in lanes 3–9 and lane 11 in part (a) are demonstrated in the order men-
tioned. C, chromosomal band.

(a) (b)



can be obtained in less than 2 h from an
overnight broth culture or colonies on an agar
plate. The methods described by Birnboim and
Doly (1979) and Kado and Liu (1981) in particu-
lar have been very popular. A slightly modified
version of the Kado and Liu protocol that is in
use in our laboratory is shown in Box 25.1.

Two plasmids of the same molecular size but
with different DNA sequences will look identical
in a plasmid profile. Confidence in the results
can therefore be improved by subjecting the
plasmids to digestion with restriction endo-
nuclease enzymes (Thompson et al., 1974; Platt
et al., 1986, 1987), producing a characteristic
pattern of bands for each true plasmid profile (see
Box 25.1). Extended versions of the Birnboim
and Doly (1979) and Kado and Liu (1981) proto-
cols can produce DNA of sufficient quality, but
usually other plasmid isolation protocols are used
for this purpose. A method developed in our
laboratory (Olsen, 1990), and which we
routinely use for restriction analysis of plasmids
in wild-type strains of Salmonella, is shown in
Box 25.1.

The interpretation of plasmid profiles
should be done with an appreciation of the possi-
ble mistakes that can be made. Some plasmids
are transferable by conjugation and/or mobiliza-
tion, and, in animal flocks that have a high pop-
ulation density, several isolates have to be typed
to identify the ‘flock type’, as major and minor
plasmid profile types will be present (Brown et

al., 1992). Certain resistance (R) plasmids in S.
typhimurium have been shown to undergo
rearrangement or deletions if the selection pres-
sure is not in favour of maintaining the R factors
(Brown et al., 1991), and the way the cultures are
treated prior to analysis may influence the plas-
mid profiles, because plasmid loss may occur in
stab cultures during storage (Olsen et al., 1994a).
In general, however, plasmid profiles of epidemic
strains of Salmonella seem to be stably maintained
and, in situations where there is doubt, repro-
ducibility can be improved by accepting minor
differences in plasmid profiles and still allocating
isolates into the same group. It is also important
to acknowledge that the assumption that strains
containing the same plasmids belong to the same
clonal line is not always valid. In both S. dublin
and S. gallinarum/pullorum, identical plasmid pro-
files have been observed in strains allocated to
separate clonal lines based on chromosomal typ-
ing (Christensen et al., 1992, 1993; Olsen and
Skov, 1994). In a similar manner, S. enteritidis
and S. typhimurium virulence plasmids are preva-
lent and indistinguishable in several different
phage types (clones) of these serovars (Brown et
al., 1986, 1993).

Application of plasmid profiling to typing of
Salmonella

Plasmid profiling and plasmid restriction analysis
have been used intensively for typing Salmonella,
often to fine-tune conclusions based on phage-
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Table 25.2. Examples of baseline studies on plasmid content in strains from serovars of zoonotic
Salmonella.

Serovar Source of strains Reference

S. berta Denmark, poultry Sørensen et al. (1991)
S. dublin Denmark, cattle and humans Olsen et al. (1990)

USA, clinical isolates Ferris et al. (1992)
Universal strain collection Browning et al. (1995)

S. gallinarum/pullorum Universal strains collection Christensen et al. (1992)
S. enteritidis UK, clinical isolates Threlfall et al. (1989)

USA, selected strains Rodrigue et al. (1992)
Phage-type reference strains Brown et al. (1993)
Danish strains Brown et al. (1994)

S. goldcoast UK and France Threlfall et al. (1986a)
S. muenster Canada, humans, animals and food Bezanson et al. (1983)
S. typhimurium Japan, animals Nakamura et al. (1986)

Scotland, different sources Brown et al. (1986)
UK, animal strains of phage type 204c Wray et al. (1987)
UK, strains of phage type 49 Threlfall et al. (1990)



typing results. One of the first examples of out-
break investigations using this technique linked
the transmission of S. muenchen to contaminated
marijuana (Taylor et al., 1982). Other examples
are numerous, and only a few will be highlighted
here to illustrate the potentials for typing.

In the environment of calf dealers in the
UK, Wray et al. (1990) used plasmid profiling in
combination with phage typing and biotyping to
demonstrate routes of transmission between
farms. Different Salmonella serovars were isolated
and, by typing of strains of S. typhimurium defini-

tive type (DT) 204c, persistent infection was
demonstrated in only one out of 12 units. Based
on the analysis of three separate epidemics, the
central role of calf dealers in the dissemination of
salmonellosis among cattle was clearly demon-
strated.

Brown et al. (1992) showed that a particular
line (plasmid profile) of S. berta persisted through
three generations of birds in a poultry farm,
despite the fact that proper hygiene measures
were enforced to clean houses between genera-
tions. The same study illustrated the need for
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Box 25.1. Methods suitable for isolation of plasmids from Salmonella for plasmid profiling (A) and
restriction enzyme digestion (B). Method (A) is a slightly modified version of Kado and Liu (1981) and
method (B) is according to Olsen (1990). EDTA, ethylenediamine tetra-acetic acid.

A B
Transfer 0.5–1 ml of an overnight broth (O/N) Transfer 1–1.5 ml of an O/N culture or 15–20 
culture or 10–15 colonies suspended in 1 ml colonies suspended in 1 ml TE (50 : 10) to an 
50 mM Tris, 10 mM EDTA, pH 8 (TE 50 : 10) Eppendorf tube
to an Eppendorf tube

Centrifuge for 2 min at 13,000 r.p.m. in a As Method A
microcentrifuge. Decant supernatant and 
remove remaining supernatant carefully with 
a micropipette

Resuspend cells in 20 µl TE 50 : 10. Vortex Resuspend cells in 40 µl TE (50 : 10). Vortex until 
until cells are completely resuspended cells are completely resuspended

Add 100 µl 3% SDS, 50 mM Tris, pH 12.46 Add 400 µl lysis-buffer. Mix gently by inverting the 
(lysis buffer). Mix gently by inverting the tube tube ten times
ten times. Solution should turn clear

Incubate at 56°C for 30 min As Method A

Add 100 µl unbuffered phenol : chloroform : Add 300 µl 1.5 M KAc pH 5.2 and mix by inverting 
isoamyl-alcohol (25 : 24 : 1) and vortex until the the tube 50 times. Incubate on ice for 1 h
suspension turns homogeneous milk-white

Centrifuge 15 min at 13,000 r.p.m. in a Centrifuge at 13,000 r.p.m. for 15 min. Decant 
microcentrifuge supernatant through a sterile layer of gauze into an 

Eppendof tube containing 600 µl isopropanol. Mix 

Carefully remove 40 µl of the upper phase into a 
gently and leave on bench for 15 min

clean Eppendorf tube containing 15 µl 30% Harvest the precipitated DNA by centrifugation at 
glycerol, 1 mM EDTA, 1 p.p.m. bromophenol 13,000 r.p.m. for 15 min. Decant supernatant and 
blue wash pellet in ice-cold 70% ethanol. Maintain pellet 

by a short centrifugation

Load 15–20 µl on a 0.8% agarose gel, and Air-dry pellet and resuspend in 50–100 µl TE (10 : 1)
separate for 1–1.5 h at 100 V constant current. 
Plasmids in E. coli 39R861 (Threlfall et al., 
1986b) and V517 (Macrina et al., 1978) can 
be run alongside the samples to provide size
marker plasmids



baseline information to ensure the correct inter-
pretation of results. The S. berta isolates from
other chicken houses in the same production
unit carried a 5.7; 2.0 kb plasmid profile, which
was demonstrated in 66% of all isolates from that
year (Olsen et al., 1992). Its value as an epidemi-
ological marker was consequently of little sig-
nificance. The inadequacy of cleaning and
disinfection routines to prevent persistent
Salmonella infection has also been illustrated in
calf-rearing units. McLaren and Wray (1991)
monitored four farms for several years and, by
demonstrating persistence of particular types on
the same location, persistence of Salmonella in
the environment of calf-rearing units was shown
be an important factor in the epidemiology of the
disease.

Persistent infection of S. typhimurium
DT110 due to infestation problems with the bee-
tle Alphitobius diaperinus has been demonstrated
in poultry-rearing flocks, using phage typing and
plasmid profiling. By restriction analysis of the
virulence-associated 90 kb plasmid, concurrent
epidemics with different subclones of the same
phage type were implicated at two locations in
this study (Baggesen et al., 1992), clearly demon-
strating the potential for high discrimination by
plasmid profiling combined with restriction
analysis.

Plasmid profiling has played an important
role in studies of the zoonotic aspects of
salmonellosis. For example, outbreaks associ-
ated with Salmonella in milk (Ryan et al.,
1987), hamburgers (Ryan and Steele, 1987),
precooked roast beef (Riley et al., 1983), and
imported chicken (Threlfall et al., 1992) and
direct transmission from animals to humans
(Olsvik et al., 1985) have been studied by use
of this technique.

Plasmid profiling has also played a role in
basic studies of Salmonella biology. An
important example is the observation that
several of the commoner serovars, such as S.
dublin, S. typhimurium, S. choleraesuis and S.
enteritidis, carry virulence-associated plasmids,
which are essential for systemic infection in
the mouse model (Helmuth et al., 1985). This
observation paved the way for the many
studies into the so-called spv (Salmonella
plasmid virulence genes) operon (reviewed by
Gulig et al., 1993).

Genotyping based on restriction analysis of
total DNA

Methods that use direct restriction analysis 

RESTRICTION ENZYME ANALYSIS. Salmonella genomes
can be compared by isolation of total DNA and
electrophoretic separation of DNA fragments
generated by digestion with restriction endonu-
clease enzymes, using the same principle as for
the restriction analysis of plasmids.

In the first application to typing of
Salmonella, the DNA fragments were compared
directly after separation by traditional agarose gel
electrophoresis restriction enzyme analysis and
serovar-specific patterns were obtained
(Tompkins et al., 1986). Results from this
approach are difficult to reproduce and to inter-
pret, as several hundred fragments have to be
compared. In an attempt to overcome this prob-
lem, polyacrylamide gels, which have a higher
sieving effect were introduced (Kapperud et al.,
1989), but they were never used extensively.

PULSED-FIELD GEL ELECTROPHORESIS. By using a
‘rare cutter’, i.e. a restriction enzyme that has
only relatively few recognition sites in the bacte-
rial genome, much fewer and larger restriction
fragments can be produced. These can in turn be
separated using pulsed-field gel electrophoresis
(PFGE) (Schwartz et al., 1983), where the polar-
ity of the current through the gel is switched at
intervals throughout the run, producing clear
and easily scored restriction patterns (see Fig.
25.2).

An essential part of the methodology is
isolation of very large pieces of DNA. A flow
diagram of a PFGE analysis is shown in Box 25.2,
based on the isolation procedure of Cameron et
al. (1994) and with the electrophoretic condi-
tions suggested by Olsen and Skov (1994).

Like plasmid profiling, PFGE patterns
should be interpreted with care. A useful guide-
line to handling PFGE profiles has been pro-
duced by Tenover et al. (1995). While it is not
directly applicable to all typing situations, it
gives a very good introduction to the genetic
events that influence PFGE profiles and recom-
mendations for which enzyme to use with which
bacteria.

PFGE is both time- and labour-intensive,
but it has proved valuable in outbreak investiga-
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tions, often in situations where other typing
methods have failed to separate strains. A pork-
associated outbreak of salmonellosis caused by S.
infantis occurred in Denmark during spring 1993.
A particular meat plant and a meat retail market
were implicated as the source of the human
infections, based on a unique PFGE profile,
which was not demonstrated among control iso-
lates of the same serovar, including isolates from
patients not involved in the outbreak (Wegener
and Baggesen, 1996).

In an attempt to link Swiss isolates of the
previously uncommon serovar S. brandenburg,
PFGE was more discriminatory than ribotyping
and insertion sequence (IS) 200 typing. The out-
break strains were characterized by a particular
PFGE profile, and multiple food vehicles were

implicated as the source of the outbreak (Baquar
et al., 1994).

Similarly, Weide-Botjes et al. (1998) found
PFGE to be the most discriminatory method for
typing S. hadar and they used this method, in
combination with plasmid profiling, for
epidemiological investigations in poultry parent
layer flocks in Germany. Recurrent infections,
rather than persistence of clones, were demon-
strated. The high discriminatory power of PFGE
has been indicated by the fact that a strain-
specific identification of the vaccine strain
Zoosaloral H was obtained with either of the
enzymes XbaI and SpeI, compared with other
strains of S. typhimurium (Schwarz and Liebisch,
1994).

It has been noted that PFGE may be too dis-
criminatory when comparing strains that have
been isolated over a longer time period.
Christensen et al. (1994) investigated the source
of the first S. gallinarum outbreak among com-
mercial poultry in Denmark in recent times. By
plasmid profiling and ribotyping, using the highly
discriminatory HindIII enzyme, the outbreak
strains were similar to historical isolates from a
neighbouring country suspected of being the ori-
gin of the infection. Transport of animals had
taken place between the particular poultry pro-
duction unit and the suspected country of origin
and transport crates had been reused. By PFGE
analysis, however, the outbreak strains had an
additional band compared with the historical
control strains. Several genetic events could
have resulted in the appearance of this band, but
its presence weakened the conclusions from the
study.

Methods that use Southern analysis to simplify results

RESTRICTION FRAGMENT LENGTH POLYMORPHISMS.

Restriction fragment length polymorphism
(RFLP) analysis encompasses all methods that
use probes to highlight polymorphism in specific
DNA fragments. To simplify the reading of
results of REA, DNA fragments are transferred to
hybridization membranes and hybridized with a
labelled hybridization probe. Thereafter, strain
comparison is only based on restriction fragments
that show homology to the probe. Figure 25.3
outlines the working protocol of this kind of
technique. The commonest methods have been
given names of their own, such as ribotyping and
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Fig. 25.2. Pulsed-field gel electrophoretic (PFGE)
patterns of NotI-digested DNA of four strains of S.
dublin (from Olsen and Skov, 1994). Lane 1
contains a 50-kb base ladder. The arrow points to
the fragment of 100 kb. Lanes 2–5 are four strains of
S. dublin, each showing a different PFGE pattern.



IS200 typing, and this section will be mainly
devoted to these methods.

RFLP analysis was first used to analyse
strains of S. typhimurium, S. dublin and S. enteri-
tidis, using two randomly cloned chromosomal
fragments of S. enteritidis. Strains that grouped
together by phage typing, antibiograms and plas-
mid profiling also showed the same hybridization
pattern by RFLP (Tompkins et al., 1986).
However, no major epidemiological studies have
been undertaken using random cloned fragments
as probes.

RIBOTYPING. Hybridization with 16S and/or 23S
ribosomal RNA sequences was first proposed as a
means for the study of taxonomic relationships
between strains (Grimont and Grimont, 1986)
and, within Salmonella, several studies of interre-
lationships within and between serovars have
been performed using this technique (Chowdry et
al., 1993; Olsen and Skov, 1994; Olsen et al.,
1994b, 1997; Stanley and Baquer, 1994). Probes

have consisted of cloned rRNA subfragments
(Martinetti and Altwegg, 1990), cDNAs of 16S
and 23 S rRNA (Grimont and Grimont, 1986)
or polymerase chain reaction (PCR)-generated
internal fragments of 16S rRNA only (Chowdry
et al., 1993). Based on typing of comparable but
not identical strain collections of S. dublin with
the two latter probe systems (Chowdry et al.,
1993; Olsen and Skov, 1994), the 16S/23S
cDNA probe would appear to give the higher dis-
criminatory power, which is not surprising, since
more restriction sites are analysed.

In general, ribotyping seems to highlight
restriction polymorphism in the areas surround-
ing the seven rRNA operons in Salmonella, as
opposed to sequence variation within the genes
themselves. This can be inferred from compari-
son of 16S and 23S rRNA gene sequences in
Salmonella, where, for example, some of the
prominent serovars of S. enterica subspecies I
show identical sequences (Christensen et al.,
1998).
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Box 25.2. A method suitable for PFGE typing of Salmonella. The DNA isolation protocol is according to
Cameron et al. (1994) and was developed for typing strains of Vibrio cholerae. The electrophoretic con-
ditions are as recommended by Olsen and Skov (1994). LB, lactose broth; OD, optical density; EDTA,
ethylenediamine tetra-acetic acid; TE, Tris (10 mM)–EDTA (1 mM); UV, ultraviolet.

A B
Transfer three or four colonies to LB and Perform agarose gel electrophoresis in 1% 
incubate until OD600 reaches 0.1. Wash cells agarose and 0.5 TBE buffer
once in 1 M sodium chloride, 10 mM Tris (pH 8), 
100 mM EDTA (STE-buffer). Resuspend in 1 ml 
STE and mix with an equal volume of 
1% chromosome-grade agarose

Lyse in STE with 0.1 mg ml�1 lysozyme 0.05% Suitable running conditions are 12 V cm�1

sarcosyl, 0.02% sodium deoxycholate, at 14°C for 22 h
2 µg ml�1 RNase for 1 h at 37°C. Remove lysis The pulse time is increased by stepping as 
buffer and incubate O/N in ESP buffer (0.5 M follows: 2 s for 5 h; 5 s for 6 h; 9 s in 6 h, 12 s in 5 h
EDTA, 1% sarcosyl, 1 mg ml�1 Proteinase K) Use polymerized phage lambda as size marker

Rinse plugs in water. Wash twice in TE 10 : 1 Stain gel in 2 µg ml�1 aqueous ethidium 
containing 30 µl 0.1 M phenyl- bromide for 15 min, destain in distilled water 
methylsulphonyl fluoride for 30 min each time. for 15 min and photograph under 254 nm UV light
Rinse in TE 10 : 1

Incubate a slice of the agarose in the 
appropriate restriction enzyme buffer for 1 h, 
replace with fresh buffer and perform restriction 
digestion for 4 h. The enzymes NotI and XbaI are 
commonly used for analysis of strains of 
Salmonella



Ribotyping has a relatively low discrimina-
tory power and, for that reason, it has not been
commonly used for outbreak investigations. In a
Danish outbreak with S. saintpaul, ribotyping was
applied, together with serofactor subtyping and
plasmid profiling, in the outbreak investigation.
The presence of the O:5 factor and the lack of
plasmid suggested that pork was the major source
of the outbreak, while ribotyping indicated that
Danish turkey was the main source. It was con-
cluded that a third, unrecognized source could be
the true origin of the outbreak (Baggesen et al.,
1996).

IS200 TYPING. Lam and Roth (1983) identified a
Salmonella-specific insertion sequence, which
they termed IS200. The element was demon-
strated to be present in all serovars analysed apart
from S. agona (Gibert et al., 1990). Later, the
absence of IS200 was also noted in strains of S.
daressalam (Olsen and Skov, 1994) and S. hadar
(Weide-Botjes et al., 1998). Gilbert et al. (1990)
cloned an internal HindIII–HindIII fragment of
this element, and this has become the universally
applied IS200 probe. An example of an IS200
profile is shown in Fig. 25.4 together with a
16S/23S ribotype.
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Isolate chromosomal DNA. A suitable protocol
has been published by Christensen et al. (1993)

Digest DNA with a restriction enzyme.
The choice of enzyme will depend on both the probe to

be used and the serotype under study

Separate restriction fragments on
a 1% agarose gel overnight

Transfer DNA to hybridization filter
by vacuum blotting

Perform hybridization O/N. A protocol for hybridization
with digoxygenin-11-dUTP-labelled probes is outlined

in Christensen et al. (1993). Hybridization with an IS200 probe
is performed at high stringency, while the 16S/23S probe is

used at slightly lower stringency conditions

Label probe DNA with
digoxigenin-11-dUTP.
For IS200 typing, labelling
of a cloned dimer of IS200
(Gilbert et al., 1990) is a
convenient probe source.
For ribotyping, 16S/23S rRNA
from E. coli is labelled by
reverse transcriptase action

Fig. 25.3. Working protocol for RFLP methods. The diagram shows the principal steps of an IS200 typing
and a 16S/23S ribotyping.



Stanley et al. (1991) were among the first to
demonstrate the use of this probe for Salmonella
typing by showing that strains of S. enteritidis
could be grouped into possible evolutionary lines,
based on the number and location of IS200
elements on PstI- and PvuII-digested DNA.
Demonstration of IS200 has since been applied
to the typing of many different serovars. S.
infantis from Finland were typed using BanI-
fragmented DNA. Eleven profiles were demon-

strated, some of which could be subdivided by
16S rRNA typing. Based on other epidemio-
logical indications, broilers were believed to be a
major source of human infections, but surpris-
ingly no profiles were shared between broilers
and human isolates (Pelkonen et al., 1994).

Also focusing on poultry, Millemann et al.
(1995) compared typing methods for S.
typhimurium and S. enteritidis from different flocks
in France and found that, while isolates of S.
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Fig. 25.4. Examples of IS200 (a) and ribotype (b) profiles of strains of Salmonella. In both figures, lane 1 is
the size marker lambda HindIII, and lanes 2–14 show PstI IS200 profiles and SmaI ribotype pattens of strains
of S. enteritidis.

(a) 

(b) 



typhimurium from within a flock were generally
characterized by a common plasmid profile, the
same ribotype and a particular IS200 profile, a
small number of strains were outliers. The high-
est discrimination was obtained using a com-
bined reading of IS200 typing and ribotyping. All
strains of S. enteritidis showed the same IS200
type but differed with respect to ribotype, show-
ing that no universal conclusions on choice of
typing method can be drawn across serovars.
Unfortunately, phage-typing results were not
reported, which makes comparison with other
studies difficult. As an important observation,
both ribotype and IS200 patterns remained stable
during a 15-week rearing period where artificially
challenged chickens were sampled and isolates of
S. typhimurium typed on a regularly basis. During
a national outbreak of S. berta, we also demon-
strated that the chromosomal markers were sta-
ble during the epidemic (Olsen et al., 1996a).

In a comparison of typing methods, IS200
typing showed the highest discriminatory power
(D = 0.78 for PvuII and EcoRI digests) for 30
strains of S. panama, compared with plasmid pro-
filing (D = 0.50) and ribotyping (D < 0.5 for all
four enzymes used). PFGE was not applicable to
this serovar, as DNA was degraded in the agarose
blocks (Stanley et al., 1995). In some serovars
where typing schemes have not been developed
extensively, IS200 typing has become a standard
typing method. For example, for typing the
sheep-adapted serovar S. abortusovis, IS200 typ-
ing is recommended as the method of choice
(Schiaffino et al., 1996).

Like ribotyping, IS200 typing has often
been applied to more basic taxonomic studies of
relationships within and between Salmonella
serovars, for example S. heidelberg (Stanley et al.,
1992), S. typhimurium (Olsen et al., 1997), S.
dublin (Chowdry et al., 1993; Olsen and Skov,
1994), S. paratyphi B/S Java (Ezquerra et al.,
1993) and S. enteritidis (Stanley et al., 1991;
Olsen et al., 1994b).

PCR-based typing

By use of PCR method, specific DNA fragments
can be amplified to detectable amounts in a short
time. Typing based on this technique is rapid and
cheap in terms of equipment and chemicals, but
it has drawn surprisingly little attention for the

typing of Salmonella. This is possibly because the
typing schemes are already well developed, and it
has been difficult to obtain a higher discrimina-
tion than is possible by the more traditional
methods.

Random amplification of polymorphic DNA
The specificity of the PCR reaction depends
mostly on the sequence of the short oligonu-
cleotides used to prime the polymerase enzyme
and the temperature used to anneal the primers.
When an arbitrary oligonucleotide with many
possible sites for hybridization is used for priming,
a number of DNA fragments will be amplified
and, by comparing the sizes and numbers of frag-
ments produced, typing of strains can be per-
formed (Williams et al., 1990). This technique is
known as RAPD and was shown to give serovar-
specific patterns in an investigation of a modest
number of serovars (Hilton et al., 1996). The
investigation demonstrated that phage typing
was more discriminatory than RAPD for S.
typhimurium and S. enteritidis under the condi-
tions used for RAPD in that study. Laconcha et
al. (1998) also reported poor discrimination
between strains of S. enteritidis by RAPD, but, by
a careful selection of primers among 65 candi-
dates, Lin et al. (1996) selected six oligonu-
cleotides, which, when used in parallel in RAPD,
produced better discrimination than other typing
methods. Strains of S. enteritidis have been
shown to maintain a stable RAPD profile after
carrying out an infection in chicken (Fadl and
Khan, 1997), but, in general, reproducibility has
been problematic with this method. Careful stan-
dardization and optimization may overcome this
problem (Tyler et al., 1997).

PCR–RFLP
A different application of PCR and an altogether
more reproducible approach, PCR–RFLP,
involves PCR amplification of a specific fragment
and restriction analysis with restriction enzymes
of the amplified DNA (Kilger and Grimont,
1993). In a study based on the amplification of
the flagella gene, fliC, and digestion with TaqI
and ScaI, the patterns could separate H-antigen
groups b, i, d, j, l, v, and z10 from each other and
from the group of g types (g,m, g,p or g,m,s),
which could not be separated individually.
Flagellar types r and e,h could be distinguished
from these groups but not from each other.
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Serovar S. gallinarum, which does not express fla-
gella, has a cryptic fliC gene, and this serovar was
shown to have the g type of amplified fragment
length polymorphism (AFLP) profile. The first
practical application of the system was to tenta-
tively identify two non-motile mutants as strains
of S. typhimurium and S. panama. These strains
were untypable by serotyping, and the authors
foresee a system whereby serotyping of Salmonella
is performed by PCR-based typing methods. In a
follow-up to this investigation, Dauga et al.
(1998) amplified both phase 1 and phase 2 fla-
gellin genes of 264 serovars and compared pat-
terns obtained with two restriction enzymes. One
hundred and sixteen patterns were obtained,
80% of which were specifically associated with
one antigen. Flagellin-antigen RFLP did not pre-
cisely match the diversity evidenced by flagellar
agglutination.

Other fragments used to type Salmonella by
this approach include primers deduced from the
rfb genes encoding the oligosaccharide repeating
units of lipopolysaccharide (LPS) (Luk et al.,
1993) and the rRNA genes (Shah and Romick,
1997). The 16S and 23S rRNA genes are highly
conserved and present in seven copies per
Salmonella cell (Christensen et al., 2000). The
intergenic region between these genes (internal
transcribed spacer; ITS) shows variation between
operons, and a specific amplification of these
regions will produce a pattern that can be used
for typing. When the amplicons are separated by
non-denaturing polyacrylamide gel electrophore-
sis, serovar-specific patterns can be produced
(Jensen and Hubner, 1996). Using this elec-
trophoretic system, the patterns are difficult to
reproduce. The use of denaturing gel elec-
trophoresis results in more reproducible patterns,
but, in this case, some serovars, such as S. enteri-
tidis, S. typhimurium, S. gallinarum and S. dublin,
share profiles. With few exceptions, serovar-spe-
cific patterns can be obtained by restriction
analysis, but no efficient separation below serovar
level is obtained (Christensen et al., 2000).

Amplified fragment length polymorphism
High-resolution typing of Salmonella has been
performed by a technique in which PCR is used
to amplify restriction fragments produced by
standard restriction digestion (AFLP) (Vos et al.,
1995). An example of the type of results
obtained is demonstrated in Fig. 25.5.

Aarts et al. (1998) used the method to type
78 strains of 62 serovars and produced serovar-
specific patterns, each consisting of approxi-
mately 50 bands in the recommended set-up. No
separation below phage-type level was obtained
with strains of S. enteritidis. AFLP patterns are
normally scored by automatic reading of gels and
direct transfer into suitable software programs,
which can store and compare patterns. More
than 200 bands can be compared for each strain.
The patterns of strains of Salmonella are highly
reproducible and, with further experience, the
technique may form the basis for a new, defini-
tive typing scheme, which could effectively pro-
vide a substitute for traditional serotyping.

Clonal Structure of Salmonella

Typing methods are used to compare isolates and
to allocate strains with identical typing results
into the same group. Although not often taken
into consideration, the stability of the popula-
tion structure is important for the strength of
the conclusions that can be drawn from typing
results, particularly in studies covering a pro-
tracted period of time. The currently accepted
division of the genus Salmonella into two species,
S. enterica, with six underlying subspecies (Le
Minor and Popoff, 1987), and S. bongori (Reeves
et al., 1989), can be recognized, irrespective of
whether grouping is based on comparison of
housekeeping genes (Selander et al., 1990;
Christensen and Olsen, 1998), virulence genes
(Nelson et al., 1991; Nelson and Selander, 1992)
or ribosomal gene sequences (Christensen et al.,
1998). Many serovars have been shown to be
composed of several evolutionary lines (sub-
clones), which can be distinguished by multi-
locus enzyme electrophoresis (Beltran et al.,
1988) or by suitable DNA markers, such as the
copy number and location of insertion sequence
IS200 (Stanley et al., 1991; Chowdry et al.,
1993; Olsen et al., 1994b, 1996b), and which, in
general, also seem to have a clonal structure.
Strains of phage types DT49, DT110, DT120
and DT135 of S. typhimurium have been shown
by molecular typing to cluster together and to be
separate from strains of other phage types, indi-
cating that these phage types are related and
belong to a particular clonal lineage of S.
typhimurium (Olsen et al., 1997).
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The fundamental basis for the successful
application of many typing techniques to
Salmonella is therefore to determine the truly
clonal structure of the genus at all levels.
Evidence for recombination between clonal lines
is scarce in most parts of the genome (Smith et
al., 1993), and even relatively small genomic dif-
ferences observed between types may therefore
normally be taken as indicative of a different ori-
gin. The high stability of the different clones is,
however, also the reason for some of the major
failures to obtain useful results in the investiga-
tion of some Salmonella. When applying typing
techniques to those highly successful clones that
have spread to many countries and to different
livestock populations, it has often been
extremely difficult to draw any suitable conclu-
sions. An excellent example of this failure has
been the inability to satisfactorily subtype iso-
lates involved in the global spread of S. enteritidis
phage type (PT) 4 (reviewed by Helmuth and
Schroeter, 1994) and it may be feared that a sim-
ilar situation is happening with the more recent
spread of S. typhimurium DT104.

Future Prospects

Control of zoonotic Salmonella has a high prior-
ity. This control involves extended surveillance
of the possible reservoirs and follow-up on inci-
dents in both livestock and the human popula-
tion. To fully benefit from this and to be able to
react to changing patterns, typing must be per-
formed continuously. At present, serotyping and

phage typing, where applicable, are the most
obvious choices for continuous surveillance of
Salmonella, as these methods are cheap and defin-
itive. Apart from the limitation of being
restricted to specialized reference laboratories,
they are laborious systems to maintain and may
show untypable isolates. Due to technical prob-
lems with the scoring of profiles produced by
molecular typing methods, these have mainly
been used in a comparative fashion. With the
arrival of automated gel electrophoresis and the
improvements in analytical software for normal-
izing and storing profiles, this is changing.
Results can now be regarded as definitive – that
is to say, strains typed years apart or in different
laboratories can be compared. PCR-based typing
methods, especially AFLP, may have the poten-
tial to allocate strains into relevant groups more
quickly than traditional typing methods and
without the requirement for additional man-
power. If this can be achieved, it may become the
reference method that creates the clonal archi-
tecture in which outbreak strains can be related
to each other.
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