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PREFACE

This book is the result of the recognized need for an
up-to-date, entomologically oriented textbook for teach-
ing courses in medical and veterinary entomology at the
college and university level. It was initiated in 1993 by
Section D (Medical and Veterinary Entomology) of the
Entomological Society of America, following surveys that
were conducted to identify the scope and format of such
a book that would best meet the needs for classroom
instruction. The clear sentiment was to produce a com-
prehensive textbook covering both medical and veteri-
nary entomology, recognizing the close relationship
between these two disciplines. The individuals polled
indicated a strong preference for organizing the chap-
ters taxonomically according to the insect and related-
arthropod groups involved, similar to that followed in
W. B. Herms’s original Medical and Veterinary Entomol-
ogy, published in 1915. That classic work, and the seven
editions that followed, served as the standard textbook
for medical and veterinary entomology students for more
than sixty years, until its last printing in 1979. It is hoped
that this book will help to fill the void that has persisted
these past two decades in promoting the teaching of med-
ical and veterinary entomology as an important part of
college and university curricula.

With the exception of the first two chapters (Introduc-
tion and Epidemiology of Vector-Borne Diseases), the
chapters are similarly organized with the following ma-
jor subheadings: Taxonomy, Morphology, Life History,
Behavior and Ecology, Public Health Importance, Vet-
erinary Importance, Prevention and Control, and Refer-
ences and Further Reading. This format should be helpful
to the reader in locating specific information and to
teachers who wish to assign only select portions of a chap-
ter for their students to read. It is also for this reason

that the discussions of Public Health Importance and
Veterinary Importance are addressed separately. This
should maximize the flexibility in using this as a textbook
for courses in either medical or veterinary entomology, or
for courses in which the two disciplines are combined.

Literature citations generally have been kept to a mini-
mum throughout the text to make the book as read-
able and student-friendly as possible. The authors were
asked to follow a guideline of providing 45-50 ref-
erences for cach chapter, selecting only those that are
particularly pertinent or serve as recommended follow-
up sources for additional information relating to the
chapter subject. Exceptions were made for some of the
longer chapters (e.g., Mosquitoes, Mites, and Ticks) in
which the number of references and suggested read-
ings significantly exceeds the guideline, reflecting the
breadth and importance of these particular arthropod
groups.

In addition to students in the traditional sense, this
book is targeted at a much broader audience, including:
(1) entomologists in general; (2) specialists in other disci-
plines who have an interest in arthropods of medical
or veterinary importance; (3) physicians, nurses, health
officials, and others in the medical field who encounter
insects, spiders, scorpions, ticks, and other arthropods in
the course of their professional activities; (4) personnel
in a variety of public health- and community-related
programs (€.g., mosquito control, tick control) and pro-
fessional pest control operators who wish to have an
informative, readable reference source on their shelf;
(5) military personnel who have responsibility for dealing
with a diversity of entomologically related problems;
(6) and veterinarians, wildlife personnel, zoological park
officials, and other individuals in animal health-related
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fields' who invariably encounter insects and related arthro-
pods in their respective lines of work.

Traditionally, medical and veterinary entomology has
included not only insects but also certain arachnid groups
that can present problems for humans and other animals.
This book follows that tradition. However, unlike most
other books in this subject area, a greater amount of at-
tention is given to these cight-legged relatives of insects
in this work. Fully one-quarter of the text is devoted
to arachnids, with separate chapters on scorpions, solpu-
gids, spiders, mites, and ticks. In fact, the chapters on
mites and ticks (note: ticks are simply a subgroup of
mites) represent the first and third largest chapters
in the book, respectively, reflecting their diversity and
medical-veterinary importance. Mosquitoes are the sub-
ject of the second largest chapter, as the most important
group of insects from a medical and public health
perspective.

In providing appropriate balance to the insect groups
discussed, the reader may be surprised to see separate
chapters on the Coleoptera (beetles) and Lepidoptera

{moths and butterflies). These two groups are not the first
that come to mind when one thinks of medical and vet-
erinary entomology and typically are treated only briefly,
if at all, in most medical-veterinary books. However, as
the space devoted to these groups indicates, the beetles
and moths and the problems they cause deserve more at-
tention than they are generally accorded.

We wish to acknowledge the loss of three contributors
to this book who passed away after submitting, or con-
tributing to, the initial and one or more revised drafts
of their chapters. They are Roger D. Akre and E. Paul
Catts of the Department of Entomology, Washington
State University, and the late Robert Traub of Bethesda,
Maryland. In recognition of their contributions, the re-
spective chapters appropriately bear their names as au-
thors, albeit posthumously. This book is dedicated to the
memory of these distinguished entomologists.

Gary R. Mullen
Lance A. Duvden
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Medical entomology is the study of insects, insect-borne
diseases, and other associated problems that affect hu-
mans and public health. Veterinary entomology is similarly

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

the study of insects and insect-related problems that
affect domestic animals, particularly livestock and com-
panion animals (dogs, cats, horses, caged birds, etc.).
In addition, veterinary entomology includes insect-
associated problems affecting captive animals in zoologi-
cal parks and wildlife in general. Medical-vetevinary ento-
mology combines these two disciplines.

Traditionally the fields of medical and veterinary en-
tomology have included health-related problems involv-
ing arachnids (particularly mites, ticks, spiders, and scor-
pions). This broad approach encompassing insects and
arachnids is followed in this text. Alternatively, the study
of health-related problems involving arachnids is called
medical-veterinary arachnology or, if just mites and ticks
are considered, medical-veterinary acarology.

Historically, both medical and veterinary entomology
have played major roles in the development of human
civilization and animal husbandry. Outbreaks of insect-
borne diseases of humans have profoundly influenced hu-
man history; these include such diseases as yellow fever,
plague, louse-borne typhus, malaria, African trypanoso-
miasis, Chagas disease, and lymphatic filariasis. Like-
wise, livestock scourges such as bovine babesiosis, bovine
theileriosis, scabies, pediculosis, and botfly infestations,
all of which are caused or transmitted by arthropods,
have greatly influenced animal production and husbandry
practices. Arthropod-related disorders continue to cause
significant health problems to humans, domestic animals,
and wildlife. At the same time, new strains of known
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pathogens, as well as previously unrecognized disease
agents transmitted by arthropods, are causing newly rec-
ognized diseases (e.g., Lyme disease and human granulo-
cytic ehrlichiosis) and the resurgence of diseases that had
been suppressed for many years (e.g., malaria). In fact,
emerging and resurging arthropod-borne diseases are rec-
ognized as a growing health concern by public health and
veterinary officials (Wilson and Spielman 1994, Walker
et al. 1996, Gubler 1998, Winch 1998, Gratz 1999).

GENERAL ENTOMOLOGY

Basic concepts of entomology, such as morphology, tax-
onomy and systematics, developmental biology, and ecol-
ogy, provide important background information for med-
ical and veterinary entomologists. General entomology
books which the reader will find helpful in this regard in-
clude Borror et al. (1989), Gullan and Cranston (1994),
Gillot (1995), Elzinga (1997), Chapman (1998), and
Romoser and Stoftolano (1998). References that provide
a more taxonomic or biodiversity-oriented approach to
general entomology include works by Arnett (1993),
Richards and Davies (1994), Bosik (1997), and Daly
et al. (1998). General insect morphology is detailed in
Snodgrass (1993), whereas a useful glossary of general
entomology is Torre-Bueno (1962). Texts on urban
entomology, the study of insect pests in houses, build-
ings, and urban areas, which also has relevance to
medical-veterinary entomology, have been prepared
by Ebeling (1975), Hickin (1985), Mallis (1997), and
Robinson (1996). General texts on acarology include
works by Krantz (1978), Woolley (1987), Evans (1992)
and Walter and Proctor (1999).

MEDICAL-VETERINARY
ENTOMOLOGY LITERATURE

Textbooks or monographs pertaining to medical ento-
mology, veterinary entomology, or the combined disci-
pline of medical-veterinary entomology are listed under
these headings at the end of this chapter. Most of these
publications emphasize arthropod morphology, biology,
systematics, and disease relationships, whereas some of the
more recent texts, such as Beaty and Marquardt (1996)
and Crampton ¢t al. (1997), emphasize molecular aspects
of medical-veterinary entomology. Other works are help-
ful regarding common names of arthropods of medical-
veterinary importance (Pittaway 1992), surveillance tech-
niques (Bram 1978), control measures (Drummond
et al. 1988), or ectoparasites (Andrews 1977, Marshall
1981, Kim 1985, Uilenberg 1994, Barnard and Durden

1999). Publications that devote substantial sections to
arthropods associated with wildlife and the pathogens
they transmit include Davis and Anderson (1971),
Davidson et al. (1981), Fowler (1986) and Davidson and
Nettles (1997).

Several journals and periodicals are devoted primar-
ily to medical and/or veterinary entomology. These in-
clude the Journal of Medical Entomology, published by
the Entomological Society of America (Lanham, MD);
Medical and Veterinary Entomology, published by the
Royal Entomological Society of London (UK); Jour-
nal of Vector Ecology, published by the Society of Vector
Ecolggists (Corona, CA); Vector Borne and Zoonotic Dis-
eases, published by Mary Ann Liebert, Inc., Larchmont,
New York; and Review of Medical and Vetevinary En-
tomology, published by CAB International (Wallingford,
UK). Journals specializing in parasitology, tropical
medicine, or wildlife diseases that also include articles
on medical-veterinary entomology include Parasitology,
published by the British Society for Parasitology; Jour-
nal of Parasitology, published by the American Society
of Parasitologists (Lawrence, KS); Parasite-Journal de ln
Societe Francaise de Parasitologie, published by PRIN-
CEPS Editions (Paris, France); Advances in Disease Vector
Research, published by Springer-Verlag (New York); Bu!/-
letin of the Wovld Health Organization, published by the
World Health Organization (Geneva, Switzerland); Jour-
nal of Wildlife Diseases, published by the Wildlife Diseasc
Association (Lawrence, KS); Emerging Infectious Diseases,
published by the Centers for Disease Control and Pre-
vention (Atlanta, GA); the American Journal of Tropical
Medicine and Hygiene, published by the American Society
of Tropical Medicine and Hygiene (Northbrook, IL); and
Memorias Do Instituto Oswaldo Cruz; published by the
Instituto Oswaldo Cruz (Rio de Janeiro, Brazil). Various
Internet Web sites pertaining to medical-veterinary ento-
mology can also be accessed for useful information.

HISTORY OF MEDICAL-
VETERINARY ENTOMOLOGY

Problems caused by biting and annoying arthropods and
the pathogens they transmit have been the subject of
writers since antiquity (Service 1978). Homer (mid-8th
century BC), Aristophanes (ca. 448—380 BC), Aristotle
(384—322 BC), Plautus (ca. 254—184 BC), Columella
(5 BC to AD 65), and Pliny (AD 23-79) all wrote
about the nuisance caused by flies, mosquitoes, lice,
and/or bedbugs. However, the study of modern medical-
veterinary entomology is usually recognized as beginning
in the late 19th century, when blood-sucking arthropods
were first proven to be vectors of human and animal
pathogens.



Englishman Patrick Manson (1844—1922) was the first
to demonstrate pathogen transmission by a blood-feeding
arthropod. Working in China in 1877, he showed that the
mosquito Culex pipiens fatigans is a vector of Wuchere-
ria bancrofti, the causative agent of Bancroftian filaria-
sis. Following this landmark discovery, the role of various
blood-feeding arthropods in transmitting pathogens was
recognized in relatively rapid succession.

In 1891, Americans Theobald Smith (1859-1934)
and F. L. Kilbourne (1858—1936) implicated the cattle
tick, Boophilus annulatus, as a vector of Babesia bigem-
ina, the causative agent of Texas cattle fever (bovine
babesiosis/piroplasmosis). This paved the way for a
highly successful B. annulatus-eradication program in
the United States directed by the US Department of
Agriculture. The eradication of this tick resulted in the
projected goal: the elimination of indigenous cases of
Texas cattle fever throughout the southern United States.

In 1898, Englishman Sir Ronald Ross (1857—-1932),
working in India, demonstrated the role of mosquitoes
as vectors of avian malarial parasites from diseased to
healthy sparrows. Also in 1898, the cyclical development
of malarial parasites in anopheline mosquitoes was des-
cribed by Italian Giovani Grassi (1854—1925). In the
same year, Frenchman Paul Louis Simond (1858—1947),
working in Pakistan (then part of India}, showed that fleas
are vectors of the bacterium that causes plague.

In 1848, American physician Josiah Nott (1804—
1873) of Mobile, AL, had published circumstantial ev-
idence that led him to believe that mosquitoes were in-
volved in the transmission of yellow fever virus to humans.
In 1881, Cuban-born Scottish physician Carlos Finlay
(1833—-1915) presented persuasive evidence for his the-
ory that what we know today as the mosquito Aedes ae-
gypriwas the vector of this virus. However, it was not un-
til 1900 that American Walter Reed (1851-1902) led the
US Yellow Fever Commission at Havanna, Cuba, which
proved A. aegypti to be the principal vector of yellow fever
virus.

In 1903, Englishman David Bruce (1855—1931)
demonstrated the ability of the tsetse fly Glossina palpalis
to transmit, during blood-feeding, the trypanosomes that
cause African trypanosomiasis.

Other important discoveries continued well into the
20th century. In 1906, American Howard Taylor Ricketts
(1871—1910) proved that the Rocky Mountain wood
tick, Dermacentor andersoni, is a vector of Rickettsin
rickettsii, the causative agent of Rocky Mountain spotted
fever. In 1907, F. P. Mackie (1875—1944) showed that
human body lice are vectors of Borrelin recurrentis, the
spirochete that causes louse-borne (epidemic) relapsing
fever. In 1908, Brazilian Carlos Chagas (1879-1934)
demonstrated transmission of the agent that causes
American trypanosomiasis, later named Chagas disease in
his honor, by the cone-nose bug Paunstrongylus megistus.
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In 1909, Frenchman Charles Nicolle (1866—1936),
working in Tunis, showed that human body lice are
vectors of Rickettsin prowazekii, the agent of louse-borne
(epidemic) typhus.

These important discoveries, as well as others of his-
torical relevance to medical-veterinary entomology, are
discussed in more detail in the references listed at the end
of this chapter. Because of the chronology of many ma-
jor discoveries relevant to this topic in the 50-year period
starting in 1877, this time has been called the ‘‘golden
age of medical-veterinary entomology” (Philip and
Rozeboom 1973).

IDENTIFICATION AND
SYSTEMATICS OF ARTHROPODS OF
MEDICAL-VETERINARY IMPORTANCE

Table I provides a list of the eight orders of insects and
four orders of arachnids that are of particular interest to
medical-veterinary entomologists. Accurate identification
of these arthropods is an important first step in deter-
mining the types of problems they can cause and, subse-
quently, in implementing control programs.

Although taxonomy and identification are discussed
in more detail with respect to arthropod groups treated
in the chapters that follow, some publications provide
a broader perspective on the classification, taxonomy,

TABLE I
Principle Orders of Insects and Arachnids of
Medical-Veterinary Interest

Order Common names

Class Insecta
Order Blattaria Cockroaches
Order Phthiraptera Lice
Order Hemiptera True bugs: bedbugs, kissing bugs,
assassin bugs

Order Coleoptera Beetles

Order Siphonaptera Fleas

Order Diptera Flies: mosquitoes, black flies, no-sec-ums,
horse flies, deer flies, sand flies, tsetse
flies, house flies, stable flies, horn flies,
bot flies, blow flies, flesh flies, louse
flies, keds, etc.

Order Lepidoptera Moths and butterflies

Order Hymenoptera Wasps, horncts, velvet ants, ants, bees

Class Arachnida

Order Scorpionida Scorpions

Order Solpugida Solpugids, sun spiders, camel spiders,
barrel spiders

Order Acari Mires, ticks

Order Araneac Spiders
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and/or identification of a range of arthropods of
medical-veterinary importance. These include two works
published by the US Centers for Disease Control and
Prevention (1979, 1994), as well as citations by Service
(1988), Hopla et al. (1994), Lago and Goddard (1994),
and Davis (1995). Also, some medical-veterinary ento-
mology books are very taxonomically oriented, with em-
phasis on identification, e.g., Baker ez al. (1956), Smith
(1973), Lane and Crosskey (1993), Walker (1995) and
Baker (1999).

TYPES OF PROBLEMS
CAUSED BY ARTHROPODS

ANNOYANCE

Irrespective of their role as blood-feeders (hemato-
phages), parasites, or vectors of pathogens, certain arthro-
pods cause severe annoyance to humans or other animals
because of their biting behavior. These include lice, bed-
bugs, fleas, deer flies, horse flies, tsetse flies, stable flies,
mosquitoes, black flies, biting midges, sand flies, chig-
gers, and ticks. Some, however, do not bite but instead
are annoying because of their abundance, small size, or
habit of flying into or around the eyes, ears, and nose.
Nonbiting arthropods that cause annoyance include the
house fly, chironomid midges, and eye gnats. Large pop-
ulations of household or filth-associated arthropods, such
as houseflies and cockroaches, can also be annoying. Nui-
sance arthropods are commonly problems for humans
at outdoor recreational areas, including parks, lakes, and
beaches.

ENVENOMATION

Members of several groups of arthropods can inject
venom when they bite or sting. Most notable are bees,
wasps, ants, spiders, and scorpions. Others, such as blis-
ter beetles and certain caterpillars, produce toxins that can
cause problems when they are touched or ingested. En-
venomation by these arthropods is discussed in more de-
tail in the respective chapters that follow.

In general, envenomation results in medical or vet-
erinary conditions ranging from mild itching to intense
debilitating pain or even to life-threatening encounters
due to allergic reactions. Envenomation sites on the skin
usually appear as reddened, painful, more or less cir-
cular lesions surrounding the bite, sting, or point of
venom contact. These areas may become raised and can
persist for several days, often causing inflammation of
adjacent tissues. Caterpillars that cause envenomation
typically secrete toxins from specialized setae that

penetrate the skin, causing contact dermatitis. Blisters can
also develop at arthropod envenomation sites on contact
of the skin with blister beetles (family Meloidae), false
blister beetles (family Qedemeridae), and certain rove
beetles (family Staphylinidae ) which secrete toxins in their
body fluids. If meloid beetles are accidentally ingested
with fodder by livestock, the resulting systemic reaction
can be life threatening.

ALLERGIC REACTIONS

A relatively wide spectrum of allergic reactions can occur
in humans or animals exposed to certain arthropods.
Many of the species involved also cause envenomation
by biting or stinging, with the allergic reaction resulting
from an overresponsive host immune system. Bites or
stings from arthropods such as lice, bedbugs, fleas, bees,
ants, wasps, mosquitoes, and chiggers all can result in
allergic host reactions. Contact allergies can occur when
certain beetles or caterpillars touch the skin. Respiratory
allergies can result from inhaling allergenic air-borne
particles from cockroaches, fleas, or other arthropods.
The recirculation of air by modern air-handling systems
in buildings tends to exacerbate inhalation of insect
allergens.

Humans and animals usually react to repeated expo-
sure to bites or stings from the same or antigenically re-
lated arthropods in two possible ways, depending on the
nature of the antigen or venom inoculated and the sensi-
tivity of the host: (1) desensitization to the bites or stings
with repeated exposure and (2) allergic reactions which,
in extreme cases, can develop into life-threatening ana-
phylactic shock. However, a distinct five-stage sequence
of reactions typically occurs in most humans when they
are repeatedly bitten or stung by the same, or related,
species of arthropod over time. Stage 1 involves no skin
reaction but leads to development of hypersensitivity.
Stage 2 is a delayed-hypersensitivity reaction. Stage 3 is
an immediate-sensitivity reaction followed by a delayed-
hypersensitivity reaction. Stage 4 is immediate reaction
only, whereas Stage 5 again involves no reaction (i.e., the
victim becomes desensitized). These changes reflect the
changing host immune response to prolonged and fre-
quent exposure to the same arthropod or to cross-reactive
allergens or venoms.

INVASION OF HosT TISSUES

Some arthropods invade the body tissues of their
host. Various degrees of invasion occur, ranging from
subcutaneous infestations to invasion of organs such as
the lungs and intestine. Invasion of tissues allows arthro-
pods to exploit different host niches and usually involves
the immature stages of parasitic arthropods.



The invasion of host tissues by fly larvae, called myiasis,
is the most widespread form of host invasion by arthro-
pods. Larvae of many myiasis-causing flies move exten-
sively through the host tissues. As they mature, they select
characteristic host sites (¢.g., stomach, throat, nasal pas-
sages, or various subdermal sites) in which to complete
the parasitic phase of their development.

Certain mites also invade the skin or associated hair
follicles and dermal glands. Others infest nasal passages,
lungs, and air sacs or stomach, intestines, and other parts
of the alimentary tract of their hosts. Examples include
scabies mites, follicle mites, nasal mites, lung mites, and a
variety of other mites that infest both domestic and wild
birds and mammals.

ARTHROPOD-BORNE DISEASES

Table I1 lists the principle groups of insects and arachnids
involved in arthropod-borne diseases and the associated
types of pathogens. Among the wide variety of arthropods
that transmit pathogens to humans and other animals,
mosquitoes are the most important, followed by ticks.
Viruses and bacteria (including rickettsiac) are the most
diverse groups of pathogens transmitted by arthropods,
followed by protozoa and filarial nematodes.

TABLE 11
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All of the viruses listed in Table II are arthropod-
borne viruses, usually referred to as arboviruses, indicat-
ing that they are typically transmitted by insects or other
arthropod hosts. The study of arboviruses is termed ar-
bovirology. These and related terms are discussed in more
detail in Chapter 2, on the epidemiology of vector-borne
diseases.

Pathogens are transmitted by arthropods in two ba-
sic ways, cither biologically or mechanically. In biologi-
cal transmission, pathogens undergo development or re-
production in the arthropod host. Examples of diseases
that involve biological transmission are malaria, African
trypanosomiasis, Chagas disease, leishmaniasis, and lym-
phatic filariasis. In mechanical transmission, pathogens
are transmitted by arthropods via contaminated ap-
pendages (usually mouthparts) or regurgitation of an in-
fectious blood meal. Examples of diseases that involve
mechanical transmission are equine infectious anemia and
myxomatosis. Biological transmission is by far the more
common and efficient mechanism for pathogen mainte-
nance and transmission.

A wide range of life-cycle patterns and degrees of host
associations is characterized by arthropod vectors. Some
ectoparasites, such as sucking lice, remain on their host
for life. Others, such as mosquitoes and most biting flies,
have a more fleeting association with the host, with some
being associated with it only during the brief acts of host

Examples of Arthropod-Borne Diseases of Medical-Veterinary Importance

Arthropod vectors Diseases grouped by causative agents

Mosquitoes Viruses: yellow fever, dengue, Rift Valley fever, myxomatosis; eastern equine encephalomyelitis, western equine
encephalomyelitis, Venezuelan equine encephalomyelitis, St. Louis encephalitis, LaCrosse encephalitis,
Japanese encephalitis, Murray Valley encephalitis, Chikungunya fever, O’nyong nyong fever, Ross River
fever, West Nile fever. Protozoans: malaria. Filarial nematodes: Wuchererian filariasis, Bancroftian filariasis,
dog heartworm

Black flies Filarial nematodes: human onchocerciasis (river blindness), bovine onchocerciasis

Biting midges Viruses: bluetongue disease, epizootic hemorrhagic discase, African horse sickness, leucocytozoonosis,
Oropouche fever. Filarial nematodes: equine onchocerciasis, mansonellosis

Sand flies Viruses: sand fly fever, vesicular stomatitis. Bacteria: Oroya fever (Veruga Peruana). Protozoans: leishmaniasis

Horse flies and deer flies

Viruses: equine infectious anemia, hog cholera. Bacteria: tularemia. Protozoans: surra (livestock

trypanosomiasis). Filarial nematodes: loiasis, elacophorosis

Tsetse flies

Triatomine bugs

Protozoans: African trypanosomiasis, nagana

Protozoans: American trypanosomiasis (Chagas disease)

Lice Viruses: swine pox. Bacteria: epidemic typhus, trench fever, louse-borne relapsing fever
Fleas Viruses: myxomatosis. Bacteria: plague, murine (endemic) typhus, tularemia
Ticks Viruses: tick-borne encephalitis, Powassan encephalitis, Colorado tick fever, Crimean-Congo hemorrhagic

fever, African swine fever. Bacteria: Lyme disease, Rocky Mountain spotted fever, Boutonneuse fever,
tick-borne ehrlichiosis, Q fever, heartwater fever (cowdriosis), anaplasmosis, tick-borne relapsing fever,
avian spirochetosis, theileriosis (East Coast fever), bovine dermatophilosus. Protozoans: babesiosis

Mites Bacteria: tsutsugamushi (scrub typhus), rickettsialpox

Note: For more Comprehensive coverage, see the individual chapters devoted to each arthropod group.
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location and blood-feeding. Between these two extremes
is a wide range of host associations exhibited by different
arthropod groups.

Literature references on vector-borne diseases, to-
gether with their epidemiology and ecology, are pro-
vided under Arthropod-Borne Diseases at the end of this
chapter.

FOOD CONTAMINANTS

Many arthropods can contaminate or spoil food materials.
In addition to causing direct damage to food resources,
arthropods or their parts (e.g., setae, scales, shed cuticles,
or body fragments) may be accidentally ingested. This can
lead to toxic or allergic reactions, gastrointestinal myiasis,
and other disorders.

Insects such as the house fly may alight on food
and regurgitate pathogen-contaminated fluids prior to,
or during, feeding. While feeding they also may defe-
cate, contaminating the food with potential pathogens.
Because the alimentary tract of arthropods may harbor
pathogenic microorganisms, subsequent consumption of
the contaminated food can lead to the transmission
of these pathogens to humans or other animals. Sim-
ilarly, the integument of houschold pests such as flies
and cockroaches (particularly their legs and tarsi) can
serve as a contact source of pathogens which may be
readily transferred to food items. Some of these arthro-
pods previously may have visited fecal matter, garbage
heaps, animal secretions, or other potential sources
of pathogens, thereby further contributing to health
risks.

Additional information on insects and other arthro-
pods that can contaminate food is provided by Olsen
et al. (1996) and in reviews by Terbush (1972), Hughes
(1976), and Gorham (1975, 1991ab).

FEAR OF ARTHROPODS

Some people detest arthropods, or infestation by them,
to such a degree that they sufter from entomophobia, the
fear of insects; arachnophobia, the fear of spiders and other
arachnids; or acarophobia, the fear of mites (including
ticks). Showing concern or disapproval towards the pres-
ence of potentially injurious arthropods is probably a pru-
dent and healthy reaction, but phobic behaviors reflect
an unusually severe psychological response. Such per-
sons exhibit more-than-normal fear when they encounter
an arthropod, often resorting to excessive or obsessive
measures to control the problem (e.g., overtreatment

of themselves or their homes with insecticides and other
chemical compounds).

DELUSORY PARASITOSIS

A relatively common psychological state occurs in which
an individual mistakenly believes that he or she is being
bitten by, or infested with, parasites. This is called delu-
sory pavasitosis, also referred to as delusional parasitosis or
delusions of parasitosis. This condition is distinct from sim-
ply a fear, or phobia, of insects or other arthropods and
represents a more deeply rooted psychological problem.
This delusory condition is most frequently experienced by
middle-aged or elderly persons, particularly women, and
is one of the most difficult situations for entomologists to
approach.

Remarkable behavioral traits are sometimes attributed
to the parasites by victims. These include descriptions of
tiny animals jumping into the eyes when a room is entered
or when a lamp is switched on. Some victims have failing
eyesight; others may have real symptoms from other con-
ditions such as psoriasis that they may attribute to the
imagined parasites. Victims become convinced that the
parasites are real, and they often consult a succession of
physicians in a futile attempt to secure a diagnosis and sat-
isfactory treatment to resolve the problem. Patients typi-
cally produce skin scrapings or samples of such materials
as vacuumed debris from carpets, draperies, and window
sills, which they believe contain the illusive parasites.

Victims of delusory parasitosis often turn to exten-
sion entomologists or medical entomologists as a last
resort out of frustration with being unable to resolve
their condition through family physicians, allergists, and
other medical specialists. Because patients are convinced
that arthropods are present, they are usually reluctant to
seek counseling or other psychiatric help. Dealing with
cases of delusory parasitosis requires careful examination
of submitted specimens, tact, and professional discretion
on the part of the entomologist. Additional informa-
tion on delusory parasitosis is provided by Driscoll et al.
(1993), Koblenzer (1993), Kushon ez al (1993),
Poorbaugh (1993), Webb (1993a,b), Goddard (1995),
and Hinkle (2000).

TOXINS AND VENOMS

Many arthropods of medical-veterinary importance pro-
duce toxins. Notable among these are scorpions, spiders,
bees, wasps, ants, and velvet ants; certain beetles (e.g.,
blister beetles, some rove beetles, and darkling beetles);



and caterpillars, cocoons, and adults of various moths.
Additionally, antigenic components in saliva released dur-
ing blood-feeding by arthropods (e.g., certain fleas, ticks,
mosquitoes, and chiggers) cause local or systemic reac-
tions in their hosts.

Toxins produced by arthropods represent a wide range
of chemical substances from simple inorganic or organic
compounds to complex alkaloids and heterocyclic com-
pounds. The term venom refers to toxins that are injected
into animal tissues via specialized structures such as stings,
chelicerae (fangs), and spines. Venoms are often com-
plex mixtures of toxins and various pharmacologically ac-
tive compounds that facilitate the spread and effective-
ness of the toxic components. They commonly include
amines (e.g., histamine, catecholamines, serotonin), pep-
tides, polypeptides (e.g., kinins), specific proteins, and
enzymes (e.g., phospholipase, hyaluronidase, esterases)
that vary significantly among different arthropod taxa.
Depending on what types of cells or tissues they affect,
toxins and venoms can be characterized, for example, as
neurotoxins, cytotoxins, or hemotoxins. Frequently they
cause such symptoms as pain, itching, swelling, redness,
hemorrhaging, or blisters, the severity of which is largely
dependent on the particular types and amounts of toxin
involved.

Further information on arthropod toxins and venoms
is provided by Beard (1960), Roth and Eisner (1962),
Biicherl and Buckley (1971), Bettini (1978), Schmidt
(1982}, Tu (1984), and Mcier and White (1995).

HOST DEFENSES

Humans and other animals have developed elaborate
means to defend themselves against infestation by arthro-
pods and infection by pathogens they may transmit. Both
behavioral and immunological responses are used to
resist infestation by arthropods. Behavioral defenses in-
clude evasive, offensive, or defensive action against biting
flies such as mosquitoes, black flies, ceratopogonids,
stable flies, and horse flies. Grooming and preening by
animals (e.g., biting, scratching, or licking) are defensive
behaviors used to reduce or prevent infestations by
ectoparasites and other potentially harmful arthropods.
Host immunological defenses against arthropods vary
with different arthropods and with respect to previous
exposure to the same or antigenically related taxa. Details
concerning such host immune responses are beyond
the scope of this book, but some general trends are
noteworthy. Repeated feeding attempts by the same
or antigenically cross-reactive arthropods often lead
to fewer arthropods being able to feed successfully,
reduced engorgement weights, greater mortality, and
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decreased fecundity of female arthropods. Widespread
arthropod mortality rarely results. For more information
concerning the types of host immune responses and
cell types involved against various ectoparasites, see
Wikel (1996b) and other works listed at the end of this
chapter.

Many blood-feeding arthropods partially or completely
counteract the host immune response by inoculating zms-
munomodulators or immunosuppressive compounds into
the bite site. In fact, a wide range of pharmacologically
active compounds is known to be released at the bite
site by various arthropods (Ribeiro 1995). These com-
pounds range from anticongulants to prevent the blood
from clotting, local analgesics to reduce host pain, apyrase
to prevent platelet aggregation and promote capillary lo-
cation, and various enzymes and other factors for promot-
ing blood or tissue digestion. Some of these compounds
are perceived by the host as antigens and may elicit an
immune response, whereas others can cause localized or
systemic toxic responses and itching.

FORENSIC ENTOMOLOGY

Forensic entomology is the study of arthropods, espe-
cially insects, associated with crimes and other aspects of
the courts and judicial system. Forensic entomology usu-
ally involves the identification of insects and other arthro-
pods associated with human remains as an aid to deter-
mining the time and place of death.

Time of death can often be ascertained based on the
ambient temperature and other weather conditions over
the preceding days at the crime site and by correlating this
information with the developmental rates of key arthro-
pod species present on, or in, the corpse. These arthro-
pods are typically fly larvae, some of which are important
primary and secondary decomposers of animal remains.
By knowing developmental times and related informa-
tion for decomposer species at different temperatures, it
often is possible to quite accurately estimate the time of
death.

The location where a crime took place, if different
from the discovery site, also sometimes can be deter-
mined based on the presence of unique arthropods with
known distributions that do not include the area where
the body was found. Similarly, examination of carefully
collected insect evidence can aid in solving other crimes
(e.g., the origin of drug shipments and sources of vehi-
cles and other accessories used in crimes) in which there
is arthropod evidence involving taxa with characteristic
geographical distributions.

Further details on the science of forensic entomology
are provided by Vincent ez al. (1985), Smith (1986),
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Erzinclioglu (1989), Catts and Haskell (1990), Catts and
Goff (1992), and Goff (2000).

MINOR ARTHROPOD PROBLEMS
OF MEDICAL-VETERINARY INTEREST

In addition to arthropod groups detailed in the chapters
that follow, a few arthropods in other groups may have
minor, incidental, or occasional significance to human
and animal health. These include springtails (order
Collembola), bark lice (order Pscoptera), walking sticks
(order Phasmida), maytlies (order Ephemeroptera), ear-
wigs (order Dermaptera), thrips (order Thysanoptera),
caddisflies  (order Trichoptera), centipedes (class
Chilopoda), and millipedes (class Diplopoda).

On rare occasions, springtails have been recorded in-
festing human skin (Scott et al. 1962, Scott 1966). Sim-
ilarly, some bark lice (psocids) are known to cause aller-
gies or dermatitis in humans (Li and Li 1995, Baz and
Monserrat 1999). Certain adult mayflies and caddisflies
can cause inhalational allergies, especially when they
emerge in large numbers from lakes, rivers, or streams
(Seshadri 1955).

In addition to various hymenopterans, arachnids, and
other venomous arthropods detailed in the following
chapters, a few miscellaneous arthropods produce ven-
oms that can cause medical-veterinary problems. These
include walking sticks (stick insects) and millipedes, some
of which utilize venomous defensive secretions or sprays.
Defensive sprays of certain walking sticks can cause con-
junctivitis (Stewart 1937), whereas defensive sprays of
some millipedes contain hydrochloric acid that can chem-
ically burn the skin and can cause long-term skin disco-
loration (Radford 1975). Centipedes, especially some of
the larger tropical species, can cause envenomation when
they ““bite” with their poison claws (maxillipeds), which
are equipped with poison ducts and glands (Remington
1950).

Thrips, which have tubular mouthparts adapted for
sucking plant fluids, occasionally pierce the skin and
have been known to imbibe blood (Williams 1921,
Hood 1927, Bailey 1936, Arnaud 1970). On rare occa-
sions, earwigs also have been recorded as imbibing blood
(Bishopp 1961). Bishopp further noted that earwigs have
been known to pierce human skin with their pair of cau-
dal pincers (cerci) and may stay attached for an extended
period.

Some miscellaneous arthropods inhabit the feathers
of birds or the fur of mammals. The exact nutritional
requirements of some of these arthropods remain un-
known; most of them, however, do not appear to be true
ectoparasites. Representatives of two of the three

suborders of earwigs (suborders Arixeniina and
Hemimerina) live in mammal fur. The Arixeniina are
associated with Old World bats, whereas the Hemimerina
are found on African cricetomyine rodents (Nakata and
Maa 1974). These earwigs may feed on skin secretions
or sloughed cells, but their effect on the health of their
hosts is poorly understood. Other occasional inhabitants
of host pelage, such as various beetles, cheyletid mites,
and pseudoscorpions, are predators of ectoparasites and
are therefore beneficial to their hosts (Durden 1987).

A few arthropods that are not mentioned in the fol-
lowing chapters can occasionally serve as intermedi-
ate hosts of parasites that adversely affect domestic and
wild animals. These include certain springtails andpsocids
(bark lice) as intermediate hosts of tapeworms (Baz and
Monserrat 1999).
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Medical/vetevinary entomologists play a pivotal role in
understanding the epidemiology of vector-borne diseases
and are a key component in programs that research, mon-
itor, and control vector-borne parasites. Successful man-
agement is dynamic and requires constant diligence and
research for successful program maintenance. Medical
entomology especially comes to the forefront in public
health during periods of war, famine, or natural disasters
which disrupt control programs, displace populations,
and increase exposure to vectors. Historically, the large-
scale movement of nonimmune populations (such as mil-
itary troops) into areas endemic for vector-borne disease
has had devastating effects. Rapid circumglobal trans-
port and commerce continually introduce parasites of hu-
mans and domestic animals and their vectors into new
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geographical areas, placing previously unexposed popu-
lations at risk of infection.

Although methods of investigation vary considerably
among the vast array of vector-borne parasites, basic eco-
logical concepts unify the pattern of information nec-
essary to understand the epidemiology of vector-borne
disease. Information progresses from discovery of the par-
asite as the causative agent of the disease, to identifi-
cation of its mode of transmission among vectors and
vertebrate hosts, to monitoring, forecasting, and con-
trol. During the discovery period, the pattern of cases
in time and space and the identification of the causative
agent indicate that an arthropod may be responsible for
transmission. The definitive incrimination of the vector
requires a combination of field and laboratory investi-
gation that determines vector abundance in time and
space, host selection patterns, field infection rates, and
vector competence. Although short-term studies rapidly
may determine the mode(s) of transmission, establishing
transmission cycles and interseasonal maintenance mech-
anisms typically requires years of careful, often frustrat-
ing, ecological investigation and laboratory experimen-
tation. Effective surveillance and control programs are
best implemented after maintenance, amplification, and
epidemic transmission patterns have been described. Un-
fortunately, discovery rarely progresses in the orderly
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fashion outlined above. Frequently, monitoring and man-
agement of cases progresses more rapidly than the dis-
covery of the pathogen or the mode(s) of transmission.
This chapter provides an introduction to concepts needed
to understand the epidemiology of vector-borne diseases.
Epidemiology developed as a science through the inves-
tigation of outbreaks of infectious diseases. As a modern
discipline, epidemiology deals with the natural history and
spread of diseases within human and animal populations.
Vector-borne diseases consist minimally of a triad that in-
cludes an arthropod vector, a vertebrate host, and a para-
site. The spread of pathogens by arthropods is especially
complex, because in addition to interactions between the
vertebrate host and the parasite, an arthropod is required
for transmission of the parasite to uninfected hosts. En-
vironmental factors such as temperature and rainfall im-
pact these processes by affecting the rate of parasite mat-
uration within the arthropod host, as well as arthropod
abundance in time and space.

A vector is an arthropod responsible for the transmis-
sion of parasites among vertebrate hosts. Vectors trans-
mit parasites, not diseases. Disease is the response of the
host to invasion by or infection with a parasite. A para-
site is any organism, including viruses, bacteria, protozoa,
and helminths, that is dependent upon the host for its
survival. Parasites may or may not cause disease. When a
parasite injures its host and causes disease, it is referred
to as a pathogen or disease agent. A vector-borne disease,
therefore, is an illness caused by a pathogen that is trans-
mitted by an arthropod. Facultative parasites have both
free-living and parasitic forms, whereas obligate parasites
are totally dependent upon their host(s) to provide their
requirements for life. Ectoparasites live on or outside the
host, whereas endoparasites live inside the host. When in-
teracting with their hosts, ectoparasites produce an znfes-
tation that typically remains topical or peripheral, whereas
endoparasites produce an infection upon invasion of host
tissues. The occurrence and severity of disease depends
upon the host-parasite interaction after infection. A host
carrying a parasite is inmfected, whereas an infected host
capable of transmitting a parasite is infective. A host ca-
pable of parasite maintenance without clinical symptoms
is a carrier.

A complete understanding of the epidemiology of
arthropod-borne disease requires knowledge of the eco-
logy, physiology, immunology, and genetics of parasite,
arthropod, and vertebrate host populations and how they
interact in their environment. The degree of contact be-
tween the vertebrate host and vector ranges from inter-
mittent (e.g., mosquitoes) to intimate (¢.g., sucking lice).
Frequently the host provides the vector not only with
food, in the form of blood or other tissues, but also a habi-
tat, or place in which to live. Blood feeding by the vec-
tor typically brings parasite, vector, and vertebrate host

together in time and space and ultimately is responsi-
ble for the transmission of parasites from infected to sus-
ceptible vertebrate hosts. A vector usually must take at
least two blood meals during its life-time to transmit a
parasite: the first to acquire the infection and the sec-
ond to transmit it. Blood meals are taken to provide the
arthropod with nutrients necessary for metabolism, meta-
morphosis, and /or reproduction. The gonotrophic cycle is
the reproductive cycle of blood feeding, blood meal di-
gestion, egg maturation, and oviposition. Parous females
have completed one or more gonotrophic cycles and have
a greater probability of being infected with parasites than
females feeding for the first time (i.e., nulliparous fe-
males). Unlike parasites that are transmitted directly from
host to host, parasites transmitted by arthropods gener-
ally have replaced free-living or environmentally resistant
stages with those that can multiply and develop within the
arthropod and be transmitted during the blood-feeding
process.

COMPONENTS OF TRANSMISSION
CYCLES

The components of a transmission cycle of an arthropod-
borne disease are (1) a vertebrate host which develops a
level of infection with the parasite that is infectious to a
vector, (2) an arthropod host or vector that acquires the
parasite from the infected host and is capable of transmis-
sion, and (3) one or more vertebrate hosts that are suscep-
tible to infection with the parasite after being fed upon by
the vector (Fig. 2.1). Vector-borne parasites have evolved
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FIGURE 2.1 Components of the transmission cycle of an anthro-
ponosis such as malaria or louse-borne typhus. (Original by Margo
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mechanisms for tolerating high constant body tempera-
tures and evading the complex immune systems of the
vertebrate hosts as well as for tolerating variable body
temperatures and avoiding the very different defensive
mechanisms of the arthropod vectors. Asexual parasites,
such as viruses and bacteria, employ essentially the same
life form to infect both vertebrate and arthropod hosts,
whereas more highly evolved heterosexual parasites, such
as protozoa and helminths, have different life stages in
their vertebrate and arthropod hosts. Some asexual para-
sites, such as the plague bacillus, intermittently may by-
pass the arthropod host and be transmitted directly from
one vertebrate host to another.

Among sexually reproducing parasites, the host in
which gametocyte union occurs is called the definitive
host, whereas the host in which asexual reproduction oc-
curs is called the intermediate host. Vertebrates or arthro-
pods can serve as either definitive or intermediate hosts,
depending upon the life cycle of the parasite. For ex-
ample, humans are the definitive host for the filarial
worm, Wuchereria bancrofti, because adult male and fe-
male worms mate within the human lymphatic system,
whereas the mosquito vector, Culex guinquefasciatus, is
the intermediate host where development occurs without
reproduction. In contrast, humans are the intermediate
host of the Plasmodium protozoan that causes malaria,
because only asexual reproduction occurs in the human
host; gametocytes produced in the human host unite only
in the gut of the definitive mosquito host.

A disease is the response of the host to infection with
the parasite and can occur in either vertebrate or arthro-
pod hosts. Immunity includes all properties of the host
that confer resistance to infection and play an impor-
tant role in determining host suitability and the extent
of disease or illness. Some species or individuals within
species populations have natural immunity and are re-
fractory to infection. Natural immunity does not re-
quire that the host have previous contact with the para-
site, but it may be age dependent. For example, humans
do not become infected with avian malaria parasites, even
though infective Culex mosquito vectors feed frequently
on humans. Conversely, mosquitoes do not become in-
fected with the measles or poliomyelitis viruses that in-
fect humans, even though these viruses undoubtedly
are ingested by mosquitoes blood feeding on viremic
hosts.

Individuals within populations become infected with
parasites, recover, and in the process actively acquire im-
munity. This acguived immunity to the parasite ranges
from transient to lifelong and may provide partial to
complete permanent protection. A partial immune re-
sponse may permit continued infection but may reduce
the severity of disease, whereas complete protection re-
sults in a cure and usually prevents immediate reinfection.

Epidemiology of Vector-Borne Diseases 17

Acquired immunity may be humeral and result in the
rapid formation of antibodies, or it may be cellular and
result in the activation of T cells and macrophages.
Antibodies consist of five classes of proteins called
immunoglobulins that have specific functions in host im-
munity. Immunaglobulin G (1gG) is most common, com-
prising over 85% of the immunoglobulins present in the
sera of normal individuals. The IgGs are relatively small
proteins and typically develop to high concentrations sev-
eral weeks after infection; they may persist at detecrable
and protective levels for years. In contrast, IgMs are large
macroglobulins that appear shortly after infection but de-
cay rapidly. For the laboratory diagnosis of many diseases,
serum samples typically are tested during periods of acute
illness and convalescence, 2 to 4 weeks later. A fourfold
increase in parasite-specific IgG antibody concentration
in these paired sera provides diagnostic serological evi-
dence of infection. The presence of elevated concentra-
tions of IgM presumptively implies current or recent in-
fection. T cells and macrophages are several classes of cells
that are responsible for the recognition and elimination
of parasites. In long-lived vertebrate hosts, acquired im-
munity may decline over time, eventually allowing rein-
fection.

Clinically, the host response to infection ranges from
inapparent or asymptomatic to mildly symptomatic to
acute. Generally it is beneficial for the parasite if the
host tolerates infection and permits parasite reproduction
and/or development without becoming severely ill and
dying before infecting additional vectors.

THE VERTEBRATE HoOST

One or more primary vertebrate hosts are essential for the
maintenance of parasite transmission, whereas secondary
or incidental hosts are not essential to maintain transmis-
sion but may contribute to parasite amplification. Ampli-
fication refers to the general increase in the number of
parasites present in a given area. An amplifying bost in-
creases the number of parasites and therefore the number
of infected vectors. Amplifying hosts typically do not re-
main infected for long periods of time and may develop
disease. A reseryoir host supports parasite development,
remains infected for long periods, and serves as a source
of vector infection, but it usually does not develop acute
disease.

Attributes of a primary vertebrate host include accessi-
bility, susceptibility, and transmissibility.

Accessibility. The vertebrate host must be abundant
and fed upon frequently by vectors. Host seasonality,
diel activity, and habitat selection determine availability
in time and space to host-seeking vectors. For example,
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the avian hosts of eastern equine encephalomyelitis (EEE)
virus generally begin nesting in swamps coincidentally
with the emergence of the first spring generation of the
mosquito vector, Culiseta melanura, thereby bringing
EEE virus, susceptible avian hosts, and mosquitoes to-
gether in time and space. Diel activity patterns also may be
critical. For example, larvae (microfilariae) of W. bancrofti
move to the peripheral circulatory system of the human
host during specific hours of the night that coincide with
the biting rhythm of the mosquito vector, Cx. guingue-
fasciatus. Historically, epidemics of vector-borne diseases
have been associated with increases in human accessibility
to vectors during wars, natural disasters, environmental
changes, or human migrations.

Susceptibility. Once exposed, a primary host must
be susceptible to infection and permit the development
and reproduction of the parasite. Dead-end hosts either
do not support a level of infection sufficient to infect vec-
tors or become extremely ill and die before the parasite
can complete development, enter the peripheral circula-
tory system or other tissues, and infect additional vectors.
Ideal reservoir hosts permit parasites to survive in the pe-
ripheral circulatory system (or other suitable tissues) in
sufficient numbers for sufficiently long time periods to
be an effective source for vector infection. Asexual para-
sites, such as viruses and bacteria, typically produce inten-
sive infections that produce large numbers of infectious
organisms for relatively short periods during which the
host either succumbs to infection or develops protective
immunity. In the case of EEE virus, for example, 1 ml
of blood from an infected bird may contain as many as
1010 virus particles during both day and night for a 2- to
5-day period; birds that survive such infections typically
develop long-lasting, protective immunity. In contrast,
highly evolved parasites produce comparatively few indi-
viduals during a longer period. W. bancrofti, for example,
maintains comparatively few microfilaria in the blood-
stream (usually <10 microfilaria per cubic millimeter of
blood), which circulate most abundantly in the peripheral
blood during periods of the day when the mosquito vec-
tors blood feed. However, because both the worms and
the human host are long-lived, transmission is enhanced
by repeated exposure rather than by an intense parasite
presentation over a period of a few days. Infection with
>100 microfilaria per female mosquito may prove fatal
for the vector; therefore, in this case, limiting the num-
ber of parasites that infect the vector may increase the
probability of transmission.

Transmissibility.  Suitable numbers of susceptible
vertebrate hosts must be available to become infected
and thereby maintain the parasite. Transmission rates
typically decrease concurrently with a reduction in the
number of susceptible (i.e., nonimmune) individuals re-
maining in the host population. The epidemic threshold

refers to the number of susceptible individuals required
for epidemic transmission to occur, whereas the endemic
threshold refers to the number of susceptible individuals
required for parasite persistence. These numerical thresh-
olds vary depending on the immunology and dynamics of
infection in the host population. Therefore, suitable hosts
must be abundant and ecither not develop lasting immu-
nity or have a relatively rapid reproductive rate, ensuring
the rapid recruitment of susceptibles into the population.
In the case of malaria, for example, the parasite elicits
an immune response that rarely is completely protective,
and the host remains susceptible to reinfection. In con-
trast, encephalitis virus infections of passerine birds typi-
cally produce lifelong protection, but bird life expectancy
is short and the population replacement rate is rapid, en-
suring the constant renewal of susceptible hosts.

THE ARTHROPOD VECTOR

Literally, a vector is a *“carrier’ of a parasite from one host
to another. An effective vector generally exhibits characte-
ristics that complement those listed above for the ver-
tebrate hosts and include host selection, infection, and
transmission.

Host selection. A suitable vector must be abundant
and feed frequently upon infective vertebrate hosts dur-
ing periods when stages of the parasite are circulating
in the peripheral blood or other tissues accessible to the
vector. Host-seeking or biting activity during the wrong
time or at the wrong place on the wrong host will re-
duce contact with infective hosts and reduce the efficiency
of transmission. Patterns of host selection determine the
types of parasites to which vectors are exposed. Anthro-
pophagic vectors feed selectively on humans and are im-
portant in the transmission of human parasites. Anthro-
pophagic vectors which readily enter houses to feed on
humans or to rest on the interior surfaces are termed en-
dophilic (literally, ““inside loving’). Vectors which rarely
enter houses are termed exopbilic (i.e., ‘‘outside loving™).
Zoophaygric vectors feed primarily on vertebrates other than
humans. Mammalophagic vectors blood feed primarily on
mammals and are important in the maintenance of mam-
malian parasites. In contrast, ornithophagic vectors feed
primarily on avian hosts and are important in the main-
tenance of avian parasites. There is a distinction between
vectors attracted to a host and those which successfully
blood feed on the host. Mammalophagic vectors there-
fore represent a subset of those mammalophilic vectors
that are attracted to mammalian hosts.

Infection. The vector must be susceptible to infec-
tion and survive long enough for the parasite to complete
multiplication and/or development. Not all arthropods



that ingest parasites support parasite maturation, dissem-
ination, and transmission. For example, the mosquito
Cx. quinguefisciatus occasionally becomes infected with
western equine encephalomyelitis (WEE) virus; however,
because this virus rarely escapes the midgut, this species
rarely transmits WEE virus. Some arthropods are sus-
ceptible to infection under laboratory conditions, but
in nature they seldom feed on infected vertebrate hosts
and/or survive long enough to allow parasite develop-
ment. The transmission rate is the number of new infec-
tions per unit of time and is dependent upon the rate of
parasite development to the infective stage and the fre-
quency of blood feeding by the vector. Because many
arthropod vectors are poikilothermic and contact their
homeothermic vertebrate hosts intermittently, parasite
transmission rates frequently are dependent upon ambi-
ent temperature. Therefore, transmission rates for many
parasites are more rapid at tropical than at temperate
latitudes, and at temperate latitudes they progress most
rapidly during summer. The frequency of host contact
and, therefore, the transmission rate also depend upon
the life history of the vector. For example, epidemics of
malaria in the tropics transmitted by a mosquito that feeds
at 2-day intervals progress faster than epidemics of Lyme
discase at temperate latitudes, where the spirochetes are
transmitted to humans principally by the nymphal stage
of a hard tick vector that may have one generation and
one blood meal per life stage per year.

Transmission. Once infected, the vector must ex-
hibit a high probability of refeeding on one or more sus-
ceptible hosts to ensure the transmission of the parasite.
Diversion of vectors to nonsusceptible or dead-end hosts
dampens transmission effectiveness. The term zooprophy-
lacis (literally, ““animal protection”) arose to describe the
diversion of Anopheles infected with human malaria para-
sites from humans to cattle, a dead-end host for the par-
asites. With zooprophylaxis the dead-end host typically
exhibits natural immunity, in which host tissues are unac-
ceptable to parasites and do not permit growth or repro-
duction. Alternatively, transmission to a dead-end host
may result in serious illness, because the host-parasite rela-
tionship has not coevolved to the point of tolerance by the
dead-end host. WEE virus, for example, can cause serious
illness in humans, which are considered to be a dead-end
host because they rarely produce a viremia sufficient to
infect mosquitoes.

MODES OF TRANSMISSION

The transmission of parasites by vectors may be vertical or
horizontal. Vertical transmission is the passage of parasites
directly to subsequent life stages or generations within
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vector populations. Horizontal transmission describes the
passage of parasites between vector and vertebrate hosts.

VERTICAL TRANSMISSION

Three types of vertical transmission are possible within
vector populations: transstadial, transgenerational, and
venereal transmission.

Transstadial transmission is the sequential passage
of parasites acquired during one life stage or stadium
through the molt to the next stage(s) or stadium.
Transstadial transmission is essential for the survival of
parasites transmitted by mites and hard ticks that blood
feed once during each life stage and die after oviposi-
tion. Lyme discase spirochetes, for example, that are ac-
quired by larval ticks must be passed transstadially to the
nymphal stage before transmission to vertebrates.

Transgenerational transmission is defined as the vertical
passage of parasites by an infected parent to its offspring.
Some parasites may be maintained transgenerationally
for multiple generations, whereas others require hori-
zontal transmission for amplification. Transgenerational
transmission normally occurs transovarially (through the
ovary) after the parasites infect the ovarian germinal tis-
sue. In this situation most of the progeny are infected.
Other parasites do not actually infect the ovary and, al-
though they are passed on to their progeny, transmission
is not truly transovarial. This situation is usually less effi-
cient and only a small percentage of the progeny are in-
fected. Transgenerational transmission in vectors such as
mosquitoes also must include transstadial transmission,
because the immature life stages do not blood feed.

Venereal tramsmission is the passage of parasites be-
tween male and female vectors and is relatively rare.
Venereal transmission usually is limited to transovarially
infected males who infect females during insemination,
which, in turn, infect their progeny during fertilization.

La Crosse virus (Fig. 2.2) is an example of a verti-
cally maintained parasite where the arthropod host serves
as the reservoir. This virus is maintained by transgenera-
tional transmission within clones of infected Aedes trise-
riatus mosquitoes and is amplified by horizontal trans-
mission among squirrels and chipmunks. Because this
temperate mosquito rarely has more than two genera-
tions per year, La Crosse virus spends long periods in in-
fected vectors and relatively short periods in infected ver-
tebrate hosts. Females infected vertically or horizontally
transmit their infection transovarially to first-instar lar-
vae. These larvae transmit the virus transstadially through
the four larval stadia and the pupal stage to the adults.
These transgenerationally infected females then take a
blood meal and oviposit infected eggs, often in the same
tree hole from which they emerged. Some blood meal
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FIGURE 2.2 Modes of transmission of a vertically maintained para-
site, La Crosse encephalitis virus.

hosts become viremic and amplify the number of infected
Ae. triseriatus females by horizontal transmission. Vene-
real transmission of the virus from transgenerationally in-
fected males to uninfected females has been demonstrated
in the laboratory and may serve to establish new clones
of infected females in nature.

HORIZONTAL TRANSMISSION

Horizontal transmission is essential for the maintenance
of almost all vector-borne parasites and is accomplished
by either anterior (biting) or posterior (defecation) rou-
tes. Anterior-station transmission occurs when parasites
are liberated from the mouthparts or salivary glands
during blood feeding (e.g., malaria parasites, encephalitis
viruses, filarial worms). Posterior-station {or stercorarian)
transmission occurs when parasites remain within the
gut and are transmitted via contaminated feces. The
trypanosome that causes Chagas disease, for example,
develops to the infective stage within the hindgut and
is discharged onto the host skin when the triatomid
vector defecates during feeding. Irritation resulting from
salivary proteins introduced into the host during feeding
causes the host to scratch the bite and rub the parasite
into the wound. Louse-borne relapsing fever and typhus
fever rickettsia also employ posterior-station modes of
transmission.

There are four types of horizontal transmission, de-
pending upon the role of the arthropod in the life cycle
of the parasite: mechanical, multiplicative, developmen-
tal, and cyclodevelopmental.

Mechanical transmission occurs when the parasite is
transmitted among vertebrate hosts without amplification

or development within the vector, usually by con-
taminated mouthparts. Arthropods that are associated
intimately with their vertebrate hosts and feed at fre-
quent intervals have a greater probability of transmitting
parasites mechanically. The role of the arthropod is es-
sentially an extension of contact transmission between
vertebrate hosts. Eye gnats, for example, have rasping,
sponging mouthparts and feed repeatedly at the mu-
cous membranes of a variety of vertebrate hosts, making
them an effective mechanical vector of the bacteria which
cause conjunctivitis or “‘pink eye.” Mechanical transmis-
sion also may be accomplished by contaminated mouth-
parts if the vector is interrupted while blood feeding and
then immediately refeeds on a second host in an attempt
to complete the blood meal.

Multiplicative (or propagative) transmission occurs
when the parasite multiplies asexually within the vector
and is transmitted only after a suitable incubation pe-
riod is completed. In this case, the parasite does not un-
dergo metamorphosis and the form transmitted is indis-
tinguishable from the form ingested with the blood meal.
St. Louis encephalitis (SLE) virus, for example, is not
transmitted until the virus replicates within and passes
through the midgut, is disseminated throughout the
hemocoel, and enters and replicates within the salivary
glands. However, the form of the virus does not change
throughout this process.

Developmental transmission occurs when the parasite
develops and metamorphoses, but does not multiply,
within the vector. Microfilariae of W. bancrofti, for ex-
ample, are ingested with the blood meal, penetrate the
mosquito gut, move to the flight muscles, where they
molt twice, and then move to the mouthparts, where they
remain until they are deposited during blood feeding.
These filarial worms do not reproduce asexually within
the mosquito vector; i.¢., the number of worms available
for transmission is always equal to or less than the number
ingested.

Cyclodevelopmental transmission occurs when the par-
asite metamorphoses and reproduces asexually within the
arthropod vector. In the life cycle of the malaria parasite,
for example, gametocytes that are ingested with the blood
meal unite within the mosquito gut and then change toan
invasive form that penetrates the gut and forms an asex-
ually reproducing stage on the outside of the gut wall.
Following asexual reproduction, this stage ruptures and
liberates infective forms that move to the salivary glands,
from where they are transmitted during the next blood
meal.

The extrinsic incubation period is the time interval be-
tween vector infection and parasite transmission when the
parasite is away from the vertebrate host. The intrinsic in-
cubation period is the time from infection to the onset of
symptoms in the vertebrate host. Repeated lag periods of



consistent duration between clusters of new cases at the
onset of epidemics were first noticed by early epidemio-
logists who coined the term extrinsic incubation. These
intervals actually represent the combined duration of ex-
trinsic and intrinsic incubation periods.

The duration of the extrinsic incubation period is typ-
ically temperature dependent. The rate of parasite devel-
opment normally increases as a linear degree—day func-
tion of ambient temperature between upper and lower
thresholds. After being ingested by the mosquito vector,
WEE virus, for example, must enter and multiply in cells
of the midgut, escape the gut, be disseminated through-
out the hemocoel, and then infect the salivary glands, af-
ter which the virus may be transmitted by bite. Under hot
summer conditions, this process may be completed within
4 days, and the vector mosquito, Cx. tarsalis, is capa-
ble of transmitting the virus during the next blood meal.
In contrast, under cooler spring conditions transmission
may be delayed until the third blood meal. Some para-
sites may increase the frequency of vector blood feeding
and thereby enhance transmission. The plague bacillus,
for example, remains within and eventually blocks the gut
of the most efficient flea vector, Xenopsylla cheopis. Regur-
gitation occurs during blood feeding, causing vector star-
vation and, therefore, transmission at progressively more
closely spaced intervals before the vector succumbs to
starvation.

TRANSMISSION CYCLES

Transmission cycles vary considerably depending upon
their complexity and the role of humans as hosts for the
parasite. A vector-borne anthroponosis is a disease result-
ing from a parasite that normally infects only humans and
one or more anthropophagic vectors (Fig. 2.1). Malaria,
some forms of filariasis, and louse-borne typhus are ex-
amples of anthroponoses with transmission cycles that in-
volve humans and host-specific vectors. Humans serve
as reservoir hosts for these parasites, which may persist
for years as chronic infections. Vectors of anthroponoses
selectively blood feed upon humans and are associated
with domestic or peridomestic environments. Widespread
transmission of an anthroponosis with an increase in the
number of diagnosed human cases during a specified pe-
riod of time is called an epidemic. When human cases reap-
pear consistently in time and space, transmission is said to
be endemic.

Zoonoses are diseases of animals that occasionally infect
humans. Likewise, ornithonoses are diseases of wild birds
that are transmitted occasionally to humans. In most
vector-borne zoonoses, humans are not an essential
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component of the transmission cycle, but rather become
infected when bitten by a vector that fed previously on
an infected animal host. Although humans frequently
become ill, they rarely circulate sufficient numbers of par-
asites to infect vectors and thus are termed dead-end hosts.
The enzootic transmission cycleis the basic, or primary, ani-
mal cycle (literally ““in animals””). When levels of enzootic
transmission escalate, transmission may become epizootic
(an outbreak of disease among animals). Transmission
from the enzootic cycle to dead-end hosts is called
tangential transmission (i.€., at a tangent from the basic
transmission cycle). Often different vectors are responsi-
ble for enzootic, epizootic, and tangential transmission.
Bridge vectors transmit parasites tangentially between
different enzootic and dead-end host species. Human in-
volvement in zoonoses may depend on the establishment
of a secondary amplification cycle among vertebrate hosts
inhabiting the peridomestic environment.

WEE virus is a zoonosis that exemplifies primary and
secondary transmission cycles and tangential transmis-
sion to man and equines (Fig. 2.3). In California, WEE
virus amplification occurs in a primary enzootic trans-
mission cycle that consists of several species of passerine
birds and Cx. tarsalis mosquitoes. In addition to birds,
Cx. tarsalis blood feed on a variety of mammals, in-
cluding rabbits. Rabbits, especially jackrabbits, develop
sufficient viremia to infect some Cx. tarsalis and Ae.
melanimon mosquitoes, thereby initiating a secondary
zoonotic transmission cycle. WEE virus activity in the sec-
ondary Aedes—rabbit cycle usually has been detected after
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FIGURE 2.3 Components of the transmission cycles of a zoonosis
such as western equine encephalomyelitis (WEE) virus. (Original by
Margo Duncan)
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amplification in the primary Cx. tarsalis—bird cycle. Both
Cx. tavsalisand Ae. melanimon transmit the virus tangen-
tially to humans and equines, which are dead-end hosts
for the virus.

INTERSEASONAL MAINTENANCE

An important aspect of the ecology of vector-borne par-
asites is the mechanism(s) by which they persist between
transmission seasons or outbreaks. Parasite transmission
typically is most efficient when weather conditions are
suitable for vector activity and population growth. In
temperate latitudes, overwintering of parasites becomes
problematic when vertebrate or arthropod hosts either
enter a winter dormancy or migrate. Similar problems face
tropical parasites when transmission is interrupted by pro-
longed dry or wet seasons. The apparent seasonality that
is characteristic of most vector-borne parasites may be due
to either the periodic amplification of a constantly present
parasite or to the consistent reintroduction of parasites
following focal extinction.

Mechanisms of parasite maintenance during periods of
unfavorable weather include the following;:

Continued transmission by vectors. During peri-
ods of unfavorable weather, vectors may remain active
and continue to transmit parasites, although transmis-
sion rates may be slowed by cold temperature or low vec-
tor abundance. In temperate latitudes with cold winters,
transmission may continue at a slow rate, because the fre-
quency of blood feeding and rate of parasite maturation in
the vector is diminished. In tropical latitudes, widespread
transmission may be terminated during extended dry sea-
sons that reduce vector abundance and survival. In both
instances, transmission may be restricted spatially and in-
volve only a small portion of the vertebrate host popu-
lation. Human infections during adverse periods usually
are highly clumped and may be restricted to members of
the same household.

Infected vectors. Many vectors enter a state of dor-
mancy as non—blood-feeding immatures or adults. Ver-
tically infected vectors typically remain infected for life
and therefore may maintain parasites during periods
when horizontal transmission is interrupted. California
encephalitis virus, for example, is maintained during win-
ter and drought periods within the transovarially infected
eggs of its vector, Ae. melanimon. Infected eggs of this
floodwater mosquito may remain dormant and infected
for up to several years and are able to withstand winter
cold, summer heat, and extended dry periods. Inunda-
tion of eggs during spring or summer produces broods
of adult mosquitoes that are infected at emergence.

Similarly, vectors that inhabit the nests of migratory hosts
such as cliff swallows often remain alive and infected for
extended periods until their hosts return.

Infected vertebrate hosts. Parasite maintenance may
be accomplished by infected reservoir hosts that either
continue to produce stages infective for vectors or harbor
inactive stages of the parasite and then relapse or recrude-
sce during the season when vectors are blood feeding.
Adult filarial worms, for example, continue to produce
microfilariae throughout their lifetime, regardless of the
population dynamics or seasonality of the mosquito vec-
tor. In contrast, some Korean strains of vivax malaria
overwinter as dormant stages in the liver of the human
host and then relapse in spring, concurrent with the ter-
mination of diapause by the mosquito vector(s).

Alternatively, parasites may become regionally extinct
during unfavorable weather periods and then are re-
introduced from distant refugia. Two possible mecha-
nisms may allow the reintroduction of parasites:

Migratory vertebrate hosts. Many bird species over-
winter in the tropics and return to temperate or subarc-
tic breeding sites each spring, potentially bringing with
them infections acquired at tropical or southern latitudes.
It also is possible that the stress of long flights and ensu-
ing reproduction triggers relapses of chronic infections.
In addition, many large herbivores migrate annually be-
tween summer (or wet) and winter (or dry) pastures,
bringing with them an array of parasites. Rapid long-
range human or commercial transportation is another
possible mode for vector and parasite introduction. The
seasonal transport of agricultural products and the move-
ments of migratory agricultural workers may result in the
appearance of seasonality.

Weather fronts. Infected vectors may be carried
long distances by prevailing weather fronts. Consistent
weather patterns, such as the sweep of the southeastern
monsoon from the Indian Ocean across the Indian sub-
continent, may passively transport infected vectors over
hundreds of kilometers. The onset of WEE virus acti-
vity in the north central United States and Canada has
been attributed to the dispersal of infected mosquitoes
by storm fronts.

VECTOR INCRIMINATION

To understand the epidemiology of vector-borne discase,
it is essential to establish which arthropod(s) is/are the
primary vector(s) responsible for parasite transmission.
Partial or incomplete vector incrimination has resulted in
the misdirection of control efforts at arthropod species



that do not play a substantial role in either enzootic main-
tenance or epidemic transmission. Vector incrimination
combines field and laboratory data that measure field in-
fection rates, vector competence, and vectorial capacity.

Infection rates. The collection of infected arthro-
pods in nature is an important first step in identifying
potential vectors, because it indicates that the candidate
species feeds on vertebrate hosts carrying the parasite.
Infection data may be expressed as a percentage at one
point in time or an infection prevalence (i.e., number of
vectors infected /number examined x 100). The more
commonly employed infection rate refers to infection in-
cidence and includes change over a specified time period.
When the infection prevalence is low and arthropods are
tested in groups or pools, data are referred to as a min-
tmum infection rate (number of pools of vectors posi-
tive /total specimens tested /unit of time x 100 or 1000).
Minimum infection rates are relative values with ranges
delineated by pool size. For example, minimum infection
rates of vectors tested in pools consisting of 50 individuals
each must range from 0 to 20 per 1000 females tested.

It is important to distinguish between infected hosts
harboring a parasite and infective hosts capable of
transmission. In developmental and cyclodevelopmental
vectors, the infective stages may be distinguished by lo-
cation in the vector, morphology, or biochemical pro-
perties. Distinguishing infective from noninfective vec-
tors is difficult, if not impossible, with viral or bacterial
infections, because the parasite form does not change.
The ability to transmit may be implied by testing selected
body parts, such as the cephalothorax, salivary glands, or
head. With some tick pathogens, however, parasite move-
ment to the mouthparts does not occur until several hours
after attachment. As mentioned previously, the transmis-
sion rate is the number of new infections per time period.
When standardized per unit of population size, the trans-
mission rate may be expressed as an incidence. The annual
parasite incidence is the number of new infections per year
per 1000 population.

The entomological inoculation rateis the number of po-
tentially infective bites per unit of time. This frequently is
determined from the human or host biting rate and the
proportion of vectors that are infective and is calculated as
bites per human per time period x infectivity prevalence.

Vector competence is defined as the susceptibility of an
arthropod species to infection with a parasite and its abil-
ity to transmit this acquired infection. Vector compe-
tence is determined quantitatively by feeding the can-
didate arthropod vector on a vertebrate host circulating
the infective stage of the parasite, incubating the blood-
fed arthropod under suitable ambient conditions, refeed-
ing the arthropod on a noninfected susceptible vertebrate
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host, and then examining this host to determine if it be-
came infected. Because it often is difficult to maintain nat-
ural vertebrate hosts in the laboratory and control the
concentration of parasites in the peripheral circulatory
system, laboratory hosts or artificial feeding systems fre-
quently are used to expose the vector to the parasites.
Susceptibility to infection may be expressed as the per-
centage of arthropods that became infected among those
blood feeding. When the arthropod is fed on a range of
parasite concentrations, susceptibility may be expressed
as the median infectious dose required to infect 50% of
blood-fed arthropods. The ability to transmit may be
expressed either as the percentage of feeding females
that transmitted or the percentage of hosts that became
infected.

Failure of a blood-fed arthropod to become infected
with or transmit a parasite may be attributed to the pre-
sence of one or more barriers to infection. For parasites
transmitted by bite, the arthropod midgut provides the
most important barrier. Often parasites will grow in a
nonvector species if they are inoculated into the hemo-
coel, thereby by-passing this gut barrier. After penetrat-
ing and escaping from the midgut, the parasite then must
multiply and /or mature and be disseminated to the sali-
vary glands or mouthparts. Arthropod cellular or humeral
immunity may clear the infection at this point, creating
a dissemination barvier. Even after dissemination to the
salivary glands, the parasite may not be able to infect or
be transmitted from the salivary glands due to the pres-
ence of salivary gland infection or salivary gland escape
barriers, respectively.

For parasites transmitted at the posterior station, vec-
tor competence may be expressed as the percentage of
infected vectors passing infective stages of the parasite in
their feces.

The concept of vectorial capacity summarizes quanti-
tatively the basic ecological attributes of the vector rel-
ative to parasite transmission. Although developed for
mosquito vectors of malaria parasites and most casily
applied to anthroponoses, the model provides a frame-
work to conceptualize how the ecological components
of the transmission cycle of many vector-borne parasites
interact.

Vectorial capacity is expressed by the formula:

C = ma®(P")/(=1nP),

where Cis the vectorial capacity as new infections per in-
fection per day, ma is the bites per human per day, 2 is the
human biting habit, P is the probability of daily survival,
and # is the extrinsic incubation period (in days).

The biting rate (ma) frequently is estimated by col-
lecting vectors as they attempt to blood feed and is ex-
pressed as bites per human per day or night (e.g., 10
mosquitoes per human per night). The human biting
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habit (#) combines vector feeding frequency and host
selection. The feeding frequency is the length of time be-
tween blood meals and frequently is expressed as the in-
verse of the length of the gonotrophic cycle. Host selec-
tion patterns are determined by testing blood-fed vectors
to determine what percentage fed on humans or the
primary reservoir. Therefore, if the blood feeding fre-
quency is 2 days and if 50% of host-secking vectors feed
on humans, 2 = (1/2 days) x (0.5) = 0.25. In this exam-
ple, ma* = 10 bites/human/night x 0.25 = 2.5; zis re-
peated because infected vectors must refeed to transmit.

The probability of the vector surviving through the ex-
trinsic incubation period of the parasite, P”, requires in-
formation on the probability of vector survival ( P) and
the duration of the extrinsic incubation period (#). P is
estimated either vertically, by age-grading the vector pop-
ulation, or horizontally, by marking cohorts and moni-
toring their death rate over time. In Diptera, P may be
estimated vertically from the parity rate (proportion of
parous females per number examined). In practice, P =
(parity rate)/4, where g is the length of the gonotrophic
cycle. The extrinsic incubation period may be estimated
from ambient temperature from data gathered during
vector competence experiments by testing the time from
infection to transmission for infected vectors incubated
at different temperatures. Continuing our example, if
P = 0.8 and » =10 days, then the duration of infective
lifeis P*/(—1nP)=0.8'° /(—1n x 0.8) = 0.48. Therefore
C=2.5x0.48, or 1.2 parasite transmissions per infec-
tive host per day.

SURVEILLANCE

The number of cases of most vector-borne diseases typ-
ically varies over both time and space. Information on
the number of cases can be gathered from morbidity and
mortality records maintained by state or national gov-
ernmental agencies for the human population. Morbid-
ity data are records of illness, whereas mortality data are
records of the cause of death. These data vary greatly in
their quality and timeliness, depending upon the accuracy
of determining the cause of illness or death and the rapid-
ity of reporting. In the United States, the occurrence of
confirmed cases of many vector-borne diseases, includ-
ing yellow fever, plague, malaria, and encephalitis, must
by law be reported to municipal health authorities. How-
ever, infections with many arthropod-borne parasites, in-
cluding Lyme disease and the mosquito-borne encephal-
itides, frequently are asymptomatic or present variable
clinical symptoms and therefore remain largely undiag-
nosed and underreported. The frequency of case detec-
tion and accuracy of reporting systems are dependent on

the type of surveillance employed and the ability of the
medical or veterinary community to recognize suggestive
symptoms and request appropriate confirmatory labora-
tory tests. In addition, some laboratory tests vary in their
specificity and sensitivity, thus complicating the interpre-
tation of laboratory results. Cases may be classified as
suspect or presumptive, based on the physician’s clinical
diagnosis, or confirmed, based on a diagnostic rise in spe-
cific antibodies or the direct observation (or isolation) of
the parasite from the case. Surveillance for clinical cases
may be active or passive.

Active surveillance involves active case detection in
which health workers visit communities and seek out and
test suspect cases. In malaria control programs, for ex-
ample, a field worker visits every household biweekly or
monthly and collects blood films from all persons with a
current or recent fever. Fever patients are treated with an-
timalarial drugs presumptively, and these suspected cases
are confirmed by detection of malaria parasites in a blood
smear. Confirmed cases are revisited and additional med-
ication administered, if necessary. This surveillance pro-
vides population infection rates regardless of case classifi-
cation criteria.

Most surveillance programs rely on passive survetliance,
which utilizes passive case detection to identify clinical hu-
man or veterinary cases. In this system, individuals seek-
ing medical attention at primary health care organiza-
tions, such as physicians’ offices, hospitals, and clinics, are
diagnosed by an attending physician who requests appro-
priate confirmatory laboratory tests. However, because
many arthropod-borne diseases present a variety of non-
specific symptoms (e.g., headache, fever, general malaise,
arthralgia), cases frequently may be missed or not specif-
ically diagnosed. In mosquito-borne viral infections the
patient often spontancously recovers, and cases frequently
are listed under fevers of unknown origin or aseptic (or
viral) meningitis without a specific diagnosis. In a passive
case-detection system, it is the responsibility of the at-
tending physician to request laboratory confirmation of
suspect clinical cases and then to notify the regional pub-
lic health epidemiologist that a case of a vector-borne dis-
case has been documented.

The reporting system for clinical cases of vector-borne
diseases must be evaluated carefully when interpreting
surveillance data. This evaluation should take into ac-
count the disease, its frequency of producing clinically
recognizable symptoms, the sensitivity and specificity of
confirmatory laboratory tests, and the type and extent
of the reporting system. Usually programs that focus
on the surveillance of a specific disease and employ ac-
tive case detection provide the most reliable epidemio-
logical information. In contrast, broad-based community
health care systems that rely on passive case detection
typically produce the least reliable information, especially



for relatively rare vector-borne diseases with nonspecific
symptoms.

Diseases that are always present or reappear consis-
tently at a similar level during a specific transmission sea-
son are classified as endemic. The number of cases in a
population is expressed as incidence or prevalence. Popu-
lation is defined as the number of individuals at risk from
infection in a given geographical area at a given time. In-
cidence is the number of new cases per unit of popula-
tion per unit of time. Incidence data are derived from two
or more successive samples spaced over time. Prevalence
is the frequency of both old and new infections among
members of a population. Prevalence typically is deter-
mined by a single point in time estimate and frequently is
expressed as the percentage of the population tested that
was found to have been infected.

The level of parasite endemicity in a population may
be graded as hypoendemic (low), mesoendemic (medium),
or hyperendemic (high), depending upon the incidence of
infection and /or the immune status of the population. In
malaria surveys, for example, the percentage of children
with palpable spleens and the annual parasite incidence
are used to characterize the level of endemicity. In
endemic disease, the percentage of individuals with sera
positive for IgG-class antibodies typically increases as
a linear function of age or residence history, whereas
in hypoendemic disease with intermittent transmission,
this function is disjunct, with certain age groups ex-
pressing elevated positivity rates. The occurrence of an
extraordinarily large number of human infections or
cases is termed an epidemic. Health agencies, such as the
World Health Organization, typically monitor incidence
data to establish criteria necessary to classify the level of
endemicity and to decide when an epidemic is under way.
A geographically widespread epidemic on a continental
scale is called a pandemic.

Serological suvveys (or serosurveys) are a useful epidemi-
ological tool for determining the cumulative infection
experience of a population with one or more parasite-
and host-related factors affecting the efficiency or risk
of transmission, and reinfection rates. When coupled
with morbidity data, serosurveys provide information on
the ratio of apparent to inapparent infections. Random
sampling during serosurveys representatively collects
data on the entire population and may provide ecological
information retrospectively by analysis of data collected
concurrently with each serum sample. This information
may assign risk factors for infection, such as sex, occupa-
tion, and residence history, or it may help in ascertaining
age-related differences in susceptibility to discase. Strati-
fied sampling is not random and targets a specific cohort
or subpopulation. Although stratified samples may have
greater scnsitivity in detecting rare or contiguously
distributed parasites, the data are not readily extrapolated
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to infection or disease trends in the entire population.
Repeated serological testing of the same individuals
within a population can determine the time and place of
infection by determining when individuals first become
sevopositive, i.e., serologically positive with circulating
antibodies against a specific parasite. This change from
seronegative to seropositive is called a seroconversion.
Forecasting the risk of human infection usually is ac-
complished by monitoring environmental factors, vector
abundance, the level of transmission within the primary
and /or amplification cycles, and the numbers of human
or domestic animal cases. As a general rule, the accuracy
of forecasting is related inversely to the time and distance
of the predictive parameter from the detection of hu-
man cases. Surveillance activities typically include the time
series monitoring of environmental conditions, vector
abundance, enzootic transmission rates, and clinical cases.

Environmental conditions. Unusually wet or warm
weather may indicate favorable conditions for vector ac-
tivity or population increases, concurrently increasing the
risk of parasite transmission. Parameters frequently moni-
tored include temperature, rainfall, snow pack (predictive
of vernal flooding), and agricultural irrigation schedules.

Vector abundance. Standardized sampling at fixed
sites and time intervals can be used to compare tempo-
ral and spatial changes in vector abundance that are use-
ful in detecting an increased risk of parasite transmission.
Extraordinary increases in vector abundance and survival
may forecast accurately increased enzootic transmission
and, to a lesser extent, epidemics.

Enzootic transmission rates. Monitoring the level
of parasite infection in vector or vertebrate populations
provides direct evidence that the parasite is present and
being actively transmitted (Fig. 2.4). The level of trans-
mission usually is directly predictive of the risk of hu-
man or domestic animal involvement. Enzootic trans-
mission activity may be monitored by vector infection
rates, vertebrate-host infection rates, sentinel seroconver-
sion rates, and clinical cases.

Vector infection rates. Sampling vectors and test-
ing them for parasites determines the level of infection
in the vector population (Fig. 2.4, C and D). When vec-
tors are tested individually, prevalence data are expressed
as percentages; e.g., 10 females infected per 50 tested is a
20% infection rate. When combined with abundance esti-
mates, infection rates also may be expressed as infected
vectors per sampling unit per time interval; 100 bites
per human per night x 0.2 infection rate = 20 infec-
tive bites per human per night. These data provide an in-
dex of the transmission rate. When infection rates are low
and vector populations large, vectors usually are tested in
lots or pools. It is statistically advantageous to keep the
pool size constant and thus keep the chance of detecting
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FIGURE 2.4 Mosquito-borne encephalitis surveillance in southern California. (A) Coop with
10 sentinel chickens; (B) Taking blood sample from chicken; (C) Hanging mosquito trap on per-
manent standard (components from left to right are trap motor and fan assembly with collecting
carton, dry-ice bait in a Styrofoam container, and battery); (D) Sorting mosquito collections by
species to estimate relative abundance.

infection the same. Because there may be more than one
infected vector per pool, infection rates are expressed as a
minimum infection rate = positive pools/total individu-
als tested x 100 or 1000.

Vertebrate-host  infection rates. Introduced
zoonoses, such as sylvatic plague in North American
rodents, frequently produce clevated mortality that may
be used to monitor epizootics of these parasites over
time and space. In contrast, endemic zoonoses rarely
result in vertebrate host mortality. Testing reservoir or
amplifying hosts for infection is necessary to monitor
the level of enzootic parasite transmission. Stratified
sampling for these parasites (directly by parasite isolation
or indirectly by seroprevalence) usually focuses on the
young of the year to determine ongoing transmission.
For example, examining nestling birds for viremia can
provide information on the level of enzootic encephalitis
virus transmission.

Monitoring the incidence of newly infected individu-
als in a population over time is necessary to detect in-
creased transmission activity. Because many parasites are
difficult to detect or are present only for a limited time pe-
riod, sampling frequently emphasizes the monitoring of

seropositivity. Monitoring the IgM antibody, which rises
rapidly after infection and decays relatively quickly, can
indicate the level of recent infection, whereas monitor-
ing the IgG antibody documents the population’s histor-
ical experience with the parasite. Sampling, marking, re-
leasing, recapturing, and resampling wild animals is most
useful in providing information on the time and place of
infection in free-roaming animal populations.

Sentinel seroconversion rates. Sentinels typically are
animals that can be monitored over time to quantify the
prevalence of a parasite. Trapping wild animals or birds
is labor intenstve, and determining seroprevalence may
provide little information on the time and place of in-
fection, especially if the host has a large home range. To
circumvent this problem, caged or tethered natural hosts
or suitable domestic animals of known infection history
are placed in sensitive habitat and repeatedly bled to de-
tect infection. A suitable sentinel should be fed upon fre-
quently by the primary vector species, be easy to diagnose
when infected, be unable to infect additional vectors (i.e.,
not serve as an amplifying host), not succumb to infec-
tion, and be inexpensive to maintain and easy to bleed
or otherwise sample for infection. Chickens, for example,



are useful sentinels in mosquito-borne encephalitis virus
surveillance programs (Fig. 2.4, A and B). Flocks of
seronegative chickens are placed at farmhouses and then
bled weekly or biweekly to determine seroconversions
to viruses such as WEE or SLE. Because the chick-
ens are confined and the date of seroconversion known,
the time and place of infection is determined, while the
number seroconverting estimates the intensity of trans-
mission.

Clinical cases. Detecting infection among domes-
tic animals may be an important indication that an epi-
zootic transmission is under way and that the risk of
human infection has become elevated. Domestic ani-
mals often are more exposed to vectors than are hu-
mans and thus provide a more sensitive indication of par-
asite transmission. Clinical human cases in rural areas in
close association with primary transmission cycles may
be predictive of future epidemic transmission in urban
settings.

Vector-borne diseases frequently affect only a small per-
centage of the human population, and therefore vector
control remains the intervention method of choice. Con-
trol programs attempt to maintain vector abundance be-
low thresholds necessary for the transmission of parasites
to humans or domestic animals. When these programs
fail, personal protection by repellents or insecticide-
impregnated clothing, bed nets, or curtains is often the
only recourse. Vaccination may be a viable alternative
method of control for specific vector-borne diseases, if
the vaccine imparts lasting immunity as in the case of
yellow fever virus. However, many parasites, such as
malaria, have evolved to the point where infection elic-
its a weak immune response that provides only short-
term and marginal protection. The need for contin-
ued revaccination at short intervals severely limits their
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global usefulness, especially in developing countries. Al-
though breakthroughs in chemotherapy have been useful
in case management, it remains the mandate of the med-
ical /veterinary entomologist to devise strategies which
combine epidemiological and ecological information to
effectively reduce or eliminate the risk of vector-borne
diseases.
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Cockroaches are among the oldest and most primitive of
insects. They evolved about 350 million years ago dur-
ing the Silurian Period, diverging together with the man-
tids from an ancestral stock that also gave rise to termites
(Boudreaux 1979). Cockroaches are recognized as the
order Blattaria. Although the majority of species are feral
and not directly associated with people, a few species have
evolved in proximity to human habitations, where they
have adapted to indoor environments. Their omnivorous
feeding behavior, facilitated by their unspecialized chew-
ing mouthparts, has contributed to a close physical re-
lationship between cockroach populations and humans,
with resultant chronic exposure of humans to these pests.

The presence of some species in the home (e.g.,
German and brownbanded cockroaches) often is an in-
dicator of poor sanitation or substandard housekeeping.

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

Although they are primarily nuisance pests, their presence
can have important health implications. Cockroaches are
generalists that feed on virtually any organic substance
grown, manufactured, stored, excreted, or discarded by
humans. Consequently, food supplies are at risk of con-
tamination by pathogens associated with cockroaches.
Because species that infest structures typically have high
reproductive rates, humans commonly are exposed to
high levels of potentially allergenic proteins associated
with cockroaches, which can lead to significant respira-
tory ailments. Cockroaches also can serve as intermediate
hosts of parasites that debilitate domestic animals.

TAXONOMY

There are about 4000 species of cockroaches worldwide.
About 70 species occur in the United States, 24 of which
have been introduced from other parts of the world. Ac-
cording to Atkinson ez al. (1991), 17 of these specices are
pests of varying degrees. There are five cockroach fami-
lies, three of which include most of the pest species: Blat-
tidae, Blattellidae, and Blaberidae. Species in the Cryp-
tocercidae are unusual in that they have gut symbionts
similar to those found in termites, and they live in fam-
ily groups in decaying logs. Members of the Polyphagi-
dae include those dwelling in arid regions, where they are
capable of moving rapidly through sand. Species in these
two families are rarely pests. The family Blattidae includes

29
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relatively large cockroaches that are the most common
peridomestic pests throughout much of the world. Blat-
tellid cockroaches range in length from less than 25 mm
(e.g., Supella and Blattelln) to 35—40 mm (e.g., Peri-
planeta and Parcoblatta spp.). Parcoblatta species are
feral, occasionally invading homes but seldom reproduc-
ing indoors. Blaberid cockroaches range greatly in size
and include some of the more unusual species, such
as the Cuban cockroach, which is green as an adult,
and the Surinam cockroach, which is parthenogenetic in
North America. Nearly all of the blaberids that occur in
the United States are restricted to subtropical regions
and have minor medical or veterinary significance. Taxo-
nomic keys for adults are provided by McKittrick (1964),
Cornwell (1968), Roth (1985), and Helfer (1987). A pic-
torial key for identifying the egg cases of common cock-
roaches is provided by Scott and Borom (1964).

MORPHOLOGY

Cockroaches have retained their basic ancestral form. The
Blattaria are distinguished from other insect orders by
morphological characters associated with wing size and
venation, biting/chewing mouthparts, and prominent
cerci. They differ from other orthopteroid insects by hav-
ing hind femora which are not enlarged, cerci typically
with eight or more segments, a body that is dorsoventrally
flattened and generally ovoid, and a head that is largely
concealed from above by a relatively large pronotum.

A common indicator of cockroach infestations is their
egg cases, or oothecae (singular ootheca), purse-shaped
capsules that typically contain 5—40 embryos (Fig. 3.1).
Coloration ranges from light brown to chestnut brown,
depending on the degree of sclerotization. A keel that
runs the anterior length of the ootheca permits trans-
port of water and air to the developing embryos. Each
embryo is contained in a separate compartment that
may or may not be obvious externally. In some species
(e.g., German and brownbanded cockroaches) lateral,
anterior-to-posterior indentations denote the individual
developing embryos. Others have only weak lateral in-
dentations (¢.g., brown and smokybrown cockroaches),
and still others have no lateral indentations but differ in
their symmetry (e.g., Oriental, American, and Australian
cockroaches).

The mouthparts of cockroach nymphs and adults are
characterized by strongly toothed mandibles for biting
and chewing. Maxillary and labial palps are well devel-
oped, with five and three segments, respectively. Anten-
nae are long and whiplike, originate directly below the
middle of the compound eyes, and consist of numerous
small segments. The arrangement of three ocelli near the

FIGURE 3.1 Cockroach oothecae (egg cases). A, Australian cock-
roach ( Periplaneta australasiae); B, Brown cockroach (P, brunnea); C,
Smokybrown cockroach (P. fuliginosa); D, Oriental cockroach (Blatta
orientalis), E, American cockroach (P, americana); F, Brownbanded
cockroach (Supella longipalpa); G, German cockroach (Blattella ger-
manica). (Courtesy of the US Public Health Service)

antennal sockets is variable: they are well developed in
winged species (macropterous) but rudimentary or lack-
ing in species with reduced wings (&rachypterons) or those
lacking wings altogether (apterous).

Adults generally have two pairs of wings that are folded
fanwise at rest. The front wings, called t¢gmina (singu-
lar tegmen), are typically hardened and translucent, with
well-defined veins. The hind wings are membranous and
larger. In some species, such as the wood cockroaches
(e.g., Parcoblatta species), females are brachypterous and
incapable of flight, whereas males are macropterous.
Other species, such as the Florida woods cockroach ( Eu-
rycotis floridana), have only vestigial wing buds as adult
males and females. In cockroaches, all three pairs of legs
are well developed, with large coxae and slender, long seg-
ments that aid in the rapid running that is characteristic
of these insects. Each femur has two longitudinal keels
that typically are armed with spines. The tibiae are often
heavily spined and are used for defense against predators.
Each tarsus consists of five segments with a pair of claws
and may bear a padlike arolinm that aids in walking on
smooth surfaces. Ventral pads, or pulvilli, are present on
tarsomeres 1—4. A pair of caudal cerci have small ven-
tral hairs that are sensitive to vibrations caused by low-
frequency sound and air movement; their stimulation ini-
tiates an escape response.

The posterior end of the abdomen of some nymphs
and all males bears a pair of styli (singular stylus) be-
tween the cerci, arising from the sternum of the ninth
abdominal segment. In winged species, the styli may be



apparent only when viewed ventrally. The structure of the
styli serves to distinguish males from females. Generally
the males also can be recognized by their more slender
bodies, with laterally tapered and dorsally flattened ex-
ternal genitalia (zerminalia). The terminalia of the more
robust females are notably broader than in males and
bear a conspicuous subgenital plate that is rounded or
keel-like when viewed ventrally. Associated with this plate
is a relatively large genital chamber (genital pouch) in
which the ootheca develops. For a more detailed des-
cription of cockroach genitalia, see McKittrick (1964) or
Cornwell (1968). Nymphal stages are similar in appear-
ance to adults, but they lack wings, have incompletely
developed genitalia, and may vary markedly in color from
the adult.

LIFE HISTORY

Cockroaches are paurometabolons insects. The immature
cockroaches generally are similar in appearance to the
adults except for their undeveloped sexual organs and
lack of fully developed wings (Fig. 3.2). Reproduction
in cockroaches is typically sexual, although parthenogen-
esis is reported in a few species. Comparative life history
data for some of the more common cockroach pests are
provided in Table I.

In cockroaches, embryogenesis and oviposition occur in
one of three ways. Most species are oviparous, including
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all Periplaneta species and the Oriental and brownbanded
cockroaches. Eggs of oviparous species are protected in-
side a thick-walled, impermeable ootheca which is de-
posited soon after it is formed. Embryonic development
occurs external to the female. The German cockroach is
oviparous, but the female carries the ootheca protruding
from the genital chamber until just hours before hatching
occurs. The ootheca is softer than in Periplaneta species,
allowing uptake of water and nutrients from the geni-
tal pouch. A few cockroaches, such as Blaberus species
and the Surinam cockroach, are psendo-ovoviviparous, in
that females produce an ootheca which is extruded, ro-
tated, and then retracted into the genital pouch. The eggs
are incubated internally until hatching. The only known
pseudo-viviparous species is Diploptera punctata, a pest
species in Hawaii; the embryos hatch while still in the
genital pouch. Embryogenesis takes 1-8 weeks, depend-
ing on the species.

The number of nymphal instars varies from 5 to 13,
depending on the species, nutritional sources, and mi-
croclimate. Development of pestiferous species through
the nymphal stadia requires from 6—7 weeks for German
cockroaches to well over a year for Periplancta species
and other larger cockroaches. Typically, the nymphs ex-
hibit strong aggregation tendencies, governed largely
by aggregation pheromones. These pheromones act as
locomotory inhibitors; when cockroaches perceive the
pheromone they become relatively stationary. Studies of
various species have shown that development to the adult
stage is quicker when nymphs are reared in groups rather

FIGURE 3.2 Developmental stages of cockroaches, represented by Periplaneta brunnen. Left
to right: first, second, third, and fourth nymphal instars; adult female, adult male. (Courtesy of

Daniel R. Suiter)
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TABLE I

Life Histories of Selected Common Species of Cockroaches, Showing the High Degree of Variability
Within Species Due to Environmental Temperatures and Nutritional Availability

No. No. nymphal Developmental Embryonic

Cockroach eggs/oothecae instars time (days) development
German 30-40 5-7 103 Internal /extruded
Asian 375 5-7 52-890 Internal /extruded
Brownbanded 16-18 6-8 90-276 External
American 6-28 7-13 168-700 External
Smokybrown 20 9-12 160-716 External
Australian 24 — 238-405 External
Oriental 18 7-10 206-800 External
Surinam 26 8-10 127-184 Internal

than in isolation. However, aggregation does have a bi-
ological cost; those reared in groups typically are smaller
in size, and cannibalism may occur. Longevity of cock-
roaches varies from several weeks to over a year.

BEHAVIOR AND ECOLOGY

Mating in cockroaches generally is preceded by courtship
behavior facilitated by sex pheromones. In some species a
blend of volatile compounds is produced by virgin females
to attract and orient males (e.g., Periplaneta species and
the brownbanded cockroach). In the German cockroach,
the sex pheromone is a blend of nonvolatile and volatile
cuticular components that elicits courtship by males fol-
lowing palpation of the female’s integument by the male’s
antennae. Once courtship is initiated in the male, he turns
away from the female and raises his wings to expose dorsal
tergal glands; the female feeds on pheromones from these
glands as the male grasps her genitalia with his pair of cau-
dal claspers. Most species copulate in an end-to-end posi-
tion. During the hour or so that follows, a spermatophore
is formed and passed from the male into the genital cham-
ber of the female. Only about 20% of females mate again
after the first gonotrophic cycle.

Cockroaches can be categorized ecologically as domes-
tic, peridomestic, or feral. Domestic species live almost ex-
clusively indoors and are largely dependent on humans for
resources (food, water, and harborage) for survival. They
rarely are able to maintain themselves outdoors. Although
this group contains the smallest number of species, it
presents the greatest concern to human health. Domes-
tic species include the German and brownbanded cock-
roaches. Peridomestic species are those which survive in
or around human habitation. Although they do not re-
quire humans for their survival, they are adept at exploit-
ing the amenities of civilization. This group is represented

by American, Australian, brown, and smokybrown cock-
roaches (all Periplaneta species), the oriental cockroach,
and the Florida woods cockroach. Feral species are those
in which survival is independent of humans. This group
includes more than 95% of all species in the world. Only a
few occur indoors as occasional and inadvertent invaders
that typically do not survive in a domestic environment.
They are of little or no medical importance.

Cockroach behavior and survival are strongly influ-
enced by their need for food, water, and safe harborage
from potential predators and detrimental microclimates.
They are omnivorous and will consume virtually any or-
ganic matter, including fresh and processed foods, stored
products, and even book bindings and pastes on stamps
and wallpaper when more typical foodstuffs are not avail-
able. Cockroaches have the same general problems with
water balance as do other terrestrial arthropods. Their rel-
atively small size results in a high surface area to volume
ratio and a high risk of losing water through respiration,
oral and anal routes, or the cuticle. Temperature, air flow,
relative humidity, and availability of liquid water greatly
affect water regulation.

As a result of these physiological considerations,
physical constraints of the environment usually deter-
mine habitat preferences of cockroaches in and around
structures. Oriental and American cockroaches, for
example, require high moisture and occur in damp ter-
restrial environments such as septic tanks and municipal
sewer systems. Brown, smokybrown, and Florida woods
cockroaches occur in a wider range of habitats associated
with trees, wood and leaf piles, wall voids, and foun-
dation blocks of buildings. Brownbanded cockroaches
are more tolerant of drier conditions and commonly
occur in kitchens, pantries, and bedrooms. German
cockroaches occupy harborages near food and water.
Consequently, they are found primarily in kitchens and
pantries, and secondarily in bathrooms, when their pop-
ulations are high. In mixed populations of German and



brownbanded cockroaches, the German cockroach tends
to outcompete the brownbanded cockroach within 9
months.

Cockroaches are adept crawlers and are capable of
rapid movement even across windows and ceilings. Flight
ability varies with species. Some are incapable of flight
except for crude, downward gliding used as an escape
behavior. Others are weak fliers, occasionally seen flying
indoors when disturbed. Still others are relatively strong
fliers that are particularly active at sunset, when they may
be attracted indoors by lights and brightly lit surfaces.
Attraction to light is especially common in the Asian,
Surinam, and Cuban cockroaches and in many of the
wood cockroaches ( Parcoblatta species).

Pestiferous cockroaches that occur indoors are typically
nocturnal and tend to avoid lighted areas. This enables
them to increase their numbers and become established
in structures before human occupants even become aware
of their presence.

COMMON COCKROACH SPECIES

The following 11 species of cockroaches are commonly
encountered by homeowners in the United States and
are the ones most frequently brought to the attention of
medical entomologists.

Oriental cockroach (Blatta orientalis)
This peridomestic cockroach (Fig. 3.3) is believed to
have originated in northern Africa and from there
spread to Europe and western Asia, South America,
and North America. It is a relatively lethargic species
that prefers cooler temperatures than does the German
cockroach and is primarily a concern in temperate re-
gions of the world. Adults are black and 25—33 mm
long. Males are winged but do not fly, and females are

FIGURE 3.3 Oriental cockroach (Blatrella ovientalis), female.
(Courtesy of the University of Florida,/IFAS)
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FIGURE 3.4 American cockroach (Periplaneta amevicana), female,
(Courtesy of the University of Florida/IFAS)

brachypterous. Their tarsi lack aroliar pads, precluding
this cockroach from climbing on smooth vertical
surfaces. Oothecae are 8—10mm long, cach typi-
cally containing 16 eggs. Also commonly known as
waterbug, this species is usually associated with damp or
wet conditions, such as those found in decaying wood,
heavy ground cover (e.g., ivy), water meter boxes,
and the lower levels of structures. It infests garbage
chutes of apartment complexes, sometimes reaching
upper floors. Development is slow compared to that of
most other species, requiring about a year depending
on temperature conditions. Adults may live for many
months. Mobility is fairly restricted, making control
casier than for most other species. This species is rarely
seen during the daytime.

American cockroach (Periplaneta americana)

The American cockroach (Fig. 3.4) is a large species
with adults 34—53 mm in length. It is reddish brown,
with substantial variation in light and dark patterns
on the pronotum. Adults are winged and capable of
flight. Nymphs typically complete development in 13—
14 months while undergoing 13 molts. Adults live
an average of 15 months, but longevity may exceed
2 years. Females drop or glue their oothecae (8§ mm
long) to substrates within a few hours or days of forma-
tion. Each ootheca has 12—16 embryos. A female gene-
rally produces 6—14 egg cases during her life (mean
of 9). '

The American cockroach is perhaps the most cos-
mopolitan peridomestic pest species. Together with
other closely related Periplancta species, P. americana is
believed to have spread from tropical Africa to North
America and the Caribbean on ships engaged in slave
trading. Today this species infests most of the lower lati-
tudes of both hemispheres and extends significantly into
the more temperate regions of the world.
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The habitats of this species are quite variable. American
cockroaches infest landfills, municipal sewage systems,
storm drainage systems, septic tanks, crawl spaces beneath
buildings, attics, tree holes, canopies of palm trees, voids
in walls, ships, electronic equipment, caves, and mines.
Studies conducted in Arizona indicated movement by a
number of individuals several hundred meters through
sewer systems and into neighboring homes. This species
often can be seen at night on roofs and in air stacks
or vents of sewage systems, through which they enter
homes and commercial buildings. Entrance also is gained
to homes through laundry vent pipes and unscreened
or unfiltered attic ventilation systems. This cockroach is
known to move from crawl spaces of hospitals via pipe
chases into operating theaters, patients’ rooms, storage
facilities, and food preparation arcas. Consequently, the
potential of this cockroach for disseminating pathogenic
microorganisms can be a significant concern for health
care personnel.

Australian cockroach (Periplaneta australasine)

Adult body coloration is similar to that of the American
cockroach, but with paler lateral markings on the up-
per edges of the tegmina (Fig. 3.5). The pronotum
is ringed with similar coloration. Adults are slightly
smaller than American cockroaches, measuring 32—
35 mm in length. Females mature in about 1 year
and typically live for another 4—6 months. A female
can produce 20—30 oothecae during her lifetime; the
ootheca is about 11 mm long and contains about
24 embryos. Embryonic development requires about
40 days. Nymphs are strikingly mottled, distinguishing
them from nymphs of other Periplaneta species.

This peridomestic species requires somewhat warmer
temperatures than the American cockroach and does not
occur in temperate areas other than in greenhouses and

FIGURE 3.5 Australian cockroach (Periplancta australasiae), female.
(Courtesy of the University of Florida/IFAS)

FIGURE 3.6 Brown cockroach ({Periplaneta brunnea), female.
(Courtesy of the University of Florida/IFAS)

other pseudotropical environs. In the United States, out-
door populations are well established in Florida and along
the coastal areas of Louisiana, Mississippi, Alabama, and
Georgia. It commonly is found in environments similar to
those inhabited by the smokybrown cockroach. In situa-
tions where both species occur (e.g., tree holes, attics),
the Australian cockroach tends to displace the smoky-
brown. It can be a serious pest in greenhouses and other
tropical environments in more temperate latitudes, where
it can cause feeding damage to plants, notably seedlings.

Brown cockroach (Periplancta brunnea)
The brown cockroach (Fig. 3.6) is smaller than the
American cockroach (33—38 mm), and its pronotal
markings are more muted. The most apparent diag-
nostic characteristic for separating these two species
is the shape of the last segment of the cercus; in the
brown cockroach, the length is about equal to the
width, whereas in the American cockroach the length
is about 3 times the width. The ootheca of the brown
cockroach usually is larger (7—13 vs 8 mm) and con-
tains more embryos (24 vs 16). The brown cockroach
affixes its oothecae to substrates using salivary secre-
tions. They give the ootheca a grayish hue not typical
of other Periplancta species that attach their oothecae
with salivary secretions. This species is more subtropical
than the American cockroach, occurring throughout
the southeastern United States, where it infests homes
and outbuildings. It is less frequently associated with
sewage than is the American cockroach. Because of its
similar appearance to the American cockroach, it is of-
ten misidentified and may be more widely distributed
than is commonly recognized. In Florida, P, brunnea is
commonly found in canopies of palm trees and attics. It
also readily infests various natural cavities and those in
human-associated structures. The oothecae can be use-
ful in differentiating species infesting buildings. Most
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FIGURE 3.7 Smokybrown cockroach (Periplancta fuliginosa),
female. (Courtesy of the University of Florida /IFAS)

FIGURE 3.8 Florida woods cockroach ( Eurycotis flovidana), female.
(Courtesy of the University of Florida/IFAS)

cockroach oothecae persist in the environment after the

nymphs have emerged and provide a history of infesta- eastern Louisiana to southeastern Georgia. It is men-

tion. tioned here only because of its defensive capabilities.
It is a large, dark-reddish brown to black cockroach

Smokybrown cockroach (Periplaneta fuliginosn) (Fig. 3.8), 30—40 mm long. Although small wing pads

The smokybrown cockroach (Fig. 3.7) has become
a major peridomestic pest throughout the southern
United States, including southern California, and ex-
tends as far north as the Midwestern states. It can
be differentiated from the American cockroach by
its slightly smaller size (25—-33 mm) and uniform
dark coloration. Although developmental times are
quite variable, individuals mature in about 10 months.
Adults may live for more than a year. Females produce

are evident, adults are apterous and are relatively slow
moving. Oothecae are 13—16 mm long and contain
about 22 embryos. E. floridana occurs in firewood
piles, mulches, tree holes, attics, wall voids, and out-
buildings. Last-instar nymphs and adults, if alarmed,
can spray a noxious mix of aliphatic compounds that
are both odoriferous and caustic. If this is sprayed
into the eyes or onto soft tissues, a temporary burn-
ing sensation is experienced. Domestic dogs and cats

quickly learn to avoid this species. Among its com-
mon names are the Florida cockroach, the Florida woods
roach, the Florida stinkroach, and palmertobug. The
Primary foci for this peridomestic species in the south- last term also is commonly used for other Periplancta
eastern United States are tree holes, canopies of palm species.
trees, loose mulches such as pine straw or pine bark,
and firewood piles. Within structures, P. fuliginosa seeks
the ecological equivalent of tree holes—areas character-
ized as dark, warm, protective, and moist, with little air
flow and near food resources. These include the soffits
(eves) of underventilated attics, behind wall panels, the
interstices of block walls, false ceilings, pantries, and stor-
age areas. From these harborages, individuals forage for
food and water, generally returning to the same refu-
gia. Mark-release-recapture studies using baited live traps
have shown that the median distance traveled between
successive recaptures is less than 1 m but that some adults
may forage at distances of more than 30 m.

several oothecae, which are 10—11 mm in length with
20 embryos, at 11-day intervals.

Brownbanded cockroach (Supella longipalpa)
Like the German cockroach, this domestic species
probably originated in tropical Africa, where it occurs
both indoors and outdoors. In North America and
Europe it is confined almost exclusively to indoor en-
vironments of heated structures. In warm climates, in-
festations occur particularly in apartments without air
conditioning and in business establishments with rela-
tively high ambient temperatures, such as pet stores and
animal-care facilities. Adults are similar in size to the
those of the German cockroach (13—14.5 mm long)
but lack pronotal stripes. Adults have two dark bands
of horizontal stripes on the wings (Fig. 3.9), whereas
nymphs have two prominent bands running across the
mesonotum and first abdominal segment. The brown-
banded cockroach derives its name from these bands.

Florida woods cockroach (Eurycotis flovidana)
This cockroach is restricted to a relatively small area
of the United States along the Gulf of Mexico from
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FIGURE 3.9 Brownbanded cockroach (Supella longipalpa), female.
(Courtesy of the University of Florida/IFAS)

Populations tend to occur in the nonfood areas of
homes, such as bedrooms, living rooms, and closets.
Male brownbanded cockroaches occasionally fly and
are attracted to lights. Members of this species seek
harborage higher within rooms than do German cock-
roaches. The ootheca is small, only 5mm long, with
an average of 18 embryos and an incubation time of
35—80days. Females deposit their oothecae by affix-
ing them to furniture, in closets, on or behind pic-
ture frames, and in bedding. Transporting S. longipalpa
with furniture to new locales is common. Although this
species occurs with other cockroaches in homes, the
German cockroach often outcompetes it within a few
months.

German cockroach (Blattella germanica)

This cockroach also is known as the szeamfly in Great
Britain. It is believed to have originated in northern or
eastern Africa, or Asia, and has spread from there via
commerce. The German cockroach is considered to be
the most important domestic pest species throughout
the developed world. Adults are about 16 mm long,
with two dark, longitudinal bands on the pronotum
(Fig. 3.10). It requires warm (optimally 30-33°C),
moist conditions near adequate food resources. It pri-
marily inhabits kitchens and pantries, with secondary
foci in bathrooms, bedrooms, and other living spaces in
heavily infested structures. Although this species is noc-
turnal, like most other cockroaches, some individuals
may be seen moving about on walls and in cupboards
during the daylight hours where infestations are heavy.
Their wing musculature is vestigial, making them un-
able to fly except for short, gliding, downward move-
ments. B. germanica does not readily move between
buildings; however, it does occur in garbage collec-
tion containers and outbuildings near heavily infested
structures.
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FIGURE 3.10 German cockroach (Blattelin germanica), female.
(Courtesy of the University of Florida/IFAS)

The German cockroach has a high reproductive poten-
tial. Females produce an ootheca (6—9 mm) containing
about 30 embryos within 7—10 days after molting to the
adult, or about 2—3 days after mating. The female car-
ries the egg case until a few hours before hatching of
the nymphs, preventing access of any oothecal parasitoids
or predators. Oothecae are produced at intervals of 20—
25 days, with a female producing 4—8 oothecae during
her lifetime. Nymphs complete their development in 7—
12 wecks.

This species is the main cockroach pest in most house-
holds and apartment complexes. Control is difficult, in
part because of their movement between apartments
through plumbing chases in shared or adjacent walls.
Researchers studying over 1,000 apartments in Florida
concluded that the median number of cockroaches per
apartment was >13,000. This high biotic potential
makes this species a major nuisance, as well as a pest with
implications for human health.

Asian cockroach (Blattella asabinai)

The Asian cockroach is closely related to the German
cockroach, from which it is difficult to distinguish mor-
phologically. In fact, Asian and German cockroaches
are capable of hybridizing and producing fertile off-
spring, which further complicates their identifications.
Techniques have been developed to differentiate these
two species and their hybrids based on cuticular hydro-
carbons in the waxy layer of the integument.

Despite their morphological similarity, B. asahinai dif-
fers from B. germanica in several aspects of its behav-
ior and ecology. It is both a feral and a peridomestic
species. Nymphs of the Asian cockroach commonly occur,
sometimes in large numbers, in leaf litter and in areas of
rich ground cover or well-maintained lawns. Unlike the
German cockroach, the adults fly readily and are most



active beginning at sunset, when they fly to light-colored
walls or brightly lit areas. This behavior can make invasion
a nightly occurrence in homes near heavily infested areas.
Flight does not occur when temperatures at sunset are
below 21°C.

Like those of the German cockroach, Asian cockroach
females carry their oothecae until shortly before they
are ready to hatch. The ootheca is similar in size and
contains the same number of embryos as does that of
the German cockroach (38—44). Nymphs are smaller
than their B. germanica counterparts and are somewhat
paler in appearance. Development from egg to adult re-
quires about 65 days, with females producing up to six
oothecae during their life span. Adults also are slightly
smaller than those of B. germanica (average of 13 vs
16 mm).

The Asian cockroach was first described in 1981 from
specimens collected in sugar-cane fields on the Japanese
island of Okinawa. When it was first discovered in the
United States in 1986, the Asian cockroach was found
only locally in three counties in Florida, from Tampa to
Lakeland; populations already had become established,
with densities as high as 250,000 per hectare. By 1993,
this species had spread to at least 30 Florida counties and
had infested citrus groves throughout the central part of
the state. It feeds on succulent early growth of citrus nurs-
ery stock, tassels of sweet corn, strawberries, cabbage,
tomatoes, and other agricultural products, although
there has been no evidence of significant economic
damage.

Infestations of apartments by B. asabinai have be-
come common in central Florida. This cockroach also
has become an increasing problem in warehouses, depart-
ment stores, hotels, fast-food establishments, automobile
dealerships, and other businesses with hours of operation
that extend beyond dusk.

Surinam cockroach (Pycnoscelus surinamensis)
This species is believed to have originated in the Indo-
Malayan region. It commonly occurs in the southeast-
ern United States from North Carolina to Texas. The
adults are fairly stout, 18—25 mm in length, with shiny
brown wings and a black body (Fig. 3.11). Nymphs
characteristically have shiny black anterior abdomi-
nal segments, whereas the posterior segments are dull
black and roughened. In North America this species is
unusual in that it is parthenogenetic, producing only
female offspring; elsewhere both males and females are
found. The ootheca is 12—15 mm long, is poorly scle-
rotized, and contains about 26 embryos. Oothecae are
retained inside the genital chamber, from which the
nymphs emerge in about 35 days. Females produce an
average of three oothecae and live about 10 months
in the laboratory. This cockroach commonly burrows
into compost piles and the thatch of lawns. Transfer
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FIGURE 3.11 Surinam cockroach (Pycnoscelus surinamensis). (Cour-
tesy of the University of Florida/IFAS)

of fresh mulch into the home for potting plants can
result in household infestations. Adult females fly and
are attracted to light. They are most likely to be noticed
by homeowners at night when they fly into brightly
lit television screens. This species commonly is trans-
ported in commercial mulch to more temperate areas
of the United States, where it has been known to infest
greenhouses, indoor plantings in shopping malls, and
Z0OS.

Cuban cockroach (Panchlora nivea)

This medium-sized cockroach (22—24 mm in length)
is unusual in that the adults are pale green. The nymphs
are dark brown and are found in leaf litter and decaying
wood piles. Adults are strong fliers and are attracted to
lights. Panchlora nivea is believed to be native to the
Caribbean basin, Mexico, Central America, and north-
ern South America. In the United States it occurs com-
monly in Florida and coastal Louisiana and Texas. This
cockroach often is seen in the evening, resting on win-
dows and glass patio doors, apparently drawn to the
brightness of indoor lighting.

PUBLIC HEALTH IMPORTANCE

Cockroaches infesting human dwellings and workplaces
represent a more intimate and chronic association than
do most other pests of medical /veterinary importance.
High populations of any cockroach species may adversely
affect human health in several ways. These include con-
tamination of food with their excrement, dissemination
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of pathogens, induced allergies, psychological stress, and
bites. Although documentation of bites is limited, there
are reports of cockroaches feeding on fingernails, eye-
lashes, skin calluses of hands and feet, and food residues
about the faces of sleeping humans, causing blisters and
small wounds (Roth and Willis 1957, 1960). There are
other accounts of bites around the mouths of infants in
heavily infested homes and even in hospitals. American
and Australian cockroaches are the most often implicated
species. Bites by the Oriental cockroach have resulted in
inflammation of the skin, degeneration of epithelial cells,
and subsequent necrosis of the involved tissues.

While many individuals develop a tolerance for cock-
roach infestations, others may experience psychological
stress. The level of stress tends to be proportional to the
size of the cockroaches and the magnitude of the infes-
tation. An aversion to cockroaches may be so strong that
some people become irrational in their behavior, imag-
ining a severe infestation even when there is none. This
illusion of abundant cockroaches has caused some families
to move out of their homes. High cockroach populations
also produce a characteristic odor that can be unpleasant
or even nauseating to some people. Foodstuffs may be-
come contaminated with the excrement of cockroaches,
which, on subsequent ingestion, may cause vomiting and
diarrhea.

The presence of cockroaches in homes does not
necessarily imply poor housekeeping. Peridomestic
species such as the American and the Oriental cockroach
commonly infest municipal sewage systems or septic
tanks and may move into homes through sewage lines.
Any of the Periplaneta species may develop high outdoor
populations, inducing individuals to seek less crowded
environments. At such times, they often enter homes
through attic vents, breaches in construction joints,
or through crawl spaces. This tends to occur in early
fall. While they are active at night the smokybrown
cockroach, Asian cockroach, and feral wood roaches
(Parcoblatta species) often find their way into even the
best-kept homes. Adults frequently alight on doors illu-
minated by entrance lights, or on window screens of
lighted rooms. Entrance is gained once the door is
opened or by squeezing past window-screen frames.

Poor housekeeping and unsanitary conditions con-
tribute significantly to cockroach infestations. The
German cockroach and, to a lesser degree, the brown-
banded cockroach are the principal bane of apartment
dwellers. Their survival is enhanced by crowded living
quarters, associated clutter, and the accumulated organic
debris associated with food preparation. Construction
practices used to build apartment complexes (e.g.,
common wiring ducts, sewage lines, and refuse areas)
can contribute to the spread of cockroaches in multiunit
dwellings.

FIGURE 3.12 Bacteria adhering to tarsus of German cockroach
( Blattella germanica). (From Gazivoda and Fish 1985)

PATHOGENIC AGENTS

The significance of cockroaches in public health remains
controversial despite the logical assumption that they play
a role in transmitting pathogenic agents. Given that cock-
roaches are so closely associated with humans and poor
sanitation, the potential for acquiring and mechanically
transmitting discase agents is very real. They are capa-
ble of transmitting microorganisms (Fig. 3.12) and other
disease agents indirectly by contaminating foods or food
preparation surfaces.

Table 11 lists pathogenic organisms that have been iso-
lated from cockroaches in domestic or peridomestic en-
vironments. At least 32 species of bacteria in 16 genera
are represented. These include such pathogens as Bacillus
subtilis, a causative agent of conjunctivitis; Escherichia coli
and 9 strains of Salmonelln, causative agents of diarrhea,
gastroenteritis, and food poisoning; Salmonella typhi, the
causative agent of typhoid; and 4 Proteus species, which
commonly infect wounds. These isolations primarily have
involved American, German, and Oriental cockroaches.
Cockroaches also have been found harboring the eggs of
7 helminth species, at least 17 fungal species, 3 protozoan
species, and 2 strains of poliomyelitic virus (Brenner ez al,.
1987; Koehler ¢t al., 1990, Brenner 1995). Researchers
in Costa Rica have shown that Australian, American, and
Madeira cockroaches become infected with the proto-
zoan Toxoplasma gondii after eating feces of infected cats.
This suggests the possibility of cockroach involvement in
the maintenance and dissemination of this parasite, which
causes toxoplasmosis in humans, cats, and other animals.

Although many pathogens have been recovered from
natural populations of cockroaches, this does not neces-
sarily mean that cockroaches serve as their vectors. Iso-
lation of pathogens from cockroaches simply may be



TABLE I
Bacteria Pathogenic to Humans That Have Been Isolated from Field-Collected Cockroaches

Pathogen Associated disease Cockroach species
Alcaligenes faecalis Gastroenteritis, secondary Blatta orientalss
infections, urinary tract infections Periplancta americana
Bacillus subtilis Conjunctivitis, food poisoning Blaberus craniifer,
Blatta orientalis,
P. americana
B. cereus Food posioning Blaberus craniifer
Campylobacter jejuni Enteritis Blatta orientalss,

Clostridium perfringens

C. novii

C. perfringens

Enterobacter aerogenes

Escherichin coli

Kiebsielln pneumoniae

Mycobacterium leprae

Nocardia spp.
Proteus morganis
P, rettgeri

P vulgaris

P. mivabilis

Psendomonas
aEruginosa

Salmonelln bredeny
S. newport

S. oranienbury

S. panama

S. paratyphi-B

S. pyogenes

S. typhi

S. typhimurium

S. bovis-morbificans
S. bareilly

Serratin marcescens

Shigelln dysenteriae

Staphylococcus anreus

Streptococcus fuecalis

Vibrio spp.

Yersinia pestis

Gas gangrene, food poisoning
Gas gangrene
Food posioning gas gangrene

Bacteremia

Diarrhea, wound infection

Pneumonia, urinary tract infections

Leprosy

Actinomycetoma
Wound infection
Wound infection

Wound infection

gastroenteritis, wound infection

Respiratory infections,
gastroenteritis

Food poisoning, gastroenteritis
Food poisoning, gastroenteritis
Food poisoning, gastroenteritis
Food poisoning, gastroenteritis
Food poisoning, gastroenteritis
Pneumonia

Typhoid

Food poisoning, gastroenteritis

Food poisoning, gastroenteritis
Food poisoning, gastroenteritis

Food poisoning

Dysentery

Wound infection, skin infection,
infection of internal organs
Pneumonia

Not applicable
Plague

P. americana
Cockroaches
B. orientalis
B. orientalis

Blattella germanica,
P. americana

Blatta orientalis,
Blatella gevmanica,
P, americana

Cockroaches

B. germanica,
P. americana,
P. australasine

P. americana
P americana
P americana

Blaberus craniifer,
Blatta orientalis,
P. americana

P. americana

Blaberus craniifer,
Blatta orientalis,
Blattella germanica,
P. amevicana

P, americana

P americana

P, americana

P americana

P americana
Blatta ovientalis
B. orientalis

Blattella germanica,
Nauphoeta cinevea

P. americana

P americana
Blatta ovientalis,
Blattella germanica,
P americana

B. germanica
Blaberus cvaniifer,
Blatta ovientalis,
Blattella germanica
Blatta ovientalis,
Blartelln germanica,
P. americana
Blata orvientalis

B. orientalis
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indicative of the natural microbial fauna and flora in
our domestic environment. Under certain circumstances,
however, cockroaches have the potential for serving as
secondary vectors of agents that normally are transmit-
ted by other means. Anecdotal accounts associating dis-
eases in humans with the occurrence of cockroaches
and microbes lend some credence to the hypothesis that
these pests can serve as vectors. Burgess (1982) reported
the isolation from German cockroaches of a serotype of
S. dysenterine that was responsible for an outbreak of
dysentery in Northern Ireland. Mackerras and Mackerras
(1948) isolated S. bovis-morbificans and S. typhimurium
from cockroaches captured in a hospital ward where gas-
troenteritis, attributed to the former organism, was com-
mon. In subsequent experimental studies, Salmonella or-
ganisms remained viable in the feces of cockroaches for as
long as 40 days postinfection (Mackerras and Mackerras
1949). Some of the most compelling circumstantial ev-
idence suggesting that cockroaches may be vectors was
noted in a correlation between cases of infectious hepatitis
and cockroach control at a housing project during 1956—
1962 in southern California (Tarshis 1962). The study
area involved more than 580 apartments and 2800 per-
sons; 95% of the apartments had German cockroaches and
a lesser infestation of brownbanded and Oriental cock-
roaches. After pest control measures were initiated, the
incidence of endemic infectious hepatitis decreased for
Iyear. When treatments were discontinued during the
following year because the insecticide was offensive to
apartment dwellers, the cockroach population increased,
accompanied by a corresponding increase in the incidence
of hepatitis. Effective control measures were applied for
the following 2 years, and cockroach populations and
cases of infectious hepatitis dropped dramatically while
hepatitis rates remained high in nearby housing projects
where no pest control measures were conducted.

INTERMEDIATE HOSTS

Cockroaches can serve as intermediate hosts for ani-
mal parasites (Table IIT). Roth and Willis (1960) pub-
lished an extensive list of biotic associations between
cockroaches and parasitic organisms that potentially in-
fest humans. The eggs of seven species of helminths
have been found naturally associated with cockroaches.
These include hookworms (Ancylostoma duodenale and
Necator americanus), giant human roundworm (Ascaris
lumbricoides), other Ascaris species, pinworm (Entero-
bius vermicularis), tapeworms ( Hymenolepis species), and
the whipworm Trichuris trichuria. Development of these
helminths in cockroaches has not been observed. These
relationships probably represent incidental associations
with the omnivorous feeding behavior of cockroaches.

However, cockroaches may serve as potential reservoirs
and possible vectors through mechanical transfer in ar-
eas where a high incidence of these pathogens in humans
is accompanied by substantial cockroach infestations.
Human infestations by spirurid nematodes associated with
cockroaches are known only for the cattle gullet worm
(Gongylonema pulchrum) in the United States, Europe,
Asia, and Africa and for the stomach worm Abbreviata cau-
casin in Africa, Israel, Colombia, and Chile. Human cases
involving these parasites are rare and cause no pathology.

COCKROACH ALLERGIES

It is only in recent years that the importance of cock-
roach allergies has been recognized. Allergic reactions re-
sult after initial sensitization to antigens following inhala-
tion, ingestion, dermal abrasion, or injection. Allergens
produced by cockroaches are rapidly being recognized as
one of the more significant indoor allergens of modern-
ized societies. Among asthmatics, about half are allergic
to cockroaches. This rate is exceeded only by allergies to
house-dust mites. Sensitivity to cockroaches also affects
about 10% of nonallergic individuals, suggesting a sub-
clinical level of allergy.

Symptoms exhibited by persons allergic to cockroaches
are similar to those described by Wirtz (1980), who re-
ported on occupational allergies in entomologists. They
include sneezing and a runny nose, skin reactions, and eye
irritation in about two-thirds of the cases. In the more
severe cases, individuals may experience difficulty breath-
ing or, even more alarming, anaphylactic shock following
exposure to cockroaches. Such allergic reactions can be
life-threatening (Brenner et al., 1991).

In recent vyears, research has focused on determining
the specific components of cockroaches that cause al-
lergy. Laboratory technicians exhibit strong allergies to
cast skins and excrement of German cockroaches, whereas
most patients seen at allergy clinics react primarily to cast
skins and whole-body extracts of German cockroaches.
Once an individual has become hypersensitized, he or she
may experience severe respiratory distress simply by enter-
ing a room where cockroaches are held.

Several proteins that can cause human allergies have
been identified in the German cockroach. Different ex-
posure histories are likely to result in allergies to dif-
ferent proteins. Cast skins, excrement, and partially
consumed food of cockroaches, in addition to living cock-
roaches, all produce allergenic proteins. Some are ex-
tremely persistent and can survive boiling water, ultravio-
let light, and harsh pH changes, remaining allergenically
potent for decades. Traditionally, whole-body extracts
have been used to screen for allergens in skin tests and
in bronchial challenges for diagnosing cockroach allergies
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TABLE III

Cockroaches as Intermediate Hosts of Parasites of Veterinary Importance

Phylum and Cockroach
parasite Scientific name Definitive host intermediate host

Acanthocephala

(thorny-headed worms)

Pentastomida
(tongue worms)

Nematoda
(round worms)
Esophageal and
gastrointestinal worm
Stomach worm

Esophagus worm
Gullet worm
Stomach worm
Eye worm

Eye worm
Esophageal worm

Esophageal worm
Roundworms

Stomach worm
Stomach worm

Stomach worm

Moniliformis moniliformis
M. dubius

Prosthenovchis elegans
P, spiruin

Raillietiella hemidnctyls

Abbreviata caucasica

Cyrnea colini

Gongylonema neoplasticum
G. pulchrum

Mastophorus muvis
Owyspivura mansoni

O. parvorum

Physaloptera rara

P praeputinlis
Protospirura bonnes
P. muricoln

Spirura rytiplenvites
Tetrameres americann

T. fissipina

Rat, mice, dog, cat
(primates)
Rat

Captive primates

Reptiles

Primates (humans)

Prairie chicken,
turkey, bobwhite,
quail

Rodents, rabbit

Cattle (humans)

Rodents, cat

Chicken, turkey

Chicken, turkey

Dog, cat, raccoon,
coyote, wolf, fox

Dog, cat, coyote, fox

Monkeys

Cat, rat

Chicken, bobwhite,
ruffed grouse

Ducks, geese
waterfowl (also

Oriental, German

American, Smokybrown,
German
German, Madiera, others

American

German

German, American

Oriental, American
German
American, Madiera
Surinam
Surinam
German

German
German, brownbanded

Oriental
German

Unspecified multiple
species

chicken, turkey,
pigeon, quail)

Note. Rare definitive hosts are listed in parentheses.

(Fig. 3.13). However, use of more specific antigens that
become aerosolized in cockroach-infested homes may be
more appropriate, as this is likely to be the sensitizing ma-
terial. Studies with laboratory colonies have shown that
a population of several thousand German cockroaches
produced several micrograms of acrosolized proteins in
48 hr. Consequently, the presence of cockroaches may
have profound respiratory implications for asthmatic oc-
cupants of infested structures. For a general discussion
on aerosolized arthropod allergens, see Solomon and
Mathews (1988).

Development of an allergy to one insect species
can result in broad cross-reactivity to other arthro-
pods, including shrimp, lobster, crab and crawfish, sow-
bugs (isopods), and house-dust mites. Chronic indoor

exposure to cockroach allergens, therefore, may have sig-
nificant and widespread effects on human health.

VETERINARY IMPORTANCE

Cockroaches serve as intermediate hosts for a number of
parasitic worms of animals (Table III). Most of these re-
lationships are of no economic importance. The majority
of the parasites are nematodes in the order Spirurida, all
members of which use arthropods as intermediate hosts.
Species infesting dogs and cats, among other hosts, at-
tach to the mucosa of the gastrointestinal tract, where
crosion of tissue may occur at the points of attachment.
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FIGURE 3.13  Apparatus for conducting allergen tests using cock-
roaches. (Courtesy of R. J. Brenner, USDA /ARS)

Although serious damage seldom occurs, anemia and
slow growth may result. Several cockroach-associated
nematodes occur in Europe and North America. The
esophageal worms Physaloptera rara and P. praeputialisare
the most widespread species in the United States. They
develop in the German cockroach, field crickets, and seve-
ral species of beetles.

Poultry also are parasitized by nematodes which un-
dergo development in cockroaches. The Surinam cock-
roach is the intermediate host for the poultry eye worms
Oxyspirura mansoni and O. parvorum. Both occur in
many parts of the world. In the United States, their distri-
bution is limited to Florida and Louisiana. The German
cockroach has been incriminated as the intermediate host
for chicken and turkey parasites, including the stomach
worms Tetvameres americana, T. fissispina, and Cyrnea
colins; C. colini also develops in the American cockroach.
C. colini apparently causes no significant damage to poul-
try, but Oxyspirura species can cause pathology ranging
from mild conjunctivitis to severe ophthalmia with seri-
ously impaired vision. 7. fissispina can cause severe dam-
age to the proventriculus of infested birds.

Several nematode parasites of rats and cattle utilize
cockroaches as intermediate hosts (Table III). These in-
clude G. neoplasticum and Mastophorus muris in rodents.
Both genera occur widely in the United States, where
they cause no known pathological problems. The gullet
worm of cattle, G. pulchrum, has been shown experimen-
tally to undergo development in the German cockroach,
although the usual arthropod hosts are coprophagous
beetles.

Exotic zoo animals also can become infested with par-
asitic nematodes for which cockroaches serve as possible

intermediate hosts. Protospirura bonnei and P. muricola,
for example, have been found in cockroaches collected
in cages of monkeys. In a case of ‘‘wasting disease”
in a colony of common marmosets, more than 50% of
German and brownbanded cockroaches captured in the
animal room in which they were housed contained the
coiled larvae of Trichospirnra leptostoma in muscle cells
(Beglinger et al., 1988).

Acanthocephalans (thorny-headed worms) commonly
infest primates in zoos and research facilities. Pros-
thenorchis elegans and P. spirula occur naturally in South
and Central America. Their natural intermediate hosts
are unknown. In captivity, primates become infected af-
ter eating any of several cockroach species in which the
intermediate stages of the parasite have completed devel-
opment. Heavily infested primates frequently die within a
tew days. The proboscis of acanthocephalan adults com-
monly penetrates the intestines of the primate host, caus-
ing secondary infections, perforation of the gut wall, and
peritonitis.

One pentastomid (tongue worm), Raillietielln bemi-
dactyli, develops in cockroaches and reptilian hosts. In
Singapore, infested geckos are a common occurrence in
houses where heavy infestations of R. hemidactyli larvae
have been found in American cockroaches. Remnants of
cockroaches are found commonly in the guts of these
lizards.

For additional information on the veterinary impor-
tance of cockroaches, see Chitwood and Chitwood
(1950), Roth and Willis (1957), Levine (1968), and
Noble and Noble (1976).

PREVENTION AND CONTROL

Traditionally, cockroaches have been controlled using a
variety of toxic chemicals applied as residual pesticides
to harborage sites or areas frequented by foraging indi-
viduals (see Ebling, 1975 and Rust ¢z. al., 1995). Most
materials are neurotoxins that disrupt the nervous sys-
tem, causing locomotory and respiratory failure. These
include organophosphates, carbamates, botanicals such
as pyrethrins, and pyrethroids. Formulations include
wettable powders, emulsifiable concentrates, crack-and-
crevice aerosols, dusts, and baits. Several other materi-
als with different modes of action also are currently in
use. When ingested, boric acid (delivered as a fine pow-
der or a dilute solution) damages the gut epithelium of
cockroaches and kills them by interfering with nutrient
absorption. Inorganic silica dust is absorptive, reducing
cuticular lipids and causing desiccation. Active ingredi-
ents with other modes of action, such as hydramethylnon
and sulfluramid, are metabolic inhibitors which disrupt
the conversion of food to energy.



The use of baits containing many of the active ingredi-
ents mentioned above have been used extensively to con-
trol cockroaches. These baits are used indoors in the form
of child-resistant bait stations to reduce human exposure.
Other bait formulations of gels or pastes are used in crack-
and-crevice treatments, making them inaccessible to chil-
dren and pets. Scatter baits are commonly used outdoors
to treat mulches and other landscaping materials that har-
bor cockroaches.

Insect growth regulators (IGRs) can be used to pre-
vent cockroaches from reaching maturity. Two commonly
used IGRs are juvenile hormone analogs and chitin syn-
thesis inhibitors. Juvenile hormone annlogs regulate mor-
phological maturation and reproductive processes. They
are highly specific to arthropods, have very low mam-
malian toxicity, and are effective at exceptionally low rates
of application. Such compounds include hydroprene and
fenoxycarb. Chitin synthesis inbibitors prevent normal for-
mation of chitin during molting. These compounds cause
many of the affected nymphs to die during the molting
process. Males that survive to the adult stage often have
reduced life expectancies, whereas females tend to abort
their oothecae.

Integrated pest management, which incorporates vari-
ous control techniques, has contributed significantly to
successful control of cockroaches. This approach uses
nontoxic agents, such as sticky traps, vacuum devices, di-
atomaceous carth, or silica-gel repellents and desiccants,
and manipulation of harborage sites to reduce or prevent
infestations. Desiccants and dusts should be used only in
geographic areas or situations with relatively low humid-
ity; high humidity causes these materials to clump and
lose their effectiveness. Building designs and construction
techniques can significantly influence cockroach survival.
By manipulating microclimates in discrete areas of struc-
tures frequented by cockroaches, homes and other build-
ings can be rendered less hospitable to pest species while
at the same time greatly reducing acrosolized allergens.
Nontoxic repellents can be used to deny access of cock-
roaches to specific areas.

Biological control of cockroaches has drawn increased
attention in recent years. Among the natural agents that
have been investigated are parasitic wasps, nematodes,
and sporulating fungi. Females of the eulophid wasp
Aprostocetus hagenowss and the evaniid wasp Comperia
mercets deposit their eggs in the oothecae of certain
peridomestic cockroaches. Major shortcomings in utiliz-
ing these wasps are difficulties involved in their mass pro-
duction and the fact that they do not completely elimi-
nate cockroach infestations. However, A. hagenowis has
been shown to reduce populations of the peridomestic
Periplaneta species following inundative or augmenta-
tive releases of this wasp. C. merceti parasitizes oothecae
of the brownbanded cockroach and is the only known

Cockroaches (Blattaria) 43

parasitoid of a domestic species. The use of parasitic ne-
matodes (e.g., Steinernema carpocapsae) and several fun-
gal pathogens that have been isolated from cockroaches
has not yet proved to be effective as a practical manage-
ment tool. Another drawback to their use is the allergenic
nature of several components of nematodes and many
sporulating fungi that can become airborne and, upon
inhalation, cause asthmatic responses in humans.

Models have been developed for predicting population
foci of peridomestic cockroaches based on physical char-
acteristics of residential properties (Smith ez al., 1995).
However, the use of such models is limited by the scope
of the data base used in its development and the complex-
ity of the model itself. The use of traps to detect foci of
cockroaches and the analysis of trap counts to determine
cockroach abundance and distributional patterns can be
helpful in assessing the extent of infestations and moni-
toring the effectiveness of control programs (Brenner and
Pierce 1991).
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Lice ave a menace to humans, pets, and livestock, not
only because of their blood-feeding or chewing habits,
but also because of their ability to transmit pathogens.
The human body louse has been indirectly responsible for
influencing human history through its ability to transmit
the causative agent of epidemic typhus. However, most of
the 3200 known species of lice are ectoparasites of wild
birds or mammals and have no known medical or veteri-
nary importance.

The order Phthiraptera is divided into two main
taxonomic groups: the Anoplura (sucking lice) and
Mallophaga (chewing or biting lice). All members of
the Anoplura are obligate, hematophagous ectopara-
sites of placental mammals, whereas the more diverse

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

Mallophaga include species that are obligate associates
of birds, marsupials, and placental mammals. Although
certain chewing lice imbibe blood, most species ingest
host feathers, fur, skin, or skin products. Because of
the different feeding strategies of the two groups, the
blood-feeding Anoplura are far more important than the
Mallophaga in transmitting pathogens to their hosts.

TAXONOMY

Major taxonomic syntheses for the sucking lice include a
series of eight volumes by Ferris (1919—1935) that re-
mains the most comprehensive treatment of this group
on a worldwide basis. Ferris (1951) updated much of his
earlier work in a shorter overview of the group. Kim ez al.
(1986) have compiled an authoritative manual and identi-
fication guide for the sucking lice of North America. Dur-
den and Musser (1994a) provide a taxonomic checklist
for the sucking lice of the world, with host records and
geographical distribution for each species.

The chewing lice are taxonomically less well known
than are the sucking lice, and few authoritative identifica-
tion guides are available. These include a synopsis of the
lice associated with laboratory animals (Kim ez 2/. 1973),
guides to the lice of domestic animals (Tuff 1977, Price
and Graham 1997), and an identification guide to the lice
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of sub-Saharan Africa (Ledger 1980). These publications
provide information on both sucking lice and chewing
lice. Checklists of the Mallophaga of the world (Hopkins
and Clay 1952) and of North America (Emerson 1972)
are useful taxonomic references for this group.

Because of the relatively high degree of host speci-
ficity exhibited by both chewing and sucking lice, several
host—parasite checklists have been prepared. These in-
clude a detailed list of both anopluran and mallophagan
lice associated with mammals (Hopkins 1949), a host—
parasite list for North American Mallophaga (Emerson
1972), a world host—parasite list for the chewing lice of
mammals (Emerson and Price 1981), and a host—parasite
checklist for the Anoplura of the world (Durden and
Musser 1994b).

About 550 species of sucking lice have been described
(Durden and Musser 1994a), all of which parasitize
placental mammals; these lice are currently assigned to
50 genera and 15 families. About 2650 valid species of
Mallophaga have been described; most of these are as-
sociated with birds, but about 400 (ca. 15%) parasitize
mammals. The Mallophaga can be divided into 3 subor-
ders (Table I), 11 families, and 205 genera.

The Mallophaga are divided into the following three
groups (suborders of most authors): Amblycera (seven
families, ca. 76 genera, and ca. 850 species), Ischnocera
(three families, ca. 130 genera, and ca. 1800 species),
and Rhyncophthirina (one family, 1 genus, and 3 species)
(Figs. 4.1 and 4.5). However, there has been disagree-
ment regarding the taxonomic rank of these three groups
and their relationships to the Anoplura. Many current
classifications treat the Phthiraptera as an order and assign
suborder (or superfamily) rank to each of the Anoplura,
Amblycera, Ischnocera, and Rhyncophthirina. Other clas-
sifications treat the Anoplura and Mallophaga as separate
orders. Unfortunately, recent phylogenetic analyses of lice
based on cladistic principles have produced contradictory
results and have failed to resolve this issue. Regardless of
current taxonomic interpretations, it is widely agreed that
both sucking and chewing lice originated from a common
nonparasitic ancestral group closely related to the order
Psocoptera (book lice and bark lice). These two groups
diverged in the late Jurassic or early Cretaceous Period,
100—150 million years ago.

Sucking lice of medical importance are assigned to two
families, the Pediculidae and Pthiridae, whereas sucking
lice of veterinary importance are assigned to five families:
the Haematopinidae, Hoplopleuridae, Linognathidae,
Pedicinidae, and Polyplacidae (Table II). Only one
species of chewing louse, the dog biting louse, in the
family Trichodectidae, has public health importance.
Mallophaga of veterinary significance are typically placed
in five families: the Boopiidae, Gyropidae, Menoponidace,
Philopteridae, and Trichodectidae (Table I).

TABLE I
Classification and Hosts of Chewing Lice (Mallophaga)
of Medical and Veterinary Importance

Louse Host

Suborder Amblycera

Family Boopiidae
Heterodoxus spiniger Dog, other

carnivores

Family Gyropidae
Slender guineapig louse, Gliricola poreelli Guinea pig
Oval guineapig louse, Gyropus ovalis Guinea pig

Family Menoponidae
Chicken body louse, Menacanthus stramineus Domestic fowl
Shaft louse, Menopon gallinae Domestic fowl
Goose body louse, Trinoton anserinum Goose
Large duck louse, T. guerquedulne Duck

Suborder Ischnocera
Family Philopteridae

Slender goose louse, Anaticola ansevis Goose
Slender duck louse, A. crassicornis Duck
Large turkey louse, Chelopistes meleagridis Turkey
Chicken head louse, Cuclotagaster heterographus Domestic fowl
Fluff louse, Goniocotes gallinae Domestic fowl
Brown chicken louse, Gontodes dissimilis Chicken
Large chicken louse, G. gigas Domestic fowl
Wing louse, Lipeurus caponis Domestic fowl

Slender turkey louse, Oxylipeurus polytrapezius ~ Turkey
Family Trichodectidae:
Cattle biting louse, Bovicola bovis Cattle
Goat biting louse, B. caprae Goat
Angora goat biting louse, B. crassipes Goat
Horse biting louse, B. equ: Horse
B. limbata Goat
Donkey biting louse, B. ocelinta Donkey
Sheep biting louse, B. ovis Sheep
Cat biting louse, Felicola subrostrata Cat
Dog biting louse, Trichodectes canis Dog, other
canids
Suborder Rhyncophthirina
Family Haematomyzidae:
Elephant louse, Haematomyzus elephantis Elephant

MORPHOLOGY

Lice are small (0.4—10 mm in the adult stage), wingless,
dorso-ventrally flattened insects. The elongate abdomen
possesses sclerotized dorsal, ventral, and /or lateral plates
in many lice (Fig. 4.2); these provide some rigidity to
the abdomen when it is distended by a blood meal or
other food source. In adult lice the abdomen has 11 seg-
ments and terminates in genitalia and associated sclero-
tized plates. In females, the genitalia are accompanied by
finger-like gomopods, which serve to guide, manipulate,
and glue eggs onto host hair or feathers. The abdomen is
adorned with numerous setae in most lice. Immature lice
closely resemble adults but are smaller, have fewer setae,



Lice (Phthiraptera) 47

AMBLYCERA

RHY NCHOPHTHIRINA

FIGURE4.1 Head and mouthparts of representatives of each of the four principal groups of lice.
(A) Ishnocera; (B) Anoplura; (C) Amblycera; (D) Rhynchopthirina. (A, from Price and Graham,

1997; B and D, from Ferris, 1931; C, from Bedford, 1932)

and lack genitalia. After each nymphal molt, the abdomen
is beset with progressively more setae, and the overall size
of the louse increases.

The male genitalia in lice (Fig. 4.3) are relatively large
and conspicuous, sometimes occupying almost half the
length of the abdomen. The terminal, extrusable, scle-
rotized pseudopenis (aedeagus) is supported anteriorly by
a basal apodeme. Laterally, it is bordered by a pair of chi-
tinized parameres. Two or four testes are connected to the
vas defevens, which coalesces posteriorly to form the vesi-
ceula seminalis. In the female, the vagina leads to a large
uterus, to which several ovarioles supporting eggs in vari-
ous stages of development are connected by the oviducts.
Two or more large accessory glands, which secrete mate-
rials to coat the eggs, and a single spermatheca, in which
sperm is stored, are situated posteriorly in the abdomen.
Except for the human body louse, all lice cement their
eggs, called 45, onto the hair or feathers of their host.
Eggs are usually subcylindrical, with rounded ends and
a terminal cap, the operculum (Fig. 4.4). On the top of
the operculum is a patch of holes or areas with thin cuti-
cle, called micropyles, through which the developing em-
bryo respires. Most of the egg is heavily chitinized, which
helps to protect the embryo from mechanical damage and
desiccation. A suture of thin cuticle encircles the base of

the operculum. At the time of hatching, the first-instar
nymph emerges from the egg by cracking this suture and
pushing off the operculum.

In chewing lice, the head is broader than the thorax
(Fig. 4.5). Amblyceran chewing lice have four-segmented
antennae and have retained the maxillary palps characteri-
stic of their psocopteran-like ancestor. However, ischno-
ceran chewing lice have three to five antennal segments
and lack maxillary palps. In the Amblycera, the antennae
are concealed in lateral grooves, whereas in the Ischno-
cera and Rhyncophthirina, the antennae are free from the
head (Figs. 4.1 and 4.5).

There is a gradation in the specialization of the mouth-
parts and of the internal skeleton of the head, or ten-
toriwm, from the psocopteran-like ancestor of the lice
through the Amblycera, Ischnocera, Rhyncophthirina,
and Anoplura. Although mallophagan lice all possess
chewing mouthparts (Fig. 4.6), the components and me-
chanics of these mouthparts differ for each group. In the
Amblycera, the opposable mandibles move in a vertical
plane, or perpendicular to the ventral surface of the head,
whereas in the Ischnocera they move more or less hori-
zontally. In contrast, the Rhyncophthirina possess tiny
mandibles that are situated at the tip of an elongated
rostrum (Figs. 4.1D and 4.5F). Through extreme
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TABLE II

Classification and Hosts of Sucking Lice (Anoplura)

of Medical and Veterinary Importance

Louse

Host

Family Echinophthiriidae
Echinophthivius horridus

Family Haematopinidae
Horse sucking louse, Haematopinus asini
Shortnosed cattle louse, H. eurysternus
Cattle tail louse, H. guadripertusus
Hog louse, H. suis
Buffalo louse, H. tuberculatus

Family Hoplopleuridae
Hoploplenra captiosa
Tropical rat louse, H. pacifica

Family Linognathidae
Linognathus africanus
Sheep face louse, L. ovillus
Sheep foot louse, L. pedalis
Dog sucking louse, L. sezosus

Goat sucking louse, L. stenopsis

Longnosed cattle louse, L. vituli

Little blue cattle louse, Solenopotes capillatus
Family Pedicinidae

Pedicinus spp.

Family Pediculidae
Head louse, Pediculus humanus capitis
Body louse, P. humanus humanus

Family Polyplacidae
Rabbit louse, Haemodipsus ventricosus
Mouse louse, Polyplax servata
Spined rat louse, P spinulosa

Family Pthiridae
Crab louse, Pthirus pubis

Harbor seals

Horse, donkey

Cattle

Cattle

Swine

Asiatic buffalo,
cattle

House mouse
Domestic rat

Goat, sheep
Sheep
Sheep

Dog, other

canids

Goat

Cattle
Cattle

Old World
primates

Human
Human

Domestic rabbit
House mouse
Domestic rat

Human

modifications, members of the chewing louse genus
Trochilocoetes (parasites of humming birds) have evolved
mouthparts that can function as sucking organs.

The thorax in chewing lice usually appears as two, and
occasionally three, segments. Chewing lice possess one or
two simple claws on each leg; species that parasitize highly
mobile hosts, especially birds, typically have two claws.

In sucking lice (Figs. 4.2 and 4.7) the head is slender
and narrower than the thorax. Anoplura have three- to
five-segmented antennae and lack maxillary palps. Eyes
are reduced or absent in most sucking lice but are well
developed in the medically important genera Pediculus
and Pthirus (Fig. 4.7A, B), and ocular points, or eyeless
projections posterior to the antennae, are characteristic of
sucking lice in the genus Haematopinus (Fig. 4.7E).

As indicated by their name, anopluran mouthparts
function as sucking devices during blood feeding

g - tarsus

Dorsal Ventral

FIGURE 4.2 A generalized sucking louse {Anoplura), showing dorsal
(left) and ventral (right) morphology. (From Ignoffo, 1959.)

(Fig. 4.8). At rest, the mouthparts are withdrawn into the
head and are protected by the snoutlike haustelium, rep-
resenting the highly modified /abrum. The haustellum is
armed with tiny recurved teeth which hook into the host
skin during feeding. The stylets, consisting of a serrated
labium, the bypopharynx, and two maxillae, then punc-
ture a small blood vessel (Fig. 4.8). The hypopharynx is a
hollow tube through which saliva (containing anticoagu-
lants and enzymes) is secreted. The maxillae oppose each
other and are curved to form a food canal through which
host blood is imbibed (Fig. 4.9).

In sucking lice, all three thoracic segments are fused
and appear as one segment. In most species, the legs
terminate in highly specialized claws for grasping the host

caecum esophagus

mycetome

vas deferens

0
Malpighian. -

lorus
tubules Py

vas deferens

vesicula

rectum seminalis

aedeagus

FIGURE 4.3 Internal abdominal anatomy of a male human body
louse ( Pediculns humanus bumanus). {From Ferris, 1951.)



FIGURE 4.4 Eggs (nits) of representative lice. (A) Chicken body
louse, Menacanthus straminens; (B) Oval guineapig louse, Gyropus
ovalis; (C) Pigeon louse, Columbicola columbae; (D) Cattle biting
louse, Bovicola bovis; (E) Elephant louse, Haematomyzus elephantis;
(F) Human head louse, Pediculus humanus capitis. (From Marshall,
1981).

pelage. These #ibio-tarsal claws consist of a curved tarsal
element which opposes a tibial spur (Fig. 4.10) to enclose
a space that typically corresponds to the diameter of the
host hair.

The internal anatomy of lice (Fig. 4.3) is best known
for the human body louse. As in most hematophagous
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insects, strong cibarial and esophageal muscles produce
a sucking action during blood feeding. The esophagus
leads to a spacious midgut composed primarily of the ven-
triculus. The posterior region of the midgut is narrow
and forms a connection between the ventriculus and the
hindgut. Ventrally, mycetomes containing symbiotic mi-
croorganisms connect to the ventriculus.

LIFE HISTORY

Lice are hemimetabolous insects. Following the egg stage,
there are three nymphal instars, the last of which molts
to an adult. Although there is wide variation between
species, the egg stage typically lasts for 4—15 days and
each nymphal instar for 3—8 days; adults live for up
to 35 days. Under optimal conditions many species of
lice can complete 10—12 generations per year, but this
is rarely achieved in nature. Host grooming, resistance,
molting and feather loss, hibernation, and hormonal
changes, as well as predators (especially insectivorous
birds on large ungulates), parasites and parasitoids, and
unfavorable weather conditions can reduce the number
of louse generations.

Fecundities for fertilized female lice vary from 0.2 to
10 eggs per day. Males are unknown in some partheno-
genetic species, whereas they typically constitute less than
5% of the adult population in the cattle biting louse and
less than 1% in the horse biting louse.

BEHAVIOR AND ECOLOGY

Blood from the host is essential for the successful develop-
ment and survival of all sucking lice. Anoplura are vessel
feeders, or solenophages, that imbibe blood through a hol-
low dorsal stylet derived from the hypopharynx (Fig. 4.9).
Contraction of powertful cibarial and pharyngeal muscles
create a sucking reaction for imbibing blood.

Chewing lice feed by the biting or scraping action of
the mandibles. Bird-infesting chewing lice typically use
their mandibles to sever small pieces of feather, which
drop onto the labrum and are then forced into the
mouth. Chewing lice which infest mammals use their
mandibles in a similar manner to feed on host fur. Many
chewing lice that infest birds and mammals can also feed
on other integumental products, such as skin debris and
secretions. Some species of chewing lice are obligate, or
more frequently facultative, hematophages. Even those
species of chewing lice that imbibe blood scrape the
host integument until it bleeds. The rhyncophthirinan
Haematomyzus elephantis, which parasitizes both African
and Asian elephants, feeds in this manner.
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FIGURE4.5 Chewing lice (Mallophaga) of veterinary importance, showing dorsal morphology
(left) and ventral morphology (right) in each case. Not drawn to scale. (A) Heterodoxus spiniger,
male, from carnivores; (B) Tricholipeurus parallelus, female, from New World deer; (C) Sheep-
biting louse (Bovicola bovis), female; (D) Dog-biting louse ( Trichodectes canis), female; (E) Cat-
biting louse (Felicola subrostrata), male; (F) Elephant louse (Haematomyzus elephantis), male.

(A-E, from Emerson and Price, 1975; F, from Werneck, 1950)
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FIGURE 4.6 Generalized mouthparts of an amblyceran chewing
louse (Mallophaga). (A) Ventral view of head; (B) labium and associ-
ated structures; (C) mandibles. (Drawn by Margo Duncan)

mandibles

Symbionts are thought to be present in all lice that im-
bibe blood. Symbionts in the mycetomes (Fig. 4.3) aid in
blood meal digestion, and lice deprived of them die after a
few days; female lice lacking symbionts also become ster-
ile. In female human body lice, some symbionts migrate
to the ovary, where they are transferred transovarially to
the next generation of lice.

Lice in general exhibit host specificity, some to such a
degree that they parasitize only one species of host. The
hog louse, slender guineapig louse, large turkey louse,
and several additional species listed in Tables I and II all
are typical parasites of a single host species.

Host specificity is broader in some lice. Some lice of
veterinary importance parasitize two or more closely re-
lated hosts. Examples include the three species which
parasitize domestic dogs: Linognathus setosus, Trichodectes
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FIGURE 4.7 Sucking lice (Anoplura) of medical and veterinary importance, showing dorsal mor-
phology (left) and ventral morphology (right) in each case. Not drawn to scale. (A) Human body
louse (Pediculus humanus humanus), female; (B) Human crab louse (Phthirus pubis), female; (C)
Flying squirrel louse (Neohaematopinus sciuvopteri), male; (D) Spined rat louse (Polyplax spinu-
losa), male; (E) Hog louse (Haematopinus suis), female; (F) Little blue cattle louse (Solenoptes
capillarus), male; (G) Dog sucking louse (Linggnathus setosus), male; {H) Longnosed cattle louse

(L. vituli), female. (From Ferris, 1923-1935.)
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FIGURE 4.8 Head region of a sucking louse (Anoplura) feeding on a
host, showing components of mouthparts and associated internal struc-
tures. (Original by Margo Duncan.)
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FIGURE 4.9 Cross-section through the mouthparts of a sucking
louse (Anoplura). (Original by Margo Duncan.)
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canis, and Heterodoxus spiniger. These lice also para-
sitize foxes, wolves, coyotes, and occasionally other car-
nivores. Similarly, the horse sucking louse ( Haematopi-
nus asini), parasitizes horses, donkeys, asses, mules, and
zebras, whereas L. afvicanus parasitizes both sheep and
goats. At least six species of chewing lice are found on
domestic fowl, all of them parasitizing chickens, but some
also feeding on turkeys, guinea fowl, pea fowl, or pheas-
ants (Table I). Lice found on atypical hosts are termed
stragylers.

Some sucking lice, such as the three taxa that para-
sitize humans, the sheep foot louse, and the sheep face
louse, are not only host specific, but also infest specific
body areas, from which they can spread in severe in-
festations. Many chewing lice, particularly species that
parasitize birds, also exhibit both host specificity and site
specificity; examples include several species that are found
on domestic fowl, and species confined to turkeys, geese,
and ducks (Table I). Lice inhabiting different body re-
gions on the same host typically have evolved morpho-
logical adaptations in response to specific attributes of
the host site. These include characteristics such as mor-
phological differences of the pelage, thickness of the skin,
availability of blood vessels, and grooming or preening ac-
tivities of the host. Site specificity in chewing lice is most
prevalent in the more sedentary, specialized Ischnocera
than in the mostly mobile, morphologically unspecial-
ized Amblycera. For example, on many bird hosts, round-
bodied ischnocerans with large heads and mandibles are
predominately found on the head and neck. Elongate

distotibial process

tarsal claw
tarsal apophysis &

foreleg

forms with narrow heads and small mandibles tend to in-
habit the wing feathers, whereas morphologically inter-
mediate forms occur on the back and other parts of the
body.

Some chewing lice inhabit highly specialized host
sites. These include members of the amblyceran genus
Piagetielln, which are found inside the oral pouches of
pelicans, and members of several amblyceran genera, in-
cluding Actornithophilus and Colpocephalum, which live
inside feather quills. Several bird species are parasitized
by 5 or more different species of site-specific chewing lice,
and up to 12 species may be found on the neotropical bird
Crypturellus soui (a tinamou).

Site specificity is less well documented for sucking lice.
However, domestic cattle may be parasitized by as many
as five anopluran species, each predominating on particu-
lar parts of the body. Similarly, some Old World squirrels
and rats can support up to six species of sucking lice.

Because of the importance of maintaining a permanent
or close association with the host, lice have evolved spe-
cialized bost-attachment mechanisms to resist grooming
activities of the host. The robust tibio-tarsal claws of suck-
ing lice (Fig. 4.10) are very important in securing them
to their hosts. Various arrangements of hooks and spines,
especially on the heads of lice that parasitize arboreal or
flying hosts, such as squirrels and birds, also aid in host
attachment. Mandibles are important attachment ap-
pendages in ischnoceran and rhyncophthirinan chewing
lice. In some species of Bovicola, a notch in the first anten-
nal segment encircles a host hair to facilitate attachment.

antenna

e

!
FIGURE 4.10  Tibio-tarsal claws and antenna of Linggnathus africanis (Anoplura): scanning
electron micrograph. (From Price and Graham,1997.)



A few lice even possess ctenidia (‘‘combs’) that are con-
vergently similar in morphology to those characteristic of
many fleas. They occur most notably among lice that par-
asitize coarse-furred, arboreal, or flying hosts. Addition-
ally, chewing lice that parasitize arboreal or flying hosts
often have larger, more robust claws than do their coun-
terparts that parasitize terrestrial hosts.

Because of their reliance on host availability, lice are
subjected to special problems with respect to their long-
term survival. All sucking lice are obligate blood-feeders;
even a few hours away from the host can prove fatal to
some species. Some chewing lice also are hematophages
and similarly cannot survive prolonged periods off the
host. However, many chewing lice, particularly those that
subsist on feathers, fur, or other skin products, can survive
for several days away from the host. For example, the cat-
tle biting louse can survive for up to 11 days (this species
will feed on host skin scrapings), and Menacanthusspp. of
poultry can survive for up to 3 days off the host. Off-host
survival is generally greater at low temperatures and high
humidities. At 26°C and 65% relative humidity (RH), 4%
of human body lice die within 24 hr, 20% within 40 hr,
and 84% within 48 hr. At 75% RH, a small proportion
of sheep foot lice survives for 17 days at 2°C, whereas
most die within 7 days at 22°C. Recently fed lice gen-
erally survive longer than unfed lice away from the host.
Although most lice are morphologically adapted for host
attachment and are disadvantaged when dislodged, the
generalist nature of some amblyceran chewing lice better
equips them for locating another host by crawling across
the substrate. Amblycerans are more likely than other lice
to be encountered away from the host, accounting for
observations of these lice on bird eggs or in unoccupied
nests and roosts.

Host grooming is an important cause of louse mortality.
Laboratory mice infested by the mouse louse, for exam-
ple, usually limit their louse populations to 10 or fewer in-
dividuals per mouse by regular grooming. Prevention of
self-grooming or mutual grooming by impaired preen-
ing action of the teeth or limbs of such mice can re-
sult in heavy infestations of more than 100 lice. Similarly,
impaired preening due to beak injuries in birds can re-
sult in tremendous increases of louse populations. Biting,
scratching, and licking also reduce louse populations on
several domestic animals.

Whereas most species of lice on small and medium-
sized mammals exhibit only minor seasonal differences
in population levels, some lice associated with larger
animals show clear seasonal trends. Some of these pop-
ulation changes have been attributed to host molting, fur
density and length, hormone levels in the blood meal, or
climatological factors such as intense summer heat, sun-
light, or desiccation. On domestic ungulates in temperate
regions, louse populations typically peak during the win-
ter or early spring and decline during the summer. An
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exception to this trend is the cattle tail louse, whose pop-
ulations peak during the summer.

Another important aspect of louse behavior is the mode
of transfer between hosts. Direct host contact appears to
be the primary mechanism for louse exchange. Transfer
of lice from an infested mother to her offspring during
suckling (in mammals) or during nest sharing (in birds
and mammals) is an important mode of transfer. Sev-
eral species of lice that parasitize livestock transfer dur-
ing suckling, including the sheep face louse and the sheep
biting louse, both of which move from infested ewes to
their lambs at this time. Lice can also transfer during other
forms of physical contact between hosts, such as mating
or fighting. Transfer of lice between hosts also can oc-
cur between hosts that are not in contact. The sheep foot
louse, for example, can survive for several days off the
host and reach a new host by crawling across pasture land.
Nests of birds and mammals can act as foci for louse trans-
fer, but these are infrequent sites of transfer.

Dispersal of some lice occurs via phoresy, in which
they temporarily attach to other arthropods and are
carried from one host to another (Fig. 4.11). During
phoresy, most lice attach to larger, more mobile blood-
feeding arthropods, usually a fly, such as a hippoboscid or
muscoid. Phoresy is particularly common among ischno-
ceran chewing lice. Movement of the mouthparts in a
horizontal plane better facilitates their attachment to a fly
than in the amblycerans, in which mouthparts move in a
vertical plane. Phoresy is rare among sucking lice. This is

FIGURE 4.11 Two ischnoceran chewing lice (Mallophaga) phoretic
on a hippoboscid fly, attached by their mandibles to the posterior ab-
domen. (From Rothschild and Clay, 1952).
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probably because attachment to the fly is achieved by the
less efficient mechanism of grasping with the tarsal claws.

Mating in lice occurs on the host. It is initiated by the
male pushing his body beneath that of the female and
curling the tip of his abdomen upward. In the human
body louse, the male and female assume a vertical ori-
entation along a hair shaft, with the female supporting
the weight of the male as he grasps her with his ante-
rior claws. Most lice appear to exhibit similar orientation
behavior during mating. Notable exceptions include the
crab louse of humans, in which both sexes continue to
clasp with their claws a host hair, rather than each other,
during mating; and the hog louse, in which the male
strokes the head of the female during copulation. Some
male ischnoceran chewing lice possess modified hook-
like antennal segments, with which they grasp the female
during copulation.

Oviposition behavior by female lice involves crawling to
the base of a host hair or feather and cementing one egg
at a time close to the skin surface. Two pairs of finger-
like gonopods direct the egg into a precise location and
orientation as a cement substance is secreted around the
egg and hair base. Optimal temperature requirements for
developing louse embryos inside eggs are very narrow,
usually within a fraction of a degree, such as may occur
on a precise area on the host body. For this reason, female
lice typically oviposit preferentially on an area of the host
that meets these requirements.

LICE OF MEDICAL INTEREST

Three taxa of sucking lice parasitize humans throughout
the world: the body louse, head louse, and crab louse (pubic
louse). All are specific ectoparasites of humans; rarely, dogs
or other companion animals may have temporary, self-
[imiting infestations.

Human head and body lice are closely related and can
interbreed to produce fertile offspring in the laboratory.
For this reason, they generally are recognized as sepa-
rate subspecies of Pediculus humanus, as in this chapter.
Nevertheless, they rarely interbreed in nature, which has
prompted some epidemiologists to treat them as sepa-
rate species, P. humanus (body louse) and P. capitis (head
louse).

Human body louse (Pediculus humanus humanus)
The human body louse (Figs. 4.7A and 4.12) or cootie
was once an almost ubiquitous companion of humans.
Today it is less common, especially in developed na-
tions. Body lice persist as a significant problem in less
developed nations in parts of Africa, Asia, and Central
and South America. This is significant because P.4.
bhumanus is the only louse of humans that is known

i

FIGURE 4.12 Human body lice { Pediculus humanus humanus) feed-
ing on a human. (Courtesy of Elton J. Hansens.)

to naturally transmit pathogens. The large-scale reduc-
tion in body louse infestations worldwide has led to
a concomitant decrease in the prevalence of human
louse-borne diseases. However, situations that result in
human overcrowding and unsanitary conditions (¢.g.,
wars, famines, and natural disasters) can lead to a resur-
gence of body louse infestations, often accompanied by
one or more louse-borne diseases.

Adult human body lice (Figs. 4.7A and 4.12) are
2.3—3.6 mm long. Under optimal conditions their
populations can multiply dramatically if unchecked;
e.g., if clothes of infested individuals are not changed
and washed in hot water at regular intervals. In un-
usually severe infestations, populations of more than
30,000 body lice on one person have been recorded.
Body lice typically infest articles of clothing and crawl
onto the body only to feed. Females lay an average of
four or five eggs per day, and these typically hatch af-
ter 8 days. Unique among lice, females oviposit not on
hair, but on clothing (Fig. 4.13), especially along seams

FIGURE 4.13 Eggs of the human body louse ( Pediculus humanus hu-
manus) attached to clothing. (Courtesy of Elton J. Hansens.)



and creases. Each nymphal instar lasts for 3—5 days, and
adults can live for up to 30 days.

Biting by body lice often causes intense irritation,
with each bite site typically developing into a small
red papule with a tiny central clot. The bites usu-
ally itch for several days but occasionally for a week
or more. Persons exposed to numerous bites over
long periods often become desensitized and show lit-
tle or no reaction to subsequent bites. Persons with
chronic body louse infestations may develop a general-
ized skin thickening and discoloration called Vagabond
disease or Hobo disease, names depicting a lifestyle
that can promote infestation by body lice. Several ad-
ditional symptoms may accompany chronic infesta-
tions. These include lymphadenopathy (swollen lymph
nodes), edema, increased body temperature often
accompanied by fever, a diffuse rash, headache, joint
pain, and muscle stiffness.

Some people develop allergies to body lice. Occa-
sionally, patients experience a generalized dermatitis in
response to one bite or small numbers of bites. A form
of asthmatic bronchitis has similarly been recorded in
response to allergy to louse infestations. Secondary in-
fections such as impetigo or blood poisoning can also
result from body louse infestations.

Body lice tend to leave persons with elevated body
temperatures and may crawl across the substrate to in-
fest a nearby person. This has epidemiological signifi-
cance because high body temperatures of lousy persons
often result from fever caused by infection with louse-
borne pathogens.

Human head louse (Pediculus humanus capitis)

The human head louse is virtually indistinguishable
from the human body louse on the basis of morpho-
logical characters and its life cycle. Unless a series of
specimens is available for analysis it is often impossible
to separate the two subspecies. Generally, adult head
lice are slightly smaller (2.1—3.3 mm in length) than
body lice.

As indicated by their name, human head lice typically
infest the scalp and head region, rather than other areas
of the body infested by body lice. Females attach their
eggs to the base of individual hairs. As the hair grows,
the eggs become further displaced from the scalp. An
indication of how long a patient has been infested can
be gleaned by measuring the farthest distance of eggs
from the scalp and comparing this to the growth rate
of hair.

Today, head lice are far more frequently encoun-
tered than body lice, especially in developed countries.
Transmission occurs by person-to-person contact and
via shared objects such as combs, brushes, headphones,
and caps. School-age children are at high risk because
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they are often more likely to share such items. Some
school districts in the United States and Britain have
infestation prevalences approaching 50% in students.
It has been estimated that 6—12 million people, prin-
cipally children, are infested with head lice annually in
the United States. Some ethnic groups, such as persons
of African origin, have coarser head hairs and are less
prone to head louse infestations. The reason for this is
simply that the tibio-tarsal claws of these lice cannot ef-
ficiently grip the thicker hairs.

Although head lice are not known to transmit
pathogens, heavy infestations can cause severe irrita-
tion. As is the case with human body lice, the resultant
scratching often leads to secondary infections such as
impetigo, pyoderma, or blood poisoning. Severe head
louse infestations occasionally result in the formation of
scabby crusts beneath which the lice tend to aggregate.
Enlarged lymph nodes in the neck region may accom-
pany such infestations.

Human crab louse (Pthivus pubis)

The crab louse, or pubic louse, is a medium-sized (1.1—
1.8 mm long), squat louse (Fig. 4.7B), with robust
tibio-tarsal claws used for grasping thick hairs, espe-
cially those in the pubic region. It also may infest coarse
hairs on other parts of the body, such as the eyebrows,
eyelashes, chest hairs, beards, moustaches, and armpits.
This louse typically transfers between human partners
during sexual intercourse and other intimate contact; in
France, crab lice are described as ““papillons d’amour”
(butterflies of love). Transfer via infested bed linen or
toilet seats can also occur. This is uncommon, however,
because crab lice can survive for only a few hours off
the host.

Female crab lice lay an average of three eggs per
day. Eggs hatch after 7—8 days; the three nymphal
instars together last for 13—17 days. Under optimal
conditions the generation time is 20—25 days. The in-
tense itching caused by these lice is often accompa-
nied by purplish lesions at bite sites and by small blood
spots from squashed lice or louse feces on underwear.
Crab lice are widely distributed and relatively common
throughout the world. They are not known to trans-
mit any pathogens. One epidemiological study, how-
ever, revealed a positive relationship between infection
with hepatitis B virus and crab louse infestation.

LICE OF VETERINARY INTEREST

A wide variety of lice infests domestic, livestock, and
laboratory animals (Tables I and II). Many hosts,
particularly small rodents, often support few if any lice,
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whereas large hosts such as livestock animals, including
poultry, may be parasitized by very large numbers of lice.
For example, fewer than 10 mouse lice (Polyplax servate)
on a house mouse are a typical burden, but more than a
million lice may be present on extremely heavily infested
sheep, cattle, horses, or other large animals.

LICE OF CATTLE

Lice are a major problem in cattle operations world-
wide. Domestic cattle are parasitized by six species of lice:
three species of Haematopinus, one of Linognathus, one
of Solenopotes, and one of Bovicola. Domestic Asiatic buf-
falo are typically parasitized by H. tuberculatus (Tables 1
and II).

Females of the cosmopolitan cattle biting louse
( Bovicoln bovis) lay an average of 0.7 eggs per day, which
hatch 7—10 days later. Each nymphal instar lasts 5—-6
days, and adult longevity can be as long as 10 weeks. Pre-
ferred host sites for this louse are the base of the tail, the
shoulders, and the top line of the back, but lice may also
populate the pollard in severe infestations.

The longnosed cattle louse (L. vituli) (Fig. 4.7H) also
is a worldwide pest. Females deposit about one egg per
day, and the life cycle is completed in about 21 days. This
louse is most common on calves and dairy stock; it rarely
occurs in large numbers on mature cattle. Preferred infes-
tation sites are the dewlap and shoulders; declining spring
populations are often confined to the shoulders.

The little blue cattle louse (Solenopotes capillatus)
(Fig. 4.7F) also has a worldwide distribution. Females lay
one or two eggs per day; oviposition typically causes the
hairs on which eggs are laid to bend. Eggs hatch after
about 10 days, and adulthood is reached about 11 days
later. Clusters of S. capillatus typically occur on the muz-
zle, dewlap, and neck of mature cattle. Aggregations of
this louse may surround the eyes in severely infested ani-
mals, giving a spectacled appearance to the host.

The cosmopolitan shortnosed cattle louse (H. enryster-
nus) is the largest louse found on North American cattle;
adults measure 3.5—4.7 mm in length. Females lay one
to four eggs per day for about 2 weeks, nymphs reach
adulthood in about 14 days, and adult longevity is 10—15
days. This louse is more common on mature cattle than
on young animals. Preferred infestation sites are the top
of the neck, the dewlap, and brisket. However, in severe
infestations, the entire region from the base of the horns
to the base of the tail can be infested. In North America,
H. eurysternus is most prevalent in the Great Plains and
Rocky Mountain regions.

The cattle tail louse (H. quadripertusus) parasitizes cat-
tle in the warmer regions of the world. It was inadver-
tently introduced into the United States, where it now
occurs in the Gulf Coast states. Females of this louse

oviposit on the tail hairs, which become matted with
eggs in severc infestations. Infested tail heads may be
shed under these circumstances. Eggs hatch after 9-25
days, depending on the season. Under optimal condi-
tions, the entire life cycle can be as short as 25 days.
Nymphs migrate over the host body surface, but adults
are typically confined to the tail head. Unlike other cat-
tle lice, H. quadripertusus is most abundant during the
summer.

Except for H. quadripertusus, cattle lice increase in
numbers during the winter and early spring in temper-
ate regions. During summer, lice persist on 1-2% of the
members of a herd; these chronically infested animals
typically reinfest other herd members during the winter.
Bulls and older cows often serve as reservoirs of lice. Bulls
have longer, thicker hair and massive shoulders and neck
that compromise self-grooming. During summer, a small
number of lice can survive on the cooler ear tips, where
lethal temperatures are rarely reached.

LICE OF OTHER LIVESTOCK ANIMALS

Horses, donkeys, hogs, goats, and sheep are parasitized
by one or more species of louse (Tables I and II). Ex-
cept for hogs, all of these animals are parasitized by both
sucking lice and chewing lice. The horse biting louse
(B. equi) is the most important louse of equids world-
wide. Females of this louse oviposit on fine hairs, avoid-
ing the coarse hairs of the mane and tail. This louse
typically infests the side of the neck, the flanks, and tail
base but can infest most of the body (except the mane,
tail, ears, and lower legs) in severe infestations. Long-
haired horse breeds are more prone to infestation by
B. equa.

Domestic swine are parasitized by the bog louse ( H. suis)
(Fig. 4.7E). This is a large species in which adult females
measure ca. 5 mm in length. Hog lice usually frequent
skin folds of the head (especially the ears), neck, shoul-
ders, and flanks of swine. Female hog lice lay an average
of 3.6 eggs per day. These are deposited singly on hairs
along the lower parts of the body, in skin folds on the
neck, and on and in the cars. Eggs typically hatch 13—15
days later; cach nymphal instar lasts 4—6 days. Adult hog
louse longevity can be up to 40 days, and 6—15 genera-
tions can be completed per year, depending on environ-
mental conditions.

Domestic sheep and goats are parasitized by several
species of sucking lice and chewing lice (Tables I and II).
One of these, L. afvicanus, parasitizes both hosts. Lice of
sheep and goats, especially chewing lice, are economically
important wherever these livestock animals are farmed,
but especially in Australia, New Zealand, and the United
States. Females of the sheep biting louse (B. ovis) lay one
or two eggs per day and can live for up to 30 days; each



nymphal instar lasts 5—9 days. B. ovis mainly infests the
back and upper parts of the body but may populate the
entire body in severe infestations. This louse causes in-
tense irritation, and infested sheep typically rub against
fences and trees, tearing the fleece and greatly reducing
its value. Sucking louse infestations of sheep rarely cause
major economic problems.

LICE OF CATS AND DOGS

Domestic cats are parasitized by one species of chew-
ing louse, whereas dogs are parasitized by two species of
chewing lice and one species of sucking louse. All four
species seem to be distributed worldwide, but none is
a common associate of healthy cats or dogs in North
America.

The car biting louse ( Felicola subvostrata) (Fig. 4.5E)
parasitizes both domestic and wild cats. It may occur al-
most anywhere on the body.

Both the dog biting louse (T. canis) (Fig. 4.5D) and the
dog sucking louse (L. setosus) (Fig. 4.7G) parasitize dogs
and closely related wild canids. For example, T. canisalso
parasitizes coyotes, foxes, and wolves. A second species of
chewing louse of dogs is Heterodoxus spiniger (Fig. 4.5A),
which evolved in Australasia from marsupial-infesting lice
and apparently switched to dingo hosts. It now para-
sitizes various canids and other carnivores throughout the
world. T. canis usually infests the head, neck, and tail re-
gion of dogs, where it attaches to the base of a hair using
its claws or mandibles. L. setosus occurs primarily on the
head and neck and may be especially common beneath
collars. H. spiniger can typically be found anywhere on its
host.

LICE OF LABORATORY ANIMALS

The principal species of lice that parasitize laboratory
mammals have been described by Kim ez al. (1973).
These lice also parasitize feral populations of their respec-
tive hosts.

The house mouse (Mus musculus) is often parasitized
by the mouse louse (P. serrara). Populations of this louse
are typically low, with 10 or fewer lice per infested mouse,
unless self-grooming or mutual host grooming is com-
promised. Eggs of this louse typically hatch 7 days after
oviposition. Together the three nymphal instars last only
6 days under optimal conditions, which can result in a
generation time as short as 13 days.

Domestic rats are often parasitized by the spined rat
louse (P. spinulosa) (Fig. 4.7D) and the tropical vat louse
(Hoplopleura pacifica). Common hosts include the black
rat (Rattus vattus) and the Norway rat (R. norvegicus).
The spined rat louse parasitizes these hosts throughout
the world, whereas the tropical rat louse is confined to
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tropical, subtropical, or warm temperate regions, includ-
ing the southern United States.

Laboratory rabbits are parasitized by the rabbit
louse ( Haemodipsus ventricosis). This louse originated in
Europe but has accompanied its host and been intro-
duced throughout the world.

LICE OF POULTRY AND OTHER BIRDS

At least nine species of chewing lice commonly infest
poultry (Table I) in various parts of the world. Individual
birds can be parasitized by multiple species, each of which
often occupies a preferred host site.

The chicken body louse (Menacanthus stramineus)
(Fig. 4.14) is the most common and destructive louse of
domestic chickens. It has a worldwide distribution and of-
ten reaches pest proportions. Adults measure 3—3.5 mm
in length. Females lay one or two eggs per day, cementing
them in clusters at the bases of feathers, especially around
the vent. Eggs typically hatch after 4—5 days. Each
nymphal instar lasts about 3 days, and the generation time
typically is 13—14 days. These lice are most abundant on
the sparsely feathered vent, breast, and thigh regions.

Several other chewing lice are pests of poultry more or
less throughout the world (Table I). Adults of the shaft
louse (Menopon gallinae) measure ca. 2 mm in length,
and females deposit eggs singly at the base of the shaft
on thigh and breast feathers. Eggs of the wing louse
(Lipeurus caponis) hatch 4—7 days after the female has ce-
mented them to the base of a feather. Nymphal stages of
this species each last 5—18 days; generation time typically
is 18—27 days, and females can live up to 36 days. Females
of the chicken head louse (Cuclutogaster heterographus) at-
tach their eggs to the bases of downy feathers. Eggs hatch
after 5—7 days, each nymphal instar lasts 6—14 days, and
average generation time is 35 days.

o

FIGURE 4.14 Chicken body lice (Menacanthus stramineusy on a
chicken. (Courtesy of Nancy C. Hinkle.)
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Poultry lice typically transfer to new birds by direct
host contact. However, because most species can survive
for several hours or days off the host, they also can in-
fest new hosts during transportation in inadequately dis-
infected cages or vehicles.

PUBLIC HEALTH IMPORTANCE

Three important pathogens are transmitted to humans by
body lice. These are the agents of epidemic typhus, trench
fever, and louse-borne velapsing fever. Today, the pre-
valence and importance of all three of these louse-borne
diseases are low compared to times when human body lice
were an integral part of human life. However, trench fever
has emerged as an opportunistic disease of immunocom-
promised individuals, including persons who are positive
for human immunodeficiency virus (HIV).

ErIiDEMIC TYPHUS

Epidemic typhus is a rickettsial disease caused by infec-
tion with Rickettsia prowazekii. It is also known as louse-
borne fever, jail fevey, and exanthematic typhus. The dis-
ease persists in several parts of the world, most notably in
Burundi, Democratic Republic of Congo, Ethiopia,
Nigeria, Rwanda, and areas of northeastern and central
Africa, Russia, Central and South America, and north-
ern China. Epidemic typhus is largely a disease of cool
climates, including higher elevations in the tropics. It
thrives in conditions of widespread body louse infesta-
tions, overcrowding, and poor sanitary conditions. Epi-
demic typhus apparently was absent from the New World
until the 1500s, when the Spanish introduced the disease.
One resulting epidemic in 1576—1577 killed 2 million
Indians in the Mexican highlands alone.

The vector of R. prowazekii is the human body louse.
Lice become infected when they feed on a person with
circulating R. prowazekii in the blood. Infective rick-
ettsiae invade cells that line the louse gut and multiply
there, eventually causing the cells to rupture. Liberated
rickettsiae either reinvade gut cells or are voided in the
louse feces. Other louse tissues typically do not become
infected. Because salivary glands and ovaries are not in-
vaded, anterior-station and transovarial transmission do
not occur. Infection of susceptible humans occurs via
louse feces (posterior-station transmission) when infec-
tious rickettsiac are scratched into the skin in response
to louse bites. R. prowazekii can remain viable in dried
louse feces for 60 days. Infection by inhalation of dried
louse feces or by crushed lice are less frequent means of
contracting the disease.

Transmission of R. prowazekii by body lice was first
demonstrated by Charles Nicolle, working at the Institut
Pasteur in Tunis in 1909. During these studies, Nicolle
accidentally became infected with epidemic typhus, from
which he fortunately recovered. He was awarded the
Nobel prize in 1928 for his groundbreaking work on
typhus. Several other typhus workers also were infected
with R. prowazckii during laboratory experiments. The
American researcher Howard T. Ricketts, working in
Mexico, and Czech scientist Stanislaus von Prowazek,
working in Europe, both died from their infections and
were recognized posthumously when the etiologic agent
was named.

Infection with R. prowazekii is ultimately fatal to body
lice as progressively more and more infected gut cells are
ruptured. Infective rickettsiac are first excreted in louse
feces 3—5 days after the infective blood meal. Lice usually
succumb to infection 7—14 days after the infectious blood
meal, although some may survive to 20 days.

The disease caused by infection with R. prowaszekii
and transmitted by body lice is called classic epidemic
typhus because it was the first form of the disease to
be recognized. Disease onset occurs relatively soon af-
ter infection by a body louse in classic epidemic typhus.
Symptoms generally appear after an incubation period of
10—14 days. Abrupt onset of fever, accompanied by
malaise, muscle and head aches, cough, and general weak-
ness, usually occurs at this time. A blotchy rash spreads
from the abdomen to the chest and then often across most
of the body, typically within 4—7 days following the initial
symptoms. The rash rarely spreads to the face, palms, and
soles, and then only in severe cases. Headache, rash, pros-
tration, and delirium intensify as the infection progresses.
Coma and very low blood pressure often signal fatal
cases. A case fatality rate of 10—20% is characteristic of
most untreated epidemics, although figures approaching
50% have been recorded. Diagnosis of epidemic typhus
involves the demonstration of positive serology, usually
by microimmunofluorescence. DNA primers specific to
R. prownzekii can also be amplified by polymerase chain
reaction from infected persons or lice. One-time anti-
break biotic treatment, especially with doxycycline, tetra-
cycline, or chloramphenicol, usually results in rapid and
complete recovery. Vaccines are available but are not
considered to be sufficiently effective for widespread
use.

Persons that recover from epidemic typhus typically
harbor R. prowazekii in lymph nodes or other tissues for
months or years. This enables the pathogen to again in-
vade other body tissues to cause disease seemingly at any
time. This form of the disease is called recrudescent typhus
or Brill—Zinsser disease. The latter name recognizes two
pioneers in the study of epidemic typhus: Nathan Brill,
who first recognized and described recrudescent typhus



in 1910, and Hans Zinsser, who demonstrated in 1934
that it is a form of epidemic typhus. Zinsser’s (1935)
book Rats, Lice, and History is a pioneering account of
the study of epidemic typhus in general.

Recrudescent typhus was widespread during the 19th
and early 20th centuries in some of the larger cities
along the east coast of the United States (e.g., Boston,
New York, and Philadelphia). At that time, immigrants
from regions that were rampant with epidemic typhus,
such as eastern Europe, presented with Brill—Zinsser dis-
ease after being infected initially in their country of ori-
gin. Some of these patients experienced relapses more
than 30 years after their initial exposure, with no overt
signs of infection with R. prowazekii between the two
disease episodes. Because infestation with body lice was
still a relatively common occurrence during that period,
the lice further disseminated the infection to other hu-
mans, causing local outbreaks. The last outbreak of epi-
demic typhus in North America occurred in Philadelphia
in 1877. Today, even recrudescent typhus is a rare occur-
rence in North America. However, this form of typhus is
still common in parts of Africa, Asia, South America, and,
occasionally, in eastern Europe.

The southern flying squirvel (Glancomys volans) has
been identified as a reservoir of R. prowazekii in the
United States, where it has been found to be infected
in Virginia during vertebrate serosurveys for Rocky
Mountain spotted fever. Since the initial isolations from
flying squirrels in 1963, R. prowazekii has been recorded
in flying squirrels and their ectoparasites in several states,
especially eastern and southern states. Peak seropreva-
lence (about 90%) in the squirrels occurs during late
autumn and winter, when fleas and sucking lice are also
most abundant on these hosts. Although several ectopar-
asites can imbibe R. prowazekii when feeding on infected
flying squirrels, only the sucking louse Neobaematopinus
sciuropteri (Fig. 4.7C) is known to maintain the infection
and transmit the pathogen to uninfected squirrels.

Several cases of human infection have been docu-
mented in which the patients recalled having contact with
flying squirrels, especially during the winter months when
these rodents commonly occupy attics of houses. To dis-
tinguish this form of the discase from classic and recrude-
scent typhus, it is called sporadic epidemic typhus or syi-
vatic epidemic typhus. Many details, such as the prevalence
and mode of human infection, remain unresolved. Be-
cause the louse N. sciuropteri does not feed on humans,
it is speculated that human disease occurs when infec-
tious, aerosolized particles of infected louse feces are in-
haled from attics or other sites occupied by infected flying
squirrels.

Except for flying squirrels in North America, hu-
mans are the only proven reservoirs of R. prowazeki.
Widespread reports published in the 1950s to 1970s that
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various species of ticks and livestock animals harbored
R. prowazekii have since been disproved.

Historically, epidemic typhus has been the most
widespread and devastating of the louse-borne diseases.
Zinsser (1935) and Snyder (1966) have documented the
history of this disease and highlighted how major epi-
demics have influenced human history. For example, the
great outbreak of disease at Athens in 430 BC, which sig-
nificantly influenced the course of Greek history, appears
to have been caused by epidemic typhus. Napoleon’s vast
army of 1812 was defeated more by epidemic typhus than
by opposing Russian forces. Soon thereafter (ca. 1816—
1819), 700,000 cases of epidemic typhus occurred in
Ireland. Combined with the potato famine of that pe-
riod, this encouraged many people to emigrate to North
America; some of these people carried infected lice
or latent infections with them. During World War II,
several military operations in North Africa and the
Mediterranean region were hampered by outbreaks of
epidemic typhus. One epidemic in Naples in 1943 re-
sulted in over 1400 cases and 200 deaths. This out-
break is particularly noteworthy because it was the first
epidemic of the disease to be interrupted by human
intervention through widespread application of the insec-
ticide dichlorodiphenyltrichloroethane (DDT) to louse-
infested persons.

Today, epidemic typhus is much less of a health threat
than it once was. This is largely because few people, es-
pecially in developed countries, are currently infested by
body lice. Higher sanitary standards, less overcrowding,
regular laundering and frequent changes of clothes, ef-
fective pesticides, and medical advances have contributed
to the demise of this disease. Nevertheless, epidemic ty-
phus has the potential to re-emerge. This is evidenced
by the largest outbreak of epidemic typhus since World
War II that affected about half a million people living in
refugee camps in Burundi in 1997-1998. Similarly, more
than 5600 cases were recorded in China during 1999.
Additional information about epidemic typhus is pro-
vided by the Pan American Health Organization/World
Health Organization (1973), McDade (1987), and Azad
(1988).

LousiE-BORNE RELAPSING FEVER

Also known as epidemic relapsing fever, this disease is
caused by the spirochete bacterium Borrelia recurventis.
This pathogen is transmitted to humans by the human
body louse, as first demonstrated by Sergent and Foley
in 1910. Clinical symptoms include the sudden onset of
fever, headache, muscle ache, anorexia, dizziness, nausea,
coughing, and vomiting. Thrombocytopenia (a decrease
in blood platelets) also can occur and cause bleeding,
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which may initially be confused for a symptom of a hem-
orrhagic fever. Episodes of fever last 2—12 days (average,
4 days), typically followed by periods of 2—8 days (aver-
age, 4 days) without fever, with two to five relapses be-
ing usual. As the disease progresses, the liver and spleen
enlarge rapidly, leading to abdominal discomfort and la-
bored, painful breathing as the lungs and diaphragm are
compressed. At this stage, most patients remain quietly
prostrate with a glazed expression, often shivering and
taking shallow breaths. Mortality rates for untreated out-
breaks range from 5 to 40%. Antibiotic treatment is with
penicillin or tetracycline. Humans are the sole known
reservoir of B. recurrentis.

Body lice become infected when they feed on an in-
fected person with circulating spirochetes. Most of the
spirochetes perish when they reach the louse gut, but a
few survive to penetrate the gut wall, where they multiply
to massive populations in the louse hemolymph, nerves,
and muscle tissue. Spirochetes do not invade the salivary
glands or ovarian tissues and are not voided in louse feces.
Therefore, transmission to humans occurs only when in-
fected lice are crushed during scratching, which allows the
spirochetes in infectious hemolymph to invade the body
through abrasions and other skin lesions. However, B. re-
currentisis also capable of penetrating intact skin. As with
R. prowazekii infections, body lice are killed as a result of
infection with B. recurrentis.

An intriguing history of human epidemics of louse-
borne relapsing fever is provided by Bryceson er al
(1970). Hippocrates described an epidemic of ‘‘caucus,”
or “‘ardent fever,” in Thasos, Greece, which can clearly
be identified by its clinical symptoms as this malady. Dur-
ing 1727—-1729, an outbreak in England killed all inhabi-
tants of many villages. During the present century, an epi-
demic that spread from eastern Europe into Russia during
1919-1923 resulted in 13 million cases and 5 million
deaths. Millions also were infected during an epidemic
that swept across North Africa in the 1920s. Several ma-
jor epidemics subsequently have occurred in Africa, with
up to 100,000 fatalities being recorded for some of them.
During and immediately after World War II, more than a
million persons were infected in Europe alone.

The only current epidemic of louse-borne relapsing
fever is in Ethiopia, where 1000—5000 cases are re-
ported annually, accounting for ca. 95% of the world’s
recorded infections. Other smaller foci occur inter-
mittently in other regions, such as Burundi, Rwanda,
Sudan, Uganda, People’s Republic of China, the Balkans,
Central America, and the Peruvian Andes. Resurgence
of this disease under conditions of warfare or famine is
an ominous possibility. Additional information on louse-

borne relapsing fever is provided by Bryceson er al.
(1970).

TRENCH FEVER

Also known as five-day fever and wolhynia, trench fever
is caused by infection with the bacterium Bartonelln
(formerly Rochalimaen) quintana. Like the two pre-
ceding diseases, the agent is transmitted by the hu-
man body louse. Human infections range from asymp-
tomatic through mild to severe, although fatal cases
are rare. Clinical symptoms are nonspecific and include
headache, muscle aches, fever, and nausea. The disease
can be cyclic, with several relapses often occurring. Pre-
viously infected persons often maintain a cryptic infec-
tion which can cause relapses years later, with the poten-
tial for spread to other persons if they are infested with
body lice. Effective antibiotic treatment of patients in-
volves administering drugs such as doxycycline or tetra-
cycline.

Lice become infected with B. guintana after feeding
on the blood of an infected person. The pathogen multi-
plies in the lumen of the louse midgut and in the cuticular
margins of the midgut epithelial cells. Viable rickettsiae
are voided in louse feces, and transmission to humans oc-
curs by the posterior-station route when louse bites are
scratched. B. guintana can remain infective in dried louse
feces for several months, contributing to aerosol transmis-
sion as an alternative route of transmission. Transovarial
transmission does not occur in the louse vector. Infec-
tion is not detrimental to lice and does not affect their
longevity.

Trench fever was first recognized as a clinical entity
in 1916 as an infection of European troops engaging in
trench warfare during World War I. At that time, more
than 200,000 cases were recorded in British troops alone.
Between the two world wars, trench fever declined in
importance but re-emerged in epidemic proportions in
troops stationed in Europe during World War II. Be-
cause of the presence of asymptomatic human infections,
the current distribution of trench fever is difficult to de-
termine. However, since World War 11, infections have
been recorded in several European and African nations,
Japan, the People’s Republic of China, Mexico, Bolivia,
and Canada.

Until recently, B. guintana was considered to be trans-
mitted solely by body lice. However, several homeless
or immunocompromised people, including HIV-positive
individuals, particularly in North America and Europe,
have presented with opportunistic B. gquintana infec-
tions. This is manifested not as trench fever but as vascular
tissue lesions, liver pathology, chronically swollen lymph
nodes, and inflammation of the lining of the heart. Be-
cause some of these patients were not infested by body
lice, an alternate mode of pathogen transmission may
have been involved.



TABLE III
Pathogens Transmitted by Lice
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Murine hemobartonellosis

Murine eperythrozoonosis

Fungal

Bovine dermatomycosis
(ringworm)

Helminthic

Seal heartworm

Avian filariasis

Avian filariasis

Avian filariasis
Double-pored tapeworm?

Haemobartonella muris
Eperythrozoon coccoides

Trichophyton verrucosum

Dipetalonema spivocanda
Eulimdana spp.

Pelecitus fulicacatrae
Sarconema eurycevca
Dapylidinm caninum

Polyplax spinulosn
Polyplax servatn

Cattle lice

Echinophthivius horridus
Bird chewing lice
Pseudomenopon pilosum
Trinoton ansevinum
Trichodectes canis

Domestic rats
Domestic mouse

Cattle

Harbor seal
Charadriiform birds
Aquatic birds
Geese, swans

Dog, human

Disease Disease agent Vector Host(s) Geographic distribution

Viral

Swinepox Pox virus Haematopinus suis Hog Widespread
Bacterial

Bovine anaplasmosis Anaplasma spp. Cattle-sucking lice Cattle Global

Epidemic typhus Rickettsin prowazekii Pediculus humanus bumanus  Human Global

Sporadic epidemic typhus R. prowazekii Flying squirrel lice Flying squirrel, human  North America

Louse-borne relapsing fever  Borrelia vecurrentis P h. humanus Human Global

Salmonellosis Salmonelln enteviditis P b bumanus Human Eurasia

Trench fever Bartonelln guintana P j. humanus Human Global

Tularemia Francisella tularensis Rodent and lagomorph lice Rodents, rabbits Global

Rodent brucellosis Brucella bruces Hoplopleura acanthopus Voles Northern Hemisphere

Global
Global

Global

Northern Hemisphere
Widespread

Holarctic region
Holarctic region
Global

#Lice are intermediate hosts, not vectors, of this tapeworm.

HUMAN LICE AS INTERMEDIATE HOSTS
OF TAPEWORMS

Occasionally humans become infested with the double-
pored tapeworm (Dipylidium caninum). Although carni-
vores are the normal definitive hosts for this parasite,
humans can be infested if they accidentally ingest dog bit-
ing lice (1. canis), which serve as intermediate hosts. Al-
though this would appear to be an unlikely event, infants,
especially babies playing on carpets or other areas fre-
quented by a family dog, may touch an infested louse with
sticky fingers which may then be put into their mouth,
thus initiating an infestation.

VETERINARY IMPORTANCE

Several chewing lice and sucking lice parasitize domes-
tic animals (Tables I, IT). Although louse populations are
usually low on these hosts, lice can sometimes multiply
to extremely high numbers, particularly on very young,
old, or sick animals. Often this is because hosts are unable
to effectively groom themselves or they are immunocom-
promised. Except for the possibility of pathogen transmis-
sion, small numbers of lice typically cause little harm to

the host. However, large numbers of lice can be debili-
tating by causing anemia, dermatitis, allergic responses,
hair or feather loss, and other disorders. Lice also induce
intensive host grooming, which can lead to the formation
of hair balls in the stomach, especially in cats and calves.

A few pathogens are known to be transmitted to do-
mestic animals by lice (Table III). The most important
of these are the viral agent of swinepox and the bacte-
rial agents of murine haemobaytonellosisand murine epery-
throzoonoesis, all of which are widely distributed. In addi-
tion to those listed in Table III, several pathogens have
been detected in various species of lice, but there is no
current evidence that lice are vectors of these organisms.

LICE OF LIVESTOCK

Although louse populations of a few hundred individu-
als commonly occur on healthy livestock, sometimes these
numbers can reach into the thousands or, rarely, to more
than a million per animal. It is under the latter conditions
that detrimental effects to the host occur. These include
restlessness, pruritus, anemia, low weight gain, low milk
yield, dermatitis, hide or fleece damage, skin crusting or
scabbing, and lameness. Large louse populations on do-
mestic stock typically develop on juvenile, senile, sick, nu-
tritionally deprived, or immunocompromised hosts.
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Sucking louse infestations of cattle, such as those
caused by the shortnosed cattle louse (Haematopinus en-
rysternus), the cattle tail louse (H. quadripertusus), and
the longnosed cattle louse ( Linognathus vituli) (Fig. 4.7H),
can cause serious damage to the host. This can be man-
ifested as frequent rubbing of infested areas, hair loss,
scab formation, slow recovery from disease or trauma,
and low weight gain. Younger animals are typically more
severely affected than older cattle. Mixed infestations of
both chewing and sucking lice on cattle, or of both lice
and nematodes, can affect weight gains more severely
than single infestations. In single or mixed infestations,
weight gains are typically lower in stressed cattle and
those on low-nutrition diets. Sometimes, cattle sucking
lice cause severe anemia, abortions, or even death. Irrita-
tion can be caused by small numbers of lice in sensitive
cattle and usually results in frequent rubbing and sub-
sequent hide damage. This rubbing also damages live-
stock facilities. Severely infested cattle often have patches
of bare skin and a greasy appearance which results from
crushing lice and their feces during rubbing. Under lab-
oratory or confined conditions, at least three pathogens
can be transmitted by cattle sucking lice, i.¢., the causative
agents of bovine anaplasmosis, dermatromycosis (vingworm)
(Table I11), and, rarely, theileriosis. The importance of cat-
tle lice in transmitting any of these pathogens in nature is
unknown but presumed to be low.

Lice of horses and other eguids typically do not greatly
debilitate their hosts except when they are present in large
numbers. Pruritus, hair loss, and coat deterioration may
occur in severely infested animals. Horses with severe
louse infestations are nervous and irritable; they typically
rub against objects, kicking and stamping. Hair can be
rubbed from the neck, shoulders, flanks, and tail base,
resulting in an unkempt appearance that may affect the
value of the horse. No pathogens are known to be trans-
mitted by equid lice.

Hog lice can imbibe significant volumes of blood from
hogs, especially piglets, which often have larger infesta-
tions than adult pigs. Hog-louse feeding sites often cause
intense irritation, leading their hosts to rub vigorously
against objects, which can result in hair loss and reddened
or crusty skin lesions. Haematopinus suisis a vector of the
virus that causes swinepox (Table I1I), a serious and po-
tentially fatal disease characterized by large pockmark le-
sions, mainly on the belly of infected animals. Some stud-
ies have implicated this louse as a vector of Eperythrozoon
suis and E. parvum, causative agents of swine eperythro-
zoonosis, and of African swine fever virus. However, trans-
mission of these pathogens by lice appears to be rare, if it
occurs at all, in nature.

All species of lice that parasitize sheep and goats (Ta-
bles I and II) can cause debilitation, even when present
in relatively small numbers, because of the potential

FIGURE 4.15 Fleece damage (wool slippage) in a sheep, caused by
severe infestation with Linagnathus africanus (Anoplura). (Courtesy of
John E. Lloyd)

damage which they can cause to fleece and wool
(Fig. 4.15). Some sheep develop hypersensitivity to the
sheep biting louse (Bovicola ovis) (Fig. 4.16). This louse
causes most sheep fleece devaluation worldwide and is
the major cause of cockle, an economically disfiguring
condition of sheep fleece that is particularly prevalent in
New Zealand. Any increase in skin lesions or body rub-
bing in response to lice generally devalues wool or mohair.
Different breeds of sheep and goats exhibit contrasting
levels of resistance or tolerance to infestation by lice.

LICE OF CATS AND DOGS

Louse infestations of cats and dogs are most notice-
able on sick or senile hosts. Under these conditions, louse
populations can increase dramatically. Severe infestations
of any of the four species involved usually cause host rest-
lessness, scratching, skin inflammation, a ruffled or mat-
ted coat, and hair loss.

The dog biting louse (T. canis) is an intermediate host
of the double-pored tapeworm (D. caninum) (Table I11).
Lice become infected when they ingest viable D. caninum
eggs from dried host feces. The tapeworm develops into
a cysticercoid stage in the louse, where it remains quies-
cent unless the louse is ingested by a dog, usually dur-
ing grooming. In the dog gut, the cysticercoid is liber-
ated and metamorphoses into an adult tapeworm. The
dog sucking louse (L. setosus) has been shown to harbor
immatures of the filarial nematode Dipetalonema recon-
ditum, which parasitizes dogs, but whether or not these
lice are efficient vectors remains unknown.



FIGURE 4.16  Sheep-biting louse ( Bovicola ovis), showing prothorax
and head with mandibles characteristically grasping a host hair: scanning
electron micrograph. (From Price and Graham, 1997)

LICE OF LABORATORY ANIMALS

Some lice that parasitize laboratory animals initiate se-
rious health problems by causing pruritus, skin lesions,
scab formation, anemia, and hair loss. Others are vectors
of pathogens that can cause severe problems in animal
colonies (Table I1T).

The mouse louse (P. servatn) is a vector of the bacterium
Eperythrozoon coccoides, which causes murine eperythro-
zoonosis, a potentially lethal infection of mice that occurs
worldwide. Infection of this blood parasite in mice can
either be inapparent or result in severe anemia. Transmis-
sion of this pathogen in louse-infested mouse colonies
is usually rapid. The spined rat louse (P. spinulosa) is a
vector of the bacterium Haemobartonella muris, which
causes murine haemobartonellosis (Table I11), another po-
tentially fatal blood infection that can cause severe anemia
in laboratory rats.

Laboratory and wild guinea pigs are parasitized by
two species of chewing lice, the slender guineapig louse
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(Gliricola porcells) and the oval guineapiy louse ( Gyropus
ovalis). Small numbers of these lice cause no noticeable
harm, whereas large populations can cause host unthrifti-
ness, scratching (especially behind the ears), hair loss, and
a ruffled coat.

Large infestations of the rabbit louse ( Haemodipsus ven-
tricosis) can cause severe itching and scratching, which re-
sults in the host rubbing against its cage, often resulting in
hair loss. Young rabbits are more adversely affected than
are adults and may experience retarded growth as a con-
sequence of infestation by H. vemtricosis. The rabbit louse
is also a vector of the causative agent of tularemia among
wild rabbit populations (Table III).

LICE OF POULTRY AND OTHER BIRDS

Although louse populations may be very large on do-
mestic fowl, including domestic chickens, turkeys, guinea
fowl, pea fowl, and pheasants, no pathogens are known
to be transmitted by these lice. Large populations often
occur on birds with damaged beaks whose grooming
ability is significantly impaired. The chicken body louse
(Menacanthus stramineus) (Fig. 4.14) often causes signi-
ficant skin irritation and reddening through its persistent
feeding. Occasionally the skin or soft quills bleed from
their gnawing and scraping action, with the lice readily
imbibing the resultant blood. The shaft louse (Menopon
gallinae) also causes significant losses to the poultry
industry, including deaths of young birds with heavy
infestations. Large infestations of chicken body lice, shaft
lice, and other poultry lice may be injurious to the host by
causing feather loss, lameness, low weight gains, inferior
laying capacity, or even death.

The vast majority of chewing lice are parasites of wild
or peridomestic birds. Several of these lice are suspected
vectors of avian pathogens. Some chewing lice of aquatic
birds, including geese and swans, are vectors of filarial ne-
matodes (Table IIT). Pet parrots, parakeets, budgerigars,
and other birds also are subject to infestation by chewing
lice, which is usually noticed only by the associated host
scratching and by ruffled or lost feathers. Large popula-
tions of these lice can debilitate their hosts. Ranch birds,
such as ostriches, emus, and rheas, are prone to similar
adverse effects caused by their associated chewing lice.

PREVENTION AND CONTROL

Several techniques have been used in attempts to rid hu-
mans and animals of lice and louse-borne diseases. Pre-
venting physical contact between lousy persons or animals
and the items they contact, as well as various chemical,
hormonal, and biological control mechanisms, comprise
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the current arsenal of techniques. Chemicals used to kill
lice are called pediculicides.

Clothes of persons with body lice should be changed
frequently, preferably daily, and washed in very hot, soapy
water to kill lice and nits. Washing associated bed linen in
this manner is also advisable. Infested people should also
receive a concurrent whole-body treatment with a pedi-
culicide. Overcrowded and unsanitary conditions should
be avoided whenever possible during outbreaks of hu-
man body lice and louse-borne diseases because it is under
these situations that both can thrive.

Crab lice can often be avoided by refraining from mul-
tiple sexual partners and changing or laundering bed linen
slept on by infested persons. Pediculicides should be ap-
plied to the pubic area and to any other infested body
regions.

To reduce the spread of head lice, the sharing of
combs, hats, earphones, and blankets, especially by chil-
dren, should be discouraged. Often, parents of children
with head lice are notified to keep youngsters away from
school or other gatherings until the infestation has been
climinated. If the parents are also infested, this can fur-
ther involve ridding the entire family of lice to prevent
reinfestations. Various pediculicidal shampoos, lotions,
and gels are widely available for controlling head lice.
These treatments typically kill all nymphal and adult lice,
but only a small proportion of viable louse eggs. There-
fore, treatments should be repeated at weekly intervals
for 2—4 weeks in order to kill any recently hatched lice.
Hatched or dead sits which remain glued to hair may
be unsightly or embarrassing, and these can be removed
with a fine-toothed louse comb. Louse combs have been
used, in various forms, since antiquity to remove head lice
(Mumcuoglu 1996). A wide range of pediculicides is
commercially available. Although its use is now banned
in many developed countries, the organochlorine DDT
is widely used, especially in less developed countries,
for controlling human and animal lice. Several alterna-
tive pediculicides, such as lindane, chlorpyrifos, diazinon,
malathion, permethrin, or pyrethrins, are currently used
throughout the world. Pediculicides can be used in pow-
ders, fogs, or sprays to treat furniture or premises for lice.
Several general parasiticides show promise as pediculi-
cides. Avermectins such as abamectin, doramectin, and
ivermectin can kill human body lice and livestock lice.
Prescribed doses of these compounds can be administered
orally, by injection, or as topical applications of powders,
dusts, and pour-ons. However, many of these compounds
have not yet been approved for use on humans. The de-
velopment of novel control agents for lice is a constant
process because resistance to various pediculicides has de-
veloped in lice in many parts of the world (Burgess 1995,
Mumcuoglu 1996).

Lice of livestock can be controlled by both hus-
bandry practices and chemical intervention. Providing a
high-energy diet, especially to cattle, can be an effective
louse control strategy. If possible, it is important to keep
animals in uncrowded conditions and to spot-treat or
quarantine any infested individuals until they have been
successfully deloused. Various formulations and applica-
tions of pediculicides are typically used to control lice
on livestock. Insecticidal dusts, powders, sprays, dips, ear
tags, tail tags, resin strips, gut boluses, collars, pour-ons,
lotions, and injections are widely used products. Infested
animals should be treated twice weekly for 2—4 weeks.
Insecticidal dust bags or back rubbers can be used as self-
dosing rubbing stations for cattle and other livestock. Be-
cause louse populations on livestock are typically greater
during the winter months, pediculicides are usually best
applied to them in the late fall. Fall systemic treatments
of cattle for both lice and bots are often administered.
Shearing wool from sheep removes up to 80% of the lice
present on infested animals.

Pets, laboratory animals, and poultry can be treated
for lice in several ways. Pets such as dogs and cats can
be dipped or bathed with a pediculicidal lotion or sham-
poo. Various oral or topically applied insecticides used for
controlling fleas on pets also are efficacious against lice.
Similarly, flea combs also remove lice from pets. Poultry
and laboratory animals can be treated with pediculicidal
dusts or sprays. Although host treatment is most effica-
cious, bedding materials and cages can also be treated.
Insecticidal feed additives are also available. Insecticide-
impregnated resin strips can be added to cages of poul-
try or laboratory animals to control lice. The bacterium
Bacillus thuvingiensis and the nematodes Steinernema
carpocapsae and S. glaseri, which are effective biological
control agents against numerous arthropods, can also be
used to kill livestock lice. Some juvenile hormone analogs
and insect growth regulators such as diflubenzuron have
similarly shown promise as pediculicides.

With respect to louse-borne diseases, vaccines have
been developed only against epidemic typhus, and none
is completely safe or currently approved for widespread
use. The live attenuated E-strain vaccine has been admin-
istered to humans, particularly in certain African nations,
in attempts to quell epidemic typhus outbreaks. However,
this vaccine actually caused disease in some patients and
did not always prevent subsequent infection.
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The order Hemiptera includes all of the insects known as
true bugs. Hemipterans are characterized as soft-bodied
insects with piercing and sucking mouthparts and, usual-
ly, two pairs of wings. The order traditionally is di-
vided into two major divisions: the Heteroptera and the
Homoptera. The name Hemiptera (literally, ‘half-
wings’’) is derived from the members of the Heteroptera
(““different wings””), most of which have fore wings called
hemelytra. They are composed of a thickened basal por-
tion, the corsum and clavus, and a somewhat transparent
or filmy distal portion, the membrane, hence the idea of
a half-wing (Fig. 5.1). The hind wings are completely
membranous. The difference in texture between the fore
and hind wings in the heteropterans gives this group its
name. By comparison, the Homoptera (‘‘same wings’)
have two pairs of wings that are very similar in charac-
ter, both being membranous. The wings of homopte-
rans often are held rooflike over the back of the body,
whereas the wings of the heteropterans typically are held
flat against the dorsum.

The true bugs, with about 90,000 species world-
wide, constitute the largest exopterygote order of insects.

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

The North American fauna has about 16,000 species of
hemipterans, about two-thirds of which are homopterans.

The piercing/sucking mouthparts of almost all true
bugs enable these insects to feed on a diversity of flu-
ids. The homopterans feed exclusively on plant juices.
Common examples of these insects are aphids, scale
insects, psyllids, leathoppers, treehoppers, and cicadas.
All of these are terrestrial. The heteropterans include
phytophagous, predaceous, and hematophagous species.
Common heteropterans include seed bugs, mirid plant
bugs, stink bugs, assassin bugs, water striders, back-
swimmers, water boatmen, and giant water bugs, as
well as the medically important kissing bugs and bed
bugs.

Various homopterans and some predaceous and phy-
tophagous heteropterans are known to bite humans.
Predaceous or phytophagous bugs in at least 20 families
of Hemiptera have been reported as occasionally biting
or annoying humans by probing with their mouthparts
(Table I). Published reports of these bites have been
reviewed by Myers (1929), Usinger (1934), Ryckman
(1979), Ryckman and Bentley (1979), and Alexander
(1984).

Homopteran species known to cause occasional irrita-
tion or pain are leathoppers (Cicadellidae), trechoppers
(Membracidae), spittle bugs (Cercopidae), planthoppers
(Fulgoroidea) and cicadas (Cicadidae). Unlike the gener-
ally painless bites by hematophagous species, predaceous
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FIGURE 5.1 Wings of typical triatomine bug ( Triatoma rubrofasci-
ata). A, Fore wing (hemelytron); B, Hind wing. (Redrawn and modi-
fied from Lent and Wygodzinsky, 1979)

and phytophagous bug bites often cause pain or a burning
sensation, presumably the result of enzymes and other
substances in the saliva that normally digest insect or plant
materials. Most of these bites cause only transient dis-
comfort associated with toxic reactions to foreign pro-
teins and the localized erythema and edema that may
result.

Common terrestrial heteropterans known to probe
human skin are the wheel bug (Arilus cristatus) and
other assassin bugs ( Redupius personatus, Sinea diadema,
Melanolestes picipes), the two-spotted corsairs (Rasahus

TABLE I

biguttatus and R. thoracicus), and certain anthocorids
(Anmthocoris musculus, Lyctocoris campestris, and Orius
insidiosus). There are fewer reports of nabid, lygacid,
mirid, tingid, and rhopalid bugs biting people. Humans
most often are bitten by predaceous species when they
enter habitats in which active predation is occurring or
when the predatory species are attracted to house lights
and enter dwellings. Some of the larger aquatic preda-
ceous hemipterans can stab with their mouthparts, caus-
ing pain similar to that of a wasp sting. Species that
most often bite in this way are belostomatids (giant
water bugs, sometimes called “‘toe-biters””) and noto-
nectids (backswimmers). The bite of an assassin bug
( Holotrichius innesi) found in the Sinai and Negev deserts
of Israel is considered more neurotoxic and hemo-
toxic than the bite of venomous snakes in that region
(Caras 1974).

The painless bites of the blood-sucking species pose
the greatest threat to the health and well-being of hu-
mans and other animals because of the pathogens that
are often transmitted and the blood loss associated
with their feeding. The hematophagous heteropteran
species of major medical and veterinary importance
are the kissing bugs (triatomines) and the bed bugs
(cimicids). These ectoparasitic insects are obligate blood
feeders, requiring blood for growth and reproduction.
The kissing bugs are vectors of the causative agent of
Chagas disease, a significant medical problem in Central

Nonhematophagous Hemiptera That Occasionally Bite Humans

Hemiptera

Common names

Locations of published cases

Homoptera
Cicadellidae

Cercopidae
Membracidae

Heteroptera
Anthocoridae

Enicocephalidae
Lygaeidae

Miridae

Nabidae
Pyrrhocoridae
Reduviidae

Rhopalidae
Belostomatidae
Notonectidae

Leathoppers

Spittle bugs
Trechoppers

Minute pirate bugs

Gnat bugs
Seed bugs

Leaf or plant bugs

Damsel bugs
Red bugs or stainers
Assassin bugs

Scentless plant bugs
Giant water bugs
Backswimmers

United States (California, Texas); Trinidad;
England; North Africa; India; China;
Japan; Philippines

India

United States {castern)

North America; Panama; Brazil;
England; Czechoslavakia;
Sudan; South Africa

India

Hawaii; Brazil; North Africa;
Kuwait; India

North America; Brazil; Europe;
Sudan

United States; Brazil

Brazil; North Africa

North America; Brazil; North Africa;

Israel; India; Philippines

North America

North America

North America




and South America. Bed bugs are not known to play a role
in the transmission of any human disease agents. How-
ever, their bites may cause considerable discomfort, and
their continued feeding may result in significant blood
loss from a host. Some bed bugs feed primarily on non-
human hosts, such as bats and swallows. The polyctenids,
bat bugs that feed exclusively on bat blood, have never
been associated with any medical or veterinary problems.

True Bugs (Hemiptera) 69

KISSING BUGS (REDUVIIDAE)

The kissing bugs are so named because most of them
are nocturnal species which feed on humans, often bit-
ing the faces of their sleeping victims. Another common
name for them is conenoses, referring to the shape of the
anterior part of the head (Fig. 5.2). Various common
names in South America and where they are used locally

FIGURE 5.2 Triatomine species. (A) Rbodnius prolixus; (B) Triatoma infestans; (C)
Panstrongylus genicularus; (D) P. megistus. (Courtesy of the American Museum of Natural

History.)
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include barbeiro, bicudo, or chupao (Brazil); vinchuca
(Bolivia, Uruguay, Paraguay, Chile, Argentina); bush
chinch (Belize); chipo or pito (Colombia, Venezuela);
chinchorro (Ecuador); chirimacho (Peru); and iquipito or
chupon (Venezuela) (Schofield et al. 1987). They are
all members of the subfamily Triatominae in the family
Reduviidae.

Lent and Wygodzinsky (1979) wrote an excellent
monograph on kissing bugs that includes a survey of the
external structures, descriptions of triatomine species,
and notes on the vector importance of each species.
Triatomine biosystematics, including an assessment of
the evolutionary history of the subfamily, were reviewed
by Schofield (1988). Biology, taxonomy, public health
importance, and control were reviewed by Schofield ez al.
(1987), Schofield and Dolling (1993), and Schofield
(1994).

TAXONOMY

Members of the heteropteran family Reduviidae are com-
monly called assassin bugs because most species attack and
feed on other insects. There are 22 subfamilies in the Re-
duviidae, including the Triatominae, or kissing bugs. Keys
for identification of triatomine species are given by Lent
and Wygodzinsky (1979).

The Triatominae is divided into 5 tribes and 14 genera;
106 species are known only from the New World,
5 species { Linshcostens) are found only in India, and
7 species ( Triatoma) are known only from Southeast Asia.
The only species found in Africa is Triatoma rubrofasci-
ata, it is found throughout the tropics, presumably hav-
ing spread worldwide via ships.

The New World triatomine species occur from just
south of the Great Lakes region of the United States
to southern Argentina, with all but a few species con-
centrated in subtropical and tropical regions. The latter
areas are considered the likely places of origin for the
subfamily. All triatomines have the potential to transmit
Trypanosoma cruzi, the etiologic agent of Chagas disease.
Of the 119 described triatomine species, about half have
been shown to be vectors, and about a dozen of these are

considered vectors of major epidemiological importance
(Table II).

MORPHOLOGY

Triatomines range in length from 5 to 45 mm, with
the majority of species falling in the range of 20—
28 mm. Most species are black or dark brown, of-
ten with contrasting patterns of yellow, orange, or red,

notably on the connexivum (the prominent abdominal
margin at the junction of the dorsal and ventral plates)
(Fig. 5.2).

The head of an adult triatomine is constricted poste-
riorly to form a distinct neck behind the paired ocelli.
Prominent hemispherical compound eyes are situated just
in front of the ocelli. The region in front of the eyes
is cylindrical to conical, hence the name “‘cone-nosed”
bugs. The antennae are filiform and four-segmented. The
beak, or rostrum, is three-segmented and is formed by
the labium, which encloses the stylet-like mouthparts.
These stylets are modified portions of the maxillae and
mandibles that lie within a dorsal channel of the ros-
trum and are grooved to form a food canal and a salivary
canal. When the bug is not feeding, the straight rostrum
is held under, and nearly parallel to, the head (Fig. 5.3).
In many nontriatomine reduviids, the rostrum is curved
and strongly sclerotized.

The dorsal portions of the thorax include a collar, or
neck, a somewhat triangular pronotum, and a scutellum.
The undersurface of the prothorax (prosternum) has a
stridulatory groove that has fine transverse sculpturing.
When the tip of the rostrum is moved anteriorly to poste-
riorly in this groove, sound is produced, the function of
which is mainly defensive.

The fore wings, or hemelytra, have a leathery basal
portion (corium and base of the clavus) and an apical
membranous portion (apical clavus and membrane) typ-
ical of most heteropterans. The membrane is dusky in
most species, but it may be spotted or darkened only
along the wing veins. The wing veins of the mem-
brane form two elongated closed cells. The hind wings
are completely membranous (Fig. 5.1). The hind wings
are rarely absent but may be greatly shortened in some
species. The relatively slender legs are used for walk-
ing. In addition to paired simple claws on each tarsus
that allow the bug to crawl over rough surfaces, many
species have a spongy structure, the fossula, at the apex
of the tibia on one or more pairs of legs. The fossu-
lac have adhesive setae on their surfaces that enable the
bugs to climb on smooth surfaces, such as leaves and
glass.

The triatomine abdomen is 11-segmented, often
pointed or lobed in the female, but smoothly rounded
in the male. In many species, around the periphery
of the abdomen, both dorsally and ventrally, are seg-
mental plates (connexival plates) connected to the ab-
dominal segments by intersegmental membranes. These
membranes allow for expansion of the abdomen during
engorgement. The membranes in different species are
folded on themselves in various ways, allowing the plates
and membranes to expand in accordion fashion during
feeding.
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TABLE II

Major Triatomine Vectors of Trypanosoma cruzi and Their Geographic Distribution

Species Geographic range

Rhodnius prolixus Southern Mexico, Guatemala, El Salvador, Honduras, Nicaragua,

Triatoma infestans

Triatoma dimidiata
Triatoma pallidipennis
Triatoma phyllosoma
Rhbodnius pallescens
Triatoma maculata
Triatoma brasiliensis
Panstrongylus berveri
Panstrongylus megistus
Triatoma guasayana

Triatoma sordida

Costa Rica, Colombia, Venezuela

Peru, Bolivia, Brazil {from Mato Grosso across to northeastern Goias
and Paraiba, south to Rio Grande do Sul), Paraguay, Argentina,
Uruguay, and Chile

Mexico south to Ecuador and Peru

Mexico

Mexico

Panama, Colombia

Colombia, Venezuela, Netherlands Antilles, Guyana, Suriname
northeastern Brazil

northern Peru

Brazil (especially coastal), Paraguay, Argentina, Uruguay

Bolivia, Paraguay, Argentina
Bolivia, Brazil, Paraguay, Uruguay, Argentina

Note. The two species with the widest geographical distribution are listed first, followed by species arranged generally by their distribution from
north to south. In cases where a species is not considered a major vector over the entire range given, countries where the triatomine species is an
important vector are underlined (Lent and Wygodzinsky, 1979; Schofield, 1988).

Lire HisTORY

As in all Hemiptera, triatomines undergo bemimetabolons
development. After the egg stage, development occurs
through five nymphal instars. Nymphs are distinguished
from adults by their smaller eyes, the lack of ocelli and
wings, and the presence of thoracic lobes where wings
will develop. Both sexes of adults and all nymphal instars
require blood for their survival and development.
Female bugs are ready to mate 1 to 3 days after the
final molt. Mating involves transfer of a spermatophore
from the aedeagus while the male is positioned dorso-
lateral to the female with his claspers grasping the end of
the female’s abdomen from below. Copulation lasts from

FIGURES5.3  Lateral view of head of Triatoma dimidiata. (From Lent
and Wygodzinsky, 1979, courtesy of the American Museum of Natural
History.)

about 5 to 15 min. Although both sexes usually have had
at least one blood meal before mating, unfed males also
will mate with fed females.

Oviposition by females begins 10 to 30 days after cop-
ulation. Each female typically deposits only one or two
eggs daily, producing a total of 10 to 30 eggs between
blood meals. Depending on the species, a single female
may produce up to 1000 eggs in her lifetime, but about
200 is average. Virgin, fed females may lay small num-
bers of infertile eggs. Each oval egg is about 2—-2.5 x
1 mm. The eggs may be white or pink. Most species de-
posit eggs singly, but some females lay eggs in small clus-
ters or masses. Different species lay eggs freely or glue
them to a substrate. Gluing eggs to the substrate is seen
in at least two species of Triatoma and many species of
Rhbodnius, Psammolestes, Cavernicola, and Parabelminus.
In those species that glue their eggs to the substrate, the
eggs may be single or in clusters. Eggs of some species
turn pink or red before hatching 10 to 37 days after
oviposition, depending on temperature.

The newly emerged nymphs are pink and will take a
blood meal 48 to 72 hr after the eggs hatch. The nymphs
must engorge fully in order to molt (Fig. 5.4), often re-
quiring more than one blood meal during all but the first
instar. The entire life cycle from egg to adult may be
as short as 3 to 4 months but more commonly takes 1
to 2 years. The variable developmental times within and
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FIGURE 5.4 Triatomine nymphs engorging on human foot. (Cour-
tesy of R. B. Tesh)

between species are related to many factors, including
environmental temperature, humidity, host availability,
host species, feeding intervals, and the length of nymphal
diapause.

BEHAVIOR AND ECOLOGY

The New World triatomines are found in stable, shel-
tered habitats that are used by reptiles, birds, and a wide
variety of mammals for their nests, roosts, or burrows.
The kissing bugs can be divided into three general habi-
tat groups: sylvatic, peridomestic, and domestic. Sylvatic
forms inhabit nests and burrows, as well as a wide ar-
ray of natural hiding places such as caves, rock piles,
fallen logs, tree holes, hollow trees, palm fronds, bromeli-
ads, and other epiphytes. These habitats attract amphib-
ians, lizards (e.g., iguanas), opossums, rodents (e.g., por-
cupines), armadillos, sloths, bats, and other mammals,
upon which the triatomines feed. The peridomestic species
utilize domestic animals as hosts by living in chicken
coops and other bird enclosures, stables, corrals, and
rabbit and guinea pig houses. Because Triatoma infestans
infests the latter, as well as wild guinea pig habitats, this
species may have entered the domestic habitat thousands
of years ago when people in South America began breed-
ing guinea pigs for use as food. The domestic (domicil-
iary) species, exemplified by 7. infestans, have colonized
human habitations, where they depend on human or do-
mestic animal blood as their source of nourishment. The
domestic triatomine species are almost exclusively asso-
ciated with humans and their pets and are often carried

from one region to another in vehicles or concealed in
household materials.

Many of the so-called peridomestic species, as well as
a few domestic ones, have maintained sylvatic adapta-
tions and may migrate from wild hosts to domestic ani-
mals and humans, depending upon the availability of suit-
able habitats and hosts. Peridomestic species sometimes
fly to the lights of houses and thereby are attracted at
night to feed on sleeping humans. Passive transport of
certain species to human dwellings may occur when palm
fronds containing attached triatomine eggs are used as
roofing material. This is commonly the case with Rbod-
nius prolixys and other avian-feeding species that cement
their eggs to the leaves in and around arboreal birds’
nests. The significance of birds in dispersing triatomines is
not known, although eggs and young nymphs of R. pro-
lixus have been found among the feathers on storks, and
T. sordida nymphs have been found in the plumage of
Sparrows.

In whatever habitat triatomines are found, they tend
to be secretive, hiding in cracks and crevices of natural
and artificial materials (e.g., debris of nests and burrows,
rock crevices, and piles of vegetation); in building ma-
terials such as wood, shingles, thatch, and palm fronds;
and in human dwellings in cracks in the walls, behind pic-
tures or other wall-hangings, in bedding and mattresses,
furniture, boxes, suitcases, piles of papers or clothes, and
other accumulated materials that provide shelter during
the day. Shaded crevices that provide extensive bodily
contact with a rough, dry surface are preferred. Nymphs
of many species are camouflaged by dirt and debris with
which they cover themselves.

Most species of triatomines are nocturnal and actively
seek blood from diurnal hosts that are resting or sleep-
ing at night. In some cases, bugs will feed in daylight,
typically on hosts that are nocturnal. Kissing bugs can
survive for months without a blood meal, making them
well adapted to nest habitats in which hosts may be
present only intermittently with long intervals in be-
tween. When hosts are available, bugs commonly feed
every 4 to 9 days. Individual species show definite bosz
prefevences and may favor bats, birds, armadillos, wood
rats, or humans. Those favoring the latter species in South
America are most important in the epidemiology of Cha-
gas disease.

As in other hematophagous arthropods, feeding behav-
ior is initiated by a combination of physical and chemical
factors. Heat alone stimulates R. prolixus to probe, the
heat receptors being located on the antennae. Carbon
dioxide, which induces feeding responses in various
hematophagous arthropods, causes increased activity in
triatomines and may alert them to the presence of a
host. The possible role of aggregation pheromones in



attracting bugs to a host is unclear, but a pheromone
in the feces of nymphal and adult T. infestans and in
nymphal R. prolixus attracts unfed nymphs. Soon after
feeding, these species defecate on or by the host, so that
such a pheromone might attract other bugs to a source of
blood.

The probing response begins when the rostrum is
swung forward. The third segment is flexed upward so
that optimal contact with a host occurs when the bug is
at the side and just below a host. The serrated mandibular
stylets are used to cut through the epidermis of the host,
then anchor the mouthparts while the maxillary stylets
probe for a blood vessel. When a vessel is penetrated, the
left maxillary stylet slides posteriorly on the right stylet,
disengaging the two stylets so that the left folds outward
from the food canal. The purpose of this action is not
known. It may allow a larger opening for ingestion of
blood cells, or it may be a mechanism for holding the
capillary lumen open (Lehane 1991).

The amount of blood ingested depends on the duration
of feeding. This, in turn, is governed by the presence of
chemicals in the blood of the host that stimulate the onset
of feeding and by stretch receptors in the abdomen of
the bug that stimulate cessation. Known phagostimulants
of triatomines include various nucleotides and phosphate
derivatives of nucleic acids. The salivary glands contain an
anticoagulin that presumably helps maintain the flow of
blood during feeding.

The time required to engorge fully varies from 3 to
30 min. During feeding, the abdomen becomes visibly
distended. Adult bugs may imbibe blood equivalent to
about 3 times their body weight, while nymphs may im-
bibe 6 to 12 times their unfed weight. Blood meals are
stored in the anterior, widened portion of the midgut be-
tore the blood is passed to the narrower, posterior por-
tion where digestion occurs. After engorging, the bug
removes the rostrum from the host and, in most species,
defecates on or near the host before crawling away to seek
shelter. The interval between feeding and defecation is a
major factor in determining the effectiveness of a species
as a vector of Trypanosoma cruzi. Schofield (1979) re-
viewed the behavior of triatomines, with particular atten-
tion to their role in trypanosome transmission.

PuBLIC HEALTH IMPORTANCE

Triatomine species that are efficient vectors tend to cause
little or no pain when they feed. The bugs stealthily
approach their sleeping hosts and engorge without caus-
ing much, if any, awareness (Fig. 5.5). However, imme-
diate and delayed skin reactions to bites of Triatoma in-
Sfestans and Dipetalogaster maxima have been observed.
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FIGURE 5.5 Adult triatomine feeding.

These reactions were not clearly correlated with previ-
ous exposure to bugs. Pruritic skin reactions following
triatomine bites tend to enhance transmission of Try-
panosoma cruzi by stimulating the bitten individual to
scratch infective feces into the bite wound.

Some individuals react to triatomine feeding with mild
hypersensitivity reactions such as pruritus, edema, and
erythema. These reactions occur most often in response
to triatomine species that are not efficient vectors of
T. cruzi to humans. Within the latter group of species
are members of the Triatoma protracta complex. These
triatomines fly to light and have been known to invade
homes situated within natural wood rat habitats. In a
small number of cases, individuals have developed severe
systemic reactions, including anaphylaxis, following bug
bites. Immunotherapy involving multiple injections of
T. protracta salivary gland extract has been successful in
ameliorating the effects of the bite (Marshall and Street
1982).

Chagas Disease (American Trypanosomiasis)

In 1907, while on an antimalarial campaign in Minas
Gerais, Brazil, Carlos Chagas was introduced to the
blood-sucking triatomines (&arbeiros). He found what is
now known to be Trypanosoma cruzi in the hindguts
of several bugs; within 2 years he recognized this same
flagellate protozoan in domestic animals and in a sick
2-year-old girl. Chagas disease and its epidemiology was
thus first discovered in reverse fashion from that of most
diseases. In this case the vector was found first, the
nonhuman vertebrate hosts of the parasite second,
and the human pathology last. The first report of
the disease by Chagas was published in 1909, only
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FIGURE 5.6 Life cycle of Trypanosoma cruziin a triatomine and vertebrate host (a) meta-
cyclic forms, (b) amastigotes (in vertebrate host), (¢) epimastigotes (in vertebrate host),
(d) trypomastigotes (in vertebrate host), (e) bloodstream forms ingested by triatomine.

(Courtesy of W. L. Krinsky)

20 months after Chagas became aware of the existence of
blood-sucking bugs. Chagas disease became known as
American trypanosomiasis to differentiate it from African
trypanosomiasis (African sleeping sickness), the disease
caused by trypanosomes transmitted by tsetse flies in
Africa.

Several bibliographies on the vast literature on Cha-
gas disease and its epidemiology have been published, in-
cluding Olivier ez a/. (1972) and Ryckman and Zackrison
(1987). An excellent review of the etiologic agent and its
biological associations is provided by Hoare (1972).

Triatomine species that are important vectors of 1. cruzi
are listed with their geographic ranges in Table II. T#i-
atoma infestans is probably most often responsible for
transmission of the trypanosome to humans because of
this species’ colonization of human dwellings over a wide
geographic range in South America. R. prolixus, an-
other important vector, is found from southern Mexico
through Central America. Paunstrongylus megistus is

generally considered a major vector in the humid coastal
regions of eastern Brazil.

The basic features of the life cycle of Trypanosoma cruzs
are shown in Fig. 5.6. Broad and slender trypanosomes
(trypomastigotes) circulating in the blood of an infected
vertebrate host (Fig. 5.7) are imbibed by the triatomine
during feeding. In the proventriculus of the bug, the
broad trypomastigotes change into sphacromastigotes and
slender epimastigotes. The latter multiply by binary fission
in the midgut, and as early as the 5th or 6th day after feed-
ing occur in tremendous numbers that carpet the walls
of the rectum. As early as the 7th or 8th day after feed-
ing, these epimastigotes become infective metacyclic forms
(trypomastigotes) that pass out of the bug in the feces
and Malpighian tubule secretions. Although alternative
T. cruzi developmental schemes have been proposed, the
life cycle generally is thought to be limited to the gut of
the bug, and infective forms occur only in the hindgut
and rectum.



FIGURE 5.7  Trypanosoma species in blood. (US Armed Forces Insti-
tute of Pathology, AFIP No. 74-5195)

Transmission to another vertebrate host occurs by this
posterior-station (stercorarian) route. The trypanosomes
infect the vertebrate when infective feces are rubbed into
the bite site or other breaks in the skin. Transmission
probably occurs most often when infective feces come
in contact with the mucosal membranes of the nose
or mouth or the conjunctivae of the eyes. Infected tri-
atomines of those species that defecate while engorging
or soon after feeding, while still on the host, are the most
likely vectors of T. cruzi.

The entire development of T. cruzi in the lumen of
the triatomine gut takes about 6 to 15 days or longer, de-
pending on the ambient temperature and developmental
stage of the bug (6 to 7 days in first-instar nymphs and 10
to 15 days in older nymphs and adults). Once a nymph
or adult is infected, it is infective for life. Trypanosomes
do not pass via the eggs or spermatophore to the next
generation. Cannibalism and coprophagy have both been
observed in laboratory colonies of triatomines and have
been suggested as possible modes of transmission from
bug to bug. However, the minimal infection rate among
uninfected bugs housed with infected ones indicates that
such transmission is not of much consequence under nat-
ural conditions. Coprophagy, however, may provide a
means for transferring symbionts that are essential for de-
velopment of some triatomine species (Schofield 1979).

Besides contamination of the skin or mucosal tissues,
an alternative mode of transmission from bug to verte-
brate is ingestion of a whole infected bug. This is probably
common in the case of wild and domestic vertebrate ani-
mals (Miles 1983} and is thought to be the most common
mode of transmission to wood rats in North America. The
possibility of additional trophic levels in such transmis-
sion has been demonstrated by the infection of rodents
and dogs following their ingestion of house flies that
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previously had ingested feces of infected triatomines
(Hoare 1972). Carnivores may become infected by feed-
ing on infected prey (Miles 1983). Human infection has
occurred after accidental contact with freshly squashed
triatomine bugs. Trypanosomes in the hindguts of dead
triatomines may maintain their infectivity for up to
30 days. The “‘fecal rain” from triatomine-infested ceil-
ings that falls on inhabitants of some tropical houses may
be another source of infection (Miles 1983). Although
inadvertent contamination with infective triatomine fe-
ces is probably the most common route of human infec-
tion, some cultural practices involve deliberate contacts
with triatomines. These include the eating of Triatoma
picturata (*“chinche de compostela”) for their supposed
aphrodisiac properties in Nayarit, Mexico, and the rub-
bing of feces of T. barberi (‘‘chinche voladora™) onto the
skin to cure warts on children in Qaxaca, Mexico. Both
of these activities expose individuals to a high risk of try-
panosome infection (Salazar-Schettino 1983).

Other modes of transmission from person to person in-
clude infection via blood transfusion and, less commonly,
transplacental infection. Although infection of children
via the breast milk of infected mothers is rare, the risk of
infection during nursing is significantly increased when
bleeding of the nipples occurs.

Arthropods other than triatomines have been infected
with Trypanosoma cruzi in laboratory and field studies.
Both the common bed bug ( Cimex lectularius) and the
African argasid tick Ornithodores moubata have been in-
fected by feeding on infected hosts and have maintained
infective metatrypanosomes in their guts following nor-
mal cyclical development of the parasite. However, these
arthropods are not known to have any role in natural
transmission cycles.

Many individuals who become infected with 7. cruzi
do not develop symptoms early in the course of infection.
These subclinical cases may or may not develop chronic
disease. In a small number of cases, especially in children,
an acute clinical form of Chagas disease occurs follow-
ing initial infection. Significant mortality (5—-15%) occurs
among those showing acute disease.

Acute Chagas disease The acute form of Chagas dis-
ease begins with an area of erythematous and indurated
skin, called a chagoma, at the site of parasite entry. If
the infective material is rubbed into the eye, perior-
bital edema called Romana’s sign appears (Fig. 5.8).
This swelling, which may be accompanied by regional
lymph node enlargements, may last for 2—6 wecks. The
tissue changes result from intracellutar development of
amastigote trypanosomes in subcutaneous tissue and
muscles. The amastigotes multiply and transform into



76 William I Krincky

FIGURE 5.8 Romana’s sign in boy undergoing xenodiagnosis, the
feeding of laboratory-reared triatomine bugs on a patient as means of
detecting infection with trypanosomes. (Courtesy of US Public Health
Service)

trypomastigotes that enter the bloodstream. Other signs
of acute Chagas disease include fever, general enlarge-
ment of lymph nodes, enlarged liver and spleen, and skin
rashes. Complications of the acute phase that may re-
sult in death include myocarditis and meningoencephali-
tis. Most persons with the acute disease survive and enter
the indeterminate phase of the discase, a stage in which
the person appears healthy but still has the potential to
develop serious chronic disease.

The indeterminate phase begins when antibodies to
T’ cruzi become detectable by serological testing, and try-
panosomes, if detectable at all, may only be demonstrated
by special methods, such as culturing blood or xenodiag-
nosis. The indeterminate phase may last indefinitely with-
out further signs or symptoms of disease; in 30—40% of
cases, however, chronic Chagas disease develops within
the next few years or as many as 20 years after the initial
infection.

Chronic Chagas disease This is most often character-
ized by cardiac symptoms including palpitations, dizzi-
ness, chest pain, and sometimes fainting. The causes of
these symptoms are various forms of arrhythmias which
may lead to sudden death or persist for several years. The
underlying pathology for the cardiac abnormalities is the
development of amastigote trypanosomes in the cardiac
muscles, accompanied by degeneration of cardiac muscle
fibers (Fig. 5.9), followed by fibrosis. The second most
often seen type of chronic Chagas disease that occurs
south of the Amazon involves enlargement of the esopha-
gus or, less often, the colon. These conditions are known
as megasyndromes. Enlargement of these organs is ac-
companied by gastrointestinal discomfort, including pain

FIGURE 5.9 Trypanosoma cruzi amastigotes developing in heart
muscle. (From Peters and Gillies 1981)

on eating and prolonged constipation in the case of mega-
colon. The often mammoth enlargement of the esopha-
gus and colon is the result of pathologic destruction of
myenteric ganglion cells, so that autonomic parasympa-
thetic innervation (Auerbach’s plexus) is greatly dimin-
ished. Individual patients may develop chronic cardiac
disease, megaesophagus, and megacolon, or only one or
two of these syndromes. The most common outcome in
patients with chronic Chagas disease is damage to the
heart muscle (cardiomyopathy) and conduction fibers;
this damage leads to various forms of heart block and,
in South America, congestive heart failure. Several years
of suffering with cardiac symptoms may precede cardiac
failure, which may, after as long as a few more years, result
in death.

The restlessness, agitation, irritability, insomnia, and
various other vague discomforts experienced by chronic
Chagas disease patients have led medical historians to
speculate on the basis of Charles Darwin’s writings that
he may have suffered from this disease. Furthermore,
Darwin’s palpitations and chest pains were brought on
by emotional rather than physical stress, a phenomenon
noted in Chagas’ first patient when she was a middle-
aged woman. Evidence that Darwin may have become
infected with Chagas disease trypanosomes while he was
in Argentina comes from his own description of being
attacked by ‘‘the Bemchuca, a species of Reduvius, the
great black bug of the Pampas” (Voyage of the H.M.S.
Beagle, March 26, 1835). It is impossible to make a
definitive diagnosis of Darwin’s illness in the absence of
pathologic material. The fact that Darwin had some of the
same complaints before his voyage on the Beagle further
complicates the speculation.

In suspected acute Chagas disease, direct examination
of anticoagulated blood, buffy-coat preparations, or con-
centrated serum may reveal living trypanosomes. Blood



culture and fixed blood smears are useful for confirmation
of the infection. The most sensitive procedure for recov-
ering trypanosomes from both acute and chronic Chagas
patients is xenodiagnosis (Fig. 5.8). This involves feeding
uninfected, laboratory-reared triatomines on a patient,
holding the bugs in the laboratory for about 30 days, and
then dissecting the hindguts of the bugs to look for try-
panosomes. This procedure uses the bugs as living culture
chambers. It takes advantage of the natural transmission
cycle in which even very small numbers of trypanosomes
ingested by a triatomine multiply in great numbers in the
alimentary tract. Xenodiagnosis has been most successful
when triatomine species and geographic strains from the
area in which a person has been infected are used. As in
all parasitic diseases, a careful history of travel or activities
that may have led to infection is essential for differential
diagnosis of the diseasc.

Diagnosis of chronic Chagas disease requires demon-
stration of T. cruzi—specific antibodies in a patient
who has the characteristic cardiac dysfunction and/or
megasyndromes. Positive xenodiagnosis and antibody
testing alone may indicate only that an individual has been
exposed to the parasite and is in the indeterminate phase.

An estimated 16—18 million people in Central and
South America are infected with 7. cruzs, with as many
as 500,000 new cases occurring each year. More than half
the population of some rural villages is antibody positive.
Historically, the nations most affected by infection and
disease are Brazil, Argentina, Chile, Bolivia, Paraguay, and
Venezuela (Fig. 5.10). The type of discase observed varies
from country to country. Cardiomyopathy and megasyn-
dromes are common in Brazil, but cardiac disease alone is
common in Venezuela. Cardiac abnormalities are present,
but less prevalent, in Colombia and Panama. Cardiac dis-
ease is even less common among seropositive people in
other parts of Central America and Mexico, where car-
diac problems, if they occur, present later in life. Al-
though unproven, differences in clinical presentations
may be related to known strain differences in 7. cruz:
isolates.

The social and economic burden caused by Chagas dis-
ease is primarily associated with morbidity rather than
mortality. Chronically infected individuals often suffer for
decades from weakness and fatigue that interfere with
their productive enjoyment of life.

Chagas disease affects mostly the poorest people in the
population. Typically the incidence of infection is directly
associated with poor housing construction and proximity
to domestic animal quarters or sylvatic habitats. Substan-
dard houses, such as rough-walled huts made of mud and
sticks or adobe mud bricks, often roofed with thatch, pro-
vide abundant cracks and crevices in which triatomines
can hide during the day and crawl out at night to feed
on sleeping people and domestic animals. R. prolisus,
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naturally occurring on living palms, is especially abun-
dant in palm roofs, whereas P. megistus, a species which
is naturally found in hollow trees, favors the interstices
of timber-framed mud houses. Thousands of triatomines
may inhabit individual houses, causing each inhabitant to
be bitten by dozens of bugs each night. Triatoma infes-
tans, the most important vector of Trypanosoma cruzi in
southern South America, also may occur inside houses
with plastered walls and tiled roofs. The ability of tri-
atomines to fly has even led to their intrusion into luxury
high-rise buildings.

More than 100 species of mammals have been found
infected with 7. cruzi. Within domestic settings, humans,
dogs, cats, and mice often are involved. Cats may become
infected following ingestion of mice, whereas all domestic
animals have the potential to become infected following
ingestion of triatomines. In peridomestic cycles, chickens
are excellent sources of blood for the triatomines but are
not susceptible to infection with T. cruzi. In sylvatic cy-
cles, opossums and various rodents are often important
reservoir hosts that are readily fed upon by bugs. The
broad host range of the parasite and the large number of
potential triatomine vectors over a vast geographic area
contribute to the complexities of the natural cycles of
T. cruzi in any given region.

In general, the greatest transmission to humans occurs
in regions where domestic triatomines are abundant. Not
only are these species adapted to survive in close proxim-
ity to man, but also most have feeding patterns that cause
them to defecate very soon after engorgement while still
on or near the host. The lack of truly domestic species
of triatomines and the relatively long delay between en-
gorgement and defecation in triatomine species found
north of Mexico have been cited as major reasons why
there have been only four cases of Chagas disease acquired
from triatomines in the United States.

Triatomine species repeatedly found to harbor nat-
ural infections with T. cruzi in the United States are
Triatoma sanguisuga in Pennsylvania, Ohio, Maryland,
south to Florida, and west into Arizona; T. lecticulnria
in Pennsylvania, Illinois, Maryland, south to Florida, and
west into California; T. gerstaeckeri in Texas and New
Mexico; T, protracta in Texas, north to Colorado, and
southwest to California; T. rubida in Texas and west to
California; and T, recurva in Arizona. All of these species
except T. recurva are commonly associated with wood
rats ( Neotoma spp.), which are also naturally infected with
Trypanosomn cruzi. Other potential reservoirs of infec-
tion for Triatoma sanguisuga and T. lecticularia are rac-
coons, armadillos, and opossums. The low incidence of
human Chagas disease in North America is attributed
to the relatively low percentages of infected triatomine
bugs (6%) and vertebrate hosts (15%), the sylvatic behav-
ior of the bugs, and the time delay between feeding and
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FIGURE 5.10  Geographic distribution of human infection with Trypanosoma cruzi. (Courtesy of World
Health Organization, Vector Biology and Control, 1989.)

defecation (Wood 1951, Lent and Wygodzinsky 1979,

Neva 1996).

In the United States, triatomine-associated Chagas dis-
ease is much less likely than transfusion-acquired infec-
tion. The more than 1 million natives of Latin America

now living in the United States are estimated to have
an infection rate as high as 10%. Consequently, careful
screening of blood donors is essential to prevent chroni-
cally infected, asymptomatic individuals from donating
blood.



Other Human Parasites
Associated with Kissing Bugs

Trypanosoma vangeli, a nonpathogenic trypanosome
found in Central and South America, is also transmitted
by triatomines. R. prolixus is the chief vector. T. rangeli
is morphologically and serologically distinguishable from
T. cruzi and, unlike the latter, may be transmitted via
the saliva of the bug. It is also found naturally in a wide
array of mammals, including monkeys, dogs, opossums,
anteaters, raccoons, and humans.

As with all hematophagous arthropods, incidental in-
fections with various blood-borne pathogens can occur
when these invertebrates feed on parasitemic hosts. Al-
though recent interest in hepatitis B virus has led to the
suggestion that triatomines might at times disseminate
this virus, epidemiological evidence is lacking. Experi-
mental feeding by fifth-instar nymphs of Triatoma in-
festans on asymptomatic human immunodeficiency virus
(HIV)-infected patients has demonstrated that HIV can
survive in the bugs 3 to 7 days after engorgement, but
the bugs do not transmit the virus.

VETERINARY IMPORTANCE

Triatomines transmit Trypanosoma cruzi to a variety of
domestic and wild animals, including opossums, armadil-
los, rodents, carnivores, and monkeys. Depending on the
strain of the trypanosome, the species and age of the host
infected, and other poorly understood factors, the infec-
tion can lead to disease. Myocarditis and megaesopha-
gus, similar to the conditions seen in humans, have been
observed in dogs. Canine trypanosomiasis is of veteri-
nary importance in Central and South America, and many
cases have been recognized in southern Texas. Clinical in-
dications of infection in dogs include dyspnea and ascites.
There is little evidence that nonhuman wild animal hosts
that serve as natural reservoirs of 7. cruzi develop any
pathology.

T. rangeli occurs within the distribution of R. prolixus,
its chief vector. The public health importance of T rangel
in veterinary medicine lies in differentiating this common
parasite from the pathogenic T. cruzi. T. conorkini is a
nonpathogenic parasite of rats transmitted by Triatoma
rubrofasciata in many tropical regions of the Old and
New World. It appears to have a tropicopolitan distri-
bution identical to T. rubrofasciata, a domiciliary species
of the tropics and subtropics. Trypanosoma conorhini is
spread by posterior-station transmission (Hoare 1972).

Heavy infestations of triatomines in poultry houses in
Central America may cause chronic blood loss in chick-
ens. Even though no avian pathogens are involved, the
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impact of constant blood feeding may result in significant
morbidity and, in the case of young birds, mortality.

PREVENTION AND CONTROL

The goal of any prevention or control program is to
reduce contact between humans and kissing bugs in
order to prevent discomfort from bites and the more
serious problem of Chagas disease. Control of Chagas
disease involves the use of insecticides, improving hous-
ing conditions, and treating blood used for transfusions
to kill the trypanosome. Residual imsecticides sprayed on
houses or applied to walls in paints are effective in control-
ling triatomines. However, long-term control requires
caretul surveillance and selective applications of insecti-
cides. Some simple surveillance techniques, such as plac-
ing pieces of colored paper on the inside walls of houses,
have been very successful in assessing the presence of tria-
tomines. Their fecal patterns on the paper provide an in-
dicator of triatomine activity. Houses treated with insec-
ticides subsequently may be colonized by peridomestic or
sylvatic species.

Defecation by Triatoma infestans and R. prolixus soon
after feeding is dependent upon full engorgement by the
bugs which, in turn, appears to be related to the density
of the bug population in a given habitat; the greatest
chance of engorgement is at low-density populations.
Presumably, high bug densities with constant host
resources lead to smaller blood meal sizes and a slower
rate of defecation. Therefore, the chance of inhabitants
becoming infected with Trypamosoma cruzi tends to
be greatest in newly colonized houses where the bug
population is rising or in houses being repopulated after
vector control has been instituted.

Long-term control of triatomine bugs is best achieved
in houses in which rough walls have been covered with
plaster, thatch roofs have been replaced with tin or tile,
and mud floors have been replaced with concrete. Such
changes in construction, as well as the removal of wall
hangings, firewood, and accumulated debris or vegeta-
tion, which serve as hiding places for triatomines, help to
reduce the size of bug populations.

The drugs available for the treatment of acute Chagas
disease, such as nifurtimox and benznidazole, are reason-
ably effective in preventing the development of chronic
discase. However, they are associated with a high fre-
quency of side effects, and neither is known to affect the
course of chronic Chagas disease once it develops. Gen-
tian violet effectively decontaminates donor blood, but
routine screening and treatment of the blood supply is
necessary to prevent transmission of 7. ¢ruzi via blood
donors in endemic areas.
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Various &iological control entities, including juvenile
hormone mimics, predatory arthropods, and parasitic
wasps (e.g., scelionid Telenomus farini) have been stud-
ied for the control of triatomines. However, no biological
control method that is generally effective has been found
for widespread use in Central and South America.

BED BUGS (CIMICIDAE)

The family Cimicidae includes species known by several
common names, including bed bugs, bat bugs, and swal-
low bugs. All species in this family are wingless, obligate
hematophagous ectoparasites. Their medical and veteri-
nary importance relates primarily to the loss of blood and
discomfort caused by their feeding on vertebrate hosts.
The monograph on the Cimicidae by Usinger (1966) is
still the most comprehensive and best work on the ecol-
ogy, morphology, reproductive biology, systematics, and
taxonomy of the group.

Over 50 common names have been given to bed bugs
in different countries. Some of these are: mahogany-
flat (Baltimore), heavy dragoon (Oxford), red coat
(New York), wall louse (Wandlans, Wegluis, and Wanze
[German]), Wigglus (Swedish), Vaeggelus (Danish),
Pig-seq (Chinese), Chinche (Old Spanish), Chinga (Gal-
lic), Nachtkrabbler (‘‘night crawler,” German), Tapeten-
flunder (“‘wallpaper flounder,” German), Punaise
(““stinker,” French), Perceveja (‘‘pursuer,” Portuguese),
Lude (Finnish), Plostice (‘‘flat,” Czechoslovakian), klop
(Russian), bug (“‘ghost, goblin,” British), Buk (Arabic),
Fusfus (Syrian), Pishpesh (Hebrew), Ekukulan (Douala-
Bantu), Kunguni (Swahili), Uddamsa (‘‘biter,” San-
skrit), Rep (Vietnamese), Nankinmusi (‘‘Nanking bug,”
Japanese), and Tokozirami (‘‘bed louse,” Japanese).
These and other names were reviewed by Usinger (1966).

TAXONOMY

The family Cimicidae is divided into six subfamilies with
23 genera and 91 described species. The family is related
to the predaceous family Anthocoridae, which includes
species that feed on insects and mites and occasionally
bite humans and other warm-blooded vertebrates. A re-
lated family, the Polyctenidae, includes species that are
all ectoparasitic on bats and, like some cimicids, are also
commonly called bat bugs.

The cimicids include 12 genera with species associated
with bats and 9 genera with species associated with birds.
In addition, some species in the genus Cimex are found
on bats and others on birds. Three species are considered

FIGURE 5.11 Cimicid bug, Leptocimex boueti. (From Brumpt,
1922.)

ectoparasites of humans. Leptocimex boneti (Fig. 5.11),
a member of the subfamily Cacodminae, occurs on bats
and people in West Africa. The other two are members
of the subfamily Cimicinae, the bed bugs. C. hemipterus
(Fig. 5.12) is parasitic on humans and chickens in the
Old and New World tropics; C. lectularius (Figs. 5.12
and 5.13) is a cosmopolitan species associated primarily
with humans, bats, and chickens.

Both Cimex species that feed on humans originated
in the Old World. The origin of C. hemipterus is uncer-
tain; however, there is evidence that C. lectularius origi-
nated in the Middle East, probably being associated with
bats and humans living in caves. C. lectularius apparently
spread into Europe during historic times, being recorded
from Greece by 400 BC, from Italy by AD 77, and from
Germany for the first time in the 11th century. The
bed bug was known in France in the 13th century and
is recorded as occurring in England in 1583. There-
fore, the wide dissemination of C. lectularius through-
out the world probably did not begin until after the 16th
century.

MORPHOLOGY

The most striking feature of cimicids is their dorso-
ventral flattening. Adults of the oval, mahogany-colored
Cimex species generally range in length from about 5.5 to
7.0 mm, with abdomens 2.5 to 3.0 mm wide (Fig. 5.13).
The females are larger than the males. The bat bug L.
boueti differs from C. lectularius and C. hemipterus in
having a very narrow pronotum, only slightly wider than
the head, and very long legs. It is a smaller species, the
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FIGURE5.12 Head and prothorax of adult bed bugs. (A) Cimex lectularius; (B) C. hemipterus.

(From Smart 1943, courtesy of the British Natural History Museum.)

total body length being 2.8 mm in males and 4.0 mm in
females (Fig. 5.11).

The cimicid head is small and cylindrical, with two
knoblike, multifaceted eyes. Ocelli are not present. The
antennae are four-segmented and inserted between the
eye and the clypeus. The labium is three-segmented and,
as in the triatomines, dorsally encloses the maxillary and
mandibular stylets; they in turn enclose a relatively large
dorsal food canal and a very small ventral salivary canal.
The labium has two sensory lobes at its tip. When the
bug is not feeding, the rostrum, or beak, composed of
the labium and associated mouthparts, is bent below
the head, with the tip extending to the middle of the
prosternum.

The thorax consists of a narrow canoe-shaped prono-
tum, a mesonotum which is covered dorso-laterally by re-
duced fore wings called hemelytral pads, and a metanotum
hidden below the latter. Nymphs do not have hemelytral
pads. C. bemipterus can be distinguished from C. lectular-
ius by the former’s narrower pronotum (Fig. 5.12). The
hemelytral pads are oval in Cimex species and are reduced
to small elevated ridges in Leptocimex. Hind wings are
never present. The legs are slender, with two-segmented
tarsi in the nymphs and three-segmented tarsi in the
adults.

The abdomen is 11-segmented and capable of tremen-
dous expansion during blood feeding. In nymphs, mem-
branous areas on the entire ventral surface and on the first

FIGURE 5.13  Human bed bug ( Cimex lectularins), adults. (A) Male, dorsal view; (B) female,

ventral view; (C) egg; (D) nymph. (From Busvine, 1966.)
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and second and part of the third abdominal terga enable
expansion of the abdomen while feeding. In adults, the
intersegmental membranes are wide, and the middle of
the ventral side of the second to fifth segments of the ab-
domen is likewise membranous. Female Cimex adults are
readily distinguished from males by the presence of an
indentation on the hind margin of the fifth abdominal
sternite (Fig. 5.13). This narrow cleft, called the para-
genital sinus, is surrounded by bristles and is the point at
which the male inserts his aedeagus to intra-abdominally
inseminate the female. No paragenital sinus occurs in
L. bouet:.

L1re HISTORY

Mating occurs with the male bug straddling the female’s
back at an oblique angle. In this position the tip of his
abdomen is strongly curved against the right side of the
venter of the female, where the paragenital sinus is lo-
cated. The male inseminates the female by injecting sperm
into the sinus. This form of traumatic insemination that
involves introduction of the sperm into an extragenital
site occurs in many species of the superfamily Cimicoidea.
Specialized structures for reception of the sperm, vari-
ously called the spermalege, organ of Ribaga, and organ
of Berlese, are present in these species. Copulation usu-
ally lasts from one to several minutes but may take up to
half an hour. Females that have been inseminated retain
permanent scars that are visible in the integument. The
sperm pass from the spermalege into the hemocoel, from
which they enter paired outpouchings of the walls of the
oviducts called sperm conceptacles. From there the sperm
travel within the walls of the oviducts via an intraepithelial
network of tubular canals called spermodes to the bases of
the ovarioles.

Mated females usually feed to repletion and then begin
to lay eggs 3 to 6 days later. Oviposition lasts for about
6 days, during which 6 to 10 eggs are deposited. Depend-
ing on ambient temperature and relative humidity, female
bugs may feed every 3 to 4 days. Eggs are laid continu-
ously, with the mean number of eggs per week typically
varying from 3 to 8. Some females have been observed
to lay as many as 12 eggs in one day and up to 540 eggs
in their lifetime. A female is capable of producing viable
eggs for 5 to 7 weeks after feeding and mating. After that
time, an increasing number of eggs are sterile.

The eggs are elongate/oval, about 1 mm long, and
pearly white. They are laid singly and are coated with a
transparent cement that causes them to adhere to various
surfaces. The eggs are usually deposited in groups or clus-
ters. Hatching usually takes place in 4 to 12 days, depend-
ing on the temperature. There are five nymphal stages,
each lasting 2.5 to 10 days. The temperature threshold

for development is about 15°C, with optimal develop-
ment at 30°C. Humidity, except at the extremes, has
little or no effect on development. The total develop-
mental time from egg to adult for C. lectularius varies
from 24 days (at 30°C) to 128 days (at 18°C), and for
C. hemipterus it ranges from 25 days (at 30°C) to
265 days (at 18°C).

The nymphs are pale straw-colored before they feed
but bear a resemblance to red berries after they have fed.
Feeding generally occurs within 24 hr after hatching or
molting. At low temperatures, nymphs may survive for
5 to 6 months without feeding, whereas adults can sur-
vive even longer. This makes them efficient nest para-
sites which are able to survive long periods when a host
is absent. Nymphs feed at least once during each instar.
Engorgement usually takes about 3 min for first-instar
nymphs and 10 to 15 min for older nymphs and adults.
After fully engorging, nymphs are 2.5—6 times heavier
than unfed nymphs, and the adults are 1.5—2 times heav-
ier than unfed individuals. As in triatomines, liquid fecal
matter is excreted soon after feeding. Half the weight of
the entire blood meal is lost within the first 5 hr after
feeding.

BEHAVIOR AND ECOLOGY

Cimicids are similar to triatomines in their choices of
hiding places, the nature of the substrates selected, and
their feeding patterns. They hide in cracks and crevices
in human and animal habitations and in nests, caves,
and tree holes in natural settings. They prefer rough,
dry substrates which allow maximum contact of the bugs
with the surface. Their attraction to such harborages be-
tween feedings often results in large aggregations. In do-
mestic situations, bed bugs prefer hiding in wood and
paper accumulations rather than in materials made of
stone, plaster, metal, or textiles. Both C. lectularius and
C. hemipterus may infest mattresses, box springs, and up-
holstered furniture. Other common sites of infestations
include public facilities such as theaters and office wait-
ing rooms and upholstered seats in buses. Cimicids will
crawl into the narrowest crevices, such as those formed
behind loose wallpaper, pictures, or electrical switch or
socket plates. The harborages and infested premises are
often stained with conspicuous fecal spots that range in
color from white to yellow to brown to reddish-brown
to black. Areas infested by C. lectularius may be identi-
fied by a characteristic sweet odor.

Bugs leave their hiding places primarily to feed. They
are negatively phototactic, tending to feed mostly in dark-
ness or subdued light when the temperature is above
10°C. Warmth and carbon dioxide, as in many other
hematophagous arthropods, appear to be major factors in



attracting bed bugs to a host. A temperature differential
of only 1 to 2°C is sufficient to induce probing (Lehane
1991).

When the bug has located a host, it approaches with its
antennae outstretched and its beak directed downward at
a 90° angle. It grabs the host with the tarsal claws of the
front legs. After contact is made, the antennae are pulled
backwards, and the entire bug makes rocking, pushing
movements as the vertically directed stylets are embedded
in the skin. As the stylets penetrate the skin, the labium
becomes more and more bent at the skin surface. The
mandibles, which have retrorse teeth at their tips, move in
and out of the skin in alternating fashion, producing a pas-
sage for the maxillac. The bundle of feeding stylets probes
actively within the skin until a blood vessel of suitable size
is penetrated. Only the maxillae, and possibly only the
right maxilla, actually enter the lumen of the vessel. The
salivary secretion contains an anticoagulin which prevents
the blood from clotting. After engorging, the bug with-
draws its stylets; sometimes this requires considerable ef-
fort owing to the teeth on the mandibles. Once the stylets
are again encased in the straightened labial sheath, the
beak is folded back under the head. The bugs are quick
to retreat when disturbed at the beginning or end of feed-
ing; however, while the stylets are fully embedded in the
skin, the bug is unable to withdraw its mouthparts even
if handled or rotated.

The two species of Cimex most commonly associated
with humans have been dispersed over wide areas of the
globe, with C. lectularius most often being found in tem-
perate regions and C. hemipterus in the tropics. These
species are carried concealed in luggage, furniture, and all
manner of packing materials. They have been transported
on land vehicles, ships, and planes.

PuBLic HEALTH IMPORTANCE

Usinger (1966) listed 27 human pathogens, including
viruses, bacteria, protozoa, and helminths, that have been
shown to survive for varying lengths of time in C. lectu-
larius and C. hemipterus. However, there is little or no
evidence to incriminate bed bugs as vectors of these or
any other disease agents.

Recent attempts to explain transmission of hepatitis
B virus and, to a lesser extent, HIV in otherwise unex-
plained situations have focused on the possibility of cimi-
cid transmission. Hepatitis B antigens survive in cimicid
tissues and feces under laboratory conditions; however,
attempts to transmit the virus from infected bugs to chim-
panzees failed. These results and those from transmission
studies with mosquitoes suggest that it is unlikely that
hepatitis B transmission occurs via either infective feces
or interrupted feedings.
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Although transmission studies with bed bugs and HIV
indicate that these insects may harbor the virus for up to
8 days, replication of the virus does not occur and the
virus is not present in cimicid feces. These observations,
together with failed attempts to experimentally transmit
HIV by interrupted feedings, suggest that cimicids are
neither biological nor mechanical vectors of HIV.

Despite the fact that cimicids do not play a signifi-
cant role as vectors of human pathogens, bed bugs are
medically important because they cause unpleasant bite
reactions and significant blood loss in people living in
dwellings that are chronically infested. The actual feed-
ing by bed bugs generally does not produce any pain. If
interrupted, a bug will often bite again close to the previ-
ous site, thereby creating a linear array of punctures that
is characteristic of cimicid bites. People are most often
bitten on the limbs, trunk, and face.

Sensitivity reactions to bed bug bites are the result of
substances injected during feeding. These reactions may
be localized cutaneous responses, or they may be gener-
alized and systemic. The most common local reactions
are wheals similar to uncomplicated mosquito bites or, in
some individuals, large fluid-filled bullae. Erythema is not
a common response but may occur as a result of multi-
ple feedings that cause extensive hemorrhaging under the
skin. Individual reactions to cimicid bites vary from no
response to severe immediate or delayed sensitivity reac-
tions, including anaphylaxis. In most cases, swelling and
itching associated with the bites can be relieved by ap-
plication of ice and use of an oral antihistamine. Chronic
bed bug bites are sometimes misdiagnosed as allergic der-
matitis or other skin disorders. Accurate clinical assess-
ment often requires careful epidemiological evaluation of
a patient’s living quarters.

People living with chronic infestations of bed bugs of-
ten are subject to nightly attacks, resulting in a marked
loss of blood and associated iron deficiency. Children who
are marginally nourished are especially vulnerable to de-
veloping anemia and other medical problems as a result of
such chronic blood loss. Individuals subjected to contin-
ued feeding by bed bugs may also develop extreme irri-
tability that results from restless nights and chronic sleep
deprivation. If the source of the disturbance goes unde-
tected, the emotional stress caused by such infestations
may be misdiagnosed as a neurosis.

Other Cimicids Which Occasionally
Attack Humans

In addition to the three cimicid species directly associated
with human habitations, there are several species that oc-
casionally feed on people. These include swallow bugs of
the genus Oeciacus; the bat bugs C. pilosellus (New World)
and C. pipistrelli (Europe); and the bivd bugs, such as the
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Mexican chicken bug Haematosiphon inodorus and Cimex-
opsis myctalis from the nests of chimney swifts. Human
bites by these species generally occur only in the vicinity
of the nesting or roosting sites of their natural hosts.

The swallow bugs that occur in mud nests of swallows
include two species: Oeciacus hivundinis in Eurasia south
to Morocco and O. yicarius in North America south to
Durango in Mexico. Both species are members of the
subfamily Cimicinae and will bite people who disturb in-
fested bird nests. Swallows may be heavily infested with
the bugs, and nestlings often die as a result of blood loss.
The eggs of Occincus species are attached to the outer sur-
faces of swallow mud nests, often being so abundant that
they can be seen from a distance. There is some evidence
that Oeciacus species are carried as nymphs by the birds
from nest to nest.

An arbovirus has been isolated from the cliff swallow
bug O. vicarius, nestling cliff swallows, and house spar-
rows in eastern Colorado. This is an alphavirus, part
of the western equine encephalitis complex called Fort
Morgan virus. It is not known to cause pathology in its
avian hosts or in humans. Occurrence of this virus in bugs
and birds suggests that viruses can overwinter in swal-
low bugs that occupy nests left vacant by their migrating
hosts.

VETERINARY IMPORTANCE

Cimicids can be significant pests in commercial ponitry
production. Cimicids attacking domestic poultry include
Cimex lectulariusin North America, Europe, and the for-
mer Soviet Union; H. inodorus in Central America; and
Ornithocoris toledoi in Brazil.

Raised slats and wood shavings in nest boxes in broiler
breeder houses provide harborage for the bugs. Indica-
tions of cimicid infestations include fecal spots on eggs,
nest boxes (Fig. 5.14), and wooden supports, skin lesions
on the breasts and legs of birds, reduced egg production,
and increased consumption of feed. Chicken bugs are not
known to transmit any avian pathogens. However, chick-
ens and other fowl raised in poultry houses heavily in-
fested with chicken bugs are irritable and often anemic.
Morbidity in such cases may be high, and young birds
may succumb from blood loss.

Two species of nonpathogenic trypanosomes which
undergo development in cimicids have been isolated from
bats in North America. Trypanosoma bedricki and T. my-
oti, both closely related to T. cruzi, have been found in
big brown bats and little brown bats in southern Ontario,
Canada. Developmental stages infective to bats form in
the rectum of C. brevis and C. lectularins, which sug-
gests that these trypanosomes are transmitted by the

FIGURE 5.14  Fecal spots, indicative of cimicid activity, along scams
of nesting boxes of laying hens in a poultry house heavily infested with
Cimex lectularius. (Photo by G. R. Mullen)

bugs via the posterior-station route. Because bats also are
known hosts for T, cruzi, the differentiation of other bat
trypanosomes and the elucidation of their transmission
are important. Furthermore, because of the similarities
of the life cycles and transmission of these nonpathogenic
trypanosomes to those of T. cruzi, they could be suitable
candidates for developing laboratory models of the Cha-
gas disease pathogen.

PREVENTION AND CONTROL

Measures to prevent cimicid infestations should be-
gin with household sanitation. Removing accumulations
of paper and wood trash eliminates hiding places and
harborages for the bugs. However, once an infestation
occurs, eliminating cimicids requires thorough fumiga-
tion with residual insecticides that must be sprayed on
surfaces over which the bugs crawl to reach their hosts.
Organophosphates have proved most useful when com-
pared with chlorinated hydrocarbons, carbamates, or
pyrethrins. For temporary control, such as is needed by
a traveler occupying an infested room for one or a few
nights, any of various insecticides supplied in aerosol cans
can be used to thoroughly spray bed frames, mattresses,
and box springs.

Control of cimicids in premises in which people are
bothered by the bites of bird bugs or bat bugs requires
identification and removal of the source of the bugs. Such
sources include bats roosting in attics or eaves, bird nests
on window ledges or air conditioners, and birds roosting
in chimneys. Removal of the nonhuman vertebrate hosts
must be accompanied by use of an insecticide, or the hun-
gry bugs will seek human blood more aggressively in the
absence of their natural hosts.



Various arthropods are natural predators of cimicids.
These include the masked bed bug hunter Reduvius per-
sonatus, other hemipterans, ants, pseudoscorpions, and
spiders. None of these, however, has been effectively used
for controlling bed bugs.
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Beetles constitute the largest order of insects but are of
relatively minor public health or veterinary importance.
Adults and larvae of a few species occasionally bite, but
more species secrete chemicals that can irritate the skin
and eyes of humans and other animals. Beetles found in
stored products can cause inhalational allergies, and some
species found in dung and stored products act as inter-
mediate hosts for helminths that cause pathology in do-
mestic and wild animals. Many dung-inhabiting beetles
are beneficial in interrupting the life cycles of mammalian
parasitic worms and in acting as predators or parasitoids
of pestiferous flies that breed in excrement. A few bee-
tle species are ectoparasites or mutualistic symbionts on
mammals, and a few are known to temporarily invade the
skin of mammals.

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

TAXONOMY

The order Coleoptera is divided into four suborders:
Archostemata, considered the most primitive; Ade-
phaga, named for its carnivorous members; Myxophaga,
which are algae-eaters; and Polyphaga, the largest sub-
order, encompassing 90% of beetle families, in which
species with diverse feeding habits are grouped. The
number of beetle families varies between 135 and
170, depending on whether family designations are
based on larval or adult morphology (Crowson 1981,
Lawrence and Newton 1995, Downie and Arnett 1996).
About 112 families include species that occur in North
America.

More than 300,000 species of beetles have been de-
scribed, representing 30—40% of all known insects. About
25,000 species of beetles occur in the United States and
Canada (White 1983, Arnett 1990). Fewer than 100
species worldwide are known to be of public health or
veterinary importance. Most of these are in the subor-
der Polyphaga. The species that have the greatest im-
pact on the health of human and domestic animals
are in the following families: Meloidae (blister beetles),
Oedemeridae (false blister beetles), Staphylinidae (rove
beetles), Tenebrionidac (darkling beetles), Dermesti-
dae (larder beetles), and Scarabaeidae (scarab or dung
beetles).

87



88 William L. Krinshy

ontenna

RERA
<
>

)

\/~

munc’!jbles
A\ labial polpus‘ \ maxillary palpus

FIGURE 6.1 A representative adult beetle (Carabidae), dorsal view, with left clytron and wing spread. A, anal
vein (279, 374, 4™ C, costa; Cu, cubitus; M, media (M = 1 branch, etc.); R, radius (R, 1 branch, etc.); Ry,
radial sector; Sc, subcosta; m-cu, medio-cubital cross-vein; r-m, radio-medial cross-vein. (Modified from Essig,

1942.)

MORPHOLOGY

Adult beetles are distinguished from all other insects by
the presence of hardened fore wings called elytra (singu-
lar elytron) that cover and protect the membranous hind
wings (Fig. 6.1). Coleoptera means ‘‘sheath-winged” in
Greek. The size range of beetles is impressive, varying
from 0.25 to 150 mm; however, most species are 2—
20 mm long. Black and brown are the most common col-
ors seen in the Coleoptera, but exquisite bright colors,
including metallic and iridescent hues, occur, especially
in tiger beetles, ground beetles, plant beetles, metallic
wood-boring beetles, long-horned beetles, and lady bee-
tles. Beetles vary in shape from eclongate, flattened, or
cylindrical to oval or round. Their bodies are often hard-
ened, like the elytra, but some families, such as the blis-
ter and false blister beetles, have soft elytra and soft body

parts that are pliable and sometimes described as leather-
like.

The head of a beetle is usually conspicuous, and al-
most all beetles have some form of biting or chewing
mouthparts. Even in specialized species adapted for pierc-
ing and sucking plants, the mandibles are retained and are
functional. The antennae vary greatly in shape from fili-
form to pectinate to clavate or clubbed and are usually
composed of 11 visible segments. Two compound eyes
are present in most species, and ocelli are rarely present.

Part of the thorax is visible dorsally as the pronotum,
just posterior to the head (Fig. 6.1). The divisions of the
thorax are usually evident only on the ventral side. The
legs vary greatly in shape, from thick paddles in swimming
species to slender, flexible forms in running species. The
paired elytra cover the folded, membranous pair of hind
wings. They usually overlay the dorsum of the abdomen
and often are all that is visible in the abdominal region
when a beetle is viewed from above. In most species, the
elytra are raised during flight. Some beetles have no hind
wings and are flightless, and some beetles have very short



elytra so that the abdominal tergites are visible dorsally
(e.g., rove beetles and some blister beetles). Most beetles
have eight visible abdominal tergites which can be seen
when the elytra and hind wings are raised.

Defensive glands that secrete substances to repel pre-
dators are best developed in beetles in the suborder Ade-
phaga. They are generally present as pygidial glands that
open dorsally near the end of the abdomen. Secretions
from these glands in the Adephaga are not known to cause
notable ill effects in mammals. Within the Polyphaga, py-
gidial glands occur in a few families, such as the Tene-
brionidae. In tenebrionids, the pygidial glands produce
secretions that can deter small mammals and cause hu-
man skin irritation. The pygidial secretions of most other
polyphagan species are not known to affect vertebrates.

Beetles that contain chemicals that are especially irri-
tating to humans and other animals have toxic substances
dispersed throughout their bodies rather than seques-
tered in specialized glands. The blister bectles, paederine
rove beetles, and lady beetles fall within this group.

LIFE HISTORY

All beetles exhibit holometabolous development. Eggs
are laid singly or in clusters on or in soil, living or
dead plant matter, fabrics, water, and carrion and, rarely,
on living animals. The larvae of most beetles have a
distinct head with simple eyes (ocelli) and chewing,
mandibulate mouthparts, and the abdomen has 8 to
10 segments. Beetle larvae exhibit diverse morphological
types, from elongate-flattened forms (campodeiform) to
cylindrical-flattened forms (elateriform), caterpillar-like
forms (eruciform), and somewhat C-shaped soft forms
(scarabaeiform). The larval body type usually is consistent
in a particular family of beetles. In a few families, however,
the larval form may vary from instar to instar in a given
species, a life history progression called hypermetamorpho-
sis. Certain blister beetle larvae, including scavengers in
bee nests and ectoparasites or endoparasites of other in-
sects, are hypermetamorphic. They emerge from the eggs
as active campodeiform larvae, then molt into eruciform
and scarabaciform stages. Most beetle larvae molt at least
three times before transforming into pupae.

Although most temperate species undergo only one
generation a year, species in warmer climates are often
multivoltine. Depending upon the species, any develop-
mental stage may overwinter, but overwintering most of-
ten occurs in the pupal or adult stage. Most species ex-
hibit diapause in one or another stage, and those that
have developmental cycles exceeding one warm season
usually have an obligatory diapause, initiated by changes
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in photoperiod and temperature. Most adult beetles live
for weeks to as long as a year. However, adults of some
species may live for years, spending much of their lives in
diapause during periods when food is scarce.

BEHAVIOR AND ECOLOGY

Beetles live within all terrestrial and freshwater habitats.
The great variation in beetle feeding behavior, whether
saprophagous, herbivorous, carnivorous, or omnivorous,
reflects the extremely diverse habitats in which these in-
sects live. However, their mouthparts play a minor role in
causing discomfort to humans and other animals. Beetle
defense mechanisms, which involve the shedding or sec-
retion of physically or chemically irritating materials, and
beetle behavior that puts the insects in contact with deve-
lopmental stages of parasitic helminths and vertebrates
can lead to public health and veterinary problems.

Larder or pantry beetles (Dermestidae) are ubiquitous
in human and domestic animal environments, where the
larval and adult beetles eat stored food, food debris, dead
insects, and other organic matter. Setae that cause human
skin irritation or act as respiratory allergens are loosely
affixed to the larvae of many species. The setae are elab-
orately barbed so that their firm adherence to many sub-
strates, including human skin, causes them to be dis-
lodged from the crawling, living larvae. In some species,
the larvae actively raise the abdomen and make striking
movements in response to touch. Other active defensive
behaviors are seen in blister beetles, some chrysomelid
plant beetles, long-horned beetles, and lady beetles that
exude irritant chemicals from the femoro-tibial joints of
the legs or from glandular openings around the mouth-
parts when the beetles are handled or threatened. This
reflex bleeding repels predators. One of the most dramatic
defensive maneuvers is the explosion of boiling hot, acrid
quinones from the anal glands of carabid beetles called
bombardier beetles. These forceful expulsions, which are
aimed with extreme accuracy at potential predators, cause
minimal damage to humans and other large animals but
can cause physical and chemical burns in insects and small
vertebrates (Evans 1975).

Most of the beetles that serve as intermedinte hosts of
helminths parasitic in domestic animals and humans are
grain or dung feeders. These species ingest helminth eggs
present in animal feces or fecal-contaminated food. Be-
cause of the proximity of the beetles to feeding animals,
whole adult beetles are often incidentally ingested by po-
tential vertebrate hosts.

The tendency of many beetles to fly to artificial lights
puts them in contact with human and domestic animal
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habitats and increases the chances of vertebrate contact
with species that may be the sources of skin irritations,
allergies, or helminthic infestations.

PUBLIC HEALTH IMPORTANCE

Human health problems caused by beetles include skin,
eye, car, and nose irritations, respiratory allergies, and mi-
nor gastrointestinal discomfort. Beetle families known to
cause public health problems are listed in Table I.

The greatest human discomfort associated with beetles
is caused by vesicating species that secrete irritating chem-
icals when the insects are handled or accidentally contact
human skin or sense organs. Blister beetles, false blister
beetles, some rove beetles, and some darkling beetles have
these irritants in their secretions, hemolymph, or body
parts. Larvae of larder beetles are covered with hairs that

Invasion of body tissues by beetle larvae is called can-
thaviasis, whereas invasion of such tissues by adult bee-
tles is called scarabiasis. These forms of infestation oc-
cur most often in tropical regions. Most clinical cases
involve enteric canthariasis that results from the ingestion
of foodstuffs infested with beetles, or the accidental inges-
tion of infested materials by children. Dermestid larvae,
such as Trogoderma glabrum and T. ornatum, have been
associated with enteric canthariasis in infants who showed
signs of extreme digestive discomfort, which in one case
was the result of ulcerative colitis. It is unlikely that lar-
vae were the cause of the latter condition, although larval
hairs may have exacerbated the symptoms. Larvae were
recovered from the stools of these patients and from the
dry cereal they ingested. Other grain-infesting beetles,
such as Tenebrio molitor and T. obscurus, have been acci-
dentally ingested without causing noticeable symptoms.

Rarely, adult and larval beetles have been recovered
from human nasal sinuses, and larvae have been recov-

can act as skin or respiratory allergens.

TABLE I

cred from the urethra. Small beetles in various families

Beetle Families of Medical/Veterinary Importance, Listed in Order of Relative Importance

Family Common name Clinical importance
Meloidae Blister beetles Cause eye irritation and blisters on skin; can poison and kill horses that ingest them.
Staphylinidae Rove beetles Paederine species cause skin and eye lesions and can poison livestock that ingest them;
large species are known to bite humans; species attracted to dung feed on fly eggs,
larvae, and pupae and are thereby beneficial in reducing pestiferous fly populations.
Scarabaeidae Dung beetles and chafers Spines cause irritation when adults enter ears; intermediate hosts of helminths; dung
feeders are potential disseminators of pathogens; some dung feeders are beneficial
in removing dung that is the source of pestiferous flies and that is infested with
intermediate stages of vertebrate worm parasites.
Tenebrionidae Darkiing beetles and grain Cause skin and eye irritation; larvae and adults contain inhalational allergens; grain-
beetles feeding species are intermediate hosts of helminths and potential disseminators of
pathogens.
Dermestidae Larder beetles, pantry beetles, Larval setae can cause skin, eye, ear, and nose irritation or gastrointestinal discomfort
hide beetles, carpet beetles if ingested; larvae and adults can cause inhalational allergies; grain-feeding species
are intermediate hosts of helminths; carrion-feeding species are potential
disseminators of pathogens.
Histeridae Hister beetles Beneficial as predators of fly eggs and larvae developing in avian and mammalian
manure.
Oedemeridae False blister beetles Cause skin and eye irritation.
Carabidae Ground beetles Intermediate hosts of poultry tapeworms.
Silphidae Burying beetles or carrion Potential disseminators of pathogens.
beetles
Corylophidae Minute fungus beetles Cause eye lesions.
Coccinellidae Ladybird beetles or ladybugs Secretions can cause skin discoloration and irritation.
Cleridae Checkered beetles Can bite humans, causing temporary distress.
Cerambycidae Long-horned beetles Larger species can bite humans and other animals, causing
temporary discomfort.
Merycidae Old World cylindrical bark Can bite humans, causing temporary distress.
beetles
Curculionidae Weevils Grain-inhabiting species can cause inbalational allergies.




have been known to fly or crawl into human eyes and
ears. Some of these cause minor physical irritation, while
others may cause extreme burning sensations, presumably
due to chemicals exuded by the insects.

Painful, but temporary, eye lesions caused by tiny Or-
thoperus species (<1 mm long) in the family Corylophidae
have been seen in castern Australia, where the condition
has received several names: Canberra eye, Christmas eye,
and harvester’s kevatitis.

More than 40 species of beetles have been associ-
ated with human allergic reactions that result from in-
haling beetle parts (e.g., larval setae) or excreta (Bellas
1989). Agricultural and research workers are most of-
ten affected by inhalational allergies, because most of the
beetle species involved occur in large numbers in stored
products. Dermestid beetles (Trogoderma angustum),
tenebrionids (Tenebrio molitor and Tribolium species),
and grain weevils (Sitophilus granarius) have been in-
criminated in many cases of respiratory distress, such as
asthma.

Beetles serve as imntermedinte hosts for more than 50
parasitic worms, including tapeworms (Cestoda), flukes
(Trematoda), roundworms (Nematoda), and thorny-
headed worms (Acanthocephala) (Hall 1929, Cheng
1973). These worms primarily parasitize nonhuman
hosts. Only a few species, such as the rodent tapeworms
Hymenolepis nana and H. diminuta and the Macracan-
thorhynchus species of acanthocephalan parasites, occa-
sionally infest children. The intermediate hosts of Hy-
menolepis species are grain beetles (Tenebrionidae), and
Macracanthorhynchus species undergo development in
dung beetles (Scarabaeidae). Children become infested
because of their poor hygienic practices or by accidental
ingestion of the beetles. Intentional ingestion of living
tenebrionids for medicinal purposes in Malaysia is also a
potential route for human infestation with rodent tape-
worms (Chu ez al. 1977).

Many beetles, such as scarabs, silphids, and dermestids
that feed on dung and carrion have the potential to be
mechanical vectors of pathogens, such as salmonellae and
anthrax bacilli. Although there is experimental evidence
for maintenance and excretion of some of these microbes
by beetles, given the limited sizes of the inocula and the
limited contact between humans and scavenger beetles,
there is no indication that these beetles play a role in direct
transmission to humans.

Many families of beetles include species known to occa-
sionally cause bites to humans. This may happen when the
beetles are accidentally handled or when the beetles oc-
cur in such large numbers that many fly or crawl onto the
body. Entomologists and others who pick up beetles are
the persons most often bitten. Long-horned beetles (Ce-
rambycidae), checkered beetles (Cleridae), rove beetles
(Staphylinidae), and cylindrical bark beetles (Merycidae)
arc among those that have been reported as biting. The
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somewhat painful bites usually leave few or no skin marks
and do not cause any long-lasting discomfort. Long-
horned beetles feed on wood in their immature stages
and are found as adults on flowers, dead and dying trees,
and freshly cut timber. The larger species of rove beetles
that can bite are predaceous on fly larvae and are often
found on carrion or dung. Cylindrical bark beetles and
checkered beetles are found under bark associated with
wood-boring insects or fungus.

Population increases and mass migrations of check-
ered beetles (Cleridae), flat grain beetles (Cucujidae), and
ground beetles (Carabidae) have all caused annoyance at
times by their sheer numbers and, in some cases, by the
strong odors of their defensive secretions.

MELOIDAE (BLISTER BEETLES)

Blister beetles (Fig. 6.2) occur worldwide. Most, if not
all, contain the terpene cantharidin (CioHi204), which
can cause skin irritations. People usually develop blisters
within 24 hr of contacting the secretions of these bee-
tles or the body fluids from crushed beetles (Fig. 6.3).
Often this is accompanied by tingling or burning sen-
sations. The blisters may progress to vesicular dermati-
tis with itching and oozing lesions. At least 20 species of
meloids have been associated with dermatitis (Table II).
Cantharidin is present in the hemolymph and in the clear,
yellow secretion that is exuded at the joints of the legs
of these beetles by reflex bleeding. Reptiles and some
predaceous insects are repelled by the fluid. Although
cantharidin is irritating to humans, the chemical acts as a
meloid courtship stimulant that is secreted by male acces-
sory glands and passed to the female during copulation.
The males, being the only source of cantharidin, gener-
ally have the highest concentrations of the chemical, with
levels in female beetles varying with their mating histo-
rics. The meloid spermatophore is rich in cantharidin, and
the eggs also contain the substance, presumably to deter
predators.

Blister-beetle devmatitis has been reported in Europe,
Asia, Africa, North America, and Central America. The
most famous blister beetle is the ““Spanish fly”’ Lytta
vesicatoria of the Mediterranean region, an insect that
has been erroneously touted as a human aphrodisiac.
Cantharidin is poisonous to humans and other animals
when ingested and may cause kidney damage and death.
Ingestion of powder made by grinding up dried bee-
tles or any other source of cantharidin produces ex-
tremely toxic effects on the urogenital system. The re-
sulting inflammation causes painful urination, hematuria,
and persistent penile erection (priapism), a condition
mistakenly associated with increased sexual stimulation.
Like many other naturally occurring toxins, cantharidin
has been prescribed for centuries as a cure for various
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FIGURE 6.2 Blister beetles (Meloidae). A, Black blister beetle { Epicanta pennsylvanica); B,
Striped blister beetle (E. virraza); C, Spotted blister beetle ( E. maculata); D, European ‘“Spanish
fly” (Lytta vesicarorin). (A—C, modified from White, 1983; D, from Harde, 1984.)

ailments, but it has never been proven to have a thera-
peutic effect.

Meloid species most often associated with skin lesions
in the United States and Mexico are members of the
genus Epicaura. These include the striped blister beetle
(Epicautn vittata) in the castern states, the black blister
beetle (E. pennsylvanica) found throughout most of the

TABLE II

Species of Meloidae Reported to Cause Blistering

Geographic occurrence

of clinical reports

country, and the spotted blister beetle (E. maculata) found of Human Skin
in the western states (Fig. 6.2). Other species of Epicaunta

cause similar problems in India and Africa (Table II). Species

The genus Cylindrothorax occurs over a vast area of ] ]
the Old World, including Africa, the Near East, India, Lytta vesicatoria
and parts of Southeast Asia. African species that cause L. phalerata
blistering include Cylindrothorax bisignatus, C. dusalti, Epicauta cinerea

E. flavicornis
E. birticornis
\v E. maculata
E. pennsylvanica
E. sapphirina
E. tomentosa
o E. vestita
E. vittata

Cylindrothorax bisignatus
C. dusalti

C. melanocephalus

C. picticollis

C. ruficollis

Europe
China

United States (southwestern)

Senegal

India

United States (western)
United States, Mexico
Sudan

Sudan

Senegal

United States (eastern)

South Africa
Senegal, Mali
Gambia, Senegal
Sudan

Sudan, India

Mpylabris bifasciata Nigeria
M. cichorii India
Psalydolytia fusca Gambia
P, substrigata Gambia
FIGURE 6.3  Vesicular skin reaction caused by blister beetle, left cheek
of human. (From Weinberg et al., 1975, reproduced with permission of Modified from Alexander (1984), with information from Selander

the McGraw-Hill Companies.) (1988).



C. melanocephalus, and C. picticollis. A Lytta species in
China also has been associated with human dermatitis
(Table IT).

Blister beetles are found most often on flowers or fo-
liage, where the beetles feed on pollen and other plant
tissues. Epicanta species arc usually abundant where
grasshoppers flourish because the larvae of these meloids
feed on grasshopper eggs. Most people who develop blis-
ter beetle lesions are agricultural workers or soldiers on
maneuvers in areas where the beetles are common. Re-
tention of cantharidin in frogs and birds that prey upon
meloids may lead to human poisoning when these preda-
tors are used as human food. Nineteenth century medi-
cal reports of priapism in French legionnaires traced the
cause of this clinical problem to the soldiers’ ingestion
of frogs that had eaten meloids. Humans have also deve-
loped signs of cantharidin poisoning following ingestion
of cooked wild geese (Eisner ez al. 1990).

FIGURE 6.4  False blister beetle, Oxycopis mcdonaldi (Oedemeridae).
(From Arnett, 1984.)
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OEDEMERIDAE (FALSE BLISTER BEETLES)

False blister beetles in the genera Owycopis (Fig. 6.4),
Owxacis and Alloxacis are known to cause vesicular or bul-
lous dermatitis in the United States, Central America,
and the Caribbean region. Sessinia kanak, a species that is
commonly attracted to lights in the Solomon Islands, and
S. lineata, a New Zealand species, cause similar irritating
lesions. Blistering has been observed in people exposed to
large numbers of swarming Eobia apicifusca in Australia.
False blister beetles are attracted to flowers, where they
feed on pollen. Immediate burning of the skin following
contact with Sessinia species swarming around coconut
flowers has been reported on the Line Islands, south of
Hawaii. As in meloids, cantharidin is the toxic substance
in all of these oedemerids.

STAPHYLINIDAE (ROVE BEETLES)

Rove beetles (Fig. 6.5) in the genus Paederus contain
pederin (C2sHas O9N), a toxin more potent than that of

FIGURE 6.5 Blister beetle, Paederus sabaeus (Meloidae), West Africa.
(From Patton and Evans, 1929.)
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Latrodectus spider venom, and the most complex nonpro-
teinaceous insect defensive secretion known. The beetles,
which are mostly 7—13 mm long, are found in North,
Central, and South America, Europe, Africa, Asia, and
Australasia. Unlike most rove beetles, which are dull-
colored, many Paederus species have an orange pronotum
and orange basal segments of the abdomen, which con-
trast sharply with the often blue or green metallic elytra
and brown or black coloration of the rest of the body. This
color pattern may be a form of warning (apoesematic) col-
oration, but a defensive function for pederin has not been
demonstrated.

At least 20 of the more than 600 described species
of Paederns have been associated with dermatitis
(Table III). Skin reactions to the beetles, named Ching
yao cif ung, were described in China as early as AD 739.
Most cases of dermatitis have involved tropical species,
including Paederus fuscipes (widespread from the British

TABLE III

Species of Paederus (Staphylinidae) Reported to Cause
Skin Lesions in Humans

Geographic occurrence
Species of clinical reports

Pacederus alternans India, Vietnam, Laos
P. amazonicus Brazil

P australis Australia
P. brasiliensis Brazil, Argentina

P. columbinus Brazil, Venezuela

P. cruenticollis Australia
P, eximiys Kenya
P. ferus Argentina

P, fuscipes

P. nr. fuscipes

P ilsae

P nr. intermedius
P, lnetus

P melampus

P. ornaticornis

P, puncticollis

P. riparius

P, rufocyaneus

P. sabacus

P, signaticornis
P. tamulus

Paederus spp.

Italy, Russia, Iran, India, China, Taiwan,

Japan, Thailand, Vietnam, Laos, Indonesia

Papua New Guinea
Israel

Philippines
Guatemala

India

Ecuador

Uganda

Russia

Malawi

Sierra Leone, Nigeria, Zaire, Cameroon,
Namibia, Tanzania, Uganda

Guatemala, Panama
China
Malaysia, Ceylon

Modified from Frank and Kanamitsu (1987).

Isles east across Central Asia to Japan and southeast to
Australia), P. saboeuns (Africa), P. cruenticollis and P. nus-
tralis (Australasia), P. signaticornis (Central America),
and P columbinus and P. brasiliensis (South America).
Species in South American countries are known by var-
ious names, such as bicho de fuego, pito, poto, podo, and
trepa-moleque.

Unlike blister beetles, rove beetles do not exhibit
reflex bleeding as a defensive reaction. Pederin contacts
human skin only when a beetle is brushed vigorously
over the skin or crushed. Because of their general
appearance or misunderstandings about their ctiology,
the resulting skin lesions have been called dermatitis
linearis, spider-lick (India and Sri Lanka), and whiplash
dermatitis. The dermatitis may develop on any part of
the body; however, exposed areas such as the head, arms,
hands, and legs are most often affected. Mirror-image
lesions may form where one pederin-contaminated skin
surface touches another.

Unlike meloid-induced dermatitis, which develops
within 1824 hr after contact, the paederine-induced re-
action of itching and burning usually occurs 24—72 hr
after contact with the beetle’s body fluid. The affected
skin appears reddened and vesicles form about 24 hr after
the initial response. The vesicles may coalesce into blis-
ters and become purulent, producing a reaction that is
often more severe than that seen following exposure to
meloids. The itching may last for a week, after which the
blisters crust over, dry, and peel off, leaving red marks
that may persist for months. Rubbing the eyes with beetle
fluid or contaminated hands, or beetles flying or crawling
into eyes, can cause pain, marked swelling of the eyelids
and conjunctivae, excessive lacrimation, clouding of the
cornea, and inflammation of the iris (iritis). Such ocular
lesions seen in East Africa have been called Nairobi eye.
Although eye involvement often is very irritating, perma-
nent damage is not common.

Rove beetles live in vegetable debris and under stones
and other materials, such as leaf litter. They are preda-
ceous on insects and other arthropods, or they may eat
plant debris. Paederine staphylinids are most abundant in
areas of moist soil, such as irrigated fields and other crop
lands, where the adult beetles feed on various herbivo-
rous insects. Consequently, agricultural workers and oth-
ers working in fields and grassy areas are often affected.
Because the beetles are attracted to lights, workers on
brightly lit oil rigs and people occupying lighted dwellings
in tropical areas are also commonly affected.

TENEBRIONIDAE (DARKLING BEETLES)

Darkling beetles (Fig. 6.6) produce defensive secretions
containing guinones. Adults of Blaps species found in



FIGURE 6.6 Darkling beetles (Tenebrionidae). (A) Confused flour
beetle ( Tribolium confusum); (B) Red flour beetle (T castanenm). De-

fensive secretions containing quinones can cause skin irritation. (From
Gorham, 1991.)

the Middle East and Europe secrete these chemicals that
cause burning, blistering, and darkening of the skin.
Adult beetles of some cosmopolitan Tribolium species, in-
cluding Tribolinm confusum and T. castaneum, have been
associated with severe itching. North American desert
species in the genus Eleodes, when threatened, take a char-
acteristic headstand pose and exude various quinones that
repel small predators and cause mild irritation to humans
who handle these beetles. Darkling beetles are found in
diverse habitats, including under logs and stones, in rot-
ting wood and other vegetation, in fungi, in termite and
ant nests, and among debris in and outside of homes.
Most species live in dry, often desert, environments, while
pest species are found in stored products, such as grain
and cereals. Most tenebrionids are scavengers on de-
caying or dry plant material, but a few feed on living
plants.

DERMESTIDAE (LARDER BEETLES)

Larvae of larder beetles, or pantry bectles (Fig. 6.7), are
covered with barbed and spearlike setae that may cause
allergic reactions in the form of pruritic, papulovesicu-
lar skin lesions. Dermestid larvae often are found living
in houschold furnishings, such as carpets, rugs, and up-
holstery, or stored clothing of individuals suffering from
these reactions, Larder beetles are named for their com-
mon occurrence as pantry pests, but they may also be
found in grain storage facilities, in bird and mammal nests
and burrows, and on carrion. The larvae and adults are
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mostly scavengers on decaying or dry plant and animal
matter.

Dermestid larvae and adults are known to have crawled
into human ears, causing itching and pain. The spear-
headed setae of dermestid larvae have been observed
on numerous occasions on cervical (Papanicolaou) smear
slides and in sputum samples. In all of these cases the setae
appear to have been contaminants that were not associ-
ated with any pathological changes in the patients (Bryant
and Maslan 1994).

SCARABAEIDAE (SCARAB BEETLES)

In some tropical regions where human and animal ex-
crement are abundant in the vicinity of dwellings, scarab
beetles living in the dung are sometimes accidentally in-
gested by young children. These beetles appear in the
newly passed stools of children and may disperse from
the excrement in a noisy fashion that has been described
in Sri Lanka as beetle marasmus (‘‘kurumini mandama”).
Although some of these beetles may infest the fecal mat-
ter as it is passed or after it reaches the ground, it is
quite likely, as local physicians claim, that the scarab bee-
tles (e.g. Copris spp., Fig. 6.8) pass through the alimen-
tary tract and remain alive, causing little or no discom-
fort to the children. Evidence for such durability among
the scarabs comes from cases in which frogs, horses, and
cattle have ingested scarabs, which then worked their
way through the stomach wall and remained alive until
the hosts were killed. In Asia and Africa, humans some-
times become infested with dung beetles { Onthophagus
and Caccobius spp.) when these scarabs enter the anus
and live within the rectum, causing physical discomfort
and damage to the mucosa.

Large numbers of the adult scarab beetles Cyclocephain
borealis and Awtoserica castamen invaded the ears of
186 boy scouts sleeping on the ground at a jamboree in
Pennsylvania in 1957. The beetles caused pain and some
slight bleeding as a result of the tearing action of their
tibial spines. After the beetles were removed, there were
very few cases of secondary infection (Mattuck and Fehn
1958).

COCCINELLIDAE (LADY BEETLES)

Lady beetles, also called ladybivd beetles, have been cited
most often as causing prickling or slight stinging sensa-
tions, followed by the formation of mild erythematous
lesions. These beetles may nip at the skin; however, given
their small size, it is more likely that their defensive secre-
tions cause the discomfort. The alkaloid secretions pro-
duced by reflex bleeding from the legs and around the
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FIGURE 6.7 Dermestid beetles { Dermestidae). (A) Furniture carpet beetle ( Anthrenus flavipes),
adult; (B) same, larva, with hastate seta (enlarged); (C) Cabinet beetle ( Trogoderma sp.), adult; (D)
Varied carpet beetle (A. verbasci), larva, with hastate seta (enlarged); (E) Common carpet beetle

(A. scrophulariae), larva. (From Sweetman, 1965.)

mouthparts do stain human skin and can cause mild ir-
ritation. Lady beetles are common in gardens in warm
weather, where the beetles feed on aphids and scale in-
sects on a variety of plants. Lady beetles also occur in
large aggregations as they are crawling and flying from
overwintering clusters.

VETERINARY IMPORTANCE

Although not generally appreciated even by entomolo-
gists, beetles are involved in a variety of problems of a vet-
erinary nature. These include toxicity to domestic animals
on ingestion, mechanical transmission of disease agents,

intermediate hosts for helminthic parasites, direct injury
to animals by ectoparasitic species, and structural damage
to poultry facilities. Beetles also can be beneficial by play-
ing an important role in the recycling of animal dung and
as natural control agents, especially for dung-breeding
flies.

INGESTION OF ToX1C BEETLES

Several blister beetles in the family Meloidae pose a hazard
to livestock that feed on forage in which the living bee-
tles are abundant. Horses that ingest quantities of these
beetles are especially susceptible to cantharidin poison-
ing. Dead beetles and beetle parts retain their cantharidin



FIGURE 6.8 Scarab beetles (Scarabaeidae). (A) Onthophagus
polyphemi; (B) Copris minutus. (From Woodruff, 1973.)

content so that forage crops that are harvested for live-
stock feed continue to be a source of the toxin. Blister
bectles in alfalfa (Medicago sativa) fields contain enough
cantharidin to provide lethal doses to horses that feed
on this material when it is used as hay. Species that pose
problems in the United States include the striped blister
beetle (Epicauta vittata), the black blister beetle (E. penn-
sylvanica) (Fig. 6.2), the margined blister beetle (E. pes-
tifera), and the three-striped blister beetle (E. lemniscatn),
as well as E. fabricii, E. occidentalis, and E. temexa. In-
dividual beetles contain <0.1 to >11 mg of cantharidin,
equivalent to <0.1 to >12% of their dry weights, with
males of several species averaging >5%. The minimum
lethal dose for a horse is about 1 mg/kg, which means
that depending on the size of a horse and the cantharidin
content of the beetles ingested, anywhere from 25 to
375 beetles are sufficient to cause death (Capinera ez al.
1985).

Horses have been poisoned by eating forage in the
southern, midwestern, and western United States. Poi-
soning is not limited to a particular geographic area
because contaminated forage is transported over long
distances. Affected animals exhibit moderate to severe
clinical signs, ranging from depression to shock that
may be followed by death. Abdominal distress (colic),
anorexia, depression, and oral irritation are commonly
observed. These signs are accompanied by markedly de-
creased serum calcium and magnesium. Accelerated heart
rate {tachycardia), increased respiratory rate (tachypnea),
and increased creatinine kinase activity are indicative of
severe toxicosis that is likely to lead to death. In most
cases in which death has occurred, a borse has succumbed
within 48 hr of the onset of clinical signs. Horses are
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the most commonly affected because the kinds of forage
they are fed are most often contaminated with beetles. Al-
though the ruminant digestive tract is less susceptible to
cantharidin poisoning, goats, sheep, and cattle have also
died from cantharidin toxicosis.

Horses and cattle have also been poisoned by pederin
following ingestion of the tropical staphylinid P. fuscipes.
Pederin can cause severe damage to the mucosa of the
alimentary tract.

Historically, there are reports of chickens, ducklings,
goslings, and young turkeys dying as a direct result of
ingesting the rose chafer (Macrodactylus subspinosus), a
member of the Scarabaeidae (Lamson 1922). Although
this North American species is abundant in the summer
months, modern enclosed poultry production facili-
ties may have greatly reduced the incidence of such
poisonings.

TRANSMISSION OF PATHOGENS

Darkling beetles (Tenebrionidae) inhabiting farm build-
ings can be mechanical vectors of animal pathogens.
Tenebrionid bectles infesting feed in chicken houses may
become infected with Salmonella bacteria passed in fe-
ces from infected chickens. Both larval and adult forms
of the lesser mealworm beetle (Alphitobius diaperinus)
(Fig. 6.9) have been found to maintain viable pathogens
(e.g., Salmonelln typhimurinm and S. chester) on their ex-
ternal surfaces and in their digestive tracts. The bacte-
ria survive for days after infection and are disseminated
via beetle excreta. In chicken-breeding facilities, grain
beetles are potential disseminators of these pathogens

FIGURE 6.9 Lesser mealworm, Alphitobius diaperinus (Tenebrion-
idac), larvae and adults in poultry litter. (Photo by G. R. Mullen.)
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that can infect both chicks and adult birds. These organ-
isms can cause gastroenteritis in human consumers. The
lesser mealworm also is regarded as a potential dissemina-
tor of other bacteria ( Escherichia, Bacillus, Streptococcus),
fungi (Aspergillus), and the viruses causing Marek disease,
Newcastle disease, fowlpox, avian leucosis, and infections
bursitis (Gumboro disease). In addition, oocysts formed
by protozoans in the genus Eimeria are ingested by lesser
mealworm beetles and when the infected beetles are in-
gested by birds, the latter develop avian coccidiosis, a se-
rious disease of poultry.

INTERMEDIATE HOSTS OF PARASITES

Tapeworms (cestodes), flukes (trematodes), roundworms
(nematodes), and thorny-headed worms (acanthocepha-
lans) of many species that infest domestic and wild ani-
mals use beetles as intermediate hosts. Animals become
infested by ingesting parasitized beetles that contami-
nate feed or bedding (tenebrionids, carabids) or that
are attracted to animal dung (scarabaeids), or by in-
gesting water in which infective beetles have disinte-
grated.

Two tapeworms that infest the small intestines of poul-
try are the broad-headed tapeworm ( Raillietina cesticillus)
and Choanotaenia infundibulum. Both parasites cause
enteritis and hemorrhaging in chickens, turkeys, pheas-
ants, and guinea fowl. A few tenebrionids and scarabaeids
and more than 35 species of carabid beetles, notably in
the genera Amara and Pterostichus, are intermediate hosts
for R. cesticillus (Cheng 1973). Some tenebrionid and
dermestid species, including the lesser mealworm bee-
tle, are intermediate hosts for C. infundibulum. Proglot-
tids or tapeworm eggs ingested by beetle larvae or adults
develop into cystercerci (encysted larvae) that can then
infest birds that eat the beetles. Chicks are most sus-
ceptible to serious infestations and often die from worm
burdens.

The beef tapeworm (Taenin saginata) can use dung
beetles and carabids as intermediate hosts, although
they are not essential for transmission. Beetles associated
with infective dung or debris can ingest proglottids or
eggs, as in the case of poultry worms. Cattle and hu-
mans infested with the tapeworm may show mild symp-
toms such as weight loss, abdominal pain, and increased
appetite.

The dwarf tapeworms (Hymenolepis nana and H.
diminuta) that usually infest rodents, especially rats and
mice, can infest humans when the intermediate host bee-
tles are accidentally ingested. Tenebrio molitor may act as
an intermediate host for H. nana, although this worm
is readily transmitted directly from one vertebrate host

to another. Several species of tenebrionids ( Tenebrio spp.
and Tribolium spp.) are required intermediate hosts for
H. diminuta. Larval and adult beetles infesting grain and
cereals ingest worm eggs that develop into cysticercoid
stages that infest rodents or humans, usually children,
who ingest the beetles. Dwarf tapeworms produce mini-
mal symptoms in rodents and people, although heavy in-
festations in children may cause abdominal pain, diarrhea,
convulsions, and dizziness.

Beetles are known to be intermediate hosts for only a
few trematodes. These are parasites of frogs that become
infested by ingesting parasitized dytiscid beetles and pose
no problem for other vertebrate animals.

Many nematodes infest livestock and wildlife, but
only a few use beetles as intermediate hosts. Spirurid
nematodes of various species infest livestock and, rarely,
humans. Physocephalus sexalatus and Ascarops strongylina
eggs develop in many species of scarabaeid dung beetles
(Geotrupes spp., Onthophagus spp., and Scarabaeus spp.)
that then may be ingested by pigs. Both wild and do-
mestic swine can be infested with these stomach worms,
which can cause digestive problems in heavily infested
young animals. Gongylonema pulchrum is a parasite of
the upper digestive tract of sheep, cattle, goats, and other
ruminants, as well as horses, dogs, and humans. The
worms burrow in the mucosa and submucosa of the oral
cavity and esophagus and may cause bleeding, irritation,
numbness, and pain in the mouth and chest. Scarabaeid
and tenebrionid beetles serve as intermediate hosts for
the larvae. Physaloptera cancasica, another spirurid, often
parasitizes monkeys in tropical Africa, where humans
are also commonly infested. This nematode causes
digestive distress by infesting the alimentary tract from
the esophagus to the terminal ileum. Scarabaeid dung
beetles are its intermediate hosts.

The acanthocephalans, aptly named for their thorny
heads, include species found worldwide infesting swine,
rodents, and carnivores, such as dogs. Macracan-
thovhynchus birudinaceus, which attaches to the small in-
testines of swine, causes enteritis and produces intestinal
nodules that lower the value of these tissues when they
are sold to make sausage casings. Eggs of this parasite
are ingested by scarab beetle larvae of species of various
genera ( Phyllophaga, Melolontha, Lachnosterna, Cetonia,
Scarabaens, and Xyloryctes), including May and June bee-
tles, leaf chafers, dung beetles, and rhinoceros beetles.
Infested beetle larvae, as well as the pupac and adults
that develop from them, are infective to both pigs and
humans. Humans and pigs often show no symptoms.
However, in cases of heavy infestations, both human and
porcine hosts may experience digestive problems, such as
abdominal pain, loss of appetite, and diarrhea, which can
lead to emaciation.



Two other acanthocephalan worms that parasitize the
small intestines of their hosts use scarab beetles or tene-
brionids as intermediate hosts. They are M. ingens, which
infests raccoons and occasionally dogs and humans, and
Monsliformis moniliformis, a parasite of rodents and
dogs.

NEST ASSOCIATES AND ECTOPARASITES

In addition to those beetles that occasionally invade the
alimentary tracts or sense organs of animals, other species
have evolved in close association with mammals as nest
dwellers or ectoparasites. These species typically have re-
duced eyes and wings or have lost these structures com-
pletely. The family Leptinidae, known as mammal nest
beetles, includes Platypsyllus spp., which live as larvae
and adults on beavers, and Leptinus and Leptinillus spp.,
which live as adults on various small rodents. These
species feed on skin debris or glandular secretions and
have been associated with skin lesions on their hosts. Two
other beetle groups, the Staphylinidae (Amblyopinini)
and the Languriidae (Loberinae), have species that live
on rodents and a few other mammals. These staphylin-
ids, and possibly the languriids, appear to be mutualisti-
cally symbiotic with their mammalian hosts. The beetles
infest mammalian fur to gain access to their prey, which
are mammalian ectoparasites, such as fleas and mites,
that live in rodent nests (Ashe and Timm 1987, Durden
1987).

Some scarabaeid beetles are adapted to living in the
fur around the anus of certain mammals. These beetles
cling to the fur except when they leave to oviposit in
the dung. Some of these scarabs (Trichillinm spp.) are
found on sloths and monkeys in South America and oth-
ers ( Macropocopris spp.) on marsupials in Australia.

Larvae and adults of the lesser mealworm beetle (Alphito-
bius diaperinus) have been found boring into and living in
the scrotum of a rat, and feeding on sick domestic chicks
and young pigeons. Similarly, the kide beetle ( Dermestes
maculatus) can feed on living poultry and has caused
deep wounds in adult turkeys. In laboratory experiments,
lesser mealworm beetles killed snakes and a salamander,
all of which were devoured by the mealworms. The vo-
racious and aggressive behavior of this commonly abun-
dant tenebrionid makes it a significant pest in poultry
houses.

In addition to their direct attacks on birds, the lesser
mealworm and hide beetle larvac are major causes of
structural damage to poultry houses. After reaching their
final instar, the larvae migrate into the insulation of poul-
try houses to seek pupation sites. The larval tunnels and
holes produced in insulation and wood framing cause
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enough damage to alter temperature regulation in the
houses, which reduces the efficiency of poultry produc-
tion (Axtell and Arends 1990).

DUNG BEETLES AND BIOCONTROL

Many beetles that are attracted to avian and mam-
malian excrement should be viewed as beneficial in-
sects. Scarabaeid beetles (including coprines) remove large
quantities of mammalian dung by scattering or burying
the material during feeding or reproduction. The rapid
removal of dung helps reduce the development of para-
sitic worms and pestiferous cyclorrhaphan flies that re-
quire dung for their survival and reproduction, and it also
opens up grazing land that would be despoiled by the
rotting excrement. Staphylinid beetles and bisterid beetles
that are attracted to mammalian and avian dung directly
reduce muscoid fly populations by feeding on the imma-
ture stages of these flies and indirectly reduce these pop-
ulations by introducing their phoretic mites, which prey
upon fly eggs in the excrement.

Dung beetle diversity is greatest in tropical regions,
such as Africa, with its abundance of herbivores. More
than 2000 scarabaeid species in many genera (e.g.,
Onthophagus, Enoniticellus, and Heliocopris) are known
to feed and reproduce in dung in Africa. Less diverse
dung feeders, such as Aphodius, Onthopbagus, Canthon,
and Phanacus species, provide the same benefits in the
United States. In Australia, the development of extensive
cattle farming resulted in the production of millions of
tons of dung that was not naturally removed, because the
native coprophagous beetles were adapted to feeding only
on marsupial dung. Within the last few decades, intro-
ductions of African beetles by sterile breeding programs
have established several coprine species that have helped
to open up grazing lands ruined by dung accumulation
and to reduce the breeding source of the pestiferous bush
fly (Musca vitustissima).

Staphylinid beetles of several species in the genus Philon-
thus feed as both larvae and adults on fly larvae living
in animal excrement. These beetles are maintained as
components in biological control programs against the
face fly and horn fly. Staphylinid species of Aleochara
are also helpful in reducing dung-breeding fly popula-
tions because the parasitoid larvae of these beetles pene-
trate fly puparia and destroy the fly pupae. Histerid bee-
tles, especially Carcinops species, are found in confined
animal production facilities, such as poultry houses. The
larvae and adults of these beetles feed on eggs and lar-
vae of muscoid flies. Any beetle species observed in
animal production facilities should be identified to as-
sess whether its presence is beneficial or detrimental
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to the maintenance of sanitary conditions and animal
health.

PREVENTION AND CONTROL

Preventing public health and veterinary problems associ-
ated with beetles requires education about which species
are harmful. Recognition of meloid, paederine, and oede-
merid beetles allows one to immediately wash skin sur-
faces and cyes that come into contact with the beetles,
thereby removing the chemicals that cause dermatitis or
inflammation of the eyes. With the exception of the small-
est species, beetles that are attracted to lights may be pre-
vented from reaching humans or other animals by using
screens and bed netting.

Control of vesicating beetles occurring in natural and
cultivated vegetation can be achieved with pesticides;
however, the wide area over which these chemicals must
be broadcast generally makes such control impractical.
Human exposure can be prevented by combining edu-
cation about the problem with personal protective mea-
sures and removal of extraneous vegetation and decay-
ing organic matter from around agricultural fields and
dwellings.

Prevention of blister beetle toxicosis of farm animals
involves care in the handling of forage crops. Harvest-
ing hay at times when meloid beetles are rare, such as in
late fall in temperate climates, helps prevent contamina-
tion of dried, stored forage with dead beetles. Similarly,
harvesting alfalfa before it produces the blooms that at-
tract meloids, or raking hay more frequently after it is cut
and allowing it to dry longer before it is conditioned or
crimped, will allow beetles to leave the hay before it is
baled.

Preventing and controlling dissemination of pathogens
and transmission of helminths of veterinary importance
can be achieved by a combination of strict sanitary and
cultural practices. Removal of dung and organic waste
from animal enclosures, as well as sterilization of ma-
nure before it is used as fertilizer, helps to interrupt the
transmission cycle of parasites by reducing the chances of
beetles ingesting worm eggs. Rotation of pastured ani-
mals also can limit contact between the definitive hosts
and intermediate beetle hosts. Increased abundance of
scarabaeid dung beetles that aids in the rapid removal of
dung, by both ingestion and burial, has been found ben-
eficial in reducing infestations with intestinal nematodes
that do not use beetles as intermediate hosts, but that
are transmitted from animal to animal by dung ingestion
(Fincher 1975).

Control of destructive poultry-house beetles requires
constant monitoring for the insects and strict sanitation.

Pesticides provide only temporary control and are most
beneficial when applied to soil that larvae may burrow in
to pupate. Careful personal hygiene, use of gowns and
masks in beetle-rearing facilities, and regular vacuuming
of floors, floor coverings, and furniture in domestic set-
tings help prevent exposure to dermestids and other bee-
tles that can cause allergic responses.
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Fleas are morphologically unique ectoparasites that are
unlikely to be confused with any other arthropods. They
are a monophyletic group that has evolutionary ties with
the mecopteroid insect orders Mecoptera and Diptera.
Fleas evolved from winged ancestors during the late
Jurassic or early Cretaceous Period 125—150 million
years ago in parallel with marsupial and insectivore hosts.
As a group, they have principally evolved as parasites of
mammals on which 94% of known species feed, represent-
ing 15 families and more than 200 genera of fleas. The
remaining 6%, representing 5 families and 25 genera, are
ectoparasites of birds.

Coevolution has molded many host-flea associations,
as reflected by their host specificity and the morpho-
logical adaptations of some fleas that conform to the

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

morphology of the host skin, fur, or feathers. Although
many flea species do not cause significant harm to their
hosts in nature, most species that feed on humans and
their companion animals are of medical or veterinary im-
portance.

TAXONOMY

There are approximately 2500 species and subspecies of
fleas that are currently placed in 15 families and 220 gen-
era (Lewis 1993a, 1998). Many of these species have been
catalogued by Hopkins and Rothschild (1953—-1971),
Mardon (1981), Traub ez al. (1983), and Smit (1987).
Except for the work by Traub ez al. (1983), these works
are part of an eight-volume series published by the British
Museum (Natural History), now The Natural History
Museum, London. Another series of publications that ad-
dresses the geographical distribution, host preferences,
and classification of the world flea fauna are those of Lewis
(1972—-1993a). A publication by Ewing and Fox (1943)
on North American fleas is largely outdated, and no mod-
ern text covering the fleas of this region has been pub-
lished. However, Holland (1985) has produced an excel-
lent guide to the fleas of Canada, Alaska, and Greenland
which can be used for those species that also occur in the
continental United States. An earlier work by Fox (1940)
and a key by Benton (1983) are useful for identifying fleas
from the eastern United States; Benton (1980) also has
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provided an atlas outlining the distribution of the fleas
of this region. An older work by Hubbard (1947) ad-
dresses the fleas of western North America, whereas Lewis
et al. (1988) provide a guide to the fleas of the Pacific
Northwest. An updated series of identification guides for
North American fleas has been initiated (Lewis and Lewis
1994). Although flea larvae are usually difficult to assign
to genus or species, Elbel (1991) provides a useful guide
for identifying the larval stages of some flea taxa.

Most fleas of medical or veterinary importance are
members of the families Ceratophyllidae, Leptopsyllidae,
Pulicidae, or Vermipsyllidae. Occasionally members
of other families, notably the Ctenophthalmidae and
Rhopalopsyllidae, also feed on humans and domestic an-
imals. Table I shows the family-level classification for the
flea species discussed in this chapter.

TABLE I

Classification of Flea Species Mentioned
in the Text

Family Ceratophyllidae
Ceratophyllus gallinae (European chicken flea)
C. niger (western chicken flea)
Nosopsvilus fasciatus (northern rat flea)
Orchopeas bowardi
Oropsvlla montana

Family Ctenophthalmidae
Stenoponia tripectinata

Family Ischnopsyllidae
Mbyodopsylla insignis
Family Leptopsyllidae
Leptopsvlia segnis (European mouse flea)
Family Pulicidae
Cediopsylin simplex (rabbit flea)
Ctenocephalides canis (dog flea)
C. felis {cat flea)
Echidnophaga gallinacea (sticktight flea)
E. lavina
E. myrmecobii
Euboplopsyllus glacialis
Hoplopsyllus anomalus
Pulex irvitans (human flea)
P simulans
Spilopsvilus cuniculi (European rabbit flea)
Tunga monositus
T. penetvans (chigoe)
Xenopsylia astin
X. bantorum
X. brasiliensis
X. cheopis (Oriental rat flea)
Family Pygiopsyllidae
Uropsylla tasmanica
Family Vermipsyllidae
Dorcadia ioffi
Vermipsylla alakurt (alakurt flea)

Modified from Lewis, 1993a.

Flea classification is based almost exclusively on the
chitinous morphology of cleared adult specimens. Male
fleas probably have the most complex genitalia in the
animal kingdom, and the morphology of the sclero-
tized parts of these organs is important in most sys-
tems of flea classification. Although various classifica-
tion schemes have been proposed for fleas, one that
is widely used today is detailed by Lewis (1998).
In this classification, the order Siphonaptera is di-
vided into 15 families, the larger of which are the
Ceratophyllidae (540 species), Ctenophthalmidae (744
species), Ischnopsyllidae (135 species), Leptopsyllidae
(346 species), Pulicidae (207 species), Pygiopsyllidae
(185 species), and Rhopalopsyllidae (145 species).

MORPHOLOGY

Adult fleas are small (1-8 mm), wingless, almost invari-
ably bilaterally compressed, and heavily chitinized (Fig.
7.1). Many species bear one or more combs, or ctenidia,
each appearing as a row of enlarged, sclerotized spines
(Figs. 7.1 to 7.3). A comb on the ventral margin of the
head is called a genal ctenidium, whereas a comb on the
posterior margin of the prothorax is called a promotal
ctenidium. Additional cephalic or abdominal ctenidia oc-
cur in some fleas. Smaller rows of specialized setae or bris-
tles adorn various body regions of many fleas. The nature
of the ctenidia and specialized setae often reflect the vesti-
ture or habits of the host, especially in host-specific fleas.
They aid in preventing dislodgement of fleas from the hair
or feathers of the host. It also has been suggested that
ctenidia may protect flexible joints.

An important sensory feature of adult fleas is the sen-
silium (the pygidinm of older works), present on abdom-
inal tergum 9 or 10 (Fig. 7.1). This sensory organ aids
fleas in detecting air movement, vibrations, and temper-
ature gradients; in some species it also facilitates copu-
lation. It plays an important role in host detection and
in initiating escape responses. Just anterior to the sensil-
fum in most fleas are the stout, paired antesensilial setae
(antepygidial bristles) situated on the posterior margin of
tergum 7. Many adult fleas, especially those of diurnal
hosts, possess well-developed eyes (Fig. 7.3), which are
actually clusters of ocelli. Eyes are well developed in most
adult fleas of medical or veterinary importance (Figs. 7.2
and 7.3). Short, clubbed, three-segmented antennae are
held inside protective grooves called antennal fossne on
the sides of the head which prevent antennal damage as
the flea moves through the pelage of its host.

The mounthparts of adult fleas are well adapted for pierc-
ing and sucking (Figs. 7.3 and 7.4). After a suitable feed-
ing site has been located by the sensory labial palps, three
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FIGURE 7.1 Morphology of generalized adult flea, female. T, abdominal tergites; St, abdominal sternites.
(From Lewis, 1993b.)
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FIGURE 7.2 Morphology of the head and prothorax of representative adult fleas of medical and veterinary importance. (A) Cat
flea (Ctenocephalides felis); (B} Dog flea { C. canis); (C) Human flea (Pulex irritans); (D) Northern rat flea ( Nosopsyllus fascintus);

(E) Oropsylla montana, a North American rodent flea; (F) Oriental rat flea ( Xenopsylla cheopis); (G) Hoplopsyllus anomalus, a North
American rodent flea; (H) European mouse flea (Leptopsylia seqnis); (1) Myodopsylia insignis, a North American bat flea; (J) Rabbit

flea (Cediopsylla simplex). (From Matheson, 1950.)
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FIGURE 7.3  Lateral aspect of the head of a cat flea ( Crenocephalides
felis) showing mouthparts, combs (ctenidia), antenna, and eye. (Origi-
nal by Margo Duncan.)

slender, elongate structures collectively called stylezsor the
fascicle are used to pierce the host skin. The three stylets
consist of two lateral, bladelike maxillary laciniae and the
central epipharynx (Fig. 7.3). The laciniae penetrate the
host skin, and the tip of the epipharynx enters a host capi-
lary. A salivary canal is formed by the closely appressed
medial surfaces of the two laciniae. A food canalis formed
at the confluence of the laciniac with the epipharynx
(Fig. 7.4). Anticoagulants, including the antiplatelet en-
zyme apyrase, other salivary components, and some-
times allergens or pathogens, are introduced into the bite
wound via the salivary canal while host blood is imbibed
through the food canal. In some sedentary fleas, such

Lacinia

Epipharynx

Labial palp

Food canal

Salivary canal

FIGURE 7.4 Transverse section through flea mouthparts. (Redrawn
from Askew, 1973.)

as sticktights (Pulicidae) and alakurts (Vermipsyllidae),
which remain attached to the host for long periods, the
mouthparts are elongate and barbed and also function as
host-attachment devices.

Internally, the alimentary tract of fleas (Fig. 7.5) con-
sists of an anterior pharynx which leads to the elongate
esophagus and then to the provemtriculus at the junction
of the foregut and midgut. The proventriculus is armed
with rows of spines which can be drawn together to pre-
vent regurgitation of a blood meal from the midgut. The
midgut expands to accommodate large blood meals but
it lacks distensible diverticula or cacca. Many fleas imbibe
larger volumes of blood than their midgut can accommo-
date and must void blood-rich feces during or soon after
feeding. Four excretory Malpighian tubules radiate from
the junction of the midgut with the bindgu:.

Male flea genitalin are morphologically complex
(Fig. 7.6). The major structures are the claspers, which
are used to help secure the female during mating; the of-
ten highly specialized aedeagus; and the penis rods, which
are partly inserted into the female opening during mat-
ing. The major components of the female genitalia are
the vagina, the spermathecal duct, and the spermatheca;
sperm are stored in the spermatheca between matings.
During copulation, the antennae of the male are held
erect and are used to grasp the female.

Flea eggs are small (0.1-0.5 mm), ovoid, and pearly
white (Fig. 7.7). Flea larvae are elongate, legless, and
eyeless, with numerous stout body setae, especially on
their abdominal segments. They possess a well-developed
head capsule armed with chewing mandibles (Fig. 7.8)
and a pair of mandibular szk glands that produce silk for
constructing the pupal cocoon. Most flea larvae are small,
wormlike, and highly active, with voracious appetites. Al-
though few flea larvae can be identified to species, most
can be assigned to the family level based on the arrange-
ment of head papillae (small, finger-like projections), se-
tae, and sense organs.

Flea pupae are exarate (i.c., have externally visible ap-
pendages) (Fig. 7.9) and are typically surrounded by a
loose silken cocoon which is secreted by the last larval in-
star. Because of the silk’s sticky nature, debris from the
substrate often adheres to the cocoon and helps to cam-
ouflage it (Fig. 7.10). Many adult fleas possess an anterior
Sfrontal tubercle on the head which aids them in tearing
free from the cocoon during emergence; after use in this
manner, the frontal tubercle breaks off in some species.

LIFE HISTORY

Fleas are holometabolous insects, with an egg, larval (typi-
cally consisting of three instars), and pupal stage (Figs. 7.7
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FIGURE 7.5 Generalized internal anatomy of an adult flea, showing mouthparts and alimentary tract. (From
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to 7.10). Gravid females of most flea species that have
been studied can produce hundreds of eggs during their
lifetime. Eggs typically hatch in about 5 days. Autogeny,
or laying fertile eggs prior to ingestion of a blood meal,
is not known to occur in fleas. The eggs are sticky and
may adhere briefly to the host pelage; however, they usu-
ally drop into the host nest or bedding material, where
they hatch a few days later. Some fleas oviposit directly
on leaves or debris in host nests. Females of Stenoponia
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tripectinata, a Palearctic rodent flea, glue their eggs to
the nesting material.

Most flea larvae feed on organic matter in the nest
or bedding materials of their hosts. Adult cat fleas, dog
fleas, European rabbit fleas, and representatives of several
other species void blood-rich fecal pellets during feeding,
which in turn provide a nutritious food source for the
larvae. Larvae of the northern rat flea aggressively prod
adult fleas until they excrete blood-rich feces, which the
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#

FIGURE 7.6  Genitalia of a male flea, the western chicken flea (Ceratophylius niger). (Modified

from Smit, 1957.)
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FIGURE 7.7 Immature stages of the cat flea (Crenocephalides
felis): egg. (Courtesy of Nancy C. Hinkle and National Pest Control
Association. )

larvae then ingest. Some flea larvae supplement their djet
by feeding on other small arthropods in the host nest, and
cannibalism among flea larvae appears to be common.

Duration of the pupal stage usually lasts 1 -2 weeks but
is influenced by ambient temperature and host availability.
Eclosed adult fleas of several species can remain within the
cocoon as pre-emergent adults until suitable host or envi-
ronmental cues stimulate their emergence. Pre-emergent
adult cat fleas can remain quiescent inside cocoons for
4-5 months to avoid desiccation or other environmental
extremes that would kill free-living fleas.

Many fleas, including most of those of medical or vet-
erinary importance, undergo continuous generations un-
der favorable conditions. The cat flea is a good example.
Indoors, the generation time for this flea is usually about
1 month but can be as short as 20 days. Other fleas,
such as alakurts associated with migrating ungulates in
Asia, and species parasitic on migrating birds are more
likely to pass through just one generation per year in syn-
chrony with host availability. Some fleas, especially in tem-
perate regions, may undergo four or five generations each
summer but fewer or none during the winter. Host availa-
bility clearly affects the number of generations in many
fleas. Longevity of fleas in the absence of available hosts
is greater at low temperatures and high humidity, such as
during winter in temperate regions. Under optimal con-
ditions, adult fleas of certain species may survive away
from the host for more than a year.

FIGURE 7.8 Immature stages of the cat flea (Ctenocephalides fe-
lis): larva. {Courtesy of Nancy C. Hinkle and National Pest Control
Association. )

Specialized or unusual life cycles have evolved in many
fleas, including some species of medical or veterinary sig-
nificance. Females of the genera Tunga and Neotunga, for
example, burrow into host dermal tissue, where they un-
dergo a dramatic size increase (up to 1000-fold) accom-
panied by extensive morphological degeneration. This
type of growth, called neosomy, involves major integu-
mental chitin synthesis during the adult stage. The genital
opening of the female protrudes through the pore in the
host skin to facilitate mating with the free-living males;
fertilized eggs are likewise extruded through this open-
ing. Because of the great size increase of neosomic fe-
males, they are able to produce many relatively large eggs.
In some cases this has led to a reduction in the number of
larval instars from three to two; further modifications are
exhibited by Tunga monositus, a parasite of New World
rodents, in which neither larval instar feeds. The chigoe
(Tunga penetrans) is an important human parasite that
belongs to this group of fleas.

Adult females of some fleas oviposit randomly into the
environment, where the resulting larvae must search for
organic matter suitable to eat. Examples are vermipsyl-
lid fleas in the genera Vermipsylla and Dorcadia, called
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FIGURE 7.9 Immature stages of the cat flea (Crenocephalides felis):
pupa. {Courtesy of William H. Kern, Jr. and National Pest Control
Association. )

alakurts, that feed on large ungulates, remaining attached
for several days. At the other end of the spectrum, fe-
males of Uropsylla tasmanica cement their eggs to the
fur of their Australian hosts (dasyurid marsupials) and the
larvae burrow into host skin, where they subsist as sub-
dermal parasites. Mature U. tasmanica larvae drop to the
ground, where they spin a cocoon and pupate in a manner
typical of most other fleas. Larvae of the hare-infesting
Euhoploplsyllus glacialis are ectoparasitic, and those of
some other fleas feed on host carcasses or even on the
superficial tissues of moribund hosts.

BEHAVIOR AND ECOLOGY

Fleas have evolved a plethora of specialized behaviors and
ecologies to locate and exploit their hosts. Host-finding
behavior is extremely important for adult ectoparasites,
such as fleas, in which the immature stages typically oc-
cur off the host. Important stimuli used by fleas for host

FIGURE 7.10 Immature stages of the cat flea (Crenocephalides felis):
cocoon covered with debris from substrate. (Courtesy of Nancy C.
Hinkle and National Pest Control Association.)

location include host body warmth, air movements, sub-
strate vibrations, sudden changes in light intensity, and
odors of potential hosts or their products (e.g., carbon
dioxide, urine). The sensilium, antennae, and eyes are im-
portant organs used by fleas to detect potential hosts. In
cases in which adult fleas emerge from their cocoons in
close association with their host, locating a food source
is not difficult. However, fleas of other groups of hosts,
such as ungulates or migrating birds, typically must em-
ploy more elaborate strategies for this purpose. These in-
clude jumping towards dark or moving objects and mov-
ing towards warmth and CO,; sources.

Some fleas are stimulated to emerge from their pu-
pal case and cocoon by mechanical compression and vi-
brational stimuli, which often indicate the presence of a
potential host. This response is especially noticeable in
flea-infested human premises that have been temporarily
vacated for weeks or months. When humans or pets re-
turn to the premises, these stimuli are largely responsi-
ble for synchronized emergences of adult fleas from their
cocoons.
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While some fleas spend much of their adult lives in
the host pelage, most species visit the host principally to
feed. In fact some nidicolous (nest-associated) fleas (e.g.,
Conorbinopsylla, Megarthroglossus, and Wenzella spp.)
spend very little time on the active host, living instead in
crevices in the nest and feeding when the host is asleep.
Nidicolous habits have evolved in several families of fleas.

Once a flea locates a host, feeding is initiated by cues
such as body warmth, skin secretions, and host odors.
Sensory structures of the maxillary and labial palps aid in
selecting a feeding site. The labium and labial palps then
guide the stylet-like mouthparts into the host skin. Most
fleas are capillary feeders; when the tip of the stylet bun-
die pierces a capillary, feeding is facilitated by contraction
of powerful cibarial and pharyngeal muscles. Many fleas
possess symbiotic bacteria or fungi in the midgut that aid
in digestion of the blood meal.

Mating behavior in most fleas that have been studied
follows a distinct sequence of events. When the male and
female approach one another, the male touches the female
with his maxillary palps and his antennae become erect.
The male then moves behind the female, lowers his head,
and pushes his body beneath her while grasping her with
his antennae by sucker-like organs along their inner sur-
faces. Next, the male raises the apex of his abdomen, par-
tially secures the female with his claspers, and extrudes his
penis rods and /or aedeagus to initiate copulation. Sperm
deposited into the female are stored in her spermatheca
until her eggs are ready for fertilization.

Locomotory bebavior in adult fleas usually involves walk-
ing or running on the substrate or through host pelage.
However, jumping is the mode of locomotion for which
fleas are best known; this provides both an important
means of escape and a way to reach hosts. Fleas jump
using a modification of the flight mechanism of their
winged ancestors. In addition to using muscles derived
from subalar and basalar flight muscles, they have re-
tained the wing-hinge ligaments, which have been dis-
placed midlaterally due to lateral compression of the flea
body. The jump is not propelled by direct muscle action,
but rather by the sudden expansion of discrete pads of a
highly elastic protein in the pleural arch called 7esilin. This
remarkable protein can store and release energy more ef-
ficiently than any synthetic rubber and more quickly than
any muscle tissue. The properties of resilin are unaffected
by temperature, enabling fleas to jump even in subfreez-
ing conditions.

Prior to jumping, the flea typically crouches, com-
presses its resilin pads, and keeps them compressed us-
ing one or more catch mechanisms. At takeoff the tergo-
trochanteral depressor muscle relaxes to release the catch,
allowing the resilin pads to expand rapidly, transferring
energy to the hind legs. This results in an acceleration of
about 200 g, catapulting fleas of some species more than

30 cm in about 0.02 sec. While airborne, the flea somer-
saults, holding its middle or hind legs aloft to use as grap-
pling hooks for snagging a host or the substrate. After
landing, the muscles are rapidly readjusted in preparation
for another jump. By repeating this action, the Oriental
rat flea can make up to 600 jumps per hour for 72 hr with-
out rest (Rothschild 1973).

Nest-associated fleas typically have reduced jumping
abilities because they have less resilin in the pleural arch
and have undergone secondary atrophy of jumping mus-
cles. This appears to be adaptive in ensuring that these
fleas do not leap out of a nest into an unfavorable envi-
ronment.

Flea populations may be naturally regulated in several
ways. Hosts are often efficient groomers and are able to
significantly reduce flea populations on their bodies. Cats,
for example, have been shown to remove up to 18% of
their fleas within 24 hr. Natural predators, such as certain
mesostigmatid mites, pseudoscorpions, beetles, ants, and
other arthropods, feed on fleas, especially the immature
stages in host nests, thereby decreasing their numbers.
Various parasites also contribute to flea mortality. These
include the plague bacillus, Yersinia pestis, the protozoan
Nosema pulicis, the nematode Steinerneman carpocapsae,
and parasitoids such as the pteromalid wasp Baraimiin
fuscipes.

Environmental factors are often important in deter-
mining the abundance of fleas in different habitats or
geographical regions. These factors are often related to
climate, weather, or soil conditions, such as relative hu-
midity, temperature, and soil moisture content. Favorable
environmental conditions, such as host abundance and
availability, plentiful food for larvae, high relative humid-
ity, and mild temperatures, promote high populations of
many flea species. Because the immature stages typically
occupy different niches from adult fleas, the ecological re-
quirements of one or more of the immature stages, rather
than of the adult, may be limiting factors that do not per-
mit a species to become established or abundant under
certain conditions.

Hormones can play an important role in synchronizing
the development of fleas with that of their hosts. The
life cycle of the rabbit fleas Spilopsyllus cuniculi and
Cediopsylla ssmplex (Fig. 7.2]), for example, is mediated
by host hormones imbibed with the host blood. These
fleas can reproduce only after feeding on a pregnant doe.
In this way, the emergence of adult fleas is synchronized
with that of a litter of rabbits. Reproductive hormones
(e.g., corticosteroids and estrogens) in the blood of the
pregnant doe stimulate maturation of the ovaries and
oocytes in feeding female fleas and testicular development
in the males. The adult fleas are ready to mate when the
rabbit litter is born. Flea mating and oviposition occurs
after they have transferred onto the newborn young.



The resulting flea larvae feed on organic matter in the
nest debris. The next generation of adult fleas appears
15—45 days later, in time to infest the host littermates
before they disperse from the burrow. Rothschild and
Ford (1973) provide more details on this fascinating
flea—host relationship.

FLEAS OF MEDICAL-
VETERINARY IMPORTANCE

Human flea (Pulex irricans)

This flea will feed on humans and is capable of trans-
mitting pathogens of medical importance. However, it
is more commonly an ectoparasite of swine and domes-
tic cats and dogs in most parts of the world. Although
P, irritansis currently an infrequent parasite of humans
in developed countries, this has not always been the
case. P. grritans has a patchy but cosmopolitan distri-
bution and often occurs in remote and isolated areas.
Adults of this species lack both genal and pronotal
ctenidia (Fig. 7.2C). P. simulans is a closely related
species that parasitizes large mammals, including wild
canids and domestic dogs, and sometimes people, in
the New World. Older records (before 1958) from
this region are unreliable and could refer to either
P. grritans or P. simulans.

Cat flea (Crenocepbalides felis)

The cat flea occurs worldwide and is currently the most
important flea pest of humans and many domestic ani-
mals. It is primarily a nuisance because it feeds not only
on domestic and feral cats, but also on humans, domes-
tic dogs, and several livestock species. It also parasitizes
wild mammals such as opossums and raccoons. This ec-
toparasite is the most common flea on dogs and cats in
most parts of the world. Some strains of the cat flea ap-
pear to have adapted to hosts such as horses or goats.
Cases of severe anemia associated with huge numbers
of cat flea bites have been recorded for these and other
domestic animals.

Female cat fleas in most populations produce larger
numbers of fertile eggs if they take their blood meals
from cats rather than other host species. Under optimal
conditions a female cat flea can lay about 25 eggs per
day for a month, contributing to very high densities
of fleas in a relatively short time. Adult cat fleas have
well-developed genal and pronotal ctenidia (Figs. 7.2A
and 7.3) and can be distinguished from the dog flea
(C. canis) by the longer head and longer first spine in
the genal comb in C. felis. For further details on the
biology of the cat flea, see Dryden (1993) and Rust
and Dryden (1997).
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Dog flea (Crenocephalides canis)

This flea (Fig. 7.2B) is much less common on domestic
dogs in most parts of the world than it was in previous
decades. Instead, the cat flea has become the most com-
mon flea on domestic dogs. No satisfactory explana-
tion for this change has been documented; perhaps cat
fleas can outcompete dog fleas under stress from mod-
ern pesticide applications. Nevertheless, dog fleas per-
sist worldwide and remain as the predominant fleas on
dogs in Ireland, Israel, and a few other countries. Dog
fleas also parasitize wild canids such as foxes, coyotes,
and wolves, on which they can be relatively common.

Oriental rat flea (Xenopsylla cheopis)

This flea is the principal vector of the agents of plague
and murine typhus throughout many of the tropical
and subtropical parts of the world. Some other species
of Xenopsylln also are vectors of the plague bacillus. Al-
though it is most common on domestic rats, it also will
readily feed on humans, dogs, cats, chickens, and other
hosts especially if rats become scarce. Like the human
flea, adults of X. cheopislack both a pronotal and a genal
ctenidium (Fig. 7.2F).

European rabbit flea (Spilopsylius cuniculi)

Originally from Europe, this flea has accompanied its
host the European rabbit as it has been introduced
throughout the world, either inadvertently or as a lab-
oratory animal. It is an example of a sedentary or stick-
tight flea; adults attach to the host for long periods
using their elongate mouthparts to anchor them in
host skin and to feed. This flea typically attaches to the
ears of rabbits, where a rich peripheral blood supply
provides easily accessible blood meals. Adults have a
genal ctenidium with a row of five blunt spines oriented
almost vertically on the head and a well-developed
pronotal ctenidium.

Sticktight flea (Echidnophaga gallinacea)

As indicated by its name, this is another sticktight flea.
It is distributed globally wherever chickens have been
introduced as domestic animals. This flea usually at-
taches semipermanently around the head, especially on
the wattle, of chickens (Fig. 7.11). Many additional
hosts are also parasitized by E. gallinacea, including
other domestic birds (e.g., turkeys, quail), domestic
rats, dogs, cats, and occasionally humans. Adults of this
small flea are easily recognized by their sharply angled
squarish head and the absence of both pronotal and
genal ctenidia.

Chigoe (Tungn penetrans)

This flea, also called the jigger or sand flea, has ma-
jor medical and veterinary significance because it bur-
rows into the tissues of humans and some domestic
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FIGURE 7.13 Tungiasis; female Tunga penetrans embedded in hu-
man toe with flea eggs around the lesion. (From Ibanez-Bernal and
Velasco-Castrejon, 1996.)

FIGURE 7.11  Sticktight fleas ( Echidnophaga gailinacen), attached to
head and neck of rooster. (Courtesy of US Department of Agriculture.)

animals. In addition to being very small (ca. 1 mm in
length), the free-living adult chigoe lacks pronotal and
genal ctenidia and has a sharply angled head. It is
widely distributed in tropical and subtropical regions.
The life cycle of the immature stages and the male of
T. penetrans does not deviate significantly from that
of most fleas. Initially, the female is free-living but
soon invades the host skin. Once embedded, she be-
gins to swell by imbibing host fluids, often expanding
about 80-fold to reach the size of a pea after 8—10 days
(Figs. 7.12 and 7.13). She maintains an opening to the
exterior, through which she respires, mates with a free-
living male, and expels her eggs. The male possesses the
longest intromittent organ relative to body size in the
animal kingdom and mates from an inverted position.

FIGURE 7.12 Chigoe (Tunga penetrans), adult females embedded
in host skin; abdominal segments starting to swell in specimen at left;

greatly enlarged, gravid female at right. (From Harwood and James,
1979.)

Eggs usually are expelled onto sandy soils, including
coastal beaches (hence the term sand flea), frequented
by potential hosts where the larvae complete their de-
velopment. There are only two larval instars. Develop-
ment from egg to adult usually takes 4—6 weeks, but
sometimes it takes only 3 weeks under optimal condi-
tions.

Northern rat flea (Nosopsyllus fasciatus)

This is a common flea of domestic rats, especially
in temperate and northern regions of the world. Al-
though it will bite humans and can transmit several
zoonotic pathogens, such as the agents of plague and
murine typhus, it is far less important in this respect
than the Oriental rat flea. Occasionally, it parasitizes
other rodents or domestic mammals. Adults possess a
well-developed pronotal comb but lack a genal comb
(Fig. 7.2D).

European chicken flea (Ceratophyllus gallinae)

This ectoparasite of feral and domestic birds, espe-
cially chickens, originated in Europe but has spread
with poultry operations throughout the world. Because
C. gallinae can feed on so many bird species, it is often
difficult to completely eradicate. In contrast to E. gal-
linacea, this flea is highly mobile on the host and can
be especially common in host nesting material. Adults
have a distinct pronotal ctenidium but lack a genal
ctenidium.

European mouse flea (Leptopsylla segnis)

This cosmopolitan flea typically parasitizes the house
mouse { Mus musculus), including laboratory colonies.
Rarely, large populations of L. sggnis cause host anemia
or other problems in mouse-rearing facilities. Adults of
this flea possess a well-developed pronotal ctenidium
and a vertical genal ctenidium consisting of four bluntly
rounded spines (Fig. 7.2H).



TABLE II

Pathogens Transmitted by Fleas
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Discase agent Disease Vector(s) Host(s) Geographic area
Virus
Myxoma virus Myxomatosis Spilopsyllus cuniculs Rabbits Europe, Australia
Bacteria
Coxielln burnetii Q fever Several fleas Mammals Global
Franciselln tulavensis Tularemia Several fleas Mammals Global
Rickettsia typhi Murine typhus Xenopsylla, Mammals Global
Ctenocephalides
R. prowazekii Sylvatic Orchopeas howardi Flying squirrels, North America
epidemic typhus humans
Salmonelln enteriditis Salmonellosis Pulex, Xenopsylln Humans Eurasia
Staphylococcus aureus Staphylococcal Several fleas Mammals Global
infection
Yersinia pestis Plague Mainly Xenopsylla Humans, rodents, cats Global
Protozoa
Trypanosoma lewisi Murine Nosopsyllus, Rats Global
trypanosomiasis Xenopsylln
T. nabiasi Rabbit S. cuniculi Rabbits Global
trypanosomiasis
Nematoda
Acanthochetlonema Canine filariasis Ctenocephalides Carnivores Global
reconditum
Cestoda
Dipylidinm caninum® Double-pored Crenocephalides Dogs, cats, humans Global
tapeworm
Hymenolepis diminuta® Rodent tapeworm Nosopsyllus, Rodents, humans Global
Xenopsylln
H. nana? Dwarf tapeworm Nosopsyllus, Rodents Global
Xenopsylla

#Fleas are not vectors for these pathogens but instead serve as intermediate hosts.

PUBLIC HEALTH IMPORTANCE

Fleas are of public health significance for several reasons.
Many species are annoying biters that can cause consid-
erable discomfort, sometimes leading to secondary infec-
tions of bite wounds. The bites of some species can cause
dermatitis or allergic veactions. Allergic responses also can
result from contact with, or inhalation of, flea products
(e.g., larval exuviae). Females of the chigoe actually in-
vade human skin tissue, especially of the feet and toes, and
cause painful lesions that are prone to serious secondary
infection. Other fleas are intermediate hosts of tapeworms
that can parasitize humans. Fleas also serve as vectors of
the causative agents of several important zoonotic dis-
cases, such as murine typhus and plague (Table II).

Flea bites (Fig. 7.14) can cause intense irritation for
several days. Bites are characterized by a tiny purplish
spot, or purpura pulicosa, surrounded by slightly swollen
skin called roseola pulicosa. The vast majority of flea bites
experienced by humans are due to the cat flea. This flea
is an unrelenting biter which generally attacks humans on

the ankles (Fig. 7.14), although other parts of the body
may be affected. Women tend to be more commonly bit-
ten than men, suggesting a hormonal association between
this species and human females. In addition to the annoy-
ance it causes, Ctenocephalides felis is a proven vector of
the causative agent of endemic typhus. The cat flea is dis-
cussed in more detail with respect to its veterinary impor-
tance.

The human flea also is an annoying biter of people in
various parts of the world. The closely related P. simulans
sometimes infests households and causes dermatitis in hu-
mans in western North America. Several other species of
fleas may bite humans to the point of annoyance, includ-
ing the dog flea, the sticktight flea, the northern rat flea,
and several species of Xenopsylla, including the Oriental
rat flea (Table 1). Also, the squirrel flea Orchopens howardi
and some bird fleas belonging to the genus Ceratophyllus,
including the Ewuropean chicken flea, occasionally bite
humans.

Members of households and adjacent premises harbor-
ing pets or domestic rodents can be especially prone to
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FIGURE 7.14 Multiple cat flea bites on human ankle. (Photo by
Elton J. Hansens.)

flea bites. Cat fleas and dog fleas readily bite humans, es-
pecially if flea populations are large or if pets are temporar-
ily removed. Rodents inhabiting households also can be a
source of fleas that can bite humans. Fleas typically aban-
don dead hosts; if domestic rats die in wall voids, base-
ments, or other poorly accessible structures, their fleas
may seck human hosts. A similar situation can occur in-
volving squirrel fleas, whose hosts often nest in attics or
eaves of houses. Basements, garbage, and pet food sup-
plies and feeding bowls also can attract scavenging mam-
mals such as opossums, raccoons, and skunks. These an-
imals may leave behind cat fleas and other fleas that will
bite humans. Flea bites represent occupational hazards on
many farms, in barns, rabbit hutches, and poultry oper-
ations. The fleas in such cases may come directly from
livestock or indirectly from domestic rodents attracted to
food supplies.

FLEA-ASSOCIATED ALLERGIES

Flea-bite dermatitis usually occurs in persons that have
become hypersensitive to flea saliva. In sensitized indi-
viduals, bite sites typically develop into papules, causing a
form of papular urticaria, often with associated wheals,
especially in children. In more serious cases, skin scal-
ing, hardening, or discoloration can occur. In adults, it is

usually the distal extremities that are involved, whereas in
children the entire body may be affected. With time and
repeated exposure to flea bites, hyposensitization may re-
duce the severity of the dermatitis without medical inter-
vention. The administration of corticosteroids or desen-
sitizing antigens can be helpful for some hypersensitive
individuals.

People can become sensitized to flea feces and parti-
cles of exoskeletons upon contacting or inhaling them in
house dust. Adult fleas have been identified as the source
of some of these allergens (Baldo 1993). Airborne larval
exuviae also have been implicated as triggers of asthmatic
symptoms. Relief from these allergic responses may be
achieved by administering a course of desensitizing anti-
gens to the patient.

PLAGUE

Plague is caused by infection with Yersinia pestis, a gram-
negative coccobacillus bacterium. The disease also is re-
ferred to as the black death, and, in Francophone coun-
tries, as /a peste. The organism was first isolated in 1894
when Swiss bacteriologist Alexandre Yersin cultured it
from sick patients at the Pasteur Institute in Hong Kong.
Although plague is thought to have originated in Asian
gerbils, it is typically maintained in urban areas in com-
mensal rodents, especially the black rat (Rattus vattus)
and Norway rat (R. norvegicus). The pathogen is trans-
mitted to these rodents by fleas, especially the Oriental
rat flea and other members of the genus Xenopsylin. The
role of Xenopsylla cheopisas a vector of Y. pestis was defini-
tively demonstrated by French physician/bacteriologist
Paul-Louis Simond during his plague studies in Pakistan
(then India) in 1898. Plague is the most significant flea-
borne disease in human and wild mammal populations.
Plague pandemics have had a significant impact on hu-
man civilization and have claimed more human lives than
all wars ever fought. At least three major pandemics have
been documented. The first, sometimes called Justinian’s
plague, originated in AD 541 in Africa and later spread
throughout Mediterranean Europe, killing an estimated
40 million people during the sixth and seventh centuries.
The second pandemic, usually referred to as the black
death, originated in central Asia in the 14th century
and spread to Europe as a consequence of developing
trade routes between these two continents. In 1347 crew
members of an Asian trading vessel that docked in Sicily
were suffering from a mysterious disease which was later
identified as plague. Over the next 5 years, plague spread
throughout most of Europe from this point of entry, with
devastating consequences; by 1352, at least 25 million
people had died in Europe alone. This pandemic contin-
ued for more than 200 years, with the disease appearing



or reappearing in different arcas of Europe. London ex-
perienced a major epidemic in 1348, followed by another
in 1665, with foci of the disease persisting in the city
throughout this time period.

The third major pandemic of plague spread across the
globe in the late 1800s after originating from a focus in
China’s Yunnan Province in 1855. From 1896 to 1948,
this pandemic accounted for 12 million deaths in India
alone. Several plague foci initiated during the peak of
this pandemic still persist today. In the United States,
for example, plague bacilli were introduced with infected
ship-borne rats in 1899 in San Francisco and from there
eventually spread to at least 14 western states and 2
Canadian provinces. Plague continues to persist in na-
tive rodents and fleas in most of these areas of west-
ern North America. Some researchers, however, con-
tend that plague was already enzootic in North America
prior to 1899 and that the apparent spread of the disease
merely reflected intensified surveillance efforts. Accounts
of plague include works by Stark ez al. (1966), Bahmanyar
and Cavanaugh (1976), Twigg (1978), Barnes (1982),
Duplaix (1988), Mee (1990), Craven ez al. (1993),
Poland ez al. (1994), Madon ez /. (1997), and Goddard
(1999).

Nucleotide sequencing of ribosomal RNA in 7. pestis
shows a correlation between the geographical distribution
of genetic strains, or biovars, of Y. pestis and their spread
during the three pandemics. There are three biovars of
Y. pestis: biovar Antiqua occurs in Africa, biovar
Medievialis mainly in central Asia, and biovar Orientalis in
Europe, Asia, Africa, North America, and South America.

Today plague occurs as fairly discrete foci in various
parts of Asia, southern and northwestern Africa, South
America, and western North America. Recent outbreaks
have surfaced in Brazil, Democratic Republic of the
Congo, Ecuador, India, Madagascar, Malawi, Mongolia,
Peru, South Africa, Tanzania, and Vietnam. Globally,
nearly 19,000 human cases of plague were reported to
the World Health Organization from a total of 20 coun-
tries during 1984—1994. During 1970-1994, a total of
334 cases of indigenous plague were reported for the
United States; the peak years were 1983 and 1984, with
40 and 31 cases, respectively (Craven ez al., 1993). Eighty
percent of cases in the United States have occurred in
Arizona, New Mexico, or Colorado.

In addition to bites from infected fleas, plague infec-
tions can result from direct contact with moribund or
dead mammals infected with Y pestis or, rarely, from inan-
imate objects harboring the pathogen. In such cases the
pathogen typically enters the body through skin lesions.
Inhalation infection also can occur from aerosolized
T. pestis.

Two ecological forms of plague are recognized: urban
plague, carried by domestic rats and their fleas in cities and
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towns, and wild-rodent plague (sylvatic plague, derived
from the Latin sifva, meaning trees; campestral plagne;
rural plague), maintained in several species of mammals
{mainly rodents) and their fleas in rural areas away from
human populations. Over 200 species of rodents and
other mammals (e.g., certain carnivores) may serve as
reservoir hosts of wild-rodent plague. In North America,
ground squirrels, rock squirrels, chipmunks, and prairie
dogs are particularly important, whereas in Asia, gerbils
and susliks (ground squirrels) typically fill this role. Sim-
ilarly, various gerbils and the peridomestic rat Mastomys
natalensis are important reservoirs in parts of Africa. The
sigmodontine rat Zygodontomys byevicanda is prevalent in
most South American foci. Plague-infected tree squirrels
have been found in some towns in the western United
States. In an attempt to limit future spread, plague is
presently one of only three internationally quarantinable
infections.

In many plague-endemic regions, wild-rodent plague
persists enzootically in discrete rodent populations. Un-
der certain conditions, the disease can become epizootic
and spread to commensal rats to trigger urban plague.
Some populations of reservoir hosts are refractory to in-
fection with Y. pestis, while others are highly susceptible.
This is reflected by large-scale die-offs in infected prairie
dog ( Cynomys spp.) towns in North America. Intermedi-
ate stages of susceptibility to plaguc exist between these
two extremes in other reservoir populations. In most re-
gions where plague persists there are distinctly different
species of enzootic and epizootic rodent reservoir hosts.
Most carnivores, especially felids, are susceptible to infec-
tion with Y. pestis. The disease is often severe in domestic
cats, which can serve as a source of infected fleas to house-
holds. Bites, scratches, or inhalation of infectious aerosols
from infected cats also can disseminate Y. pestss. Human
plague cases acquired from domestic cats have increased
in recent years in the United States.

Although the Oriental rat flea and other Xenopsylla
species are important vectors of Y. pestis, there are at
least 125 species of fleas that are capable of transmitting
the pathogen. In North America, several flea species can
transmit the plague bacterium to native rodents; Oropsylln
montana (Fig. 7.2E) and perhaps Hoplopsyllus anoma-
lus (Fig. 7.2G) are the more important among these. In
Russia and northern Asia, fleas belonging to the genera
Citellophilus, Neopsylla, and Ctenophthalmus are signifi-
cant enzootic vectors within rodent communities. In ad-
dition, the widespread fleas P. srritansand N. fasciatusare
capable of transmitting plague bacilli. Because X. cheopis
survives poorly in cool climates, historical reevaluations
suggest that, contrary to former dogma, P. irritans, rather
than X. cheapis, may have been the principal flea vec-
tor of Y. pestis in the great plague epidemics of northern
Europe.
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FIGURE 7.15 Blockage of midgut of Oriental rat flea (Xenopsyiia
cheopis) by mass of Yersinia pestis, the causative agent of plague. (Cour-
tesy of US Public Health Service.)

A susceptible flea typically becomes infected after im-
bibing plague bacilli in its blood meal from an infected
host. The bacterium invades the flea midgut, where under
suitable conditions it multiplies rapidly, often culminating
in complete blockage of the gut anterior to the proven-
tricular spines. This proventricular blockage (Fig. 7.15)
results from clumping of the bacteria 8—51 days after in-
gestion. Although some gut blockages may clear sponta-
neously, persistent blockage of the flea gut is central to
efficient transmission of Y. pestis. Fleas with blockages are
incapable of ingesting a blood meal from a host. Feed-
ing attempts by these fleas result in the drawing of blood
into the flea esophagus, followed by regurgitation of the
blood meal into the host. This regurgitation is caused by
the elastic recoil action of the esophagus when resistance
from the proventricular blockage is reached. Infection re-
sults when plague bacilli are regurgitated with the blood
meal into the host.

Fleas with gut blockages are hungry and make re-
peated, aggressive feeding attempts. This can result in the
infection of several different hosts and amplification of an
epidemic. A single Y. pestis gene can determine whether or
not proventricular blockage forms in infected X. cheopis,
whereas another gene determines whether a flea midgut
infection will develop. Unless the gut blockage clears, the
infected flea ultimately succumbs to starvation, dehydra-
tion, or toxicity from bacterial metabolites, itself becom-
ing a victim of plague. As with most other pathogens
transmitted by fleas, plague bacilli do not pass through
the gut wall of infected fleas to invade the hemocoel, sali-
vary glands, or other organs.

Key environmental parameters influence the establish-
ment of plague foci throughout the world. For exam-
ple, X. cheopis is principally a denizen of drier habitats,
and it is in these zones that the major plague foci have
persisted. Where environmental factors tend to keep the

FIGURE 7.16 DPlague patient with enlarged axillary lymph node, or
bubo, characteristic of bubonic plague. (Courtesy of US Public Health
Service.)

number of flea species in a given area low, plague is gen-
erally absent or rare. If the ambient temperature exceeds
28°C, plague-infected fleas often can clear their guts of
blockages, and the disease does not develop to epidemic
proportions.

There are three recognized clinical types of plague in-
fection: bubonic, septicemic, and pneumonic plague. The
most common of these is bubonic plague, which usually
results from the bites of infected fleas but can result from
handling infectious mammalian carcasses. This type of
plague is characterized by grossly enlarged, tender, pe-
ripheral lymph nodes called buboes (singular &ubo). They
usually occur in the axillary or inguinal region (Fig. 7.16)
and are typically teeming with plague bacilli.

In septicemic plague the pathogen initially bypasses
or overwhelms the peripheral lymph nodes and invades
deeper recesses of the body. Although internal buboes
may develop, they are not easily detected. Instead, the
bloodstream is invaded rapidly by the bacterium, and cap-
illary walls start to leak, often turning the skin black. The
absence of external buboes to aid diagnosis, coupled with
swift invasion of the blood, make this form of plague es-
pecially severe, with many patients succumbing to fatal
septicemia.

The most life-threatening form of the disease is pnen-
monic plague, in which patients have a lung infection of
Y. pestis and can cough or sneeze viable bacteria into the
air. Inhalation of 7. pestis by susceptible individuals re-
sults in the pulmonary form of this disease. Also, bubonic
or septicemic plague can progress to pneumonic plague.
Without prompt and aggressive medical attention, pneu-
monic plague is invariably fatal; some untreated patients
die within a day of inhaling the pathogen. The severe
pathogenicity of 7. pestis is largely caused by endotoxins
and exotoxins released by the dividing bacilli.



Flea-transmitted infection typically results in classic
bubonic plague, in which buboes develop after an incu-
bation period of 2—6 days. Accompanying symptoms
arc severe headache, fever, and shaking chills. Without
treatment, most patients deteriorate rapidly, with a
typical mortality rate of 50—60%. Septicemic plague is
a particularly dangerous form of the disease because the
incubation time is only 2—5 days and external buboes are
absent. Pneumonic plague has a very short incubation
period (1-3 days) and may spread rapidly from one vic-
tim to another. Overwhelming pneumonia characterized
by coughing, bloody sputum, chills, and fever usually
result in death within 3 days unless specific medication is
administered within 15—18 hr of the onset of symptoms.
Pneumonic plague spreads directly, and usually rapidly,
from person to person without the involvement of
flea vectors. In some cases, humans have contracted
pneumonic plague after inhaling aecrosolized bacilli
expelled by infected houschold cats. Accurate diagnosis
is important in identifying plague-infected patients.
Various biochemical, serological, chromatographic, and
staining tests, or lysis with a specific bacteriophage, are
typically employed to detect Y. pestis or specific antibody
directed against it in humans, animals, or fleas. DNA
probes and polymerase chain reaction (PCR) techniques
used to amplify specific nucleotide sequences of Y. pestis
are becoming routine screening tools in many public
health laboratories. A fiberoptic biosensor also has been
developed to detect a specific antigen of Y. pestis.

The treatment of plague patients usually involves im-
mediate hospitalization, isolation, and administration of
broad-spectrum antibiotics. Formalin-inactivated plague
vaccines are available. They are not, however, totally ef-
fective. None is currently protective against pneumonic
plague in humans, and most must be administered in mul-
tiple doses or at regular intervals to ensure protection.

Efforts to control plague typically involve removal of
wild-rodent reservoir hosts and/or their fleas. In areas
of potential plague activity, samples of rodent blood and
tissues often are collected in order to monitor plague in
reservoir host populations. Fleas also can be collected and
screened for Y. pestis. If samples are positive, then rodent
and flea control measures should be considered.

MURINE TYPHUS

Murine typhus, also known as endemic typhus or Mex-
ican typhus, is caused by infection with the rickettsial
organism Rickettsia typhi (formerly R. mooseri). Although
this zoonosis is typically maintained in commensal rats
by flea transmission, humans occasionally are infected.
Murine typhus is one of the most prevalent rickettsial dis-
eases of humans, even though it is underdiagnosed and
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its importance is generally unappreciated. R. yphi is a
small, obligate, intracellular bacterium that can cause mild
febrile infection in humans. It usually is transmitted via
infected flea feces. When the bite site of an infected flea
is scratched, rickettsiae gain access to the host through
abraded skin. Under experimental conditions, however,
some fleas also can transmit this pathogen via their bite.
Reviews on the ecology and epidemiology of murine ty-
phus have been provided by Traub ez al. (1978), Azad
(1990), Rawlings and Clark (1994), Azad ez al. (1997),
and Goddard (1998).

The geographical distribution of murine typhus is al-
most global. Although it occurs on all continents except
Antarctica, its importance as a human pathogen has di-
minished in recent years. Significant foci persist, however,
especially in Indonesia, the People’s Republic of China,
Thailand, North Africa, and Central America. In the
United States, the annual number of human cases has de-
creased from more than 5000 in 1945 and 1946 to 20—
80 per year from 1958 to the present. This zoonosis was
formerly widespread throughout the southern and south-
western United States. Currently in the United States it
is principally recorded in Texas, where 200 human cases
were diagnosed in the 5-year period 1980—1984. Several
cases are usually reported annually from California and
Hawaii.

Murine typhus is maintained primarily in a cycle that
involves commensal rodents of the genus Rattusand their
ectoparasites, especially fleas of the genus Xenopsylin.
Humans are typically infected when feeding fleas void in-
fectious feces on their skin. The black rat { Rastus rattus)
and Norway rat (R. norvegicus) are the principal reservoirs
of Rickettsia typhi. Infections also have been recorded in
many other mammals, including other commensal rats
(Raztus spp.) worldwide, bandicoot rats ( Bandicota spp.)
on the Indian subcontinent, house mice (Mus musculus)
worldwide, the oldfield mouse (Peromyscus polionotus)
in the southern United States, the giant pouched rat
(Cricetomys gambianys) in Africa, the house shrew
(Suncus murinus) in the Old World, domestic cats world-
wide, and the Virginia opossum {(Didelphis virginiann)
in North America. Within the last 20 years, peridomestic
mamumals such as opossums and feral cats and dogs have
become more frequently recorded reservoirs of murine
typhus in Texas and southern California. Field infection
rates in commensal rats of up to 46% have been reported
in Burma (Myanmar), Egypt, and Ethiopia, and rates of
up to 94% have been reported in some cities in Texas.
New World strains of R. #yphs are much less virulent
(ca. 2% mortality rate in humans) than Old World strains
(up to ca. 70% mortality rate).

Commensal rats almost invariably are the most impor-
tant reservoirs and amplifying hosts of R. typhi. Infection
in these rats is not fatal; instead, they display a persistent
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transient rickettsemia. This is important in extending
the period during which ectoparasites, especially fleas,
can feed on infective hosts. Because seropositive Virginia
opossums have been associated with human cases in some
regions of the United States, it appears that opossums also
can be important reservoir hosts.

At least 11 species of fleas belonging to 9 different gen-
era have been found to be infected with R. #yphi in nature.
X. cheopis is the most important vector. Other vectors are
X. astin, X. bantorum, X. brasiliensis, Ctenocephalides fe-
lis, Pulex irvitans, L. segnis, and N. fasciatus. Except for
C. felis and P, irritans, all of these fleas are common
ectoparasites of commensal rodents. Human cases of
murine typhus usually coincide with population peaks of
X. cheopis on rats. The number of cases generally declines
or disappears after this flea has been controlled by chemi-
cal applications or rodent removal. Infection rates of field-
collected X. cheopis in hyperendemic regions typically are
50-70%.

Infection of a flea occurs when rickettsiae are ingested
while the flea is feeding on a host that has R. typhi cir-
culating in its blood. The ingested rickettsiae then invade
the midgut epithelial cells of the flea and start to replicate
by transverse binary fission. Progressive rickettsial infec-
tion spreads rapidly until most or all of the midgut cells
are infected after 7—10 days. Ultimately, infectious rick-
ettsiae are released from these cells and liberated into the
gut lumen, from which they are excreted in the feces.
X. cheopis fleas are typically infective about 10 days after
an infectious blood meal. Infective fleas can transmit the
pathogen for at least another 40 days, during which time
the rickettsial titer in the fleas remains at a stable, high
level. Infected fleas survive with a persistent R. typhi in-
fection and demonstrate no obvious pathological effects.
This contrasts with the related pathogen, R. prowazekii,
which causes a fatal infection in its louse vector. Because
X. cheopis can maintain and transmit R. typhs transovar-
ially, this flea may be both a reservoir and a vector of
murine typhus rickettsiae.

Although modes of R. typhi transmission other than via
infected flea feces are known, their significance in nature
remains unclear. Because X. cheopis has been shown to
transmit R. zyphi by bite in the laboratory, other fleas also
may be capable of transmitting R. zyphi by bite. The possi-
bility of aerosol transmission from infective flea feces has
been suggested, involving inhalation of the aerosolized
pathogen by susceptible mammals.

R. typhi has been detected in ectoparasites other than
fleas. Because most of these arthropods do not bite hu-
mans, their presumed role is in transmitting R. typhi en-
zootically among commensal rats. Ectoparasites in this
category include the sucking lice Hoploplenra pacifica and
Polyplax spinulosa, the mesostigmatid mites Laelaps echid-
ninus and Ornithonyssus bacoti, and the chigger Ascoshoen-
gastia indica. Although the human body louse ( Pediculus

bumanus humanus) is an experimental vector of R. typhi,
it apparently is not involved in natural transmission cycles.

The diagnosis of human infection usually involves the
demonstration of seroconversion against R. typhi or isola-
tion of the bacterium. Recent advances in R. typhi detec-
tion in fleas include the development of an enzyme-linked
immunosorbent assay and of a technique to demonstrate
a 434—base pair nucleotide sequence of the R. typhi
genome using a PCR assay. These techniques are useful
in patient diagnosis and in screening potential reservoir
hosts.

OTHER FLEA-BORNE
RICKETTSIAL AGENTS

In addition to the causative agent of murine typhus, sev-
eral other rickettsial agents may be transmitted to hu-
mans by fleas. One of these, Coxiella burnetui, the agent
of Q fever, can be transmitted not only by fleas but also
by other blood-feeding arthropods, infected mammalian
tissues, infective fomites, or acrosol. Sylvatic epidemic ty-
phus (sporadic epidemic typhus) is a curious but poten-
tially serious disease that occasionally is diagnosed in hu-
mans in the United States. The agent of this disease
is R. prowaszekii, which causes classic epidemic typhus
transmitted to humans by the body louse, P. . humanus
(see Chapter 4). However, flying squirrels (Glaucomys
volans), rather than humans, are the reservoir hosts of
sylvatic epidemic typhus. Flying-squirrel fleas, especially
the widespread squirrel flea Orchopeas howardi, and lice
also harbor the causative rickettsiae. The exact mode of
transmission to humans is unknown, but because ectopar-
asites of flying squirrels rarely feed on humans, it is hy-
pothesized that under certain conditions infective rick-
ettsiae in the feces of fleas and lice become aerosolized
and may be inhaled by humans. Infected flying squirrels
are not adversely affected. These squirrels sometimes are
closely associated with humans through their predilec-
tion for constructing nests in attics or eaves of houses.
McDade (1987) provides additional discussion of this
rickettsial zoonosis.

A recently discovered rickettsial agent is R. felis (for-
merly named the “ELB agent” for EL Laboratories in
Soquel, CA. This rickettsia has been found in Virginia
opossums and cat fleas (which are common ectoparasites
of this opossum) in the United States and has been shown
to have caused infection in humans that are serologically
positive for infection with R. #yphi, the etiologic agent of
murine typhus. Definitive demonstration of infection by
either R. felis or R. typhi involves PCR amplification of
specific nucleotide primers. Thus, it is likely that some
human infections serologically attributed to R. typhi are
actually caused by R. felis. R. felis is also of interest



because it is transmitted transovarially in fleas, and fleas
rather than mammals may be the reservoirs for the or-
ganism. Azad et al. (1997) provide further information
on R. felis infections. In addition to these rickettsiae,
some other fleas are known to harbor symbiotic rickettsiae
about which little is currently known.

OTHER FLEA-BORNE PATHOGENS

Table II lists other pathogens known to be transmitted
by fleas. Most of these microorganisms principally occur
in the flea gut rather than the salivary glands or other
organs. It has been suggested that this is why fleas are in-
effective vectors of viruses (Bibikova 1977). However, it
is now known that murine typhus rickettsiae can escape
the flea gut and multiply in other organs. Transmission of
these gut-localized pathogens therefore occurs either by
regurgitation (anterior station) or defecation (posterior
station) during or soon after flea feeding. The apparent
ease with which fleas can acquire and harbor a wide variety
of infectious agents indicates why these insects play a ma-
jor role in the maintenance and epidemiology of enzootic
infections among rodents and other mammals. Many of
these pathogens can produce disease in humans and do-
mestic animals if these fleas, or bridge vectors, feed on
these hosts.

Bacteria

In addition to flea-borne rickettsial organisms, the fol-
lowing bacterial agents cause diseases that affect humans:
Francisella rulavensis causing tularemia, Salmonella en-
teriditis causing salmonellosis, and Staphylococcus anreus
causing staphylococcal infection. All of these agents also
can be transmitted by other means, such as other ec-
toparasites and contact or acrosol exposure to infective
fomites and mammalian tissues. All three infections are
widespread, and the degree of involvement of fleas in
transmission varies regionally. Another bacterial agent
that may be transmitted by fleas is Bartonella (formerly
Rochalimaea) henselae, the agent of cat scratch disease. In-
fections by this zoonotic agent typically cause swollen re-
gional lymph nodes. Long-term bacteremia can occur in
inapparently infected cats which appear to be important
reservoir hosts. More than 20,000 cases of human infec-
tion occur annually in the United States. Infection with
B. henselae also can cause fever, hepatitis, endocarditis,
bacillary angiomatosis, and bacillavy peliosis. The last two
conditions manifest as vascular proliferations and are most
commonly seen in immunocompromised persons such as
HIV-positive individuals. Cat fleas can transmit B. bense-
Ine by bite to cats under laboratory conditions. Although
cat fleas may also be capable of transmitting this pathogen
to humans, a scratch from an infected cat appears to
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be the usual mode of transmission. A related organism,
B. clarridgeine, can also occur in cats and cause infection
in humans, but the potential role of fleas as vectors of this
agent has not been determined.

The following zoonotic bacterial agents also have
been detected in fleas: Borrelia burgdorferi, the etologic
agent of Lyme disease; B. duttoni, an agent of relaps-
ing fever; Listeria monocytogenes, the agent of listeviosis;
Y. psendotuberculosis, causing psendoruberculosis (yersinio-
sis); Erysipelothrix rhusiopathiae, causing erysipelas; and
Brucella abortis causing brucellosis. However, fleas are not
known to be vectors of these agents.

Viruses

Although several viral pathogens of humans have been
isolated from, or detected in, fleas, the role of fleas in
their transmission is either unknown or considered to
be incidental. These viruses include those that cause
lymphocytic choriomeningitis, tick-borne encephalitis, Rus-
sian spring—snmmer encephalitis, and Omsk hemmorhagic
fever.

It should be emphasized that demonstration of a
pathogen within an arthropod does not necessarily imply
that it is a vector of the agent. Further information on the
possible involvement of fleas in the transmission of some
of the above-mentioned pathogens is provided by Jellison
(1959), Bibikova (1977), Hopla (1982), Traub (1985),
and Hopla and Hopla (1994).

TUNGIASIS

Tungiasis is the pathological condition resulting from
infestation by fleas belonging to the genus Tunga. Al-
though there are several species of Tunga, only the chi-
goe (T. penetrans) attacks humans. T. penetrans occurs in
many tropical and subtropical zones but is especially com-
mon in the New World tropics, the West Indies, tropical
Africa, and southern India. The first record of this flea
was in 1492 from crewmen of Christopher Columbus
stationed in Haiti. It apparently spread from the New
World to other areas of the world by shipping commerce,
being first recorded on the African continent in 1732 as
a consequence of the slave trade.

Females of T. penetrans usually invade a site between
the toes, beneath the toe nails, or on the soles of the
feet. Other sites may include the arms, especially around
the elbow, and genital region in heavy infestations. Skin
invasion by this flea can cause painful, subcutaneous le-
sions that often lead to more serious medical complica-
tions. The embedded chigoe (Fig. 7.13) invariably causes
intense irritation and can result in secondary infections
that ooze pus. When several chigoes attack an individual
host at the same time, ulcerations often develop as the
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resultant lesions coalesce. Tetanus, cellulitis, and impaired
blood flow to the site often lead to gangrene and may ne-
cessitate amputation of toes or, sometimes, an entire foot.
Chigoe lesions therefore should receive prompt medical
attention. Although the flea can be removed using a ster-
ile needle or scalpel, it is important that lesions be thor-
oughly cleaned and dressed to avoid infection. This also
applies to embedded dead fleas, which may rapidly cause
affected tissues to fester and ulcerate if left untreated. The
best defense against tungiasis is to avoid walking bare-
foot on beaches and other sandy soils in endemic regions
where this flea develops.

FLEAS AS INTERMEDIATE
Hosts oF HELMINTHS

Certain fleas are intermediate hosts for the cysticercoid
stage of three species of tapeworms that occasionally in-
fest humans. The most important of these is the donble-
porved tapeworm (Dipylidium caninum), the adults of
which normally parasitize dogs. Gravid proglottids are
released by D. caninum adults in the gut of the defini-
tive host and are voided in the feces. The subsequently
expelled eggs are ingested by flea larvae; the chewing
mandibles of the larvae enable them to ingest the eggs,
whereas the sucking mouthparts of adult fleas do not.
Fleas such as Ctenocephalides felis, C. canis, and Pulex ir-
ritans play a significant role as intermediate hosts for this
tapeworm. The dog chewing louse (Trichodectes canis)
occasionally ingests D. caninum eggs and also can serve
as an intermediate host.

The tapeworm develops slowly in flea larvae but rapidly
in flea pupae. Cysticercoids can be seen in the body cavity
of larvae and pupae, where they remain through develop-
ment of the flea to the adult stage. Some flea mortality
occurs in the pupal stage due to this helminth. Infesta-
tion of the human (definitive) host occurs when a person
incidentally ingests an infested flea. The cysticercoid is lib-
erated from the flea by digestive enzymes, after which it
everts and attaches to the gut of its new host. Children
playing with pets are especially susceptible to infestation
by this tapeworm.

Two other tapeworms thart utilize fleas as intermediate
hosts are the rodent tapeworm (Hymenolepis diminuta)
and the dwarf tapeworm (H. nana). Both infest rodents
and occasionally parasitize humans, especially children.
The development and transmission of these two cestodes
are similar to that for D. caninum. Both H. diminuta
and H. nana form viable cysticercoids in several species
of fleas, especially C. canis, P. irritans, X cheopis, and
N. fasciatus. They also infest several other arthropods, no-
tably coprophagous beetles.

The zoonotic nematode Trichinelln spivalis, which
causes trichinosis, has also been found in fleas, although
this is assumed to represent an accidental association.

VETERINARY IMPORTANCE

Several species of fleas are important ectoparasites of do-
mestic and wild animals. Emphasis here is given to those
which infest pets and livestock. Many fleas associated with
domestic animals merely cause a nuisance through their
biting activity; they also may cause flea-bite dermatitis, al-
lergies, and anemia when present in large numbers. Other
fleas, such as sticktights and chigoes, embed their mouth-
parts or entire bodies in mammalian or avian tissues, caus-
ing local inflammation and other problems. Some fleas
are intermediate hosts of helminths that parasitize do-
mestic animals, whereas others transmit pathogens such
as viruses and trypanosomes to their hosts.

The cat flea (C. felis) is an extremely important ec-
toparasite, not only of cats and dogs, but also sev-
eral other mammals, including opossums, cattle, horses,
sheep, goats, rabbits, and monkeys. Some populations of
C. felis have adapted to certain hosts, such as dogs or cat-
tle, and show a preference for feeding on these species.
Occasionally cat fleas infest goats, lambs, calves, or other
ungulates in large numbers and can cause anemia or even
death. Individual pets, especially cats and dogs, may sup-
port hundreds or thousands of cat fleas. Because the lar-
vae thrive on blood-rich fecal pellets voided by adult fleas
on the host, it is important to vacuum or treat areas where
pets rest or sleep to reduce flea numbers. The dog flea
(C. canis) is a relatively infrequent ectoparasite of dogs,
with established populations persisting in only a few re-
gions such as Austria, Ireland, and New Zealand. Almost
invariably, fleas associated with dogs are C. felsis. Fur-
ther details on the biology of fleas associated with cats
and dogs are provided by Dryden (1993) and Rust and
Dryden (1997).

Several species of fleas are parasites of domestic and lab-
oratory rats and mice. These include the Oriental rat flea
(X. cheopis), the northern vat flew (N. fasciatus), and the
European mouse flea (Leptopsylla segnis). Flea infestations
of these rodents are usually more important with respect
to potential transmission of pathogens rather than their
discomforting bites. The European rabbit flea (Spilopsyl-
lus cumiculi) is a parasite of the European rabbit (Oryc-
tolagus cuniculus) throughout much of the world, where
it has been introduced as a game or small-livestock an-
imal. Since this is the laboratory rabbit commonly used
in scientific studies, the European rabbit flea occasion-
ally is recorded in animal research facilities. This flea is
commonly a pest in rabbit hutches and where European



rabbits are raised commercially for food in many parts of
the world. S. cuniculi usually attaches to the ears, where it
embeds its mouthparts deeply and for long periods, caus-
ing host irritability and ear scabbing.

In Central Asia, the alakurt fleas Doveadin ioffiand Ver-
mipsylln alakurt parasitize ungulates, especially horses,
sheep, and yaks. These fleas often occur in very large
numbers on these hosts and can cause anemia, hair loss,
retarded growth, unthriftiness, and occasionally death, es-
pecially in newborn lambs.

Other fleas that are annoying biters of domestic mam-
mals include P. simulans, the human flea (P. irritans),
and the sticktight flea (Echidnophagn gallinacen), all of
which may be recovered from cats or dogs. P. simulans
and the human flea can be important ectoparasites of
dogs and swine, while the sticktight flea infests domes-
tic rats and several other mammals.

Several species of fleas feed on birds. At least three of
these are important pests to the poultry industry. The
sticktight flea is principally a poultry pest in the subtrop-
ical and tropical regions of the New World. These small
fleas typically attach to the nonfeathered areas of birds
such as the head, comb, wattle (Fig. 7.11), and anus.
Large flea populations can cause anemia. Feeding sites
can become ulcerated; when this occurs around the eyes,
blindness often results and the host is unable to feed. Sec-
ondary infections may develop. The European chicken flea
(Ceratophyllus gallinae) is a nonsedentary ectoparasite of
domestic fowl in several parts of the world, including east-
ern North America. In western North America the west-
ern chicken flea (C. niger), another nonsedentary species,
is a parasite of domestic fowl and several species of wild
birds. All of these poultry fleas can cause host emacia-
tion and reduced egg production when they occur in large
numbers.

FLEA-BITE DERMATITIS

Allergic skin reactions to flea bites are a common prob-
lem of domestic animals, especially household pets. Hy-
persensitivity to saliva from feeding fleas is usually more
apparent in pets than in humans because larger numbers
of pets are bitten by fleas. A single flea bite can trigger
an acute, sometimes chronic, dermatitis in hypersensitive
dogs or cats. Incessant scratching and skin irritation, espe-
cially during the warmer months, often reflects this condi-
tion. In cats, flea-bite dermatitis usually manifests as pur-
plish papules that are often covered with crusts; in dogs,
crusts are typically absent. In both cats and dogs, lesions
are usually concentrated on the rump and inner thighs,
with accompanying fur loss from frequent scratching,.
Cats sometimes also have a ring of crusts around the neck
or a general pruritus. Diligent flea control is important
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in combating this condition. Administration of corticos-
teroids or a course of desensitizing antigens is another
treatment option. Except in severe cases, the hypersen-
sitivity often resolves after repeated flea bites as the host
gradually becomes desensitized to antigens in flea saliva.

TUNGIASIS

Some domestic animals, especially hogs and occasionally
dogs, are parasitized by Tunga penetrans causing tungia-
sis. Infestations in hogs primarily affect the feet but also
the snout, teats, legs, and scrotum. Infestations of the
teats can result in restricted milk flow in nursing sows and
starvation of the piglets. Swine are reservoirs of tungia-
sis, which can be transferred to humans in some tropical
climates. There are at least eight other species of fleas be-
longing to the genus Tunga which burrow into host tis-
sues. Females of each of these species are subdermal para-
sites which mostly attack New World rodents. Hopkins
and Rothschild (1953) discuss other species of Tunga.

MYXOMATOSIS

Myxomatosis is primarily a disease of the European rab-
bit caused by infection with the myxoma virus. The virus
causes benign fibromas in its natural rabbit hosts in
California, Central America, and South America. How-
ever, in the European rabbit, a severe and usually fa-
tal infection with enlarging skin lesions and generalized
viremia occurs. The myxoma virus was introduced to
Australia in 1950 and to Europe in 1953. The aim of
these introductions was to control burgeoning popula-
tions of European rabbits.

The virus is mechanically transmitted to rabbits by var-
ious blood-feeding arthropods, particularly mosquitoes.
However, the European rabbit flea (S. cunicnl) is also
a proven vector, at least in Britain, where this flea oc-
curs naturally, and in Australia, where it was introduced
in 1966. Although it is an inefficient vector, an Australian
sticktight flea ( E. myrmecobii) also can transmit the myx-
oma virus to rabbits. Infection with this virus apparently
does not adversely affect these flea vectors. As with most
other flea-transmitted pathogens, myxoma virus remains
confined to the gut and mouthparts of S. cuniculi. Sur-
vival of the virus for 3—4 months in infected fleas has been
demonstrated.

Because strains of the virus differ in virulence while
rabbit populations differ in their susceptibility to this
pathogen, the success of this virus in controlling rabbits
has been variable. When the virus was first introduced to
Australia and Europe it was very effective in culling wild
rabbits; today, however, many rabbit populations in both
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Australia and Europe have developed a resistance to sev-
eral strains of the virus.

An overview of flea-transmitted myxomatosis is pro-
vided by Mead-Briggs (1977), and details on myxomato-
sis in general are provided by Fenner and Ross (1994).

MURINE TRYPANOSOMIASIS

Trypanosoma lewisi is the causative agent of murine try-
panosomiasis in domestic rats throughout much of the
world. It is principally transmitted by the Northern rat
flea (N. fasciatus) and the Oriental rat flea ( X cheopis).
Fleas imbibe trypanosomes while feeding on infected
rats; the pathogen remains in the flea midgut where de-
velopment occurs. Within 6 hr after ingestion, the try-
panosomes invade midgut epithelial cells, transform into
pear-shaped forms, and begin to divide. The parasitized
gut cells rupture after 18 hr to 5 days to release the try-
panosomes; these then cither invade new epithelial cells
to repeat the process or move posteriorly to the rectum
and anus. Trypanosomes in this ‘‘rectal phase’” are voided
in the flea feces. The trypanosomes enter their rat hosts
when the latter lick and scratch their fur during groom-
ing, representing a classic example of posterior-station
transmission. Murine trypanosomiasis is usually a benign
infection in rats. However, the T. lewisi-flea-rat system has
been used as a laboratory model for devising therapies and
studying the development of immunity against more vir-
ulent trypanosome species that are pathogenic to humans
and domestic animals.

At least nine species of trypanosomes other than
T. lewisi are transmitted to rodents by fleas. Rodent try-
panosomes with confirmed flea transmission cycles in-
clude T. musculi (synonym: T. duttoni) of house mice,
T. rabinowstschi of hamsters, T. neotomae of wood rats,
and T grosi of the European wood mouse ( Apodemus syl-
vaticus). T. nabiasi is one of two species of trypanosomes
known to be transmitted to rabbits by fleas. Fleas are
also suspected as vectors of trypanosomes associated with
some birds, shrews, voles, and lagomorphs.

OTHER FLEA-BORNE
PATHOGENS AND PARASITES

Many of the flea-borne pathogens listed in Table II cause
diseases in humans, with wild or domestic animals serving
as reservoirs. These include plague, tularemia, murine ty-
phus, Q fever, and sylvatic epidemic typhus. Infections
of domestic animals with most of these pathogens can
be nonapparent, febrile, or fatal, depending on the host
species, its health, and the strain of pathogen involved.

Cats, for example, are typically susceptible to most strains
of plague, whereas dogs usually are not.

Other pathogens of veterinary importance that have
been isolated from, or detected in, fleas include Lympho-
cytic choriomeningitis virus, which affects many mammals,
especially rodents, feline lenkopenia virus, and the follow-
ing bacterial agents: Borrelin burgdorferi, the causative
agent of Lyme disease; Listerin monocytogenes, the agent
of listeriosis, mainly in ungulates; Brucelln abortis,
an agent of brucellosis, mainly in bovines; Pseudomonas
mallei, the agent of glandersin equines; and P. pseudoma-
llei, the agent of melioidosisin several mammals. However,
the role of fleas as significant vectors of these pathogens
is doubtful or undetermined. Other microorganisms
known to occur in fleas and which may be transmitted to
vertebrates include haemaogregarine sporozoans, various
rickettsial organisms, and miscellancous symbionts. The
protozoan Hepatozoon evhavdovae is transmitted to
European voles (Clethrionomys spp.) by at least five
species of fleas. The parasite reproduces sexually in the
hemocoel of fleas, where it develops to the sporocyst
stage; transmission to voles occurs when they eat infected
fleas during grooming. The related Hepatozoon species
H. pitymysi and H. sciuri, which parasitize North
American voles, Eurasian voles, and North American
squirrels, respectively, have also been detected in fleas
and are thought to be transmitted in a similar way.

FLEAS AS INTERMEDIATE
Hosts OF HELMINTHS

The double-pored tapeworm ( Dipylidium caninum) nor-
mally develops as an adult parasite in the intestines of
dogs, cats, and some wild carnivores. The most impor-
tant intermediate flea hosts are the cat flea and dog flea,
although the human flea can also serve in this capacity. In
tropical Africa, a warthog flea ( E. larina) is sometimes re-
sponsible for D. caninum infestations in domestic dogs.
Infestations are usually initiated when animals consume
parasitized fleas while grooming.

Two species of tapeworms that typically infest rats
and mice as adults are the rodent tapeworm ( Hymenolepis
diminuta) and the dwarf tapeworm (H. nana). Rat fleas,
especially the Oriental rat flea and the northern rat
flea, serve as intermediate hosts. Infestations arc initi-
ated when infested fleas are caten by the definitive rodent
hosts.

The onchocercid nematode, Acanthocheilonema (for-
merly Dipetalonemn) reconditum, which causes a rela-
tively benign form of canine filariasis in many parts of
the world, has been found in several species of fleas. The
cat flea and dog flea are considered to be the principal



vectors. Transmission of mature larvae by these fleas oc-
curs by bite. Dogs, jackals, and hyenas are the principal
definitive hosts of A. reconditum.

Several other species of helminths have been isolated
from wild-caught fleas, and fleas have been found to serve
as suitable intermediate hosts under laboratory condi-
tions. However, the importance of fleas in maintaining
these pathogens in nature is unknown. For example, the
trichina worm (Trichinella spivalis) has been found en-
cysted in the Oriental rat flea in India; this helminth nor-
mally encysts in muscle tissue of rats and hogs, causing
trichinosis.

PREVENTION AND CONTROL

Various methodologies are used to control fleas or to pro-
tect humans and other animals from flea bites. Frequent
vacuuming in homes, especially in areas where pets rest
or sleep, helps to remove immature fleas; steam cleaning
of carpets is even more effective. Household foggers
which produce a mist of insecticide in closed, temporarily
vacated rooms often are effective in combating household
flea infestations. Treatment of flea-infested premises or
domestic animals with various insecticides generally pro-
vide good flea control. Commercially available products
include botanical derivatives, carbamates, organophos-
phates, pyrethroids, boron compounds, and diatoma-
ccous earth. Some nonchemical techniques are effective
in reducing flea populations in homes, especially on or
around pets. Sticky traps and pan traps are included in
this category. Pan traps are trays of colored detergent wa-
ter, often with an attractant light source, in which fleas
drown. A flea light-trap fitted with a green-yellow filter
with a transmittance spectrum centered at 515 nm is ef-
fective against cat fleas.

Several botanical derivatives, such as the pyrethrins,
have low mammalian toxicity and are useful as flea pow-
ders for dusting flea-infested pets. Products such as flea
soaps, which contain fatty acids, and flea shampoos can
be used to bathe pets. Bathing removes or drowns many
fleas, while those fleas that survive often desiccate because
their integumental waxes have been removed by the de-
tergents. Flea combs and flea collars for pets are also effec-
tive if used correctly. These collars should not be worn by
humans (e.g., on the ankles), because they can cause skin
irritation and allergic reactions. Some progress has been
made in developing vaccines against fleas, mainly using
midgut antigens of the cat flea to induce an immune re-
sponse in the host. In several trials, dogs, cats, and rabbits
that were experimentally challenged with cat-flea antigens
had significantly more dead or reproductively compro-
mised fleas than did nonvaccinated animals.
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Insect growth vegulators (1GRs), especially formulations
of methoprene, pyriproxyfen, and fenoxycarb, currently
are popular flea-control weapons because they have low
mammalian toxicity. At low concentrations, these com-
pounds interfere with flea development and eventually
(after 1-2 months) provide high levels of flea con-
trol. IGRs can be applied as dusts or in pet shampoos.
The orally administered systemic parasiticide ivermectin
and the growth regulators c¢ryomazine and lufenuron
also reduce flea populations on domestic animals, es-
pecially cats and dogs. Similarly, the topically applied
flea neuroinhibitor imidacloprid, a synthetic nitromethy-
lene compound, is efficacious against cat fleas on pets.
Two biological control agents, the parasitic nematode
Steinernema carpocapsae and the entomopathogenic fun-
gus Beaveria bassiana, reduce cat flea numbers under lab-
oratory conditions and show promise as future control
agents.

Personal protectants such as those containing DEET
(N, N-diethyl-m-toluamide) or permethrin are often very
helpful in reducing the number of flea bites. Permethrin
should be applied only to clothing and not directly on the
skin. Although banned for use in the United States, DDT
(dichlorodiphenyltrichloroethane) is still used to control
outbreaks of plague or murine typhus in some parts of
the world. As with the use of other insecticides, there is
a constant risk that fleas may develop resistance to these
chemicals.

Plague outbreaks are usually followed by public educa-
tion and area-wide programs to remove rodent hosts and
flea vectors. Control programs for murine typhus typically
involve eliminating the flea vectors or rodent reservoirs by
insecticide applications and trapping, respectively. Rodent
harborages and access of these reservoir hosts to houses
should be eliminated where feasible. Dusting rodent bur-
rows with insecticides or providing rodent bait stations
spiked with either rodenticides or flea-control agents can
be effective in killing the rodent hosts or fleas, respec-
tively. Frequent surveillance of rodent and flea popu-
lations in plague-endemic regions often allows control
measures to be implemented before human cases occur.
Outbreaks of murine typhus may be handled in a simi-
lar manner, although there is greater emphasis on rodent
control because the reservoir hosts are more likely to be
commensal rats.

An ineffective approach to flea control is the use of ul-
trasonic repellent devices. No fleas that have been tested
have shown responses to ultrasound or to devices in-
corporating it. Nor has the oral intake of garlic or of
B-complex vitamins, including Brewer’s yeast, been
proven to reduce flea populations on pets, despite claims
about their effectiveness. Flea control strategies are ad-
dressed by MacDonald (1995), Rust and Dryden (1997),
Hinkle ez al. (1997), and Dryden (1999).
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The Diptera, or “‘true flies,” are one of the largest and
most diverse orders of insects, both morphologically
and biologically. The order name means ‘‘two-winged™
and refers to the fact that the hind pair of wings is greatly
modified and reduced. The number of described species
worldwide is estimated to be 120,000 or more. There
are perhaps 20,000 species of Diptera in the Nearctic
Region, a significant proportion of which is cataloged
(Stone et al., 1965). Although flies with medical or vet-
erinary significance constitute only a small fraction of
these numbers, their diversity is impressive, ranging from
mosquitoes to wingless ectoparasites, larvae that para-
sitize various animals, and species that help to decompose
carrion or feces.

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science {USA). All rights reserved.

No other group of insects has as much impact on
human and animal health as do the Diptera (Tables I and
II). Mosquitoes, black flies, and biting midges annoy
outdoor enthusiasts as well as livestock, pets, and other
domestic or wild animals. Filth flies associated with cattle,
hog, and poultry operations can annoy nearby residents
and are frequently the focus of litigation. The ubi-
quitous house fly is an effective mechanical vector of
many pathogens associated with enteric diseases. The
depredation of blood-sucking and myiasis-producing flies
has an adverse effect on the productivity and profitability
of animal agriculture worldwide.

No other group of insects exhibits the number or di-
versity of vector relationships that have evolved among
the Diptera (Table I). The two-volume treatise Flies and
Disease, by Greenberg (1971, 1973), provides an exhaus-
tive list of fly-pathogen associations. Mosquitoes stand
as archetypical vectors, being associated with such his-
torically notorious diseases as malaria, encephalitis, yel-
fow fever, and human filariasis. The story of the United
States Yellow Fever Commission in Cuba in 1900 and
the names Carlos Finlay, Walter Reed (for whom the
United States Army Medical Center in Washington,
DC, is named), and L. O. Howard are familiar to
most students of medicine. Such is the importance of
mosquitoes that some institutions offer a separate course
in culicidology, the study of mosquitoes. Insect-vectored
tropical diseases such as malaria, filariasis, leishmaniasis,
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TABLE 1

Major Fly-Borne Diseases and Related Problems Affecting Human Health

Diseases and other

Family health-related problems Geographic occurrence
Psychodidae Bartonellosis Andes Mountains of Columbia, Eduador and Peru
Leishmaniasis New World tropics; Old World tropics and temperate regions
Sand fly fever Mediterranean area to southern China and India
Culicidae Dengue fever Widespread between latitudes 40°N and 40°S
Encephalitis Widespread
Filariasis Tropics and Mediterranean area
Malaria Widespread in humid tropics
Yellow fever Widespread in humid tropics
Simuliidae Onchocerciasis Tropical Africa and Americas
Tabanidae Loiasis Tropical Africa
Tularemia Widespread in Northern Hemisphere
Chloropidae Conjunctivitis United States (southern) and Mexico; Orient
Muscidae Enteric diseases Worldwide
Glossinidae Trypanosomiasis Tropical Africa
Calliphoridae Enteric disease Worldwide
Myiasis Worldwide
Sarcophagidae Myiasis Worldwide
Oestridae Myiasts Worldwide
TABLE II

Major Fly-Borne Diseases and Related Problems Affecting Livestock, Poultry, and Other Domestic
or Wild Animals

Diseases and other

Family health-related problems Geographic occurrence
Psychodidae Leishmaniasis New World tropics; Old World tropics and temperate regions
Ceratopogonidae Bluetongue Widespread
Culicidae Malaria Widespread in tropics
Dirofilariasis Widespread in tropics and temperate regions
Encephalitis Widespread
Fowlpox Widespread
Yellow fever Widespread in humid tropics
Simuliidae Leucocytozoonosis Widespread, especially North America
Feeding damage Worldwide
Tabanidae Anaplasmosis Widespread
Tularemia Widespread in Northern Hemisphere
Exsanguination Worldwide
Muscidae Annoyance Worldwide
Bovine pinkeve Northern Hemisphere (widespread)
Exsanguination Worldwide
Glossinidae Nagana Tropical Africa
Calliphoridae Myiasis Worldwide
Sarcophagidae Myiasis Worldwide
Oestridae Myiasis Worldwide
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Taxonomic Classification and Families of Diptera of Interest to Medical and Veterinary Entomologists

Higher taxa Family Common names
Suborder Nematocera Tipulidae Crane flies
Bibionidae March flies
Mycetophilidae Fungus gnats
Sciaridae Darkwinged fungus gnats
Psychodidae” Moth flies, sand flies
Chaoboridae Phantom midges
Culicidac? Mosquitoes
Simuliidae® Black flies
Ceratopogonidae?® Biting midges
Chironomidae Chironomid midges
Suborder Brachycera,
Infraorder Tabanomorpha Tabanidae” Horse flies, deer flies
Rhagionidae Snipe flies
Athericidae Athericid flies
Stratiomyidae Soldier flies
Infraorder Asilomorpha None None
Infraorder Muscomorpha
Division Aschiza Phoridae Humpbacked flies
Syrphidae Flower flies, hover flies
Division Schizophora
Section Acalyptratae Piophilidac Skipper flies
Drosophilidae Small fruit flies, vinegar flies
Chloropidae Chloropid flies, eye gnats
Section Calyptratae Muscidae”® House flies, stable flies, and allies
Glossinidae® Tsetse
Calliphoridae® Blow flies
Sarcophagidae” Flesh flies

Oestridae” (including

Cuterebridae,

Bot flies, warble flies

Gasterophilidae,

and Hypodermatidae)
Hippoboscidae® Louse flies
Nycteribiidae Spiderlike bat flies
Streblidac Bat flies

# Addressed in separate chapters.

and onchocerciasis currently affect almost half a bil-
lion humans worldwide, with about 3.5 billion rated at
risk.

Flies are occasionally of direct use to humans. Knowl-
edge of the taxonomy and biology of some necrophilous
species makes them useful under certain circumstances
in determining how long a body has been dead. This
subspecialty of medical entomology, called medicocrim-
tnal or foremsic entomology, is readily accepted in judicial
circles.

Additional information regarding the medical and ve-
terinary importance of Diptera is provided by Horstall
(1962), Smith (1973), Harwood and James (1979),
Williams ¢z al. (1985), and Lancaster and Meisch
(1986).

TAXONOMY

The order Diptera is divided by most authorities into
two suborders: the Nematocera and the Brachycera
(Table II). The Nematocera are typified by mosquitoes
and other flies with conspicuously long antennae. The
Brachycera include horse flies, deer flies, house flies, and
other flies with short antennae. The Brachycera are sub-
divided into three infraorders: Tabanomorpha, includ-
ing the horse flies and deer flies; Asilomorpha, robber
flies and their relatives, which are generally of no medical
or veterinary concern; and Muscomorpha, or “‘circular-
seamed” flies, often called Cyclorrhapha. The Musco-
morpha infraorder in turn is divided into the Aschiza and
Schizophora, and the latter is divided into two sections:
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the Acalyptratae and Calyptratae. This taxonomic scheme
is essentially that proposed by McAlpine et al. (1981b)
and followed by Borror et al. (1989). A catalog of the
Diptera of America north of Mexico is provided by Stone
et al. (1965).

Various keys are available for identifying adult flies.
Keys to the families and genera of most Nearctic Diptera
are presented in McAlpine (1981a). The flies of western
North America are treated by Cole (1969). The key in
Borror et al. (1989) is adequate for identification of most
North American Diptera to the family level. The larvae of
many Diptera can be identified to family with the aid of
Teskey (1981a) and Foote (1991); those of synanthropic
species are treated by Dusek (1971). Furman and Catts
(1982) present a very usable key to both adults and lar-
vae of medically important flies, particularly in the United
States, and James (1947) covers flies that cause myiasis in
humans. For identification of taxa outside the Nearctic
Region, students should refer to Lindner’s (1949) series
on Palearctic Diptera and to Zumpt (1965) for Old World
myiasis-causing flies.

MORPHOLOGY

Nematoceran larvae range in length from only a few milli-
meters to many centimeters, depending on the species,
and are usually distinguished by having a conspicu-
ous head capsule with opposable mandibles that move
in a pincer-like horizontal plane (Fig. 8.1). The gen-
eral body shape ranges from minute and eel-like
in the Ceratopogonidae to large and fleshy in the
Tipulidae. Some nematocerans have thoracic prolegs(e.g.,
Chironomidae and Simuliidae) and others have caudal
structures (e.g., Simuliidae) which assist in attachment
to substrates. Although the early instars of many aquatic
species depend on cuticular respiration, the later instars
generally respire via gills or have various adaptations
that permit them to obtain atmospheric air. Mosquito
larvae, for example, are highly adapted, air-breathing
nematocerans that hang from the water’s surface film by
respiratory siphons or specialized abdominal setae.
Tabanomorpha and Asilomorpha larvae have fang-
like mandibles that move in a vertical plane; the head
capsule is frequently described as ‘‘incomplete posteri-
orly,”” meaning that only the anterior parts are sclerotized
(Fig. 8.2). The latter character is best seen in specimens
that have been cleared in potassium hydroxide or lac-
tophenol. Horse fly larvae are good examples of this
group. They often have posterior respiratory tubes.
Muscomorpha larvae lack a sclerotized head capsule
(Fig. 8.3A) and are commonly known as maggots. At
the narrow, anterior end of the 12-segmented larva is

Mandible

FIGURE 8.1 Representative head capsule of nematoceran larva, with
opposable mandibles; chironomid midge (Chironomidae), ventral view.
(Redrawn from Merritt and Cummins, 1996.)

the cephalopharyngeal skeleton (Fig. 8.3C), which usu-
ally bears one or two mouth hooks used for feeding and
in assisting the insect in movement. The caudal end of
the maggot is broader and bears the posterior spiracular
plates (Fig. 8.3E); like the cephalopharyngeal skeleton,
they often are valuable for identification. The segments of
the maggot typically bear spines in regular patterns (Fig.
8.3D), and the larvae of some species may possess struc-
tures that vary from simple setae to large protuberances.
Others, such as cattle grubs and bot flies, are rounded and

Mandible

FIGURE 8.2 Lateral view of anterior part of Tabanus marginalislarva
(Tabanidae), showing incomplete head capsule and vertical, fanglike
mouth hook. (From McAlpine et al., 1981b.)
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FIGURE 8.3  Blow-fly larva, Chrysomyn bezziana (Calliphoridae). (A) Complete larva; (B) an-
terior spiracle; (C) cephalopharyngeal skeleton; (D) spines; (E) caudal end with pair of spiracular

plates. (From James, 1947.)

robust, and their cuticle is frequently armed with stout
spines. They range up to several centimeters in length.
Nematocera adults possess clongate, filamentous an-
tennae composed of six or more segments (Fig. 8.4A and
8.4B). The antennae usually are longer than the length
of the head and thorax combined. A notable exception
is the family Simuliidae, in which the antennae are short
and compact (Fig. 8.4B). In those groups that feed on
blood, only the females display this behavior, doing so by
means of piercing/sucking mouthparts as in mosquitoes.
Tabanomorpha and Asilomorpha adults are character-
ized by relatively short antennae bearing a terminal an-
nulus, or stylus (Fig. 8.4C). In general, these are large, ro-
bust flies. Like the Nematocera, only the females feed on
blood. Members of the Tabanidae are good examples, be-
ing typically large, active flies whose females aggressively
pursue blood meals. Their mouthparts are adapted for lac-
erating skin to feed on blood that pools at the wound site.
Muscamorpha adults have antennae that are aristate,
bearing a large dorsal bristle (a7ista) on the apical anten-
nal segment (Fig. 8 4D). Division Aschiza, typified by the
phorids and syrphids, includes those Muscomorpha lack-
ing a fromtal suture, or lunule. Diptera in the Shizophora
have a frontal suture (Fig. 8.5); this group includes a large
number of species generally known as the muscoid flies.
The Schizophora group is perhaps the most taxonomi-
cally complex group of Diptera. Members of the Acalyp-
tratae, the acalyptrate muscoid flies, lack a dorsolateral
seam on the second antennal segment, whereas this seam
is present in the Calyptratae, the calyptrate muscoid flies
(Fig. 8.4D). Calyptrate muscoid flies possess posterobasal
wing lobes called calypters (Fig. 8.6), which cover the

Arista

FIGURE 8.4 Antennae of adult flies. (A) Tipulidae {(Tipula);
(B) Simuliidae (Cnephin); (C) Tabanidae Tabanus); (D) Drosophilidac
(Drosophilm). (From McAlpine et al, 1981b.)
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Ocellar triangle

Frontal
suture

FIGURES8.5 Frontal view of head of female fly, showing frontal suture
and ocellar triangle at vertex. (From Greenberg, 1971.)

halteres. Included in the Calyptratae are the hippoboscoid
flies, which are sometimes secondarily wingless.

The mouthparts of blood-feeding muscomorphan
adults are of the piercing/sucking type. In contrast to
other Diptera, both male and female Calyptratac suck
blood in those species that exhibit this feeding style (e.g.,
horn flies and stable flies). Other species generally possess
mouthparts that permit liquid food materials to be lapped
or sponged. The latter type of mouthparts in some species
have structures sclerotized enough to scarify tissue during
feeding activities (e.g., the face fly).

The functional pair of wings in the Diptera arises from
the mesothorax. The metathoracic wings are modified to
form a pair of knobbed balancing organs known as 4al-
teres (Fig. 8.6). The wing venation is highly variable be-
tween groups and provides valuable taxonomic characters

Calypter

FIGURE 8.6 Calypterate fly, showing haltere and calvpters. {From
Greenberg, 1971.)

for distinguishing the families. Many dipteran adults have
characteristic wing patterns, including species of biting
midges, deer flies, and horse flies,.

The adults of most Diptera possess distinct compound
eyes; ocelli are present in a triangle on the vertex of many
species (Fig. 8.5). Adults are identified easily to sex, be-
cause most species exhibit some degree of sexual dimor-
phism. Nematoceran males often possess densely plumose
antennae, and the females of blood-sucking species bear
stylet-like mouthparts. The eyes of brachyceran males typ-
ically meet along the dorsal midline of the head (holop-
tic), whereas the eyes of females are more widely sepa-
rated (dioptic). The female abdomen ends in an ovipositor
(larvipositor in some species), whereas the male abdomen
typically bears distinct genitalia at the terminus. In the
males of some Nematocera and Brachycera, the geni-
tal segments rotate a half-turn shortly after the adult
fly emerges; thus, the genital capsule appears ‘‘upside
down” in adults of those species. In the Schizophora,
this rotation continues through a full circle, so that the
genital capsule is in its normal position. A morpholo-
gical approach to identification that has proven useful
in the Diptera, particularly with the Muscomorpha, is
the characteristic appearance of male genitalia. In many
species the aedeagus, claspers, and associated structures
are unique. ‘‘Pulling the tail”” of male flies is a technique
used by dipterists that permits detailed examination of the
genital structures. Descriptions of species in some fami-
lies, such as the Sarcophagidae, are based in large part on
male specimens.

McAlpine (1981c¢) and Teskey (1981b) present com-
prehensive reviews of the morphology and related termi-
nology of diptera adults and larvae, respectively.

LIFE HISTORY

The Diptera are holometabolous. Most dipteran females
lay eggs and are thus oviparous. Others are ovoviviparous,
hatching their eggs internally and thus producing motile
carly-instar larvae. Such flies are called larviparous, as rep-
resented by flesh flies (Sarcophagidae). In a few dipteran
groups, the developing larvae are retained within the
female’s body until they are ready to pupate. These
flies are called pupiparous and include the louse flies
(Hippoboscidae) and tsetse flies (Glossinidae). The num-
ber of offspring produced per female by larviparous and
pupiparous species is low compared to oviparous and ovo-
viviparous species.

Many dipteran species inhabit aquatic or semiaquatic
environments during their immature stages. Typical ex-
amples are mosquitoes, black flies, and most horse
flies and deer flies. The females of many of these



hematophagous flies are capable of producing an initial
batch of eggs before obtaining a blood meal; this is known
as autogeny. In contrast, those species that must feed on
blood prior to their producing eggs are referred to as
anantogenous.

While the number of larval instars varies within the
Diptera, it remains generally constant for a given species.
Mosquitoes and most other nematocerans have four larval
instars, whereas most muscoid Diptera pass through three
observable larval instars, with a fourth instar, the prepupa,
occurring cryptically inside the pupal case. The muscoid
instars usually can be distinguished morphologically: the
first instar lacks anterior spiracles and generally has only
one slit in each caudal spiracular plate; second and third
instars bear anterior spiracles and have two and three slits,
respectively, in the caudal spiracular plate. These slits are
lacking in some groups; instead, the spiracular plate has
many small openings (e.g., cattle grubs).

The pupae of Nematocera are obrect, with the ap-
pendages and other external body structures of the deve-
loping adult being discernible externally. Pupae are typi-
cally immobile; significant exceptions are the pupae of
mosquitoes and a few other nematoceran families that
can move by means of caudal paddles. The Brachycera
have coarctate pupae, in which the pupa is encased within
the hardened exuviae of the penultimate larval instar. The
latter structure, called a puparium, is most frequently
brown in color and is often said to resemble a ““pill.”
It retains many morphological features of the larval in-
tegument. Adult flies emerge from the pupal case by
employing hydrostatic pressure from the hemolymph to
generate splits along predetermined lines. The head of
most Schizophora has an eversible sac, the prilinum,
which facilitates the fly’s escape from the puparium. After
emergence, the ptilinum retracts through a fissure proxi-
mate to the lunule at the antennal bases.

BEHAVIOR AND ECOLOGY

An aspect of fly behavior of particular interest to medical
and veterinary entomologists is the host-finding capabili-
ties of blood-feeding species. While various mechanisms
have been described, they generally fall into two cate-
gories: olfactory and visual. A common olfactory cue used
by blood-feeding insects, including many true flies, is the
relative titer of carbon dioxide (CO3) in the atmosphere
surrounding, or downwind from, the host. If the goal of
a mobile parasite is to locate a warm-blooded animal, ex-
haled CO; can serve as a cue for recognizing and loca-
ting potential hosts. A practical result is the widespread
use of dry ice or bottled CO, to improve trapping suc-
cess for common blood-feeding flies such as mosquitoes,
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black flies, and no-see-ums. Other chemicals (e.g., mer-
captans, octenol, and lactic acid) are used as olfactory cues
by certain species. The principle means by which most in-
sect repellents work is by inhibiting olfactory perception,
thereby disrupting normal host-seeking behavior.

Visual host-finding cues are employed effectively by
some flies, notably the Tabanidae. While entomologists
have not been able to prove conclusively what horse flies
and deer flies actually “‘see,” there is little question that
the blood-secking females are sensitive to black-body ra-
diation outside the spectrum visible to humans. It has
been theorized in some cases that such females sense
warmth against a cool background, in the manner that
thermal-vision cameras are able to scan houses for heat
leaks, crops for discase-induced stress, and nocturnal bat-
tlefields for invading personnel. The shape and size of
hosts also may be important to some flies as they visu-
ally recognize or orient to certain host animals. In many
instances, olfactory and visual cues presumably comple-
ment each other.

Another important aspect of fly behavior is the female’s
ability to identify an environment suitable for develop-
ment of her offspring. As with host-finding behavior, ol-
faction can play an important role. Necrophilous blow
flies and flesh flies appear quickly after an animal dies; ol-
faction is almost certainly their major cue, even though
the odor may not be detectable by humans. Similarly,
face flies appear at cattle dung pats almost immediately
after cattle defecate. Most flies, in common with many
other types of insects, can perceive chemical cues at a
level many orders of magnitude greater than that of hu-
mans. The females of other dipteran species similarly lo-
cate appropriate breeding sites. As examples, salt marsh
mosquitoes and tree-hole mosquitoes must select aquatic
habitats suitable for their eggs. The females of some blow
fly and flesh fly species are highly attracted to human fe-
ces, and female screwworms are readily drawn to sores or
wounds on living hosts.

Flies of medical and veterinary importance afford ex-
cellent examples of both K- and 7-strategies in their life
history. A few dipterans are known as K-strategists, typi-
fied best by tsetse, sheep keds, and other members of the
Pupipara. The symbol K represents the carrying capacity
of the environment. These flies have longer life cycles,
produce fewer offspring, and are particularly influenced
by density-dependent mortality factors. More commonly,
pest flies are 7-strategists, in which large numbers of off-
spring are produced, with each individual having a rela-
tively small chance of survival. The symbol » denotes the
instantancous rate of increase for a population. These flies
typically exhibit rapid growth, short life cycles, and high
mortality attributable mainly to density-independent fac-
tors. House flies and other filth-breeding species, as well
as mosquitoes, serve as good examples.
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FAMILIES OF MINOR MEDICAL
OR VETERINARY INTEREST

The major families of Diptera of medical/veterinary im-
portance are treated in separate chapters of this book.
The following discussion is provided for 13 other families
of minor medical /veterinary importance which include
species that can cause problems for humans and other
animals.

T1PULIDAE (CRANE FLIES)

Adults are slender-bodied flies, 5—60 mm in length. They
have long stiltlike legs, lack ocelli, and have a V-shaped
mesonotal suture (Fig. 8.7A). Many species are attracted
to light and readily enter houses, where they may be mis-
taken for large mosquitoes. Some are known to feed on
nectar, but none bite or are able to feed on blood. Tipulid
larvae have a distinct head capsule which can be retracted

FIGURE 8.7 Tipulidae (Tipula). (A) Adult; (B) larva. (From
McCafferty, 1981.)

into the anterior thoracic segments (Fig. 8.7B). They are
found in a wide range of aquatic and semiaquatic habitats
and are commonly collected at the margins of streams and
ponds and in moist leaf litter. A few species occur in dry
soil, where the larvae may be pests of grain and turf crops
by feeding on the roots. Most species in temperate areas
have one or two generations a year, with four larval instars
and a brief pupal stage. The length of the life cycle varies
from 6 weeks to 4 years, the latter being typical of some
Arctic species.

The Tipulidae is a very large, cosmopolitan family of
Diptera with over 60 genera and 1500 species described
in North America. Keys to both the adults and larvae of
the Nearctic genera are provided by Alexander and Byers
(1981) and Byers (1984). Adult and larval ecology are
presented in Knizesk and Sullivan (1984) and Freeman
(1967), respectively.

BIBIONIDAE (MARCH FLIES)

March flies are dark-colored flies varying in size from
small to moderately large (4—10 mm). The adults (Fig.
8.8) generally can be distinguished from other Nemato-
cera by the lack of a V-shaped suture on the mesono-
tum, the presence of ocelli, antennae inserted below the
eyes, and the presence of tibial spurs and pulvilli. Adults
usually emerge in the spring and feed on flower nectar and
pollen. The larvae are scavengers and are found mostly in
decaying organic materials such as forest litter, manure,
and soils rich in humus. Some species cause damage to
the roots of cultivated plants, especially cereal and grass
crops.

Adults of the love-bug ( Plecin nearctica) often emerge
in large swarms along the Gulf and South Atlantic coasts

FIGURE 8.8 Bibionidae, love bug ( Plecia nearctica); pair of adults n
copnla, female at left. (From Leppla ez al,, 1975.)



of the United States, mainly during May and September.
Larvae are found in aggregations under moist, decaying
materials, including leaves, grass clippings, Spanish moss,
and manure. They are most often seen as copulating pairs
and may remain iz copuln for several days, even while
feeding together on flowers. When locally abundant, fly-
ing pairs can pose a hazard to automobile travelers by ob-
scuring vision, clogging radiators, and occasionally dam-
aging automobile finishes. Large flights occur in the
United States along the Gulf Coast of Florida westward
to Louisiana and eastern Texas and southward to Cen-
tral America (Denmark and Mead, 1992). P. nearctica
also occurs in large numbers along the Atlantic Coast of
Georgia and southern South Carolina Taxonomic keys
for the larvae and adults of the six North American
bibionid genera are provided in Hardy (1981). Denmark
and Mead (1992) provide keys and review the biology
and ecology of Nearctic Plecia.

SCIARIDAE (DARKWINGED
FunGuUs GNATS)

Darkwinged fungus gnats are 1—11 mm in length and
closely resemble the Mycetophilidae except that their
eyes meet above the base of the antennae. The adults
(Fig. 8.9A) are usually encountered in moist, shady habi-
tats. The larvae (Fig. 8.9B) feed on a wide range of mate-
rials, including fungi, decaying plants, manure, and, in
some cases, the roots of greenhouse plants, soybeans,
and clovers. Lycoriella mali is a major pest of commercial
mushrooms, feeding on compost and all stages of mush-
rooms. Bradysia species are known to infest greenhouses,
where they damage plant roots and consume fungi in pot-
ting soil; they also transmit spores of plant-parasitic fungi
of the genus Pythium. There are four larval instars. The
adult-to-adult life cycle lasts 15—49 days in some of the
economically important species. Like the myctetophilids,
the sciarids may emerge inside houses from ornamental
plantings and potted plants.

Sciarids pose no medical problems except for rare re-
ports of household pets becoming ill after eating adult
flies. In one Florida case, a 4-month-old dog died after
ingesting large numbers of an unidentified sciarid species
during an unusually large emergence in early May. The
dog exhibited seizures and shock and was comatose by the
time it was scen by a veterinarian. The dog died a short
time later after experiencing extensive internal hemor-
rhaging and hepatic toxicosis. Examination of the stom-
ach contents revealed several hundred sciarid adults (G.
R. Mullen, personal communication).

There are more than 100 Nearctic species, for which
keys to the genera of adults and larvae are found in

Flies (Diptera) 135

FIGURE 8.9 Sciaridae, darkwinged fungus gnat. (A) Adult female;
(B) larva. (Original by Takumasa Kondo.)

Steffan (1981). The ecology of some species is presented
in Madwar (1937).

CHAOBORIDAE (PHANTOM MIDGES)

Adults are small (1.4—10 mm in length), mosquito-like
midges without the elongate proboscis and abundant
wing scales characteristic of the Culicidae (Fig. 8.10A).
Eggs of members of the common genus Corethrelln are
laid on the surface of water and hatch within 2—4 days.
The larval stage averages 15—32 days, and the pupa is
active and lasts 3—6 days. The transparent larvae (Fig.
8.10B) are aquatic and are found commonly in lentic
habitats (e.g., large lakes, small pools, bogs, small ponds).
The larvae of all 19 species in the 5 North American gen-
era are predators which grasp their prey with prehensile
antennae. Prey include small crustaceans and aquatic in-
sect larvae, including mosquitoes, which they sometimes
eliminate from restricted habitats.

While most adults do not feed on blood, females of the
genus Corethrelln have toothed mandibles and have been
found with avian and mammalian blood in their digestive
tracts (Williams and Edman, 1968). Corethrella brakeleyi
and C. wirthi have been observed feeding on tree frogs
(Hyla spp.) (McKeever, 1977). Corethrella females are
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FIGURE 8.10  Chaoboridae, the Clear Lake gnat (Chaoborus asticto-
pus). (A) Adult female; (B) larva. (From Herms, 1937.)

attracted to the calls of male tree frogs (McKeever and
French, 1991), to which C. wirthi can transmit a Try-
panosoma species (Johnson et al, 1993). They do not
feed on female frogs, which do not call. The Clear Lake
gnat (Chaoborus astictopus) is an inhabitant of large lakes
and impoundments in the western United States. Large
numbers emerge synchronously in the spring and are at-
tracted to lights in residential and resort areas, where
they can cause annoyance (Herms, 1937; Linquist and
Deonier, 1942).

Generic keys for chaoborid larvae and adults are
found in Cook (1981). Keys to United States species of
Corethrella are found in Stone (1968).

CHIRONOMIDAE (CHIRONOMID MIDGES)

Adult chironomid midges (Fig. 8.11A) are 1—10mm
long, with slender legs, narrow, scaleless wings, and
plumose antennae in the adult males. They are often mis-
taken for adult mosquitoes but lack the long proboscis
and are unable to feed on blood. Adults are short-lived,
living only a few days to several weeks. Some imbibe ho-
neydew and other natural sugars, but some take no food
at all as adults. Most chironomid larvae are aquatic or
semiaquatic and construct tubes in, or attached to, the
substrate. They are often the most abundant benthic or-
ganisms and occur in all types of habitats, including rivers,

FIGURE 8.11 Chironomidae. (A) Adult male (Chironomus sp.);
(B) larva ( Pseudodiamesa sp.). (From McCafferty, 1981.)

streams, lakes, ponds, water supplies, and sewage sys-
tems. Chironomid larvae are cylindrical and have paired
prolegs on the prothoracic and last abdominal segments
(Fig. 8.11B). The head is heavily sclerotized and nonre-
tractile. They have no spiracles. Many species, however,
have a hemoglobin-like substance in their hemolymph
and are called bloodworms because of their pink or red
color. Most species are detritus feeders that graze on
aquatic substrates. Others filter drifting food particles
from the water with strands of saliva or are predators on
other chironomid larvae or oligochaete worms.

In addition to being mistaken for adult mosquitoes,
chironomids can pose other medical and economic prob-
lems. Inhabitants of localities where large, synchronous
emergences occur can develop allergies to the larval
hemoglobin that is carried over from the larva to the adult
and becomes airborne as the bodies of the adults decom-
pose (Cranston, 1988). Larval hemoglobin also can in-
duce allergies in workers who process bloodworms into
fish food for aquaria. Large chironomid emergences from



polluted bodies of water are common and may cause lo-
cal annoyance to humans, in addition to economic dam-
age to machinery, paint finishes, automobiles, and air-
planes (Ali, 1991). Large numbers of adult midges can
discourage tourism and cause contamination of mate-
rials in food-processing, pharmaceutical, and manufactur-
ing plants. Larvae that occur in water-storage and water-
distribution systems can pass through taps into homes
(Bay, 1993).

The Chironomidae are a large family distributed world-
wide, with more than 130 genera and 700 species in
North America (Oliver, 1981). Armitage et al. (1995)
give an overall account of the biology and ecology of
chironomids.

RHAGIONIDAE (SNIPE FLIES)

Adult snipe flies (Fig. 8.12A) are 4—15 mm in length,
with long legs, often spotted wings, and distal anten-
nal flagellomeres forming a slender stylus (Fig. 8.12A).
Most prey on other insects, except that females of Sym-
phovomyin in western North America and Spaniopsis in
Australia suck blood. Larvae (Fig. 8.12B) are predatory
and are usually found near the surface of moist soil in
meadows and steep, well drained slopes, usually asso-
ciated with mosses, woodland grasses, willows, and /or
alders.

FIGURE 8.12 Rhagionidac. (A) Adult female (Symphoromyia sp.);
(B) larva (Rhagio sp.). (From McAlpine et /., 1981b.)
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In California, Symphoromyia adults are active from
April through mid-July. They readily attack humans, deer,
cattle, and horses, usually inflicting a painful bite around
the head. Most of the species studied appear to be anau-
togenous and univoltine. While they may be annoying to
humans, livestock, and wildlife, they have not been impli-
cated in the transmission of any disease organisms (Hoy
and Anderson, 1978). In Yellowstone National Park, bit-
ing activity starts in early July and continues until early
September. Horses, mule deer, and humans are often at-
tacked by swarms of females in localized areas along trails,
with relatively fewer attacks outside these areas (Burger,
1995). Human responses to bites range from mildly an-
noying to very painful, with rare incidences of anaphy-
lactic shock (Turner, 1979). For further information on
the taxonomy and biology of the genus Symphoromyia,
see Turner (1974), James and Turner (1981), and Burger
(1995).

ATHERICIDAE (ATHERICID FLIES)

Adult athericids (Fig. 8.13A) are 7—8 mm long and re-
semble the rhagionids. They differ from snipe flies by
the presence of a strongly developed subscutellum, with
the Ry cell being closed at the wing margin, and the ab-
sence of spurs on the foretibia. Larvae (Fig. 8.13B) in-
habit flowing water, where they prey on other insect lar-
vae. There is apparently one generation per year. Some
adults prey on insects, but females of Suragina species
are known to suck blood from humans, cattle, and some
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FIGURE 8.13  Athericidae (Atherix). (A) Adult female; (B) larva.
(From McAlpine ez al., 1981b.)
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cold-blooded vertebrates (Hoy and Anderson, 1978).
The family has only six Nearctic species, with all known
species occurring in Texas and Mexico. Of these, three
belong to the blood-feeding genus Suragina. Keys to the
North American species are provided in Webb (1977,
1981).

STRATIOMYIDAE (SOLDIER FLIES,
LATRINE FLIES)

Adult soldier flies (Fig. 8.14A) vary from 2 to 20 mm
in length. Their wings are distinctive by having all
branches of the radius thickened and crowded toward
the costal margin, ending before the apex of the wing.
Body color may be yellow, green, blue, or black, and
sometimes metallic. Many adults visit flowers, cattails, or
other emergent aquatic vegetation. Larvae (Fig. 8.14B)
are clongate and dorso-ventrally flattened and have a
toughened or leathery integument with small, closely
spaced calcareous tubercles. Many larvae are aquatic, liv-
ing in a wide range of shallow, lentic habitats where
they breathe at the surface through posterior spiracles.
Others are terrestrial, breeding in animal wastes, decay-
ing plants and animals, or soil, where they feed on roots of
grasses.

FIGURE 8.14 Stratiomyidae, black soldier fly (Hermetia illucens).
(A) Adult female; {B) larva. (From Gagné, 1987.)

FIGURE 8.15 Phoridae. (A) Coffin fly (Conicera tibialis), adult fe-
male; (B) Megaselia scalaris, adult female; (C), larva (Megaselia). (From
Smith, 1986.)

The black soldier fly (Hermetia illucens) (Fig. 8. 15A) is
the stratiomyid best known to medical and veterinary en-
tomologists and sanitary engineers. The adults are about
20 mm long, bluish-black, with yellowish-white tarsi and
two lateral, translucent spots on the second abdominal
segment. Mature larvae are about 20 mm long, flattened
dorso-ventrally, and dull tan in color, with a narrow head
bearing eye spots. They develop in a broad spectrum of
decaying materials, including fruits, vegetables, human
and animal wastes, and carrion. Eggs are laid in masses on
the substrate and hatch in 4 days. The five larval instars
last a total of about 14 days, and pupation occurs inside
the last larval integument, lasting about 2 weeks. Black
solider fly larvae can become abundant in sewer process-
ing plants with trickle filters, where they may be numer-
ous enough to block the system. In caged-layer poultry
manure, large populations of larvae can churn the manure
and cause it to become liquefied and thus unsuitable for
house fly larvae (Sheppard, 1983). In addition to help-
ing to control house flies, this process reduces the total
volume of manure. Mature larvae also may be processed
into animal food (Sheppard er al., 1994). Larvac occa-
sionally are eaten by humans in overripe fruit or under-
cooked meat that can result in intestinal myiasis (James,
1947). James (1960, 1981 ) discusses the biology of and
provides keys to larvae and adults.



PHORIDAE (HUMPBACKED FLIES,
SCUTTLE FLIES)

Adult phorids are 0.5—5.5 mm long with an enlarged
thorax, giving them their characteristic humpbacked ap-
pearance (Fig. 8.15A and 8.15B). The hind femora are
flattened, and the major bristles of the head and legs are
feathered. They run in short, quick bursts and are usu-
ally found in damp places near larval habitats. Larvae
(Fig. 8.15C) are less than 10 mm long, lack an appar-
ent head, and possess abdominal projections that range
from being inconspicuous to large and plumose. Larval
habitats are extremely varied. They include all kinds of
decomposing plant and animal matter, fungi, bird nests,
feces, dead insects, sewage treatment beds, and commer-
cial mushrooms. Some larvae are internal parasitoids of
other arthropods or live as commensals with social insects.

Megaselia scalaris (Fig. 8.15B) is the phorid of most
medical importance. The female lays eggs in fruits and
vegetables, feces, and decaying plant and animal mat-
ter. Sporadic cases of facultative buman myiasis caused
by M. scalaris have been documented in many ar-
cas of the world; they include cutaneous, pneumonic,
nasal, gastrointestinal, urogenital, and ophthalmic myiasis
(Carpenter and Chastain, 1992). Phorid larvae also are
commonly associated with decomposing animal remains,
where they tend to be late invaders after the calliphorid
flies have pupated (Smith, 1986). This fly is often a prob-
lem around mauscleums and mortuaries, where the lar-
vae develop in burial crypts, producing large numbers
of adults (Katz, 1987). A small, black, European species
called the coffin fly (Conicera tibinlis) (Fig. 8.15A) is
commonly associated with interred human remains that
have been underground for a year (Smith, 1986).

There are ca. 350 species and 48 genera of phorid flies
in North America. Keys to adults in the Nearctic region
are provided in Peterson (1987). The biology, ecology,
and keys for identification of Phoridae are compiled in
Disney (1994).

SYRPHIDAE (FLOWER FLIES,
HoOVER FLIES)

Adults of this family vary in length from 4 to 25 mm
and are distinguished by the presence of a spurious vein
between the radius and media. Many are boldly marked
with black and yellow transverse bands and are effective
wasp mimics. Others, including Eristalis and Evistalinus,
which are called drone flies, are covered with fine yel-
low hairs and resemble honey bees or bumble bees (Fig.
8.16A). Most adults are strong fliers and are often seen
hovering near flowers, where they feed on nectar. They
neither bite nor are capable of stinging. Syrphid larvae
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FIGURES8.16 Syrphidae, drone fly ( Eristalis tenax). (A) Adult female;
(B) larva, rat-tailed maggot. (From Gagné, 1987.)

are quite varied in form and feeding habits. Some are slug-
like and live exclusively in nests of social insects. The most
common larval forms are strongly flattened and are preda-
ceous on aphids and other plant-feeding insects. The lar-
vae of Eristalis and Ewvistalinus species are aquatic. They
are known as rat-tailed magyots because of their long, re-
tractable caudal segment bearing the posterior spiracles,
which can be extended to 2—3 times the length of the
body (Fig. 8.16B). This extensible air tube allows the
aquatic larvae to breathe air from the surface while inhabi-
ting highly polluted water. Rat-tailed maggots, especially
Eristalis tenax, are often found in manure-polluted wa-
ter in and around confined livestock operations. They are
common in wastewater treatment lagoons for livestock
and in human wastewater treatment facilities. Occasion-
ally E. tenax causes gastrointestinal and urogenital myinsis
in humans. There are over 900 species and more than 90
genera of syrphids in the Nearctic Region (Vockeroth and
Thompson, 1987).

PIOPHILIDAE (SKIPPER FLIES)

Adult piophilids (Fig. 8.17A) are small (ca. 5 mm in
length), dark, acalypterate flies which are usually shiny
black with strong black bristles. The vermiform larvae
(Fig. 8.18B) live in a variety of dead plant and ani-
mal materials, including carrion, bones, hides, fungi, and
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FIGURE 8.17 Piophilidae, cheese skipper ( Piophila casei). {(A) Adult
female (from Gagné, 1991}; (B) larva (from Smith, 1986).

stored food products of animal origin. The species most
likely to come to the notice of medical or veterinary
personnel is the cosmopolitan cheese skipper, Piophila ca-
ses (Fig. 8.17A). It is a pest of stored food, particularly
cheeses and cured hams. The common name derives from
the larva’s ability to catapultitself into the air by assuming
an O-shape by seizing its anal papillae with its mandibles
and abruptly releasing its hold. Cheese skippers that are
consumed by humans in contaminated food have been
responsible for numerous cases of gastrointestinal myiasis
(James, 1947). Cheese skipper larvae (Fig. 8.17) some-
times colonize corpses in situations where the larger cal-
liphorid and sarcophagid flies are denied access. There are
14 genera containing about 60 species in the Nearctic Re-
gion (McAlpine, 1987).

DROSOPHILIDAE (SMALL FrRUIT FLIES)
Also commonly referred to as vinegar flies, these are gen-

erally small insects (1 -6 mm), typically with red eyes. The
adults (Fig. 8.18A) are found around the larval habitats of
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FIGURE 8.18 Drosophilidae, Drosophila melanogaster. (A) Adult
female (from Gagné 1991); (B) larva (from Wheeler, 1987).

decaying vegetation, plant sap, fungi, and ripe fruit. Lar-
vae are maggot-like with stalked posterior spiracles (Fig.
8.18B). Most feed on yeast and other microorganisms in
the decaying substrate. Some are leaf miners, while others
are parasitoids or predators of Homoptera.

Drosophilids are familiar in most households, fly-
ing around or crawling on overripe fruit. Drosophiln
melanogaster is a common laboratory animal used exten-
sively in genetic research. Although the flies are generally
harmless, some species (especially D. repletn) are a poten-
tial means for mechanical transmission of pathogens when
they breed in animal feces (Greenberg, 1973; Harrington
and Axtell, 1994). Drosophila species occasionally are
found in the putrid effluents from corpses. D. funebris
has been reported to cause intestinal myiasis in humans
(James, 1947). There are 17 genera and ca. 175 North
American species (Wheeler, 1987).

CHLOROPIDAE (GRASS FLIES,
EYE GNATS)

Adults (Fig. 8.19A) are small (1.5 to 5 mm in length) with
few large bristles and a prominent break in the costal vein
of the wing just mesad of the subcostal junction. Many
adults are commonly found in grasses and other low veg-
etation, or visiting flowers. Larvae (Fig. 8.19B) lack an
apparent head and have posterior spiracles and palmate
anterior spiracles. Most larvae are phytophagous, feeding



FIGURE 8.19  Chloropidac, eye gnat (Liokippelates pusio). (A) Adult
female; (B) larva. (From Herms, 1939.)

on stems, roots, and root hairs of grasses. The fric fly
(Oscinella frit) and the wheat stem maggot (Mevomyza
americana) are important agronomic pests of grain crops.
Other species are saprophytes, feeding mostly on decay-
ing vegetable matter in soils, while a few are predators or
gall formers.

Others are known as eye gnats, including Liokippelates
species in North and South America and Siphunculina
species in Asia. Eye gnats are attracted to humans and
other mammals, where they hover about the face, body
orifices, and open wounds. The genus Liokippelates (for-
merly included in the genus Hippelates) occurs through-
out much of North America (Sabrosky, 1980). Several
species are particularly abundant in some of the sandy-soil
regions of the southeastern United States (e.g., Liokip-
pelates pusio and L. pallipes) and irrigated areas of south-
ern California (L. collusor). The larvac feed on decaying
organic matter in soil and can be particularly abundant
in humus-enriched, cultivated soil or turf in sandy soils.
The life cycle is about 2 weeks, and there are multiple gen-
erations each year. The adults hover around the head of
humans, causing annoyance, especially when they fly into
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eyes, nostrils, or mouths. They also are commonly found
on domestic animals, especially on areas soiled with urine
or manure {Greenberg, 1971).

Liobippelates species have been implicated in the me-
chanical transmission of several organisms that cause dis-
eases in humans and livestock. Treponema pertenue, the
spirochete that causes yaws, has been shown to be trans-
mitted by L. flavipes in Jamaica and other Caribbean
and South American locales (Kumm, 1935). Human
acute congunctivitis (pinkeye), caused by several bacte-
rial species, is noticeably more prevalent during out-
breaks of Liokippelates in the United States and Siphun-
culing in the Orient (Dow and Hines, 1957; Greenberg,
1973). Liohippelates species also have been implicated in
the spread of the causative organisms of vesicular stom-
atitis in livestock and streptococcal infections of human
skin (Francy et al., 1988; Taplin et al., 1967). Brazilian
purpuric fever is a fulminating, highly fatal, bacterial dise-
ase of children caused by Haemophilus influenzae bio-
type aegyptius, which produces acute conjunctivitis in
children (Brazilian Purpuric Fever Study Group, 1992;
Harrison et al., 1989). L. purnanus and Hippelates neo-
proboscidens have been implicated as mechanical vectors
of Haemophilus influenzae biotype aegyptius (Tondella
et al., 1994).

There are 55 genera and about 270 described species
in the Nearctic Region (Sabrosky, 1987). Keys to Liokip-
pelates species are provided by Sabrosky (1980). There
are no effective area-wide methods for controlling Lio-
hippelates species. Temporary relief from their annoyance
is provided by protective head nets and insect repellents
containing N, N-diethyl-m-toluamide (DEET).

PUBLIC HEALTH IMPORTANCE

On a global scale, the Diptera are the most impor-
tant order of insects affecting human health (Table I).
Mosquitoes are the foremost group because of their role
as vectors of more pathogenic organisms than any other
fly. The adverse impact of malaria, mosquito-borne ar-
boviruses (e.g., yellow fever, dengue, and encephalitis),
and metazoan infections such as filariasis on humans
worldwide currently exceeds that of recently publicized
ailments such as Lyme disease or acquired immune defi-
ciency syndrome. Other human-related vector—pathogen
relationships involving the Diptera are exemplified by
sand flies and sand-fly fever, bartonellosis, and leishmania-
sis; by black flies and onchocerciasis (river blindness); and
by tsetse and African trypanosomiasis (sleeping sickness).
On a global scale, there are about 270 million humans
infected with malaria, 90 million with lymphatic filaria-
sis, 17 million with onchocerciasis, and 12 million with
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leishmaniasis. In total, almost 3.5 billion humans are cur-
rently rated as at risk from fly-borne pathogens.

The Diptera also figure prominently in public health
in regard to filth flies, which are associated with materi-
als such as dung, carrion and garbage. House flies, sta-
ble flies, and blow flies are a few examples. Beginning
shortly after Pasteur’s formulation of the germ theory in
the late 1870s, the link between muscoid flies and human
enteric complaints was gradually understood. During the
Spanish—American War (1898), this relationship became
evident to United States troops in Cuba when ““white-
legged” muscoid flies roaming on food in mess tents were
recognized as the same individuals that previously had
been noted on lime-doused feces or corpses. Leland O.
Howard, in what was to become one of his major ento-
mological contributions, directed public attention to such
filth-breeding flies and almost succeeded in his quest to
rename the house fly the ““typhoid fly’” (Howard, 1911).
Many other microorganisms causing enteric disease, such
as Shigella and Entamoeba, can be transmitted in a similar
manmner. The impact of filth flies on public health was par-
ticularly severe in the days before sanitary plumbing, ef-
fective pest management, and the ready availability of vac-
cines. Only the advent of the Salk vaccine for poliomyelitis
in the 1950s halted long-term research on possible filth-
fly involvement with the etiology of that disease.

Accounts of the enormous numbers of flies assoctated
with corpses on battlefields are virtually as old as warfare
itself; those from World War I in France and Belgium and
from World War 1I in the Pacific region are particularly
compelling. The beneficial use of certain necrophilous
blow flies as surgical maggots stems almost directly from
battlefield observations. Although allantoin, a natural an-
tibiotic secreted by blow fly maggots, has been supplanted
by more effective synthetic drugs, the use of surgical mag-
gots remains an effective option for treating wounds, es-
pecially when they involve bone infections that are refrac-
tory to blood-borne chemotherapy.

VETERINARY IMPORTANCE

The well-being of wild and domestic animals is directly af-
fected by the Diptera in many ways (Table II). As vectors
of pathogens, flies are responsible for spreading viruses
such as those that cause bluetongue disease of sheep and
cattle and hemorrhagic disease of deer; rickettsial infec-
tions such as anaplasmosis; protozoans such as those caus-
ing avian malaria; and metazoan infections such as ca-
nine heartworm. Trypanosoma-caused nagana vectored
by tsetse has eliminated most animal agriculture through-
out large areas of Africa.

In many parts of the world, infestations of living tis-
sue with fly larvae, called myiasis, can be a problem for
livestock and other domestic or wild animals. At one
time, myiasis caused by screwworms constituted a ma-
jor impediment to cattle, hog and sheep production in
the southern United States, Mexico, and Central America
and was a major mortality factor among wildlife, espe-
cially deer. With the success of sterile-male releases and
other antiscrewworm measures, this species is no longer
a significant problem in North America. Other myiasis-
causing flies in North America include cattle and reindeer
grubs, sheep nose bots, deer and reindeer nose bots, rab-
bit and rodent bots, and stomach bots of horses and other
equids.

In most localities, species of blow flies that cause myi-
asis have a direct summertime impact on most types of
livestock and pets. These flies can invade wounds, sores,
or body orifices, such as unhealed navels of newborns and
vaginal tissues of postpartum females. The condition is
perhaps best recognized by the sheep industry as fly-strike
or sheep strike and has had an extensive impact, particu-
larly in Australia and New Zealand.

Blood-feeding flies can affect the productivity and prof-
itability of livestock operations by causing exsanguination
and, in extreme cases, anemig. While the biting rates of
diurnal species are obvious to livestock producers (e.g.,
horse flies), those of crepuscular or nocturnal species are
largely unappreciated. Livestock on pasture, or in pro-
duction systems where large numbers of animals are ar-
tificially confined, may be subject to intense biting rates
from flies. Bunching, kicking, and other avoidance behav-
ior by animals under attack by biting flies can interfere
with grazing time, feed consumption, and efficiency of
energy conversion.

The enormous numbers of nonbiting flies associated
with livestock and livestock facilities can constitute an an-
noyance factor. The feeding spots and fecal spots made
by flies can create sanitary and aesthetic problems. In the
poultry industry, fly specks on chicken eggs are a major
economic problem. Flies produced in one location may
affect animals in another. For example, stable flies em-
anating from cattle feedlots may emigrate to proximate
farmsteads, where they feed on pets and companion ani-
mals. Flies such as stable flies and eye gnats breeding ad-
jacent to dog kennels may annoy dogs and other animals
even at considerable distances from the breeding sites.

PREVENTION AND CONTROL

In addition to insecticidal applications against imma-
ture or adult flies, strategies for suppression of fly-caused



problems typically include personal protection. Limit-
ing access of flies to humans or other animals by win-
dow screening, mosquito netting, or other physical bar-
riers remains one of the cheapest and most effective
forms of control. The invention and ready availability of
standard 16-mesh window screening, although consid-
ered mundane by most, should actually rank as a gen-
uine marvel of the 20th century. Retreating behind such
screening affords humans the opportunity to eat with-
out fly-caused contamination and incessant biting by sev-
eral species of blood-feeding flies. Similarly, chemical bar-
riers to fly bites afforded by repellents are an important
part of arthropod-borne pathogen management. Repel-
lents are at the core of preventive medicine with respect
to many fly-borne pathogens, especially in protecting mil-
itary personnel. Typified best by mosquito repellents,
these personal protectants include various formulations
of DEET. The insecticide permethrin has repellent ac-
tivity when used as a clothing treatment. Repellents also
are often applied to livestock in an effort to reduce bit-
ing rates of flies and the annoyance of other, nonbiting,
species.

A major emphasis of both civil and military contingency
planning is preparation for the management of filth-fly
populations in the event of natural or human-caused dis-
asters. Proceeding from the axiom that, all other factors
being equal, elimination of fly-breeding sites will elim-
inate fly populations, a major goal of vector ecologists
and sanitary engineers is to reduce the amount of sub-
strate capable of supporting nuisance species. Examples
of such environmental bygiene range from the virtual re-
placement of outdoor human privies and pit latrines by
sanitary sewage systems in urban and suburban areas to
large-scale programs designed to facilitate effective ma-
nure management in areas where livestock are aggregated
in large numbers.

Feces from cattle, hogs, and poultry are excellent
breeding media for many species of noxious flies, most
importantly the house fly. Before the advent of automo-
biles, dung from horses was an important source of house
flies and stable flies. Dung mixed with other materials
such as hay, straw, mud, and wood shavings is called ma-
nure. Like dung, manure is often an excellent fly-breeding
medium. A biologically inescapable byproduct of live-
stock production is the generation of significant amounts
of dung and manure. House flies in particular tend to
disperse from their breeding areas, frequently invading
surrounding neighborhoods, where they stain and speck
paint, cause annoyance, and may start local fly popula-
tions. Modern systems of livestock production therefore
depend on effective removal of dung and manure; when
these fail, the problem of “‘rural flies in the urban envi-
ronment”’ often winds up in today’s courts.
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Members of the Psychodidae are primitive Diptera of
the suborder Nematocera. The family is widely dis-
tributed in natural, agricultural, and urban environments
of tropical, subtropical, and temperate climates. Repre-
sentatives occur in all zoogeographic regions and many
terrestrial biomes, including desert, grassland, chaparral,
and forest. Some species occur in mountainous regions at
high altitudes.

The subfamily Psychodinae includes nonbiting species
known as moth flies. Certain species of Psychoda and Tel-
matoscopus, known as drain flies or filter flies, are common
pests in buildings and in and around sewage treatment
plants. Larvae of two species of Psychoda have been im-
plicated in myiasis.

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

The subfamily Phlebotominae includes biting species
known as sand flies. Species of Lutzomyia and Phieboto-
mus are important biting pests and vectors of agents caus-
ing sand fly fever, Changuinola fever, vesicular stomatitis,
Chandipura virus disease, bartonellosis, and leishmania-
sis in humans, domestic animals, and wildlife. A source of
confusion is that the name “‘sand fly” is sometimes ap-
plied to black flies (family Simuliidae) and biting midges
(family Ceratopogonidae). In the vernacular the name
““sand flea” is applied to all three groups, in addition to
chigoes (true fleas).

TAXONOMY

The family Psychodidae includes six subfamilies (Duck-
house, 1973), only two of which include species of known
public health and veterinary importance: the Psychodinae
and Phlebotominae. Sycorax silacea of the subfamily Syco-
racinae is a vector of a filarial parasite (Icosiella neglecta)
of the frog Rana esculentn, a species commercially raised
for human consumption in France.

Adults of Psychodinae (Fig. 9.1) have relatively short
mouthparts, short antennal segments, and short legs and
hold their wings level or sloping downward (rooflike)
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FIGURE 9.1 Moth fly (Pswhoda sp.), adult female. (From
McCafferty, 1981.)

when at rest. The mandibles are rudimentary or absent.
Two genera, Psychoda and Telmatoscopus, include species
of public health and veterinary importance. Both gen-
era are widely distributed throughout the world. About
80 species occur in North America. Quate and Vockeroth
(1981) have reviewed the Nearctic Psychodinae.

Adults of Phlebotominae (Fig. 9.2A) have relatively
long mouthparts, long antennal segments, and long legs
and hold the wings sloping upward (troughlike) when
at rest. The mandibles are well developed. The sub-
family includes about 600 species distributed globally be-
tween about 50° N and 40°S. About 380 species occur
in the New World, including 14 in the United States and
Canada. There are no records from Alaska or Hawaii.
Canadian records include only British Columbia, Alberta,
and Ontario. The New World genus Lutzomyia and the
Old World genus Phlebotomus include species of public
health and veterinary importance. Members of the New
World genera Brumptomyin and Warileya and the Old
World genus Sergentomyia are zoophilic and rarely bite
humans.

The genus Lutzomyia was reviewed by Young and
Duncan (1994), and the genus Phlebotomus was re-
viewed by Lewis (1982). The Phlebotominae of North
America, north of Mexico, were reviewed by Young and
Perkins (1984). Some authors treat the Phlebotominae
as a separate family, the Phlebotomidae, and some treat
the subgenus Psychodopygus of Lutzomyin as a separate
genus. There is evidence of cryptic species in some taxa.
Many new approaches are being applied to problems of
classification and identification; these include electron

FIGURE 9.2  Sand fly (Phicbotomus sp.). (A) Adult female; (B) larva.
(From Patton and Evans, 1929.)

micrography, karyotyping, nucleic acid probes, isoen-
zyme electrophoresis, polymerase chain reaction assay,
and analysis of cuticular hydrocarbons.

MORPHOLOGY
PSYCHODINAE

Mature larvae of the Psychodinae are clongate, legless,
and up to 6 mm long (Fig. 9.3). The larvae of many gen-
era (e.g., Pericomn) have long spines or feathery processes
along the body, but these are poorly developed in Psy-
choda and Telmatoscopus. In Psychoda and Telmatoscopus
the body is fusiform or subcylindrical, with three thoracic
and nine abdominal segments. The segments are secon-
darily divided into annuli, with two annuli comprising
the thoracic and first abdominal segments and three com-
prising abdominal segments 2—7. The dorsal cuticle has
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FIGURE 9.3 Moth fly larvae. (A) Psychoda sp.; (B) Telmatoscopus sp.; (C), Pericoma sp. (From

Johansen, 1934.)

minute spines and narrow, transverse, sclerotized plates
on the annuli of the segments. The head is well devel-
oped, with short antennae, lateral eyespots, and strong
mandibles. There are two pairs of spiracles: an anterior
pair on the prothorax and a posterior pair at the tip of
a rigid siphon terminating the abdomen. The posterior
spiracles are surrounded by four lobes bearing water-
repellent hairs. Larvae are grayish, with dark head, dorsal
plates, and siphon.

The pupae of moth flies may be free-floating or at-
tached to the substrate. Attached forms are erect, with
exuviae of the last larval instar adhering to the caudal end.
The pupa is obtect, with visible appendages of the head
and thorax held closely to the body. The thorax bears
a pair of tubelike respiratory organs, and the abdomen
bears numerous setae and spines.

Adults of moth flies are usually less than 5 mm
long, densely hairy, and grayish, brownish, or yellowish
(Fig. 9.1). The long, 12- to 16-segmented antennae are
similar in males and females. The segments are closely
covered with short setae and each bears a whorl of long
setae. The palpi are long, recurved, and four-segmented,
with scattered setae. Mandibles are rudimentary or ab-
sent. Ocelli are absent. The wings are large, broadly ovate
to elliptic or pointed, and densely hairy, with no cross
veins beyond the basal area. The abdomen has six to eight
apparent segments.

PHLEBOTOMINAE

Eggs of the Phlebotominac are about 400 ym long, elon-
gate, dark brown, and shiny, with fine surface markings.
Markings useful in classification and identification of
species include irregular patterns, polygons, ellipses,

ridges, pits, and mountain- or volcano-like features
(Feliciangeli et al., 1993).

Mature larvae of the Phlebotominae are elongate, leg-
less, and up to 5 mm in length (Fig 9.2B). The head,
thorax, and abdomen bear numerous, prominent, clavate
setac that are used in classification and identification.
The well-developed head bears eyespots, short antennac,
and heavy, toothed mandibles, which oppose a heavy,
platelike, serrate labium. The thoracic and abdominal seg-
ments are secondarily divided into annuli, with two an-
nuli comprising the thoracic and first abdominal segments
and three comprising abdominal segments 2—7. Abdom-
inal segments 1—8 each bear a medioventral proleg, or
psendopodinm. There are two pairs of spiracles: an ante-
rior pair on the prothorax and a posterior pair on the
greatly reduced abdominal segment 9, which bears two or
four long, conspicuous caudal setae adjacent to the spira-
cles. Larvae are whitish, with a dark head and dark caudal
setae.

Phlebotomine pupae attach to substrates in an erect
position with the exuviae of the Jast larval instar attached
at the caudal end. They can be distinguished from pupae
of the Psychodinae by the clavate body setae and long
caudal setae of the larval exuviae. Appendages of the head
and thorax are visible and closely appressed to the body.

Phlebotomine adults (Fig. 9.2A) are usually less than
5 mm long, densely hairy, and grayish, brownish, or yel-
lowish in color. The head is small and hypognathous, eyes
conspicuously dark, and ocelli absent. The long, slender,
12- to 16-segmented antennae are similar in males and
females. The segments are closely covered with short se-
tac, and each segment has a whorl of long setae. The
thorax is strongly humped. The wings are large, broadly
ovate to elliptical or pointed, densely hairy, and without
cross veins beyond the basal area. The abdomen is six- to
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eight-segmented. The male genitalia are large and con-
spicuous.

The mouthparts form a short probocis, bearing long,
recurved, five-segmented palps with scattered setae. The
mouthparts of the female consist of six broad, knife-
like stylets (labrum, paired mandibles and maxillae, and
hypopharynx), which are held within the fleshy labium
when not in use. The mandibles and maxillae are toothed
distally. The mandibles cut the skin with scissors-like and
sawing movements while the maxillary teeth engage the
sides of the wound and hold the mouthparts in place.
Blood is taken from a subcutaneous pool produced by
injury to the vessels. The food canal is formed by appo-
sition of the labrum above and the hypopharynx, which
contains the salivary duct, below. Males lack mandibles
and do not bite, but some have been observed to take
blood from wounds made by the females.

LIFE HISTORY
PSYCHODINAE

Moth flies breed in aquatic and semiaquatic habitats.
Breeding sites of Psychoda and Telmatoscopus include
seashores, margins of streams and ponds, rice fields,
ditches, tree holes, sumps, drains, sewers, cesspools, sep-
tic tanks, urinals, waste lagoons, sewage treatment plants,
and outfalls. The eggs are deposited in gelatinous masses
of 20—-100 and hatch in about 2 days. The larvae
(Fig. 9.3) develop in aquatic surface films, floating algae,
mud, manure, and similar wet or moist organic media,
where they feed on fungi, microorganisms, and decaying
organic matter. The larval period is 9—-15 days, and the
pupal period is 1-2 days. Larvae of Psychoda alternata
are highly tolerant of pollution, low pH, low dissolved
oxygen, and high temperatures.

PHLEBOTOMINAE

Sand flies breed in humid, terrestrial habitats. Breeding
sizesinclude cracks and crevices of soil, manure, rocks, ma-
sonry, rubble, forest litter, tree hollows, tree crotches,
termite mounds, animal burrows, nests, poultry houses,
barns, stables, homes, privies, cesspools, cellars, wells, and
other dark, moist locations where organic material is
present. Several important neotropical species breed in
the litter of the forest floor (e.g., Lutzomyin gomezi,
L. panamensis, L. pessoana, and L. trapidoi). Two
important Eurasian species, Phlebotomus papatasi and
P. argentipes, breed in organic soil in and around stables,
barns, and houses. P, perfiliewi breeds in farm manure in

Italy, and P cancasicus breeds in rodent burrows in cen-
tral Asia.

Sand flies may be autogenous or anautogenous.
Females of autogenons species complete the first
gonotrophic cycle without taking blood but require one
or more blood meals to complete each subsequent cycle.
Females of anauntogenous species require one or more
blood meals to complete each cycle, including the first.
Multiple blood meals in a single cycle have been demon-
strated in several species. Females of most species com-
plete multiple cycles. Females of P argentipes may com-
plete as many as four cycles during their normal life span.

Eggs are deposited in small, scattered groups and hatch
in 4—20 days. P. papatasi illustrates the typical pattern of
egg maturation following a blood meal. Ingested blood
cells begin to break down 6—18 hr after feeding. The
peritrophic envelope matures at 24 hr. Digestion, absorp-
tion, and assimilation of the blood, and maturation of the
eggs within the ovarian follicles, are usually completed in
5--8 days. Approximately 30—60 eggs are produced in
each gonotrophic cycle.

Phlebotomine /arvae feed on decaying organic matter
and fungi. The period of larval development varies from
30 to 60 days, and there are four larval instars. In climates
with a cold winter or a long hot or dry season, there may
be a diapause or quiescence lasting up to nearly a year in
the egg stage or in the fourth larval instar. In P. papatas:
the proportion of diapausing larvae increases from a low
level in the summer to a high level in the fall and is inde-
pendent of temperature. The pupal period is 7—8 days.
The life span of the adult varies from 2 to 6 weeks.

BEHAVIOR AND ECOLOGY
PSYCHODINAE

Adult moth flies are common at lights and in and around
breeding sites where suitable resting places are available.
Resting sites include buildings, drains, sewers, cesspools,
septic tanks, sewage treatment plants, and other humid,
protected sites. Adult moth flies feed on nectar and septic
fluids. They walk with a characteristic, hesitating motion.
Flight is noiseless, consisting of short, discrete hops, usu-
ally only a few centimeters long.

PHLEBOTOMINAE

Phlebotomine adults are found in and around the
breeding sites where suitable resting places are available.
Resting sites include forest litter, tree trunks and tree
hollows, leaves of plants, caves, excavations, burrows and



nests, livestock pens, buildings, cracks and crevices of
rocks, masonry and ruins, and other dark, humid, pro-
tected sites. Neotropical forest species may be found in
forest litter (e.g., L. trapidoi), on understory plants (e.g.,
L. pessoana), on the trunks of trees (e.g., L. trinidadensis),
or in the forest canopy (e.g., L. rorotaensis). The Asian
L. caucasicus is commonly found in animal burrows.
Certain species are more or less peridomestic, including
L. longipalpis, L. verrucarum, P. argentipes, and P. papa-
tasi. In southeastern Asia, P argentipes is found in dark
corners of houses and behind hanging clothing and
pictures.

Sand flies have a hesitating, running motion and fly
readily. Their flight is noiseless, consisting of short, dis-
crete hops, often only a few centimeters long, and slow,
steady flights of longer duration. Flight is inhibited by
wind and rain; P. orientalis does not fly at wind speeds
above 15 kph. The flight ranges of neotropical forest
specics are usually less than 200 m, but some species mi-
grate daily between the forest floor and canopy. Flight
ranges of P. argentipes and P. orientalis may be 500 m or
more, and those of L. longipalpis and P. cancasicus may
be 1000 m or more. Longer records include a female
P. ariasi recaptured 2.2 km from a release point in
France and a male P, perniciosus captured on the island of
Jersey (UK) off the coast of France, 25 km from the near-
est source on the mainland.

Adult sand flies feed on nectar, fruit juices, sap, honey
dew, and other sugar sources. Females of P. papatasi are
known to pierce the stems and leaves of plants to ob-
tain sap. Female sand flies feed on blood in addition to
sugars. Blood feeding is limited to areas of exposed skin
such as the ears, eyelids, nose, feet, and tail. Males of
L. longipalpis fly to the hosts of blood-feeding females,
establish territories at blood-feeding sites on the host, and
defend territories against other males. Males emit a ter-
penoid pheromone from glands on the abdomen to at-
tract females, which then feed and mate within the males’
territories. Mating is preceded by elaborate courtship
behavior.

The biting activity of most species of sand flies occurs
during twilight or darkness. Some, however, bite freely
in daylight, including several medically important vec-
tor species. L. panamensis, L. pessoana, L. sanguinaria,
and L. trapidoei of the tropical lowlands of Panama bite
only at temperatures above 20°C, while L. verrucarum
of the cool mountain valleys of Peru bites at tempera-
tures as low as 10°C. Some species are endophilic (e.g.,
L. verrucarum and P. papatasi), and others are exophilic
(e.g., L. trapidoi and P. perniciosus).

Most sand flies have broad host ranges, but some are
narrowly restrictive. L. gomezi is known to feed on birds
and on five different orders of mammals, while L. vexator
feeds exclusively on lizards and L. vespertilionis feeds
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exclusively on bats. P, papatasiis anthropophilic through-
out its range. P. argentipesis anthropophilic in some areas
but zoophilic, feeding preferentially on cattle, in others.
Light-trap collections in Panama indicate the presence
of a primarily anthropophilic association represented by
L. gomezi, L. panamensis, and L. dysponeta and a pri-
marily zoophilic association represented by L. carpenteri,
L. trivamula and L. camposi. In some locations, the
anthropophilic and zoophilic associations alternate by
season.

Phlebotomine species often exhibit characteristic sea-
sonal and biotopic patterns. In tropical areas, populations
of most species increase during or shortly after the rainy
season. In India, populations of P. argentipes and P. pa-
patasi decrease in the dry season and increase during
the monsoon season. In Africa, population densities of
P duboscqi and P. martini vary scasonally with those of
the rodents on which they feed. Sand fly populations in
Panama are strongly correlated with the degree of deve-
lopment of the forest cover, increasing from grassy to
secondary forest biotopes and from secondary to mature
forest biotopes. Similar situations exist in Kenya, where
populations of S. bedfordi and S. antennata increase from
thickets to open-canopy forests and from open-canopy
forests to closed-canopy forest. In Nigeria, populations
of S. bedfords and S. antennata increase from the open
plains to more heavily vegetated habitats.

PUBLIC HEALTH IMPORTANCE
PSYCHODINAE

Larvae of Psychodn and Telmatoscopus occur in filter
beds and settling tanks of sewage-treatment and water-
treatment plants, where they feed on algae, fungi, bacte-
ria, and protozoa. The adults are often annoying pests in
the neighborhood of the treatment facilities. Similar nui-
sance problems have been reported in connection with
turf production in Florida and greenhouse operations in
California. Psychoda and Telmatoscopus also may be pests
in and around homes and buildings, where they emerge
from sumps, sink and floor drains, sewers, cesspools, sep-
tic tanks, aquariums, and other breeding sites. Outbreaks
of moth flies have been associated with &ronchial asthma
in susceptible individuals. A case of urinary myiasis due
to Psychoda albipennis has been reported from Scotland,
and a case of enteric myiasis due to P. alternata has been
reported from Japan.

P. alternata is widely distributed in North and South
America, Europe, Asia, Africa, and Australia and is the
most common species associated with sewage treatment
plants worldwide. P. albipennis and P. severini also are
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common in sewage treatment plants in Europe. Telmato-
scopus albipunctatus is widely distributed in the United
States and Canada. P, cineren and P. pacifica occur in the
eastern and western United States, respectively.

PHLEBOTOMINAE

Sand flies can be annoying &iting pests in places where
they are abundant. They may bite or probe several
times before and after feeding, each time causing a
sharp, pricking sensation. Residents of Peru have dif-
ficulty sleeping in areas that are highly infested with
L. verrucarum. In one study, the mean biting rate was
estimated to be 20—50 bites per person per night. One in-
dividual received an estimated 300 bites in a single night.
Other highly anthropophilic species are L. diabolica in
the United States; L. gomezi, L. olmeca, L. panamensis,
L. pessoana, L. sanguinaria, L. trapidoi, and L. ylephiletor
in Central America; L. wellcomei in Brazil; and Phleboto-
mus sergenti and P. papatasi in the Old World.

The initia] bites received by an individual typically in-
duce sensitization, resulting in immediate or delayed skin
reactions to subsequent bites. The reaction to the bite of
P. papatasi is a pink or red papule about 2—3 mm in dia-
meter and 0.5 mm high, which remains prominent for
4-5 days before gradually disappearing. Moderate to
severe itching usually occurs. Individuals that become
hypersensitive often develop hives, with pronounced
swelling of the eyelids and lips if those sites are bitten.
Prolonged exposure to sand fly bites results in eventual
desensitization. Chronically exposed individuals living in
areas with high sand fly populations may exhibit no reac-
tion to their bites.

Many species of Lutzomyia and Phlebotomus are vectors
of viral, bacterial, and protozoan pathogens of humans
(Table 1). Zoophilic species, including species of Brump-
tomyia, Warileya, and Sergentomyia, as well as Lutzomyin
and Phlebotomus, may be involved in the maintenance of
zoonotic diseases.

SAND FLY FEVER

The sand fly fever group of viruses (Bunyaviridae:
Phlebovirus) includes at least seven viral serotypes that
have been isolated from humans: the Alenquer, Candirn,
Chagres, and Punta Tore viruses of Central and South
America and the Naples, Sicilian, and Toscana viruses of
southern Europe and North Africa, eastward to China.
Sand fly fever, also known as phlebotomus fever and pap-
pataci fever or paparasi fever, is a self-limited, influenza-
like, nonrespiratory illness of 2—5 days’ duration. Acute
onset, fever, malaise, nausea, headache, and retro-ocular,

lower back, and muscular pain are characteristic. Weak-
ness and mental depression may persist after recovery.
Encephalitis may occur following infection with Toscana
virus. The intrinsic incubation period of the virus is 3—
4 days. Virus is present in the blood from 1 day before
to 2 days after onset of fever. The suspected reservoirs are
rodents and primates.

Known vectors of sand fly fever group viruses are
L. trapidoi and L. ylephiletor in the New World, and
P. papatasi, P. perfiliewi, and P. permiciosus in the Old
World. The extrinsic incubation period of the virus is
about 7 days, after which time the sand fly is infective
for life. Transovarial transmission has been demonstrated
in several species. In Europe, epidemics of sand fly fever
commonly occur in the summer and fall, corresponding
with two separate generations of P. papatasi.

CHANGUINOLA FEVER

Changuinola virus (Reoviridae: Orbivirus) occurs in
Central and South America and has been associated
with clinical illness in Panama. Symptoms are similar to
those of sand fly fever. The virus has been isolated from
L. umbratilis. Sloths are suspected reservoirs.

VESICULAR STOMATITIS

Three serotypes of vesicular stomatitis virus (Rhabdoviri-
dae: Vesiculovirus) that cause febrile disease in humans
arc believed to be transmitted by sand flies. The Alagoas,
Indiana, and New Jersey serotypes are widely distributed in
tropical and temperate areas of North and South America
and have been repeatedly isolated from L. shannoni,
L. trapidoi, L. ylephiletor, and unidentified sand flies.
L. shannoniis a proven vector of the New Jersey serotype
among feral pigs on Ossabaw Island, GA. Transovarial
transmission has been demonstrated in several species of
sand flies, including L. shannoni, L. trapidoi, and
L. ylephiletor.

Vesicular stomatitis virus has been isolated from a num-
ber of biting and nonbiting insects, in addition to sand
flies. Repeated isolations have been made from black
flies (Simuliidae), and outbreaks of the disease in cat-
tle have been associated with high populations of black
flies. Laboratory-infected Simulium vittatum transmit
the virus to mice experimentally.

Symptoms of vesicular stomatitis in humans are simi-
lar to those of sand fly fever. Opossums, monkeys, por-
cupines, raccoons, bobcats, horses, pronghorns, cattle,
sheep, and swine are suspected reservoirs. Antibodies oc-
cur in domestic and wild dogs.



TABLE I

Sand Fly-Borne Diseases of Humans

Disease Causative agent Geographic distribution Reservoirs Sand fly vectors
Sand fly fever Sand fly fever virus (Alenquer, Panama, Colombia Rodents, Primates Lutzomyia trapido,
(New World) Candiru, Chagres, Punta Toro L. ylephileror
serotypes)
Sand fly fever Sand fly fever virus (Naples, Tropical and subtropical Rodents (Muridae) Phiebotomus papatasi,
(Old World) Sicilian, Toscana serotypes) Europe, Asia, northern Africa P. perfiliews, P. perniciosus

Changuinola fever

Vesicular stomatitis

Chandipura virus disease

Bartonellosis

Cutaneous leishmaniasis
(New World)

Cutaneous leishmaniasis
(Old World)

Visceral leishmaniasis
(New World)

Visceral leishmaniasis
(Old World)

Changuinola fever virus

Vesicular stomatitis virus
(Alagoas, Indiana, New
Jersey serotypes)

Chandipura virus

Bartonella bacilliformis
(bacterium)

Leishmanin amazonensis,

L. braziliensis,? L. colombiensis,
L. guyanensis,”? L. lainsons,

L. mexicana, L. naiffi,

L. panamemz’s,b L. peruviana,
L. shawi, L. venezuelensis

L. aethiopica, L. killicki,
L. major? L. tropica®

L. chagasi®

L. archibaldi, L. donovani,’

L. infantum?

Central and South America

Tropical, subtropical,
and temperate North
and South America

India, West Africa

Colombia,
Ecuador, Peru

Tropical and
subtropical
Central and South
America, Mexico,
United States (Texas)

Tropical and subtropical
Europe, Asia, and
Africa

Tropical and subtropical
Central and South America

Tropical and
subtropical
Europe, Asia, and
Africa

Sloths

Opossums, monkeys, porcupines,
raccoons, bobcats, horses,
swine, pronghorns, cattle, sheep

Hedgehogs

None

Opossums, monkeys,
sloths, armadillos,
anteaters; various
rodents (Sciuridae,
Heteromyidae, Muridae,
Dasyproctidae, Capromyidae,
Echimyidae); mongooses,
canines, cats,
raccoons, horses

Monkeys, rodents
(Sciuridae, Muridae,
Cricetidae), dogs, hyraxes

Opossums,
canines

Canines, rats
(Muridae)

Lutzomyin umbratilis

L. shannoni, L. trapidoi,
L. ylephiletor

P, papatasi

L. verrucarum, L. columbiana

L. anduzei, L. anthopbora, L. ayacuchensis,
L. ayrozai, L. carrvevai, L. christophes,
L. diabolica, L. flaviscutellata, L. gomezi,
L. hartmanni, L. intermedia, L. lichys,
L. lanosmartinsi, L. migones, L. nuneztovari,
L. olmeca, L. ovallesi, L. panamensis,
L. pavaensis, L. peruensis, L. pesson,
L. reducta, L. spinicrassa, L. squamiventyis,
L. vownsendi, L. trapidoi, L. trinidadensis,
L. ubiquitalis, L. umbratilis, L. verrucarum,
L. wellcomei, L. whitmans,
L. ylephiletor, L. youngi, L. yucumensis
P aculeatus, P. alexandri, P. ansaris,
P. duboscqi, P. guggisberyi, P. longipes,
P, papatasi, P. pedifer, P. vossi,
P salehi, P. sergenti

L. antunesi, L. evansi, L. longipalpis

P. aviasi, P. alexandri, P. argentipes,
P caucasicus, P. celine, P, chinensis,
P. kandelakii, P, langeroni, P. longicuspis,
P. longiductus, P. martini, P. neglectus,
P, orientalis, P. perfiliewi, P. perniciosus,
P. smirnovi, P. tobbi, P. transcancasicus,
P. pansomerenane

The reservoirs and sand fly vectors listed include both known and suspected species.
% Also can cause visceral infections.
% Also can cause mucocutaneous infections.
¢ Also can cause cutaneous infections.
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CHANDIPURA VIRUS DISEASE

This is a phlebotomine-borne arboviral disease of hu-
mans in India and west Africa caused by Chandipura virus
(Rhabdoviridae: Vesiculovirus). Symptoms are similar to
those of sand fly fever. Encephalitis may occur following
infection. Hedgehogs are suspected reservoirs in Nigeria.
Chandipura virus has been isolated from sand flies ( Phle-
botomus spp.) in India and Senegal. P. papatasi is a sus-
pected vector in India. Transovarial transmission of the
virus has been demonstrated in P. papatasi.

BARTONELLOSIS

Bartonellosis is a disease of humans caused by a hemo-
trophic bacterium, Bartonelln bacilliformis (Fig. 9.4),
transmitted by sand flies. It occurs sporadically and in epi-
demics at 500—3000 m in the Andes mountain valleys
of Peru, Ecuador, and Colombia and at low elevations
in the coastal provinces of Ecuador. B. bacilliformis is a
small, motile, aerobic, gram-negative coccobacillus which
attaches to red blood cells and invades the endothelial
cells of the human host.

FIGURE 9.4  Bartonella bacilliformis, causative agent of Oroya fever
and verruga peruana. (Courtesy of US Armed Forces Institute of
Pathology, (AFIP) 75-8592.)

FIGURE 9.5 Verruga peruana, or Peruvian wart; nodular lesions on
hands and forearms of Peruvian patient. (From Young and Duncan,
1994.)

Bartonellosis occurs in two distinct clinical forms: an
acute, febrile anemia (Oroya fever) and a chronic cuta-
neous eruption (verrnga peruana or Peruvian wart).
Bartonellosis is also known as Carvion’s disease, named
in honor of Daniel Alcides Carrion, a Peruvian medi-
cal student who lost his life in 1885 proving that Oroya
fever and verruga peruana are different manifestations
of the same disease. Oroya fever often precedes verruga
peruana by several weeks or months. It is characterized
by fever, headache, muscle and joint pain, enlargement
of the lymph nodes, weakness, anemia, pallor, and some-
times delirtum and coma. The case-fatality rate of un-
treated Oroya fever is 10—40%. Verruga peruana has a
pre-eruptive stage characterized by muscle, bone, and
joint pain, which is followed by a disseminated or nodular
eruption (Fig. 9.5). The lesions occur in clusters, usu-
ally on the face and limbs; they are typically wartlike,
0.2—4 ¢m in diameter, and sometimes can enlarge and
ulcerate. Verruga peruana may persist for months or years
but is seldom fatal.

The intrinsic incubation period of bartonellosis is usu-
ally 2—3 weeks. The agent appears in the blood be-
fore the onset of illness and may persist for years after-
ward. The vectors are believed to be L. verrucarum and
L. columbiana. Reservoirs are unknown.

LEISHMANIASIS

Leishmaniasis is a complex of sand fly-borne discases
widely distributed in tropical and subtropical areas of
North and South America, Europe, Asia, and Africa
(Fig. 9.6). The ecology of leishmaniasis varies widely in
different areas. In central Asia it occurs in semiarid and
arid situations. In the American tropics it is primarily a
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FIGURE 9.6 Geographic distribution of human leishmaniases.

forest disease. In Peru it occurs in villages and farms of
high mountain valleys. In the Mediterranean region and
the Middle East it is primarily urban, and in Africa it is
primarily rural. Worldwide, about 12 million people have
leishmaniasis, and about 350 million people are at risk of
acquiring it.

Leishmaniasis is caused by numerous species of proto-
zoan parasites in the genus Leishmanin (Table 1). Most
authors now recognize two subgenera, Leishmania and
Viannia, and accept the elevation of former subspecies
to species rank within these subgenera. Although the tax-
onomy of Leishmanin is unsettled, the use of modern
techniques is contributing significantly to identification
of Leishmania species and our understanding of their
systematics. Species determinations often require cultur-
ing the pathogen, followed by immunological, molecular,
and biochemical assays.

In the vertebrate host, the parasites develop intracellu-
larly in macrophages of the reticuloendothelial system and
in circulating monocytes. This stage of development is
known as the amastigote (Fig. 9.7A, B). Amastigotes are
round or oval, 3—7 um in diameter, with a round nucleus,
rod-like kinetoplast, and rudimentary internal flagellum.
The parasites multiply by binary fission, producing 50—
200 new parasites that rupture the host cell and invade,
or are taken up by, other cells.

In the sand fly bost the parasites develop extracel-
lularly in the alimentary canal from ingested amastig-
otes. Two morphological forms have been described: the
promastigote and the paramastigote. Promastigotes and

paramastigotes are pleomorphic, or variable in shape,
with a free flagellum arising anteriorly. Promastigotes
are elongate or pear-shaped and 5-24 um long, with the
kinetoplast situated anterior to the nucleus (Fig. 9.7C,
E, F, G). Paramastigotes are round or oval and 3-
7 um in diameter, with the kinetoplast situated lateral
to the nucleus (Fig. 9.7D, H). Promastigotes and para-
mastigotes may attach to the lining of the alimentary
tract (haptomonad phase) or remain free-swimming (#ec-
tomonad phase). Haptomonads attach to cuticular sur-
faces of the foregut and hindgut by means of hemidesmo-
somes formed within the flagellar tip (Fig. 9.7G, H).
Nectomonads may temporarily attach in the midgut
by interdigitation of the flagellum with the ecpithelial
microvilli.

In the blood meal, amastigotes transform into short
promastigotes and mature into long promastigotes within
3 days of ingestion. Initially, the peritrophic envelope sur-
rounding the blood meal prevents establishment of the
parasites in the gut. After natural or parasite-facilitated
degradation of the envelope, the parasites develop as pro-
mastigotes and paramastigotes in the midgut (suprapyla-
rian species, subgenus Leishmania) or in both hindgut
and midgut (peripylarian species, subgenus Viannia) and
subsequently migrate to the foregut. Multiplication by bi-
nary fission occurs at many points in the life cycle. Evi-
dence of nuclear fusion also has been reported.

Certain relatively short, slender, highly motile nec-
tomonad promastigotes with very long flagella are
regarded as infective, or metacyclic, forms (Fig. 9.7F).
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FIGURE 9.7 Developmental forms of Leishmania in sand flies. (A—F) Light micrographs.
(G-H) electron micrographs. (A) Ingested macrophage containing amastigotes; (B) amastig-
ote; (C) elongate nectomonad promastigote; (D) nectomonad paramastigote; (E) pear-shaped
haptomonad promastigote dissected from foregut intima; (F) metacyclic promastigote; (G) pear-
shaped haptomonad promastigote attached in hindgut; (H) haptomonad paramastigote attached
in foregut. am, amastigote; ep, epithelium; f, flagellum; h, hemidesmosome; k, kinetoplast; n,
nucleus. Bars 1 um. (Photos by L. L. Walters; (B) Walters ez a/., 1989; (C) and (G) Walters ez al,,

1992; (D) and (E), Walters ez al., 1993b; (H) Walters, 1993a.)

These develop in the midgut, foregut, and mouthparts
and are transmitted to new hosts during blood feeding.
Transmission may be promoted by parasite-induced in-
jury to the mouthparts and/or blocking of the foregut
by congregated parasites. Infection of the new host is
facilitated by vasodilatory peptides in the sand fly saliva.
The extrinsic incubation period is both species- and
temperature-dependent and ranges from 4 to 17 days.
Leishmaniasis occurs in two principal clinical forms,
known as cutaneous leishmaniasis and visceval leishmani-
asis. While a given species of Leishmania typically pro-
duces one or the other clinical form, some, including

Leishmania amazonensis, L. chagasi, and L. guyanensis in
the New World and L. donovani, L. infantum, and L. trop-
ica in the Old World, can produce both (Table I).

Cutaneous Leishmaniasis

Cutaneous leishmaniasis begins with a macule that de-
velops into a nodular lesion at the site of inoculation
by the bite of an infective sand fly. The intrinsic incu-
bation period may be a week to many months. Multi-
ple lesions may develop at sites of multiple bites. Lesions
may remain nodular or develop into sharply demarcated,



FIGURE 9.8 Cutaneous leishmaniasis, granulomatous and necrotic
lesion on the face of a 16-year-old girl in Kenya. (From Mehbrahtu
et al., 1992)

granulomatous ulcers that discharge necrotic material
(Fig. 9.8). New areas of the body become involved by
extension of the primary lesions or by metastasis via the
blood or lymph (disseminated cutaneous leishmaniasis).
Lesions of the mucous membranes of the nose, mouth,
and pharynx (mucocutaneous or nasopharyngeal leishma-
niasis) may develop after the primary lesion has healed or
in the absence of a recognized primary lesion (Fig. 9.9).
Species with known potential to produce mucocutaneous
infections are indicated in Table 1. The term diffuse cu-
taneous leishmaniasis is applied to a progressive, anergic,
nonulcerative condition due to defective cell-mediated
immunity.

Several clinical manifestations of cutaneous leishmani-
asis have acquired specific common names: In the Old
World, the condition characterized by single or multiple
cutaneous ulcers due to L. tropica or L. major has been
called oriental sore, tropical sove, Aleppo boil, Baghdad boil,
Jericho boil, or Delli boil. The form of lesion caused by
L. tropica in the Mediterranean region and eastward to
India has been called the classical form or dry form, and
the form of lesion caused by L. major in Central Asia
has been called the wet form. In Central America, the
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FIGURE 9.9 Mucocutaneous form of leishmaniasis, destruction of
oral and nasal tissues of man in Bolivia. (From Walton and Valverde,
1979)

condition characterized by single or multiple ulcers on
the face or ears due to L. mexicana is known as chiclero
ulcer. In French Guiana, the condition characterized by
moderate ulcers due to L. amazonensis or L. guyanensisis
known as pian bois. In Peru and Ecuador, the condition
characterized by numerous, small, benign lesions due to
L. peruviana is known as #ta. In South America, mu-
cocutaneous leishmaniasis due to L. amazonensis or
L. braziliensis is known as espundia.

Cutaneous leishmaniasis may be self-limiting or
chronic. Mucocutaneous leishmaniasis persists for many
years and ultimately may be fatal. Chiclero ulcer and dif-
fuse cutancous leishmaniasis are also chronic, and dif-
fuse cutaneous leishmaniasis is resistant to treatment. In-
fections of L. tropica may recur at or near the site of
the healed ulcer after apparent cure, a condition clini-
cally known as leishmaniasis recidivans or chronic velaps-
ing leishmaniasis. Skin lesions of leishmaniasis are prone
to secondary infections by bacteria and fungi, and infes-
tation by fly larvae (myiasis) may occur. Disfiguring scars
remain after healing.

Known and suspected vectors and reservoirs of cuta-
neous leishmaniasis are shown in Table I. Transmission
of L. major by P. cancasicus in semiarid regions of cen-
tral Asia is a classic example of an endemic zoonosis.
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In this area, P. caucasicus breeds in burrows of gerbils
(Rhombomys opimus) and ground squirrels ( Spermophilop-
sis leptodactylus) and transmits the agents of cutancous
leishmaniasis from animal to animal and from animals to
humans. When gerbils were eradicated from the vicinity
of a construction camp in Turkestan, leishmaniasis disap-
peared from the construction workers.

Cutaneous leishmaniasis due to L. mexicana occurs
rarely, but widely, in south-central Texas (Bexar,
Cameron, Gonzales, Uvalde, and Wells counties) and
the adjoining states of Coahuila, Nuevo Leon, and
Tamaulipas in Mexico. Typical and diffuse forms have
been reported. Lutzomyia anthophora is believed to trans-
mit the disease among woodrats ( Neotoma micropus), and
L. diabolica is suspected of transmission from woodrats
to humans. Seropositive coyotes and an infected cat have
been found in southern Texas.

Visceral Leishmaniasis

Visceral leishmaniasis is also known as kala-azar (from
the Hindi for ““black fever”) and dumdum fever (from
Dum Dum, the location of a former British arsenal near
Calcutta). It is a chronic systemic disease that begins with
an inconspicuous cutaneous lesion at the site of inoc-
ulation by the bite of an infective sand fly. From this
site the parasites are distributed through the body in the
bloodstream, producing chronic fever, wasting, marked
hepatosplenomegaly (especially splenomegaly), pancy-
topenia, and hypergammaglobulinemia. Incomplete syn-
dromes are common, and early clinical manifestations are
variable. Untreated visceral leishmaniasis is usually fatal.
Leishmania tropica, however, may produce inapparent
or subclinical visceral infections, a condition called vis-
cevotvopic leishmaniasis. The intrinsic incubation period
is usually 2 to 4 months. Cutaneous lesions may appear
after apparent recovery or cure and may persist for up
to 20 years in the absence of treatment. Such lesions are
known as post-kala-azar cutaneous leishmaniasis or der-
mal leishmanoid.

Known and suspected vectors and reservoirs of visceral
leishmaniasis are shown in Table I. In India, Nepal, and
Bangladesh, humans and sand flies are the only known
hosts. Transmission of L. donovani by P. argentipes in
India is a classic example of an epidemic disease. An epi-
demic in Assam State in the 1890s depopulated whole
villages and decimated populations over large areas. Sub-
sequently, large epidemics occurred in Assam State, Bihar
State, and the Bengal region. A resurgence of visceral
leishmaniasis occurred in the 1970s when the World
Health Organization program of spraying homes with
dichlorodiphenyltrichloroethane (DDT) for eradication
of malaria was discontinued. In Bihar State, 100,000 cases
were reported in 1977.

VETERINARY IMPORTANCE

The Psychodinae have no known veterinary importance.
The Phlebotominae are undoubtedly pests of livestock,
pets, and wildlife in places where they are abundant, al-
though their contribution to the overall economic loss
caused by biting arthropods has not been determined. In
addition, they are known to transmit leishmanial agents
that infect dogs and cats and may play a role in the trans-
mission of vesicular stomatitis virus among livestock.

LEISHMANIASIS

The veterinary forms of leishmaniasis are canine leishma-
niasis and feline leishmaniasis. Both domestic dogs and
cats are susceptible to cutaneous leishmaniasis. The le-
sions usually occur on the nose and ears. Dogs are also
susceptible to visceral leishmaniasis and may be important
reservoirs, but cats are rarely infected and do not show
signs of disease. The incubation period may be months
or years. Infection in dogs is prevalent in Brazil, China,
and the Mediterranean region.

In the United States, autochthonous cases in dogs
have been reported from Oklahoma, Kansas, and Ohio.
The parasites have been variously identified as L. chagasi,
L. infantum, and L. mexicana. The sand fly vectors are
unknown.

Beginning in 1999 an outbreak of visceral leishmani-
asis occurred among foxhounds in a foxhunting club in
New York, eventually resulting in 20 fatalities. Inquiry
uncovered a prior outbreak among foxhounds in a fox-
hunting club in Michigan in 1989. Subsequent investi-
gation found seropositive dogs in clubs located in 21 US
states and the province of Ontario, Canada. Since known
cases have been limited to foxhounds, it has been sug-
gested that direct dog-to-dog transmission occurs during
annual foxhound shows.

VESICULAR STOMATITIS

Vesicular stomatitis is an acute, febrile, weakening, viral
disease of horses, cattle, swine, and occasionally sheep
and goats. It is characterized by small, superficial, ero-
sive blisters that form in and about the mouth and on the
feet, teats, and occasionally other parts of the body. Be-
cause the symptoms closely resemble those of foot-and-
mouth disease, vesicular stomatitis also is known as psendo
foot-and-mouth disease. Susceptibility depends on the host
animal’s immune status. Nonimmune animals are 100%
susceptible, and up to 90% develop clinical disease. The
intrinsic incubation period is 2—8 days. The discase is
usually self-limiting, with recovery in about 2 weeks, but



recrudescence or reinfection may occur. Economic losses
are due to the reduced condition of infected animals, re-
duced meat and milk production, and secondary bacte-
rial infections. In the 1950s vesicular stomatitis virus was
regarded as a potential biological warfare agent to inca-
pacitate draft animals.

The Indiana, New Jersey, and Alagoas serotypes of the
vesicular stomatitis virus are known to cause disease in
domestic animals in North and South America. Vesicu-
lar stomatitis is endemic in tropical regions, but it tends
to be epidemic in temperate regions. In tropical regions
it occurs year-round, but in the United States it occurs
primarily in late summer and early fall. Opossums, mon-
keys, porcupines, raccoons, bobcats, and pronghorns are
suspected reservoirs. Antibodies occur in domestic and
wild dogs.

Lutzomyia shannoni is a proved vector of the New
Jersey serotype among feral pigs on Ossabaw Island, GA,
and L. shannoni, L. trapidoi, and L. ylephiletor are sus-
pected vectors in other areas. Vesicular stomatitis virus
has been isolated from a number of biting and nonbiting
insects, in addition to sand flies. Repeated isolations have
been made from black flies (Simuliidae), and outbreaks of
the discase in cattle have been associated with high pop-
ulations of black flies. Laboratory-infected Simulinum vit-
tatum transmit the virus to mice experimentally.

PREVENTION AND CONTROL
PSYCHODINAE

Moth fly larvae can be eliminated from drains in buildings
and homes by cleaning the drain, mechanically or with
a drain cleaner or strong disinfectant, and flushing with
hot water. Larvae can be eliminated from filters of sewage
treatment plants by flooding for 24 hr. Flooding does not
affect the eggs and must be repeated periodically for con-
tinuous control. Larvae also can be eliminated from the
filters by addition of insecticides to the flow if an appropri-
ate insecticide, formulation, and dose are chosen to avoid
harm to the filters and the downstream environment. De-
struction of large numbers of larvae in sewage treatment
plants may create an odor problem in the neighborhood
of the plant due to decomposition. Clostridium bifermen-
tansserovar malaysia has been reported to be highly toxic
to larvae of Psychoda alternata.

Adult moth flies can be controlled by application of in-
secticides to resting sites on structures and surrounding
areas. Organochlorine, organophosphate, thiocyanate,
pyrethroid, and growth-regulator compounds are effec-
tive against moth fly larvae and adults, but few products
have been registered for this use due to the relatively small
demand.
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PHLEBOTOMINAE

Methods for investigating suspected breeding sites of
phlebotomine sand flies include the direct examination of
soil and litter, extraction by Berlese funnel, wet sieving or
flotation, and emergence trapping. Surveillance and col-
lection methods for adult sand flies include trapping and
aspiration from resting sites, humans, and bait animals.
Effective trap designs include light traps, bait traps, sticky
traps, and flight traps. Smoke, insect repellent spray, or a
twig or stick can be used to flush sand flies from inacces-
sible resting sites for collection.

Insect repellents and protective clothing are effective
personal protectants. Sand flies do not bite through cloth-
ing; however, L. verrucarum is reported to crawl beneath
clothing and bed sheets to reach the skin. Long sleeves,
trousers, and socks should be worn in areas where sand
flies are active. Head nets, gloves, repellent-treated net
jackets and hoods, and repellent lotions and sprays pro-
vide effective protection for the face, hands, arms, and
other exposed areas of the body.

Outdoor sleeping areas should be high, open, breezy,
dry, and as far from potential breeding sites as possible.
Bed nets should be used when sleeping in areas where
sand flies are present. Standard 16- and 18-mesh bed nets,
head nets, window screens, and screen doors do not ex-
clude sand flies, but both standard and large-mesh screens
and nets are effective when treated with contact insec-
ticides or repellents. Fine-mesh nets and screens are lit-
tle used because they impede circulation of the air. Sand
flies will bite through untreated nets in contact with the
skin.

Ultraviolet electrocutor traps have been recommended
for control of Phlebotomus papatasi. Indoor flight activity
can be reduced by use of electric fans. Sand flies do not
usually fly into the upper stories of buildings.

The use of imsecticides can be helpful in reducing sand
fly numbers. Natural and synthetic pyrethroid and thio-
cyanate acrosols provide effective control indoors when
applied twice daily, at night and in the early morning.
Smoke from ‘“mosquito coils” containing pyrethroids is
also effective. Organochlorine, organophosphate, carba-
mate, and pyrethroid insecticides are effective for resi-
dual control of adult sand flies; however, resistance
to organochlorine insecticides has been reported in
P, papatasi. Insecticides should be applied to inside walls
and ceilings, to the inside and outside of screens and
doors, and to 1-2 feet of the outer wall around window
and door casements and along foundations. Wall hang-
ings impregnated with pyrethroids have been used for
sand fly control in homes in Kenya. Area treatments may
be needed out-of-doors. Area treatments should be di-
rected toward potential breeding and resting sites, such
as outcroppings, fences, walls, buildings, caves, burrows,
and tree trunks.
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Another approach for effective control is the elimina-
tion of breeding sites and resting sites of sand flies. Breed-
ing and resting sites of P. papatasi in and around homes
can be destroyed by filling cracks and crevices of walls,
ceilings, and floors and by clearing and rolling, tamping,
or paving outdoor areas. In Italy, transmission of leish-
manial agents by P. perfiliewi has been reduced by locat-
ing piles of farm manure where the sand flies breed at
safe distances from homes. In Kenya, the transmission of
leishmanial agents by P. martini has been reduced by de-
stroying all termite mounds, in which this species breeds,
within 20 m of homes. In Panama and French Guiana,
leishmaniasis has been reduced by eliminating breeding
and resting sites of sand flies by deforestation.

Control of animals that serve as reservoirs for leishma-
nial organisms may be feasible in some areas. Elimina-
tion of dogs is an effective preventive measure where dogs
have been implicated as reservoirs. Reduction of feral dog
and jackal populations by disposal of offal from slaughter
houses and poultry farms has significantly reduced the in-
cidence of visceral leishmaniasis in Iraq. P. papatasi has
been controlled in Jordan and Russia by digging, plow-
ing, or flooding gerbil burrows.

The use of parasites and predators in sand fly control
has not been demonstrated. The bacteria Bacillus sphae-
ricus and B. thuringiensis var. isvaelensis ( Bti, or serotype
H12), and certain gregarine protozoa and tylenchid
nematodes, are potential agents.

The immunization of humans by inoculation of liv-
ing Leishmania tropica, called leishmanization, has been
employed for control of cutaneous leishmaniasis in Iran,
Israel, and Russia.
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Biting midges are minute blood-sucking flies represent-
ed by only a few of the many genera in the family Cera-
topogonidae. They are commonly known as no-see-ums
owing to their small size and the fact that they often
go unnoticed despite the discomforting bites which they
cause. Another name for this group, especially in the
northeastern United States, is pumkies. It is derived
from a Dutch corruption of the Algonquin Indian root
“‘punkwa,” which means ““ashlike,” referring to the ap-
pearance of the fly as it is biting. The associated burning
sensation is likened to that of a hot ash from a fire on
contact with the skin. The early French Canadians called
them braulot, from “‘bruler,” meaning *‘to burn.” They
also are called sand flies, particularly in the coastal areas
of the southeastern United States, the West Indies, and
adjacent parts of the Caribbean and Latin America. This
name should not be confused with the same term applied
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to phlebotomine flies of the family Psychodidae. Along
the Gulf Coast of Alabama and Florida, local residents
refer to biting midges as five-O’ because of their biting
activity which commences late in the afternoon about
five o’clock. Other names for biting midges in various
parts of the world include moose flies in Alaska, jejenesin
Latin America, maruins in Brazil, kuiki in India, maky-
nagi and nuknaks in Japan, nyung noi in Laos, agas and
merutu in Indonesia, merotoe in Sumatra, and #0-n0’s in
Polynesia.

Biting midges can be annoying pests of humans and
both domestic and wild animals. In addition to the dis-
comfort which they cause, biting midges serve as vec-
tors of a number of viruses, protozoans, and nematodes.
Among the more important viral diseases are Oropouche
fever in humans, bluetongue disease and epizootic
hemorrhagic disease (EHD) in ruminants, and African
horsesickness (AHS) in equines. Blood protozoans trans-
mitted by biting midges cause diseases in poultry, whereas
certain nematodes are the cause of mansonellosis in hu-
mans and of onchocerciasis in various domestic and wild
animals.

TAXONOMY

The Ceratopogonidae are represented worldwide by ap-
proximately 78 genera and more than 4000 described
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species. Thirty-six genera and more than 600 species
occur in North America. Ceratopogonids are divided into
four subfamilies: the Leptoconopinae, Forcipomyiinae,
Dasyheleinae, and Ceratopogoninae. With the exception
of the Dasyhelinae, each subfamily includes species that
feed on vertebrate blood. Only four genera are known
to attack humans and other animals. The most impor-
tant genus in this respect is Culicoides, with over 1000
described species. It includes most of the troublesome
species throughout the world and those which serve as
the principal vectors of animal disease agents. Leptoconops,
represented by ca. 80 species, occurs primarily in the sub-
tropics and tropics; a few species are annoying biters in
the Caribbean area and along the coast of the southeast-
ern United States. Forcipomyia species in the subgenus
Lasiohelea (ca. 50 species) attack vertebrates, particu-
larly in subtropical and tropical rain forests. Austroconops
macmillani, a blood feeder and the only known species
in its genus, has been reported in Western Australia. No
member of the Dasyheleinae is of medical or veterinary
importance.

Because of its importance in the transmission of an-
imal viruses in North America, the Culicoides vari-
ipennis complex warrants special comment. For many
vears, C. varitpennis was thought to consist of five sub-
species: C. v. albertensis, C. v. australis, C. v. occidentalss,
C. v sonorensis, and C. v. variipennis. However, based
on morphological and electrophoretic analyses, this com-
plex is now regarded as three species (C. occidentalis,
C. sonovensis, and C. variipennis), with C. v. alberten-
sis and C. v. australis being synonyms of C. sonorensis
(Holbrook et al., 2000). C. sonorensis, rather than C. vavi-
ipennis, as widely reported in the literature, is now rec-
ognized as the principal vector of the viruses causing
bluetongue disease and epizootic hemorrhagic disease in
North American ruminants.

Keys to the genera of ceratopogonid adults are pro-
vided by Wirth et al. (1974) and Downes and Wirth
(1981). For keys to adults of North American Culi-
coides species, see Jamnback (1965), Battle and Turner
(1971), and Blanton and Wirth (1979). Generic keys
for larvae are provided by Glukhova (1977, 1979).
For larval keys to North American species of Culi-
cotdes, see Jamnback (1965), Blanton and Wirth (1979),
and Murphree and Mullen (1991). Major taxonomic
works for identification of ceratopogonid fauna in
other parts of the world include Glukhova (1989; for-
mer Union of Soviet Socialist Republics), Wirth and
Hubert (1989; Southeast Asia), Glick (1990; Kenya
and Ethiopian Region), and Boorman (1993). For
a world list of the species, subspecies, and varicties
within the genus Culicoides, see Boorman and Hagan
(1996).

FIGURE 10.1 Developmental stages of the salt-marsh biting midge
Culicoides furens. (A) eggs; (B) larva; (C) pupa; (D) Adult female.
(Modified from Hall, 1932)

MORPHOLOGY

Ceratopogonid larvae (Fig. 10.1B), as represented by
Culicoides species, are typically long and slender, rang-
ing from 2 to 5 mm in length when mature. The body is
translucently whitish, in contrast to the yellow to brown-
ish head capsule (Fig. 10.2). The thorax often is marked
by a characteristic pattern of subcutaneous pigmentation.
Thoracic and abdominal segments are similar in size, con-
tributing to their elongate, cylindrical body shape. Al-
though larvae of other genera may possess distinctive
setae and abdominal projections, the larval chaetotaxy of
Culicoides and related genera is generally inconspicuous,
except for four pairs of setac which may be apparent at the
caudal end. These setae are especially long in tree-hole
species and are believed to help increase larval mobility.
A pair of narrow, bifid anal papillae which function in os-
moregulation can be everted through the anus; in most
preserved specimens, however, they are retracted into the
rectum. Larvae generally lack spiracles and are dependent
on cutaneous respiration. Whereas Culicoides and Lepto-
conops larvae lack thoracic and abdominal appendages,
Forcipomyin larvae possess a well-developed ventral
prothoracic proleg and associated apical hooklets or
setae.

The mouthparts are characterized by a pair of
mandibles which are not opposable; they move vertically
or partially rotate while the larva feeds and are used to
scrape, tear, or seize items, depending on the species in-
volved. Located within the buccal cavity is a complex,
sclerotized internal structure called the epipharynx that
is best observed in cleared, slide-mounted specimens. It



FIGURE 10.2  Culicoides variipennis larvae, fourth instar. (Photo by
Bradley A. Mullens.)

consists of a pair of lateral arms and a median region
supporting two to four combs which overly one another.
The epipharynx is rocked back and forth by muscles at-
tached to the lateral arms and functions by helping to
shred solid food and move food items posteriorly into the
alimentary tract. In species which feed primarily on detri-
tus and microorganisms, the combs apparently serve to
strain material entering the mouth cavity. The number of
pharyngeal combs and the degree of sclerotization of the
epipharynx are highly variable, reflecting the diversity of
ingested food items and feeding behaviors exhibited by
ceratopogonid larvae.

Pupae are typically brownish in color, with a pair of
relatively short but conspicuous prothoracic respiratory
horns arising at the anterior end (Fig. 10.1C). Close in-
spection reveals numerous, tiny spiracular openings at the
tip. The respiratory tubes repel water, enabling aquatic
forms to hang at the water surface, where they can obtain
air during metamorphosis to the adult stage. A pocket
of air beneath the developing wings provides additional
buoyancy to keep the pupa at the water surface. Cuticular
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features in the form of tubercles, spines, and setae provide
valuable taxonomic characters for identification of pupae
to species.

Adult Culicoides midges (Fig. 10.1D) are tiny, usu-
ally 1-2.5 mm in body length. Their mouthparts are
adapted for biting or piercing tissues and are especially
well developed in blood-sucking species (Fig. 10.3). In
females, the mouthparts are surrounded by a fleshy ex-
tension of the labium called a proboscis, which is relatively
short, about as long as the head. It consists of an upper
labrum /epipharynx, a pair of bladelike mandibles, a pair
of laciniae (maxillae), and a ventral hypopharynx bearing a
median, longitudinal groove along which saliva is passed
as the female feeds. The mandibles bear a row of teeth
along the inner edge near the tip, which is used to lac-
erate the skin while biting. The mouthparts of males are
generally reduced and are not used in blood feeding.

Associated with the mouthparts are a pair of 5-seg-
mented maxillary palps. The third segment is typically en-
larged and bears a specialized group of sensilla located in
a depression, or sensory pit, that serves as a sensory or-
gan. The adult antennae are 15-segmented and consist of
a basal scape, an enlarged pedicel containing Johnston’s
organ, and 13 flagellomeres. The antennal segments bear
differing numbers of small sensory pits (sensilla coclocon-
ica), the number and pattern of which provide important
taxonomic characters. The number of segments bearing
sensory pits appears to be correlated with host feeding;
species which feed primarily on birds generally have more
sensory pits than those which feed on mammals. In males,
flagellomeres 1—8 possess whorls of long setae, which in-
crease their sensitivity as mechanoreceptors and give them
their plumose appearance. The wings possess a character-
istic venation that distinguishes the ceratopogonids from
other groups of flies. More important, however, are the
distinctive wing patterns of the genus Culicoides, which
are the basis for most species determinations in this large
and important group. The darker areas of the wings are
not pigmented, but represent the density of tiny setae
(micro- and macrotrichia) on the wing surface.

LIFE HISTORY

Adult females typically require a blood meal in order to
develop their eggs (Fig. 10.1A). Some, however, are au-
togenous and carry over enough nutrients from the larval
stage to develop eggs during the first gonotrophic cycle
without feeding on blood. Development of the eggs usu-
ally requires 7—10 days but may be as short as 2—3 days.
The eggs are deposited in batches on moist substrates.
The number of eggs per female varies from 30 to 450
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FIGURE 10.3  Morphology of head, mouthparts, and other associated structures of a female biting midge,

Culicoides species. (From Blanton and Wirth, 1979.)

or more depending on the species and size of the blood
meal. Autogenous females tend to produce fewer eggs.
The eggs are small and clongate (250—500 um in
length), are often banana-shaped, and are covered with
minute projections which apparently function in plastron
respiration. They are white when first deposited but grad-
ually turn brown. The eggs hatch in 2—7 days. The larvae
develop through four instars, with a developmental time
that varies from 2 weeks to more than a year, reflecting
different species, latitudes, and times of the year. Many
species overwinter as larvae and thus commonly pass 7 or
8 months of the year in this stage. In other cases, larvae
become dormant during the hot summer months, pro-
longing their developmental time. Larval development
of some Arctic species may take as long as 2 years. Pu-
pation generally occurs near the surface of the substrate
where the prothoracic horns of the pupae can penetrate
the water film. Pupae of Culicoides species which develop
in water-filled tree holes may remain afloat at the water
surface, loosely adhering to the sides of the tree cavity.
Overwintering larvae pupate in the spring or early sum-
mer, producing the first generation of adults. Autogenous

temales usually oviposit about a week following emer-
gence; thereafter they must obtain a blood meal each time
before they can develop another batch of eggs. Newly
emerged, anautogenous females oviposit following their
initial blood meal. The small percentage of the females
which are successful in obtaining a second blood meal
can produce a second batch of eggs, but they seldom
do so a third time under field conditions. In the labora-
tory, however, C. variipennis is capable of completing up
to seven gonotrophic cycles. Longevity of captive adults
varies from 2 to 7 weeks, with most individuals probably
surviving only a few weeks at most under natural condi-
tions. The generation time may be as short as 2 weeks for
members of the C. variipennis complex, but more typi-
cally it is 6 weeks or longer for most species.

Although some species are univoltine, most biting
midges are multivoltine, producing two or more genera-
tions per year. Because of overlapping generations and
multiple oviposition cycles by individual females, popu-
lations of a given species may be present throughout the
warm months of the year. Usually, however, each species
exhibits a general seasonal pattern with characteristic



FIGURE 10.4 Sampling organically enriched substrate of freshwater
marsh for ceratopogonid larvae. (Photo by G. R. Mullen.)

peaks of adult abundance. Some species are abundant
only in the spring (e.g., C. biguttatus, C. niger, C. travisi),
whereas others may exhibit high spring populations and
be present in lower numbers throughout the summer
and fall (e.g., C. spinosus). Others tend to be abundant
throughout the spring, summer, and fall (e.g., C. crepus-
cularis, C. furens, C. haematopotus, C. stellifer, C. venus-
tus). Still others are bivoltine, with peaks in the spring and
fall (e.g., C. hollensis).

BEHAVIOR AND ECOLOGY

Ceratopogonid larvae develop in a wide range of aquatic
and semiaquatic habitats ranging from the Tropics to
the Arctic tundra. Leproconops species occur primarily in
sandy or claylike alkaline soils of arid regions and along
tidal margins or coastal marshes and beaches. Forcipomyin
species are generally found in mosses and algae in shal-
low water and in more terrestrial habitats, such as rotting
wood. The larval habitat of Austroconopsis unknown. It is
difficult to make generalizations about the breeding sites
of Culicoides species except to say that they occur primar-
ily in organically rich substrates (Fig. 10.4). As a group,
they utilize a broad diversity of habitats, including fresh-
water marshes and swamps; shallow margins of ponds,
streams, and rivers; bogs and peat lands; tree holes and
other natural cavities in rotting wood; tidal marshes and
mangroves; and more specialized habitats, such as rotting
cacti, animal manure (Fig. 10.5), and highly alkaline or
saline inland pools.

The diversity of ceratopogonid larvae is similarly
reflected in their feeding behavior. Many are predaceous,
feeding on protozoans, rotifers, oligochetes, nematodes,
immature stages of insects, and various other small
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FIGURE 10.5 Typical breeding site of Culicoides sonovensis in wet,
manure-contaminated soil surrounding leaking water trough. (Photo
by G. R. Mullen.)

aquatic or semiaquatic invertebrates. Others feed on de-
tritus, bacteria, fungi, green algae, diatoms, and other or-
ganic materials. Based on feeding experiments and direct
observations, it is apparent that many species are omnivo-
rous and feed opportunistically on a variety of food items.
Members of the C. varispennis complex, for example, are
generally reared on a diet of microorganisms; however,
they can also complete their development when fed only
nematodes. For most species, the natural diet and nu-
tritional requirements remain unknown, precluding the
establishment of laboratory colonies for most of the eco-
nomically important species. Among the North American
species of Culicoides which have been successfully colo-
nized are C. furens, C. guttipennis, C. melleus, C. missis-
sippiensis, C. varispennis complex, and C. wisconsinensis.

Despite their small size, ceratopogonid larvae often can
be recognized by their serpentine locomotion consisting
of side-to-side lashing movements of the body as they
propel themselves through the water. Culicoideslarvae are
generally considered to be good swimmers, especially the
later instars. C. circumscriptus can lash back and forth an
estimated 9 cycles/sec, while members of the C. variipen-
nis complex are capable of sustained, directed swimming
at speeds up to 1.7 cm/sec. Species such as C. denningi,
which burrow in the bottom of streams and rivers, are
excellent swimmers, enabling them to make their way to
shore, where they pupate.

Males typically emerge a short time before females and
are ready to mate by the time the females are produced.
Mature sperm are already present within 24 hr of eclo-
sion. Unlike mosquitoes, ceratopogonid males do not un-
dergo permanent rotation of the genitalia. Instead, the
genital structures are temporarily rotated 180° to facili-
tate clasping the female in an end-to-end position just
before mating takes place.
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Mating usually involves swarming in which large num-
bers of males form aerial aggregations, often near water
or in open areas near potential breeding sites. Females
fly into the swarm, where males recognize them as be-
ing the same species by their wing-beat frequency. Sex
pheromones have been shown to be involved in some
species. If a female is receptive, she couples with the male
and typically drops to the ground or vegetation, where
copulation takes place. A few species mate without form-
ing swarms. In such cases, the male and female locate
one another by crawling about on the ground or some
other substrate where coupling occurs. In other cases,
both sexes are attracted to a host, where the male seeks
out, and mates with, the female shortly after she has taken
a blood meal. Most species are believed to mate only
once, although members of the C. variipennis complex
and others may mate repeatedly. Sufficient sperm from a
single mating is stored by females of the C. variipennis
complex to fertilize up to three batches of eggs.

As adults, both males and females feed on nectar of
flowering plants. This serves as an energy source for
flight activity and increased longevity, especially in fe-
males. Only females feed on vertebrate blood (Fig. 10.6).
As in other hematophagous insects, usually blood is re-
quired for egg development and subsequent oviposition.
Females are pool feeders. They lacerate the skin and under-
lying capillaries with the serrated tips of their mandibles,
causing blood to seep into the surrounding tissues. From
there it is drawn into the foregut by action of the pha-
ryngeal pump and passed back into the midgut. After
feeding, the blood-laden female flies to nearby vegetation
or another sheltered site, where she rests for several days
while her eggs develop.

Many species of biting midges feed primarily on mam-
mals, whereas others feed preferentially on birds, rep-
tiles, or amphibians. Those which feed on a given class

FIGURE 10.6  Culicoides sonorensis, adult female feeding on human
arm. (Photo by P. Kirk. Visscher.)

of hosts often show preferences for certain groups within
that class, such as small versus large mammals or certain
types of birds. While some are quite host-specific, others
are considered generalists and may feed, for example, on
both birds and mammals, depending on host availability.

In general, Culicoides adults are crepuscular or night-
time feeders, whereas Leptoconops adults tend to be more
active during the daytime. The activity periods of most
biting midges occur during twilight, particularly an hour
before to an hour after sunrise and sunset. While some
species exhibit bimodal activity at dawn and dusk (e.g.,
C. barbosai, C. furvens, C stellifer) or during morning and
late afternoon (e.g., Leptoconops bequaerti), others tend
to be active during only one of these periods (e.g., C. de-
bilipalpisin the early dawn hours; C. furens, C. paraensis,
and L. linleyi in late afternoon. ). Certain species will read-
ily bite during the daytime and can be particularly annoy-
ing in late afternoon. Activity periods for a given species
may vary at different times of the year, reflecting seasonal
changes in temperature and light intensity. The effects of
daily and seasonal temperatures on flight activity are evi-
dent among salt-marsh species along the Florida coast.
Whereas C. barbosai, C. flovidensis, and L. bequaerti arc
not active below 14°C (57°F), C. mississippiensis remains
active all year, even at winter temperatures as low as 4°C
(37°F).

In addition to temperature, a number of other fac-
tors can influence flight activity by biting midges (Kettle,
1972; Lillie et al., 1987). They include light intensity, lu-
nar cycles, relative humidity, changes in barometric pres-
sure, and other weather conditions. Wind velocity is espe-
cially important. Because of their small size, most species
do not tolerate appreciable air movement and are seldom
troublesome at wind speeds above 2.5 m/sec. Such velo-
cities interfere with normal flight activity and the ability
to orient to a host. There are exceptions, however, such
as L. bequaerti, which will continue to bite at wind speeds
of 5.0 m/sec or more.

Biting midges are most abundant in proximity to pro-
ductive breeding sites. From there they disperse into sur-
rounding areas in search of mates and suitable hosts.
How far they travel is highly variable, depending on
their success in finding a mate, availability of hosts, and
prevailing weather conditions. Mark-recapture studies in
which adults are released at a given location and are sub-
sequently recovered by trapping at increasing distances
from the release point, indicate that the mean distance
traveled by many Culicoides females is about 2 km. The
distance traveled by males is usually much shorter, often
less than half that of females of the same species. The
flight distance for any individual, however, can be much
lower or higher than this mean value implies. Members
of the C. variipennis complex have been recovered up to
2.8 km from release sites within 12 hr and nearly 5 km



within 36 hr. Salt-marsh species such as C. mississippien-
sis have been shown to disperse more than 3 km within
24 hr, whereas L. kerteszi in semiarid regions of the south-
western United States has been reported to fly 15 km or
more in this same time period.

PUBLIC HEALTH IMPORTANCE

Most complaints about biting midges relate to the
annoyance caused by their persistent biting. This is
especially a problem in coastal areas, where salt-marsh
species are notorious pests, often creating great discom-
fort for local residents and beach-goers and discouraging
tourism during the summer months. In the United
States, C. furens, C. hollensis, and C. mellens are the
most troublesome species attacking humans along the
Atlantic Coast. C. mississippiensis is a problem along
the Gulf Coast, whereas C. barbosai is commonly a
problem near mangroves of southern Florida. Certain
Leptoconops species are especially pestiferous along
coastal beaches, e.g., L. linleyi along the Gulf Coast and
L. bequaerti in the Caribbean, whereas members of the
L. kertszi group are annoying biters in semiarid regions
of the southwestern United States.

A common pest throughout much of the eastern
United States is C. paraensis, a tree-hole species which
readily bites humans, especially during the late afternoon
and early evening. It causes considerable discomfort to
hunters, campers, and hikers and is typically the species
involved in complaints by homeowners while picnick-
ing or trying to work in their vards bordering deciduous
woods.

Because of their small size, biting midges frequently
are overlooked, their bites often being blamed on mos-
quitoes. Reactions to their bites generally consist of a lo-
calized stinging or burning sensation and a well-defined
reddened area around the bite site without the formation
of a wheal. The discomfort usually lasts from only a few
minutes to a few hours. In individuals who develop hyper-
sensitivity, the bites may continue to itch for 2 or 3 days.
In the Tropics, certain Leptoconops and Lasiobelea species
can cause more severe reactions resulting in blisters and
serous exudates at the bite sites of sensitized individuals.

Viruses and filarial nematodes are the only disease
agents known to be transmitted to humans by the bite
of ceratopogonid midges (Tables I and I1). They are pri-
marily subtropical or tropical in distribution, with no as-
sociated diseases having been reported in North America.
Although several viruses have been isolated from Culi-
coides adults, Oropouche virus is the only significant viral
agent transmitted to humans by ceratopogonid midges.
Biting midges also transmit three filarial nematodes which
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infest humans, causing a disease known as mansonellosis or
mansonelliasis. The causative agents are Mansonella 0z~
zardi in the Americas, M. perstans in Africa and South
America, and M. streptocevca in Africa. Linley (1983)
has provided an excellent overview of the various hu-
man pathogens and parasites transmitted by this group
of flies.

OROPOUCHE FEVER

Oropouche fever is caused by a virus in the Simbu group,
family Bunyaviridae. Since it was first isolated from a char-
coal worker in Trinidad in 1955, this virus has been docu-
mented in numerous epidemics in the Amazon region of
Brazil. Outbreaks prior to 1980 were largely restricted to
Para State, where over 165,000 human cases of this dis-
case were estimated to have occurred between 1961 and
1980. Since that time, outbreaks have been reported in
the Brazilian states of Amazonas, Goias, and Marahnao
and in the Amapa Territory. These epidemics have taken
place primarily in urban areas, where surveys indicate that
up to 44% of local populations have been seropositive for
antibodies to the virus.

Oropouche virus causes a nonfatal, acute febrile illness
with general muscular and joint pains usually lasting 2—
5 days. More than half of the cases involve symptoms
such as headaches, dizziness, photophobia, and severe
myalgia and arthralgia, which can lead to prostration in
some cases. Recurrence of symptoms often prolongs the
illness up to 2 weeks. The incubation period for this dis-
casc is believed to be 4—8 days.

The epidemiology of Oropouche fever is complicated
by multiple strains of the virus and uncertainty about
which animals serve as reservoirs. Antibody levels in po-
tential reservoir hosts tend to be highly variable, with
some evidence to indicate that urban and sylvatic cycles
are involved. During nonepidemic periods, several species
of monkeys have been found to have high antibody lev-
els, implicating them as important reservoirs. Other likely
reservoirs in the sylvatic cycle are wild birds and sloths.
During epidemics, high antibody levels among various
carnivores and domestic birds suggest that they play a role
as reservoirs in urban outbreaks of this disease.

The principal vector in urban outbreaks is C. paraensis.
This forest species breeds in tree holes and decaying
cacao and calabash pods. It readily feeds on humans
both inside and outside houses. Infected C. paraensis fe-
males can transmit the virus as early as 4—6 days follow-
ing a blood meal. Although Oropouche virus also has
been isolated from naturally infected mosquitoes such as
Culex quinguefascintus, Aedes servatus, and Coguillettidia
venezuelensis, the role of these species as vectors remains
uncertain.
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TABLE I

Arboviruses of Medical and Veterinary Interest Transmitted by Biting Midges ( Culicoides species)

Known or suspected

Virus Vertebrate host Geographic area vectors
Bunyaviridae
Bunyawera group
Lokern Lagomorphs ( Lepus, Sylvilagus) North America C. variipennis complex, C. (Selfin) spp.
Main Drain Lagomorphs ( Lepus) North America C. variipennis complex
Simbu group
Aino Cattle, sheep, buffalo Japan C. brevitarsis
Akabane Cattle, sheep, goats, horses, Africa, Middle East, C. brevitarsis
buffalo, camels Japan, Australia
Buttonwillow Lagomorphs ( Lepus, Sylvilagus) United States C. varitpennis complex
Douglas Cattle, sheep, goats, horses, Australia, New Guinea C. brevitarsis
buffalo deer
Oropouche Humans, forest primates, South America, C. paraensis
sloths Caribbean
Peaton Cattle Australia C. brevitarsis
Sabo Cattle, goats Nigeria C. imicola
Sango Cattle Nigeria, Kenya Culicoides spp.
Sathuperi Cattle Nigeria, Kenya, India Culicoides spp.
Shamonda Cartle Nigeria C. imicoln
Shuni Humans, cattle Nigeria, South Africa Culicoides spp.
Thimiri Birds Egypt, India, Australia C. histrio
Tinaroo Cattle, sheep, goats, buffalo Australia C. brevitarsis
Utinga Sloth Panama, Brazil C. diabolicus
Utive Sloth Panama C. diabolicus
Other Bunyaviridae
Crimean-Congo Humans, cattle Africa, Asia Culicoides spp.
hemorrhagic fever (primarily ticks)
group
Dugbe (Nairobi sheep Humans, cattle Africa Culicoides spp.
disease group) (primarily ticks)
Rift Valley fever Humans, cattle, buffalo, Africa Culicotdes spp.
sheep, goats, antelope, (primarily mosquitoes)
camels
Reoviridae

African horsesickness

Bluetongue

Epizootic hemorrhagic
disease
Equine encephalosis
Palyam group
Abadina
Bunyip Creck

Chuzan

(Kagoshima, Kasba)
CSIRO village
D’Aguilar
Marrakal

Nyabira

Wallal group
Mudjinbarry
Wallal

Horses, mules

Cattle, sheep, other domestic
and wild ruminants

Deer

Cattle

Unknown

Cattle, buffalo,
sheep, deer

Carttle

Cattle, buffalo

sheep Cattle,

Buffalo?

Cattle

Marsupials
Marsupials

Africa, Middle East,
India, Europe, Asia

Africa, Middle East,
Europe, Japan, Australia,
North America,
South America

North America, Africa,
Asia, Australia,

Africa, Australia

Nigeria
Australia

Japan

Australia
Australia
Australia

Zimbabwe

Australia
Australia

C. imicola

C. fulvus, C. gulbenkiani,
C. imicola, C. insignis,
C. milnei, C. obsoletus,
C. variipennis complex

C. varitpennis

Unknown

Culicoides spp.

C. brevitarsis
C. oxystoma

C. oxystoma

C. brevitarsis
C. brevitarsis
C. oxystoma

C. peregvinus
Culicoides sp.?

C. marksi
C. marksi

(Continues)
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Known or suspected

Virus Vertebrate host Geographic area vectors
Warrengo group
Mitchell River Cattle, marsupials Australia Culicotdes spp.
Warrengo Cattle, marsupials Australia C. dyces, C. marksi
(also mosquitoes)
Rhabdoviridae
Bovine ephemeral Cattle Aftica, Asia, Australia Culicoides spp.
fever
Kotonkan Cattle, sheep, rats, hedgehogs Africa Culicoides spp.
Tibrogargan Cattle, water buffalo Australia C. brevitarsis

OTHER VIRAL AGENTS

Several other arboviruses have been isolated from Culi-
coides adults. Four of them are members of the Bunyaviri-
dae: Crimean-Congo, Rift Valley fever, and Dugbe and
Shuni viruses. In addition, three mosquito-borne viruses
which cause eastern equine encephalitis, Japanese B en-
cephalitis, and Venezuelan equine encephalitis have been
isolated from Culicoides and Lasiohelea species. There is
no evidence, however, to indicate that biting midges play
a significant role in transmission of any of these viruses.

TABLE II

MANSONELLOSIS

Three filarial nematodes in the genus Mansonella cause
infestations in humans, called mansonellosis (Table II).
Cases occur widely throughout the tropical and sub-
tropical regions of both the Old World and New
World where Culicoides, Forcipomyin, and Leptoconops
species serve as arthropod vectors. Although infesta-
tions involving these parasites are generally mild or
asymptomatic, they sometimes cause serious medical
problems.

Filarial Nematodes Transmitted by Biting Midges to Humans and Domestic Animals: Vectors Include

Culicoides, Forcipomyia, and Leptoconops Species

Known or suspected

Nematode

Vertebrate host

Geographic area

vectors

Mansonella ozzardi

M. perstans

M. streptocera

Onchocerca cervicalis

O. gibsoni

O. gutturosa

O. reticulata

O. sweetne

Humans

Humans

Humans

Horses

Cattle

Cattle

Horses, ponies

Water buffalo

South America, Caribbean Basin

Sub-Saharan West Africa; Central
Africa to Kenya and Mozambique

Northern coast of South America;
Caribbean Islands

West and Central Africa
(rain forests)

North America
Australia

India, Sri Lanka, Malaysia, northern
Australia, South Africa

Australia

Australia

Unknown

C. barbosai, C. furens
C. paraensis, C. phlebotomus,
Leptoconops bequaerti

C. austeni C. grabamii
C. inornatipennis
Culicoides spp.

C. austeni, C. grabamii

C. varitpennis
C. pictoriae
Forcipomyia townsvillensis

C. pungens
Culicordes spp.

Cutlicoides spp.

C. nubeculosus
C. obsoletus

Unknown
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FIGURE 10.7  Filarial nematode (Mansonella ozzardi), microfilarial
stage. (Courtesy of Lea & Febiger.)

Mansonella ozzardi

M. ozzardi is the only native New World cerato-
pogonid-borne nematode of humans (Fig. 10.7). It is
indigenous to the Americas, occurring in the Amazon
Basin (Brazil); along the northern coast of South
America (Colombia, Venezuela, Guyana, Suriname,
and French Guiana); on Trinidad, Haiti, and other
islands of the West Indies; Panama; and parts of Peru,
Bolivia, and Argentina. It particularly affects coastal
fishing communities near breeding sites of associated
vectors. The infection rate among local inhabitants is
highly variable, ranging from as low as 5% or less in
northern Brazil and some of the Caribbean islands
to over 95% among Amerindians in Colombia and
Venezuela. Infection rates are generally highest among
men and women in older age groups, reflecting chronic
exposure to infection in endemic areas.

Infections with M. ozzardi usually do not result in sig-
nificant pathological effects. The microfilariae typically
remain in the capillaries of the skin and surrounding der-
mal tissues, where they cause relatively little harm. Sur-
veys are usually conducted by taking skin biopsies or
blood samples and examining them for the presence of
microfilariae. The adult worms are found primarily in fat
tissue associated with the peritoneum and various body
cavities, occasionally causing conjunctivitis and swelling
of the eyes. In some cases this nematode can cause more
serious problems, such as severe joint pains, eosinophilia,

enlargement of the liver, and blockage or inflammation
of the lymphatic vessels, resulting in conditions similar
to bancroftian filariasis and elephantiasis. Ivermectin has
been successfully used in treatment of M. ozzardi cases,
whereas the widely used filarial nematocide diethylcarba-
mazine is ineffective in killing this parasite.

Vectors of M. ozzardi include both biting midges and
black flies, with different taxa playing important roles in
different areas. Culicoides furens and C. phlebotomus are
the principal vectors in Haiti and Trinidad, respectively.
Other species which support development of microfilariae
to infective larvae and are generally considered to play a
secondary role in transmission are C. barbosai, C. paraen-
sis, and L. begquaerti. After ingestion by a biting midge
as it feeds on an infected host, microfilariae are carried
into the midgut, where they penetrate the midgut wall
and make their way to the thoracic muscles within 24 hr.
There they develop to third-stage larvae during the next
6 to 9 days before moving to the head and mouthparts.
Infective third-stage larvae enter the bite wound when
the midge subsequently feeds on another host. Typically
only one to three larvae successfully complete develop-
ment to the infective stage in a host insect, regardless of
the number of microfilariae initially ingested.

The role of black flies as vectors of M. ozzardi remains
unclear. Species in the Simulium amazonicum group and
the S. sanguineum group have been found to be nat-
urally infected with this nematode and probably play a
role in transmission, particularly in the Amazon Basin.
Other species incriminated as potential vectors based on
field collections and experimental infection studies in-
clude S. sanchezi and S. pintoi. Despite earlier suggestions
that there may be two different forms or species of nema-
tode involved, one transmitted by biting midges and the
other by black flies, recent evidence indicates that they are
morphologically identical and represent a single species.

Mansonella pevstans
This nematode (formerly placed in the genera Acan-
thocheilonema, Dipetaloneman, and Tetrapetalonema) is
the most widely distributed of the three human filar-
ial nematodes transmitted by biting midges. It is in-
digenous to the Old World, where it occurs in sub-
Saharan Africa, extending primarily from West African
countries bordering the Gulf of Guinea (Ivory Coast,
Nigeria, and Equatorial Guinea) and from Gabon and
Angola cast through Central Africa to Kenya and
Mozambique. Infection rates are commonly 50% or
higher in some communities. M. perstans was intro-
duced to Central and South America with the slave
trade and now occurs along the northern coast of South
America (Colombia, Venezuela, Guyana, Suriname,
and French Guiana), in the Yucatdn area of Mexico, and
on Trinidad and other Caribbean Islands. Prevalence of



infection exceeding 50% has been reported among the
Curripaco Indians of Venezuela. Although there is evi-
dence to suggest that M. perstans represents a complex
of species, this issue remains unresolved.

M. perstansis typically regarded as nonpathogenic. The
microfilariae remain primarily in the circulating blood,
whereas the adult worms occur freely in the body cavities.
Some infested individuals develop problems such as joint
pains, fever, fatigue, transient edema, elephantoid scrota,
mild urticarial skin reactions, and eosinophilia. Various
ocular problems, including swelling of the eyelids, ex-
cessive lacrimation, pruritus, and conjunctival granulo-
mas or nodules, have been reported. The latter is the re-
sult of adult worms coiled within the connective tissue of
the conjunctiva, causing a condition known as bulge-eye
or bung-eye. Adult worms also have been removed from
connective tissue of the pancreas, kidneys, rectum, and
mesenteric lymph nodes of infested patients, with little ev-
idence of serious harm. Mebendazole has been used suc-
cesstully in treating M. perstans cases, whereas diethylcar-
bamazine and ivermectin are ineffective in killing either
the microfilariae or adult worms.

The principal vectors of M. perstanshave not been iden-
tified, particularly in the New World, where they remain
virtually unknown. In Africa several Culicoides species
have been implicated as vectors based on natural infec-
tions and support of development to the infective stage
in experimental studies. They include C. austeni, C. gra-
hamai, and C. imornatipennis as probable vectors and
C. bortensis, C. krameri, C. kumbaensis, C. milnei, C. pyc-
nostictus, C. ravus, C. rutshuruensis, and C. vitshumbiensis
as possible vectors. As in the case of M. ozzards, the mi-
crofilariae of M. perstans move from the midgut of the bit-
ing midge to the thoracic musculature, where they com-
plete their development to infective, third-stage larvae
8—10 days after the infective blood meal.

Mansonella streptocerca

This filarial nematode (formerly placed in the genera
Dipetalonemn and Tetrapetalonema) occurs only in the
rain forests of West and Central Africa, extending from
the Ivory Coast and Burkina Fasso to the Congo and
Zaire. Little information on prevalence is available for
this species, although a figure of 13—14% has been re-
ported in certain villages of the Central African Repub-
lic based on peripheral blood smears. Although it is re-
garded as nonpathogenic to humans, M. streptocerca
occasionally causes mild skin reactions due to activ-
ity of microfilariae in dermal tissues, usually involving
the trunk and upper arms. Adult worms typically occur
subcutaneously in upper parts of the body. Diethylcar-
bamazine is effective as a treatment. C. grabamiz is re-
garded as the principal vector.
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VETERINARY IMPORTANCE

Biting midges serve as vectors of more than 35 arbovi-
ruses which infect domestic animals (Table I). Only a few
of these viruses cause significant clinical disease. Cattle,
sheep, and horses usually are the most seriously affected.
The majority of these viral agents are members of the
Reoviridae and Bunyaviridae, including the pathogens
which cause bluetongue disease, epizootic hemorrhagic
disease, and African horsesickness. Two other families of
viruses with which Culicoides species have been impli-
cated as vectors are the Rhabdoviridae and Poxviridae.
For most of these viral agents, the principal ceratopogo-
nid species involved as vectors remain largely unknown.
Other disease agents transmitted by biting midges in-
clude blood protozoans of birds, such as Haemoproteus
meleagridis in turkeys, Leucocytozoon canlleryi in chick-
ens, and the nematode Onchocerca cervicalis in horses.
Biting midges also can cause discomforting skin reactions
in horses known as equine allergic dermatitis.

BLUETONGUE DISEASE

Bluetongue disease is caused by an orbivirus in the family
Reoviridae which infects ruminants, notably sheep and
cattle. This disease occurs in many parts of the world,
including temperate and southern regions of North
America; parts of Central America and South America
bordering the Caribbean; and Europe, the Middle East,
Asia, Australia, and southern Africa. It was first recog-
nized in sheep and cattle in South Africa in the early
1930s. In the United States bluetongue (BLU) virus
was first isolated in 1952 in Texas from sheep exhibit-
ing a condition known as soremuzzle. It is now known
to occur throughout most of the southern and western
states, where prevalence of antibody to BLU virus in cat-
tle is commonly 20—50%. No cases have been reported
in Alaska or Hawaii. Canada remains largely bluetongue-
free; detection of infected animals has been reported there
only in the Okanagan Valley of British Columbia during
localized outbreaks in 1975 and 1987. Both of these in-
stances apparently originated from cattle imported from
the United States.

Occurrence of clinical bluetongue disease in cattle
tends to be sporadic, often involving only one or a few
animals in a given herd. Occasionally, however, epizootics
do occur. Following outbreaks in Cyprus in 1943, Turkey
in 1944, and Israel in 1951, major epizootics occurred in
Europe in the late 1950s, where an estimated 179,000
sheep died in Spain and Portugal. The mortality rate
among infected animals was 75%. BLU virus has since
been introduced to the Caribbean islands, bordering
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FIGURE 10.8 Sheep with bluctongue disease; infected host with
characteristic arched back, tender hooves, and hanging head. (Courtesy
of US Department of Agriculture, Animal and Plant Health Inspection
Service.)

countries of South and Central America, and Australia,
where it was first detected in 1974.

Serosurveys for detection of antibodies to BLU virus
indicate that most sheep and cattle which are exposed
to the virus do not develop clinical signs. As a result,
animals typically remain asymptomatic and often serve
as unrecognized sources of infection for other animals.
However, under circumstances which are poorly under-
stood, some animals develop varying degrees of illness,
ranging from mild infections to acute, fatal disease. In
more severe cases, animals develop lesions about the
mouth and muzzle (Fig. 10.10), with ulceration and
sloughing of skin tissues, inflammation of the coronary
band at the base of the hooves, lesions between the toes

FIGURE 10.9  Black Angus calf in a late stage of bluctongue discase,
with general depression, hanging head, labored breathing, and difficulty
standing. (Photo by Lloyd L. Lauerman.)

FIGURE 10.10  Oral and muzzle lesions in a Black Angus calf suffer-
ing from bluetongue disease. (Photo by Lloyd L. Lauerman.)

(Fig. 10.11), respiratory difficulties due to accumulation
of fluids in the lungs, and internal hemorrhaging. The
term ‘‘bluetongue” gets its name from the dusky blue
appearance of the tongue and mucosal membranes lining
the mouth, resulting from cyanosis. Acutely infected an-
imals often exhibit lameness and a characteristic arched
back resulting from efforts to keep weight off of their
painful hooves (Figs. 10.8 and 10.9). Death results pri-
marily from congestion of the lungs and massive internal
hemorrhaging.

Reproduction is also affected and can result in un-
derweight calves at birth, congenital deformities, still-
births, and abortions. The severity of reproductive impact
is due in large part to the time during gestation when
the infection occurs. Infections in the early stages of fetal

FIGURE 10.11 Hoof lesions in a Black Angus calf in a late stage of
bluetongue disease. (Photo by Lloyd L. Lauerman.)



development can result in aborted or stillborn calves. In-
tections which occur later in gestation are more likely to
result in congenital deformities and underweight calves at
birth. The virus is also found in semen of infected bulls.
Consequently, restrictions are placed on the exportation
of semen and live animals from endemic bluetongue areas
for artificial insemination and other breeding purposes.
The resulting economic impact on the livestock industry
in the United States for mandatory testing of animals and
losses in the foreign market is substantial, totaling mil-
lions of dollars annually.

BLU virus represents an antigenic complex with at least
25 currently recognized serotypes, which vary signifi-
cantly in their pathogenicity. Five serotypes are known to
occur in the United States, with serotypes 10, 11, 13,
and 17 being the most widely distributed. The most re-
cently introduced serotype is BLU-2, which was first iso-
lated from cattle in Florida in 1982. It is reported to
have caused clinical disease and death in cattle only in
Alabama. Based on surveys of sentinel cattle and sheep
in the Caribbean Basin, eight serotypes of BLU virus are
known to occur in that region (serotypes 1, 3, 4, 6, 8,
12, 14, and 17). However, despite widespread infections
of animals, notably cattle, clinical disease is largely absent
in the Caribbean area.

The common occurrence of multiple serotypes of BLU
virus in the same geographic area has hampered the use
of immunization for protecting livestock from infection.
Polyvalent vaccines have been developed but generally
have not been effective. Natural immunity is acquired by
sheep following their recovery from this disease but is lim-
ited to the particular serotype with which the animal was
infected. Cattle apparently do not develop significant im-
munity following infection.

The primary mode of transmission of BLU virus is by
the bite of infected Culicoides midges. Based on experi-
mental studies with members of the C. variipennis com-
plex, the virus acquired while the midge feeds on a viremic
animal invades the salivary glands of the midge and there
multiplies. The intrinsic incubation period is 10—20 days,
after which the midge can transmit the virus at subsequent
feedings. Following infection, the Culicoides host remains
infective throughout its life. There is no evidence that ei-
ther transovarial or transstadial transmission occurs. In-
fection rates are highly variable, depending on the Culi-
coides species and the geographic populations involved.
Selective breeding in laboratory colonies has produced
both susceptible and highly resistant lines, indicating the
complexity of factors influencing the vector competence
of Culicoides species involved in the epizootiology of this
disease.

Transmission of BLU virus also occurs venereally via
semen of infected rams and bulls. When introduced into
the female genital tract, the virus potentially can infect
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the adult animal and, if she is pregnant, the developing
embryo or fetus. No methods have been developed to
destroy the virus in semen of infected animals. The virus
can survive indefinitely in frozen semen samples.

Biting midges of the genus Culicoides are the only
known vectors of BLU virus. Only a few species ap-
pear to be responsible for the major epizootics of blue-
tongue which have occurred worldwide. The two most
important vectors are C. imicola in Africa and the Mid-
dle East and C. somorensis in the southern and western
United States. C. émicoln also has become established in
Europe, where it now occurs in Portugal, Spain, and some
of the Mediterranean islands. Although other Culicoides
species have been found to be naturally infected with
BLU virus, their importance as vectors remains uncer-
tain. Some of them are likely to serve as secondary vectors
which can augment transmission of the virus during local
outbreaks.

Known or suspected vectors in South Africa are C. tmi-
cola, C. bolitinos, C. gulbenkiani, C. magnus, C. pycnostic-
tus, C. zuluensis, and members of the C. shultzei group. In
Australia C. actoni, C. brevitarsis, C. fulvus, and C. wadai
arc considered to be likely vectors, with C. brevipalpus,
C. oxystoma, and C. peregrinus possibly playing minor
roles in transmission. In addition to C. imicola, the fol-
lowing species are regarded as potential vectors in Europe
and the Middle East: C. nubeculosus, C. obsoletus, and
C. pulicaris. In North America, suspected species other
than the principal vector C. sonorensis include C. insig-
nis, C. debilipalpis, C. obsoletus, and C. stellifer. The most
likely vectors in the Caribbean Basin appear to be C. fi-
lavifer, C. insignis, and C. pusillus.

Er1zooTiIC HEMORRHAGIC DISEASE

EHD is very similar to bluetongue in many respects, the
major difference being that it occurs primarily in wild ru-
minants, notably deer. It is caused by an orbivirus very
closely related to BLU virus. Two strains or serotypes of
the virus are recognized in North America, designated
EHD-1 and EHD-2. EHD-1, known as the New Jersey
strain, was first isolated from white-tailed deer in New
Jersey during an outbreak in 1955. EHD-2, commonly
referred to as the Alberta strain, was first isolated during
an epizootic in that Canadian province in 1962. At least
eight other EHD serotypes have been isolated in South
Africa, Nigeria, Australia, and Japan.

The clinical signs in EHD cases are virtually indistin-
guishable from bluetongue. Isolation and identification
of the etiologic agent is usually required to determine
with certainty which virus is involved. Because of the simi-
larities of these two diseases in wild ruminants, cases are
often referred to simply as bemorrbagic disease. 1t also is
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FIGURE 10.12 White-tailed deer fawn infected with epizootic hem-
orrhagic disease virus. Note hanging head and protruding tongue.
(Photo by G. R. Mullen.)

referred to as biack tongue disease by deer hunters in the
southeastern United States.

Clinical disease in white-tailed deer and other rumi-
nants varies from sudden death without apparent signs
of illness to mild infections from which animals fully re-
cover. Typically the disease is characterized by rapid on-
set of fever, loss of appetite, disorientation and weakness,
a hanging head, labored breathing with the tongue of-
ten protruding (Fig. 10.12), swelling of the head and

FIGURE 10.13 White-tailed deer buck in late stage of cpizootic
hemorrhagic disease, with characteristic tender hooves, difficulty walk-
ing, arched back, laid-back ears, and general depression. (Photo by
G. R. Mullen.)

FIGURE 10.14  Extensive hemorrhaging and edema of lung tissue in
white-tailed deer that died of epizootic hemorrhagic disease. (Courtesy
of Alabama Veterinary Diagnostic Laboratory, Auburn, AL.)

neck, arched back, and painful hooves (Fig. 10.13).
As the virus multiplies in endothelial cells lining the
blood vessels, it spreads to various organ systems, causing
extensive internal hemorrhaging (Fig. 10.14), intravas-
cular coagulation, and thrombosis. In acute cases, death
usually occurs in 4—10 days following the initial infec-
tion. In those animals which survive, recovery can be pro-
longed and debilitating, resulting in permanent lameness
due to deformed hooves (Fig. 10.15) and difficulty eating
due to damage to the oral tissues.

EHD is the most important infectious disease in wild
deer populations in the United States. It primarily affects
white-tailed deer, causing sporadic die-offs. Mule deer,
pronghorns, and domestic cattle also can develop fatal in-
fections but do so less commonly. Other wild ruminants
which have been found to be infected during EHD epi-
zootics include elk, bison, bighorn sheep, Rocky Moun-
tain goats, and several species of exotic animals, such as

FIGURE 10.15  Foot lesions, swelling, and deformed hooves in white-
tailed deer with epizootic hemorrhagic disease. (Courtesy of Southeast-
ern Cooperative Wildlife Disease Study, Athens, GA.)



yak and ibex. Wapiti and moose do not appear to be ad-
versely affected by this virus.

Although this disease is endemic throughout the
United States where white-tailed deer populations are
established, it is more prevalent in the Southeast, Mid-
west, and Northwest and along the Pacific Coast.
Epizootics, with sudden die-offs in local deer herds, tend
to occur in more temperate areas, whereas asymptomatic
and subclinical infections are more common in the coastal
endemic areas of the southeastern states, where infec-
tion rates may be as high as 70% or more. Outbreaks of
EHD have also been reported in the western provinces
of Canada, notably in southeastern Alberta (1962), the
Okanagan Valley of British Columbia (1975), and south-
ern Saskatchewan (1986—1987). In each case, the source
of infection has been attributed to Culicoides from ad-
jacent endemic areas in the United States. The only
serotype isolated in Canada has been EHD-2.

Cattle are commonly exposed to EHD virus. Based
on serologic surveys, infections in cattle are widespread
throughout the United States. In most cases these are
silent infections or involve only mild clinical disease.
Occasionally, however, epizootics do occur in cattle,
as in central Oregon in 1969 and eastern Tennessee in
1972. Infections of cattle with EHD virus also have been
reported in the South American countries of Guyana,
Suriname, and Colombia and in Taiwan, Malaysia, and
Indonesia.

Biting midges of the genus Culicoides are the only
known vectors of EHD virus. The most important species
and only proven vector in North America is C. sonoven-
sis. Other species have been implicated as potential vec-
tors based on isolations of the virus from field-collected
midges and limited experimental studies. The high preva-
lence of seropositive deer for EHD virus in areas where
members of the C. variipennis complex are uncommon
or absent supports the belief that other Culicoides species
are involved in transmission of this virus in the United
States. The vectors in other parts of the world remain
unknown.

AFRICAN HORSESICKNESS

AHS is a viral disease of horses, donkeys, and mules which
can be highly fatal in susceptible animals (Fig. 10.16).
It is known by various names, including la pesta equine
(Spain), pesta ecvina (Romania), equine plague, and horse
sickness fever. The disease was first recognized in South
Africa in the early 1700s, with the etiologic agent being
first isolated from infected horses nearly two centuries
later, in 1899. It occurs throughout sub-Saharan Africa
and the Arabian Peninsula, extending intermittently into
southwestern Asia and southern Europe, where epi-
zootics have occurred in recent years.
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FIGURE 10.16 Horse that died with African horsesickness; death was
attributed to pulmonary edema. (Courtesy of USDA-APHIS, Foreign
Animal Disease Diagnostic Laboratory, Plum Island, NY.)

The etiologic agent of AHS is an orbivirus in the family
Reoviridae, closely related to the viruses that cause blue-
tongue and EHD. Nine AHS serotypes are recognized,
all nine of which occur in South Africa. Eight of the nine
serotypes were recovered from just seven horses during
an outbreak in Nigeria in 1974-1975. The occurrence
of multiple serotypes in a given geographic region and
simultaneous infections of animals with more than one
serotype underscore the epizootic complexity of this
disease.

Four clinical forms of AHS are recognized: pulmonary
(peracute), cardiac (subacute), mixed pulmonary-cardiac
(acute), and horse sickness fever. The pulmonary form is
the most fatal, with mortality rates as high as 95%. Clini-
cal signs develop within 3—5 days of the initial infection.
The onset of symptoms is sudden, usually beginning with
fever followed by congestion of the mucous membranes
of the eyes, nose, and mouth. Animals sweat profusely,
experience increased respiratory rates, and cough spas-
modically due to the accumulation of fluids in the Jungs.
Froth is commonly emitted from the nostrils in the ter-
minal stage. Death usually occurs within a few days of the
onset of clinical signs.

The cardinc form is similarly characterized by initial
fever and congestion of the mucous membranes follow-
ing an incubation period of 7—14 days. Animals subse-
quently develop extensive subcutaneous edema which is
often apparent in the neck and jugular area, in the muscles
along the back and hips, around the eyes and eyelids, and
in the jaws. Other signs include depression and petechial
hemorrhages on the underside of the tongue. Infected an-
imals continue to feed and drink throughout the course
of the disease. Death usually occurs in 4—8 days following
the onset of fever, with mortality rates approaching 50%.
The mixed pulmonary-cardiac form of AHS is character-
ized by clinical signs associated with each of the previous
two syndromes. The onset of symptoms typically occurs
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5-7 days following infection, with death ensuing
3—6 days later. The mortality is approximately 80%, in-
termediate between the pulmonary and cardiac forms.
Horsesickness fever is the mildest form of AHS. Infected
animals usually recover following a low-grade fever, con-
gested mucous membranes, loss of appetite, and mild de-
pression over a 1-week period.

The principal vertebrate hosts of AHS virus are wild
and domestic equids such as zebras, horses, and mules.
Donkeys are largely resistant but occasionally develop
clinical disease. In endemic areas, however, native breeds
seldom exhibit overt signs of infection, apparently hav-
ing developed a natural or acquired immunity. Most AHS
outbreaks have occurred in European breeds of equids
introduced to endemic areas or as a result of exposure
of susceptible equids to infected animals imported from
endemic areas in Africa and parts of the Middle Fast.
Other animals in which the presence of antibodies in-
dicates exposure to AHS virus are goats, sheep, domes-
tic cattle, buffaloes, dromedaries, and elephants. None of
these hosts develop more than mild clinical signs but may
serve as potential reservoirs for the virus. Infected dogs,
however, can develop clinical disease and are believed to
be important reservoirs in urban areas. Six strains of AHS
virus have been isolated from street dogs in Egypt, where
a number of dogs have died after consuming uncooked
meat of infected horse carcasses. The progression of the
disease in dogs is similar to the pulmonary form in horses.

Until the mid 1900s, epizootics of AHS were largely
confined to South Africa. Beginning in 1944, with an out-
break among horses in several Middle East countries, ma-
jor epizootics have occurred in other parts of Africa, the
Middle East, India, and Europe. The most devastating
outbreak occurred in 1959—1960, in which over 300,000
horses died or had to be destroyed in six Middle East
countries and Cyprus, Afghanistan, Pakistan, and India.
Although cases of AHS were reported in Spain as early
as 1965, the most severe epizootic to occur in Europe
took place in Spain and Portugal in 1987 —-1990, in which
more than 160 horses, mules, and donkeys died or had to
be destroyed. Some of those animals were valuable thor-
oughbred horses participating in international equestrian
competitions being held in Spain at the time. Ten zebras
imported to a zoological park near Madrid, Spain, from
Namibia in southern Africa are believed to have been the
source of the infection. The virus was subsequently trans-
mitted by indigenous Culicoides populations to Portugal
and Morocco. Wind-borne midges, particularly C. imi-
cola, are believed to have played a role in spreading the
virus. Wind dispersal of Culicoides vectors may help to
explain the spread of AHS virus from endemic areas of
Africa, causing outbreaks in various parts of the Middle
East, Cyprus and Turkey in the Mediterranean region,
the point is that all 3 areas are in the Mediterranean re-
gion (i.c., the parts of the Middle East bordering the

Mediterranean and Cyprus and Turkey) and the Cape
Verde Islands off the northwestern coast of Africa.

There presently is no cure for this disease, leaving sup-
portive therapy as the only means of treatment. Com-
mercially available vaccines, however, have been helpful
in protecting equids from infection in areas of Africa
where AHS is endemic. Annual vaccinations are effective
in maintaining immunity, reflecting the natural and com-
plete immunity acquired by animals chronically exposed
to this virus over extended periods of time. Regular vac-
cination of susceptible equids and strict control of the
movement of unvaccinated animals is currently the only
practical means of containing this disease.

The major vectors of AHS virus are Culicoides species.
C. imicola is believed to be the most important species
involved in transmission of this virus in Africa and the
Middle East. Since the first isolation from field-collected
C. imicola during an outbreak in South Africa, other
species have been implicated as vectors. A few species have
been shown to support replication of AHS virus following
experimental inoculation, with members of the C. vari-
tpennis complex, for example. The virus has been suc-
cessfully transmitted 12—13 days after an infected blood
meal. Some mosquitoes also are believed to be poten-
tial vectors even though the virus has not been isolated
from them under field conditions. Cx. pipiens, Ae. aegypti,
and Anopheles stephensi have been experimentally infected
with the virus, but there is no strong evidence to indicate
that these particular mosquitoes are natural vectors.

AHS virus has been isolated from naturally infected
camel ticks (Hyalomma dromedarii) in Egypt, raising a
question about possible involvement of this tick as a sec-
ondary vector. The brown dog tick Rhbipicepbalus san-
guineus has been shown to be capable of biologically
transmitting AHS virus between horses and dogs. How-
ever, the virus has not been isolated from naturally in-
fected ticks of this species.

BLOOD PROTOZOANS

Biting midges are biological vectors of a number of pro-
tozoans called baemosporidians, which are blood par-
asites of reptiles, birds, and mammals. Three genecra
which are transmitted by biting midges are Haemoprotens
(Fig. 10.17), Hepatocystis, and Lencocytozoon. Most of the
species are avian parasites which cause little or no apparent
harm to their hosts. A few, however, such as Haemopro-
teus meleagridis of turkeys and L. caulleryi of chickens,
can cause significant problems for poultry producers.
Haemosporidians transmitted by biting midges are
related to malarial parasites (Plasmodinm species) with
which they share a similar life cycle and developmen-
tal stages. While feeding on an infected vertebrate
host, female midges ingest red blood cells containing
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FIGURE 10.17 Haemoprotens sp., avian protozoan developing in
blood cells of mourning dove, transmitted by biting midges. (Photo
by Mary E. Hayes/Rogers.)

gametocytes, the sexual stage of the parasite. In the
midgut of the midge, the gametocytes are released,
where they unite to form a motile zygote, the ookinete.
The ookinete typically penetrates the peritrophic mem-
brane and midgut tissue to form a cystlike structure,
or oocyst, on the outer midgut wall. Within the oocyst,
sporozoites are produced asexually, eventually rupturing
from the mature oocysts into the hemocoel, where they
make their way to the salivary glands and accumu-
late there. The sporozoite is the infective stage which

TABLE I
Protozoans Transmitted by Biting Midges
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is transmitted via the saliva to suitable hosts when the
biting midge subsequently blood feeds. Development of
the parasite in Culicoides species usually takes about 6—
10 days.

Upon entering the vertebrate host, sporozoites invade
cells of fixed tissues, notably the endothelium of vari-
ous organs, and myofibroblasts, precursor cells that form
muscle fibers. There they undergo one or more cycles of
asexual reproduction, called schizogony, to produce mero-
zoites. The merozoites then invade the blood and pene-
trate circulating erythrocytes. There they develop into
gametocytes, thereby completing the life cycle.

The species of blood protozoans which are known
to be transmitted by biting midges are summarized in
Table I11. With the exceptions of Haemoprotens kochi,
which parasitizes Old World monkeys, and H. brays,
which parasitizes Malaysian squirrels, these haemospori-
dians are parasites of birds. The species are primarily
members of the genus Haemoprotens, all of which are
transmitted by Culicoides spp. Relatively few details are
known about most of these arthropod-borne haemo-
sporidians and their associated Culicoides vectors. What
is known is based primarily on studies of the following
two species, which are parasites in poultry.

Haemoproteus meleagridis
H. meleagridisis primarily a parasite of wild and domes-
tic turkeys. It also can cause at least transient infections

Known or suspected

Protozoan Vertebrate hosts Geographic area Culicoides vectors
Haemoproteus
H. danilewskyi Crows, jays (Corvidac) North America C. crepuscularis, C. sphagnumensis
C. stilobezziotdes
H. dessers Parakeets (Dsittacidae) Thailand C. nubeculosus (experimental)
(H. handai)
H. fringillae Finches, sparrows North America C. crepusculavis, C. stilobezzioides
(Fringillidae)
H. mansoni Grouse (Tetraonidae) North America C. sphagnumensis
(H. canachites)
H. meleagridis Turkey (Meleagrididae) North America C. edeni, C. arboricola,
C. haematopotus, C. hinmani,
C. knowltoni
H. nettionis Ducks, geese (Anatidae), Canada C. downesi
other waterfowl
H. velans Woodpeckers (Picidae) North America C. sphagnumensis
Hepatocystis
H. brayi Squirrels (Sciuridae) Malaysia Culicoides spp.
H. kochi Monkeys Kenya C. adersi
(Cercopithecus)
Leucocytozoon canllerys Chickens Southeast Asia, C. arakawae, C. circumscriptus,

Japan C. guttifer, C. schultzer
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in pheasants and chukars but apparently does not in-
fect chickens, guinea fowl, bobwhite quail, and other
gallinaceous birds.

This parasite is generally regarded as nonpathogenic.
Even in cases in which large numbers of circulating red
blood cells are infected with gametocytes, birds usually
exhibit few signs of stress or other pathologic effects.
This suggests that compensatory mechanisms are oper-
ative in which the replacement rate of erythrocytes is
sufficient to maintain a stable hematocrit despite high par-
asitemia. In other cases, however, there is evidence to in-
dicate that H. meleagridis does harm its avian hosts, es-
pecially domestic turkeys. Heavy infections can result in
anemia, reduced weight gain and growth rates, inflam-
mation of skeletal and cardiac muscles, lameness, damage
to the spleen and liver, and a wasting condition associ-
ated with chronic infections. Young birds are particularly
vulnerable.

Five Culicoides species have been identified as vec-
tors of H. meleagridis based primarily on studies in
Florida. C. edeni is regarded as the most important vec-
tor, with C. binmani, C. arborvicola, C. haematopotus,
and C. knowlitoni playing secondary roles in transmission.
Other species, such as C. baueri, C. nanus, and C. paraen-
sis, have been shown to support development of the par-
asite only to the oocyst stage. Transmission of H. melea-
gridis occurs throughout the year in southern Florida,
whereas it is limited to the warmer months of the year
throughout the rest of the United States where turkeys
occur.

Leucocytozoon caulleryi
This is the only Leucocytozoon species known to be
transmitted by biting midges. It has been recognized
for many years as causing a serious poultry disease
of chickens in Japan and Southeast Asia, where it is
known as poultry lencocytozoonosis and by the earlier
name Bangkok hemovrhagic disease where it occurred
in Thailand. The principal vector of L. caullery: is
C. arakawae, which commonly breeds in rice paddies.

EQUINE ONCHOCERCIASIS

Equine onchocerciasis is caused by the filarial nematode
Onchocerca cervicalis (Fig. 10.18), the most widely dis-
tributed nematode transmitted to domestic animals by
biting midges. Horses are the only known host. Although
it occurs worldwide, most of the problems associated with
this nematode have been reported in the United States
and Australia, where it commonly causes dermatitis. Var-
ious names which refer to infestations by O. cervicalis in-
clude cutancous equine onchocerciasis, equine ventral mid-
line dermatitis, equine nuchal disease, and fistulous withers.

FIGURE 10.18  Onchocerca cervicalis, histological preparation show-
ing microfilariae in skin of infested horse. (From Montes and Vaughan,
1983.)

Prevalence of O. cervicalisis high in many regions of the
United States, with up to 85% or more of older horses
having been reported infected with this parasite in New
York, Kentucky, and the Gulf Coast states.

Adult worms occur primarily in the nuchal ligament
of the neck and between the shoulder blades, or withers.
Microfilariae produced by the females move to the skin,
where they are active in the dermal tissues, often elicit-
ing a host response in the form of localized inflammation
and pruritus. The highest concentrations of microfilariae
tend to be along the ventral midline of the horse. High
numbers of microfilariae also may occur in skin of the in-
ner thighs, chest region, withers, and eyelids. The density
of microfilariae in skin tissue varies seasonally, being high-
est during the spring and summer months and lowest in
the winter, when they move to the deeper dermal layers.
This is correlated with the seasonal activity of most biting
midges.

Horses which become sensitized to O. cervicalis
develop various types of skin lesions, including depig-
mentation, pruritus, scaling, and hair loss. This usually
occurs on the face, chest, withers, and ventral midline
where microfilariae are most abundant. Ocular lesions
have also been reported. Diagnosis is based on clinical
signs and the detection of microfilariae in skin biopsies.
Treatment with ivermectin has been found to be effec-
tive in killing microfilariae, but not the adults. In most
cases the skin lesions show significant improvement, or
are completely resolved, within a few weeks following
treatment.

Members of the Culicoides variipennis complex are the
only known vector of O. cervicalis in North America.
Based primarily on laboratory studies, C. victoriae, For-
cipomyia townsvillensis, and the black fly Austrosimulinm
pestilens also have been identified as potential vectors of
O. cervicalis in Australia. Since these biting midges tend



to ingest very few microfilariac while feeding on an in-
tected animal, only one or two infective third-stage larvae
are typically found in field-collected flies.

OTHER FILARIAL NEMATODES

At least three other Omnchocerca species which infest
bovine and equine hosts are believed to be transmitted
by biting midges (Table II): O. gibson: of cattle in South-
east Asia, Malaya, Australia, and South Africa; and O. gut-
turosa of cattle and O. reticulata of horses and ponies in
Australia. They are considered to be nonpathogenic.

EQUINE ALLERGIC DERMATITIS

Horses exposed to bites of certain Culicoides species
commonly exhibit an allergic skin reaction. This typi-
cally occurs as a seasonal dermatitis affecting the with-
ers, mane, tail, and ears. The back, ventral midline, and
other body regions also can be affected, presumably re-
flecting the feeding sites of different biting midges in-
volved. Equine allergic dermatitis was first attributed to
Culicoides bites in Australia in the early 1950s, where it
was known as Queensland itch. It is now known to oc-
cur widely throughout the world and is known by vari-
ous names such as sweet itch, summer recurvent dermatitis,
summer eczema, equine Culicoides sensitivity, Dhobie itch
(Philippines), and Kasen disease (Japan). A similar, sea-
sonal dermatitis in response to Culicoides bites also has
been reported in sheep.

The dermal response apparently is a sensitivity reac-
tion to components of salivary fluids introduced to the
bite wound while the flies are feeding (Fig. 10.19).

FIGURE 10.19  Allergic dermatitis in neck region of horse in response
to injections of Culicoides extracts. (Courtesy of Yehuda Braverman,
Kimron Veterinary Institute, Israel.)
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Normal, unsensitized horses usually react to these bites by
developing small welts with relatively little associated dis-
comfort. Sensitized horses, however, react more severely
by developing intense local inflammation and pruritus;
this can result in irritability, rubbing and scratching of
involved areas, open wounds, and secondary infections.
Ponies are especially sensitive. Affected animals often are
unsuitable for riding and, in the case of show horses,
may decrease substantially in commercial value because
of their irritable behavior, hair loss, and skin blemishes.

Once sensitized, horses experience either an immedi-
ate hypersensitivity response, peaking within 4 hr, or a
delayed hypersensitivity response in which large welts de-
velop after 24 hr, with inflammation persisting up to
3 weeks or more. There is good evidence to show that
Culicoides-induced hypersensitivity is a polygenic hered-
itary trait which predisposes certain animals to this re-
sponse. This sensitivity occurs primarily in older horses,
usually after 4—5 years of age.

A number of Culicoides species have been implicated as
the cause of equine allergic dermatitis. Most are based on
correlations between seasonal occurrences of the midges
and clinical signs, biting sites on horses, and positive
reactions to intradermal injections of horses with ex-
tracts of the respective biting midges. The following
species are suspected of being involved: C. insignis, C. 0b-
soletus, C. spinosus, C. stellifer, and C. venustus in the
United States; C. pulicaris in England; C. nubeculosus
and C. punctatus in Ireland; C. chiopterus, C. impuncta-
tus, and C. obsoletus in Norway; C. emicoln in Israel; and
C. brepitarsis in Australia.

Treatments for equine allergic dermatitis in the form
of antihistamines and corticosteroids usually provide only
temporary relief of symptoms. Desensitization of animals
with injections of Culicoides extracts has not proved to
be effective. Horse owners in areas where this condition
is recognized as a problem should avoid breeding their
animals with lineages of known sensitivity. Insecticides ap-
plied directly to horses to repel or kill biting midges afford
some protection and can substantially reduce the severity
if administered on a regular basis throughout the fly sea-
son. Ivermectin, however, is ineffective. Stabling horses
at night or pasturing them away from the attack of biting
midges can also help to alleviate the problem.

PREVENTION AND CONTROL

Larviciding generally has not been effective in reduc-
ing populations of biting midges. Often the breeding
sites are not easily located and may be so dispersed
that the application of insecticides to kill the immature
stages is not practical. In some situations modifications
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of the habitat can help to reduce breeding sites by fill-
ing low-lying areas, diking, and regulating water lev-
els to disrupt breeding and larval development. Elim-
inating scepage areas and leaking water troughs in or
around livestock facilities can discourage the breeding of
important species like C. somorensis. Proper maintenance
of farm ponds and fluctuation of the water level in dairy
ponds and waste lagoons can help to reduce the number
of adult biting midges which emerge. Disking low-lying
crop lands and using appropriate irrigation schedules have
been effective in reducing adult populations of some pest
species.

Adulticides have been used with limited success in sup-
pressing adults. To be effective they are usually applied
as mists or fogs in the evening hours when the insects
are most active. In coastal areas where problems can be
especially severe, aerial applications of ultra-low-volume
formulations of insecticides to salt marshes bordering
populated areas can help to provide some relief. Ground
applications using truck-mounted mist sprayers for con-
trol of biting midges are often conducted in conjunction
with municipal mosquito control programs in problem
areas.

Individual protection of humans and other animals is
often the only practical means of discouraging cerato-
pogonid midges from biting. Scheduling outdoor activ-
ities to avoid the peak biting periods of troublesome
species is advisable. Animals such as horses can be stabled
at night to protect them from species which do not read-
ily enter buildings and shelters to feed. The mesh sizes of
most window and door screens are not effective in exclud-
ing biting midges, especially in the case of species such
as C. furens and C. paraensis, which will enter buildings
in search of hosts. Insect repellents applied to exposed
skin and the use of jackets and other clothing impreg-
nated with repellents such as N, N-diethyl-m-toluamide
(DEET) can afford effective protection from the bites of
many of the more troublesome species.
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As small, powerful fliers adapted for blood feeding, black
flies can be formidable pests of humans, domestic animals,
and wildlife, impacting virtually all facets of outdoor life.
They are distributed worldwide, with the exception of
Antarctica and some oceanic islands. Their distribution
is largely influenced by the availability of flowing wa-
ter, which is required for development by the immature
stages. Many of the worst pest species breed in large
rivers, some of which can produce nearly a billion flies
per kilometer of riverbed per day. Other pest species in-
habit the small, but myriad, streams of heavily wooded
terrain, making management efforts difficult.

Often ranked third worldwide among arthropods in
importance as vectors of disease agents, black flies also
are among the few arthropods that have killed animals
by exsanguination during massive attacks. Even when not
biting, their persistent swarming behavior can create an

MEDICAL AND VETERINARY ENTOMOLOGY
Copyright 2002, Elsevier Science (USA). All rights reserved.

intolerable nuisance as the blood-seeking females dart
into facial orifices and crawl on the skin. As often is the
case, the behavior of a minority defines the reputation of
the group. So it is with black flies, for only about 10—
20% of the world’s species are actually pests of humans
and their animals. But among these species are the vec-
tors of the agents of human onchocerciasis and mansonel-
losis, bovine onchocerciasis, and avian leucocytozoonosis.
The majority of species, however, go unnoticed, cither
because they do not feed as adults or because their hosts
are of little economic concern.

TAXONOMY

More than 1700 species of black flies have been described
worldwide. Many other species are known but unnamed,
and additional species undoubtedly remain to be discov-
ered. The Palearctic Region contains the most described
species, about 600, followed by the Neotropical Region,
with approximately 400 species. The Nearctic Region has
about 255 known species, although not all have been for-
mally described.

Two subfamilies comprise the Simuliidac. The most
primitive subfamily Parasimuliinae includes four de-
scribed and one undescribed species endemic to the
Pacific Northwest. The females of these species do
not have biting mouthparts. The subfamily Simuliinae

185
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contains all remaining species and is divided into two
tribes, the Prosimuliini and the Simuliini, the latter in-
clading the majority of pest species. The most univer-
sally accepted classification system below the tribal level
is summarized by Crosskey and Howard (1997), who
recognize 23 extant genera in the subfamily Simuli-
inae. Eleven genera in the subfamily are found in North
America. The largest genus of black flies is Simaulinm,
which contains 41 subgenera and many of the species of
economic importance.

The morphological uniformity of black flies creates dif-
ficulty for species identification. For this reason, a holis-
tic approach to identification is typically used, relying on
characteristics from eggs, larvae, pupae, males, females,
and the polytene chromosomes, as well as distributional
and ecological information. The need for accurate identi-
fication, particularly in programs for pest and vector man-
agement, has driven the taxonomy of black flies. As a re-
sult, black flies are taxonomically one of the best known
groups of arthropods at the species level; for example,
about 98% of North American species are known as larvae
and pupae.

More than 150 identification keys exist for black flies in
various parts of the globe. Crosskey and Howard (1997),
in their inventory of the black flies of the world, pro-
vide a comprehensive list of identification keys by zoogeo-
graphic region. Keys to the genera or subgenera of adults,
pupae, and larvae of the Nearctic Region are provided
by Peterson (1996). Regional keys for Nearctic species
are available for the southeastern United States (Stone
and Snoddy, 1969), northeastern North America (Adler
and Kim, 1986; Davies et al., 1962), the western United
States (Peterson and Kondratieff, 1995), and western
Canada (Currie 1986; Fredeen, 1985a). The most com-
prehensive treatment of the Palearctic fauna is by Rubtsov
(1956). Keys to the supraspecific taxa of the Australasian
and Afrotropical Regions are given by Crosskey (1967,
1969, respectively), and of the Neotropical Region by
Vargas and Diaz Najera (1957) and Coscarén (1987).
Comprehensive keys for the Oriental Region are lacking,
but the key by Takaoka and Davies (1995) provides a use-
ful starting point.

The giant polytene chromosomes (usually # = 3),
which are best developed in the larval silk glands, provide
a highly useful tool for discovering and identifying species
(Fig. 11.1). Giant chromosomes, particularly their band-
ing patterns, often reveal that many black flies regarded
as single species are actually complexes of two or more
species. These cryptic species, or sibling species, as they
often are called, are reproductively isolated and each is bi-
ologically unique. Their existence has far-reaching impli-
cations for biological studies and population management
of pests and vectors. For example, Simulium damnosum,
the black fly known for much of the 20th century as a
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FIGURE 11.1 DPolytene chromosomes from larval silk glands of the
black fly Twinnia magadensis.

vector of the agent of human onchocerciasis or river
blindness, consists of as many as 40 distinct species, not
all of which are vectors of the pathogen. The existence
of homosequentinl sibling species that are identical in
both morphology and chromosomal banding patterns
increases the taxonomic complexity of the family. Cyto-
taxonomy of black flics has been reviewed for the world
fauna (Rothfels, 1979) and for some vector species
(Procunier, 1989).

MORPHOLOGY

The immature stages of black flies are adapted for aquatic
life, although the nonmobile pupa also has terrestrial
adaptations that are useful if the water recedes. The egg
is roughly oval or triangular, with rounded angles. It has
a glutinous outer layer and a smooth, pigmented inner
shell. A micropyle, consisting of a simple hole in the egg
for the entry of sperm, is present in some species but not
others.
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FIGURE 11.2  Larva of the North American black fly Simulinm Inggeri (original by Lawrence W. Zettler).

The larva (Fig. 11.2) hatches with the aid of an ¢gy
buwster, a small tubercle on the dorsum of the head cap-
sule. The basic larval design consists of a well-sclerotized
head capsule bearing an anterior pair of labral fans, and
an elongate body with one thoracic proleg and a termi-
nal abdominal proleg. Rows of tiny hooks on the prolegs
enmesh with silk pads spun from the pair of larval silk
glandsand applied to a substrate. These silk glands extend
from the anterior of the head into the posterior portion
of the abdomen where they enlarge and double back on
themselves. The adhesiveness of the silk is correlated with
the velocity of the flowing water to which each species is
adapted.

While clinging to a pad by its posterior proleg, the
larva extends its body to filter feed. The prominent labral
fans, each with about 20—80 individual rays bearing mi-
crotrichia (minute hairs) on their inner surface, are used
to filter particulate matter from the water current. Larvae
of some species (e.g., Gymnopais spp.) that live in habi-
tats, such as glacial meltwaters, with little suspended food
have lost the labral fans over evolutionary time. These
species rely on their mandibles, specialized labrum, and
hypostoma to scrape food from the substrate.

Additional features of the head and body are conspic-
uous and taxonomically important. The antennae, which
consist of three articles and a terminal cone sensillum, are
clongate, slender, and variously pigmented. A pair of dark
eyespotsis prominent on each side of the head capsule. Pig-
mentation patterns of the head capsule and body and the
shape of the postgenal cleft, an area of weakly sclerotized
cuticle on the ventral side of the head capsule, are im-
portant for interpreting the taxonomy of the family. The
anteroventral portion of the head capsule bears the /y-
postoma, an anteriorly toothed plate used in conjunction
with the mandibles to cut strands of silk and to scrape
food from the substrate. Mature larvae are recognized by
the presence of a prominent, dark gill histoblast on each
side of the thorax.

The pupa (Fig. 11.3), which resembles an adult with
its appendages held close to the body, is housed in a silk

cocoon. Cocoons are shapeless sacs in the evolutionarily
basal species but are well-formed, slipper- or boot-shaped
coverings, sometimes bearing anterior processes and lat-
eral windows, in the more derived species. The pupa is
held firmly in its cocoon by numerous anteriorly directed
sets of hooklets. A pair of conspicuous glls arises from the
thorax. The gills are among the most taxonomically use-
ful and fascinating structures in any life stage. They vary
in arrangement from thick, clublike structures to clusters
of 2 to more than 100 slender filaments.

FIGURE 11.3 Pupae of the North American black fly Simulinm vit-
tatum (copyright Dwight R. Kuhn).
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FIGURE 11.4 Holarctic black fly Simulium tuberosum, female.
(Copyright Roclof Idema.)

The adult black flies (Fig. 11.4) are characterized by a
small but robust body, conical or beadlike antennae with
seven to nine flagellomeres, and an arched thorax bear-
ing a pair of wings that typically span 6—10 mm and have
thickened veins near the leading margin. Most species
are blackish, but orange, yellow, and variously patterned
species also exist. Males of nearly all species have holoptic
eyes that occupy most of the head and meet at the midline.
Male eyes consist of enlarged dorsal facets, in addition to
the typical-sized ventral facets, an arrangement that en-
hances the ability of males to locate females entering a
mating swarm from overhead. Females have smaller, 4i-
choptic eyes separated by the frons (Fig. 11.4).

The mouthparts arise ventrally from the head. A cons-
picuous pair of long maxillary palps attaches near the base
of the proboscis. The third segment accommodates the
sensory vesicle (Lutz’s organ), which has many chemosen-
silla that detect odors such as carbon dioxide. The labium
forms the back of the proboscis and envelops the other
mouthparts, including the minutely serrated mandibles
and the toothed laciniae, with a pair of large, fleshy lobes
called the labella. The mouthparts of the male are similar
to those of the female, except the mandibles and laciniae
are not adapted for blood feeding and, therefore, do not
bear teeth.

The stout thorax bears a pair of wings, either smoky or
hyaline but never patterned. The venation, including the
setation, is taxonomically important at the generic level.
The color patterns of the legs and thoracic scutum are
useful for species identification. The tarsal claws exist in
one of three conditions. Species that feed on mammals
have either a simple, unarmed claw or a minute tooth at

the base of each claw. Bird feeders are endowed with a
large thumblike lobe at the base of each claw. The ab-
domen is weakly sclerotized except the genitalia, which
are of the utmost importance in the identification of
species. To interpret the taxonomically important char-
acteristics of the genitalia of both males and females, the
abdomens must be treated with a clearing agent such as
potassium hydroxide or hot lactic acid and slide mounted
in glycerin.

LIFE HISTORY

Immature black flies are found in virtually any water that
flows, even if only imperceptibly and temporarily, from
the smallest trickles to the largest rivers. Most species oc-
cupy specific habitats, and some higher taxa are charac-
teristic of particular environments. For example, mem-
bers of the genus Gymmopais occupy small, icy streams
of the Far North, species of Semulinm (subgenus Hemic-
netha) live on the lips of waterfalls and in swift rocky
flows, members of the S. noellers species group are found
below impounded waters, and species of Simulinm (sub-
genus Pszlozia) usually are found in warm, highly produc-
tive streams and rivers with open canopies.

Each species of black fly has a specific pattern of
seasonal occurrence. Nearly all species in the tribe
Prosimuliini are univoltine, completing a single genera-
tion annually. The tribe Simuliini contains both univol-
tine and multivoltine species. Some of these multivoltine
species can complete seven or more generations per year
in areas of North America with mild climates. In certain
tropical areas of the world, some species (e.g., members
of the S. damnosum complex) might cycle through more
than 20 generations each year.

Eggs typically cannot resist desiccation, although some
species (e.g., Austrosimulium pestilens) can survive in
moist soil of dry streambeds for several years, hatching
when streams are inundated. During the summer, eggs
of multivoltine species (e.g., S. vitzatum, S. damnosum)
can hatch in fewer than 4 days. In northern temperate
regions, univoltine species (e.g., Prosimulinm spp.) of-
ten spend the warm months as eggs, whereas multivol-
tine species spend the cold months as eggs. Accordingly,
the potential for long-term survival of eggs must be con-
sidered in management programs. Eggs of some species
(e.g., S. rostratuwm) remain viable in the laboratory just
above freezing for up to 2 years.

The larval stage lasts from about a week, or even less,
to nearly half a year, depending on species, stream tem-
perature, and food availability. At one extreme are the
larvae of some species in the West African S. damnosum
complex that complete development in 4 days. At the



other extreme are the larvae of many univoltine, temper-
ate species that hatch in the fall, develop during the win-
ter, and pupate in the spring. The number of larval instars
varies from 6 to 11, depending on species and environ-
mental conditions, such as food supply.

Final-instar larvae typically move to slower water before
pupating in a silk cocoon that is spun on a substrate. Some
species (e.g., Prosimulium magnum) pupate in masses,
but most pupate individually. The duration of the pupal
stage depends largely on temperature and species, lasting
from several days to a few weeks. When the adult is ready
to emerge, it expels air from its respiratory system, thus
splitting the pupal cuticle along the dorsal eclosion line.

The newly emerged adult, partially covered in air, rises
to the surface of the water with enough force to break
the water—air interface. It then seeks a resting site, often
streamside, to tan and harden. Adults generally live less
than a month, during which time mating, sugar feeding,
host location, blood feeding, and oviposition must be ac-
complished. Crosskey (1990) provides a full and detailed
treatment of simuliid life history and bionomics.

BEHAVIOR AND ECOLOGY

After hatching, early instars often disperse to more suit-
able sites for development. Larvac lead a largely sessile life
attached to silk pads on substrates such as stones, trail-
ing vegetation, sticks, aquatic plants, and leaf packs. The
larvae of about 30 species, mostly in tropical Africa, are
obligatorily phoretic, anchoring themselves to the bodies
of larval mayflies and freshwater crabs. When disturbed,
the larva repositions itself by looping over the substrate in
inchworm-like fashion or by releasing itself from the silk
pad and drifting downstream, often on a lifeline of silk.
Downstream drift is usually greatest around dusk and dur-
ing the night; its extent and timing should be considered
in management programs.

The majority of larval life is spent feeding, usually by
passively filtering suspended matter from the current or
actively grazing adherent material from the substrate. The
larvae of some species are also predaceous, actively con-
suming small invertebrates such as chironomid midges.
Larvae that filter their food lean with the current and
twist their bodies longitudinally 90—-180°. In this posi-
tion, one labral fan receives particulate matter that is re-
suspended by vortices arising from the substrate, while
the other fan receives material from the main flow. Larvae
filter particles that are about 0.09 to 350 um in diameter,
with the majority of ingested particles less than 100 um
in diameter. Larval diet consists of detritus, bacteria, small
invertebrates, larval fecal pellets, and algae, with gut con-
tents largely reflecting particle size and composition of
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available material suspended in the water. Feeding effi-
ciency, i.e., the ability to remove particles from the wa-
ter column, is very low, typically less than 2%. Retention
of material in the gut varies from 20 min to more than
2 hr, depending mainly on larval age, species, and water
temperature.

The distribution patterns of larvae and pupac are asso-
clated with a variety of environmental factors. Distribu-
tions in a small section of stream or on a specific sub-
strate are customarily referred to as microdistributions.
Factors influencing microdistributions are those that vary
over a few centimeters or meters, including substrate tex-
ture, water depth, hydrodynamics, and interactions with
other organisms. Microdistributions are species specific.
For example, last instars of S. truncatum and S. rostratum,
two morphologically similar, boreal species often found
in the same section of stream, select different microhab-
itats on the basis of water velocity. The patterns of larval
dispersion on a substrate are either spaced (e.g., S. vista-
tum), with a well defined area surrounding each larva, or
clumped (e.g., S. noelleri), with each larva occupying only
enough space to attach its silk pad. Larvae with spaced
patterns vigorously defend their space from other larval
black flies.

Macrodistributions encompass a scale of many meters
to hundreds of kilometers. The most important factors
influencing macrodistributions are stream size, substrate,
water velocity, temperature, water chemistry, food quality
and quantity, and the presence of lake outlets. Within a
stretch of stream, species distributions can be predicted
by gradients of physical and chemical factors such as tem-
perature and oxygen. Larval densities are usually great-
est within a short distance downstream of impoundment
outflows. For example, densities as high as 1.2 million
larvae per square meter have been recorded for S. noel-
lers at lake outlets in Europe. Some species rarely are
found far from lake outlets and, therefore, species assem-
blages at these outflows are often distinct from those far-
ther downstream. Distributions of species among streams
can be predicted by factors such as stream width. For
example, species in genera such as Twinnia, Gymnopais,
Greniern, and Stegopterna, as well as many species of
Prosimulinm and Stmulinm, occur in trickles and small
streams. Species such as Metacnephia lyra, Simulium jen-
ningsi, S. arcticum, S. reptans, and members of the genus
Ectemina occupy large streams and rivers. The influence
of stream size and impoundment outflows on the dis-
tribution of black flies is important throughout most of
the world. On larger scales, biogeographic factors are of-
ten useful in predicting species distributions. Streams in
one ecoregion (e.g., mountains) tend to be more sim-
ilar to one another than to streams in a different eco-
region (e.g., coastal plain), with respect to physical, chem-
ical, and riparian characteristics. Simuliid faunas also show
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significant differences among ecoregions. The major fac-
tors associated with distributions of black flies are sum-
marized by Adler and McCreadie (1997).

After emergence, adults of most species of black flies
undertake short dispersal flights, usually less than 5 km.
Males disperse to find mates and a source of sugar,
whereas females of most species have the additional
need to find hosts for blood and sites for oviposition.
Although exceptions have been reported, black flies
are diurnal fliers, generally taking to the wing when
temperatures exceed 10°C. Local meteorological con-
ditions can modify or even halt flight, but the primary
factors that control daily flight patterns are wind, light,
and temperature. Most species show a propensity to be
on the wing at particular times of the day, these times
varying with species, sex, physiological state, season, and
the nature of the activity.

Some species of black flies (e.g., pestiferous members of
the S. arcticum complex) also undertake flights in search
of hosts or breeding sites. These long-range movements
are wind assisted, with the direction of movement be-
ing controlled by prevailing winds. Movements of hun-
dreds of kilometers by some species (e.g., members of
the S. damnosum complex) have implications for control
strategies, requiring that breeding grounds remote from
problem areas be treated. Long-distance flights typically
occur in species that feed on mammals, especially those
that inhabit open areas such as savannas or prairies.

The universal energy source used by males and fe-
males for flight is sugar. Adults are opportunistic in their
choice of carbohydrate sources, using floral or extraflo-
ral nectar, plant sap, and honeydew. Water markedly in-
creases longevity, and a 10% sugar solution further in-
creases longevity. The sugar meal is stored in the crop
and passed to the gut as needed for digestion.

Mating is necessary for all but about 10 partheno-
genetic species (e.g., P. ursinum). These parthenogenetic
species lack males and are triploid and northern in distri-
bution. In the sexual species, mating occurs shortly after
emergence. Males use a variety of strategies to encounter
females. The most commonly reported method is the for-
mation of precopulatory swarms. These aerial swarms usu-
ally form 2—3 m above ground, cither beside or above a
marker. Swarm markers tend to be visually apparent as-
pects of the environment, such as a tree branch, rock,
waterfall, or host. Females enter the swarm, sometimes
immediately after emergence, and are secized by males.
Coupled pairs fly out of the swarm or fall to the ground or
lower vegetation. Some species {e.g., S. decorum) do not
form swarms, but instead couple on the ground during
large, synchronous emergences. Males also might perch
on vegetation and seize passing females. Visual cues me-
diate mating, but contact pheromones might also play

an important role. Black flies generally are refractive to
mating under laboratory conditions, which has impeded
attempts to colonize most species and to elucidate de-
tails of mating behavior. The long-term successful colo-
nization of S. vitzatum is a notable exception (Cupp and
Ramberg, 1997).

Copulation lasts from a few seconds (e.g., S. vitta-
tum) to 2 hr (e.g., Gymmnopais spp.). During copula-
tion, the male passes a package of spermatozoa, the sper-
matophore, to the female. The tip of the spermatophore is
opened enzymatically by the female, and sperm move into
the female’s storage structure, the spermatheca. Stored
sperm are released to fertilize eggs as they are being
deposited.

A blood meal is required for the females of more than
90% of the world’s simuliid species to mature the eggs.
Males do not feed on blood. The females of some species,
however, are autogenons; that is, they are able to produce
eggs without taking blood. Females of those species that
never take blood have feeble, untoothed mouthparts un-
able to cut host skin. These females are obligatorily au-
togenous, relying on energy acquired during the larval
stage for all of their egg production. Females of species
with biting mouthparts are anautogenous, that is, they
mature their eggs with the aid of a blood meal. Nonethe-
less, the females of some species with biting mouthparts
can mature the first batch of eggs without a blood meal
(facultative autogeny) if conditions for larval growth have
been optimal. In these facultatively autogenous species,
however, cach subsequent batch of eggs requires a blood
meal. Each ovarian or gonotrophic cycle (i.e., maturation
of an egg batch), varies from about 2 days to 2 weeks,
depending on the species and ambient temperature. Most
females probably do not survive long enough to complete
more than two or three ovarian cycles. Because the trans-
mission of pathogens is usually horizontal, passing from
host to host via the simuliid vector, anautogenous females
have a greater potential than facultatively autogenous fe-
males to acquire and transmit disease agents.

More than 90% of the world’s simuliid species are
hematophagous, taking blood from warm-blooded ver-
tebrates (e.g., Anderson and DeFoliart, 1961; Bennett,
1960). The majority of simuliid species in the world
probably feed on mammals (mammalophily), although
those that feed on birds (ornithophily) also are com-
mon. About two-thirds of the blood-feeding species in
North America are principally mammalophilic and the
other third are mainly ornithophilic. A number of these
species (e.g., S. jobannseni, S. venustum), however, feed
on both mammals and birds. Host specificity varies from
highly specific in species such as S. euryadminiculum,
which feed only on loons, to those such as S. ruggless,
which have been recorded feeding on nearly 30 different



host species. Most simuliid species attack thinly haired
or sparsely feathered regions of the host body and ar-
cas that are difficult for the host to groom. Thus, mam-
mals often are attacked along the ventral region of the
body and inside the ears. Birds are attacked especially
on the neck, bases of the legs, and around the eyes.
Humans are bitten wherever flesh is exposed, although
specific areas are often attacked, such as along the hair-
line (e.g., S. venustum), the arms and hands (e.g., S.
parnassum), the upper torso (c.g., members of the S.
ochracenm and S. oyapockense complexes), and the ankles
and feet (e.g., those in the S. dammnosum and S. metallicum
complexes).

A number of host attractants have been identified. Car-
bon dioxide released from the host, as well as color, shape,
and size of the host, provide some of the major cues and
attractants that females use to locate an appropriate blood
source (Sutcliffe, 1986). Traps used to monitor female
populations often exploit these cues. For example, sticky
silhouettes and carbon dioxide in gaseous or dry-ice form
often are used to monitor females.

Biting and engorging require a series of appropriate
cues, especially temperature and various phagostimu-
lants, such as adenosine phosphates, in the host’s blood.
When the fly begins to bite, the labella are withdrawn,
and small teeth and spines at the apex of the labrum
and hypopharynx pull the host skin taut (Sutcliffe and
Mclver, 1984). The serrated mandibles cut the host
flesh, allowing the labrum and hypopharynx to enter the
wound, along with the laciniae, which are armed with
backwardly directed teeth that anchor the mouthparts.
Blood from the wound forms a small pool that is drawn
up the food channel formed when the mandibles overlap
the labral food canal. Because of their method of feeding
from pooled blood, black flies are termed pool feeders or
telmophages. Saliva is applied to the host flesh via a salivary
groove along the anterior surface of the hypopharynx.
Various salivary components promote local anesthesia,
enhance vasodilation, inhibit platelet aggregation, and
prevent clotting (Cupp and Cupp, 1997). Chemosensilla
on the mouthparts help determine that blood will be
directed to the midgut.

Female black flies are determined feeders. Once the
host skin is penectrated, females typically do not leave
until they are satiated. Because most black flies are not
nervous, easily interrupted feeders, they make poor
mechanical vectors of pathogens. Most species feed for
about 3 to 6 min, taking approximately their own weight
in host blood.

Most blood-feeding activity is restricted to outdoor
settings (exophily), with females infrequently entering
shelters to feed. This behavioral trend has implications for
vector control. For example, residual house treatments
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effective for the control of mosquitoes are of no use
for controlling black flies. Biting activity occurs within
certain optimal ranges of temperature, light intensity,
wind speed, and humidity, with optima differing for each
species. Given the appropriate range of meteorological
conditions, many species bite throughout the day. Other
species show a particular pattern of biting activity, such
as a single peak in the morning (e.g., members of the
S. exignum complex) or a bimodal pattern with peaks
in the morning and early evening (e.g., those in the
S. dammosum complex). For all black flies, feeding
typically is restricted to the hours of daylight and dusk. A
rapid decrease in air pressure, combined with increased
cloud cover, produces a sudden flush of biting activity, to
which anyone caught outdoors during these conditions
can attest.

Most female black flies can produce a batch of about
100—600 eggs, although the number varies from 25
(some Gymmnopais spp.) to about 800 (some Simulium
spp.). Females of some species can produce several
of these egg batches in a lifetime, depending on the
number of blood meals and how long the female lives.
Ovwiposition usually occurs in the late afternoon and early
evening. Eggs are deposited freely into the water during
flight (e.g., S. venustum complex) or are attached in
strings or masses to substrates such as rocks and trailing
vegetation at the water line (e.g., S. vittatum). Some
species, however, oviposit in moist fissures in riverbanks
(e.g., S. posticatum) or in streamside mosses (€.g., some
Prosimulinm spp.).

PUBLIC HEALTH IMPORTANCE

The importance of black flies to humans centers largely
around the pestiferous habits of the blood-seeking
females and the discase agents they transmit. The human
disease agents transmitted by black flies are those that
cause onchocerciasis in the tropics of Africa and Central
and South America, and mansoncllosis in southern
Panama and the western Amazon Region. No other
human pathogen or parasite is known definitively to
be transmitted by black flies, and no endemic simuliid-
borne disease of humans has been reported from North
America.

The biting and nuisance problems inflicted by black
flies have had severe consequences for most outdoor ac-
tivities, including agriculture, forestry, industrial develop-
ment, military exercises, mining, and tourism. Industrial
and recreational development in some regions of Canada
and Russia has been impeded or halted by overwhelming
attacks from black flies. Actual monetary losses due to
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biting and nuisance problems in different sectors of the
economy, although significant and sometimes crippling,
are poorly documented.

BITING AND NUISANCE PROBLEMS

The black flies that bite humans (i.e., anthropophilic
species) constitute 10% or less of the total simuliid fauna
in any zoogeographic region (Table I), with some areas of
the world being nearly free of biting problems. No black

TABLE I

Species of Black Flies Regarded as Significant Biting and
Nuisance Pests of Humans, Livestock, and Poultry

Species Geographic Region

Humans
Austrosimulinm ungulatum
Prosimulinm mixtum group
Simulinm amazonicum

New Zealand
Eastern North America
South America (Amazonian

complex Region)
S. avakawae Japan
S. bonaerense Argentina
S. buissoni Marquesas Islands

S. cholodkovskiz Russia

S. decimatum Russia, northern North America
S. jenningsi Eastern North America

S. parnassum Eastern North America

S. penobscotense Northeastern North America

S. posticatum England

S. quadvivittatum Central America

S. sanguinenm
S. tescorum
S. venustum complex

Livestock
A. pestilens
Cnephin pecuarum

arcticum complex
cholodkovskii
chutteri
decimatum
equinum
erythrocephalum
IRCTUSIAL UM
Jenningsi
lineatum

Iuggeri
maculatum
ornatum complex
S. reptans

S. vittarum complex

Poultry
C. ornithophilia
S. meridionale
S. rugylesi
S. slossonae

Northwestern South America
Southwestern United States
North America

Australia (Queensland)

United States (Mississippi
River Valley)

Western Canada

Russia

South Africa

Russia

Europe, Russia

Europe

Paraguay

Eastern North America

Europe and Russia

Western Canada

Russia

Europe, Russia

Europe, Russia

North America

Eastern North America
North America

North America
Southeastern United States

FIGURE 11.5 Bite wounds on human legs, caused by a North
American black fly of the Simulium venustum complex.

fly is known that feeds exclusively on humans. In North
America, where the name “‘black fly” originated, fewer
than 60 species have been recorded to bite humans. Less
than one-third of these hold any real status as biting pests,
but those that do bite regularly can be unrelenting in their
attacks. Individual reactions to bites vary from a small red
spot at the puncture site, often with initial streaks of ooz-
ing blood (Fig. 11.5), to an enlarged swelling the size of
a golf ball (Stokes, 1914). Swelling from bites around the
eyes can impede vision, and bites on the limbs can impair
walking.

A general syndrome, sometimes called &dlack fly fever,
is common in areas such as northeastern North America,
where biting problems can be intense. It is characterized
by headache, nausea, fever, and swollen lymph nodes in
the neck. Many people experience some itching, inten-
sified by scratching the wound. Severe allergic reactions,
including asthmatic responses, are infrequent; however,
medical treatment, including hospitalization, is some-
times necessary (Gudgel and Grauer, 1954). No human
deaths from simuliid bites have been recorded in the 20th
century, although anecdotal accounts suggest that an un-
clothed human can be exsanguinated in about 2 hr in
some areas of Russia. Exposure to fierce attacks of bit-
ing and swarming black flies can severely affect a person’s
emotional state and produce short-term psychological
effects that reduce individual efficiency.

Many species of black flies are attracted to humans but
do not bite, or they bite infrequently in proportion to
the number of flies actually attracted. These species can
create enormous nuisance problems. One such species is



S. jemningsi, a major pest in North America. Females of
this species sometimes bite humans and occasionally cause
allergic reactions, but they are more of a nuisance because
of their habit of swarming about the head and entering
the eyes, ears, nose, and mouth. Outdoor activities in af-
flicted areas, such as Pennsylvania, can become unbear-
able as the females ceaselessly swarm around the head.
More than US$5 million is spent annually in the man-
agement of S. jenningsi.

Occasional nuisance problems have been caused by
large numbers of flies attracted to incandescent lights and
by mating swarms that form over bicycle and foot paths
at about the same height as a person walking or riding
a bicycle. These kinds of problems usually are caused by
members of the North American S. vittatum species com-
plex, which breed abundantly in human-altered habitats,
such as lake outlets and polluted waters.

HuMAN ONCHOCERCIASIS

The greatest public health problem associated with black
flies is onchocerciasis or viver blindness, a tropical dis-
ease caused by the filarial nematode Onchocerca volvu-
lus, which is transmitted solely by black flies during
blood feeding. In the Old World, river blindness is
found in 27 countries in the central belt of Africa,
with small foci in southern Yemen. In the New World,
where the disease possibly was introduced during the
slave trade, its distribution is patchy, with foci in north-
ern Brazil, Colombia, Ecuador, Guatemala, Mexico, and
Venezuela. The World Health Organization (1995) con-
servatively estimated that about 17.7 million people are
infected (17.5 million in Africa and Yemen; 140,500 in
tropical America), with approximately 270,000 cases of
microfilarial-induced blindness and another half million
individuals with severe visual impairment. Research on
the disease and its vectors has generated a massive litera-
ture (Muller and Horsburgh, 1987). Excellent reviews,
from which the treatment below largely is drawn, are
provided by Shelley (1988b), Crosskey (1990), and the
World Health Organization (1995).

O. volvulus typically is found only in humans (defini-
tive host) and adult flies of the genus Simulinm (inter-
mediate host). Various strains of O. polvulus are recog-
nized, such as forest and savanna strains in West Africa,
and these form highly compatible parasite—vector com-
plexes with distinct clinical facies. Once the female black
fly ingests a blood meal from an infected human, the -
crofilarine (220—360um long) penetrate the gut of the
fly and make their way to the thoracic flight muscles.
Once in the thoracic muscles, the microfilariae lose their
motility and transform to first-stage larvae, which then
molt to become second-stage larvac. The final molt in
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the fly produces the infective third-stage larvae, which mi-
grate to the fly’s head and mouthparts. Vector incrimina-
tion is based on the presence of third-stage larvae in the
head capsules of female black flies. In West Africa, DNA
tests allow animal parasites and the human parasites of
savanna and forest to be distinguished. Development in
the black fly, which is influenced by ambient temperature,
typically requires 6—12 days, but the time between suc-
cessive blood meals taken by the fly is usually 3—5 days.
Consequently, the infective larvae will be passed to a hu-
man host no earlier than the third blood meal when the
fly is about 8—10 days old.

In humans, the infective larvae molt to the fourth lar-
val stage within about a week. One more molt yields juve-
nile adults, which grow to mature adult worms over the
next 12—18 months and begin reproducing. Adults typi-
cally become encapsulated in fibrous nodules that vary in
size from about 0.5—10.0 cm and can be subcutaneous
or deep in muscular and connective tissues; they cause no
inflammatory response and no great discomfort. Mating
between the small male worms (3—5 c¢m long) and the
large females (30—80 cm) occurs in the nodules. Adult fe-
male worms can produce microfilariae for up to 14 years.
These microfilariae migrate from the nodules to the skin,
where they can be acquired by a vector, as well as to the
eyes and various other organs (e.g., liver) of the human
host. A diagnostic clinical feature of onchocerciasis is the
presence of hundreds of microfilariae in skin snips.

River blindness is essentially a rural disease, afflicting
those people most vulnerable to both the medical con-
sequences and social stigmas of infection. Symptoms of
the disease depend on factors such as geographical lo-
cation, microfilarial transmission rates, and frequency of
reinfection. Where transmission rates are low, the disease
can be asymptomatic. With heavy infections, however, the
classical manifestations of the disease appear, i.e., dermal
changes, lymphatic reactions, nodules, and ocular distur-
bances. Other than the nodules in which the adults are
enveloped, all symptoms are caused by the microfilariae.

Large numbers of microfilariac migrating through-
out the dermis cause horrific itching that can lead to
bleeding, secondary bacterial infections, inability to sleep,
fever, headache, and even suicide. In addition to itching,
chronic infections in Africa and Yemen can cause dermal
lesions, patches of depigmentation (“‘leopard skin’’), fi-
brosis, and loss of elasticity. In Yemen, the itching symp-
toms of the disecase are known as sowds. In Central
America, two unique, chronic skin conditions occur—a
painful, reddish rash on the face (erisipela de la costa) and
lesions associated with reddish skin on the trunk and arms
(mal morado). The lymphatic nodes also can be affected,
especially in the groin and thighs; combined with loss of
skin elasticity, the result is a condition known as hanging
Jroin.
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Migrating microfilariae also enter the eye, resulting in a
severe ocular pathology that can involve all tissues of the
eye. Ocular problems are associated with the presence of
both live and dead microfilariae, and they manifest them-
selves in many forms, including cataracts, retinal hemor-
rhages, corneal opacities, secondary glaucoma, sclerosing
keratitis, and optic neuritis. Various forms of visual im-
pairment occur, such as night blindness and reduction in
peripheral vision, but the most severe consequence is ir-
reversible blindness with complete loss of light percep-
tion (Fig. 11.6). Blindness usually takes years to occur; at
age 20, for example, it is rare in infected people, but at
50 years of age, half of the infected victims can be blind.
The incidence of blindness is highest in the savannas of
West Africa, with some villages experiencing 15% blind-
ness. At these high levels of disease, the village is often
abandoned. Outside West Africa, ocular pathology is rare.

4

FIGURE 11.6 Human blindness caused by the filarial nematode On-
chocerea volvulus, transmitted by black flies of the Simulium damnosum
complex in West Africa; note opacity of cornea due to damage by mi-
crofilariae. (Copyright Eric Poggenpohl.)

At least 25 species of Simulium are known vectors of
O. volvulus (Table I1). Most of these vectors are members
of species complexes, and considerable taxonomic work
is still needed to resolve all of the vector species in ar-
eas such as East Africa and the Americas. In West Africa
and Yemen, all vectors are members of the S. damnosum
species complex and include S. dammnosum sensu stricto
and S. sirbanum, the principal vectors associated with the
savanna form of the disease and ocular pathology. The
vectors in East Africa are members of the S. damnosum
complex, the S. neaves group, and S. albivirgulatum. In
the Americas, at least 9 species or species complexes are
vectors, the most important of which are members of
the S. exiguum, S. gutanense, S. metallicum, S. ochraceum,
and S. oyapockense complexes; their importance, however,
varies with location. Because the vectors in South America
are more widespread than is onchocerciasis, the disease is
predicted to spread as humans continue to push into un-
developed areas (Basanez et al., 2000).

An understanding of the unique life history and be-
havior of each vector species is key to the control of on-
chocerciasis. Breeding sites of the vectors, for example,
represent the targets for control. The immature stages of
the S. dammosum complex primarily inhabit swift sections
of medium to large rivers, from dry savannas to forest
highlands, depending on the species. Larvae and pupae
of species in the S. neaver group live primarily in peren-
nial, shaded forest streams, where they have an obligatory
phoretic relationship with river crabs. In the New World,
members of the S. metallicum and S. ochraceum com-
plexes breed in large and small streams, respectively, that
drain forested mountain slopes, whereas members of the
S. exignum and S. oyapockense complexes breed in large
rivers of the rain forest. Although each species breeds in
a specific habitat, the adults of some species can travel
great distances beyond their natal waterways. The adults
of S. sirbanum and S. dammnosum sensu stvicto, for exam-
ple, can travel more than 500 km, assisted by seasonally
changing winds. In the wet season, moist monsoon winds
from the southwest move flies in a northeastwardly direc-
tion. In the dry season, winds from the northeast assist
flies in their reverse, southwestwardly flights. Continual
reinvasions by vectors, therefore, occur with cach season
in both the northern and southern parts of West Africa
and must be considered in control efforts.

MANSONELLOSIS

The filarial nematode Mawnsonella ozzavdi is the causal
agent of mansonellosis, a questionably pathogenic dis-
ease of humans. It is transmitted by at least four species
of black flies in the Neotropical rain forests of Brazil,
Colombia, Guyana, Venezuela, and southern Panama



TABLE II

Disease Agents Transmitted by Black Flies

Black Flies (Simuliidae)

195

Disease agent Vectors Hosts Geographic areas Select references
Protozoa
Leucocytozoon ziemanni S. aurenm complex, S. vernum group Owls North America Fallis ez al,, 1974
L. dubrenili P decemarticulatum, C. ornithophilia, Thrushes North America Fallis et al,, 1974
8. anvenm complex, S. vernum group
L. cambonrnaci and P. decemarticulatum, C. ornithophilia, Sparrows, North America Fallis ez al., 1974
L. icteris S. anatinum, S. anvenm complex, blackbirds
S. ewryadminiculum, S. venustum
complex, S. vernum group
L. lovati S. anreum complex, S. vernum group Grouse North America Greiner, 1991
L. neavet Simulium spp., especially S. adersi Guinea fowl Eastern Africa Fallis et al., 1974
L. sakharoffi P. decemarticulatum, S. anrenm complex Corvids North America Fallis et al., 1974
S. angustitarse
L. schoutedeni Simulium spp., especially S. adersi Chickens Eastern Africa Fallis et al,, 1974

L. simondi
L. smithi
L. tawaki

Trypanosoma confusum

T. corvi
T. numidae

Filarial nematodes
Divofilaria ursi
Mansonella ozzardi

Omnchocerca cevvipedis

O. dukesi
O. gutturosn

O. lienalis

O. ochengi

O. ramachandrini
O. possibly skrjabini
O. tarsicoln

O. volvulus

Splendidofilarin fallisensis

Cnephin ovnithophilin, S. anatinum,
S. fallisi, S. rendalense, S. yugglesi,
S. venustum complex
S. aurenm complex, S. congareenarum,
S. jenmingsi group, S. mevidionale,
S. slossonae, possibly S. ruficorne group
Austrosimulinm ungulatum
Prosimulium decemarticulntum,
Semulinm spp.
Semulium latripes
Stmulium spp., especially S. adersi

Stmulium venustum complex

S. amazonicum complex
S. argentiscutum, S. oyapockense
complex, S. sanguinenm

Prosimulium impostor, S. decorum,
S. venustum complex

S. bovis

S. erythrocephalum, S. bidentatum

S. erythrocephalum, S. jenningsi,
S. ornatum complex, S. reptans,
S. arakawae, S. daisense, S. kyushuense
S. dammosum complex
S. dammosum complex
S. aokii, S. avakawae, S. bidentatum,
S. daisense
Prosimulium tomosparyi
S. ornatum complex
Aftica: S. albivirgulatum, S. damnosum,
S. digguerense, S. ethiopiense, S. kilibanum,
S. konkourense, S. leonense, S. mengense,
S. neavei, S. vasyans, S. sanctipanl,
S. sirbanum, S. soubvense, S. squamosum,
S. woods, S. yahense;
Americas: §. callidum, S. exigunm complex,
S. guianense complex, S. incrustatum,
S. limbatum, S. merallicum complex,
S. ochracenm complex, S. quadrivittatum,
S. oyapockense
S. anatinum, S. rugglesi

Ducks, geese
Turkeys
Penguins
Birds
Kestrels

Chickens, guinea
fowl

Bears
Humans
Deer, Moose

Cattle
Cattle

Cattle

Cattle
Warthogs
Japanese deer

Deer

Humans

Ducks

North America,
Norway

North America,
introduced to
Africa

New Zealand

North America

England

Eastern Africa

North America
Northern South

America, Panama

North America

Africa
Japan, Ukraine

North America,
Russia, western
Europe, Japan

West Africa

West Africa

Japan

Western Europe
Africa, Central

America, South
America

North America

Fallis ez al., 1974,
Greiner, 1991

Skidmore, 1932,
Noblet et al., 1975
Greiner, 1991

Allison et al., 1978

Bennett, 1961

Dirie et al., 1990
Fallis ez al., 1973

Addison, 1980
Shelley, 1988a

Pledger ez al, 1980

Wahl and Renz, 1991
Crosskey, 1990,
Takaoka, 1999
Lok et al., 1983
Crosskey, 1990
Takaoka, 1999
Wahl ez al., 1998
Wahl, 1996
Takaoka, 1999

Crosskey, 1990
Shelley, 1988b,
Crosskey, 1990,

World Health
Organization, 1995

Anderson, 1968
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(Table II). Black flies first were incriminated as vectors
of M. ozzardiin 1959 and were subsequently confirmed
experimentally as vectors in 1980. Mansonellosis also is
found in the Caribbean Islands, where only ceratopogo-
nid midges ( Culicoides species) are known to transmit the
causal agent (Shelley, 1988a).

Adult nematodes of M. ozzardi occur in the sub-
cutaneous tissues of humans, and the microfilariae are
found principally in the peripheral blood, where they are
acquired by blood-feeding females. The life cycle of the
nematode in black flies is similar to that of O. velyulus.
A number of mammals and some birds and amphibians
can be infected, but humans are the only significant reser-
voirs. In some highly endemic areas (e.g., Colombia), up
to 70% of the human population can be infected. Man-
sonellosis generally is viewed as causing little or no pathol-
ogy, but some reports have indicated that joint pains,
headaches, hives, and pulmonary symptoms are associ-
ated with infections (Klion and Nutman, 1999). Effective
treatment of infections is generally lacking.

OTHER DISEASES
RELATED TO BLACK FLIES

Because black flies that feed on humans also feed on
other hosts, the potential exists for certain disease-causing
agents of domestic and wild animals to be transferred to
humans. Black flies, for example, have been implicated as
mechanical vectors of the bacterial agent of tularemia in
the United States and Russia, suggesting that occasional
cases of transmission of this pathogen to humans might
occur. Similarly, eastern equine encephalitis virus in the
United States and Venezuelan equine encephalitis virus in
Colombia have been isolated from several species of black
flies, suggesting at least the potential for transmission of
these pathogens to humans. Black flies in the Marquesas
Islands have been implicated in the indirect transmission
of hepatitis B virus by causing numerous, itching lesions
on the skin (Chanteau ez 2/, 1993). Direct transmission
of the virus by black flies also is theoretically possible.

Several additional diseases might be related to biting
black flies. One such disease is endemic pemphigus foli-
aceus or fogo selvagem, a potentially lethal, autoimmune,
blistering skin affliction. The disease is centered among
poor, outdoor laborers in certain regions of Brazil (Eaton
et al., 1998). Further work is needed to determine if black
flies are the causal agents of the disease. Another affliction
possibly associated with black flies in the New World is
thrombocytopenic purpura, a disorder in which the platelet
count is reduced. Again, more data are needed before
black flies can be linked to the cause.

VETERINARY IMPORTANCE

The veterinary impact of black flies is manifested through
pathogen transmission, biting, and nuisance swarm-
ing. Filarial nematodes, protozoans, and possibly several
viruses are transmitted to animals. The most insidious par-
asites are those that cause leucocytozoonosis in domestic
ducks, geese, and turkeys.

Deaths of birds and livestock have resulted from attacks
by large numbers of black flies. Livestock under persistent
attack sometimes stampede, trampling young animals,
crashing into structures, and tumbling from precipices.
Suffocation has been blamed for some deaths, with so
many flies clogging the respiratory passages that breath-
ing can become severely impaired. Deaths also have been
attributed to respiratory tract infections caused by inhala-
tion of flies. If enough blood is withdrawn, it may be-
come too thick to transport oxygen efficiently, thereby
killing the animal by exsanguination. Perhaps the most
common cause of mortality can be attributed to the ac-
tual bites of the flies or, more specifically, to toxemia and
acute shock caused by the various salivary components
that are injected during blood feeding.

More difficult to assess in economic terms, but equally
harmful to the livestock and poultry industries, are
the effects of harassment through biting and swarming
(Fig. 11.7, Table I). Biting is often aimed at weakly
protected areas of the body, such as the ears, neck,
and ventral midline. Persistent attacks by black flies can
cause unruly host behavior, weight loss, reduced egg and
milk production, malnutrition in young animals, dermati-
tis and epidermal necrosis, impotence in bulls, delayed
pregnancies, and possibly stress-related diseases such as
pneumonia. Actual monetary losses are not well docu-
mented but can be great. The beef and dairy industries
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FIGURE 11.7 Cattle under attack by black flies of the Simulinm
arcticum complex on prairie, Alberta, Canada. (Photo by J. A.
Schemanchuk, Department of Agriculture and Agri-Food, Government
of Canada)



of Saskatchewan, for example, lost more than 3 mil-
lion dollars in 1978 from attacks by S. luggeri (Fredeen,
1985b).

An odd, but indirect, nuisance problem mediated oc-
casionally by black flies involves the Neotropical hu-
man bot fly Dermatobin hominis. Female bot flies cap-
ture hematophagous arthropods, including black flies, to
which they glue their eggs. Once the carrier has landed
on a host, the larvae of the bot fly hatch and bore into the
host skin, causing myiasis. At least one species of black fly
(S. nigrimanum) that feeds on domestic animals has been
used as a carrier.

BOVINE ONCHOCERCIASIS

Black flies transmit at least four species of filarial nema-
todes (genus Onchocerca) to cattle in the Afrotropical,
Nearctic, and Palearctic Regions (Table 1I). O. lienalis
is the most widespread of these filarial parasites. S. jen-
ningsi 1s its primary vector in the United States, whereas
the S. ornatum complex is a principal vector in the Old
World. The microfilariac of O. lienalis are concentrated
in the umbilical region of the host. They are ingested
during blood feeding and transmitted to a new host af-
ter they have developed to the infective third stage in
the simuliid vector. The percentage of infected cattle is
often quite high, but symptoms and general impact on
the host are usually not overt. Infected animals some-
times show dermatitis and inflammation of the skin and
connective ligament. O. gutturosa, a Palearctic species,
often has been confused with O. lenalis. Its microfi-
lariae occur in the skin of the neck and back of the
host. It has been confirmed from Japan and perhaps the
Ukraine, where S. bidentatum and S. erythrocephalum, re-
spectively, have been implicated in its transmission. Else-
where, ceratopogonid midges ( Culicoides) are vectors. In
West Africa, O. ochengi is transmitted to cattle by mem-
bers of the S. damnosum complex, and O. dukei is trans-
mitted by S. bovis. Both of these Onchocerca species can
create nodules, either dermal (O. ochengi) or subcuta-
neous (O. dukei), in the inguinal region of the host. Eco-
nomic losses resulting from bovine onchocerciasis rarely
have been assessed, although a few reports have indicated
that the quality of hides can be reduced.

At least four additional species of Onchocerca are trans-
mitted by black flies to nonbovine hosts (Table II).
O. cervipedisin North America and O. zarsicola in Europe
infect the subcutaneous connective tissues, mainly in the
legs, of deer and moose; consequently, they are some-
times called legworms. More than 60% of a host pop-
ulation can be infected. O. ramachandrini is a para-
site of warthogs and is transmitted by members of the
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S. dammnosum complex in West Africa. Onchocerca possi-
bly skrjabini parasitizes Japanese deer and is transmitted
by at least four species in Japan. The vectors of 10 or more
Onchocerca species that infect domestic animals remain
unknown but might include black flies.

LEUCOCYTOZOONOSIS

At least 10 species of protozoans in the genus Leuco-
cytozoon are transmitted to birds by black flies, caus-
ing a malaria-like discase, leucocytozoonosis (Table II).
The discase is known colloquially as turkey malaria, duck
malavia, or gnat fever. Each species of Lencocytozoon is
specific to one or a few families of birds. Vectors are
known for only about 11 of the world’s described species
of Leucocytozoon, and all but one vector are black flies.
Only 2 species of the parasite are of major economic con-
cern, and both occur in North America. Leucocytozoon si-
mondi is specific to ducks and geese, and its primary vec-
tors are S. anatinum and S. rugglesi. L. smithi is specific
to turkeys and is transmitted primarily by S. meridionale
and S. slossonae.

Lencocytozoon species undergo a complex malaria-like
life cycle. Gametocytes in the blood of an avian host are
acquired by a female black fly. The parasite then under-
goes both asexual and sexual development over a period
of 3—4 days in the fly. During a subsequent blood meal,
the fly transmits the parasites, as sporozoites, to another
bird, which serves as a host for asexual development and
gametocyte production (Fig. 11.8).

Leucocytozoonosis can be fatal in poultry, but its ef-
tects on wild hosts, with the exception of some popula-
tions of Canada geese (Herman et al., 1975), generally
are less apparent. Birds with chronic infections have weak-
ened immune systems and reduced reproduction. Severe
infections produce emaciation, dehydration, and convul-
sions that lead to death. Internally, the liver and spleen
of moribund hosts are enlarged, the heart muscle is pale,
and the lungs are congested (O’Roke, 1934).

The disease has had devastating effects on the poul-
try industry throughout much of North America (Noblet
et al., 1975). Entire flocks have been killed and produc-
tion facilities shut down in areas such as Nebraska, South
Carolina, and Manitoba. The United States Agricultural
Rescarch Service estimated an annual average loss of
nearly three-quarters of a million dollars in the United
States from 1942 to 1951 as a result of leucocytozoono-
sis in domestic turkeys. The last major outbreaks of the
disease in domestic turkeys were in the 1970s. Turkeys
now are raised primarily in poultry houses, reducing the
incidence of disease because black flies generally do not
venture inside shelters.
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FIGURE 11.8  Gametocytes of the protozoan Leucocytozoon simondi
in blood cells of a mallard duck. (A} Round form; (B) elongate form.
(Photo by E. C. Greiner.)
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OTHER PARASITES AND PATHOGENS
OF VETERINARY IMPORTANCE

Black flies transmit additional parasites to wild animals
(Table II). The protozoan Trypanosoma confusum is spe-
cific to birds in North America and is transmitted when
infected fecal droplets from the black fly contaminate the
bite. Birds of numerous families serve as hosts. Other
species of bird trypanosomes (e.g., T. corvi) are believed
to cause infections when the birds consume infected black
flies or eat other birds that have been infected. The filarial
nematodes Splendidofilaria fallisensis and Dirofilaria ursi
are transmitted to ducks and black bears, respectively. The
effects of these protozoan and filarial parasites on their
wild hosts are poorly known.

Evidence is mounting that several North American
species of simuliids, such as Simulium notatum and
S. vittatum, naturally transmit vesicular stomatitis virus to
livestock, primarily cattle, horses, and pigs (Schmidtmann
et al., 1999). The virus causes lesions in various epithelial
tissues, especially in the mouth. Millions of dollars can
be lost during epizootics. Laboratory experiments have

shown that a viremic host is not necessary for a female
black fly to become infected; rather, flies can become in-
fected by feeding on the same host with an infected black
fly (Mead ez al., 2000).

Additional parasites of wildlife have been associated
with black flies. The recent discovery of minute ne-
matodes of the family Robertdollfusidae in the guts of
African black flies suggests that these parasites might
be transmitted to wildlife (Bain and Renz, 1993).
Bunyaviruses, eastern equine encephalitis virus, and snow-
shoe have virus have been isolated from several North
American black flies. Minimal mechanical transmission
has been demonstrated for Whataroa virus in laboratory
mice in New Zealand (Austin, 1967) and for myxomato-
sis in rabbits in Australia (Mykytowycz, 1957). These ex-
amples suggest that much is yet to be learned about the
vector potential of black flies among wildlife.

SIMULIOTOXICOSIS

Attacks by black flies have, at times, been so massive
and virulent that livestock have been killed. Many of the
deaths probably result from acute toxemia and anaphy-
lactic shock caused by the toxins introduced with the
saliva as black flies are feeding. The diseased condition,
cither temporary or terminal, that results from the bites
of black flies is known as simuliotoxicosis, a term first used
to describe the toxic effects of simuliid bites on rein-
deer (Wilhelm ez al., 1982). Cattle, especially calves, are
vulnerable to simuliotoxicosis, but horses, mules, sheep,
goats, and pigs also have been affected. Susceptible ani-
mals succumb in less than 2 hr. Some immunity is appar-
ent in animals living in afflicted areas. The biochemical
nature of simuliotoxicosis requires more investigation.

Most of the species responsible for simuliotoxicosis
breed in large rivers, from which the adults emerge
in astronomical numbers. They include A. pestilens
in Queensland (Australia); Cnephia pecnarum in the
Mississippi River Valley (United States); S. colombaschense
along the Danube River in central Europe; a member of
the §. arcticum complex on the Canadian prairies; and
S. erythrocephalum, the S. ormatum complex, and
S. veptans in central Europe.

One of the worst atracks in recorded history killed
about 22,000 animals in 1923 along Europe’s Danube
River in the southern Carpathian Mountains {Ciurea and
Dinulescu, 1924). Prodigious attacks in this region dur-
ing the 1700s prompted Empress Maria Theresa of the
Old Austro-Hungarian Empire to order one of the first
biological studies of black flies, which eventually was pub-
lished in 1795. On the Canadian prairies, thousands of
livestock were killed from about 1886 into the 1970s by
a member of the S. arcticum complex (Fredeen, 1977).



Massive mortality due to attacks by C. pecuarum occurred
in the United States during and immediately after the
Civil War when the levees of the Mississippi River deterio-
rated, allowing the river to overflow and create extensive
breeding areas for this species (Riley 1887).

Simuliotoxicosis on a large scale is now rare, mainly be-
cause the former breeding sites of most of the responsi-
ble species have been altered by pollution, impoundment,
and land development. Some of these species, however,
still create nuisance problems for livestock, with occa-
sional deaths in localized areas of their ranges.

PREVENTION AND CONTROL

Management of black flies typically is aimed at the lar-
val stage, in large part because in this life stage the pest
species are concentrated in easily identifiable, often very
specific habitats. Although adulticiding has sometimes
offered temporary relief, it is typically more costly and
has been used less frequently than larviciding. It usu-
ally has involved both aerial and ground fogging with
dichlorodiphenyltrichloroethane (DDT) or permethrin
products. Current efforts to manage black flies in the
adult stage are restricted primarily to the application of
repellents and pour-on insecticides.

The use of chemical insecticides in managing black flies
dates to the dawn of the 20th century, reaching a peak
from the mid-1940s into the 1970s, when DDT was the
principal means of control against both larvae and adults.
The development of resistance and the undesirable ef-
fects on nontarget organisms led to the abandonment of
DDT and the search for surrogate compounds, the most
prominent of which were methoxychlor (chlorinated
hydrocarbon) and temephos {organophosphate). These
compounds, as well as insect growth regulators, were not
selective and, therefore, had negative impacts on nontar-
get organisms. The use of chemical insecticides to man-
age black flies became infrequent toward the end of the
20th century, although compounds such as methoxychlor
and temephos continued to be used in a few areas of the
world.

Black flies worldwide are managed primarily through
the use of the entomopathogenic bacterium Bacillus
thuvingiensis var. israelensis (Bti, serotype H14), which
is aimed at the larval stage. The actual killing agent is
an endotoxin in the parasporal inclusions that disrupts
the cells of the highly alkaline larval midgut. The effi-
cacy and environmental safety of Bti are so superb that
most other means of population suppression and man-
agement have decreased greatly since the commercial Btz
product entered the scene in the early 1980s (Gray ez al.,
1999; Molloy, 1990). Bti can be applied by hand or
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aircraft. North America’s largest suppression program for
black flies is operated by the state of Pennsylvania (United
States), which treats waterways for S. jenningsi in more
than half of its counties.

Natural enemies exert some control in most popula-
tions of black flies, but attempts to mass produce them
have not been made since the 1970s (Laird, 1981).
Commonly encountered parasites include mermithid ne-
matodes, microsporidian protozoa, the chytrid fungus
Coelomycidium simulii, and several viruses. The preva-
lence of infection with these parasites and pathogens is
usually less than 10% of a population. Infections typically
slow development, however, so that parasitized larvae be-
come relatively more frequent in a population over time
as healthy individuals pupate first.

Mermithid nematodes probably hold the greatest
promise for biological control of black flies. However, un-
til more can be learned about their taxonomy and host
specificity and how to cultivate them economically for
mass release, they are unlikely to be useful in integrated
pest management programs. Preparasitic mermithid ne-
matodes crawl on stream substrates and use a protrusi-
ble stylet to penetrate the host body. As the mermithids
mature, they can be seen through the host integument,
coiled within the abdomen. Mermithids either exit and
kill the host larva or pass into the adult, exiting shortly
thereafter. Postparasitic worms molt to adults, mate, and
deposit eggs in the streambed.

Patent infections with microsporidia are recognized by
the large, irregular cysts that distort the larval host ab-
domen. Life cycles of microsporidia that attack black flies
are poorly known, although transovarial transmission has
been documented. Larvae with patent infections of the
Sfungus C. simulii are packed with minute, spherical thalli
throughout their bodies. Thalli produce spores that are
released into the water column after death of the host.
Two common viruses that infect larvae are iridescent
virus, which imparts an overall blue or violet cast, and cy-
toplasmic polyhedrosis virus, which creates white bands
around the midgut. Many predators consume black flies;
most are typically opportunistic.

Physical control of the breeding habitat is occasionally
effective in reducing pest populations, usually when the
pest species is concentrated in a restricted area, such as
directly downstream of an impoundment. In these situ-
ations, attachment sites (e.g., trailing vegetation) can be
removed, or water levels can be altered to strand larvae
above the water line.

Personal protection for humans involves primarily the
use of repellents, both natural and synthetic, that are
applied directly to the skin or impregnated in clothing.
Among the more effective repellents are those with N;-
N-diethyl-m-toluamide (DEET) as the active ingredient.
Wearing light-colored clothing and minimizing openings
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in the clothing, such as buttonholes, through which black
flies can gain access to skin, is standard practice when en-
tering areas where black flies are a problem. Fine-mesh
head nets are effective in areas where pest populations are
intolerable. Many additional means of protection can be
found in the annals of folklore, but the utility of most
remains suspect.

Various techniques have been devised to protect live-
stock, ranging from the use of smudges (i.e., smoldering
fires that produce dense smoke) to the application of re-
pellent substances and the use of shelters. Repellent prod-
ucts for livestock historically involved oils and greases,
often laced with turpentine or other plant-derived prod-
ucts. Among the more commonly used repellents in re-
cent times are permethrin solutions and eartags contain-
ing ivermectin. Various pour-on and spray formulations
of insecticides and repellents are available commercially.
White petroleum jelly can be applied inside the ears of
horses to reduce biting problems. Providing shelters is an
effective means of protecting livestock and poultry be-
cause most species of black flies rarely enter enclosures.
Housing turkeys in shelters, for example, significantly re-
duced the prevalence of leucocytozoonosis in these birds.
Providing the entries of shelters with self-application de-
vices for repellents provides an added dose of protection.

WHO ONCHOCERCIASIS
CONTROL PROGRAMME

The largest management program in the world for black
flies has been the World Health Organization’s On-
chocerciasis Control Programme (OCP) in West Africa.
Its history, as briefly summarized below, has been writ-
ten by numerous authors (¢.g., Anonyme, 1985; Davies,
1994; World Health Organization, 1995). The initial
foundations for the program were laid in 1968, and in
1975 the program launched its first aerial treatments for
the control of onchocerciasis. The goal of the OCP was
to eliminate onchocerciasis as a major public health threat
in 7 West African countries: Benin, Burkina Faso, Ghana,
Ivory Coast, Mali, Niger, and Togo. The program later
was expanded to include the countries of Guinea, Guinea-
Bissau, Senegal, and Sierra Leone, thus covering a total
of 11 countries and 50,000 km of rivers. It was directed
at the vectors of onchocerciasis, namely members of the
§. dammosum species complex. The primary strategy of
the OCP has been a massive aerial larviciding program
aimed at reducing adult vector populations, thus inter-
rupting transmission. Maintaining vectors at a sufficiently
low number for a sufficiently long time prevents new cases
of transmission while worms in the human reservoir die
out, thus breaking the disease cycle. Given the longevity

of adult worms, control programs in endemic areas must
be maintained for approximately 15 years to eliminate the
worm from the human reservoir (Plaisier ez al, 1991;
Remme et al., 1990). Prior to the OCP, acrial application
of DDT was the main means of control, but by 1970 resis-
tance had begun to develop. From 1975 into the 1980s,
the OCP applied primarily temephos to the rivers. The
first appearance (1980) of resistance to this compound by
the vectors in the OCP area (Guillet ez al., 1980) eventu-
ally led to the rotation of six insecticides, including Bzz.

Vector control was integrated with an ivermectin
chemotherapy program for the human reservoir in 1988.
Ivermectin, originally developed for veterinary purposes,
reduces the number of microfilariae in the skin, so that in-
gestion of sufficient microfilariae by the vectors becomes
difficult. This microfilarialcidal drug, however, does not
kill the adult worms. A single oral dose of Mectizan
(the formulation of ivermectin for humans) every 6—
12 months is not only nontoxic at levels higher than pre-
scribed dosages, but it also is sufficient to kill microfilariae
in the skin and eyes and reverse progression of the disease.
Dying microfilariae, however, can cause temporary ad-
verse reactions in patients. Mass distribution of ivermectin
has been possible through the humanitarian efforts of nu-
merous organizations, including Merck and Co., which
decided in 1987 to donate all ivermectin tablets for the
worldwide treatment of onchocerciasis for as long as nec-
essary. The possible development of resistance to iver-
mectin by O. volyulus must be closely monitored.

By 1995, vector control had interrupted transmis-
sion in about 90% of the original OCP area, protecting
more than 30 million people from infection and sparing
100,000 from blindness at a cost of about US$360 mil-
lion. The combined use of ivermectin and weekly insec-
ticide treatments of larval breeding sites was predicted
to free the current OCP area of onchocerciasis by 2002,
at which time OCP was scheduled to terminate, with
residual activities being transferred to the participating
countries.
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Since ancient times, mosquito bites or habitats have been
associated with human disease, and, in 1878, mosquitoes
were the first arthropods formally incriminated as in-
termediate hosts of vertebrate parasites. During the
past century of research, it has become established that
mosquitoes are the most important arthropods affecting
human health. They attain their greatest impact as vectors
for the organisms causing such well-known human dis-
cases as malaria, filariasis, encephalitis, yellow fever, and
dengue. These afflictions are especially severe in devel-
oping regions of the tropics. They cause early death and
chronic debilitation, which strain the resources of health
services and reduce human productivity, thereby perpet-
uating economic hardship.

Mosquito-borne diseases also persist in industrial-
ized temperate countries. Yet, human discomfort from
bites is often the chief concern. In the United States,

MEDICAL AND VETERINARY ENTOMOLOGY
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hundreds of millions of dollars are spent annually
to control them for this reason alone. Additionally,
large populations of mosquitoes can cause intense ir-
ritation and extensive blood loss to livestock and
wildlife, resulting in reduced productivity and even
death.

Mosquitoes occur in practically every region of ev-
ery continent in the world except Antarctica. They de-
velop in an extremely broad range of biotic communi-
ties: arctic tundra, boreal forests, high mountains, plains,
deserts, tropical forests, salt marshes, and ocean tidal
zones. Greatest species diversity occurs in tropical forests,
but extremely high densities of mosquitoes are common
even in the species-poor biomes, such as the tundra.
Many species have benefitted from human alteration of
the environment, and a few have become domesticated.
Because of their immense importance, mosquitoes have
been the subject of many major books. Among the more
important ones that deal exclusively with mosquito bi-
ology are Christophers (1960), Clements (1992, 1999),
Forattini (1962, 1965), Gillett (1971), Bock and
Cardew (1996), Horsfall (1955}, Lounibos ez 2l. (1985),
Mattingly (1969), and Service (1990, 1993a). Journal
of the American Mosquito Control Association is devoted
mainly to studies of mosquitoes. A substantial proportion
of the scientific articles in the Journal of Medical Ento-
mology and Medical and Veterinary Entomology also report
mosquito research. Wing Beats is a trade magazine dedi-
cated to mosquitoes.
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TAXONOMY

The family Culicidae, derived from culex, the Latin name
for “‘gnat,” is a member of one of the main stocks of
Nematocera, the infraorder Culicomorpha. It consists
of two superfamilies that include all of the piercing/
sucking nematocerans, both predators and blood-
teeding biters. The superfamily Chironomoidea com-
prises the families Chironomidae and Thaumaleidae,
which have nonpiercing mouthparts, and Simuliidae and
Ceratopogonidae, which pierce either vertebrates or in-
vertebrates. The superfamily Culicoidea comprises the
Dixidae, Corethrellidae, Chaoboridae, and Culicidae, the
second and fourth of which feed on vertebrate blood.
Several of these families are superficially similar. How-
ever, among all the culicomorphs, the long proboscis of
mosquitoes is distinctive. It is considered the most spe-
cialized of biting mouthparts among Nematocera and
indicates a long and close association of mosquitoes
with vertebrate animals. Wood and Borkent (1989)
provide an overview of nematoceran phylogeny and
classification.

Culicidae consists of about 3200 recognized species.
The largest number remaining to be discovered proba-
bly inhabits tropical rain forests, where faunas are more
diverse but less well surveyed than temperate regions.
Species that have been studied intensively often reveal
that they consist of complexes of closely related species,
indicating that many reproductively isolated and niche-
specific forms remain to be identified or are undergo-
ing speciation. Current culicid classification (Table I)
recognizes three subfamilies: Anophelinae, Culicinae, and

TABLE I
Classification of Culicidae

Toxorhynchitinae. Anophelinae and Toxorhynchitinae
sometimes are considered to be primitive groups; other
authorities view them as specialized derivations of some
Culicinae-type ancestor. Recent cladistic analysis of mor-
phological and nucleotide-sequence data supports the
idea that the Anophelinae are only distantly related to
the other two subfamilies and that the Toxorhynchiti-
nae do not merit subfamily status (Harbach and Kitching,
1998). Anopheline eggs bear characteristic floats, their
larvae lack air tubes, and adults have elongate palps in
both sexes. Typical culicine and toxorhynchitine larvae
have air tubes, and adult females have short palps. Toxo-
rhynchitines are all predaceous as larvae, are unusually
large, and have a curved proboscis suited for feeding on
only nectar.

There are 38 genera of mosquitoes, 34 of which are
in the subfamily Culicinae. Culicines are organized into
10 tribes, the most diverse of which are Aedini and
Sabethini in terms of numbers of genera and species
worldwide. The 14 genera in North America north of
Mexico, and the number of species in cach, are Anophe-
les (16), Aedes (7), Ochlerotatus (69), Psovophora (15),
Haemagogus (1), Culex (29), Deinocerites (3), Culiseta
(8), Cogquillettidia (1), Mansonia (2), Orthopodomyin (3),
Wyeomyia (4), Uranotaenia (4), and Toxorhynchites (1)
(Darsie and Ward, 1981).

Three important species groups of mosquitoes world-
wide are the Anopheles gambiae and Culex pipiens com-
plexes and the Aedes subgenus Stegomyin. The An. gam-
bine complex of Africa consists of six species. Two of
these, An. gambine and An. arabiensis, are important
vectors of malaria and lymphatic filariasis. An. arabiensis

Subfamily Tribe Genera

Anophelinae Anopbeles (An.), Bironella ( Bi.), Chagasia (Ch.)

Culicinae Aedeomyiini Aedeomyia (Ad.)
Aedini Aedes (Ae.), Ochlerotatus (Oc.), Vervallina (Ve.), Aywrakitia (Ay.), Armigeres (Ar.), Eretmapodites (Er.),

Haemagogus (Hy.), Hetzmannia ( Hz.), Opifex (Op.), Psovophora (Ps.), Udaya (Ud.), Zengnomyin (Ze.)

Caulicini Culex (Cx.), Deinocerites (De.), Galindomyia (Ga.)
Caulisetini Culisetn (Cs.)
Ficalbiini Ficalbin (Fi.), Mimomyia (Mi.)
Hodgesiini Hodgesia (Ho.)
Mansoniini Coguillettidia (Cq.), Mansonia (Ma.)
Orthopodomyiini  Orthopodomyia (Or.)
Sabethini Sabethes (Sa.), Wyeomyia (Wy.), Phoniomyia (Ph.), Limatus (Li.), Trichoprosopon (Tr.),

Shannoniana (Sh.), Runchomyia (Ru.), Johnbelkinia (Jb.), Iostomyia (Is.),
Tripteroides (Tp.), Malaya (ML), Topomyia (To.), Maorigoeldia (My.)

Uranotaeniini Uranotaenia (Ur)

Toxorhynchitinae Toxorlynchites (Tx.)

The classification of all mosquitocs into 3 subfamilies, 10 tribes of Culicinae, and 38 genera is based on Knight and Stone (1977). In parenthescs
are the two-letter generic abbreviations recognized by the American Mosquito Control Association and used in several journals and books.



tends to occur in somewhat drier regions than does An.
gambine. Both prefer to bite humans, but An. gambine
is more anthropophilic, endophilic, and endophagic, and
therefore it is the more important vector. The Cx. pipiens
complex is a ubiquitous group of closely related domes-
tic and peridomestic species. The medically most impor-
tant taxa worldwide are the temperate species Cx. pipiens,
the northern house mosquito, and the tropical and sub-
tropical Cx. guinquefascinins (= fatigans), the southern
house mosquito. Their ranges are overlapping in the cen-
tral latitudes of the United States, where they commonly
hybridize. They are vectors of several human pathogens,
such as St. Louis encephalitis (SLE) virus and lymphatic
filariasis. Cx. molestus is a name sometimes applied to a
variant of Cx. pipiens, which is facultatively autogenous
and often breeds in subterranean water. Cx. pallens, ap-
parently a stable hybrid of Cx. pipiens and Cx. quingue-
Sasciatus, occurs in temperate China and Japan, whereas
Cx. globocoxitus and Cx. australicus inhabit Australia.

Several brightly marked Aedes species in the large sub-
genus Stegomyia are medically important, including Aedes
aegypti and Ae. albopictus. Ae. aegypti, the yellow fever
mosquito, has a worldwide distribution in the tropics and
subtropics. It is the primary vector of both DEN and
urban YF viruses. It exists in at least two forms, aggypti
and formosus, considered to be either subspecies or sepa-
rate species. Ae. aegypti formosus is the original feral form
and is found in large parts of interior Africa. It has a
black body, develops in tree holes, feeds on a wide va-
riety of animals, and rarely enters houses. It has adapted
to some domestic situations in Africa, where it develops in
rain-filled containers. Ae. a. aegypti is a paler, brownish-
black domestic form. It occurs mainly in coastal regions
of Africa and is distributed throughout much of southern
Asia and most warmer parts of the New World, including
the southern United States. In Africa it has become inde-
pendent of rain, developing in hand-filled water jars with-
out regard to season. On other continents, where it does
not compete with Ae. a. formosus, it utilizes both rain-
filled and hand-filled containers. Some authorities recog-
nize a still paler and more domestic type of Ae. a. aggypti
as the subspecies Ae. a. queenslandensis, but this is prob-
ably only a localized variant.

Ae. albopictus, the Asian tiger mosquito, is similar to
Ae. aegypti, occupies the same kinds of containers, and
also transmits DEN virus. It was largely confined to
Asia, where it occurs in tropical and subtropical rural set-
tings. It readily oviposits in tree holes. A cold-hardy, egg-
diapausing strain of this mosquito has been carried from
northern Japan to other parts of the world by the trade
in used automobile and truck tires. The first established
population was detected in Texas in 1985. It has since
spread through much of the southern, central, and east-
ern United States, including foci in the upper Midwest,
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much farther north than the nondiapausing Ae. aegypti.
It also has gained a foothold in several other parts of the
world. In most of its range in the southern United States,
Ae. albopictushas replaced Ae. aegypti as the predominant
mosquito in artificial containers in suburban and rural en-
vironments.

Other important members of the subgenus Stegomyin
include Ae. africanus, Ae. bromeline, and Ae. luteo-
ceophalus, which transmit YF virus in parts of Africa, and
Ae. polynesiensis and Ae. pseudoscutellaris, which transmit
lymphatic filariasis in South Pacific islands.

Keys to the mosquito genera worldwide were pro-
vided by Mattingly (1971). Keys for the identification of
species of restricted geographical regions are available for
most states, provinces, and many countries throughout
the world. These include many fine handbooks that also
present biological and medical information on individual
species. Good examples of statewide handbooks are writ-
ten for New Jersey (Headlee, 1945), Calitornia (Bohart
and Washino, 1978), Indiana (Siverly, 1972), Minnesota
(Barr, 1958), New York (Means, 1979), Florida (Darsie
and Morris, 1998), and Alaska (Gjullin ez al, 1961).
United States regional handbooks include the southeast-
ern United States (King et al., 1960) and the northwest-
ern states (Stage et al., 1952). Some handbooks include
keys to pupae, and the handbook for Illinois (Ross and
Horsfall, 1965) is noteworthy in particular for its egg
keys.

The most recent comprehensive treatments of North
American species are Wood et al. (1979), which con-
tains keys to larvae and adults of Canada, plates of tax-
onomic structures for each species, distribution maps,
and biological information; and Darsie and Ward (1981),
which covers all of North America north of Mexico and
has illustrated keys and distribution maps. These works
were preceded by Carpenter and LaCasse (1955), which
contains formal descriptions, biology, and meticulously
crafted full-page plates of adults of each species. A thor-
ough treatment of North American genera was presented
by Stone (1981). Other parts of the world covered by
notable works include the South Pacific (Belkin, 1962),
United Kingdom (Marshall, 1938), the Neotropical Re-
gion (Lane, 1953), and Japan and Korea (LaCasse and
Yamaguti, 1950). For details on morphological termi-
nology and anatomical features of mosquitoes, Harbach
and Knight (1980) is reccommended. Members of species
complexes are often indistinguishable morphologically.
Specialists have overcome some of these problems by
using chromosome banding patterns, isozyme profiles,
or DNA probes and DNA restriction fragment patterns
to distinguish these species from one another. These
methods for identification are not yet simple enough,
or widely enough available, to be used routinely in field
work.
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All known mosquito species in the world are listed
in & Catalog of the Mosquitoes of the World (Knight and
Stone, 1977), plus its four supplements ( Gaffigan and
Ward, 1985; Knight, 1978; Ward, 1984, 1992). This
work provides the taxonomic history and current stand-
ing of all recognized species, their distributions by coun-
try, and references to the general literature and to tax-
onomic works for all regions of the world. The most
recent large treatment of a major geographic area is the
12-volume catalog on the Australasian Region, edited by
Debenham, Hicks, Lee, and others (1980-1989). Origi-
nal systematic studies of mosquitoes are published in sev-
eral scientific journals, but the one devoted solely to
this subject, Mosquito Systematics, was subsumed under
the Journal of the American Mosquito Control Associn-
tion in 1995. Two long series of valuable papers of in-
ternational scope on mosquito taxonomy and distribu-
tion have been published in the journals Contributions
of the American Entomological Institute: Contributions to
the Mosquito Fauna of Southeast Asina and Mosquito Stud-
zes. Preferred common names of mosquito species are
listed by the Entomological Society of America (Bosik,
1997) and by Pittaway (1992). An internationally ac-
cepted set of two-letter abbreviations for all mosquito
genera is shown in Table I. These abbreviations ap-
pear in most mosquito publications and are used in this
chapter.

MORPHOLOGY

The eggs of most mosquitoes are clongate, ovoid, or
spindle-shaped; others are spherical or rhomboid. The
outermost layer of the egg shell, or chorion (Fig. 12.1),
often has intricate surface structures and patterns diag-
nostic of the particular species. The chorions of Anopheles
species have unique, transparent, air-filled compartments
flanking the egg that serve as floats (Fig. 12.1A). Eggs
of Anopheles, Toxorbynchites, Wyeomyia, Aedes, Ochlerota-
tus, Psorophora, and Haemagogus species are laid individu-
ally, whereas in Culex, Culiseta, Coquillettidia, and Man-
sonia species, they are attached together in a single clump,
forming a floating egy raft (Fig. 12.2A) or a submerged
cluster (Fig. 12.2B). Culex eggs have a cup-shaped corolln
at one end (Fig. 12.1B), allowing them to sit vertically on
the water surface in a raft (Fig. 12.2A); the upper ends
have apical droplets with a chemical thought to maintain
the raft upright.

Mosquito larvae, commonly known as wigglers or
wrigglers, pass through four instars, which closely resem-
ble one another except for their size. Larvae are rich in
taxonomic characteristics that are easy to see on slide-
mounted specimens (Fig. 12.3). The head is defined by
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FIGURE 12.1 Eggs of mosquitoes, showing variations in shape and
chorionic sculpturing. (A) Anopheles; (B) Culex; (C) Aedes aegypti
(D) Toxorbynchites brevipalpis. (A and B from Ross, 1947; C and D from
Harbach and Knight, 1980.)
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FIGURE 12.2 Mosquito egg rafts and clusters. (A) Floating egg raft
of Culex restuans; (B) submerged egg cluster of Mansonia, attached to
underside of floating leaf. (A, from Ross, 1947; B, from Gordon and
Lavoipierre, 1962.)
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FIGURE 12.3  External anatomy of mosquito larvae, dorsal view, with anal segment and siphon at posterior end rotated to provide
better view. (A) Anopheline form ( Anopheles maculipennis); (B) culicine form (Aedes cinereus). (From Marshall, 1938.)

FIGURE 12.4 Heads of mosquito larvae, postero-ventral view. (A) Anopheline form (Anopbeles quadrimacularus); (B) culicine
form (Ochlerotatus fulvus pallens); (C) toxorhynchitine form ( Toxorhynchites brevipalpis). The lateral palatal brushes of most larvae
are used to generate water currents for filter feeding; in Toxorhynchites they are modified for seizing prey. (From Harbach and Knight,
1980.)
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FIGURE 125 Terminal segments of mosquito larvae. (A) Anopheline form ( Anopheles earlei), lacking a siphon; (B) culicine form
(Ochlerotatus fitchii), showing elongate siphon; (C) culicine form ( Coguillettidia perturbans), showing short, stout siphon suited for

piercing and clinging to plants. (From Barr, 1958.)

a distinct capsule bearing a pair of “‘eyes” composed of
clusters of lateral ocelli, a pair of antennae of variable
shape and length, and chewing mouthparts bearing a va-
ricty of brushes, combs, and sweepers used in feeding
(Fig. 12.4). The lateral palatal brushes on the labrum cre-
ate water currents that draw floating or suspended par-
ticles toward the mouth. Sweepers and brushes on the
mandibles, and brushes on the maxillae, are thought to
collect and pack particles to create a bolus of food in the
pharynx. In predatory larvae, the mandibles and /or max-
illac are heavy and sharply toothed for seizing or hold-
ing prey. The thorax is wide, with three indistinct, legless
segments.

The larval abdomen is narrower than the thorax, is
cylindrical, and is composed of eight apparent segments,
the second to last being a composite of segments 8 and 9.
A pair of spiracles opens on the dorsal side of this segment.
In culicines and toxorhynchitines the spiracles open at the
end of the respiratory siphon, an elongate air tube extend-
ing dorsally. The siphon of Coguillettidia and Mansonia
is short, ending in a heavily sclerotized point with a dorsal
sawlike edge that is used to pierce and remains lodged in
plant tissue. In anophelines the siphon is lacking, and the
spiracles are borne on a short spiracular plate. Segment
10, the anal segment, extends ventrally at an angle from
the rest of the abdomen. It typically bears four anal papil-
laeused primarily in osmoregulation. The terminal region
of the larva bears several structures useful in identification
(Fig. 12.5). They include comb scales on segment 8, pecten
spines on the siphon, a saddle sclerite encircling the anal
segment, and various tufts and brushes of setae. Some of

these terminal structures apparently are used to groom
the mouthparts when the larva bends its body around to
form a loop.

Larval internal anatomy conforms to the general in-
sect plan. The alimentary tract is almost straight, the only
notable features being cight large gastric caeca at the

FIGURE 12.6 Mosquito pupa. Lateral view of Anopheles gambine in
resting position at water surface; presence of adult structures visible
within pupal cuticle. (From Smart, 1948.)



junction of the foregut and midgut in the thorax and
five Malpighian tubules at the midgut—hindgut junction.
Because most of the cuticle is semitransparent, two large
tracheal trunks are obvious, extending forward from the
spiracles to the thorax.

Mosquito pupae, commonly known as tumblers, are
comma-shaped, with the head and thorax fused to form
a cephalothorax and the abdomen curled beneath it
(Fig. 12.6). Projecting from the dorsal mesothorax is a
pair of respiratory tubes, or air trumpets, through which
the pupa obtains oxygen at the water surface. Within the
cephalothorax the developing appendages of the adult
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head and thorax usually can be seen coiled ventrally; they
envelop an air pocket, the ventral airspace, that provides
buoyancy to help maintain the pupa at the water surface
when resting. At the end of the abdomen two broad
paddles are attached to the eighth segment. The pupa
can flex its abdominal segments, causing the paddles to
flap downward, propelling it through the water when it
is disturbed.

Adult mosquitoes are slender, with thin legs and
narrow, elongate wings (Fig. 12.7). The body surface
is covered with scales, setae, and fine pile, creating
the characteristic markings and colors of each species.
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FIGURE 12.7 External anatomy of mosquito adult. (A) Generalized adult, dorsal view;
(B) wing, showing typical venation and vein nomenclature. (From Ross and Horsfall, 1965.)
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Proboscis

Female

FIGURE 12.8 Heads of anopheline and culicine mosquitoes, females
(left) and males (right); males, typically, with plumose antennae. (A)
Anopheles (anopheline), both males and females with palps about as long
as the proboscis; male with plumose antennae and tips of palps broad-
ened; {B)Culex (culicine), females typically with short palps and males
with long, curved, or brushlike palps. (From Gordon and Lavoipierre,
1962.)

The two compound eyes, each represented by 350—
900 ommatdial lenses, wrap around the front and sides
of the head. The antennae arise between the eyes, are
long and filamentous, and are usually sexually dimor-
phic. In species in which sound is used to locate females
in flight, the flagellum of the male antenna has whorls
of much longer fibrillae, giving it a plumose appearance
(Fig. 12.8). The pedicel at the base of the antenna is a
large globular structure that contains Jobnstow’s organ,
a mass of radially arranged mechanoreceptors that re-
spond to vibrations of the flagellum induced by sound. In
addition to the long fibrillae, the antenna has a variety

Maxillary Palp

Antenna

~——— Hypopharynx

/

Mandible Manxilla

\ \ Labella /

FIGURE 12.9 Mouthparts of adult female mosquito, showing
Jabium, splayed stylets, and variations in structure of their tips. (From
Matheson, 1944.)

of sensory structures, including those for detecting host
odors.

The mosquito proboscis is prominent, projecting ante-
riorly at least two-thirds the length of the abdomen. It
consists of the basic complement of insect mouthparts:
the labrum, paired mandibles, hypopharynx, paired max-
illae, and labium. The first four structures have evolved
into fine stylets, forming a tightly fitting fascicle that in fe-
males is used to penetrate host skin (Fig. 12.9). The fasci-
cle is cradled within the groove of the large and conspicu-
ous labium (Fig. 12.10), which comprises the bulk of the
proboscis. The tip of the labium bears two small taste-
sensitive labellar lobes and a short, pointed ligula (func-
tion unknown) between them. Of the fascicle of stylets,
the hypopharynx and mandibles are narrowly pointed at
their tips, whereas the maxiliae end in serrated blades.
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FIGURE 12.10  Fascicle of stylets of adult female mosquito. Mouthparts near tip of proboscis, showing natural ar-
rangement of stylets in a single bundle, or fascicle, within a groove in the labium, which forms a sheath. (From Jones,

1978,; illustration by Tom Prentiss.)

Both mandibles and maxillac puncture the skin and ad-
vance the fascicle into the host’s tissue. A salivary chan-
nel runs the length of the hypopharynx, delivering saliva
to the tissue during probing. The labrum is curled lat-
erally to form a food canal for drawing the host’s blood
or a sugar solution up the proboscis. In males, and in fe-
males of non—blood-feeding species, the mandibles and
maxillae have atrophied, so they cannot pierce skin. In
both sexes of Toxorbynchites, the nonpiercing proboscis
is curved downward (Fig. 12.11). Maxillary palps arise at

FIGURE 12.11  Toxorsynchites sp., adult female; legs not shown. The
form of the palps and antennae in females and males is similar to that of
culicines; however, the proboscis of both sexes is bent downward at an
angle of 90° or more. (From Smart, 1948.)

the base of the proboscis and bear several kinds of sensilla.
Although there are many exceptions, palps usually are
short in female culicines and toxorhynchitines but longer
than the proboscis in most male culicines and toxorhyn-
chitines and also in both sexes of anophelines (Fig. 12.8).

The mosquito thorax forms a single, relatively rigid
muscle-filled locomotor unit with obscured segmenta-
tion. The mesothorax and metathorax each have a pair
of lateral spiracles. The slender legs are attached close
together on the underside of the thorax by clongate,
downward-projecting coxae; the tarsi are tipped with two
claws and a central pad, the empodium. The wingsare nar-
row, have a distinctive pattern of veins, and bear scales
along the veins and the hind margin, the latter forming
a fringe. The halteres, tiny modified hind wings used in
flight control, are located right behind the insertions of
the wings.

The abdomen is clearly segmented and capable of ex-
tensive expansion and some movement, owing to the
membranous areas between each set of tergites and stern-
ites. This allows for expansion of the abdominal wall to ac-
commodate large blood and sugar meals and developing
clutches of eggs. Abdominal segments 5—8 are progres-
sively smaller, so that the abdomen tapers toward the
posterior end. Segment 9 is quite small and bears the
cerci, the postgenital lobe of the female, and the claspers
and other genitalic structures, or terminalia, of the male
(Fg. 12.12). At emergence, the male genitalia are in-
verted. During the first hours of adulthood, segments 8
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FIGURE 12.12 Male genitalia of Culex quinguefasciatus, showing
principal copulatory structures used in male taxonomic identification.
The gonocoxite and gonostylus on the left side have been omitted.
(From Ross and Roberts, 1943.)

and 9 of males together rotate 180° to reach the mature
position. The complex and varied male genitalia are a use-
ful source of characteristics for species identification.
Located within the thorax are a pair of three-lobed
salivary glands, whose ducts join anteriorly to form
a common salivary duct that enters the hypopharynx

Anterior
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Midgut

Glands

Dorsal Diverticula

Esophagus

Salivary Crop
Duct (Ventral Diverticulum)

Cibarial Pump

Hypopharynx

Labrum

™~ —— Labium

(Fig. 12.13). In males, these glands produce saliva used
only in sugar feeding; in females, some portions are de-
voted to sugar feeding and others to blood feeding. The
foregut, which begins in the head with the muscular czbar-
inm and pharynx, pumps food up the labral food canal.
The tubular esophagus extends through the cervix, or
neck, into the thorax. There it is modified to form three
diverticula, including two small dorsal outpocketings and
a large ventral crop; the crop extends through the tho-
rax and expands to form a large sac within the abdomen.
Imbibed sugar solutions are stored in these diverticula
and pass, a little at a time, through the proventricular
valye into the midgut. A blood meal, on the other hand,
passes directly into the widened posterior midgut, or
stomach (Fig. 12.13). There it becomes surrounded by a
semipermeable, saclike peritrophic membrane secreted by
the midgut epithelium. The resulting blood bolus then
is digested and absorbed. The pyloric valve separates the
midgut from the hindgur; five Malpighian tubules empty
into the hindgut just beyond the valve in the pyloric
chamber. The anterior portion of the hindgut is tubular
and loosely coiled; the posterior part is enlarged to form a
bulbous rectum with large papillae projecting into it. The
papillaec probably are involved in salt ion reabsorption.
Paired gonads are located in the posterior one-third
of the abdomen. The testes of males contain packets of
sperm in various stages of maturation. A duct extend-
ing posteriorly from each testis widens to form a sem-
inal vesicle, which stores mature sperm. The two semi-
nal vesicles lie together and unite posteriorly to form the
efaculatory duct. Two large accessory glands open into this
duct, which leads to the aedeagus. In females, the repro-
ductive system consists of a pair of ovaries and accessory

Malpighian
Tubules

Rectum

Intestine

FIGURE 12.13 Digestive system of the adult mosquito. Semidiagrammatic view of ma-
jor structures, including the sativary glands, foregut—midgut junction, and rectum. (From

Snodgrass, 1959.)
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FIGURE 12.14 Female reproductive system of the mosquito. {A) Anopheline form, based on Anopheles
gambine. (B) Culicine form, based on Aedes aegypti. (Original by W. A. Foster.)

structures (Fig. 12.14). Each ovary includes a few dozen
to over 200 polytrophic ovarioles, the egg-forming units.
A duct from each ovary extends posteriorly, and the two
unite to form a common oviduct, which connects to the
gonopore via a genital chamber. Opening into the genital
chamber by tiny ducts are one to three sperm-storing sper-
mathecae, small accessory glands, and the seminal bursa
(lacking in most Anopheles), which receives semen from
the male during mating,.

LIFE HISTORY

The holometabolous life cycle of mosquitoes is completed
in two different environments: one aquatic, the other ter-
restrial. The larvae and pupae develop in a wide range of
aquatic habitats. These include temporary surface water
(e.g., tidal pools in salt marshes, rain pools, and flood
water), permanent surface water (e.g., pools, streams,
swamps, and lakes), and diverse natural and artificial
water-holding containers (e.g., tree holes, leaf axils, fruit
husks, mollusk shells, drinking water pots, and discarded
tires). An extensive analysis and classification of larval
habitats has been presented by Bates (1949), Mattingly
(1969), Laird (1988), and Service (1993b). The only ab-
solute requisite of all development sites is that they main-
tain at least a film of water for the duration of the larval

and pupal periods. However, individual species tend to
oviposit, and therefore develop, in sites with character-
istic physical and chemical properties. Adults are much
more mobile than the immatures, but they also tend to
occupy characteristic resting, foraging, and overwintering
habitats.

Mosquito eggs are laid either on or in water, or on solid
substrates that are likely to become inundated. Females in
the subfamilies Anophelinae, Toxorhynchitinae, and most
of the Culicinae in the tribe Sabethini scatter their eggs in-
dividually on the water surface, whereas those in the tribe
Aedini (e.g., Aedes, Ochlerotatus, Psorophora, and Haema-
gogus) attach their eggs individually onto a substrate that
later will become inundated with water. Clumped eggs
are laid in boatlike rafts on the water surface by several
genera of Culicinae (e.g., Culex, Culiseta, Coquillettidia,
Uranotaenia, Armigeres, and Trichoprosopon) or in a ra-
dial cluster attached underwater to vegetation in the case
of Mansonia.

At first the eggs are white, but most turn dark within
hours as the chorion tans. In lowland tropics, subtropics,
and summers of some temperate regions, eggs usually
complete embryonic development within 2—3 days af-
ter being laid but may take up to a week or more in
cool climates. Larvae hatch soon after embryogenesis in
species that lay their eggs directly in water, including
all Anophelinae, Toxorhynchitinae, and most tribes of
Culicinae. The best known exceptions are members of
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the genera Aedes, Ochlerotatus, and other Aedini that typ-
ically develop in temporary water. Their eggs are laid
on solid substrates out of water, and the larvae within
them remain quiescent until inundated. The eggs can tol-
erate periods of cold and desiccation and may remain
viable for years. Hatching usually occurs at warm temp-
cratures after the eggs have been submerged and micro-
bial activity has caused the oxygen level in the water to
drop.

Depending on the species and particular conditions
of the water, most mosquito /arvae spend most of their
time either at the water surface or at the bottom of the
water column, coming to the surface for air only occa-
sionally or not at all. At ideal conditions of food and
temperature (26—28°C), the entire larval phase of Ae.
aegypti, a tropical and subtropical mosquito, may last as
few as 5—6 days. The first three instars are completed
in about 1 day each and the fourth lasts about 3 days.
In males these periods are slightly shorter, so the males
pupate about 1 day earlier than females. Larvae of many
species grow even faster, as when the water is heated by
direct sunlight, whereas others develop slowly. Toxorhyn-
chites and Wyeomyin species usually take 2—3 weeks even
under ideal conditions. At cooler temperatures, or when
food is scarce, growth becomes slower and can practically
cease, with larvae remaining alive for months. Larvae of
some species that inhabit high latitudes or high altitudes,
or that develop in the early spring in temperate regions,
have growth thresholds close to freezing and can tolerate
even temporary entrapment in solid ice. This is typical of
the snowpool Ochlerotatus species and of mosquitoes that
overwinter as larvae, such as Wyeomyia smithii in pitcher
plants and Orthopodomyia alba in tree holes.

The pupa spends nearly all of its time at the water sur-
face. By the time it has molted to form a pharate adult
within the pupal cuticle, it is very dark. In warm wa-
ter the entire pupal stage typically lasts about 2 days in
both sexes. In some mosquitoes, such as Toxorkhynchites
and Wyeomyia species, the shortest pupal periods may be
5—6 days. In all species the pupal period lasts longer at
lower temperatures.

Adult males tend to emerge carlier than females, be-
cause of their shorter larval growth periods. As adult
emergence approaches, the pupa remains stationary at the
water surface, and the abdomen gradually straightens
over 10—-15 min. The adult emerges from the pupal cu-
ticle by ingesting air, causing the cephalothorax to split
and the adult to rise up out of the cuticle and stand on
the water surface. The entire process takes only a few min-
utes. The newly emerged adult is capable of short flights
a few minutes later but cannot sustain long flights for
many hours until after the cuticle becomes fully sclero-
tized. Lipids and glycogen, carried over from larval re-
serves, provide sufficient energy for a few days of flight
and survival.

It is typically during the first 3—5 days of adult life that
both sexes obtain sugar from plant nectar or honeydew,
become sexually mature, and then mate. In some species
(e.g., Culisera inornata, Wy. smithii, and Deinocerites can-
cer) sexunl matuyation is complete at the time of emer-
gence or only a few hours later, and mating occurs almost
immediately. Mosquitoes typically first feed on sugar to
obtain enough energy for sexual maturation and for the
flight necessary for mating, dispersal, and finding verte-
brate blood. Natural sugar is taken repeatedly throughout
adult life by both sexes of most species. Females typically
mate only once. Males can inseminate several females be-
tore their supplies of mature sperm and accessory gland
secretion become depleted. The semen supply is replen-
ished in a few days.

Amorphous masses of fat body line the inner walls of
the abdomen. The fat body synthesizes and stores both
glycogen for flight and lipids for maintenance, using the
digestive products of sugar and blood meals. Glycogen
also is stored in the fibrillar flight muscles of the thorax,
serving as a source of energy for immediate flight if the
sugars in the crop and hemolymph have been exhausted.

Only females feed on vertebrate blood. In most
mosquitoes, ingestion and digestion of a &lood meal ini-
tates egg development by stimulating a cascade of hor-
mones from the brain and ovaries. The large amount of
protein contained in hemoglobin and the blood serum
provides the amino acids for synthesizing vizellogenin, the
proteinaceous precursor of egg yolk. The protein also
serves as the substrate for building lipid and glycogen,
which contribute both to the egg yolk and to the maternat
energy reserves used for survival and flight. A blood meal
will stimulate egg development only if it is sufficiently
large and if the female’s ovarian follicles have reached
the resting stage, at which point they are considered to
be gonoactive. If a female has had poor larval nutrition,
the follicles may not have reached the resting stage, and
she will be unable to develop any eggs until having in-
gested sugar or a preliminary blood meal. Such a gonoin-
active female, needing food to bring the ovarian follicles
to the resting stage, is sometimes said to be ‘‘pre-gravid.”
Details of the hormonal control of these processes are
discussed by Brown and Lea (1990), Hagedorn (1994,
1996), and Klowden (1996).

In most species, females are anautogenous; the egg fol-
licles remain in the resting stage until a blood meal is
taken. Following each blood meal, the female develops
one mature clutch of eggs, exhibiting what is known
as gonotrophic concovdance. However, females of autoge-
nous species or populations can develop eggs without a
blood meal; among these there are obligate and faculta-
tive types. A facultatively autogenons temale typically de-
velops only the first clutch of eggs without blood; she
does so only if she emerges with sufficient reserves and
cannot readily find blood. Thereafter, a blood meal is



Mosquitoes (Culicidne) 215

FIGURE 12.15 Egg follicle development in mosquitoes, showing stages in the development of an egg
follicle within a single ovariole of the ovary. A-E, Stages I-V of Christophers in an Anopheles female. After
oviposition (F), the ovariole stalk remains swollen for a while, called the “‘sac stage” (G). Note: formerly, the
sac was thought to shrink to a dilatation; now it is believed that the dilatations (three of them shown in H)
generally form from follicles that fail to develop into eggs after a blood meal and are then resorbed. (From

World Health Organization, 1975.)

required for each gonotrophic cycle. Species that are 0b-
ligately antogenous have atrophied feeding stylets, never
take blood, and subsist entirely on their larval reserves
and plant sugar. Autogeny has been reviewed by O’Meara
(1985). At the other extreme, there are some anautoge-
nous species that take blood not only at the beginning of
each gonotrophic cycle but also once or twice during egg
development. These supplementary blood meals can pro-
vide extra energy, acting as a substitute for sugar (c¢.g.,
domestic Ae. aggypti, An. gambine).

Ordinarily, all eggs develop synchronously and become
mature in 2—5 days after blood feeding at favorable tem-
peratures. During this time, the most advanced follicle
within each ovariole passes through a series of five easily
observed physiological stages (Fig. 12.15), originally
described by Christophers (1911) and concisely summa-
rized by Clements (1992). These stages comprise four
physiological phases. The follicles develop synchronously,
beginning with the previteliogenic phase (stages G throu-
gh II). The follicle typically stops growing at stage Ila
or IIb, the resting stage, until the female takes a blood
meal. Within hours of blood feeding, the follicle enters
the initintion phase (stage 111a), when yolk (vitellogenin)
synthesis by the fat body begins, followed by the trophic
Phase (stages ITIb and IV), the main period of yolk incor-
poration and follicle growth. In the posttrophic phase, the
egg has reached its mature form, and the chorion, or egg
shell, is formed. The eggs are then ready to be oviposited.
By this time, the next follicle in each ovariole either has
progressed to stage 1 or already has reached the resting

stage (stage 11). In the first case, it awaits oviposition be-
fore developing to the resting stage. Once oviposition has
occurred and these new follicles are in the resting stage,
the next blood meal is necessary for subsequent follicle
development. The entire cycle of egg production, from
blood meal through oviposition, is the gonotropbic cycle.

The number of ovarioles that produce mature eggs de-
pends on the sizes of the female body, energy reserves,
and blood meal. The follicles that do not pass beyond
stage 11 degenerate. When most or all the ovarioles con-
tain mature eggs, the ovaries may occupy nearly the entire
volume of the distended abdomen. The gravid female fer-
tilizes one egg at a time, as each passes down the oviduct
to be oviposited on the water or a damp substrate.

When all eggs have been fertlized and expelled during
oviposition, the ovaries return to their pre-trophic size,
but the tracheac on the ovaries, which had been tightly
coiled as tracheal skins before the eggs developed, be-
come stretched and straightened. In Anopheles species, a
swelling at the base of each lateral oviduct, the ampulla,
becomes permanently stretched during the first ovipo-
sition. These signs serve to distinguish parous females,
those that have completed at least one gonotrophic cy-
cle, from nulliparous females, those that have not.

The number of completed gonotrophic cycles also
can be determined. According to current interpretations,
cach ovariole ovulating a mature egg is left with an egy
sae, which becomes reduced to a zone of granules in the
calyx, the ovariole’s connection to the lateral oviduct.
Furthermore, a dilatation is formed in the stalk of each
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ovariole where a follicle has degenerated after a blood
meal, instead of developing into an egg (Fig. 12.15).
Thus, a count of the maximum numbers, per ovariole,
of dilatations in the stalk and zones of granules in the
calyx yields an estimate of the number of gonotrophic cy-
cles completed. This physiological age grading can pro-
vide the medical entomologist with valuable informa-
tion on the age of individuals and the age structure of
2 mosquito population. Details of these processes and
their interpretation and application are given by Detinova
(1962), Sokolova (1994), Fox and Brust (1994), and
Hoc (1996).

Univoltine mosquito species complete only one gen-
eration per year. This occurs either if the developmental
time is slow in relation to the season favorable for devel-
opment or if the life cycle includes an obligate form of
diapause, a compulsory phase of arrested development.
Bivoltine and multivoltine species can complete two or
more generations, respectively, during each breeding sea-
son, but the number actually completed may depend on
temperature, available larval habitats, or available hosts.
Mosquitoes pass through the winter or dry season as eggs,
larvae, or adults, depending on the species and the cli-
mate. In cold climates, overwintering takes place in a state
of diapause.

BEHAVIOR AND ECOLOGY

Eggs that are laid on or in water generally are not resis-
tant to desiccation and hatch shortly after embryogenesis,
provided that they are wet and not too cold. This is typical
of Anopheles, Culex, Culiseta, and Toxorhynchites species.
Aedes, Ochlevotatus, Psovophora, and Haemagogus eggs,
on the other hand, typically are laid on damp substrates,
display great resistance to desiccation, and remain quies-
cent for months or years after embryogenesis until they
receive a hatching stimulus. Sometimes moisture by it-
self is sufficient to induce hatching. Usually, however, the
requisite stimulus is a reduction of dissolved oxygen in
the water caused by microbial activity and decomposition
of organic matter. Among quiescent eggs that are even-
tually submerged, only a portion of a single egg clutch
may hatch during any one inundation, resulting in in-
stallment hatching. This apparently is the combined re-
sult of intrinsic variations among eggs in their hatching-
stimulus thresholds and of local variations in microbial
activity, causing differences in oxygen tension around the
eggs. Even during a single inundation, hatching may not
occur all at once but over a period of many days.

When an egg is ready to hatch, the first-instar larva uses
a dorsal hatching spine on its head, the eqg breaker or egg
burster, to apply pressure to a preformed weakness in the
chorion. This causes the chorion to pop open at one end,

and the larva wriggles free. Because the eggs of Culex,
Culiseta, and Cogquillettidia usually stand vertically on the
water surface in rafts, the larvae develop inside them with
their anterior end oriented downward and hatch directly
into the water.

Mosquito larvae are not buoyant and must, at rest, be
suspended at the surface by special hairs and spiracular
structures that cling to the surface tension while obtain-
ing oxygen directly from the air. Culicinae typically mi-
grate up and down in the water column, so they occur
both at the surface and at the bottom of a body of wa-
ter, depending on the availability of food. At the surface
the tp of the siphon opens above the surface film, and
the larvae hang diagonally downward most of the time
(Fig. 12.16B). Mansonia, Coquillettidia, and some Mi-
mowmyia species are unusual in remaining submerged
throughout larval and pupal development, with their
siphons embedded in the tissues of aquatic plants
from which they derive some oxygen (Fig. 12.16C).
Mosquitoes that live in water-filled leaf axils (e.g.,
Whyeomyia spp.) are adept at flattening themselves against
vertical surfaces and maneuvering in narrow spaces.
Anopheline larvae spend most of their time at the wa-
ter surface, often close to vegetation or floating material.
They are able to remain suspended horizontally at the sur-
face (Fig. 12.16A) due to pairs of dorsal palmate sctae
(float hairs) on several abdominal segments (Figs. 12.3A).

Larvae propel themselves by a back-and-forth lashing
movement of the abdomen. Anopheline larvae usually
swim horizontally at the surface film. When larvae of typ-
ical culicine mosquitoes are feeding below the surface,
they periodically swim actively back to the surface to ob-
tain oxygen. However, in many microenvironments dis-
solved oxygen also is absorbed from the water through
the cuticle, requiring infrequent trips to the surface by
some species.

Mosquito larvae feed on a variety of organic detritus,
suspended material, and small organisms in their aquatic
habitats. The organisms include bacteria, protists, fungi,
algae, microinvertebrates, and small macroinvertebrates;
the organic detritus usually consists of dead plant mate-
rial and dead macroinvertebrates. They collect these food
items in five basic ways: filtering, gathering, scraping,
shredding, and preying. Filterers generate water currents
with their lateral palatal brushes on the labrum, drawing
suspended particles though fine combs, where they are
collected and directed to the mouth. Gatherers use their
mouthparts in a similar manner, but only after stirring
up the particles from solid surfaces. Scrapers obtain food
by scraping it off solid surfaces, whereas shredders gnaw,
chew, and bite off picces of organic matter. Predators
grasp insects and other small, mobile prey in their large
and sharp mandibles or maxillae (e.g., some Psorophora
spp.) or with long, curved palatal brushes (¢.g., Toxorbyn-
chites) (Figs. 12.4C and 12.17). Most species use more



FIGURE 12.16 Resting and feeding positions of mosquito larvae. (A)
Anopheles, showing horizontal position at the water surface, dorsal side
up; larva has rotated its head 180° so that the ventral side of the head
is uppermost and the mouthparts are applied to the water surface for
filter feeding on floating detritus; (B) Culex, showing typical diagonal
position while suspended from water surface; (C) Mansonia, attached
to submerged part of aquatic plant (stem or root) by its siphon. (A and
B, from Ross, 1947; C, from Gordon and Lavoipierre, 1962.)

than one of the above techniques. Anopheles primarily
filter-feed at the water surface by rotating their heads
180° so that the oral opening becomes dorsal. Many
Aedes, Ochlerotatus, and Culex, on the other hand, filter-
feed near the surface but also gather, scrape, or shred
organic matter at the bottom, depending on food avail-
ability. Coquillettidia and Mansonia, which are anchored
to submerged vegetation, employ a combination of filter-
feeding, gathering, and scraping techniques within their
immediate surroundings. Larval feeding has been re-
viewed by Merritt ez al. (1992).

Mosquito pupae normally remain motionless at the wa-
ter surface with the tips of their thoracic air trumpets
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FIGURE 12.17  Toxorhynchites amboinensis larva feeding on larva of
Culex pipiens. This predaceous species has been used in biological con-
trol trials and naturally exerts a damping effect on populations of pest
and vector mosquitoes. {Photo by W. A, Foster.)

in contact with the air. Like larvae, they dive when dis-
turbed, propelling themselves with their caudal paddles
by extending the abdomen, then snapping it back in-
ward toward the cephalothorax. Pupae of most species
are buoyant, due to the ventral airspace beneath the
cephalothorax, and rise to the surface without swimming.
They remain submerged by repeatedly swimming down-
ward or by wedging or lodging themselves under debris.
After sufficient submergence time, they lose their buoy-
ancy as their air supply dwindles, and they must swim
actively to the surface. Pupae of a few mosquitoes (e.g.,
Limatus spp.) are never buoyant and can keep from sink-
ing only by clinging to the surface film, much as most
mosquito larvae do. The plant-piercing pupac of Man-
sonin and Coguillertidin species do not rise to the water
surface until they release their attachment to plants when
ready for adult emergence.

Upon emergence from the pupal stage, adults typi-
cally seek shelter in vegetation, cavities, and other rest-
ing sites, where they remain except during periods of
activity. When resting, they typically are positioned head-
up on vertical surfaces, with forelegs and midlegs on the
substrate and hindlegs raised (Fig. 12.18). Culicines and
toxorhynchitines hold the abdomen in various positions,
but the proboscis is always at an angle to it (Fig. 12.18A).
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FIGURE 12.18 Comparison of typical positions of mosquito adults
resting on a vertical surface. (A} Culicine; (B) anopheline. Culicines typ-
ically hold the abdomen parallel to the substrate or pointed toward it,
and the proboscis and abdomen form an angle. Anophelines characteris-
tically tilt the body at a sharp angle to the substrate, with the abdomen
pointing away from it, and with the proboscis and abdomen in line.
(From Marshall, 1938.)

Anophelines, on the other hand, hold the proboscis and
abdomen in line, oblique to the substrate (Fig. 12.18B).
This distinctive position also is apparent during feeding.
While at rest, adults perform various stereotyped groom-
ing movements and frequently wave their hindlegs.

Each mosquito species has a characteristic pattern of
diel activity, under the control of an endogenous circa-
dian rhythm that is entrained by the daily light—dark cy-
cle. There are generally one or two flight periods each
day, characterized as being diurnal, nocturnal, or cre-
puscular (dawn and dusk). During these periods, both
sexes will take flight without external cues. It is likely that
mosquitoes have a generalized search pattern during for-
aging flights, responding to stimuli associated with mat-
ing sites, sugar sources, hosts, or oviposition sites as they
encounter them, depending on their needs. Mosquito
species vary in the habitats where they forage for mates
and food. Some fly over varied terrain; others tend to be
active in either wooded or open areas; still others per-
form all activities close to larval and resting sites. There
is some evidence that adult females become familiar with
local habitats that provide both food and oviposition sites
and tend to remain there.

Dispersal of some species is only a few dozen meters
from their larval habitats, for most species less than 2 km.
Such ranges are typical of domestic species and result
from random elements in their repeated foraging flights
for hosts, sugar sources, resting sites, and oviposition

sites. Other species enter a specific dispersal mode that
is wind-assisted or light-directed and carries them dozens
or even hundreds of kilometers from their origins. These
one-way movements are most obvious following massive
adult emergences of species with quiescent eggs, such as
the salt-marsh mosquito Ochlerotatus taeniorbynchus af-
ter high tides and floodwater mosquitoes such as Aedes
vexans in bottomlands after heavy rain. The average dis-
persal distance of such broods is difficult to determine
accurately, because efforts to recapture marked speci-
mens must be made over vast areas, and relatively few are
caught. Some salt-marsh species make extended, round-
trip migrations to complete their gonotrophic cycles
when breeding sites and blood feeding sites are many kilo-
meters apart. Average flight speed also is difficult to de-
termine under natural conditions. Ae. aegypti can fly up-
wind at air speeds up to 5.4 km /hr, while other species in
a dispersing mode are estimated to fly much faster. How-
ever, their ground speed drops nearly to zero as head-
wind velocity approaches their maximum air speed. Thus
mosquitoes tend to avoid flight under windy conditions,
except when a tailwind assists their flight. Mosquito dis-
persal in its various forms has been reviewed by Service
(1997).

Mating usually takes place a few days after adult emer-
gence. The males typically form flight swarms at particular
times at swaym markers (prominent objects or other con-
trasting features of the environment). Each male follows
a looping flight path over the marker. In species such
as Ae. aegypti and Ae. albopictus, the female’s preferred
host serves as the swarm marker. When a female enters a
swarm, males detect the characteristic frequency of her
wing beat and her position with their plumose anten-
nae and Johnston’s organs. Her tone varies from about
150 to 600 Hz, depending on the temperature and her
size and species. It is about 100-250 Hz lower than the
males’ flight sound. The male turns toward the female,
pursues her, and couples with her. Swarms are usually
species-specific, but mixed swarms occur. If the female
is of another species, males either do not respond to her
flight tone or release her upon detecting that she lacks the
appropriate species-specific contact pheromones. Other-
wise, he may attempt copulation. Successful copulation
usually occurs onty with the first conspecific male to ori-
ent to the female, venter-to-venter, clasping her genitalia
in his. The couple drifts or flies from the swarm, often
shifting to an end-to-end position, with the female flying
forward and the male facing backward, clinging to her
only by his genitalia. Mating may be completed in the air
or on vegetation. Copulation lasts from 12 sec to several
minutes.

There are many exceptions to this standard method
of mating. Males of Deinocerites and Opifex guard pu-
pae at the water surface and mate with the females



as they emerge. Males of Cs. inormata remain at the
emergence site for long periods and locate newly emerged
females at random while crawling about, recognizing
them by a specific contact pheromone on their legs. A
male Eretmapodites chrysogaster will follow a female in
tandem flight to a host, wait beside her while she takes
a blood meal, then copulate when she is finished. Males
of the sabethine genera Limatus, Sabethes, Wyeomyin, and
Topomyin locate females at rest on vines, sticks, and tree
trunks and perform a variety of leg-waving and gen-
italic courtship rituals before insemination. Several as-
pects of mosquito mating behavior have been reviewed
by Downes (1969).

During copulation the male deposits a mixture of
sperm and accessory gland secretion in the female’s sem-
inal bursa or genital chamber. The semen often produces
a distinct seminal mass in the bursa or genital chamber,
sometimes called a mating plug. It disappears in 12 days
and therefore does not, by itself, prevent subsequent in-
semination. Within an hour the sperm move into the
spermathecae, where they are stored. At least in culicine
mosquitoes, the swollen bursa itself and, later, a substance
in the accessory fluid called matrone cause the female to
become unreceptive to males. Substances in the accessory
fluid also can affect feeding behavior and promote egg de-
velopment and oviposition. A single insemination usually
is sufficient for the life of a female. Most evidence indi-
cates that females only rarely receive sperm from more
than one male.

Adult mosquitoes of both sexes of most species regu-
larly feed on plant sugar throughout life, but only females
feed on vertebrate blood. Water presumably is taken from
the surface of moist substrates as well as in sugar meals and
blood meals. Field studies and experiments indicate that
some species are guided in their foraging flights by spe-
cific visual features along the horizon, or they fly along
the edges of tree stands bordering open terrain. Others
apparently simply fly crosswind or downwind, depending
on wind speed. When they can see likely sources of sugar
or blood, they alter their flight paths to move directly to-
ward the object. If they detect odors of flowers or hosts
in the absence of visual information about a food source,
they turn to fly upwind within the downwind drifting odor
plume, eventually arriving at the odor source.

Sugar feeding starts soon after emergence, usually be-
fore females begin responding to host stimuli. Sugar is
taken frequently by both sexes throughout adult life, both
between and during gonotrophic cycles. Females of some
domestic species take sugar infrequently or never (e.g.,
Ae. aggypti and An. gambine in some localities); they typ-
ically live in close association with their hosts and utilize
blood for both energy and reproduction. Sugar sources
include floral and extrafloral nectaries, homopteran hon-
eydew, spoiled or damaged fruit, tree sap, and damaged
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or even undamaged plant leaves and stems. Malaya
species solicit regurgitated nectar and honeydew from
ants. Nectar and honeydew are the most important sugar
sources. They contain not only sugar but also amino
acids; these are insufficient to initiate egg development
but probably promote longevity. Most mosquitoes ob-
tain nectar from a variety of plant species; others seem to
be fairly specific in their choices, and a few are impor-
tant pollinators of particular plant species whose flowers
they visit. Mosquitoes generally feed from fragrant, light-
colored, clustered flowers with short corollas that allow
casy access to the nectar. Details of sugar feeding have
been reviewed by Foster (1995).

Female mosquitoes rarely begin responding to verte-
brate hosts and taking &lood meals untl at least 1-3 days
after adult emergence and often not until after mating and
sugar feeding. Their bostsinclude all classes of vertebrates:
mammals, birds, reptiles, amphibians, and even amphibi-
ous fish. They have been reported to take hemolymph
from other insects, but perhaps this occurs only when the
insects have been contaminated with vertebrate odors.
Host specificity and host preference vary widely. Some
species feed almost entirely on members of one genus of
animal; others opportunistically attack members of two or
three vertebrate classes. Blood-meal identification meth-
ods, used to determine mosquito—host specificity, have
been reviewed by Washino and Tempelis (1983). Host
specificity is a function of both the mosquito’s innate host
preference and the hosts available to the mosquito when
and where it is active. Some species forage over a broad
range of habitats. Others are active principally in cither
wooded or open areas or remain close to sites of larval de-
velopment or adult resting. Still other species attack their
hosts in rather narrowly defined zones within a habitat.
For example, within tropical forests, different species feed
in different strata: ground level, intermediate fevels, and
just below the leaf canopy.

Host-finding bebavior in mosquitoes involves the use
of volatile chemicals to Jocate vertebrate hosts. Carbon
dioxide, lactic acid, and octenol are among the best-
documented host attractants. Other skin emanations also
are known to be important, because odors from live hosts
are always more attractive than any combination of these
chemicals in a warm, humid airstream. Fatty acids pro-
duced by the normal bacterial flora of the skin are partic-
ularly effective in attracting An. gambine to human feet.
Mixtures of these fatty acids probably play a major role
in attracting most mosquitoes. Subtle differences in these
odors of different host species and even different indi-
viduals undoubtedly play a role in host preference. These
odors commonly have a combined effective range of 7—
30 m, but the range can be up to 60 m for some species.
Vision also is important in orienting to hosts, particularly
for diurnal species and especially in an open environment
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and at intermediate or close ranges. Dark, contrasting,
and moving objects are particularly attractive. As the fe-
male approaches to within 1-2 m of a potential host,
chemical and visual cues are still important, but convec-
tive heat and humidity surrounding the body also come
into play. Odor, carbon dioxide, heat, and humidity all
are detected by sensilla on the antennae and palps. Host-
finding behavior in mosquitoes was reviewed by Bowen
(1991). Specific behavioral and physiological aspects of
attraction have been reviewed by a series of authors in
the proceedings of a symposium (Anon. 1994).

If the suite of host stimuli is acceptable, the female at-
tempts to land on the host animal, often preferring cer-
tain body parts, such as the head or legs. Upon landing,
she proceeds through four phases of feeding behavior: ex-
ploration, penetration and vessel-seeking, imbibing, and
withdrawal. She typically remains motionless for a few
seconds, then begins exploratory movements, including
contacting the skin surface with her proboscis in probing
motions. If the host is not suitable, she may wander for
a considerable time and leave without feeding. Even on a
suitable animal she usually explores at least briefly before
selecting a spot that is likely to be well vascularized. Prob-
ing activity is stimulated by heat, moisture, and probably
also by chemicals on the surface of the skin. As in the
case of airborne attraction, these stimuli are detected by
antennal and palpal receptors, but receptors on the pro-
boscis, tarsi, and elsewhere on the legs apparently also are
important.

Mosquitoes can feed from a variety of skin surfaces, in-
cluding the moist skin of frogs and the scaly legs of reptiles
and birds. They can penetrate mucus, matted hair, light
layers of feathers, and heavy cloth such as denim, provided
it is not thicker than the length of the proboscis. Once
a feeding site is selected, the fascicle of stylets pierces
the skin while the labium serves as its guide and is bent
backwards without penetrating (Fig. 12.19). The maxil-
lae and mandibles on each side of the fascicle alternately
slide by each other in quick stabbing/puncturing move-
ments. While they do this, the tissue is gripped with the
backward-directed maxillary teeth as the stylets penetrate
epidermal and subepidermal tissue.

Saliva flows from the tp of the hypopharynx as the
flexible end of the fascicle bends at sharp angles, prob-
ing in various directions within the subepidermal tissue
in search of a small arteriole or venule. The saliva con-
tains an antihemostatic enzyme, apyrase, which inhibits
platelet aggregation and causes randomly punctured ves-
sels to bleed freely into the surrounding tissue spaces.
This makes it easier for the mosquito to locate a vessel and
shortens the total time on the host. The saliva also con-
tains anticoaguiants, which facilitate vessel location and
blood ingestion by preventing the blood from clotting.
Sensilla on the labrum and in the cibarium apparently

o

FIGURE 12.19 Female mosquito { Aedes aegypti), showing position
of mouthparts during blood-feeding. The fascicle is exsheathed from
the labium along part of its length while the labium buckles backward,
allowing the fascicle to pierce the skin in search of a blood vessel. (Photo
by W. A. Foster.)

detect plasma and cellular factors, including adenyl nu-
cleotides, such as adenosine triphosphate, which help the
mosquito to locate a blood vessel and stimulate inges-
tion. Upon finding a vessel, the female slips the tip of her
fascicle into the lumen and draws blood up through the
food canal by pumps in the cibarium and pharynx. The
blood accumulates in the midgut, allowing the mosquito
to engorge fully in 1-4 min. During this time, the fe-
male begins to extract water from the blood meal and
may deposit small droplets of urine on the host’s skin.
In some Anopheles species, copious fluid excretion begins
early, including some blood cells from the accumulating
meal, and it appears red. This is due to removal of liquid
from the meal directly into the hindgut, a process known
as prediuresis, rather than by way of the hemolymph and
malpighian tubules. When abdominal stretch receptors
signal the presence of sufficient blood in the midgut, the
female pushes with her forelegs to withdraw her stylets
and flies away. Usually she is too heavy to fly far until a
substantial amount of water and salt in the blood meal
has been excreted, after 1-2 hr.

While digesting the meal and developing eggs, females
locate species-characteristic vesting sites and may remain
there until the eggs are mature. However, females of
many specics are known to leave their resting sites during



each daily activity period throughout the gonotrophic cy-
cle. These flights allow them to obtain sugar meals or sup-
plementary blood meals, to relocate closer to an oviposi-
tion site, or perhaps simply to find a more suitable resting
site. In at least some species, a hormone from the ovaries
in the trophic phase inhibits the mosquito’s responsive-
ness to host attractants by blocking host-odor receptors
on the antennae, provided she has substantial energy re-
serves {see Klowden, 1996 for a brief review).

Oviposition generally occurs during the same part of the
day as mating and feeding. Gravid females locate and eval-
uate suitable sites by using chemical and visual cues, in-
cluding organic chemicals, salts, high humidity, dark cavi-
ties, and reflective surfaces. The organic chemical cues are
derived from decaying organic matter, microorganisms,
the chemical byproducts of larvae or pupae that have pre-
viously developed there, and the presence of mosquito
eggs that have been deposited by other females. The api-
cal droplets on the eggs of Cx. guinguefasciatus contain
an oviposition-attractant pheromone.

Within each genus of mosquito, there is considerable
variation among species in their oviposition-site prefevences
and, therefore, their larval habitats. In general, Anopheles
species occur in permanent or semipermanent water, such
as the edges of lakes, ponds, streams, and pools; others de-
velop in temporary rain puddles, leaf axils, and tree holes.
Culex typically lay eggs in permanent or semipermanent
pools, ponds, and water containers. Several medically im-
portant species of both Anopheles and Culex develop in
large bodies of surface water and take advantage of irri-
gated fields and of reservoirs created by dams. Culiseta
are found in several kinds of permanent surface pools;
some species have very narrow requirements. Coguillet-
tidin and Mawnsonia oviposit in permanent bodies of water
that contain floating or emergent aquatic plants to which
the immatures can attach. Aedes, Ochlerotatus, Psorophora,
and Haemagogus species lay their eggs on damp surfaces
where they will be inundated by temporary water or a
rising water level. Aedine species and ecologically similar
mosquitoes form two general categorics, according to
typical habitat: (1) floodwater mosquitoes, which include
floodplain species, salt-marsh species, and snowpool and
spring species; some floodplain species have become pro-
lific in rice fields and other forms of irrigation; and (2)
container mosquitoes, including leaf-axil species, tree-hole
species, and artificial-container species. Several medically
important species utilize both tree holes and artificial con-
tainers. Among genera of minor importance, Toxorhyn-
chites lay their eggs only in natural and artificial contain-
ers in wooded areas; Wyeomyia oviposits primarily in leaf
axils; and Degnocerites oviposits exclusively in crab holes
in tidal mudflats and mangrove swamps.

The distribution of mosquito eggs reflects the avail-
ability, size, and stability of the larval habitats used by a
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species. Though mosquito life histories are highly vari-
able, the oviposition behavior of mosquitoes tends to fol-
low along taxonomic lines. Most mosquitoes fall into one
of three behavioral categories: (1)Eggs laid out of water.
Species in this group may distribute eggs of a single clutch
broadly among several potential development sites, par-
ticularly if those sites are common but small. Container
species such as Ae. aegypti, Ae. albopictus, and Haema-
gogus species deposit the eggs at varying distances above
the water line, and at least Ae. aegypti lays only a por-
tion of the clutch in cach water container. Floodwater
species such as Ae. vexans, Ochlerotatus doysalis, and the
salt-marsh—inhabiting Oc. taeniorhychus generally scatter
their eggs widely over areas where water will accumulate,
inserting them into crevices of drying mud or plant debris
in low ground. (2)Egys placed on or in water. Mosquitoes
in this category lay the entire clutch in a clump at one site
while standing on the water surface or on floating veg-
etation. The egg rafts of Culex, Culisetn, Coquillettidia,
and Uranotaenia species are formed between the female’s
hindlegs as she deposits each egg on end in the water, one
against the next. Some Armigeres species suspend the egg
raft above the water with their hindlegs while forming
it and then carry it with them before placing it on the
water. Trichoprosopon digitatum females stand guard over
the raft until the eggs hatch. Mansonia species prepare
their egg clusters underwater, attached to a plant, while
standing on the floating leaves of aquatic plants. Excep-
tional species in various genera deposit egg rafts on top
of floating vegetation, lay their eggs singly underwater
on the sides of rock pools, or enter beetle holes in bam-
boo and extrude the eggs in ribbons. (3)Egqgs dropped onto
water. Species in this group oviposit aerially while hover-
ing. Anopheles drop all of them at one site or distribute
them among several smaller sites. Toxorhynchites and most
culicine species in the tribe Sabethini (e.g., Wyeomyia and
Sabethes) propel a few eggs into each of many container
habitats with a flick of the abdomen, often through very
small openings in tree limbs or bamboo. If a mosquito
cannot find suitable oviposition sites when the eggs are
mature, it may lay them in suboptimal situations or retain
them until a suitable site is found. Retained eggs gradually
lose their viability over several weeks or months. An ex-
tensive review of oviposition behavior is given by Bentley
and Day (1989).

Mosquito dormancy occurs in all but those tropical
and subtropical habitats that provide conditions for year-
round larval development. The life stage that becomes
dormant depends on the severity of a region’s winter
or dry season and also on the species. Species of Aedes,
Ochlerotatus, Psorophora, and Haemagogus, which all have
quiescent eggs, typically overwinter (hibernate) or over-
summer (aestivate) as eggs. Larvae serve as the dormant
stage in mosquitoes whose adult activity is precluded
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seasonally but whose breeding sites are protected from
severe cold or complete drying. When adults overwinter
as the dormant stage, typically in Anopheles and Culex,
they seclude themselves in well-protected harborages, or
hibernaculn. Prior to dormancy, mosquitoes often enter
diapaunse, a physiological state of arrested development
that is induced or broken only by specific environmen-
tal cues. Facultative eqy diapaunse, a feature of multivol-
tine species, is induced by exposure of the pupae or adult
females to lowered temperatures and short photoperi-
ods. They lay diapausing eggs, which will not hatch un-
til the day length is appropriate, even during unseason-
ably warm periods in autumn, winter, or early spring,
when the resulting larvae and adults might not sur-
vive. Obligate egy diapanse occurs in univoltine species,
regardless of preceding conditions, and is maintained
despite warm, long-day conditions. This is typical of
snowpool and spring Ochlerotatus species in cold and
temperate climates. Diapause is broken after the eggs have
been subjected to winter conditions (in the case of obli-
gate diapause) and when favorable temperatures and long
days resume. Larval diapaunse is similar to facultative egg
diapause in its induction and termination. Diapausing lar-
vae feed and grow little or not at all, and they do not molt.

Temperate species destined to overwinter as adult fe-
males emerge in a state of reproductive diapause induced
by larval and pupal exposure to shortening photoperiod
and cool temperatures. Although these females mate,
their egg follicles do not reach the resting stage, despite
frequent sugar feeding and accumulation of extensive fat
reserves. Fattened female Culex species that hibernate
through hard winters forego all further feeding until the
onset of spring, whereas in milder climates they period-
ically leave their overwintering sites to take sugar meals.
Although diapausing Culex adults rarely feed on blood,
some Anopheles species may take blood meals fairly reg-
ularly from hosts near these sites. They develop no eggs,
however, exhibiting gonotrophic dissociation. Other over-
wintering Anopheles continue to feed and develop eggs,
but these are not laid. Similarly, some tropical Anophe-
les take blood repeatedly during the dry season and re-
main continually gravid because there is nowhere to
oviposit. These phenomena are sometimes referred to as
gonotrophic discordance, a term that also applies to the tak-
ing of nonvitellogenic or otherwise supplementary blood
meals, mentioned previously.

PUBLIC HEALTH IMPORTANCE

Mosquitoes are of public health significance because they
feed on human blood. Blood feeding compromises skin,
presenting the possibility of secondary infection with

bacteria. It introduces foreign proteins with saliva that
stimulate histamine reactions, causing localized irritation,
and that may be antigenic, leading to hypersensitivity, and
it allows for acquisition and transmission of microorgan-
isms that cause infection and disease in humans, domes-
tic animals, and wild animals. Mosquito-borne diseases
are caused by three groups of pathogens: viruses, malaria
protozoans, and filarial nematodes. Mosquitoes are not
known to transmit pathogenic bacteria to humans, with
the exception of mechanical transmission of the causative
agents of tularemia (Francisella tulavensis) and anthrax
(Bacillus anthracis).

MosQuITO BITES

In addition to the tremendous impact of mosquitoes
on human health as vectors of disease pathogens, the
bites themselves are important. Aside from the annoy-
ing flight and buzzing sound, a single bite can be irri-
tating and a distracting nuisance. In Rangoon, Myanmar,
Cx. quinguefasciatus has been estimated to have densi-
ties of 15 million per square kilometer, and residents in
poor districts receive 80,000 bites by this species per year.
In Burkina Faso, in West Africa, residents of cities are
estimated to experience 25,000 bites by this species per
year. In northern Canada, the spring melt of snow brings
with it hordes of snowpool Ochlerotatus; counts on an
exposed human forearm can be as high as 280—300 bites
per minute. It has been estimated that this rate of biting
could reduce the total blood volume in a human body by
half'in 90 min, unless protective measures are taken.

As with the other blood-feeding arthropods, the
wound created at the bite site may allow secondary in-
fection by bacteria, which can be exacerbated by scratch-
ing. In the absence of prior exposure to mosquitoes, a
bite rarely produces more than a temporary tingling or
burning sensation and sometimes a tiny spot of blood
on or just beneath the surface of the skin. After one
or more previous exposures to mosquito bites, the pro-
teins in mosquito saliva, which are injected both be-
fore and during feeding, normally stimulate development
of immunity so that subsequent bites give rise to one
or both of two general kinds of allergic response: im-
mediate reactions and delayed reactions. The immediate
reaction, called #ype I hypersemsitivity, is an inflamma-
tion of the skin known as wheal and flave. It usually
starts within minutes of the bite and lasts a few hours at
most. The typical delayed reaction, designated gype IV by-
persensitivity, involves a cellular immune response caused
by lymphokines that are secreted by antigen-sensitized
T cells. Both delayed and immediate reactions result in
itching, redness, and swelling. The typical delayed reac-
tion takes about 1 day to develop, may last for up to a
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Selected Mosquito-Borne Viruses of Importance to Humans or Domestic Animals

Family (genus) Virus

Distribution

Togaviridae ( Alphavirus)

Western equine encephalomyelitis

Chikungunya
O’nyong-nyong
Ross River

Semliki Forest
Mayaro

Flaviviridae (Flavivirus) Dengue (four serotypes)
Yellow fever

St. Louis encephalitis
Murray Valley encephalitis
Japanese encephalitis
West Nile

Itheus

Rocio

Wesselsbron

Bunyaviridae (Bunyavirus) Bunyamwera group
Bunyamwera
Germiston
Ilesha
Wyeomyia

Group C
Apeu
Itaqui
Marituba
Murutucu
Oriboca
Restan
Madrid
Nepuyo
Ossa

California group
California encephalitis
Jamestown Canyon
La Crosse encephalitis
Inkoo
Tahyna
Guaroa

Bunyaviridae ( Phlebovirus) Rift Valley fever

Eastern equine encephalomyelitis
Venezuelan equine encephalomyelitis

Americas

Central America, South America (northern),
Mexico, United States (Florida)

North America, Mexico, South America (eastern)

Asia, Africa, Philippines

Africa

Australia, New Guinea, Fiji,
American Samoa

Africa, Asia, Philippines

South America (northern), Trinidad

Tropics, especially southern Asia and Caribbean
Atfrica, Central and South America

Americas

Australia, New Guinea

Asia (eastern), Philippines

Africa, Europe, Israel, Asia

Central and South America

Brazil

Africa, Asia (southern)

Africa
Africa
Africa
Central America

South America

South America

South America

South America

South America

South America

Central America

Central and South America
Central America

United States (western)
North America

United States (eastern)
Finland

Europe

South America

Africa (northern, eastern)

week, and tends to result in a larger wheal with a deeper
discoloration.

MoOsSQUITO-BORNE VIRUSES

Among the more than 520 viruses associated with arthro-
pods and registered in the International Catalogue of
Arthropod-Borne Viruses (Karabatsos, 1985), somewhat
less than half have biologic relationships with mosquitoes,
and about 100 infect humans. The term arbovirus is a

contraction of “‘arthropod-borne virus™ and has no strict
taxonomic meaning. The most significant mosquito-
borne viruses causing human illness belong to four gen-
era in three families (Table II): the Togaviridae, genus
Alphavirus; the Flaviviridae, genus Flavivirus; and the
Bunyaviridae, genera Bunyavirus and Phlebovirus. These
taxa have replaced categories in the older arbovirus liter-
ature, i.e., group A viruses for the alphaviruses, group B
for the flaviviruses, and Bunyamwera supergroup for the
bunyaviruses. Some of the arboviruses infect both hu-
mans and domestic animals and cause disease in both. A
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FIGURE 12.20  Rift Valley fever virus virions in salivary gland tissues
of Culex pipiens female, 42,000x. (Courtesy of K. Lerthudsnee and
W. S. Romoser.)

representative arbovirus, Rift Valley fever (RVF) virus, is
shown in Fig. 12.20.

Aside from their genomic organization and morphol-
ogy, mosquito-borne viruses may be viewed in terms of
the kind of disease symptoms they cause. In humans, gen-
erally speaking, the mosquito-borne viruses cause infec-
tion with either no apparent symptoms or acute disease
of systemic febrile illness (fever), encephalomvelitis (in-
flammation of the brain and spinal cord), hemorrhagic
fever (bleeding and fever), or febrile myalgia and arthral-
gia {fever with muscle and joint pain, or arthritis). The
case mortality (fatality) rate tends to be low for fevers,
although morbidity (illness) may be high. For the en-
cephalitis and hemorrhagic fevers, morbidity and mor-
tality may range from low to high, depending upon the
virus and factors such as age. After the acute phase, hu-
mans either recover fully or show various sequelae, such
as neurological problems after acute encephalitis. Long-
term, chronic infection with the mosquito-borne viruses
does not occur in humans, although the consequences of
infection may be long-lasting.

Table II is a list of the more important mosquito-
borne arboviruses and their geographic distribution. The
viruses are generally classified hierarchically as follows:
sevogronp, complex, type, subtype, and variety. The word

strain is used to refer to different viruses of the same va-
riety that were isolated from different locations or differ-
ent biologic sources, or that show minor differences in
antigenicity or genotype, but not enough to justify ele-
vating them to the varietal level. For example, Altamont
virus is an eastern New York State straim of La Crosse
virus, which along with Snowshoe hare virus is a variery
of virus called La Crosse, which is a subtype of California
encephalitis, the zype virus of the California encephalitis
virus complex within the California serggroup in the
genus Bunyavirus, family Bunyaviridae, The relationships
among the viruses are determined on the basis of similari-
ties and differences in antigenic reactions to antibodies in
immunological tests, and on genetic relationships deter-
mined by molecular analyses (i.e., nucleotide sequences
or oligonucleotide fingerprint patterns). Arbovirus classi-
fication is presented by Calisher and Karabatsos (1988).
Karabatsos (1985) lists their histories and basic antigenic
properties.

Mosquito-borne viruses multiply in both inverte-
brate and vertebrate cells. Many arboviruses cause cy-
topathic effects and cell destruction in vertebrate cells;
in invertebrate cells the same viruses typically cause a
chronic cellular infection without cytopathology. Com-
petent mosquitoes become infected when they feed on
blood of a viremic vertebrate host in which there is suf-
ficient circulating virus in its blood to provide an infec-
tious dose to the mosquito. After blood has entered the
midgut, the virions bind to and then pass through the
microvillar membrane and into midgut epithelial cells.
Within these cells, viruses replicate, and virions bud off
from the cells, pass through the basal lamina, and en-
ter the hemolymph. Virions disseminate throughout the
body of the mosquito and may infect and replicate in a va-
riety of tissues, including salivary glands, fat body, ovaries,
and nerves. A mosquito with a salivary-gland infection
(Fig. 12.20) may transmit infectious virions during sali-
vation as it probes the tissues of another vertebrate host.
In some mosquitoes and for some viruses, transovarial
transmission of virions occurs from the female mosquito
to her progeny, and females of the next generation can
transmit the virus orally without having become infected
by a prior blood meal. Also, venereal transmission of some
arboviruses from male to female mosquito has been doc-
umented experimentally. The rate of virus infection and
dissemination in mosquitoes is temperature-dependent;
higher temperature results in shorter extrinsic incubation.
Virus infection may harm mosquitoes in some cases, and
they become infected for life.

Because the flaviviruses, alphaviruses, and bunyaviruses
have RNA genomes and can replicate in both invertebrate
and vertebrate hosts, these viruses have a high capacity
for rapid evolution into antigenically variable strains of
varying virulence. This capacity for change is important,
because it may result in emergence of highly virulent,



TABLE I

Relationships of Selected Alphaviruses to Mosquito
Vectors and Vertebrate Reservoir Hosts

Vertebrate
Virus Vector(s) reservoirs
Eastern equine Culisera melanura, Birds
encephalomyelitis Ochlerotatus sollicitans,
Coguillettidia perturbans,
Culex nigripalpus,
Culex ( Melaniconion) spp.
Western equine Cx. tarsalis, Birds,
encephalomyelitis  Culex ( Melaniconion) spp., lagomorphs
Ae. albifasciatus,
Ochlerotarus melanimon,
Ochlerotatus dovsalis
Venezuelan equine Culex  Melanoconion) spp.; Rodents
encephalomyelitis® Aedes, Ochlerotatus,
Psovophora, Anopheles,
Mansonin spp.
Chikungunya Ae. aegypti, Primates,
Ae. africanus including
humans
O’nyong-nyong Anopheles spp. Humans
Ross River Cx. annulivostris, Humans,
Ochlevotatus vigilax, rodents

Ae. polynesiensis

#See Table IV for elaboration of this virus complex.

Eastern Equine
Encephalomyelitis

Venezuelan Equine
Encephalomyelitis
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epidemic strains; indeed, there is evidence for this process
in recent history (see O’Nyong-Nyong virus and Rocio
virus, below). Whether rapid evolution of arboviruses
leads inevitably to coevolution of viruses and mosquito
hosts is debatable, because rapid evolution implies ca-
pacity to shift to new hosts, whereas coevolution implies
adaptation to specific hosts through reciprocal selection
and perhaps cospeciation.

The literature on the mosquito-borne viruses is volumi-
nous. Extensive reviews are presented in the multivolume
series edited by Monath (1988a), in Strickland (1991), in
the sections on Togaviridae, Flaviviridae, and Bunyaviri-
dae by Fields ez al. (1996), and in Reeves (1990), as well
as in references mentioned under specific groups below
and at the end of this chapter.

Togaviridae (Alpbavirus)

The Togaviridae, genus Alphavirus, contains seven anti-
genic complexes of viruses involving 37 types, sub-
types, and varieties distributed worldwide, 35 of which
have been isolated from mosquitoes. Many of these are
medically important. Table IIT summarizes relationships
between primary mosquito vectors and important al-
phaviruses, whereas Fig. 12.21 shows their distribution
in the Western Hemisphere.

Western Equine
Encephalomyelitis

FIGURE 12.21  Epidemic zones of mosquito-borne alphaviruses that cause encephalitis in the New World. (Reconstructed from

Mitchell, 1977, and other sources.)
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Eastern equine encephalomyelitis (EEE) virus This
virus is distributed in South America, Central America,
the Caribbean basin, and eastern North America. Anal-
yses of geographic strains of EEE virus have revealed
two varieties: South American and North American/
Caribbean. The virus has been isolated from many differ-
ent states in the United States, but most cases of human
or equine disease are in coastal states from Massachusetts
to Louisiana, an area of upstate New York near Syracuse,
a swamp focus in east central Ohio, southern Michigan,
and part of northern Indiana.

EEE virus is one of the most pathogenic among all of
the mosquito-borne encephalitis viruses. In humans, dis-
ease caused by EEE virus infection results in high mor-
bidity and mortality. The type and severity of illness in
humans depends upon the age and health status of the
individuals. Children, the elderly, immunocompromised
individuals, and sometimes apparently healthy adults de-
velop acute encephalitis with high fever, drowsiness,
lethargy, vomiting, convulsions, and coma. Mortality
rates among clinical cases exceed 50%. Individuals who
survive infection often show neurologic sequelae, al-
though some survivors recover completely, sometimes
showing rapid and dramatic improvement from coma.

In the eastern United States, EEE virus occurs in a
bird—mosquito enzootic c¢ycle in swamps that support
the biology of the enzootic vector, Culiseta melanura.
The swamps comprising EEE foci are characterized in
the northern distribution of its range by northern white
cedar, black spruce, tamarack, or red maple trees, typ-
ical of swamp or bog ecosystems. Larvae of Cs. mela-
nura occur in water-filled cavities underneath raised tree
hummocks, water-filled depressions formed by uprooted
trees, and in holes in bog mats. Adults feed on birds in the
swamp and may leave swamps for open areas to locate
hosts, returning later to oviposit. Cs. melanura females
are highly efficient vectors of EEE virus and transmit
it primarily to swamp-dwelling passeriform birds. More
than 48 species of wild, native birds have shown evi-
dence of infection. The mechanism of overwintering of
EEE virus is unknown. Recent studies in New Jersey in-
dicate that the virus may recrudesce in resident birds in
the spring, whereas other studies incriminate reptiles as
overwintering hosts. Still other scenarios suggest that this
virus is introduced by migrating birds from southern re-
gions where viral transmission may occur year-round.

In some summers, for reasons possibly related to
weather patterns and density of bird and mosquito
hosts, EEE virus in its enzootic swamp setting becomes
amplified to high levels so that epizootics and epidemics
develop. Certain mosquito species function as bridge
vectors, especially Ochlerotatus sollicitans in coastal areas
and Cogquillettidia perturbans in inland arcas. They
acquire virus infection by feeding on viremic birds, later
blood-feeding on mammals and transmitting the virus

to them. In Central and South America, EEE virus
apparently circulates among rodents and birds through
mosquitoes in the Culex (Melanoconion) group; however,
the relationships among vectors and vertebrate hosts
involved in enzootic, epizootic, and epidemic cycles of
EEE virus in these regions are poorly known compared
to North America.

Epidemics and concurrent epizootics have been docu-
mented in the eastern United States since the 1930s, gen-
erally involving cases in horses, pheasants, and humans.
The virus was first isolated from brains of horses that
died during a 1933 epizootic along the eastern coast of
the United States, in Virginia, Delaware, and Maryland.
Disease in humans was first recognized in 1938 in
Massachusetts. Generally, outbreaks involve many horse
cases and very few human cases. Nearly all outbreaks
involving human cases have occurred along the eastern
coast of the United States. From 1964 to 1995, a total of
151 human cases of EEE infection were reported in the
United States, with an average of about 5 cases (range,
usually 0 to 14) per year. The greatest number of hu-
man cases occurred in 1959, when 36 were documented,
mainly in New Jersey. Morris (1988) reviewed the ecol-
ogy, epidemiology, and vector relationships of EEE.

Western equine encephalomyelitis (WEE) virus  This
virus is a complex of six types and six subtypes. All
are mosquito-borne, with the exception of Fort Morgan
pirus, which is associated with cliff swallows and their par-
asitic cimicid bugs ( Oeciacus vicarius) in western North
America. The other viruses are widely distributed across
the high plains of the United States and Canada, in
California, and through Central and South America. The
WEE virus type that occurs in North America has been
responsible for acute encephalitis in horses and humans.
An apparently less pathogenic virus, Highlands ] vivus, is
closely related to Fort Morgan virus, yet it exists in the
same basic North American enzootic cycle as EEE virus.

Disease caused by WEE virus in humans is less severe
than that caused by EEE virus, and some infections are in-
apparent. Symptoms are generally similar, with acute on-
set of meningitis or encephalitis with headache, fever, and
drowsiness and with coma and death in severe cases. Fa-
tality rates are in the range of 5% or less. Most morbidity
and mortality occur in infants rather than teens, adults,
or the elderly. Neurologic sequelae are often evident in
survivors.

In North America, WEE virus apparently exists enzoot-
ically in at least two different cycles. The primary cycle in-
volves passerine and columbiform birds (especially house
sparrows, house finches, blackbirds, orioles, and mourn-
ing doves), with Cx. tarsalis functioning as the enzootic,
epizootic, and epidemic vector. Nestling birds, which are
more exposed to mosquito bites, may be more important
as virus amplifier hosts than adult birds. The other cycle



involves jackrabbits as vertebrate hosts and Ochlerotatus
melanimon or Oc. dorsalis as vectors in California, Utah,
and Colorado. Ground and tree squirrels also may func-
tion as vertebrate hosts in some areas, and in the cen-
tral United States Oc. trivittatus may be a secondary
vector. In Central and South America, WEE virus ap-
parently circulates in nature among Culex (Melanoco-
nion) mosquitoes, although a cycle involving Ochlerotn-
tus albifasciatus and lagomorphs has been clucidated in
Argentina.

Epizootics and epidemics of WEE in North America
appear to be related to cumulative summertime precip-
itation and wintertime snowpack development, both of
which can increase populations of Cx. tarsalis and favor
virus transmission. The larvae of this mosquito are often
associated with agricultural irrigation and vernal flood-
ing. Areas that normally are dry can produce large pop-
ulations of Cx. tarsalis if irrigation activities result in the
accumulation of pools of still water long enough to sup-
port larval development. For example, Cx. tarsalis pop-
ulations burgeon after winter rain and vernal snow melt
result in inundation of saltwater marshes along the north
shore of Salton Sea in southern California. WEE virus
is detected in Cux. tarsalis populations about 2 months
after these populations increase, during March through
June. The virus spreads to upland sites to the northwest
of the sea, where mosquitoes are produced primarily from
poorly maintained irrigation systems. The movement of
WEE virus along this corridor is probably due to dispersal
ofinfected Cx. tarsalis rather than to movement of birds.

TABLE IV
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The mechanism by which WEE virus overwinters at this
site, or is introduced there, is not known.

WEE viras was first isolated in 1930 from the brain of
a dead horse in the San Joaquin Valley of California. It
later was identified as the causative agent of human dis-
ease in a child who died of encephalitis in the San Joaquin
Valley of California in 1938. Since that time, WEE virus
has been implicated in epizootics in horses and concur-
rent epidemics in humans, with cases numbering from
hundreds to thousands in some instances. Large out-
breaks occurred in 1941 and 1975 in the Red River Valley
in Minnesota and North Dakota and in Manitoba
(Canada), in 1952 in the Central Valley of California, and
in 1965 in Hale County in western Texas. There are horse
cases almost every summer within the range of the virus,
but epizootics do not occur every summer. From 1964 to
1995, a total of 639 human cases of WEE infection were
reported in the United States, with an average of about 20
cases (range, 0—172) per year. Reisen and Monath (1988)
provided a review of WEE.

Venezuelan equine encephalomyelitis (VEE) virus
This is a complex of 12 viruses that cause disease in
humans and equids (horses, burros, and mules) and
occurs in northern South America, Central America,
and Mexico, occasionally extending into Texas (Walton
and Grayson, 1988). These viruses exist as either en-
zootic or epizootic varieties and strains, with overlap-
ping or disjunct geographic distributions and with vari-
able vector and vertebrate—host relationships. Table IV

Venezuelan Equine Encephalomyelitis Virus Complex: Classification, Mosquito Associations, and

Geographic Distribution of Virus Varieties

Vector Geographic
Subtype Variety Name associations distribution
I A-B* — Aedes, Ochlerotarus, Psorophora, Mansonia, Central America, South America
Anopheles, Deinocerites pseudes (northern)
c*? — (Same as IA-B) Central America, South America
D — Culex (Mel.) ocossa (northern) Central America, South America
Cx. (Mel.) panocossn
E — Cux. (Mel.) taeniopus Central America
F — Unknown Brazil
11 Everglades Cux. (Mel.) cedecei United States (southern Florida)
I A Mucambo Cx. (Mel.) portest South America (northern)
B¢ Tonate Unknown South America (northern)
C — Unknown Peru
v Pixuna Unknown Brazil
v Cabassou Unknown French Guiana
VI — Unknown Argentina

#Virulent to equids and humans and involved in epizootics. The other subtypes and varieties are enzootic.
b A variety related to IIIB, Bijou Bridge virus, is not listed here. It is associated with cliff swallow bugs ( Ozeincus vicarius; Hemiptera: Cimicidae)

in western North America.
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shows the classification and vector associations of these
viruses.

Many VEE “‘enzootic” virus subtypes and varieties
exist in cycles involving rodents and mosquitoes of
the Culex (Melanoconion) group, such as Cx. ocossa,
Cx. panocossa, andCx. taeniopus in Central and South
America. Rodents in the genera Sigmodon, Oryzomys, Zy-
godontomys, Heteromys, Peromyscus, and Proechimys are
important vertebrate hosts; birds, opossums, and bats
also may be reservoir hosts. The ecology of the epizootic
viruses is quite different. A large number of species of
mosquitoes in several different genera (see Table IV)
have been implicated as vectors of the epizootic/epidemic
virus strains. Equids attain sufficient viremia to infect
these mosquitoes. VEE epidemics can be maintained by
mosquito-equid-mosquito transmission, unlike WEE and
EEE epidemics, in which equids are for the most part
dead-end hosts. Wading birds, particularly green herons,
have been incriminated as vertebrate hosts of epizootic
strain IA-B in Panama, with the crab hole mosquito De.
pseudes functioning as vector. Persistence of epizootic
strains of VEE in interepidemic periods is not well under-
stood; thus their emergence in epidemics among equids
and humans is difficult to predict.

The single representative of the VEE viruses in the
United States, other than during epizootics in Texas, oc-
curs in the Everglades region of southern Florida. Called
Everglades virus, it is associated with Cx. (Melanoconion)
cedeces (formerly, Cx. opisthopus) as vector and cotton rats
(Segmodon hispidus) and cotton mice (Peromyscus gossyp-
inus) as vertebrate hosts. The zoonotic setting is the
hardwood hammocks of the Everglades, where mosquito
and rodent habitats overlap. Serosurveys of Seminole and
Miccosukee Indians in these regions have shown that
many Indians have antibodies to VEE virus, but there
have been very few cases of human disease attributable
to this virus.

Humans infected with an epizootic or certain enzootic
strains of VEE virus may show no symptoms, only mild
flulike symptoms, or severe encephalitis with acute on-
set of vomiting, headache, seizures, and fever. Symptoms
tend to be most severe in children. During epidemics, the
mortality rate is typically less than 1%, although in some
epidemics the mortality rate has been considerably higher.

The VEE viruses in Central America and northern
South America have been intensively studied because of
the history of epidemics among equids and humans in
these regions. Outbreaks of VEE have occurred period-
ically in South America, Central America, and Mexico
since the 1930s. The first VEE virus was isolated in 1938
from a dead horse in Venezuela. In 1969, a large out-
break of VEE involving both equids and humans in Cen-
tral America spread northward through Mexico in the
next 2 years, moving into Texas in 1971. Cases continued

in Mexico through 1972. There were thousands of both
horse and human cases throughout this region during
that time, but epizootic virus activity did not occur again
there until an outbreak in Venezuela in 1992—-1993 and
in Chiapas, Mexico, in 1993. More recently, an outbreak
of VEE occurred in northern Colombia in 1995. The ra-
pidity of spread of these outbreaks over large geographic
areas undoubtedly is due to the role of horses as compe-
tent reservoir hosts.

Chikungunya (CHIK) virus This virus occurs in east-
ern Africa and parts of India and southeastern Asia (Jupp
and McIntosh, 1988). It generally does not cause the
encephalitis-type symptoms characteristic of EEE, WEE,
and VEE viral infections, but rather causes a DEN-like
arthralgic illness of fever, rash, and severe pain in the
joints. In Africa, CHIK virus infects nonhuman primates
such as vervet monkeys ( Cercopithecus nethiops) and ba-
boons (Papio wrsinus), with Ae. africanus, Ae. Inteo-
cephalus, Ae. opok, Ae. furcifer, Ae. taylori, and Ae. cordel-
lieri as enzootic vectors in savannah and forest cycles. In
humans it produces viremia sufficient to infect Ae. ae-
4ypti, the vector in urban areas.

Ae. aeggypti is the vector of CHIK virus in urban India
and Asia, where it causes epidemics of arthralgic disease
during rainy seasons. A 1994 epidemic in Vellore, south-
ern India, showed that human cases increased during
August and September, reaching a peak in October, as
the human-biting frequency and viral infectjon rate of Ae.
aegypti increased. The epidemic lasted about 5 months
and affected 44% of the city’s population. This epidemic
and others, along with experimental studies, indicate that
interrupted feeding resulting in partial blood meals may
facilitate both mechanical and biological transmission of
CHIK virus, thus rapidly amplifying the virus in human
populations.

Other Alphaviruses

There are other important alphaviruses that occur endem-
ically and epidemically and cause fever, arthralgia, and
other symptoms in humans.

O’nyong-nyong (ONN) virus This is an antigenic
subtype of CHIK virus that is transmitted among hu-
mans by Anopheles species in widespread parts of Africa.
The vectors are the same ones that transmit human
malaria parasites (i.e., An. gambine and An. funestus). A
large epidemic occurred from 1959 through the 1960s,
infecting about 2 million people in Uganda, Kenya,
Tanzania, Malawi, Zambia, and Mozambique. The virus,
whose name comes from an Acholi African word meaning
‘“weakening of the joints,” was first isolated from humans
during this time and was later isolated from An. funestus



in 1974. Only isolated cases occurred from that time un-
til an epidemic in Uganda in 1997. Neither a vertebrate
animal host nor the mechanism of persistence of ONN
virus between these epidemics is known. The reservoir
host is probably humans. A closely related virus, called
Igbo Ora, also is transmitted by Anopheles mosquitoes and
occurs in parts of West Africa, where it was associated with
an outbreak of CHIK-like disease in the Ivory Coast in
1984. ONN and Igbo Ora are the only arboviruses caus-
ing human disease that have Anopheles mosquitoes as the
primary vectors.

Sindbis (SIN) virus This virus is distributed widely in
Eastern Europe, Scandinavia, the former Soviet Union,
Asia, Africa, the Middle East, and Australia. The virus
is a member of the WEE virus complex. It was origi-
nally isolated from Cx. univittatus in Egypt in 1952 and
has been associated with a human disease of rash, fever,
and muscle and joint pain in Uganda, South Africa, and
Australia. Birds are vertebrate hosts. A subtype of
SIN virus is Ockelbo, which is distributed in Sweden,
Finland, and northern Russia. Ockelbo is transmitted by
Cs. ochroptera, and possibly Culex and Aedes species, and
has been associated with human disease similar to that
caused by SIN virus.

Ross River (RR) virus This virus occurs in Australia,
Fiji, and the Cook Islands, where it causes an illness
known as epidemic polyarthritis, consisting of fever, rash,
and arthralgia (Kay and Aaskov, 1988). In Australia, RR
virus is transmitted by Ochlerotatus camptrovhynchus, Oc.
vigilax, and Cx. annulivestris, whereas in the islands the
vectors are Ae. aegypti and Ae. polynesiensis. The virus was
first isolated from Oc. vigilax in 1963. The vertebrate
reservoir hosts are unknown, but in Australia they may
be marsupials. Barmah Forest virus is another mosquito-
borne alphavirus in Australia that causes symptoms similar
to RR virus.

Mayaro virus This virus occurs in the Caribbean and
parts of South America. In humans the iliness is similar to
CHIK. The virus was first isolated from febrile patients
in Trinidad in 1954. Marmosets are the reservoir hosts of
the virus, and Haemagogus mosquitoes are vectors.

Flaviviridae (Flavivivus)

The Flaviviridae, genus Flavivirus, contains eight anti-
genic complexes plus many unassigned viruses involving
70 types, subtypes, and varieties distributed worldwide.
Some of these have mosquitoes as vectors, while others
are associated with ticks or with rodents or bats. The
flavivirus diseases include some of the most dangerous
and historically significant infections of humans. Table V
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TABLE V
Relationships of Selected Flaviviruses to Mosquito Vectors
and Vertebrate Reservoir Hosts

Vertebrate
Virus Vector(s) reservoirs
Yellow fever Aedes negypti Humans in urban
environments
Ae. africanus Monkeys
Ae. bromeline Monkeys
Ae. furvcifer Monkeys
Ae. Inteocephalus Monkeys
Ae. metallicus Monkeys
Ae. taylori Monkeys
Ae. vittatus Monkeys
Haemagogus spp. Monkeys
Sabethes spp. Monkeys
Dengue Ae. aegypti Humans
Ae. albopictus Humans (monkeys?)
Ochlerotatus nivens group Monkeys
Ae. scutellaris Humans
Ae. polynesiensis Humans
Ae. psendoscutellaris Humans
Ae. votumae Humans
Japanese Culex tritaeniovhynchus Birds, pigs
encephalitis Cx. gelidus Birds
Cx. vishnui complex Birds
St. Louis Cx. pipiens Birds
encephalitis Cyx. quinguefasciatus Birds
Cx. tarsalis Birds
Cx. nigripalpus Birds
Murray Valley Cx. annulivostris Birds
encephalitis
West Nile Culex spp. Birds
Cx. univittatus Birds
Cux. modestus Birds

shows the mosquito—vector and vertebrate—host associ-
ations of some of the more important mosquito-borne
flaviviruses. Among them arc YF, DEN, Japanese en-
cephalitis (JE), SLE, Murray Valley encephalitis (MVE),
West Nile (WN), and Ilheus viruses.

Yellow Fever

This disease is caused by YF virus and occurs over broad
portions of lowland equatorial Africa and South and
Central America (Fig. 12.22), cither as isolated cases or
epidemics (Monath, 1988b). YE virus exists principally in
two epidemiological forms: an enzootic form, maintained
in monkey populations by forest mosquitoes in a sylvan
cycle and responsible for most of the isolated human cases
(jungle yellow fever); and an epidemic form, spreading
rapidly through human populations by the domestic form
of Aedes negypti (Fig. 12.23) in an urban cycle. The urban
vector is particularly efficient because it readily enters
and typically rests in houses, feeds almost exclusively on
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FIGURE12.22  Geographic occurrence of human cases of yellow fever
in South America and Africa officially reported to the World Health
Organization, 1982-1991. (Reconstructed from Monath and Heinz,
1996, and other sources.)

humans, and oviposits in artificial containers. It frequent-
ly takes two or three blood meals per gonotrophic cycle
to supplement its energy reserves in lieu of sugar feeding.

In previous centuries, urban yellow fever affected sub-
tropical and temperate regions of North America, with
devastating effects. It remains a serious cause of mortality,
particularly in village settings in tropical Africa, and is a
constant threat in South America. There are sporadic, an-
nual cases and occasional epidemics in Africa and 50—300
cases of jungle yellow fever annually in South America.
Jungle yellow fever occurred in Brazil (1932), Panama,
and northward into Central America (1948—1955), and
there were several episodes (including some urban trans-
mission) in Trinidad (1954, 1959, 1978—1979). Epi-
demics in Africa have involved diverse areas, includ-
ing Ethiopia (1960—1962), the Gambia (1978), Ghana

FIGURE 12.23  Aedes aggypti female feeding on blood. This is the
primary vector of dengue and urban yellow fever. (Photo by R. G.
Hancock.)

(1979-1980,1983,1993,1996), Benin (1996), Burkina
Faso (1983), Nigeria (1986, 1994), and Kenya (1992—
1993).

Yellow fever is a hemorrhagic disease. Mortality in in-
fected humans ranges from 5 to 75% or more. After in-
fection by mosquito bite, there is an incubation period of
3—6 days, followed by sudden high fever (>104°F or
40°C), headache, nausea, and pain. Humans are viremic
during this initial acute phase only for about 3 days. The
virus is viscerotropic and causes parenchymal cell necrosis
in the liver, resulting in elevated blood bilirubin levels and
jaundice, thus the name “‘yellow fever.”” Jaundice leads
to systemic toxemia. Hemorrhage manifests as bleeding
gums, easy bruising, and sloughing of the stomach lin-
ing, thus causing a characteristic &lack vomir. Delirium
and coma often precede death.

The causative agent of yellow fever is the prototype
virus of the Flaviviridae and the first arbovirus to be asso-
ciated with human disease. Although the disease was first
recognized in the New World in the 17th century, the
virus was isolated first in 1927 in Ghana, Africa, when the
blood of a man with yellow fever was inoculated into rhe-
sus monkeys. The virus apparently originated in Central
Africa among monkeys (e.g., Cercopithecus spp., family
Cercopithecidae) and mosquitoes dwelling in the forest
canopy. In this environment, the vector is the monkey-
feeding Ae. africanus, a relative of Ae. aegypti. There
also is evidence for infection with chimpanzees (Pan
troglodytes, family Pongidae), baboons ( Papio, family Cer-
copithecidae) and bushbabies ( Galago, family Lorisidae).
Generally, Old World monkeys do not suffer mortality
from infection. In western Africa, where YF virus also is
enzootic, the likely sylvatic vectors are Ae. vittatus, Ae.
metallicus, Ae. furcifer, Ae. taylovi, and Ae. Iuteocephalus,
which develop in tree holes and sometimes other natural
containers and rock pools.

Human disease occurs when humans enter the habi-
tat where the mosquito—monkey cycle is ongoing and
are bitten by infected mosquitoes. Alternatively, infected
monkeys or baboons sometimes enter the human habitat
on raids in gardens or banana plantations, bringing YF
virus to mosquitoes at the interface between forest and
human habitation. The African mosquito Ae. bromeliae
(formerly Ae. ssmpsoni), the larvae of which develop in
water-filled leaf axils of plants such as banana, occu-
pies this interface and frequently has become involved in
forest-edge and rural transmission of YF virus to humans.
Ae. bromeline sometimes has served as the primary vector
in massive rural epidemics. Thus, it functions both as a
bridge vector between sylvatic and rural cycles and as an
interhuman vector in that peridomestic environment. It
was the principal vector during the 1960—1962 epidemic
in Ethiopia, in which about 100,000 people became in-
fected and 30,000 died.



The spread of both the domestic form of Ae. aegypti
and YF virus from Africa to other parts of the world ap-
parently occurred within the last 400 years. Trading and
slaving ships, with their potentially virus-infected cargoes
of slaves, and with water barrels as a mosquito develop-
ment site, greatly facilitated spread and establishment of
both vector and virus. The need for slave labor in the
newly established sugar cane /molasses/rum economy of
the Caribbean region undoubtedly promoted movement
of YF virus about the New World. Oftentimes, crews be-
came ill with YF while their ships were in transit. Epi-
demics regularly occurred in port cities in both West
Africa and in coastal South America, North America, and
the Caribbean. Ae. aegypti also moved into the Arabian
peninsula and Indian subcontinent, and then to Asia
and the Pacific region, probably via dhow traffic along
sea trade routes. YF has not become established in Asia,
even though vector-competent mosquitoes and humans
occur there.

Yellow fever epidemics have occurred in the New World
over a period of three centuries, beginning in the mid
1600s. Epidemics occurred in such places as Barbados
and Trinidad (Caribbean), Havana (Cuba), Yucatan
(Mexico), Guadeloupe (Caribbean), and Guayaquil
{(Ecuador); and in Charleston (South Carolina), Mobile
(Alabama), Pensacola (Florida), and other areas of the
United States as far north as Boston and New York.
In the 1700s and 1800s, epidemics continued in ports
of tropical and temperate America, including an out-
break in Philadelphia (Pennsylvania) in 1793, where some
4,000 deaths occurred in a population of 55,000. A large
outbreak in Haiti in 1802 decimated the French military
force there, causing Napoleon to abandon his New World
ambitions and contributing to the Louisiana Purchase by
the United States government. New Orleans (Louisiana)
had regular epidemics of yellow fever from 1796 through
1905. The shipping blockade enforced by the navy on
the federalist side of the United States’ civil war (1861—
1865) prevented yellow fever in New Orleans during
that period. Probably, the blockade stopped importation
of infected ship crews. An epidemic in the Mississippi
River valley in 1878, extending north as far as Gallipolis,
Ohio, caused over 13,000 deaths. The last epidemic in
the United States was in New Orleans in 1905, involving
3,402 cases and 452 deaths.

As YF virus invaded the New World, it became estab-
lished in a mosquito—monkey cycle in forested parts of
Central and South America. In the sylvatic cycle there, the
vectors are forest canopy—dwelling mosquitoes, particu-
larly Haemagogus species and Sabethes chloropterus, whose
larvae develop in tree holes. New World monkeys in the
family Cebidae are highly susceptible to infection. Dur-
ing cpizootics, howler monkeys (Alouatia spp.), squir-
rel monkeys (Saimiri spp.), spider monkeys (Ateles spp.),
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and owl monkeys {Aotus spp.) may show considerable
mortality in their populations. However, capuchin mon-
keys (Cebus spp.) and woolly monkeys (Lagothrix spp.)
circulate mosquito-infective viremias, but they do not die
from infection. Therefore, in this cycle noticeable die-offs
of monkeys may or may not precede sylvatic transmission
of YF virus to humans. Sylvan yellow fever in the Americas
can lead to urban outbreaks when humans enter the trop-
ical forests where transmission is ongoing, become in-
fected by mosquito bite, and then return to villages or
cities. If Ae. aegypti is present in these settlements, it can
initiate an epidemic of urban yellow fever.

The history of the discovery that YF virus is transmit-
ted by mosquitoes is intriguing. The discovery is particu-
larly important because YF was the first arbovirus to be
recognized as a mosquito-borne agent, and mosquito
control measures imposed quickly afterward caused a
dramatic reduction in this devastating discase. Although
suspicion that the agent causing yellow fever might be
transmitted by mosquitoes can be traced to several inde-
pendent sources in the 1800s, it was the intuition of the
Cuban physician Carlos Finlay, followed by the research
activities of the United States Yellow Fever Commission
in Havana, Cuba, in 1900, that resulted in experimen-
tal evidence that Ae. aegypti was the vector. This com-
mission was composed of the US Army officers Walter
Reed, James Carroll, Jesse Lazear, Aristides Agramonte,
and others. After consulting with Finlay, this team carried
out a scries of experiments that demonstrated the trans-
missibility of the agent from infected to uninfected hu-
mans by mosquito bite, after a suitable incubation period
in mosquitoes. During this work, James Carroll allowed
himself to be bitten by an infected mosquito and later de-
veloped yellow fever, but he recovered. Jesse Lazear was
accidentally bitten, and he died of the discase.

The team’s findings stimulated William Gorgas, a
physician in the US Army, to impose a control program
against Ae. aeggypri, resulting in the elimination of urban
yellow fever in Havana and, soon after, in the Panama
Canal Zone. Later, the Rockefeller Foundation spon-
sored teams of biomedical scientists and public health
practitioners to begin intensive studies of yellow fever by
establishing a research center in Guayaquil, Ecuador, in
1918. This foundation eventually established research in-
stitutes in Brazil, Nigeria, Uganda, the United States, and
elsewhere, and supported research and disease control
programs in many sites. For a time, the causative agent
of yellow fever was thought to be a spirochete. Within
10 years of isolation of the virus in 1927, an attenuated,
live vaccine was produced which was shown to provide
excellent protection against infection. Max Theiler was
awarded the Nobel Prize in Medicine for his efforts in this
regard. In many areas of South America, antimosquito
programs resulted in virtual elimination of urban
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outbreaks, although sylvan transmission continued.
Despite these early advances, cases of jungle and rural
yellow fever, and epidemics in Africa, continue to occur.
The reintroduction and resurgence of Ae. aeggypti popu-
lations throughout Central and South America and the
Caribbean islands in recent decades, and the immense
growth of cities that provide a habitat for it, have created
an increased potential for urban epidemics.

Dengue

This disease is caused by DEN virus, represented by four
closely related serotypes called Dengue 1, 2, 3, and 4
(Gubler, 1988; Gubler and Kuno, 1997). The disease
in humans is either classic dengue fever or the more se-
vere dengue hemorrhagic fever or dengue shock syn-
drome. The DEN viruses are transmitted by mosquitoes,
principally Ae. aegypti. The current distribution of DEN
viruses includes Southeast Asia, the south Pacific, the
Caribbean basin, Mexico, Central America, and South
America. However, epidemics of dengue have occurred
elsewhere in the past, including the United States, Japan,
Australia, Greece, and both eastern and western Africa.
Figure 12.24 shows its current distribution and the re-
gions with projected risk for occurrence, given the appro-
priate climate and availability of vectors. Dengue is com-
monly reported as an introduced disease in the United
States, but indigenous transmission apparently has oc-
curred in Texas in 1980, 1986, and 1995. All four

serotypes now occur in the Western Hemisphere. In
addition to large-scale epidemics in the Americas, there
have been recent, large outbreaks involving dengue hem-
orrhagic fever in Africa, China, Taiwan, India, Maldives,
and Sri Lanka. In the hyperendemic areas of southcast-
ern Asia, such as Thailand and the Philippines, the severe
forms of the disease have become more common and ap-
pear in epidemics at 3- to 5-year intervals.

Dengue is characterized by fever, rash, severe headache,
and excruciating pain in muscles and joints, earning it the
name breakbone fever. Clinical disease develops 5—8 days
after the bite of an infected mosquito. Often the disease
runs a mild course of about a week, leading to complete
recovery. However, dengue can become scvere in cases
of dengue hemorrhagic fever (DHFE) and dengue shock syn-
drome (DSS), both of which generally occur in children
and may be fatal. These manifestations were first observed
as complications of dengue fever in 1954 and are charac-
terized by blotchy rash, bleeding from the nose and gums,
and shock.

The increased frequency of DHF and DSS in Southeast
Asia and parts of the Caribbean and Latin America has
stimulated a debate in the biomedical community regard-
ing the mechanisms by which DHF emerges during epi-
demics of classic dengue fever. One hypothesis is that
there are variable forms of the different serotypes of DEN
viruses, some of which are more pathogenic than oth-
ers. Another idea is that people of different races dif-
fer in their propensity to develop severe symptoms and

FIGURE 12.24 Geographic distribution of dengue and dengue hemorrhagic fever. (Recon-
structed from World Health Organization, Vector Biology and Control Division, 1989, and other

sources. )



that the virus has been spreading into more susceptible
populations. Still another hypothesis is that, as human
populations in tropical cities in Asia and the Americas in-
crease and as dengue epidemics in general increase in fre-
quency, there are simply more cases with the noticeable
manifestations of DHF and DSS. The fourth hypothesis,
and the one currently viewed as most likely, is that prior
exposure to one serotype, followed by exposure to an-
other serotype within a critical period of 5 years, leads to
the development of hemorrhagic fever and, in some cases,
shock syndrome. The more recent epidemics taking place
in various parts of the world, especially in the Americas,
indicate that DEN has replaced YF as the major urban,
epidemic flavivirus of importance worldwide.

The main epidemic vector of DEN viruses, Ae. ae-
gypri (Fig. 12.23), is ideal, because it commonly rests in-
doors, feeds preferentially on humans, has a tendency to
take supplementary blood meals, and often moves from
one residence to another as it oviposits. The larvae de-
velop in such vessels as water barrels and jars, potted-plant
containers, cemetery urns, and discarded tires. The close
proximity of these larval habitats to human dwellings
further facilitates Ae. aegypti—human contact and allows
large mosquito populations to develop. To the extent that
larval sites are hand-filled, DEN transmission is indepen-
dent of rainfall patterns. Indeed, in some places where
water stores are replenished independently of rainfall, epi-
demics may occur in the hot, dry season when tempera-
tures are higher and the extrinsic incubation period of the
viruses in the mosquitoes is shortened. However, in areas
where breeding containers depend primarily on rainwa-
ter, dengue epidemics occur during rainy seasons.

Other vectors of DEN viruses are Ae. albopictus
(Fig. 12.25) in rural areas of Southeast Asia and
Ae. polynesiensis, Ae. scutellaris, Ae. pseudoscutellaris, and

FIGURE 12.25  Asian tiger mosquito ( Aedes albopictus), female feed-
ing on human. (Photo by W. A. Foster.)
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Ae. rotumae in the Pacific region. The role of the newly
introduced Ae. albopicrus in the New World as a vector
of DEN viruses remains to be determined. In peninsular
Malaysia, a series of studies showed that DEN viruses
circulated between monkeys and mosquitoes of the
Ochlerotarus nivens group, suggesting the possibility of
an enzootic sylvatic cycle. However, humans generally
are considered to be the only vertebrate host in situations
where monkeys do not occur, such as congested urban
slums in huge tropical cities, including Bangkok, Manila,
Jakarta, Caracas, and Guayaquil. Thus, a mosquito—
human—mosquito cycle of DEN transmission is the
usual means of virus maintenance and epidemic spread.
Transovarial transmission of some of the DEN viruses has
been demonstrated in Ae. aegypti and Ae. albopictus, and
therefore mosquitoes may be reservoirs, particularly in
periods of low-level transmission among humans.

Japanese Encephalitis Virus Complex

Another important group of mosquito-borne flaviviruses
is the Japanese encephalitis virus antigenic complex, in-
cluding West Nile, Japanese encephalitis, St. Louis en-
cephalitis, and Murray Valley encephalitis viruses. Some
authorities refer to this complex as the West Nile anti-
genic complex. These viruses occur in widely separated
geographic regions but show similarities in the nature of
their enzootic cycles. Each has Culex vectors (Table V)
and birds as vertebrate reservoirs. In the case of JE virus,
pigs often serve as amplifying hosts. Figure 12.26 shows
the worldwide distribution of this complex of viruses. The
most important of these in terms of human morbidity and
mortality is JE virus. However, all cause human illness of
varying severity, depending upon the virus and age and
health of the person.

West Nile (WN) virus This virus is widely distributed
in Africa, the Middle East, Europe, parts of the for-
mer Soviet Union, India, and Indonesia (Fig. 12.26)
(Hayes, 1988). It has been the cause of endemic and epi-
demic fever, myalgia, and rash, especially in children in
the Middle East, and has caused encephalitis in some in-
stances. Seroprevalence of antibody to WN virus in Egypt
can exceed 60% in adults. Recent epidemics have occurred
in Israel (1950s), southern France (1962), South Africa
(1974 and 1983—1984), Romania (1996), and other
eastern European countries. WN virus was first isolated
from the blood of a febrile man in Uganda in 1937. Like
the other members of this complex, the primary mosquito
vectors of WN virus are in the genus Culex, particularly
Cx. pipiens and Cx. univittatus. Other species also may be
important. As with the other viruses in this complex, birds
are vertebrate reservoirs and amplifying hosts during epi-
demics. In 1999, WN virus was introduced through un-
known means into New York City and was linked to hu-
man encephalitis in 61 confirmed cases (mostly in the
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FIGURE 12.26  Geographic distribution of mosquito-borne flaviviruses that cause encephalitis. (Reconstructed

from Mitchell, 1977, and other sources. )

city borough of Queens); there were 7 fatalities. Ini-
tially, this outbreak of disease was thought to be due to
St. Louis encephalitis (see below). Other unusual features
of the outbreak were the large numbers of birds, espe-
cially crows ( Corvus brachyrbynchos), that died. The vec-
tors were likely Cux. pipiens and other Culex species, al-
though WN virus later was isolated from other mosquito
species as well, A serosurvey conducted by the US Cen-
ters for Disease Control and Prevention in the Queens
area indicated that as many as 1256 people had actually
been infected during the course of the outbreak and that
239 (19%) of these people may have experienced clinical
illness due to infection. Of interest was that the virus suc-
cessfully overwintered. A dead, virus-positive hawk and
virus-positive overwintering Culex females were found in
early 2000. Subsequently, virus transmission resumed in
the summer of 2000. There were at least 18 human cases
in this region in 2000, including 1 death. Also, many wild
bird deaths were linked to virus infection, and associations
between the virus and several more species of mosquitoes
were discovered. Virus activity spread northward to New
England, southward to North Carolina, and westward to
Pennsylvania and western New York state. Whether WN
virus will become firmly established and more widespread
in the western hemisphere is not known, but the fact that
overwintering occurred and virus distribution increased
geographically are signs that it is establishing in this new
geographic setting.

Japanese encephalitis (JE) virus JE is a severe disease
of acute encephalitis, with children and the elderly pri-
marily affected and with mortality rates reaching >25%
of those with overt disease. Many infections are asymp-
tomatic or mild. Survivors often show neurologic se-
quelae. The disease is distributed throughout the rice-
growing areas of Asia, from Japan south to Papua New
Guinea and west to India and Nepal (Fig. 12.26). In
Japan, Japanese encephalitis epidemics have occurred in
August and September in many different years since its
discovery there. The virus first was isolated from the brain
of a human who died of encephalitis in 1935, then from
brain tissue of a horse in 1937, and from Cx. tritae-
niovbynchus in 1938. Numbers of cases have declined in
Japan, Korea, and Taiwan, because of vector control, vac-
cination, and changes in agricultural practices (Burke and
Leake, 1988). The enzootic cycle of JE virus involves
Cx. tritaeniorhynchus and several other Culex species, in-
cluding Cx. vishnui, Cx. psendovishnui, Cx. fuscocephaln,
and Cx. gelidus, all of which are associated with rice cul-
ture. Wading birds such as herons are important enzootic
reservoirs. Pigs are important amplifier hosts in rural, rice-
growing areas where swine are kept. Japanese encephali-
tis is probably the most important of the mosquito-
borne encephalitis diseases, owing to its epidemic nature,
widespread distribution, and large number of humans
who acquire infection, die, or recover, yet suffer neuro-
logic sequelae.



St. Louis encephalitis (SLE) virus This virus was
identified as the causative agent of disease during an out-
break of encephalitis-like illness in the United States, in
Paris, Illinois, in 1932 and St. Louis, Missouri, in 1933. It
was isolated from a patient with encephalitis in the Yakima
Valley of Washington in the early 1940s and found to be
a frequent cause of human illness in the Central Valley
of California in the 1930s and 1940s. This virus is dis-
tributed widely in North America and also occurs in parts
of Mexico, Central America, the Caribbean, and South
America to Argentina (Fig. 12.26). The encephalitic ill-
ness caused by SLE virus shows a bimodal age distribu-
tion, with children and elderly people most frequently af-
fected. Attack rates during epidemics range from 5 to 800
per 100,000 population, depending upon location, year,
strain virulence, and population immunity due to earlier
epidemics. In the eastern United States, mortality rates
have ranged from about 3 to 20% of laboratory-diagnosed
cases, but in the western United States mortality rates are
lower.

In North America, three enzootic cycles of SLE virus
have been described. In the eastern United States, north
of Florida but including Texas, the primary vectors are
Culex pipiens and Cx. quinguefasciatus (Fig. 12.27). The
former mosquito occurs in a more northerly distribu-
tion, whereas the latter is more southerly, with a hybrid
zone at about the latitude of Mempbhis, Tennessee. Fe-
males of both species feed on birds. In addition, Cx.
quinquefasciatus females frequently feed on mammals as
the summer progresses. Whether these mosquitoes alone
or other vectors function in transmission to humans de-
pends upon the abundance of these two species and other
competent vectors. House sparrows are important ver-
tebrate amplifier hosts in peridomestic settings. In the

FIGURE 12.27  Culex quinguefasciatus females laying eggs in form of
floating rafts; these are vectors of filariasis and St. Louis encephalitis,
among other diseases. (Photo by W. A. Foster.)
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western United States, a mosquito—bird—mosquito cycle
similar to that of WEE virus, involving Cx. tarsalis, has
been clucidated. In addition, in California both Cx. pip-
iens and Cx. guinquefasciatus, and possibly Cx. stigmato-
soma, function secondarily as either enzootic or epidemic
vectors. In Florida, Cx. nigripalpus apparently is the en-
zootic, epizootic, and epidemic vector of SLE virus. In
Latin America and in the Caribbean basin, SLE virus has
been isolated from many different species of Culex, Sa-
bethes, Mansonia, Wyeomyia, and other genera and from a
wide variety of birds and mammals. In these arcas, human
St. Louis encephalitis generally is rare. The mechanism of
virus overwintering in North America is not well known.
There is some evidence of virus persistence in overwin-
tering, diapausing female mosquitoes.

The history of St. Louis encephalitis in North America
has been that of epidemics, either local or widespread,
with intervening years when there was apparently no virus
activity or were no epidemics, and either no case or a
few isolated human cases. The first epidemic, in the early
1930s in St. Louis, Missouri, USA, was accompanied by
hot and dry weather, which favored the development
of populations of mosquitoes of the Cx. pipiens com-
plex, the larvae of which develop in water rich in sewage.
The epidemic involved about 1100 human cases and
200 deaths. Since that time, there have been some 50
outbreaks of St. Louis encephalitis in the United States.
Cases during three recent decades are shown by state in
Fig. 12.28. Human cases also have occurred in Manitoba
and Ontario, Canada. These epidemics have been both
rural and urban. A very large outbreak occurred in
1975, involving 30 states and the District of Columbia,
with over 1800 cases reported. More recently, epidemics
have occurred in such disparate locations of the United
States as Pine Bluff (Arkansas), Florida, Los Angeles
(California), Houston (Texas), New Orleans (Louisiana),
and Grand Junction (Colorado). A total of 4437 human
cases of SLE infection were reported to the United States
Centers for Discase Control and Prevention from 1964
to 1995, with an average of 139 cases per year (range,
4—-1967). Monath (1980) and Tsai and Mitchell (1988)
have reviewed the ecology and public health significance
of St. Louis encephalitis.

Murray Valley encephalitis (MVE) virus This virus
has been associated with encephalitis-type illness in hu-
mans in eastern and western parts of Australia and in New
Guinea (Marshall, 1988) (Fig. 12.26). Mortality rates
vary greatly during outbreaks, ranging from 18 to 80%.
Epidemics of encephalitis in Australia in 1917, 1918,
1922, and 1925 were probably caused by MVE virus. It
was isolated from the brain of a human in 1951 and from
a pool of Cx. annulirostris in 1960. Later epidemics oc-
curred in Australia in 1956, 1971, 1974, 1978, 1981,
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FIGURE 12.28 Distribution of human cases of St. Louis encephalitis in the United States,
reported berween 1964 and 1993. (Reconstructed from Monath and Heinz, 1996, and other

sources. )

and 1984. The enzootic cycle involves Cx. annulirostris
as vector and birds as vertebrate reservoir and amplifier
hosts. Epidemics appear to be associated with excessive
rainfall, which allows an increase of mosquito populations
to high densities and the immigration of wading birds.
Kunjgin virus is closely related to MVE virus. It is also
mosquito-borne, but it is associated rarely with human
disease in Australia.

Other Flaviviruses

There are many other mosquito-borne flaviviruses of im-
portance to human health.

Rocio virus This virus occurs in Brazil (Iversson,
1988). It appeared suddenly in Sao Paulo State in 1975
and caused an encephalitis-type illness in about 1000
cases, with some fatalities. Most cases occurred among
young, male agricultural workers. Only a single case has
been reported since. The vector and vertebrate host re-
lationships for this virus are poorly known, although
Psorophora ferox and Ochlerotatus scapularis have been
incriminated as vectors, based on virus isolation in the
field and laboratory transmission experiments. A closely
related pathogen is Ilbeus virus, which occurs in Trinidad,
Panama, and parts of South America (Fig. 12.26). It has
been associated with about 10 documented human cases
of illness and has been isolated from mosquitoes in 8 dif-
ferent genera, but mostly from Psorophora species.

Bunyaviridae ( Bunyavirus and Phlebovirus)

The Bunyaviridae include the genera Bumyavirus and
Phlebovirus. The viruses in the genus Bunyavirus com-
prise a complex and diverse group of more than
153 viruses in 16 serogroups distributed worldwide

(Table VI). Mosquitoes or biting midges serve as vectors,
and small mammals, ungulates, or birds are the vertebrate
hosts. Phlebovirus contains 37 viruses, most of which have
phleboromine sand fly vectors. It also includes the impor-
tant mosquito-borne RVE virus.

Among the 30 viruses associated with human or an-
imal diseases in the genus Bumyavirus are those in the
California serogroup (Eldridge, 1990; Grimstad, 19838).
It consists of four virus complexes: California encephali-
tis, Melao, Trivittatus, and Guaroa. In the California en-
cephalitis virus complex, there is one virus type, California
encephalitis virus, and seven subtypes and varieties, in-
cluding the medically important La Crosse and Tahyna
viruses. Melao virus complex consists of seven subtypes and
varieties, whereas Trivittatus virusand Guaroa virusform
monotypic complexes within the serogroup. Viruses in
the California serogroup characteristically are transmitted
by Ochlerotarus species, but other genera such as Culiseta
and Anopheles may be involved. Of the 14 virus types, sub-
types and varieties in the California serogroup, 9 occur
only in North America: CE, La Crosse encephalitis, Snow-
shoe hare, San Angelo, Jamestown Canyon, Jerry Slough,
South River, Keystone, and Trivistatus. The others, in-
cluding Guaron, Serra do Navio, Melao, Lumbo, Tahyna,
Lumbo, and Inkoo, are distributed in various places world-
wide. Table VII lists the California serogroup viruses and
indicates their geographic distribution, mosquito vec-
tors, and vertebrate host relationships. The viruses in this
serogroup were isolated and described during the period
from 1943 through the 1970s, culminating in a mono-
graph by Calisher and Thompson (1983).

California encephalitis (CE) virus This is the proto-
type virus for the complex of the same name and was the
first of the California serogroup viruses to be associated
with human disease, involving three cases in California in
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Serogroup Virus complex Distribution of types, subtypes, and varieties
Bunyamwera Bunyamwera Africa, Europe, Asia, Canada, United States,
Madagascar, Mexico
Kairi South America
Main Drain United States (western)
Wyeomyia South America, Panama, Brazil
Anopheles A Anopheles A Colombia, Brazil, Argentina, Trinidad
Tacaiuma Colombia, Brazil,
Anopheles B Anopheles B Colombia, Brazil
Bwamba Bwamba Africa
Group C Caraparu South America, Panama
Madrid Panama
Marituba South America, Trinidad
Oriboca South America
California California encephalitis United States, Canada, Europe, Africa, Tajikstan
Melao South America, Trinidad, Panama, United States
Trivittatus United States
Guaroa Colombia, Brazil, Trinidad
Capim Capim Brazil
Guajara Brazil, Panama, Guatemala
Bush Bush Trinidad, Brazil, Guatemala, Panama
Acara Brazil, Panama, Trinidad
Benevides Brazil
Gamboa Gamboa Panama, Surinam, Ecuador
Alajuela Panama, Ecuador, Argentina
Guama Guama South America, United States (Florida)
Bertioga Brazil
Bimiti South America (northern)
Catu South America (northern)
Timboteua Brazil
Koongol Koongol Australia, New Guinea
Minatitlan Minatitlan Mexico, Guatemala, Ecuador
Olifantsvlei Olvantsvlei Africa
Botambi Central African Republic, Ivory Coast
Patois Patois United States {Florida), Mexico, Central America,
Ecuador
Zegla United States (Florida), Mexico, Central America
Simbu Simbu Africa
Akabane Japan, Australia, Kenya
Manzanilla Trinidad, Panama, French Guiana, Africa, India, Thailand,
Cyprus, United States, Central African Republic, Brazil,
Australia
Sathuperi India, Nigeria, Australia
Shamonda Nigeria, Kenya
Shuni Nigeria, South Africa, Japan, Australia, India
Thimiri India, Egypt
Tete Tete South Africa, Egypt, Nigeria, Central African
Republic, Cyprus, Italy, Japan
Turlock Turlock North America, South America, India, Malaysia,
Australia, Central Europe
M’poko Central African Republic, Nigeria
Unassigned Kaeng Khoi Thailand

Serogroups, complexes, and geographic distribution of representative virus types in the genus Bunyavirys. Abstracted from Calisher and Karabatsos

(1988).
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TABLE VII

California Serogroup ( Bunyavirus, Bunyaviridae): Classification, Mosquito Associations, Vertebrate

Hosts, and Geographic Distribution of Virus Types and Subtypes

Virus type Vector Vertebrate Geographic
and subtype Variety associations associations distribution
California encephalitis
California encephalitis Ochlerotatus melanimon Lagomorphs United States (western,
Ochlerotatus dovsalis southwestern)
Inkoo Ochlerotatus and Aedes spp. Lagomorphs? Finland
La Crosse La Crosse Ochlerotatus triseviatus Sciurid rodents, foxes United States (eastern)
Snowshoe hare  Ochlerotatus stimulans group Lagomorphs United States
Ochlerotatus canadensis (northern), Canada
Culiseta inornata
San Angelo Aedes, Anopheles, Psorophora? Unknown United States (southwestern)
Tahyna Tahyna Ae. vexans, Cs. annulata Lagomorphs Europe, Tajikistan, Azerbaijan
Lumbo Ae. pembaensis? Unknown East Africa
Melao Melao Ochlerotatus scapularis? Unknown Trinidad, Brazil, Panama
Jamestown Cs. inornata Deer United States, Canada
Canyon® Ochlerotatus communts group
Ochlerotatus provocans
Ochlerotatus abserratus
Ochlevotatus intrudens
Ochlerotatus stimulans group
Anopheles spp.
South River (same as Jamestown Canyon virus?)  Deer? United Srates (northeastern)
Keystone Ochlerotatus atlanticus, Lagomorphs, Cotton rats ~ United States (coastal, eastern)

Ochlerotatus tormentor

Serra do Navio  Ochlerotatus fulvus

Trivittatus Ochlerotatus trivittatus

Guaroa Anopheles spp.

Unknown Brazil (Amapa state)
Lagomorphs United States
Unknown Panama, Colombia, Brazil

#Jerry Slough virus is a strain of Jamestown Canyon virus in the western United States.

1943. It was isolated from Ochlerotatus melanimon and
Cx. tarsalisat that place and time. Extensive studies of the
mosquito and vertebrate-host relationships of this virus in
California have shown that Oc. melanimon and Oc. dor-
salis are the principal vectors and that the virus is trans-
mitted transovarially by these species. Serologic surveys
have implicated jackrabbits, cottontail rabbits, California
ground squirrels, and kangaroo rats as vertebrate hosts.
The virus also has been isolated in New Mexico, Utah,
and Texas. However, since the time of original discov-
ery, CE virus only rarely has been associated with human
disease.

La Crosse (LAC) virus This is the most important hu-
man pathogen in the California serogroup, causing an
acute, febrile illness in children. Most cases are subclin-
ical or mild, but some progress to severe encephalitis
and, rarely, death. In 1964, LAC virus was isolated from
preserved brain tissue of a child who had died of en-
cephalitis in 1960 in the vicinity of La Crosse, Wisconsin
(USA). The virus currently is distributed in the eastern
United States, including the midwestern states border-
ing the Great Lakes, east to New York and Pennsylvania,
south to West Virginia and North Carolina, and west

to Texas. However, most human cases occur in West
Virginia, Wisconsin, Illinois, Indiana, and Ohio.

The disease tends to be highly focal within its known
range, such that particular regions or towns are known to
be endemic. Prevalence varies regionally. In the United
States, there were 2245 cases of La Crosse encephalitis re-
ported to the Centers for Disease Control and Prevention
from 1964 to 1995, with an average of 70 per year (range,
29-160). In Ohio, where cases are particularly well doc-
umented, there was an average of 26 cases per year bet-
ween 1963 and 1995. La Crosse encephalitis probably is
underreported to public health agencies.

The principal vector of LAC virus is the eastern tree
hole mosquito, Ochlerotatus triseriatus. The virus is trans-
mitted both horizontally, to sciurid rodents, particu-
larly chipmunks and squirrels, and vertically, from female
mosquitoes to their progeny. The discovery of transovar-
ial transmission of LAC virus was one of the first doc-
umentations of this phenomenon in mosquitoes and re-
vealed an overwintering mechanism for LAC virus. It also
demonstrated that vertebrate reservoirs were not always
essential to the persistence of mosquito-borne viruses in
nature and that the mosquito itself could be a reser-
voir host. Thus an infected female is able to transmit the



virus at its first blood feeding without previously having
taken an infectious blood meal. Another important new
finding was that Ae. triserintus males, infected transovar-
ially, transferred LAC virus to females via mating (i.c.,
venereal transmission).

Epidemiologic investigations of cases of encephalitis
or aseptic meningitis of unknown origin often reveal La
Crosse encephalitis in areas where previously it was un-
known. Such investigations almost always reveal popula-
tions of Ochlerotatus triseriatus in the immediate vicinity
where infection was thought to occur, such as backyards
or wooded areas where children play. Water-filled artifi-
cial containers, particularly discarded tires, have become
important habitats for Oc. triseriatus larvae and provide a
link between the sylvan La Crosse cycle and humans. In
Ohio and New York State, LAC virus also has been iso-
lated repeatedly from Ochlerotarus canadensis; however,
the role of this mosquito as a vector to humans and its
role in an enzootic cycle are not well understood.

Snowshoe hare (SSH) virus This pathogen is closely
related to La Crosse virus, but its ecology is very differ-
ent. It originally was isolated from the blood of a snow-
shoe hare in Montana in 1958. Lagomorphs (hares and
rabbits) are the enzootic vertebrate hosts. SSH virus is
distributed in the northern parts of the United States
and in Canada, where it has been isolated from a vari-
ety of Ochlerotatus species and from Culiseta inornata.
Even though SSH virus is very similar antigenically to La
Crosse virus, human disease rarely has been documented
except in Ontario, Quebec, and Nova Scotia (Canada),
where 10 cases of an encephalitis-like illness have been
attributed to SSH virus.

Keystone (KEY) virus This virus is a subtype in the
Melao virus complex, first isolated in 1964 from a col-
lection of blood-fed Ochlerotatus atlanticus and Oc. tor-
mentor in Florida. It is not considered to be a human
pathogen. It occurs along the castern seaboard of the
United States, where it has been isolated from Oc. atlanti-
cus, Oc. tormentor, Oc. infirmatus, and other mosquitoes.
Transovarial transmission of the virus has been demon-
strated for Oc. atlanticus in the field. Gray squirrels and
cottontail rabbits in northern coastal areas, and cottontail
rabbits and cotton rats in Florida and Texas, have been
identified as vertebrate hosts.

Trivittatus (TVT) virus This virus was first isolated
from Ochlerotatus trivittatusin North Dakota in 1948. It
also has been isolated from other mosquitoes, including
Oc. infirmatus in the southeastern United States, where
Oc. trivittatus is absent. Transovarial transmission has
been demonstrated in the latter species. Trivittatus virus

shows a widespread distribution in the eastern half of the -

United States. Cottontail rabbits are vertebrate hosts.
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Jamestown Canyon (JC) virus This is another sub-
type in the Melao virus complex. It was originally iso-
lated from Culiseta inornata in Colorado in 1961. Since
that time it has been isolated in both Canada and the
United States from Ochlerotarus, Culiseta, and Anopheles
species in regions from Alaska east to Ontario and New
England, south to Maryland, and in western and south-
western states, including California. The principal vectors
are Ochlerotatus species with univoltine life cycles (i.e.,
snowpool and spring species). An antigenic variant known
only from California is Jerry Slough virus, which is trans-
mitted by Cs. inornata. In the eastern United States, a va-
riety or strain of JC subtype is South River virus. Transo-
varial transmission of JC virus has been demonstrated
in some mosquito species. Its vertebrate hosts are large
wild ungulates, especially deer. JC virus has been associ-
ated with encephalitis-type illness in humans in Ontario,
New York, and Michigan.

Tahyna (TAH) virus This is a subtype of the CE virus
complex, distributed widely in Europe and parts of west-
ern Asia. It has been associated with human febrile and
central nervous system illnesses in France, the former
Czechoslovakia, and Tajikistan. Foci are now known from
Finland south to Tajikistan. Although the prevalence of
infection in humans is poorly known, serosurveys in the
Rhine River valley of Germany documented antibody to
TAH virus in up to 23% of humans living in the area. In
the former Czechoslovakia, TAH virus was implicated in
1% of febrile illnesses of children in an endemic area and
in 20% of central nervous system illnesses. This virus was
first isolated from Ae. vexans and Ochlerotatus caspins in
Slovakia in 1958. The mosquito vectors are Ae. vexans,
Oc. caspius, and Cs. annulata. Hares and pigs are verte-
brate reservoir hosts. Lumbo virus is a variety of TAH
and occurs in parts of Africa.

Rift Valley fever (RVF) virus This pathogen (Fig.
12.20) is classified with viruses in the genus Phlebovirus
in the Bunyaviridae (Mecgan and Bailey, 1988). It is dis-
tributed in eastern Africa north to Egypt, and in parts
of West Africa, where it has been associated with large
outbreaks of acute illness in livestock (see Veterinary
Importance, below). Humans may become infected by
mosquito bite or, more commonly, by contact with virus-
contaminated blood or through inhalation of virus in
acrosols during slaughter of livestock. Humans rarely
die of infection but develop an illness including fever,
headache, myalgia, retinitis, and, in rare cases, liver in-
volvement. Large epizootics and epidemics have occurred
in South Africa (1950—1951, 1953), Zimbabwe (1968—
1969), Egypt (1977-1978, 1993), Mauritania (1987),
and Kenya and Somalia (1997—-1998). These outbreaks
generally involved thousands to hundreds of thousands of
cases in livestock. The epidemic in Egypt in 1977—-1978
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probably involved some 200,000 human cases and 600
deaths. The epidemic in Mauritania involved about 1,000
human cases and 50 deaths.

A variety of mosquito vectors have been associated
with RVF virus, including Cx. pipiens in the Egyptian
outbreak. In parts of the eastern African savannah, an
enzootic cycle of RVE virus has been identified in
and around dambos, low-lying temporary wetlands. Pro-
longed rainfall floods these areas and allows development
of large populations of Ae. mcintoshi and other Aedes
species. These mosquitoes maintain RVF virus through
transovarial transmission and transmit it to domestic and
wild ungulates that come to the dambos for water, func-
tioning as enzootic vectors. As amplification ensues, epi-
zootic vectors such as Cx. theileri become important in
transmission to domestic livestock.

MAILARIA

Malaria is one of the most widespread and prevalent of
infectious human diseases. It is caused by sporozoan pro-
tists that infect blood tissues and other organs of the
body, primarily the liver. The organisms are transmitted
by Anopheles mosquitoes. The word ‘‘malaria” derives
from the Italian mala arie or “‘bad air.”” Another term
for malaria is paludism from the French paludisme and
the Spanish paludismo. Both of these words are derived
from the Latin palus, meaning “‘swamp.” The connota-
tion is that malaria was contracted through association
with swamps and inhaling the bad air emanating from
them. In English-speaking countries, malaria was called
ague from the Old French agu (‘‘sharp™), from the con-
text of the Latin febris acuta, or acute fever. Ague referred

to the cyclic fevers and chills, or paroxysms, which are char-
acteristic of malaria.

The organisms that cause human malaria are proto-
zoans of the genus Plasmodium, family Plasmodiidae
(order Haemosporidida, class Haemosporidea, phylum
Sporozoa). They are obligate intracellular parasites. There
are four species of human malaria: Plasmodium falci-
parum, causing malignant tertian malavia; P vivax,
causing bemign tertian wmalavia; P malaviae, causing
quartan malaria; and P. ovale. The first two species are
widespread in the tropics, whereas P. vivax also occurs
in some temperate areas. P malariae also is distributed
widely but less commonly, and P. gvale is rare, occurring
mainly in Africa.

Currently, 1.6 billion people are at direct risk of malaria
infection via mosquito bite. Globally, an estimated 300—
500 million cases occur annually, including perhaps 100
million cases and >1 million deaths per year in sub-
Saharan Africa. Travelers may become infected during
visits to endemic areas. Malaria currently occurs in sub-
Saharan Africa and parts of northern Africa; the Mid-
dle East to Iran, Afghanistan, and Pakistan; India and
Sri Lanka; parts of China and Southeast Asia; Indonesia,
the Philippines, Irian Jaya, and New Guinea; and Latin
America from Mexico through Central America to most
of the northern half of South America (Fig 12.29).

The degree of endemicity, or disease prevalence, de-
pends upon a variety of factors, including the species
of malaria present, environmental and social factors, and
species of vectors present. Human malaria is thought not
to have occurred in the Western Hemisphere prior to the
period of European exploration, colonization, importa-
tion of African slaves, and establishment of intercontinen-
tal trade.

FIGURE 12.29  Geographic distribution of human malaria. (Reconstructed from World Health
Organization, Vector Biology and Control Division, 1989, and other sources.)



The literature on human malaria and its vectors is vo-
luminous. A comprehensive source is Gilles and Warrell
(1994). Other sources include Boyd (1949), Macdonald
(1957), Molineaux and Gramiccia (1980), Wernsdorfer
and McGregor (1988), and Strickland (1991).

Plasmodium Life Cycle

The complex life cycle of Plasmodium species involves
both sexual and asexual reproduction. The sexual phase
(gametogony) begins in the blood of the human host
and is completed within the lumen of the midgut of the
mosquito. The first phase of asexual reproduction (sporo-
gony) occurs on the outer wall of the midgut. The second
phase of asexual reproduction occurs first in the liver and
later in the blood of the human host. The process in both
sites is termed schizagony or merogony. Sporogony is often
referred to as the exogenous phase of malaria parasite de-
velopment, because it occurs outside of the human host.
Conversely, merogony is often referred to as the endoge-
nous phase of development within the human host. These
two developmental phases are depicted in Fig. 12.30 and
discussed in more detail below.

An Anopheles female becomes infected with malarial
parasites when she ingests blood containing red blood
cells that are infected with gametocytes, specifically the
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sexual microgametocyte and macrogametocyte stages of the
parasite. A microgametocyte bursts from its host red
blood cell within the blood meal in the midgut lumen of
the mosquito, where it extends four to eight flagella-like
forms called microgametes in a process termed exflagel-
Intion. A macrogametocyte sheds the erythrocytic mem-
brane and transforms into a single mature macrogamete.
One microgamete locates and fertilizes a macrogamete,
forming a diploid zygote. The zygote transforms into a
motile ookinete. The ookinete passes through the per-
itrophic membrane, then through the midgut epithelial
cell membrane, and forms an oocyst between the midgut
epithelial cells and the basement membrane of the ep-
ithelium. A single, malaria-infected Anopheles may have
few to hundreds of oocysts, depending on the original
number of gametocyte-infected red blood cells in the
blood meal and on the number of macrogametocytes that
become fertilized. During sporogony, the encysted para-
site becomes haploid again and undergoes multiple mi-
toses until the oocyst contains thousands of motile sporo-
zostes. The oocyst bursts, releasing sporozoites, which
make their way to the salivary glands and penetrate the
secretory cells. The sporozoites accumulate within these
cells, with some also passing into the salivary ducts. The
mosquito then is infective. The sporozoites enter a human
host when the mosquito probes and the salivary gland
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FIGURE 12.30 Life cycle of Plasmodium vivax in human and Anepbeles hosts. (Modified from Strickland,

1991.)
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cells release saliva into the skin prior to ingesting blood.
The period of time between ingestion of gametocytes and
infection of the salivary glands with sporozoites is the ex-
trinsic tncubation period.

In the human host, sporozoites migrate in the blood to
the liver within minutes of entering subdermal capillaries.
They invade liver parenchymal cells, where they typically
torm a primary tissue meront. In the case of P. vivax and
P. ovale they may form a hypnozoite, a quiescent or rest-
ing stage of the parasite. Inside each meront, merozoites
develop through the process of exoerythrocytic merggony.
The meront then bursts, releasing merozoites into the
bloodstream, where they circulate and invade red blood
cells. The merozoites form meronts in the red blood cells,
where they produce more merozoites through a pro-
cess called erythrocytic mevogony. An invasive merozoite,
once inside a red blood cell, transforms into a trophozoite,
which utilizes hemoglobin for nutrients, then into a sgg-
menter form distinguished by dark dots of heme in the
red blood cell, and finally into a mature meront, which
produces still more merozoites. Merozoites released from
infected red blood cells invade new red blood cells, where
the process of erythrocytic merogony begins anew. Other
invasive merozoites form microgametocytes or macroga-
metocytes within the blood cells, which will mature into
microgametes and macrogametes if they are ingested by
Anopheles mosquitoes during blood feeding.

Clinical Disease

Malaria is characterized by sudden paroxysms of fever and
chills, which recur at highly predictable intervals, often in
the afternoon. Other acute symptoms include headache,
lethargy, fatigue, and profuse sweating after each bout of
fever. After infection of erythrocytes by merozoites, ery-
throcytic merogony leads to the synchronous rupture of
the erythrocytes and release of new merozoites, toxins,
and heme digestion products. This event in the circula-
tory system prompts each episode of chills and fever. The
next episode occurs in 48 or 72 hr, depending upon the
species of Plasmodium.

Malarial infections in humans can result in severe ill-
ness and sometimes death. However, the particular symp-
toms, including timing and severity, vary with the species
of Plasmodium. The most severe form of malaria is caused
by P falciparum, whose merozoites invade both young
and old red blood cells. Over time, repeated reinvasions
and mass destruction of red blood cells may lead to high
parasitemia, severe anemia, and anoxia of tissues. In some
cases, hemolysis results in a condition of hemoglobinuria,
blackwater fever, when the urine contains hemoglobin
and turns reddish brown. Toxins from dead red blood
cells stimulate macrophages to produce chemicals such as
tumor necvosis factor and other cytokines, which cause
characteristic malaria symptoms such as fever. In

falciparum malaria, infected red blood cells stick to the
vascular epithelium of capillaries in organs including the
brain, impeding blood flow and causing a serious and
sometimes lethal condition called cerebral malaria. Be-
cause of this affinity for internal organs, only very young
trophozoites and gametocytes are common in peripheral
blood. Malaria caused by P. falciparum is called malig-
nant tertian malaria because of the severity of symptoms
and because of the typical 48-hr interval between parox-
ysms. The term “‘tertian” for a 2-day cycle originated
from counting the day when the paroxysm occurs as the
first day, so that the next paroxysm occurs on the third.
Left untreated, nonfatal infections with P. falciparum last
5 months or more, depending on the immune status of
the individual.

P vivax malaria is called benign tertian malaria be-
cause symptoms are less severe than P, falciparum malaria,
and death rarely occurs. Paroxysms occur on a 48-hr cy-
cle. In this type of malaria, the merozoites invade only im-
mature red blood cells, called reziculocytes, which typically
comprise less than 6% of the total red blood cell count
in circulation. Thus vivax malaria, compared to falci-
parum malaria, has less severe symptoms of anemia and
toxemia, making death unlikely. The infected red blood
cells do not stick to the epithelial lining of capillaries as
they do in falciparum malaria. Vivax malaria can evolve
into chronic infection with development of an enlarged
spleen, or splenomegaly. However, persons infected with
other malarias also may have enlarged spleens, as these or-
gans work to replace red blood cells lost to infection. The
hypnozoite stage of P, vivax provides a mechanism for the
parasite to overwinter in humans in temperate areas with
short transmission seasons. The period between infection
and onset of symptoms can last up to 9 months, and un-
treated infection persists in the body for many months to
many years, with relapses recurring at irregular intervals
after initial infection and acute onset of disease.

P. ovale is an uncommon tertian malaria with milder
symptoms. Its course of infection is similar to that of
P. vivax.

P. malaviae, which causes guartan malaria, differs
from P. pivax and P. falciparam in that the parasites in-
vade only mature erythrocytes. Therefore, symptoms can
be more severe than in vivax malaria in the acute phase.
However, infections tend to develop more slowly and be-
come chronic. Malaria caused by P. malariae has a 72-hr
erythrocytic cycle. The term guartan refers to the 4 days
included within one cycle, with a 3-day interval from the
beginning of the first paroxysm to the beginning of the
next. Recrudescences of P. malariae may occur in indi-
viduals up to 50 years after initial infection, owing to low
levels of parasitemia that increase under periods of im-
munosuppression.

After a person is bitten and inoculated with sporo-
zoites and exoerythrocytic merogony commences in the
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Anopheles Vectors of Human Malaria Parasites in 12 Epidemiologic Zones: Subgenera, Species, and

Geographic Distributions are Given

Malaria epidemiologic

Zone

Anopheles vectors

North American
Central American

South American

North Eurasian
Mediterranean

Africo-Arabian
Africo-Tropical

Indo-Iranian

Indo-Chinese hills

Subgenus Anopheles: freeborni, punctipennis, quadvimacnintus
Subgenus Nyssorbynchus: albimanus

Subgenus Anopheles: aztecus, psendopuncripennis, punctimacula,
Subgenus Nyssorbynchus: albimanus, albitarsis, allopha, agnasalis, argyvitavsis, davlingi

Subgenus Anopheles: psendopunctipennis, puncrimacnln
Subgenus Nyssorhynchus: albimanus, albitarsis, aquasalis, avgyritarsis, braziliensis, davlingi, nuneztovar
Subgenus Kerteszia: bellator, cruzii

Subgenus Anopheles: atroparvus, messeae, sacharovi, sinensis
Subgenus Cellin: pattoni

Subgenus Anapheles: atroparvus, claviger, lnbranchiae, messeae, sacharovi
Subgenus Cellia: bispaniola, pattons

Subgenus Cellia: bispaniola, multicolor, phavoensis, sergentii
Subgenus Cellia: arabiensis, christyi, funestus, gambine, melns, merus, moncheti, nili, pharocnsis,

Subgenus Anopheles: sacharovi
Subgenus Cellin: annularis, culicifacies, fluviatilis, pulcherrimus, stephensi, superpictus, tesselntus

Subgenus Anopheles: nigerrimus
Subgenus Cellia: annularis, culicifacies, divus, fluviatilis, maculatus, minimus

Malaysian Subgenus Anopheles: campestris, donaldi, levifer, nigervimus, whartons
Subgenus Cellia: aconitus, balabacensis, divus, flavivostris, leucosphyrus,
Iudlowne, maculatus, minimys, philippinensis, subpictus, sundaicus
Chinese Subgenus Anopheles: anthropophagus, sinensis
Subgenus Cellia: patton:
Australasian Subgenus Anopheles: bancrofii

Subgenus Cellia: annulipes, faranti, karwari, koliensis, punctulatus, subpictus

Modified from Macdonald, 1957, and others.

liver, symptoms do not appear until days to weeks later
(up to a month in P. malariae), when erythrocytic mero-
gony begins in the blood. In P. vivax and P. ovale, if the
sporozoites develop into hypnozoites in the liver cells, re-
lapses are possible long after inoculation and initial on-
set of symptoms, with an intervening period of no ap-
parent symptoms of infection. For P. falciparum and P.
malnrine, there are no persistent exoerythrocytic stages
of the parasites, and relapses do not occur. However,
infection with P. malariae may recrudesce years after
initial infection owing to persistent erythrocytic infec-
tions. Therefore, in human malaria there is a clear dis-
tinction between relapse and recrudescence of infection.
The course of infection of malaria in humans varies with
many factors, including history of past exposure; pres-
ence of antibodies; age, health, and nutritional status;
and genetic resistance factors such as the sickle-cell ane-
mia trait, Duffy-negative blood type, certain hemoglobin
types such as hemoglobin S and fetal hemoglobin, and
deficiency of the erythrocytic enzyme glucose-6-phospate
dehydrogenase.

Mosquito Vectors and Epidemiology

Many different species of Anopheles mosquitoes arc com-
petent vectors of malaria organisms (Table VIII). How-
ever, most Anopheles species are not, because of variation
in host-selection patterns, longevity, abundance, and vec-
tor competence. In North America, An. quadrimaculn-
tus, which forms a complex with four more localized but
nearly identical species (Reinert ez al., 1997), is the princi-
pal vector of malaria in the eastern two-thirds of the con-
tinent. It develops along the edges of permanent pools,
lakes, and swamps that provide relatively clean, still, sun-
lit water, with lush emergent vegetation, marginal brush,
or floating debris to provide partial shade and protection
from wave action. In western North America, An. fiee-
borni is the main vector, an inhabitant of clear water in
open, shallow, sunlit pools, ponds, ditches, and seepage
areas that are partially shaded by vegetation. An. hermsi
also is a vector in California.

Other important vectors include An. albimanus in
Central America, An. darlingi in South America,
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FIGURE 12.31  Anopheles gambine female feeding on blood. This is
the major vector of malaria in Africa. (Photo bv W. A. Foster.)

An. gambine (Fig. 12.31) and An. funestusin Africa, An.
culicificies in Asia, and An. dirus in Southeast Asia. An.
gambiaeis considered the most important of all, because
of its involvement in such large numbers of malaria cases
and deaths, mainly in Africa. This species lives in close as-
sociation with humans, on which it primarily feeds, and
can complete a gonotrophic cycle in only 2 days. During
the rainy seasons, larvae develop in a wide variety of sun-
lit surface pools, many of which are associated with hu-
man activity. These include borrow pits, roadside ditches,
wheel ruts, and the hoof prints of domestic animals.
Larval development normally takes only about 1 week.
Malaria has been viewed in the context of stable or
unstable transmission, reflecting in part attributes of
Anopheles species that affect their vectorial capacity. These
include density, longevity, tendency to feed on humans,
and duration of the extrinsic incubation period of the par-
asite in the vector. Stable malaria is most often associated
with P. falciparum infection in highly endemic settings.
It is characterized by low fluctuations in parasite inci-
dence in human and vector populations, high prevalence,
and high seroprevalence for antibodies. Epidemics are un-
likely under these conditions, even though transmission
continues at high rates. In such settings, vectors tend to
be highly anthropophagic, exhibit greater longevity, and
have relatively low, stable densities but still exhibit con-
siderable seasonal variation. Unstable malaria tends to be
associated with P, vivax infections in endemic settings of
high fluctuation in disease incidence. Vectors tend to be
zoophagic, have seasonally profound variation in popu-
lation densities, have low or nondetectable field infection
rates, and may have shorter longevity than do those in sta-
ble malaria settings. Epidemics can occur in conditions of
unstable malaria if environmental changes favor increased

vector—human contact, e.g., during civil strife, follow-
ing water projects such as dams or irrigation schemes, or
when a new vector is introduced into an area.

Historical Perspective

After the development of the germ theory of disease
by Louis Pasteur, the French-Algerian physician Charles
Louis Alphonse Laveran examined and described malar-
ial organisms in the red blood cells of his patients in
1870. This finding, along with the work of Patrick
Manson on filarial nematodes and mosquitoes in China,
inspired Ronald Ross, then a physician in British colo-
nial India, to examine the hypothesis of mosquito trans-
mission of malaria parasites in the 1890s. His persis-
tent and careful experimentation and observation with
both human and bird malarias, using Anophelesand Culex
mosquitoes, respectively, provided conclusive proof that
mosquitoes transmit Plasmodium species by bite. In
concurrent research, Giovanni Batista Grassi and col-
leagues demonstrated transmission of P. falciparum by
An. maculipennis—complex mosquitoes in the environs
of Rome, Italy. Ross was awarded the Nobel Prize for
Medicine in 1902.

Malaria was formerly endemic in many temperate ar-
eas of the United States, particularly in the South and
Southeast. Malaria became epidemic after the Civil War,
as malaria-infected soldiers returned to their homes and
brought the infection with them to their Jocal communi-
ties. Malaria was an important rural disease in the cast-
ern and southern states, California, and other areas of
the United States through the 1930s but gradually dis-
appeared by the 1940s. This was due to a combination of
antimosquito measures, improved medical care, a higher
standard of living, and transformation of marshes and
swamps to agricultural land, largely through organized
ditching efforts. Changes in lifestyle because of techno-
logical advances such as window screens and the inven-
tion of the radio, television, and air conditioning also con-
tributed to the decline in malaria. Boyd (1941) reviewed
the history of malaria in the United States and, to a brief
degree, elsewhere in the New World.

Roughly 1000 cases of malaria are introduced into
the United States each year. In addition, cases involv-
ing local or indigenous transmission occur sporadically,
including recent outbreaks in California (1988, 1989,
1990), Florida (1990, 1996), Michigan (1995), New
Jersey (1993), New York (1993), and Texas (1995).
These incidents were due to introductions of infected
humans into arcas with competent Anopbeles vectors.
However, airport malaria has occurred near major in-
ternational airports (e.g., London—~Heathrow and Paris—
DeGaulle) where infected mosquitoes have been im-
ported on aircraft from endemic regions.
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Nocturnally periodic
Wuchereria bancrofti

- Diurnally subperiodic

Wuchereria bancrofti

FIGURE 12.32  Geographic distribution of human lymphatic filariasis caused by Wuchereria bancrofti, showing the
difference between nocturnal and diurnal periodicity. (Reconstructed from Strickfand, 1991, and other sources. )

FILARIASIS

Filariasis is the infection of vertebrate tissues by filar-
ial nematodes or roundworms (phylum Nematoda, or-
der Spirurida, superfamily Filarioidea, family Onchocer-
cidae). Mosquito-borne filarial nematodes are associated
with acute and chronic human disease, termed lymphatic

W Brugia malayi

== = Brugia timori

Sfilariasis, which is widespread in tropical and subtropical
regions (Grove, 1990). The three causative agents of lym-
phatic filariasis are Wuchereria bancrofti, Brugin malayi,
and B. tzmori.

The areas of the world endemic for lymphatic filariasis
(Figs. 12.32 and 12.33) include parts of western, central,
and southern Africa; parts of northeastern South America

FIGURE 12.33  Geographic distribution of human lymphatic filariasis caused by Brugia malayi

and B. timori. (Reconstructed from Strickland, 1991, and other sources.)
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(principally Brazil, Surinam, and French Guyana), the
Dominican Republic, and Haiti; southern and eastern
India, southeastern Asia, eastern China, and southern
Japan; the Malay archipelago, Indonesia, the Philippines,
Irian Jaya, and Papua New Guinea; and many island
groups of the south Pacific Ocean, including Melanesia,
Micronesia, and Polynesia. Within the United States, fi-
lariasis was locally endemic in Charleston, SC, but the dis-
case disappeared there in the late 1930s. It disappeared at
about the same time from northern Australia. It no longer
occurs in regions of the Mediterranean basin and on the
Arabian Peninsula. Recently, however, incidence of lym-
phatic filariasis has increased in the Nile River Delta of
Egypt.

Within the area of current distribution, there are an
estimated 905 million people at risk of contracting lym-
phatic filariasis, and there are some 128 million active
infections. Of these, about 115 million are caused by
W. bancrofti, the causative agent of Bancroftian filari-
asis, which is widespread in both the Old World and
New World tropics (Fig. 12.32). Another 13 million cases
are caused by B. malayi, the causative agent of Brugian
filariasis or Malayan filaviasis, which is restricted to
southeastern Asia (Fig. 12.33). About 43 million peo-
ple have chronic symptoms of elephantiasis, hydrocele,
or lymphedema (see below). Another Brugian filariasis,
Timorian filariasis, is caused by infection with B. timori
and occurs in localized foci among southern islands of
Indonesia.

Filarial Life Cycle

Infection with filarial nematodes in humans begins
when infective third-stage larvae enter the skin at
the site of the mosquito bite, molt twice, and migrate
to the lymphatic vessels and lymph nodes, particularly
of the lower abdomen. There, the nematodes develop
to the adult stage. Female worms (80—100 mm long
at maturity for W. bancrofti and about half of that
length for B. malayi) release active, immature worms
called microfilarine into the peripheral circulatory sys-
tem. A female may release 50,000 or more microfilar-
iae each day. Microfilariae of W. bancrofti are 250—300
um long and about 7-9 um wide; those of B. malayi
arc somewhat shorter and thinner. Presence of microfi-
lariae in the blood is called microfilaremia and first ap-
pears about 6 months to 1 year after adult worms be-
come established in the lymphatic system. An infected
human may be microfilaremic for more than 10 years.
The density of microfilariae in peripheral blood is highly
variable, but it can range from 1 to over 500 microfilariae
per 20 mm?.

The appearance of microfilariae in the peripheral blood
has a 24-hr cycle; i.e., they exhibit diel periodicity. If

microfilariae completely disappear from the peripheral cir-
culation at some time during the day, they are said to
be periodic. If the microfilariae fluctuate in density dur-
ing a 24-hr period but are detectable at all times, they
are said to be subperiodic. In most areas, the microfilariae
appear only at night and are transmitted by mosquitoes
that have night-biting habits. These are the noctur-
nally periodic forms of W. bancrofti and B. malayi. Both
W. bancrofti and B. malayi also have nocturnally subpe-
riodic and dinrnally subperiodic forms, although noctur-
nally subperiodic bancroftian and diurnally subperiodic
Brugian forms have very restricted distributions. In all
the subperiodic forms, the microfilariae appear in the pe-
ripheral blood of the human host mainly in the evening
and night (nocturnally subperiodic) or mainly during the
daytime (diurnally subperiodic). These nematodes are as-
sociated with two or more species of mosquito vectors,
which differ in their typical biting times and whose com-
bined diel patterns of man-biting density are matched by
the periodicity of microfilariac. Both nocturnally periodic
W. bancrofti and nocturnally periodic B. malayi are now
considered to be strictly human pathogens. However, B.
malayi in its subperiodic form is a zoonosis, with both
leaf monkeys and humans as reservoirs, and with domes-
tic cats and other carnivores also implicated as hosts. B.
timoriis nocturnally periodic and has no animal reservoir.
Development of W. bancrofti and B. malayl in
mosquitoes is similar. Microfilariac ingested with the
mosquito blood meal usually shed their outer, sheath-like
membrane as they penetrate through the midgut epithe-
lium. Some microfilariae retain the sheath during penetra-
tion. The microfilariae move to the indirect flight muscles
of the thorax, penetrate individual cells, and transform
to a short sausage stage, the L; or first-stage larva. They
molt to more slender 1, or second-stage, larvae and then
again to the elongate, filariform Lz, or third-stage, in-
fective larvae (about 1.5 mm long). These larvae leave
the thoracic flight muscles, traverse the hemocoel of the
mosquito, enter the lumen of the mouthparts, and even-
tually arrive at the apex of the proboscis. When the
mosquito blood-feeds, the L3 larvae exit through the cu-
ticle of the labium, craw] onto the skin, and enter through
the hole made by the mosquito during feeding. There-
fore, technically the transmission method may be said to
be contaminative, rather than inoculative. Heavy infec-
tions of larval nematodes can be fatal to the mosquito.
Many species of mosquitoes are refractory to filar-
ial development, owing to genetic factors and to their
ability to mount adequate immune responses, whereas
other species are susceptible to parasite infection and sup-
port the development described above. The relationships
between W. bancrofti and certain mosquito species ex-
hibit evidence of local adaptation. For example, in West
Africa, Cx. guinguefasciatus is not a competent vector of



W. bancrofti, whereas Anopheles gambine is competent
there. By contrast, in India, Cx. guinguefasciatus is a
competent vector and most Anopheles species are not.
Thus, there is geographic variation in susceptibility of
mosquitoes to filarial nematodes.

Clinical Disease

Generally, a case of human infection does not occur af-
ter the bite of a single, infective mosquito. Rather, it
results after accumulation of hundreds to thousands of
such infective bites, under conditions in which there is a
high probability of parasite maturation and mating. Hu-
mans may show disease symptoms without having micro-
filaremia, or they may have microfilaremia without show-
ing signs of disease. Lymphatic filariasis has both acute
and chronic manifestations in the human host. The dis-
ease may cause chronic debilitation in untreated cases.
Acute lymphatic filaviasis is characterized by episodes of
fever, swelling, pain, and inflammation in the affected
lymph nodes and lymph vessels, a condition called ade-
nolymphangitis. The episodes may last for several days
and incapacitate the affected individual because of the lo-
cal and systemic effects. Over time, deep abscesses may
develop at the sites of inflammation. Dermal ulcers may
form through the skin over these sites, and secondary bac-
terial infection may ensue.

In the chronic phase, which often occurs years after on-
set of acute symptoms, the pathology may involve accu-
mulation of lymphatic fluid (lymphedema) in the limbs,
breasts, vulva, and scrotum, resulting in swelling and en-
largement. In the scrotum, this condition is termed hy-
drocele. The grotesque distentions and thickening, fold-
ing, and nodulation of the skin, notably the lower limbs,
is a condition called elephantiasis. Bacterial and fungal
infections at affected sites exacerbate these conditions.
Appearance of lymph fluid in urine may occur as a conse-
quence of the disruption of the abdominal lymphatic ves-
sels and leakage of lymph fluid into the urinary tract, caus-
ing urine to appear whitish, a condition called chyluria. In
contrast with W. bancrofti, infection with B. malayiis not
associated with scrotal distension, but rather involves only
the limbs. Hypersensitivity to parasite-associated antigens
also may be part of the syndrome of lymphatic filariasis.
It is mediated through elevated immunoglobulin anti-
bodies IgE and IgG4 and is characterized by increased
production of eosinophils, coughing, and shortness of
breath. This type of filarial disease is called tropical
eosinoplilin,

Lymphatic filariasis has important social implications
in communities where it is endemic. Acutely affected
individuals are often feverish and in pain, and they may
have difficulty working and thus suffer economic loss.
Hard work may bring on attacks of filarial fever, which
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require rest for recovery. In a study conducted in Ghana,
West Africa, the episodes of acute adenolymphangitis
lasted about 5 days, with 3 days of incapacitation, and
occurred during those months of the year when peak agri-
cultural work was required and when mosquito transmis-
sion of infective stage larvae was highest (Gyapong et al.,
1996). It is likely that chronically infected individuals are
immunologically sensitized to their worm infections, and
exposure to new L3 larvae results in hypersensitive re-
actions such as adenids. Chronically affected individuals
with symptoms of scrotal hydrocele and elephantiasis may
have difficulty in their social and personal lives and may
suffer incontinence and impotence. Although hydrocele
can be treated through fluid aspiration from the scrotum,
the gross distention of elephantiasis is more difficult to
remedy even with surgery.

Mosquito Vectors and Epidemiology

The filarial nematodes that cause lymphatic filariasis have
evolved associations with mosquitoes in the genera Culex,
Mansonia, Aedes, Ochlerotatus, and Anopheles (Table 1X).
This probably has occurred through a process of adaptive
radiation from the original Anopheles vectors in South-
cast Asia. A very likely scenario for W. bancrofti is that
it arose as a human pathogen in forested regions of
Indonesia and perhaps other parts of Southeast Asia,
where the An. umbrosus group of mosquitoes serves as
vectors of W. kalimantani. This filarioid nematode is a
parasite of leaf monkeys (also called brow-ridged lan-
gurs), Presbytis cristatn. Similarly, B. malayi infection in
humans probably evolved from subperiodic B. malay:
infections in leaf monkeys ( Presbytis spp.), with An. hyr-
canns as the vector. Human infection and new disease
foci probably arose in forests and along forest ecotones
with these same Anopheles vectors. Through time, as peo-
ple developed agricultural systems and migrated to other
regions, both W. bancrofti and B. malayi adapted to
these new settings and the competent mosquito vectors
there. In some parts of Southeast Asia, members of the
Ochlerotatus niveus group are important vectors of the
subperiodic form of W. bancrofti, including Oc. nivens in
Thailand; this system may have been the origin of the sub-
periodic strains that radiated to the Pacific regions.
Transmission of W. bancrofii occurs in both urban and
rural areas. The primary mosquito vector in urban ar-
eas is Cx. quinguefasciatus. It is the most important vec-
tor of nocturnally periodic W. bancrofti in the Americas
and parts of Africa and Asia, particularly India. It feeds
opportunistically at night on both mammals and birds.
This mosquito occurs abundantly in areas with poor sani-
tation, open sewers, untreated waste water, and pit la-
trines, which provide the high organic content and low
oxygen characteristic of the larval habitat. For this reason,
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TABLE IX

Mosquito Vectors of Filarioid Nematodes of Humans: Geographic Distribution and Associations with

Periodicity of Microfilaremia

Geographic
region Filarioid species Periodicity Mosquito vectors
Neotropical Wauchereria bancrofts Nocturnally periodic Anopheles aquasalis, An. bellator, An. davlingi, Ochlevotatus scapularis,
Culex quinguefasciatus, Mansonia titillans
Afrotropical W, bancrofti Nocturnally periodic An. funestus, An. gambiae, An. arabiensis, An. bwambae,
An. melas, An. merus, An. nili, An. pauliani, Cx. quinguefasciatus
Middle Eastern W. bancroft Nocturnally periodic Cx. molestus
Oriental W. bancrofti Nocturnally periodic An. anthropophagus, An. kweiyangensis, An. nigervimus,
An. letifer, An. whartoni, An. aconitus, An. flavivostris,
An. minimus, An. candidiensis, An. balabacensis,
An. lencosphyrus, An. maculatus, An. philippinensis,
An. subpictus, An. vagus, Ochlerotatus niveus, Oc. togot,
Oc. poicilins, Cx. bitaeniorhynchus, Cx. sitiens complex,
Cx. pallens, Cx. quinguefasciatus, Ma. uniformis
W. bancrofti Nocturnally subperiodic An. sinensis complex, Ochlerotatus harinasutai
Brugia malay: Nocturnally periodic An. barbirostris, An. campestris, An. donaldi, An. anthropophagus,
An. kweiyangensis, An. nigerrimus, Ochlerotatus togoi,
Ma. uniformis, Ma. bonnae, Ma. dives
B. malayi Nocturnally subperiodic An. sinensis complex, Ma. uniformis, Ma. bonnae,
Mua. annulata, Ma. indiana, Ma. dives
B. timorz Nocturnally periodic An. barbirostris
West Pacific W. bancrofti Nocturnally periodic Cx. pallens, Oc. poictlius, Ochlevotatus togoi
B. malayi Nocturnally subperiodic Ochlerotatus togot
Papuan W. bancrofti Nocturnally periodic An. bancrofti, An. punctulatus, An. farauti, An. koliensis,

South Pacific W. bancrofti Nocturnally subperiodic

Diurnally subperiodic

B. malnyi Nocturnally periodic

Nocturnally subperiodic

Cx. annulivostris, Cx. bitaeniorhynchus, Ma. uniformis

Ochlerotatus samonnus

Ochlerotatus fijiensis, Oc. oceanicus, Oc. vigilax group, Aedes futunae,
Ae. polynesiensis, Ae. pseudoscutellaris, Ae. tabu,

Ae. tongae, Ae. upolensis

Ochlerotatus oceanicus

Ochlerotatus oceanicus

Cux. quinquefasciatusis often more abundant during parts
of the year when water stagnates from lack of rain. In
the Nile River Delta of Egypt, Cx. molestus, a name ap-
plied to the autogenous variant of Cx. pipiens, is the
primary vector. In rural settings, nocturnally periodic
bancroftian and Brugian filariases are transmitted by
Anopheles mosquitoes, which are also nocturnally active.
Often, the same Anopbeles species that transmit W. ban-
crofti or B. malayi in an area also are responsible for
local malaria transmission (e.g., An. darlingi in South
America and An. gambiae and An. funestus in parts of
West and East Africa, respectively, for Bancroftian filari-
asis; and An. sinensis in rice-growing areas of China, for
Brugian filariasis).

Nocturnally periodic Brugian filariasis occurs in rural
parts of southern India, Malaysia, the Philippines, and In-
donesia; there the nocturnally active Mansonia annulif-
era and Ma. uniformis, and also Anopheles species, are
vectors near rice fields and open swamps. The noctur-
nally subperiodic form occurs in swamp forest areas of

Southeast Asia and Indonesia, involving Ma. bonneae and
Ma. dives, which are nocturnally active but also feed dur-
ing the day within the swamp forests. All of these Manso-
nia species are associated with particular kinds of plants,
where the larvae and pupae attach to their submerged
roots and stems. In the Pacific region, where many island
groups are endemic for W. bancrofti, the primary vectors
are day-biting Aedesand Ochlerotatus species, but noctur-
nal biters also are involved, and the form of the parasite
is diurnally subperiodic. An. barbirostris is the vector of
B. timori.

The endemicity of mosquito-borne filariasis depends
on a high and steady rate of transmission of infective-
stage larvae in the human population. In endemic ar-
cas, the inoculation rate (parasite transfer rate) can range
as high as hundreds of infective bites and thousands of
larval inoculations per person per year. The estimated
number of Lz larvae transmitted per person per year is
called the annual transmission potentinl. With each in-
fective bite, only a few L3 larvae actually enter the skin.



These larvae must then develop further and migrate to a
person’s lymphatic system, where mature male and female
nematodes mate and initiate microfilarial production. Ac-
cumulation of thousands of infective bites over months or
years eventually results in an infection of mature worms
in a human, who normally then will have a microfilaremia
and possibly chronic disease. Most microfilariae entering
the circulatory system are never ingested by a mosquito,
while those that are ingested become infective-stage lar-
vae only in a competent vector and only if the individ-
ual mosquitoes survive the extrinsic incubation period.
Furthermore, many infective-stage larvae fail to reach a
new human host or fail to mature if they do. The ineffi-
ciency of transmission and parasite perpetuation is com-
pensated by the prodigious production of microfilariae
and the long life of adult worms.

Historical Perspective

Association of infection with filarial nematodes and lym-
phatic filariasis was first established in the late 1800s.
Our understanding of the natural history of lymphatic fi-
lariasis is related intimately to the initial discovery of a
link between human pathogens and insect vectors. Dur-
ing 1877-1878, Patrick Manson, working in China as a
medical officer for the Chinese Imperial Customs Service,
conducted experiments on the development of filarial ne-
matodes. Manson had already discovered that the micro-
filariac occurred in the peripheral blood only at night.
He speculated that this was timed to coincide with the
night-time biting activity of mosquitoes. After feeding
mosquitoes { Cx. guinguefasciatus) on his gardener, who
had a microfilaremia, and then dissecting the mosquitoes
on successive days, he found that the worms developed
within the mosquitoes into longer, different forms. He
speculated that the mosquito functioned as a kind of
“‘nurse” for the filarial worms, so that when a mosquito
died on the water after laying an egg raft, the worms en-
tered the water and were later infective to a person drink-
ing it. At that time, it was not known that mosquitoes
could bite more than once during their lives, so the prin-
ciple of transmission by bite was not established. Yet, the
idea that mosquitoes could function as intermediate hosts
for a human pathogen was founded through Manson’s
experiments.

VETERINARY IMPORTANCE

Aside from their importance as vectors of disease agents
of animals, mosquitoes are a cause of irritation, blood loss,
and allergic reactions. They not only are annoying, but
also disrupt normal behavior of livestock and companion
animals. Large swarms may cause livestock to discontinue
feeding and to seek relief. Increased scratching behavior
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may result in skin abrasions, hair loss, and secondary in-
fection with bacteria at the bite and scratch sites. For cat-
tle, mosquito bites can result in decreased weight gains
and milk production and prompt producers to alter pas-
turing practices. Deaths of cattle due to anemia and stress
have been reported.

MoOSQUITO-BORNE VIRUSES OF ANIMALS

Mosquito-borne viruses affecting domesticated animals
include the groups of alphaviruses that are associated
with the equine encephalitides (EEE, WEE, and VEE),
all of which cause an acute encephalitis with high fever
in equids (horses, donkeys, mules). The history, distribu-
tion, vector relationships, and vertebrate reservoir hosts
of these viruses are discussed above under Public Health
Importance. Other mosquito-borne viruses of veterinary
significance include Japanese encephalitis virus, Rift Val-
ley fever virus, Wesselsbron virus, fowlpox virus, and myx-
omatosis virus. Eguine infections anemin virus (EIA), a
lentivirus in the family Retroviridae, may be mechanically
transmitted by mosquitoes, but its more important me-
chanical vectors are larger biting flies (deer flies, horse
flies, and stable flies).

Eastern equine encephalomyelitis (EEE) virus

This virus is an important cause of mortality of horses
and other equids, caged pheasants, whooping cranes, and
emus. It occurs in endemic areas of the United States in
Texas, along the Gulf coast and Atlantic seaboard to Mas-
sachusetts, and at inland sites in upstate New York, Ohio,
Michigan, Indiana, Georgia, and Alabama. Horses rapidly
succumb to infection after a short incubation period of
2—5 days. They exhibit abnormal behavior and high
fever, then drop to the ground and lapse into coma before
death (Fig. 12.34). Few horses survive infection involv-
ing these acute symptoms. Viral infection in the brain
shows characteristic lesions in nerve tissue, accompanied
by perivascular cuffing with macrophages; viral antigen
is detectable in neurons (Fig. 12.35). In pheasant flocks,
often a single infected, sick bird will be pecked by other
birds, thus transmitting the virus directly to healthy birds
without mosquito bite. During such occurrences, called
epiornirics, thousands of pheasants in a single outdoor pen
may die, yet none of the pheasants in adjacent pens be-
come infected. Aside from equids and exotic birds, EEE
viral infection has been reported in young dogs and pigs.

Cases of EEE in horses in cool temperate climates tend
to occur in mid to late summer and early fall, whereas
in milder climates horse cases begin to occur carlier in
the spring and summer. In the tropics and subtropics,
cases may occur year-round. Horse deaths due to EEE
viral infection are an important indicator of virus activ-
ity promoted by bridge vectors in endemic areas. Rapid,
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FIGURE 12.34 Horse dying from infection with eastern equine en-
cephalomyelitis virus in Michigan outbreak in 1980. (Photo by H. D.
Newson.)

differential diagnosis of horse cases is crucial if these ani-
mals are to be used as sentinels for potential transmission
of EEE virus to humans.

Western equine encephalomyelitis (WEE) virus

As with EEE virus, the primary epidemic host of sig-
nificance for WEE virus is the horse. Human cases are
rare. Since the first isolation of WEE virus from the brain
of a dead horse in 1930 in the San Joaquin Valley of
California, this virus has been implicated in epizootics in
horses, with cases numbering from hundreds to thou-
sands in some instances. Large outbreaks occurred in
1941 and 1975 in the Red River Valley in Minnesota,
North Dakota, and Manitoba (United States and
Canada), in 1952 in the Central Valley of California, and
in 1965 in Hale County in western Texas. There are horse
cases almost every summer within the range of the virus,
but epizootics do not always occur. For both EEE and

o

FIGURE 12.35 Section of horse brain (cerebrum) infected with east-
ern equine encephalomyelitis virus, showing neutrophil invasion around
capillary. (Photo by J. D. Patterson.)

WEE viruses, immunization has reduced the frequency
of horse cases.

Venezuelan equine encephalomyelitis (VEE)
Complex

Encephalomyelitis in equids caused by viruses of the
VEE complex occurs in northern South America, Cen-
tral America, and Mexico. The epizootic viruses are
transmitted by many species of mosquitoes (sece Table
IV} among horses, burros, and mules. These animals
develop a viremia sufficient to infect the mosquitoes.
Consequently, VEE epidemics can be maintained by
transmission between mosquitoes and horses, differing
in this regard from WEE and EEE, for which horses are
largely dead-end hosts. An epidemic strain of VEE virus
was first isolated in 1938 from a horse in Venezuela. In
1969, a large outbreak of VEE involving both equids and
humans in Central America spread northward in the suc-
ceeding 2 years through Mexico, and in 1971 it spread
across the border into Texas (Pan American Health
Organization, 1972). Cases continued in Mexico
through 1972. There were thousands of horse cases
throughout this region during that time. Epizootic
virus activity did not occur again in the region until an
outbreak in Venezuela in 1992—1993 and in Chiapas,
Mexico, in 1993. Another outbreak of VEE occurred in
northern Colombia and Venezuela in 1995. The rapidity
of spread of these outbreaks over large geographic areas
is undoubtedly due to the role of both horses and birds
as competent reservoir hosts. It is expedited by the
evacuation of horses, already infected but not yet ill,
away from an epizootic area.

Japanese encephalitis (JE) virus

Encephalitis caused by JE virus occurs in widespread
parts of Asia, including Malaysia and Indonesia. In Japan,
epizootics and epidemics have occurred in August and
September in many years since the discovery of this dis-
ease in 1935 in that country. The virus was isolated
from brain tissue of a horse in 1937. JE virus causes
acute infection in horses and swine. It is particularly an
cconomic problem because of the importance of swine
as a food source and market commodity in rural Asia.
Pigs develop viremia sufficient for mosquito transmission,
therefore serving as important amplifying hosts, and may
develop encephalitic symptoms. Transplacental infection
causes stillbirth and abortion. Infected boars may become
sterile.

Rift Valley fever (RVF) virus

This pathogen has caused epizootics of acute illness,
elevated rates of abortion, and death in cattle, goats,
and sheep in Egypt and parts of sub-Saharan Africa.



Outbreaks in Egypt and Mauritania were particularly
noteworthy. The virus is both viscerotropic and neu-
rotropic in these animals. Their viremias are of sufficient
titer to infect mosquitoes. Disease outbreaks generally
have involved thousands to hundreds of thousands of live-
stock cases, causing substantial economic losses.

Wesselsbron (WSL) virus

This is a flavivirus with distribution in parts of sub-
Saharan Africa, Madagascar, and Thailand. It causes a dis-
ease similar to that of RVF in sheep and goats and also
causes a mild illness in cattle. Infected ewes may abort
their fetuses, and lambs suffer high mortality. Humans
infected with Wesselsbron virus may develop a febrile ill-
ness with rash, fever, and myalgia. The virus is transmitted
by Aedes species, including Ae. mcintoshi and Ae. circum-
luteolus in South Africa.

Fowlpox virus

This virus belongs to a group of poxviruses that infect
vertebrates and invertebrates and are classified within the
family Poxviridae. Among the poxviruses are those in the
bird-infecting genus Avipoxvirus, such as fowlpox, ca-
narypox, and pigeonpox viruses. Mosquitoes may me-
chanically transmit the avipox viruses by contamination
of mouthparts and subsequent transfer of infectious viri-
ons to noninfected birds. Fowlpox is an important dis-
ease of domestic fowl, particularly chickens. It causes de-
velopment of papules along the comb and beak. While
probing these papules, mosquitoes may contaminate their
mouthparts with virions. If disturbed during feeding, they
may move to another animal to feed, thus transferring
the virus to a new host. Another form of fowlpox virus
is transmitted directly by droplets of pus containing the
virus.

Myxoma virus

This is a leporivirus and the causative agent of myxomato-
sis, an enzootic disease of lagomorphs in parts of South
America and the western United States. It is transmit-
ted mechanically by the bite of arthropods, principally
fleas. These viruses produce dermal vascularized tumors.
When mosquitoes, fleas, or black flies probe these tu-
mors, the mouthparts become contaminated with virus
particles. Later, if the mosquitoes probe another unin-
tected lagomorph, that animal may become infected. Nat-
ural infections of myxoma virus occur without acute dis-
ease in rabbits of the genus Sylvilagus in South America
and California. However, Old World rabbits ( Oryctolagus
cuniculus) are highly susceptible to infection and gene-
rally die. Outbreaks of acute disease among domesti-
cated Old World rabbits have been documented in South
America and California.
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Myxoma virus was introduced into Australia in the
1950s as a means of controlling introduced European
rabbits, a pest in that country. The virus spread rapidly
through the rabbit populations via mechanical transmis-
sion by fleas, mosquitoes, and other means and greatly re-
duced rabbit populations there. The mosquito vectors in
Australia are Cx. annulivostris, An. annulipes, and Aedes
species.

NONHUMAN MALARIAS

Many Plasmodinm species infect animals other than hu-
mans, including reptiles, birds, rodents, and nonhuman
primates.

Reptilian Malarias

The malarias of reptiles, also called saurian malarias, are
caused by a group of 29 Plasmodium species. They in-
fect a wide range of lizards and some snakes in 15 families
(Telford, 1994). Vectors are biting midges, phlebotomine
sand flies, and Culex mosquitoes. Haemoproteid and leu-
cocytozooid malarias also occur in reptiles, but their vec-
tors have not been established.

Avian Malarias

Malarial infection of birds is widespread geographically
(Van Riper et al, 1994). Parasites in three common
genera of hemosporine blood parasites of birds (Hepa-
tocystis, Haemoproteus, and Leucocytozoon) are transmit-
ted by biting midge, louse fly, and black fly vectors, re-
spectively. The avian malarias in the genus Plasmodinm
are all mosquito-borne. Plasmodium species that infect
birds have been important research models for studying
malaria. Indeed, the original observations by Ronald Ross
on the role of mosquitoes as malaria vectors were made
with bird malaria.

Currently, about 30 species of avian Plasmodium are
recognized. However, the taxonomic status of some
species is uncertain and others remain to be described.
Among the important species that cause discase in do-
mestic fowl or wild birds are Plasmodium gallinacenm
(sometimes called chicken malaria), P. hermansi (a par-
asite of wild and domestic turkeys in the United States),
P, yelictum, P. lophurae, P. cathemerium, P. civcumflexum,
and P, elongatum. As with human malarias, there is varia-
tion in life cycles and pathogenesis of the avian malarias.
This variation is related to intrinsic qualities of the species
and to variation in susceptibility among host species, age,
and general health status.

A bird becomes infected after inoculation of sporo-
zoites from an infective mosquito. Merogony occurs in
bone marrow, in endothelial cells, and in the erythrocytes.
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In acute infections, these parasites may cause severe ane-
mia, damage to bone marrow tissues, and other pathology
that may result in death. Younger birds tend to be more
susceptible to overt illness than older birds.

Although Anopheles mosquitoes can be competent lab-
oratory vectors for some bird malarias, field and lab-
oratory data show that culicines in the genera Culex,
Culisern, Aedes, and Ochlerotatus are the natural vectors.
In Africa, Ae. aggyptiis an important local vector of P. gal-
linaceum to chickens. The impact of bird malaria on nat-
ural bird populations is poorly known. It was introduced
into Hawaii along with exotic birds and Culex mosquitoes
and is thought to be responsible for the reduction and ex-
tinction of native bird populations there. Bird malaria oc-
casionally has been documented as the cause of morbidity
and mortality among penguins in zoos.

Rodent Malarias

The 12 Plasmodium species infecting rodents, called ro-
dent or murine malavias, all occur in Africa and Asia.
The vectors are assumed to be Anopheles mosquitoes, but
in most cases the vector species is unknown. P berghei,
P. vinckei, P. yoelli, P. chabaudi, and P. aegyptensis para-
sitize African murine rodents. The first two are transmit-
ted by An. dureniin Zaire, and P. vinckei is transmitted by
Am. cinctus in Nigeria. P. atheruri infects the African
brush-tailed porcupine (Atherurus africanus) and is
transmitted by An. smithii. P anomaluvi, P. landanae,
and P pulmophilum occur in African flying squirrels
(Anomalurus spp.); An. machardyi is the probable vec-
tor of the P. atheruri. The three species of Plasmodium
found in Asian flying squirrels are P. booliati, P. wattens,
and P. incertae. The significance of rodent malarias to the
health and population dynamics of their natural hosts is
largely unknown, although the prevalences of infection
can be high. They have become important laboratory
models for human malaria, particularly in host immuno-
logical responses, drug screening studies, and vaccine de-
velopment. Cox (1993) provides a succinct review of the
rodent malarias.

Primate Malarias

The nonhuman primate malarias are caused by a group
of 25 Plasmodium species, many of which are closely re-
lated to the human malarias (Collins and Aikawa, 1993).
Seven of them infect lemurs in Madagascar and are poorly
known. All 18 others have life cycles similar to those
of the human malarias. Most have a tertian periodicity,
but two species (P, brasilianum and P. inui) are quartan
and one (P knowlesi) is quotidian; i.e., it has a periodi-
city of 1 day. Probably all are transmitted by Anopheles
mosquitoes, but for 10 of them the vector species are
unknown.

Of the 18 well-known primate malaria species, 13 occur
in southern or southeastern Asia, where macaques, lan-
gurs (leaf monkeys), gibbons, and orangutans are the ver-
tebrate hosts. These plasmodia include P pithecs in the
orangutan, the first nonhuman primate malaria to be de-
scribed; P. knowlesi, a macaque parasite that has become
an important laboratory model for development of hu-
man vaccines; and P. cynomolyi, a parasite of macaques
and langurs that serves as an important model for hu-
man P, vivax malaria. The vectors of these Asian primate
malarias include An. backeri, An. dirus, An. balabacensis,
An. elegans, and An. introlatus.

Three primate malarias occur in Africa, where
P gonderi infects mangabeys and mandrills and
P. reichenowi and P. schwerzi infect chimpanzees and
gorillas. Their natural vectors are unknown. Two Plas-
modinm species infect nonhuman primates in South
America. P simium infects howler monkeys and woolly
spider monkeys in Brazil. It is similar to the human
parasite P> malariae. P. brasilianum infects a wide range
of New World monkeys in the family Cebidae, including
howler monkeys, spider monkeys, woolly spider mon-
keys, titis, capuchins, woolly monkeys, bearded sakis,
and squirrel monkeys. It is similar to the human parasite
P, vivax. Both South American species are transmitted by
Amn. cruzii, which also is an important vector of human
malaria in parts of South America. The larvae inhabit
water-filled leaf axils of bromeliad plants at heights of
5m or more, where the adults are likely to encounter
arboreal primates.

Many species of Anopheles are competent laboratory
vectors of primate malarias, including An. stephensi,
An. maculatus, An. gambiae, and An. dirus, which serve
as vectors of human malaria. P. knowlesi can infect hu-
mans experimentally and can be transmitted by the bite
of An. dirus to other humans. P. cynomolgi has infected
laboratory workers, and experimental studies showed that
mosquito transmission from monkeys to humans, and
from humans to humans, can occur. P. brasilianum also
infects humans. Human malaria due to infection with
P. brasilianum and P. simium possibly occurred as a
zoonosis in the New World prior to the arrival of
Europeans, with A#n. cruzii acting as the vector. Alterna-
tively, these two simian parasites might be derived from
human Plasmodium species to which they are closely re-
lated. Coatney et al. (1971) reviewed the infectivity of
nonhuman primate malarias to humans, and Collins and
Aikawa (1993) reviewed the primate malarias.

Do0oG HEARTWORM

Dog heartworm is caused by the mosquito-borne filar-
ial nematode Dirofilaria immitis, a member of the family



FIGURE 12.36  Dirofilaria immitis adults in right ventricle of dog
heart. (Photo from H. D. Newson.)

Onchocercidae (Borecham and Atwell, 1988). Adult
D. immitis occupy the right ventricle of the canine heart
and the pulmonary arteries (Fig. 12.36). The worms are
12—-31 c¢m long and form aggregations of up to 50 or
more individuals. In large aggregations, infection may
extend to the right atrium. Contrary to popular be-
lief, heartworm disease in dogs is not simply a conse-
quence of a heavy worm burden in the ventricle result-
ing in impedance of blood flow. Rather, it is the result
of deleterious changes in the endothelium and integrity
of the walls of the pulmonary arteries, leading to pul-
monary hypertension and right ventricular hypertrophy.
These pathologic changes cause decreased cardiac output
to the lungs, weakness, lethargy, chronic coughing, and
ultimately congestive heart failure. Dogs may die if left
untreated.

The life cycle of D. immitis involves canids and
mosquitoes. Dogs become infected by the bite of a
mosquito whose labium carries third-stage larvae. These
larvae break out of the labium while it is bent during feed-
ing and are deposited onto the dog’s skin, along with
a small droplet of mosquito hemolymph from the rup-
tured labium. Only about 10% of the larvae successfully
enter the skin, generally through the hole made by the
mosquito’s fascicle. They remain iz situ subcutaneously,
where they molt to fourth-stage larvae. The larvae then
migrate to other subcutaneous, adipose, or muscle tissues
and molt again to a fifth-stage larva. These worms, now
approximately 18 mm long, enter the venous circulation
and become established in the heart and pulmonary ar-
teries. Generally, the fifth-stage larvae reach the heart at
about 70—-90 days after infection.
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In the heart and pulmonary arteries, the fifth-stage
larvae develop into sexually mature adults. After mating,
at 6—7 months, the females begin to release into circula-
tion the microfilariae, active embryonic life stages about
300 um long and 7 um wide. The microfilaremia varies
considerably, from 1,000 to 100,000 microfilariae per
milliliter. It is nocturnally subperiodic, with peak concen-
trations occurring in the peripheral blood in the evening.
Some dogs never develop microfilaremia, even though
they support D. émmitss adults and may have patent dis-
ease. These dogs are said to have occult infections.

Mosquitoes become infected with D. immitis when
they imbibe blood from a microfilaremic dog. In an aver-
age blood meal of 5 ul, 2 mosquito may ingest between
5 and 500 microfilariae. Within 48 hr of ingestion, mi-
crofilar