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Preface

The papers in this book are the majority of those that were presented at the Sixth
International Symposium of Poisonous Plants (ISOPP6) held in Glasgow,
Scotland, August 2001. The papers have been subjected to refereeing and editing.
The editors are grateful to the referees and to the authors, who responded in a
timely manner in the format requested. Although the refereeing process has
delayed publication we hope that the changes made will help make the volume
accessible to the more general reader. Due to limitations of space, some
submissions have been shortened considerably. We hope that the resulting loss of
content does not detract from the authors’ intended message. Where animal
studies were conducted, authors are responsible for meeting the ethical and legal
requirements of their institutes and countries. A number have made explicit
statements in this regard.

The decision to hold ISOPP6 in Glasgow, the first ISOPP venue outside the
USA or Australia, was made by delegates at ISOPPS in Texas in 1996. The
organizing committee (T. Acamovic, C.S. Stewart, T. Pennycott, L. Berretti and
P. Sharland) maintained the format of previous meetings with a few
modifications. The meeting was dedicated to four scientists, Peter Dorling, John
Edgar, Fanie Kellerman and Barry Smith, who have made outstanding
contributions to the development and understanding of natural plant toxins and
their effects in animals. In addition to the offered papers, there were, for the first
time, five invited papers on various aspects of plant, fungal and microbial
toxicology and these have been allocated extra space within this book. The
editors are especially grateful to the invited speakers for their authoritative
contributions.

The symposium brought together scientists from around the world with
expertise in many disciplines demonstrating the global and multidisciplinary
nature of the topic as well as the impact of plant toxins on a wide range of farmed
and other animal species.

The symposium was held during the period of the UK foot and mouth
outbreak of 2000-2001. This was a difficult time for British agriculture, and it
also affected the willingness and ability of some potential participants to travel to
the UK. Despite this problem, we hope that the readers of this volume will agree
that the decision to press on with the meeting, in spite of the lower than
anticipated number of participants, was the right one.

The next symposium will be held in Logan, Utah, USA, in 2005 under the
chairmanship of Dr Kip Panter. The organizers of ISOPP6 wish Kip and
colleagues well in the planning and organization of ISOPP7.

The Editors

T. Acamovic, C.S. Stewart and T. Pennycott
Scotland, UK
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Peter has contributed to the field of poisonous plants research as few have.
Trained in biochemistry (PhD, University of Melbourne), he is also skilled in
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and Pro-vice Chancellor for Research.
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an organic chemist with Dr Claude Culvenor, a doyen of plant-associated toxin
research and an expert in pyrrohizidine alkaloid chemistry. In 1972, John moved
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Biological Chemistry Group, a multidisciplinary team charged with investigating
many economically important livestock poisoning diseases in Australia. In about
1986, John became manager of the Plant-associated Toxins Program for CSIRO’s
Division of Animal Health, now CSIRO Livestock Industries.
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T.S. (Fanie) Kellerman was affiliated to the Division of Toxicology of the
Onderstepoort Veterinary Institute from 1970 up to his retirement in 1998, when
he held the posts of Assistant Director and Head of the Diviston of Toxicology.
During his tenure, his research centred mainly on the plant poisonings and



Dedications X111
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Barry completed a degree in agriculture in New Zealand, then graduated in
veterinary science from Brisbane and then gained a PhD from the University of
Waikato. He is currently a senior scientist (Veterinary Pathology and Toxicology)
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Chapter 1

Evolution of Toxins and Anti-nutritional
Factors in Plants with Special Emphasis
on Leguminosae

M. Wink
Universitdt Heidelberg, Institut fiir Pharmazeutische Biologie, Im Neuenheimer
Feld 364, D-69120 Heidelberg, Germany

Introduction

Secondary metabolites (SM) represent a diverse group of natural products. More
than 80,000 natural compounds have been described from plants, over 20,000
from microorganisms and fungi, more than 20,000 from amphibia, reptiles,
arthropods and marine organisms. These compounds have been isolated and their
structures determined by mass spectrometry (EI-MS, CI-MS, FAB-MS), nuclear
magnetic resonance ("H-NMR, PC-NMR) or X-ray diffraction (Harborne, 1993;
Wink, 1999a, b). It is likely that many more compounds wiil be found in the
future, as only a small proportion of existing organisms has been thoroughly
analysed. Fig. 1.1 represents an estimate of known secondary metabolites and
illustrates chemical structural examples for some of the classes of these natural
products.

Biosynthesis, Transport, Storage, Turnover and Costs of
Secondary Metabolites in Plants

Some SM are produced in all plant tissues, but generally formation is organ-,
tissue-, cell- and often development-specific. It is also assumed that the
corresponding genes associated with production of these SM are regulated in a
cell-, tissue- or development-specific fashion. Cellular sites of biosynthesis are
compartmentalized in the plant cell and most biosynthetic pathways proceed (at
least partially) in the cytoplasm. However, there is evidence that some alkaloids,
such as coniine, quinolizidines, caffeine and some terpenes are synthesized in the
chloroplast (Roberts, 1981; Wink and Hartmann, 1982). Coniine and amine
formation has been localized in mitochondria (Roberts, 1981; Wink and
Hartmann, 1981) and biosynthetic steps of protoberberine occur in the vesicles
(Amann er af., 1986). Hydroxylation steps are often membrane-bound in the
endoplasmic reticulum where synthesis of other lipophilic compounds aiso
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Fig. 1.1. Estimated number of described secondary metabolites from plants and
ilustration of a few representative structures.

occurs.

In many instances the site of biosynthesis is restricted to a single organ, such
as roots, leaves or fruits, but an accumulation of the corresponding products can
be detected in several other plant tissues. Therefore, long-distance transport must
take place in these instances and occurs via xylem, phloem and sym- or apoplastic
transport.

Storage of SM may be tissue- or cell-specific (Guern et al., 1987). Idioblasts
have been identified in many plants which contain tannins, alkaloids, or
glucosinolates. More often SM are concentrated in trichomes or glandular hairs
(many terpenoids in Labiatae, Asteraceae), stinging hairs (many amines in
Urticaceae), or the epidermis itself (many alkaloids, flavonoids, anthocyanins,
cyanogenic glycosides, coumarins, etc.) (Wiermann, 1981; Wink, 1993a, 1997;
Wink and Roberts, 1998). Flowers, fruits, and seeds are usually rich in SM,
especially in annual plants. In perennial species, SM are high in bulbs, roots,
rhizomes and bark of the roots and stems. Water soluble secondary compounds
are usually stored in the vacuole (Matile, 1978, 1984; Boller and Wiemken, 1986)
whereas hydrophilic substances are sequestered in resin ducts, laticifers,
glandular hairs, trichomes, thylakoid membranes, or on the cuticle (Wiermann,
1981).
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Several SM are not end products of metabolism but are turned over at a
regular rate (Barz and Koster, 1981). N-containing SM such as alkaloids, non-
protein amino acids (NPAA), cyanogenic glycosides and protease inhibitors are
metabolized at germination and serve as a nitrogen source for growing seedlings
{Wink and Witte, 1985). Carbohydrates (e.g. oligosaccharides and lipids) are also
turned over during germination. Concentrations of some SM vary diurnalily, such
as  quinolizidine  alkaloids, nicotine, atropine, monoterpenes  and
phenylpropanoids; an active interplay between synthesis and turnover is involved
in these instances. Turnover of SM is also readily seen in cell suspension cultures
(reviews in: Barz and Kdster, 1981; Wink, 1997). Enzymes of SM biosynthesis
and transport also show a regular turnover, suggesting that mRNA must be
transcribed and transiated into proteins regularly, even for constitutive
compounds.

Both transcription and transiation require substantial energy input utilizing
ATP or reduction equivalents (1.e. NADPH,). For defence or signal compounds to
exhibit their function, allelochemicals need to be concentrated at the right place
and time. Many SM are synthesized in the cytoplasm or in cell organelles, but are
stored in vacuoles. Energy for the uphill transport across the tonoplast and/or for
trapping the metabolite in the vacuole is provided by H'-ATPase. When special
anatomical differentiations (ducts, gland cells, trichomes) are needed, the
formation and maintenance of these structures are produced at a cost to the plant.
Thus, the biosynthesis and sequestration events to provide defence and signal
compounds for protection to the plant comes at a substantial energy cost.

Evolution and Function of Secondary Metabolites

Although several SM have been used by mankind for thousands of years as dyes
(indigo, shikonine), flavours (vanillin, capsaicin, mustard oils), fragrances (rose
oil, lavender oil and other essential oils), stimulants (caffeine, nicotine,
ephedrine), hallucinogens (morphine, cocaine, mescaline, hyoscyamine,
scopolamine, tetrahydrocannabinol), insecticides (nicotine, piperine, pyrethrin),
vertebrate and human poisons {coniine, strychnine, aconitine) and even as
therapeutic agents (atropine, quinine, cardenolides, codeine, etc.), their putative
functions remain somewhat controversial (Mann, 1992; Roberts and Wink, 1998).

Defence or signal compounds versus waste theory for SM

Secondary metabolites provide mechanisms of defence for plants and can be
compared to the ability of animals and birds to evade danger through speed,
flight, body armour or internal immune responses to invading microbes or
parasites (Edmunds, 1974). Stahl argued in 1888, in Jena (Germany), that
secondary metabolites serve as defence compounds against herbivores.
Surprisingly, the defence function of SM in plants still arouses controversy.
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The defence hypothesis has been elaborated during recent decades (Fraenkel,
1959; Ehrlich and Raven, 1964; Levin, 1976, Swain, 1977) and a large body of
experimental evidence (reviews in: Wink, 1988, 1992, 1993¢; Harbome, 1993,
Bernays and Chapman, 1994) supports the following functions of SM:

1. Defence against herbivores, insects and vertebrates;

2. Defence against fungi, bacteria and viruses;

3. Defence against other plants competing for light, water and nutrients;

4. Signal compounds to attract pollinating and seed dispersing animals;

5. Signals for communication between plants and symbiotic microorganisms (N-
fixing Rhizobia or mycorrhizal fungi); and

6. Protection against UV-light or other physical stress.

A number of plants employ defensive methods using mechanical and
morphological protection, such as thorns, spikes, glandular and stinging hairs
(often filled with noxious chemicals), or develop an impenetrable bark (especially
woody perennials); these features can be interpreted as antipredatory defences (in
analogy to weapons and shells in animals). Sessile or siow moving animals, such
as sponges, slugs, corals and amphibia (e.g. salamanders, poison frogs, toads) are
infamous for their ability to produce a wide range of usually toxic chemicals
(reviews: Braekman et al., 1998; Proksch and Ebel, 1998). Some insects either
produce SM themselves or sequester them from their host plants (overviews in
Duffey, 1980; Bilum, 1981; Bernays and Chapman, 1994). In contrast to most
higher animals, plants can replace various parts which have been diseased,
wounded or browsed. This capacity for open growth and regeneration, is most
prominent in perennials and allows for a certain tolerance toward herbivores and
microbes.

In most plants, synthesis and accumulation of SM is regulated in space and
time. As a rule, vuinerable tissues are defended more than old senescing ones. For
example, it is usually observed that seeds, seedlings, buds and young tissues
either sequester large amounts of a compound or actively synthesize them.
Organs that are important for survival and multiplication, such as flowers, fruits
and seeds, are nearly always a rich source of defence chemicals.

The specific localizations of SM make sense if we accept their role as defence
and/or signal compounds: trichomes and glandular hairs are aiways on the surface
of the plant; a herbivore cannot avoid a direct contact with them if it tries to feed
on this plant. If membrane-active terpenes reach their lips, tongue or mandibles,
many herbivores can be deterred before they actually start feeding on the plant.
Another example is the sequestration of high concentrations of SM in vacuoles
which are often positioned in a favourable site for defence, as many of them are
stored in epidermal and subepidermal cells (Saunders and Conn, 1978; Kojima et
al., 1979, Matile, 1984; Wink et al., 1984; Werner and Matile, 1985; Gruhnert et
al., 1994; Wink, 1992, 1997). If a small herbivore or microbe attacks such a plant,
it will encounter a high concentration immediately at the periphery when
wounding or entering the tissue which might deter further feeding. Compounds
which are sequestered in resin ducts or laticifers are often under high pressure and
readily squirt out when these elements become wounded. For a smalil insect
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herbivore, this is a dangerous situation, since these effluents make their
mandibles sticky. However, a few ‘clever’ beetles and caterpillars cut the veins of
leaves upstream of the area that they want to feed on. The fluids emerge from the
cuts, but cannot reach the parts downstream and thus allow consumption
(Dussourd and Eisner, 1987; Becerra, 1994).

Defence against herbivores and pathogens is not necessarily constitutive.
Recent research has shown that wounding and infection triggers several events in
plants. For example, wounding leads to tissue breakdown thus releasing
prefabricated defence chemicals (such as glucosinolates, cyanogenic glycosides,
bidesmosidic saponins, alliin, ranunculin, coumarylglycosides) and mix them
with hydrolysing enzymes, such as f-glycosidase, myrosinase, nitrilase, or
alliinase (Matile, 1980). Active allelochemicals are the result. In other instances it
has been shown that the level of existing defence chemicals is increased
substantially within hours or days after wounding or infection, for example
nicotine in Nicotiana tabacum (Baldwin, 1994), or lupin alkaloids in Lupinus
polyphyllus (Wink, 1983). Especially after infection, new compounds are made
and sequestered with antifungal, antibacterial or herbivore deterring activities;
phytopathologists have termed these compounds ‘phytoalexins’. These
compounds include several isoflavones, pterocarpans, furocoumarins, chalcons,
stilbens and others; many of these metabolites have antifungal properties, so that
they are sometimes considered to be part of a specific antimicrobial defence
system of plants. However, since most of these compounds also affect herbivores,
the induced plant defence appears to be a more general phenomenon.

Recent research has shown that elicitors, receptors and ion channels and the
pathways leading to jasmonic acid and salicylic acid are important elements in
converting the external signal into a cellular response (Creelman and Mullet,
1997). The defence system by SM works in general, but a number of herbivores
and microorganisms evolved that have overcome the defence barrier (similar to
the situation of some viruses, bacteria or parasites which outcompete our immune
system). In these organisms a series of adaptations can be observed, allowing
them to tolerate or even use the dietary defence chemicals (reviews in: Ahmad,
1983; Brattsten and Ahmad, 1986; Rosenthal and Berenbaum, 1991, 1992; Wink,
1993¢c; Bernays and Chapman, 1994; Brown and Trigo, 1995; Hartmann and
Witte, 1995).

Several volatiles are produced by plants when wounded, including aldehydes,
esters, amines or ethylene. It has been proposed that some of these volatiles can
alert the defence system of neighbouring plants. In addition, these volatiles can
attract predatory arthropods. A well-studied example is spider mites (Tetranyches
urticae) on Phaseolus Ilunatus leaves. Volatiles from infested plants attract
predatory mites (Phytoseiulus persimilis) which prey on the spider mites that
induced the reaction in the first place (Dicke er al., 1990; De Moraes ef al., 1998).
It is likely that more tritrophic systems work in this way; many of them still await
to be discovered.

While zoologists have never doubted that many SM serve as chemical defence
against predators, it has been argued that SM were only waste products and had
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no beneficial function at all. However, this theory failed to explain several
observations including:

1. Waste products are characteristic and necessary for heterotrophic animals that
cannot degrade their food completely for energy production. These organisms
excrete waste products that are often rich in nitrogen (i.e. urea, uric acid).
However, plants are essential autotrophs and therefore do not need elaborate
excretory activities. Furthermore, nitrogen is a limiting nutrient for plants.
Consequently, the production of nitrogen-containing excretions, such as
alkaloids, would be difficult to explain. In addition, alkaloids are often found in
young or metabolically active tissues, but not in dying or senescing cells as would
be expected according to the waste product hypothesis.

2. Secondary metabolites are often not inert end products of metabolism (an
expected trait of waste products) but many of them can be metabolized by plant
cells. For example, nitrogenous secondary metabolites, such as alkaloids, NPAA
and cyanogenic glycosides are often stored in considerable quantities in legume
seeds. During germination a degradation of these nitrogenous compounds occurs
providing essential nitrogen sources for the growing seedling.

3. Secondary metabolism is energetically costly, often very complex and
regulated in a tissue and developmentally specific manner, which would be
surprising for a waste product having no inherent function.

In several instances SM provide both defensive and attractant activities such
as anthocyanins or monoterpenes which are insect attractants in flowers, but serve
an insecticidal and antimicrobial role in leaves. In addition, some SM
concomitantly exhibit physiological functions, for example they can serve as
mobile and toxic nitrogen transport and storage compounds or UV-protectants
(such as flavonoids or tannins). These multiple functions are typical in plants and
do not contradict the main role as chemical defence and signal compounds. If a
trait can serve multiple functions and conserves energy, it is more likely that it is
maintained through natural selection.

Toxicology of Secondary Metabolites

If defence compounds should inhibit the growth of microbes or herbivores or are
otherwise toxic to them, they must interfere with the physiology and biochemistry
of these organisms. A large body of pharmacological and toxicological literature
clearly documents that these activities do exist (Teuscher and Lindequist, 1994;
Wink, 1993c, 1998, 1999a, b, 2000). Typical organ systems that are often
affected by SM in animals include organ development, reproduction and
fecundicity, respiration, digestion, muscles and motility as well as the nervous
system including signal transduction, perception and processing. In order to
interfere with these systems, the structures of secondary metabolites have been
shaped during evolution so that they can closely interact with molecular targets in
cells and tissues or other physiological features in animals or microorganisms.
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Fig. 1.2. lliustration of potential molecular targets of cells which are affected by
secondary metabolites.

Quite often structures of SM resemble endogenous substrates, hormones or
neurotransmitters and can thus mimic a response at the corresponding molecular
targets. There is hardly any target in animals or microorganisms for which a
natural product does not exist that might modulate it. Thus, plants provide a wide
array of bioactive substances. This is why so many natural products can be used
in biotechnology, pharmacy, medicine and agriculture in many different ways.
We use known substances or fook for new, hitherto undiscovered substances or
the corresponding genes encoding for their biosynthesis in plants living in deserts,
rain forests or other ecosystems (so called bioprospection or gene prospection). In
many instances the mechanisms that underlie these effects have been elucidated;
often specific interactions with one or several of the molecular targets shown in
Fig. 1.2 can be observed. We have argued that defence compounds have been
shaped during evolution to specifically interact with particular targets in a process
termed ‘evolutionary molecular modelling’” (Wink, 1997) (Figs 1.3 and 1.4).
Secondary metabolites often interfere with more than a single molecular
target, which is advantageous for the producer, as a toxin might be more efficient
if it inactivates two targets instead of a single target. Furthermore, it will be more
difficult for a herbivore or microbe to develop resistance to such a compound, as
concomitant resistance at two targets would be required. Plants usually produce a
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complex mixture of compounds, each of which has its own set of biological
activities, which make these mixtures even more powerful as means of defence
and protection.

Because of this evolutionary logic, most plants are able to withstand various
threats from herbivores, microbes and the physical environment. Exceptions are
many agricultural crops, which have been optimized for yield and quite often,
their original lines of defence have been selected out, as the underlying
metabolites were unpalatable or toxic for humans or livestock. An example of this
using quinolizidine alkaloids and plants that contain them follows.

Quinolizidine alkaloids

Several defence compounds are transported via the phloem from the site of
synthesis to other plant organs. Since the phloem is a target for many sucking
insects, such as aphids, these insects encounter a high load of aikaloids in the
plants producing them. Lupins, for example, produce quinolizidine alkaloids
(QAs) in leaf chioroplasts and export them via the phioem all over the plant
where they accumulate in epidermal tissues and especially in reproductive organs
(Fig. 1.5). For lupins, in which alkaloid-rich (bitter lupins) and aimost alkaloid-
free varieties (‘sweet’ lupins) are known, it could be shown that aphid generalists
(e.g. Myzus persicae) only sucked on ‘sweet’ lupins but never on alkaloid-rich
varieties with high alkaloid contents in the phloem (Wink, 1992). Also, many
other animals from leaf miners (Agromyzidae) to rabbits (Oryctolagus cuniculus)

Evolutionary molecular modelling
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Fig. 1.3. Schematic illustration of ‘evolutionary molecular modelling’.
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showed a similar discrimination, in that alkaloid-rich plants were left alone, while
‘alkaloid-free’ cultivars were highly predated (Fig. 1.6). The only exception is a
specialized aphid, Macrosiphum albifrons, which lives on bitter lupins and
sequesters the dietary alkaloids and uses them for its own defence against
predators (Wink and Romer, 1986). The defence potential of lupin alkaloids is
plausible as these alkaloids are toxic to animals (Fig. 1.7), interfere with the
nervous system, affecting mainly nicotinic and muscarinic acetylcholine receptors
(Fig. 1.8) and inhibiting Na" and K" channels. Minor targets are: dopamine
receptors, GABA receptors, NMDA receptors, alpha 2 receptors, membrane
permeability, protein biosynthesis and DNA (anagyrine, ammodendrine).

In general, we find a series of related compounds in each plant; often a few
major metabolites and several minor components that differ in the position of
their substituents (Fig. 1.8). The profile usually varies between plant organs,
within developmental periods and sometimes even diurnally (e.g. in lupin
alkaloids; Wink and Witte, 1984). Also, marked differences can usually be seen
between individual plants of a single population, even more so between members
of different populations. This variation, that is part of the apparent evolutionary
arms race between plants and herbivores, makes adaptations by herbivores more
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Fig. 1.5. Biosynthesis, transport and storage of quinolizidine alkaloids in lupins.
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difficult, since even small changes in chemistry can be the base for new
pharmacological activities.

Evolution of Chemical Defence in the Leguminosae

We have selected the Leguminosae as a specific example to research the
evolution of chemical defence, since this very large plant family with 650 genera
and more than 18,000 species has been extensively studied phytochemically.
Several types of alkaloids, NPAAs, amines, flavonoids, isoflavones, coumarins,
anthraquinones, di-, sesqui- and triterpenes, cyanogenic glycosides, protease
inhibitors and lectins have been described in this family, most of which function
as defence chemicals or as signal compounds (see reviews and compilations in
Harbome et al., 1971; Polhill et al., 1981a, b; Kinghorn and Balandrin, 1984;
Stirton, 1987; Wink, 1993a, b; Hegnauer and Hegnauer, 1994; Southon, 1994;
Sprent and McKey, 1994; Wink et al., 1995; Wink and Waterman, 1999).
Furthermore, rbcL sequences of over 300 legumes have been sequenced (Kiss
and Wink, 1995, 1996, 1997a, b; Wink et al., unpublished data) which for the
first time provide the phylogenetic framework to analyse the distribution of SM in
legumes. We have selected about 100 genera which cover most tribes of the
Leguminosae. In several cases, rbcL sequences of these genera cluster in a way
that is consistent within their traditional grouping in tribes and subfamilies
(Polhill, 1994) but there are also significant differences. Members of the
Caesalpinioideae cluster at the base of the legume tree which agrees with the
fossil record (Herendeen and Dilcher, 1992). Members of the Mimosoideae
unambiguously derive from the Caesalpinioideae (Doyle, 1994; Kiss and Wink,
1995, 1996, 1997a) and are not ancestral, as sometimes had been assumed. The
Papilionoideae form a monophyletic clade, starting with Sophoreae at the base
and leading to Genisteae as the more advanced tribes.

Quinolizidine alkaloids figure as the most prominent group of alkaloids in
legumes, present in members of the subfamily Papilionoideae in the tribes
Genisteae, Crotalarieae, Podalyrieae, Thermopsideae, Liparieae, Euchresteae,
Bossiaeeae and Sophoreae (Kinghorn and Balandrin, 1984; Wink, 1993a, b).
Also, dipiperidine alkaloids of the ammodendrine type, which also derive from
lysine as a precursor, exhibit a comparable distribution pattern (Fig. 1.9). These
tribes, except the Sophoreae, are apparently monophyletic and nearly all taxa in
this assemblage accumulate QAs. Obvious exceptions are members of the large
genus Crotalaria that either sequester pyrrolizidine alkaloids (PAs) or NPAAs
(Figs 1.9 and 1.10). In Loftonis some taxa produce QAs and others PAs. Since
Crotalaria and Lotonis derive from ancestors that definitely produced QAs but
not PAs, the general ability to make QAs must have been present. But
corresponding genes are either lost or more likely completely turned off in
Crotalaria and partially in Lotonis. The formation of PAs instead appears to be a
new acquisition for chemical defence, which evolved convergently; the
occurrence of simple PAs in Laburnum and Adenocarpus might be interpreted
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accordingly. In a few taxa which cluster within QA-accumulating genera, QAs
are hardly detectable or levels are very low, such as in Ulex, Calicotome or
Spartocytisus. These taxa have in common extensive spines, which apparently
have substituted chemical defence; in this case the presence or absence of QAs is
clearly a trait reflecting different ecological strategies rather than taxonomic
relationships.

Quinolizidine alkaloids have also been found in a few unrelated genera of
Chenopodiaceae, Berberidaceae, Ranunculaceae, Scrophulariaceae  and
Solanaceae (Teuscher and Lindequist, 1994). Since traces of QAs could be
detected in plants and cell cultures of even more taxa, we have postulated (Wink
and Witte, 1983) that the genes which encode the basic pathway leading to
lupanine, must have evolved early during evolution, but that these genes are
turned off in most instances, but turned on in plants which use the alkaloids as
chemical defence substances (Wink, 1992, 1993c, d).

Besides QAs, legumes accumulate a wide range of other alkaloids, deriving
from different precursors. Most of them show occurrences which are restricted to
a few, often non-related taxa (Fig. 1.9). For example, Erythrina alkaloids, which
derive from tyrosine as a precursor, are typical for members of the large genus
Erythrina and have not been found elsewhere in the plant kingdom. Indolizidine
alkaloids, which inhibit hydrolytic enzymes, have been reported in Swainsonia,
Astragalus (tribe Galegeae) and Castanospermum (Sophoreae). f3-Carboline
alkaloids have been detected in a few mimosoid taxa of the tribes Mimoseae and
Acacieae. Also a number of simple phenylethylamine or simple indole alkaloids
have been found, usually in taxa which do not accumulate QAs (Fig. 1.9).
Interestingly, the occurrence of quinolizidines and other alkaloids is usually
mutually exclusive, indicating the parsimonious utilisation of chemical defence
strategies.

The pattern of NPAA accumulation (Fig. 1.10) is almost complimentary to the
distribution of QAs, if all NPAAs with different structures and activities are
grouped together. Similar to the functions of QAs and other nitrogenous
compounds, NPAAs serve at least two purposes: both as chemical defence
compounds and as mobile nitrogen storage compounds in seeds which are used as
a nitrogen source for the germinating seedling. Considering different types of
NPAAs, a more differentiated picture becomes apparent. At least three groups of
NPAAs are common in legumes, such as canavanine, pipecolic acid and
derivatives, and the sulphur-containing djenkolic acids. Canavanine is common in
the tribes Galegeae, Loteae, Tephrosicae, Robinieac and some Phaseoleae. It
could be assumed that the trait of canavanine accumulation was acquired by an
ancestor (see arrow in Fig. 1.10) from which all the other tribes derived, but that
the canavanine genes are turned off in Vicieae, Trifolicae, Cicereae and Abreae
which produce pipecolic acids instead. Whether pipecolic acid biosynthesis was
independently invented in Caesalpinioideae/Mimosoideae and in the papilionoid
tribes Vicieae and Trifolieae, or whether the canavanine genes were only
inactivated in Vicieae and Trifolieae is open to debate, similar to the situation of
protease inhibitors (Pis). Several other NPAAs have been described from
legumes (Harborne ef al., 1971; Polhill e al., 1981a, b; Stirton, 1987; Hegnauer
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and Hegnauer, 1994; Southon, 1994; Sprent and McKey, 1994); most of them
have a more restricted occurrence, and presence or absence in phylogenetically
related taxa is a common theme.

Cyanogenic glycosides, which release the toxic cyanide upon activation,
appear to be more common in the more ancestral than the more developed legume
tribes (Fig. 1.11). Whether the occurrences of cyanogenic glycosides are based on
common genes which are turned off in most instances and turned on in a few
places cannot be answered yet; a convergent and independent evolution might
also be possible.

The distribution of PlIs (i.e. trypsin and chymotrypsin inhibitors) exhibits an
almost complementary pattern (Fig. 1.12) to QAs. Members of the
Caesalpinioideae and many Mimosoideae accumulate Pls in their seeds, where
they serve concomitantly as chemical defence and nitrogen storage compounds. It
is not clear whether some genera of the Mimosoideae have secondarily lost this
trait, or whether they have not been studied in sufficient detail. Within the
Papilionoideae, PIs are prominent in the tribes Vicieae, Trifolieae, Cicereae,
Abreae, Galegeae, Loteae, Phaseoleac and Tephrosiecae, but have not been
described in the Mirbelicae. According to Fig. 1.12, PI formation in
Caesalpinioideae/Mimosoideae and Papilionoideae could be based on common
ancestry, which would mean that this trait is turned off in a number of papilionoid
tribes that produce QAs and other secondary metabolites instead. Alternatively,
formation of PIs evolved independently in these legume subfamilies. Since the
genes for Pls are known, it would be challenging to analyse whether PI genes are
present or absent in PI non-producing taxa.

In conclusion, the numerous nitrogen-containing metabolites appear to
function both as chemical defences and nitrogen storage compounds in legumes
and are thus open to natural selection. Although they appear as plausible
taxonomic markers in a few places, they fail to demonstrate this taxonomic
reliability in other parts of the legume tree. Thus, their occurrence probably
reflects different evolutionary and life strategies rather than taxonomic
stringency. In many cases their occurrence appears to be mutually exclusive;
tribes which produce NPAAs do not accumulate alkaloids and vice versa (Figs
1.9 and 1.10).

Flavonoids are found in all three subfamilies and isoflavones are obviously
restricted to the subfamily Papilionoideae (Fig. 1.13). Except for a few tribes and
genera, among which are several Australian taxa, all taxa accumulate isoflavones
and derivatives, including several phytoalexines of the pterocarpan type.
Catechins and proanthocyanins, or galloylcatechins, occur in all three
subfamilies; their occurrence reflects life style, i.e. growth as trees, rather than
taxonomic relatedness. In Caesalpinioideae and Mimosoideae, both traits are
almost congruent, since woody life style dominates in both subfamilies.

Coumarins and furanocoumarins, which serve as potent defence compounds
in Apiaceae, occur in a few, mostly unrelated species. Only in the genus Psoralea
do they have a wider distribution. Anthraquinones, which are potent Na* and
K'ATPase inhibitors and strong purgatives, ubiquitously occur in the genus
Cassia, but only occasionally in Andira and Abrus.
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Among terpenoids, all classes of terpenes have been found in legumes. The
occurrence of triterpenes and triterpene and steroidal saponins (including cardiac
glycosides in Securigera and Coronilla, both Loteae) is illustrated in Fig. 1.14.
Triterpenes and saponins, which are powerful defence compounds against
microbes and herbivores, are more common in the ancestral Caesalpinioideae/
Mimosoideae and in the basal tribes of the Papilionoideae, but also in Vicieae,
Trifolieae, Cicereae and Phaseoleae. Whether they have appeared independently
in the tribes seen, which are sometimes not related by a common link, or whether
the genes have evolved at the beginning of legume evolution, but switched on or
off according to ecological needs, cannot be answered with certainty. The wide
distribution of triterpenes and triterpene saponins in the plant kingdom and their
common basic structures favours the latter possibility.

When analysing the alkaloid profiles within the genus Lupinus, we observe
the same phenomenon as found for other secondary metabolites at the tribe or
family level. In some instances, all members of a monophyletic clade share a
chemical characteristic; in other instances not {details in Wink and Waterman,
1999). The main question is: What were the selective forces to activate the
corresponding genes in one taxon and to turn them off in another? Since SM play
a vital role as defence or signal compounds, their occurrence apparently reflects
adaptations and particular life strategies rather than taxonomic relationships. In
general, if a certain defence trait is lost, a gain of another defence trait can be
observed. For example, the sudden occurrence of PAs in the Crotalarieae and the
silencing of QAs which are present in all the other members of the genistoids.
Thus, studying the distribution of SM in plants as compared to their molecular
phylogeny offers information on the underlying evolutionary, ecological and
systematic processes and strategies.
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Introduction

Upon ingestion, pyrrolizidine alkaloids (PAs) are oxidized by cytochromes P-450
(CYPs) to reactive, pyrrolic bifunctional electrophiles that readily cross-link
DNA, a reputed event critical in PA-induced toxicity. Our laboratory has
demonstrated that PAs form nearly equal proportions of both DNA interstrand
and DN A-protein cross-links in vitro (Hincks et al., 1991}, and that the cytotoxic,
antimitotic and megalocytic activity of PAs correlate with cross-linking (Kim et
al., 1993). Structural features, most notably the presence of o,-unsaturation and a
macrocyclic diester, confer potent cross-link activity to PAs in cellular systems (Kim
et al., 1999). We have recently shown that actin is the major protein involved in
cellular PA-induced DNA-protein cross-links (Coulombe er al, 1999).
Dehydrosenecionine (DHSN) and dehydromonocrotaline (DHMO) have also
been shown to inhibit amplification of a segment of pBR322, implying that cross-
linking by activated PAs is functionally significant (Kim et al., 1999).

Activated PAs share a common pyrrolic substructure with reductively
activated bifunctional mitomycins, such as mitomycin C, which preferentially
cross-link 5'-CG sequences within DNA (Woo er al., 1993). Several DNA bases
have been shown to be involved in covalent interactions and/or cross-links by
pyrrolic PAs, such as the N* of deoxyguanosine (dG) and N° of deoxyadenosine
(dA), and O? of uridine and deoxythymidine or thymidine (dT) have also been
identified as targets (Robertson, 1982; Wickramanayake et al, 1985).
Dehydromonocrotaline and dehydroretrorsine preferentially cross-link dG-to-dG
at a 5'-CG sequence in synthetic duplex DNA (Weidner ef al., 1990). Recently,
DHMO was shown to cross-link at the N7 position of guanine in a 35 bp
fragment of pBR322 with a preference for 5'-GG and 5'-GA sequences (Pereira et
al., 1998). The purpose of this study was to determine whether an activated PA
shows sequence specificity in cross-linking defined 14-base poly AT
oligonucleotides which differ only by the two central bases. Similar defined
oligonucleotides are frequently used tools to discern sequence specificity of
various cross-linking agents such as mitomycin C.
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Materials and Methods

Dehydromonocrotaline (DHMO) was prepared by chemical oxidation of
monocrotaline using o-chloranil; yield and purity was checked by 'H NMR (Kim
et al., 1995). DHMO was stored in anhydrous dimethylsulphoxide (DMSO).

Cross-linking of oligonucleotides was analysed by gel-shift analysis (Kim et
al., 1999). Three duplex 14-mer oligonucieotides which differed by two central
bases, 'CG oligo": 5’-ATATATCGATATAT-3’; 'GC oligo":
ATATATGCATATAT,; and 'TA oligo': ATATATTAATATAT were end-labelied
with [y-"’PJATP according to manufacturers specifications (MBI Fermentas, Inc.,
Amberst, NY). Oligos were annealed (Williams et al., 1997) to ensure they were
in duplex form (confirmed by thermal denaturation, A = 260 nm) under cross-
linking conditions. The reactions (100 pl total in H,O) were begun by first adding
H,0, DNA and DMSO (1% of total volume included to insure solubility of the
pyrrole), followed by DHMO at varying (DNA:DHMO) molar ratios at 4°C for 4
h and allowed to warm to room temperature overnight. Lanes containing equal
dpm of cross-linked DNA were separated from free DNA by denaturing 25%
PAGE (acrylamide:bis-acrylamide 19:1, 7 M urea, 0.025% TEMED, 0.07% APS)
with 1X TBE (pH 8.3) and exposed to X-ray fiim. Autoradiographs were
computer-archived, and band intensities were computed with a Nucleovision 920
Imaging Workstation (NucleoTech Corporation, San Carlos, CA).

Oligonucleotides were incubated with DHMO and ~7.4 x 10° dpm of *?P-
labelled at 37°C for 1.75 h as above with varying amounts of aspartate (Asp),
cysteine (Cys), glutathione (GSH), lysine (Lys), methionine (Met), phenylalanine
(Phe), serine (Ser), threonine (Thr) or tyrosine (Tyr). The order of reagents added
in the 100 pi reaction was: H,O, DNA, DMSO, competitor, then DHMO. Each
tube was briefly mixed, then aliquots of equal dpm per well were
electrophoretically separated and gels were exposed to X-ray film.
Electrophoretic migration of oligonucleotides was not affected by the addition of
those nucleophiles alone (data not shown).

Results

In the gel-shift assay, DNA cross-linking agents created larger molecular weight,
slowly migrating complexes apparent near the sample well at the top of the gel
compared to native, untreated DNA (lane 5, Fig. 2.1A). Using the set of
unmodified, single-stranded oligonucieotides as molecular weight markers, it is
clear that the pyrroles induced a complex with a M, substantially greater than 17.5
kD, the approximate size of a pyrrole-DNA cross-link of two duplex 14-mers
(Fig. 2.1A). Thus, it is likely that DHMO caused some combination of intra- and
interstrand DNA cross-links in our system. In each cross-linking experiment,
unmodified DNA was well-resolved from the presumed pyrrole-DNA cross-links
(Fig. 2.1B). At the three molar ratios examined, cross-linking was dependent
upon the amount of DHMO added to the reactions; in all cases, DNA cross-
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linking was dose-dependent (Fig. 2.1B). However, DHMO did not appear to
cross-link any one oligonucleotide preferentially (P < 0.05) (Fig. 2.1B).

We used the standard gel-shift assay to determine which cellular nucieophiles,
if any, compete with DNA for DHMO-induced cross-links. In this assay,
competition can be seen as a sequential disappearance of the large molecular
weight cross-linked complex with a concomitant reappearance of the native
DNA. For example, additions of GSH caused a sequential disappearance of the

A 1 23 4 5
&

<€ Cross-linked

<175 kD
€—147 KD

. & <—6.4 kD
. ) «—4.3 kD
B CGoligo GC oligo TA oligo
12345678910 1112 1212

Fig. 2.1. Autoradiographs of denaturing PAGE analysis of DHMO-induced cross-
linking of duplex [y-szP]ATP—radiolabeHed DNA. (A) Native DNAs for molecular
weight references: CG oligo (4.3 kD; lane 1), 21-mer (6.4 kD; lane 2), 48-mer
(14.7 kD; lane 3) and 57-mer (17.5 kD; lane 4), and DHMO-induced DNA-
interstrand cross-linking of CG oligo (1:600, DNA:pyrrole; lane 5). (B) DNA-
interstrand cross-linking by DHMO of duplex CG, GC and TA oligos. Lanes 2-4, 6-
8, and 10-12 are DNA:pyrrole molar ratios of 1:200, 1:600 and 1:1000,
respectively. Controls (native, untreated CG, GC and TA oligo) are lanes 1, 5 and
9, respectively.
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Fig. 2.2. Comparative inhibitory effect of various aiternate nucleophiles on cross-
linking of CG oligo by DHMO. This graph shows that tyrosine (Tyr), glutathione
(GSH), cysteine (Cys) and aspartate (Asp), but not lysine (Lys), methionine (Met),
phenylalanine (Phe), threonine (Thr) or serine (Ser) compete with DHMO for
cross-linking of CG oligo. Data is derived from digital densitometry of gel shift
analyses, + SE, n> 2.

large molecular weight cross-linked complex with a concomitant reappearance of
the original native oligonucleotide while Lys did not affect the extent of DHMO-
induced cross-linking (Fig. 2.2). Tyrosine was the most effective competitor of
cross-linking, followed by GSH, then Cys and Asp. Lysine, Met, Phe, Thr and
Ser did not compete at any concentration.

Discussion

The interactions of cross-linking agents with DNA are complex, giving rise to
lesions that can underlie mutagenesis and carcinogenesis. One of the potential
variables in such interactions is the sequence of bases in available regions of the
target DNA. Bifunctional pyrrolic (dehydro) derivatives, pyrrolizidine alkaloids
readily cross-link cellular nucleophiles such as amino acids, proteins and DNA
(Hincks et al., 1991; Kim er al., 1995; Coulombe et al., 1999).

Here, we present evidence that pyrrolic PAs do not appear to have a strong
base sequence preference when they cross-link a set of self-complementary 14-
mer poly AT oligonucleotides that contained central 5'-d(CG), 5'-d(GC) or 5'-
d(AT) sequences. The degree of cross-linking was only affected by the amount of
pyrrole added to the reactions, and not the central base sequence of the
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oligonucleotide DNA targets.

Our results contrast with two previous studies showing some sequence
preference involving dG by PA pyrroles or similar bifunctional cross-linkers. For
example, DHMO and dehydroretrorsine preferentially formed dG-to-dG cross-
links at 5-d(CG) to 5-d(GC) sequences in 17-mer synthetic duplex
oligonucleotides (Weidner et al., 1990), but possible cross-linking by these agents
of duplexes comprised of only dA and dT was not examined. The synthetic
pyrrolic analogue, dehydroretronecine acetate, was found to be non-reactive
toward a duplex containing only dA and dT (Weidner et al., 1990). In another
study, DHMO cross-linked 5'-d(GG) and 5'-d(GA) sequences in a 375 bp
fragment of an EcoRI digest of BR322 (Pereira er al., 1998). However, since
those investigators relied on a protocol utilizing DMSO and hot piperidine that
detects alkylation only at guanyl residues, cross-linking at other non-guanyl sites
was not evaluated. Thus, while these two prior studies have argued for a sequence
preference in PA-induced cross-linking involving dG, there is contradiction with
respect to the actual sequence involved. While there is precedence for
indiscriminate DNA cross-link formation, the mechanism for the apparent lack of
base pair preference by DHMO is unclear, and is the subject of current
investigations using a larger number of oligonucleotides of varying sequences and
lengths.

We also show that certain cellular nucleophiles such as tyrosine (Tyr),
glutathione (GSH), cysteine (Cys) and aspartic acid (Asp) can inhibit DNA cross-
linking by pyrroles, presumably by providing an alternate nucleophilic cross-link
target. Previous data from our laboratory suggests that reduced thiols such as
GSH and Cys have a strong affinity for pyrroles (Coulombe et al., 1999; Kim et
al., 1999). One possible significance of this finding is that these molecules may
act as protective scavengers of reactive pyrroles in the cell. Indeed, animals given
dietary supplements of Cys showed reduced symptoms of PA-induced
hepatotoxicity compared to control animals (Miranda et af., 1982). Alternatively,
proteins especially rich in Tyr, Cys, and Asp may be preferential cellular targets
for pyrrolic PAs.
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Chapter 3

Correlation of an Endophytic Fungus
(Alternaria spp.) with the Presence of
Swainsonine in Lambert Locoweed
(Oxytropis lambertii)
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Locoweed poisoning is the most widespread poisonous plant problem in the
western USA (Kingsbury, 1964; James and Nielsen, 1988). The term 'locoweed'
is defined and used as a general name for those Astragalus and Oxytropis species
known to contain toxic levels of the trihydroxy indolizidine alkaloid swainsonine
(Molyneux and James, 1982). The presence of swainsonine in locoweeds is
believed to be the result of secondary plant biosynthesis (Harris ef al., 1988a).
Swainsonine is also known to be produced by the plant fungal pathogen
Rhizoctonia leguminicola (Harris et al., 1988b), often associated with red clover;
Metarhizium anisopliae (Hino et al., 1985), a known insect pathogen; and most
recently Alternaria sp. nova (Braun, 1999), a new endophytic fungus associated
with locoweeds. Braun (1999) isolated A. sp. nova from several Astragalus and
Oxytropis species and found a strong relationship between locoweeds and
presence of the endophytic fungus. In addition, A. sp. nova was found to produce
swainsonine in vitro. From these findings questions are being asked as to the
possible correlation between endophyte infection, swainsonine concentration and
toxicity of locoweed plants (Molyneux and James, 1991; Braun and Liddell,
1999).

Oxytropis lambertii or Lambert locoweed is one of the Oxytropis species
incriminated in livestock poisonings (Kingsbury, 1964; Molyneux and James,
1991) and previously shown to contain the locoweed toxin swainsonine
{Molyneux et al., 1989, 1991). Oxytropis lambertii is found in at least eight
different western states and taxonomically it is divided into three varieties (O.
lambertii var. lambertii, var. bigelovii, and var. articulata) (Barneby, 1952). It
was surprising, when in some preliminary swainsonine analyses of O. lambertii
samples, no swainsonine was found in populations previously assumed to be
toxic. In the work presented here we examined 16 different populations of O.
lambertii, measured the swainsonine content and tested for the presence or
absence of the endophyte A. sp. nova.

32
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Materials and Methods
Plant materials

Lambert locoweed (Oxytropis lambertii Pursh.) samples (n = 10/location) were
collected from 16 different locations throughout its known geographic
distribution (Table 3.1). Ten individual plants were coliected at each location and
physically separated in haif. One half was used for swainsonine analysis and the
corresponding second half was used to screen for the presence of 4. sp. nova. In
addition, at each location voucher specimens were collected, pressed and
deposited in the Monte L. Bean Herbarium (Brigham Young University, Provo,
Utah). All plant materials used for swainsonine analyses were dried in a forced air
oven at 60°C for 48 h, ground to pass through a 1 mm screen, and stored in a
plastic bag at ambient temperature.

Swainsonine assay

Plant samples were analysed for swainsonine (% dry weight) using the method
described in detail by Gardner et . (2001). In brief, samples (100 mg of dry,
ground plant material} were extracted with a mixture of chloroform (4 ml) and
2% acetic acid (5 ml) for 16 h (overnight). The upper acetic acid solution was
then removed to a prepared ion-exchange extraction tube (a 5 ml pipette tube
containing ~ 0.7 g of Dowex SOWX8-100 resin) and mixed for 15 min to retain
the swainsonine. After washing twice with deionized distilled water the
swainsonine was eluted from the resin by extraction with IN ammonium
hydroxide solution (5.00 ml) for 15 min. An aliquot of the extract was then
analysed by LC/MS with a quantitation level of 0.001% swainsonine (dry
weight). For samples that were negative for swainsonine using this methodology
a second aliquot was concentrated and analysed again by LC/MS, and checked
qualitatively by GC/MS, for the presence of swainsonine with a detection limit of
~0.0001% (1 ppm).

Endophyte assay

From each plant, four leaf pieces, four stem pieces, and (if present) four flower
pieces were harvested. Pieces were approximately 0.5 to 1 cm in length and were
surface sterilized by immersion in 70% ethanol for 30 s, then 1% sodium
hypochlorite for 3 min, and then washed with sterile water for 30 s. The samples
were then dried on sterile paper towels and placed on to a water agar media {four
pieces per plate). The plates were checked for fungus growth 1 week after
culturing and any suspected endophytic fungus was transferred to PDA (potato
dextrose agar). The original plates were re-checked for additional fungal growth
approximately 1 week later and again any suspected fungus was transferred to
PDA. The PDA plates were then placed on racks at room temperature with
natural and artificial room lighting during the day.
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Samples were determined to be endophyte positive (E+) if any of the assayed
pieces (leaf, stem, flower) were positive. The per cent endophyte infection was
determined as number of E+ plant pieces/total number of plant pieces cultured.
For samples containing sufficient leaf, stem, or flower material the assay was run
in duplicate.

Results

Oxytropis lambertii samples were collected from 16 different locations in eight
different states (Table 3.1). These specific sites were chosen to collect from the
three known varieties (vars lambertii, bigelovii and articulata). Significant
concentrations of swainsonine (> 0.001%) were found in five of the 16
populations with two from New Mexico, two from Arizona, and one population
from Utah (Fig. 3.1). The average swainsonine content varied from a low of
0.008% (Kanab, UT) to a high of 0.054% (Flagstaff, AZ). Populations containing
significant levels of swainsonine were restricted to O. lambertii var. bigelovii

Table 3.1. Oxytropis lambertii populations, mean swainsonine level and
endophyte presence (+) or absence (-).

Mean®
Location O. lambertii (% dry weight + SD) Endophyte
Meade, KS var. articulata < 0.0001 -
Knowles, OK ' < 0.0001 -
Buffalo, OK ! < 0.0001 -
Flagstaff, AZ var. bigelovii 0.054 + 0.027 +
Springerville, AZ ' 0.026 + 0.021 +
Kingston, NM ' 0.016 £ 0.013 +
Winston, NM ' 0.038 £ 0.035 +
Kanab, UT ! 0.008 + 0.016 +
Ferron, UT ! < 0.0001 -
Fort Collins, CO ' 0.0002 -
Ocate, NM ' 0.0006 -
Capulin, NM ' 0.0001 -
Sophia, NM ' < 0.0001 -
Sidney, NE var. lambertii 0.0007 -
Hot Springs, SD ! 0.0001 -
Lusk, WY ! < 0.0001 -

®For those samples with initial swainsonine levels at < 0.001%, a separate bulk
sample was analysed with quantitation down to 0.0001% (1 ppm) and the
presence of swainsonine confirmed by GC/MS.
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and geographically found in the most southern and western portion of its
distribution. Swainsonine was detected in the other 11 populations of O.
lambertii, although the levels were extremely low (< 0.001%) with some
concentrations estimated to be below | ppm (< 0.0001%).

The endophyte (4. sp. nova) was cultured from five O. lambertii populations
(Kanab, UT; Flagstaff, AZ; Springville, AZ; Kingston, NM; Winston, NM).
These five populations were the same as those found to contain significant levels
of swainsonine (> 0.001%). The endophyte was absent from those populations
where the swainsonine concentrations were found to be < 0.001% (Table 3.1).
The correlation between endophyte and swainsonine, presence or absence, for all
16 populations was high (r = 0.92) given a swainsonine concentration greater than
0.01%. The correlation coefficient was r = 0.84 for a swainsonine level greater
than 0.001%. Of the 55 plants from the five E+ populations, 40 plants were E+,
and of those 38 had a swainsonine concentration greater than 0.01%. Of the 15
plants that were endophyte negative (E-), none had a measured swainsonine
concentration greater than 0.01%, seven had a measured swainsonine
concentration between 0.001% and 0.01% and the other eight plants contained
only trace (< 0.001%) levels of swainsonine.

For the 40 E+ plant samples an estimated quantitative value of per cent
endophyte infection was compared to swainsonine concentration. The correlation
coefficient between the per cent endophyte infection and swainsonine
concentration was r = 0.46 which appeared random (Fig. 3.2).
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Fig. 3.1. Mean swainsonine concentration measured at 16 different locations for
Oxytropis lambertii populations.
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Fig. 3.2. Plot of per cent endophyte infection versus swainsonine concentration for
all samples from E+ populations.

Conclusions

All 16 populations of O. lambertii sampled were found to contain swainsonine at
some level, however, there was a clear distinction in that some populations
contained a significant toxic (> 0.001%) level and some clearly did not (Fig. 3.1).
A threshold level for toxicity has been conservatively suggested to be around
0.001% swainsonine (dry weight) (Molyneux et al., 1994). All of the Oxytropis
samples in this investigation that contained significant levels of the alkaloid (>
0.001%) exceeded that value by at least an order of magnitude and clearly should
be considered to be toxic and a threat to livestock grazing the plant over an
extended time period. Of the O. Jambertii plants found to contain significant
levels of swainsonine all were of the var. bigelovii. However, not all var. bigelovii
populations were found to contain high levels of swainsonine (five of ten
populations).

The correlation between O. lambertii populations that contained significant
levels of swainsonine and the presence of the A/ternaria endophyte was very high
and suggests a causal effect of the endophyte with toxic levels of swainsonine in
the plant and supporting the earlier findings of Braun (1999). Equally important
were the 11 populations of O. lambertii that contained only trace levels of
swainsonine (< 0.001%) and those populations were all found to be endophyte
free. A quantitative link between the swainsonine concentration in the plant and
the corresponding level of endophyte infection was not as evident {Fig. 3.2).
Braun (1999) did, however, observe a much higher correlation (r = 0.94) between
swatnsonine concentration and degree of endophyte infection.
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Introduction

Between 1995 and 1999 there were a number of unexplained deaths in cattle in
Switzerland. A total of five animals died, but only one animal was necropsied. No
significant lesions were found post-mortem. One animal was removed from the
pasture after clinical signs of weakness, ataxia, respiratory distress and diarrhoea
were observed. The animal recovered with supportive treatment without sequelae.
All deaths occurred on the same pasture at 1500 m elevation in the Swiss Alps
between 9 and 15 July of each year. Every year, a group of approximately 80
heifers grazed this particular pasture for only several weeks before being moved
to a higher altitude around 20 July. Plants collected from the pasture in late July
1999 were identified as Aconitum vulparia, Aconitum napellus and Delphinium
elatum. In addition, the pasture contained various grasses and bushes commonly
encountered in alpine zones in the Alps.

Aconitum napellus, A. vulparia (Tutin et al., 1993) and D. elatum (Seitz,
1969) are widely distributed in alpine regions, especially in the western and
central Alps. In the USA, Delphinium spp. (larkspur) poisoning is the most
serious poisonous plant problem on mountain and high plain rangelands in the
West (Pfister et al., 1999). Interestingly, there are few reports of larkspur
poisoning in livestock outside of north western USA. Aconitum napellus is native
to Europe, but also grows wild in North America. It is considered one of Europe’s
most poisonous plants although cases of livestock poisonings are rare. Aconitum
vulparia is commonly found in central and southern Europe, and it is considered
as toxic as A. napellus. Plants of the Aconitum (monkshood) and Delphinium
genera are recognized as rich sources of biologically active and structurally
complex diterpenoid alkaloids. Over many years, the diversity of alkaloids
present in the seeds and whole plants of monkshoods and larkspurs have been
studied, including those found in A. napellus (Liu and Katz, 1996) and D. elatum
(Park er al., 1995). The mixture of alkaloids varies among species (Ralphs e al.,
1997), locations, years (Ralphs er al., 1988), individual plants (Ralphs et al.,
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1998), during the growing season and among plant parts. In general, the total
alkaloid concentrations are high in early growth and decline as the season
progresses (Ralphs et al., 1997). In larkspurs, alkaloid concentrations are highest
in new growth of leaves, flowering racemes, and in seed pods (Pfister et al.,
1994a). Roots, leaves, seeds and honey containing pollen of Aconitum spp. have
also been reported to be poisonous (Puri, 1974).

The larkspur alkaloids act as potent competitive antagonists of acetylcholine
receptors in the muscle and brain leading to neuromuscular paralysis (Dobelis et
al., 1993; Kukel and Jennings, 1994). Clinical signs of larkspur toxicosis include
muscle tremors, ataxia, weakness, muscle twitching, respiratory distress and
collapse into sternal recumbency (Nation et al., 1982). In addition, bloat is often
reported in larkspur fatalities. The signs usually occur within a few hours of
exposure and death may result. The clinical outcome depends on the
concentration of toxic alkaloids and the amount and rate of ingestion. Aconitine
and related alkaloids of Aconitum spp. are known neurotoxins and cardiotoxins
and exert their effect by increasing the permeability of sodium ions in excitable
membranes (Catterall, 1980). Clinical signs of aconitine poisoning in humans
include vomiting, diarrhoea, perioral numbness and paresthesia, weakness and
paralysis in all four limbs, hypotension, and cardiac arrhythmias (Chan et al,
1994). Reports of aconitine poisonings in animals have not been published.

Sudden death or non-specific illness in cattle can result from the ingestion of
diterpenoid alkaloid-containing plants. In fatal cases, diagnosis may be facilitated
by finding Delphinium or Aconitum plant parts in the ingesta or in the
environment. However, leaves may be macerated beyond identification, or a
complete history of potentially toxic plants present in the environment of the
animal may not be provided. Toxic plant material was not identified in the ingesta
of the case presented in this paper. The objective was to determine whether the
sudden death described in these cattle was caused by the ingestion of numerous
alkaloid-containing plants. Gas chromatography/mass spectrometry (GC/MS) and
liquid chromatography/mass spectrometry (LC/MS) was used for analysis of the
gastrointestinal samples submitted to the laboratory.

Materials and Methods

A multi-residue alkaloid screen (Holstege et al., 1995) using GC/MS was
employed for the detection of Delphinium alkaloids in rumen, abomasal, small
intestine, and cecal contents. Samples (5 g) were extracted with 100 ml 5%
ethanol in ethyl acetate (v/v) after the addition of 1 ml of 10 M NaOH and 50 g of
Na,S0,. An aliquot (40 ml) was transferred to a separating funnel containing 100
ml of hexane and extracted with 15 mi of 0.5 M HCIl. The aqueous extract
(bottom layer) was sparged with nitrogen to remove trace organic solvents, the
pH was increased to > pH 10 with 10 M NaOH, and the extract was adsorbed on
a POLYSorb® ACT-1 RP-C18 polymeric SPE column (Transgenomic, Omaha,
NE). The alkaloids were eluted with 2 ml of ethyl acetate and analysed semi-
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quantitatively by GC/MS (Model HP 5890 with HP 5970 MSD, Hewlett Packard)
using a 12m x 0.2mm x 0.33 pm HP-1 column (Hewlett Packard). Deltaline,
delpheline, lycoctonine and methyllycaconitine (MLA) standards were provided
by Dr G.D. Manners. Alkaloids for which standards were not available were
quantified using the response factor of similar compounds.

For aconitine evaluation, an aliquot of the extract was injected into a Hewlett-
Packard Model 1050 HPLC coupled with a Finnigan LCQ ion trap mass
spectrometer. The analytical column was a Luna C18(2), 150 mm x 4.6 mm x 5
um (Phenomenex®) with a C18 guard column. The mobile phase was an isocratic
acetic acid water/methanol (5:95 v/v) mixture (I ml glacial acetic acid + 99 ml
water methanol; 5:95), at a flow rate 0.5 ml min". The instrument was tuned by
optimizing the response of m/z 646 while infusing 10 pg ml™" of aconitine
standard at 10 ul min™' into a mobile phase of 1% acetic acid in water/methanol
(5:95) at 0.5 ml min™. MS data were acquired in the positive ionization ESI with
the following scan event: (646)->(586)->(300-600); MS? conditions: collision
energy 24.0%, isolation window 1.5; MS® conditions: collision energy 23.0%,
isolation window 1.5. ESI parameters: capillary temperature 230°C, capillary
voltage 46 V, spray voltage 4.75 kV, tube lens voltage 55 V, sheath gas flow 95,
auxiliary gas flow 5. Quantification: external calibration, three point calibration
curve of analytical standard prepared in matrix to be analysed, using the response
of the ions at m/z 526 and m/z 554. Aconitine standard was purchased from
Sigma (St Louis, MO).

Results and Discussion

Deltaline, a good marker compound for exposure to Delphinium spp. was the
primary alkaloid found in the gastrointestinal samples submitted for analysis
(Holstege et al., 1996). This was consistent with previous findings for D. elatum
(Pelletier et al., 1989). In the rumen contents, the following diterpenoid alkaloids
were detected: 18 ppm deltaline, 1.4 ppm deltamine and 4.4 ppm lycoctonine.
The abomasal contents contained 7 ppm deltaline, 0.6 ppm delpheline and 0.6
ppm lycoctonine; and 3 ppm deltaline and 1.1 ppm lycoctonine were detected in
the small intestine contents. In the cecal contents: 8 ppm deltaline, 1.6 ppm
delpheline and 1.3 ppm lycoctonine were detected. The results were semi-
quantitative based on the response factor of deltaline. The presence of lycoctonine
in samples using the described method may be indicative of MLA, which is
readily hydrolysed to lycoctonine at high pH (Majak, 1993). Delpheline and
lycoctonine have also been identified in D. elatum. Thus, the GC/MS results
confirmed the exposure of cattle to D. elatum in the pasture.

Aconitine was positively identified in rumen and abomasal contents of the
cattle by a highly specific technique of LC/MS’. Aconitine is a norditerpenoid
alkaloid that has been found in 4. napellus (Liu and Katz, 1996). Most research
has focused on the detection of diterpenoid alkaloids in the seeds of Aconitum
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spp., but it is known that the whole plant contains the toxic alkaloids, with seeds
and roots containing the highest concentrations.

In the cattle poisoning case reported here, the finding of D. elatrum, A.
napellus and A. vulparia in the pasture and detection of Delphinium and
Aconitum alkaloids in gastrointestinal samples suggested Delphinium and/or
Aconitum poisoning. The typical height of D. elatum at maturity is 40-200 ¢m
(Tutin et al., 1993) and the flowering season is June and July in the western and
central Alps of Europe. It is well known that highest concentrations of toxic
alkaloids are found in immature plant tissue, and that a ‘toxic window’ during
which cattle tend to eat more larkspur extends from the flower stage into the pod
stage. In the reported case, cattle were exposed to the toxic alkaloids during the
flowering stage. The seasonal occurrence of poisonings matches the clinical
picture typically described in larkspur toxicosis. In cattle, 30 g fresh larkspur kg™
bodyweight produced recumbency (Marsh er al., 1916). The estimated oral lethal
dose 50 (LD s,) for cattle given larkspur is 25-40 mg kg bodyweight of total
toxic alkaloids (Pfister et al., 1994b), or 2.48 g kg'' bodyweight of the dried plant
(Olsen, 1978). Most of the toxicity of tall larkspur can be attributed to MLA and
14-deacetylnudicauline (Manners et al., 1993). Purified MLA administered
intravenously to cattle resulted in clinical signs of larkspur poisoning but not
death when given at 2 mg kg™ bodyweight, while 50 mg kg bodyweight of
deltaline had to be administered to cause the same clinical signs (Pfister et al.,
1999). MLA is the dominant alkaloid found in low larkspurs (Bai et al., 1994),
while deltaline i1s the dominant alkaloid found in most tall larkspurs. In general,
the risk associated with ingestion of larkspurs may vary considerably. It 1s
thought that larkspur alkaloids are absorbed rapidly and not hydrolysed in the
rumen leading to a rapid onset of clinical signs after ingestion of the plants.
Although detailed kinetic studies have not been published, larkspur alkaloids are
diterpenoids that contain functional groups that are known substrates for phase-I1
biotransformation reactions (Parkinson, 1996).

Aconitum napellus (Echter Eisenhut, Monk’s hood) and Aconitum vulparia
(Gelber Eisenhut, Wolf’s bane) are variable species in which numerous local
variants have been recognized as species or subspecies. These perennials are
commonly found in central Europe, especially in the Alps near creeks and
meadows, and their flowering season extends from June through to September.
Aconitine is extremely toxic. In horses, ingestion of 200-400 g of fresh A.
napellus is likely to result in death (Gerbaud, 1980). Leaves can contain 0.2-1.2%
aconitine, while the root can contain 0.3-2% aconitine (Bentz, 1969). In adult
humans, the lethal dose of purified aconitine is 3-6 mg (Frohne and Pfinder,
1983). Thus, ingestion of less than | g of the root can be deadly to an adult. In
humans, most cases are related to accidental ingestion of the wild plant. The root
has been mistaken for horse-radish root (Martens and Vandevelde, 1993).
Although cattle usually avoid Aconitum spp. exposure represents a risk, especially
in alpine regions where Monk’s hood is abundant. Reports of aconitine poisoning
in cattle are not published. The finding of aconitine in the gastrointestinal
contents however, is proof of ingestion of plants from the Aconitum genus.
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Delphinium spp. and Aconitum spp. poisoning should be suspected when
appropriate clinical signs are found along with evidence of consumption of plant
material that contains diterpenoid alkaloids. Most animals will avoid larkspurs
until the late flower and early pod stage. Toxicosis usually occurs during a ‘toxic
window’ or when little else is available to eat. The presence of larkspurs in
mountain rangeland has often dictated summer grazing management. A great
variety of management options have been reviewed (Pfister et al., 1999). In the
reported case, the producer may avoid livestock losses by moving the cattle to a
higher elevated pasture before the flowering stage, or by grazing the cattle on the
larkspur infested pasture later in the season.
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Introduction

More than 350 pyrrolizidine alkaloids (PAs) have been identified in over 6000
plants in the Boraginaceae, Asteraceae and Fabaceae families. About half of the
identified PAs are toxic and several are carcinogenic (Mattocks, 1986; Chan et
al., 1994). Many PA-containing plants are introduced species that are considered
invasive, noxious weeds that infest open ranges and fields, replacing desirable
plants. Most are not palatable and livestock avoid eating them if other forages are
available. PA-containing plants often invade fields or crops and plant parts or
seeds contaminate prepared feeds and grains. Human poisonings are most often a
result of food contamination or when PA-containing plants are used for medicinal
purposes. Regulations controlling PA exposure in feeds and food have been
enacted in several countries and additional regulations are likely. The purpose of
this work is to document the effects of animal age on PA toxicity, especially the
effects of PAs on neonatal animals. These findings are supported by clinical
reports of poisoning in neonatal animals and human infants while similarly
exposed adults were unaffected.

Materials and Methods

Five groups of 12 pigs at 0, 3, 6, 12 and 52 weeks of age were randomly divided
into groups of three and dosed via gavage with purified riddelliine at doses of 0,
5, 10 and 20 mg kg~ for 14 days. Animal work and assessment of intoxication
was done under the care of a licenced veterinarian following protocols reviewed
and approved by the Utah State University Animal Care and Use Committee. All
pigs were monitored daily and weighed weekly when blood samples were
collected. After dosing the pigs for 14 days, they were euthanized, necropsied and
tissues were collected for histological and chemical studies. Serum biochemistries
were done on a Beckman CXS5 analyser using Beckman reagents and following
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the manufacturer’s protocols (Beckman Coulter Inc., San Brea, CA). PA
metabolites were extracted from pig livers and detected using gas
chromatography and mass spectrometry as previously described (Schoch et al,,
2000). Animal weights, serum biochemical data and histological grades were
compared using an analysis of variance (ANOVA) with both mixed and
generalized linear models for a repeated measures design. Mean separations were
done using Duncan’s method (SAS Statistical Software 1986, SAS Institute Inc.,
Cary, NC). The level of significance was set at P < 0.05.

Results and Discussion

All age groups of animals dosed with riddelliine gained less or lost weight (P <
0.001). Weight loss correlated directly with dose for all age groups (r = 0.78).
When changes in weight were normalized for body size there were no significant
age differences at different riddelliine doses. Clinically, all animals dosed with
riddelliine at 20 mg kg developed severe hepatic discase characterized by
icterus, anorexia, scruffy-dry skin and reluctance to move. Riddelliine doses of 5
and 10 mg kg'' caused similar but less severe clinical changes. Age groups of 3
and 6 weeks were most severely affected and several of the high dose animals
from these groups had to be euthanized several days early. These animals also
had the most severe gross lesions. Six-week-old pigs treated with 20 mg kg™' had
extensive ascites and extensive visceral oedema. The livers of these animals were
swollen with prominent red lobular patterns and sub capsular oedema (Fig. 5.1).

Serum biochemical changes were similar to those previously reported with
riddelliine toxicosis (Molyneux er al., 1991). All dosed animals had elevated
serum alkaline phosphatase (ALP), aspartate amino transferase (AST), gamma
glutamyl transferase (GGT) and creatinine kinase (CK) activities. Pigs dosed with
20 mg kg™ also had elevated serum bilirubin and bile acid concentrations. Treated
pigs that were 0, 3 and 6 weeks old had reduced serum albumin and total proteins
that were significantly different from the 12- and 52-week-old groups at doses of
20 mg kg (P = 0.02) and 10 mg kg (P = 0.0003). The older 6-, 12- and 52-
week-old pigs tended (P < 0.10) to have higher serum enzyme activities (ALP,
AST and GGT), serum bilirubin and serum bile acid concentrations than the
younger groups.

All treated animals had significant hepatocellular swelling, vacuolation and
necrosis with associated collapse of hepatic cords, haemorrhage and
inflammation. All treated pigs had similar lesions of varying degrees of severity.
The lesions were subjectively scored for severity of necrosis, haemorrhage and
inflammation. The most severe lesions were found in the 3- and 6-week-old pigs.
These pigs had extensive hepatocelluiar necrosis with collapse of hepatic cords
and haemorrhage (Fig. 5.2). Older 12- and 52-week-old pigs had more
inflammation, but hepatocellular swelling and degeneration was similar to that
seen in similarly treated newborn pigs (Fig. 5.2).
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Fig. 5.1. Liver of 6-week-old pig treated with 20 mg kg™ riddeltine for 14 days.
Note the prominent lobular pattern on the cut surface.

Previous PA studies report that pigs commonly develop extrahepatic lesions
in the lungs and kidneys (Harding et al., 1964; Hooper and Scanlan, 1977). All
animals, except those aged 6 weeks had no detectable extrahepatic lesions.

Several small arteries in 6-week-old pigs that were treated with 20 mg
riddelliine kg had vascular media oedema and fibrosis with mild endothelial
hyperplasia. No lesions were found in the kidneys of any of the pigs. Liver from
treated pigs contained pyrroles but the amount of pyrrole detected was not
consistent and it did not correlate with dose. The current methodology for pyrrole
detection in tissues and serum is qualitative (Schoch er al., 2000). Improvement
of these techniques is needed to better identify intoxications and to better
prognose the outcome of poisoned animals.

Conclusion

Riddelliine is toxic in pigs at doses that are comparable to those of other species.
Poisoning resulted in hepatic lesions and vascular lesions in the lungs of 6-week-
old pigs. Poisoned 3- and 6-week-old pigs developed clinical signs that were
more severe than the other age groups. These animals also developed hepatic
disease that was more extensive than the younger and older pigs. These findings
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Fig. 5.2. Photomicrographs of liver from: (A) A newborn control pig. Note the intact hepatic
cords. (B) A newborn pig (0 weeks) treated with 20 mg kg riddelliine. Note the cord
disruption and intense hepatocyte swelling. (C) A 3-week-old pig also treated with riddelliine
at 20 mg kg Note the hepatocyte swelhng and necrosis. (D) A 6-week-old pig treated at
20 mg kg". Notice the extensive necrosis with haemorrhage.
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Fig. 5.2 (cont). Photomicrographs of liver from: (E) A 12-week-old pig treated at
20 mg kg'1. Notice the hepatocyte necrosis with mild inflammation. (F) A 52-week-
old pig treated at 20 mg kg'1. Note the hepatocyte swelling with associated
lymphocytic inflammation. Sections are 5 pm thick and stained with haematoxylin
and eosin. Bar is 20 ym.

suggest that weanling pigs near 3-6 weeks of age are most susceptible to PA
poisoning. Age susceptibility is likely to be an important consideration in
determining exposure risk to both humans and livestock.
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Rathayibacter toxicus produces a characteristic mixture of 16 tunicaminyluracil
antibiotics, referred to collectively as corynetoxins, which are responsible for
livestock poisoning in Austraiia and South Africa (Edgar et al., 1982). Seed-gall
nematodes (Anguina spp.) are vectors for R. foxicus, carrying it into grasses
where it colonizes both nematode galls and seedheads. In Australia, R. foxicus is
found in association with Anguina funesta in Lolium rigidum and Vulpia myuros
and with an Anguina sp. in Agrostis avenacea and Polypogon monspeliensis
(McKay and Ophel, 1993; Riley, 1995). In South Africa it is found in L. rigidum
(Schneider, 1981), and the toxins produced are identical to those found in
Australian bacterial galls (Cockrum and Edgar, 1985). It is likely that the
bacterium was introduced to South Africa in contaminated ryegrass seed from
Australia (Nicholas, 1981).

The widespread occurrence of R. foxicus in Australia is consistent with it
being an Australian endemic. However, the main hosts (viz. L. rigidum and P.
monspeliensis) are of Mediterranean origin and have become pandemic. So, it is
possibie that R. toxicus occurs elsewhere in the world, depending on vector
availability. Equally, R. roxicus could occur in association with other grasses
because experimentalily it has been shown to be carried by other Anguina spp.
(Riley and McKay, 1990; Riley, 1992; Riley et al., 2001). Knowledge of the
distribution of R. roxicus is important because corynetoxin poisoning of livestock
may be misdiagnosed unless the possibility is recognized. Livestock deaths
assoctated with infection of P. monspeliensis by R. toxicus occurred annually for
nearly 20 years before the cause was determined (Finnie, 1991).

The cause of livestock deaths associated with nematode infestation of the turf
grass selection Chewings fescue (Festuca nigrescens) in Oregon, USA from the
1940s to 1960s (Haag, 1945; Shaw and Muth, 1949; Jensen, 1961) was never
determined. Since nematode galls colonized by a coryneform bacterium were
found (Galloway, 1961) and descriptions of the clinical disease suggest a close
similarity to corynetoxin poisoning (McKay and Ophel, 1993), it is reasonable to
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suggest that corynetoxins produced by R. roxicus may have caused the deaths.
Although original samples are umavailable, bacterially colonized nematode galls
have recently been found in samples of the F. nigrescens selection Chewings
fescue from New Zealand (NZ) and New Jersey, USA.

Examination of Bacteria and Toxins in Festuca Galls

Seed-galls from F. nigrescens (Fig. 6.1) from NZ and USA were examined with a
dissecting microscope. Those appearing by their translucent yellow colour to be
bacterially colonized were separated for assay. The galls from NZ were from a
sample of the F. nigrescens selection Chewings fescue seed collected in 1980.
The sample contained seed, nematode galls and a small number of bacterially
colonized galls. The galls from USA were supplied by the USDA Nematode
Collection (accession 12020), and came from the same host species and selection
from New Jersey lodged in 1944.

l

Fig. 6.1. Festuca nigrescens diaspore, seed, nematode gall (dark purple-black,
Anguina sp.) and bacterially colonized nematode gall (yellow, translucent,
Rathayibacter toxicus or variant). Scale bar = 1 mm.
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Bacterial content

Microscopic examination (x 1000) of stained suspensions from the galls revealed
coryneform bacterial cells consistent with Rathayibacter. As the galls were old
and the bacterium no longer viable, the identity of the bacterium was determined
by an ELISA based on a monoclonal antibody for a specific polysaccharide
antigen of R. toxicus (A.R. Gregory, unpublished data).

Initially bacterially colonized galls from F. nigrescens (two from NZ and
three from USA) and controls of galls colonized by R. toxicus and seeds from L.
rigidum collected in Australia were assayed. Positive results were obtained for
both galls from NZ, albeit somewhat weaker than that obtained for control galls
from L. rigidum. Negative results were recorded for the galls from USA. Further
assays were conducted on retained material of galls assayed for toxins (described
below). Again it was found that the galls from NZ gave a relatively weak positive
response and the galls from the USA gave a negative response.

These results indicate that R. toxicus was present in the galls from NZ and is
associated with Anguina sp. infestation of F. nigrescens.

Toxicity of bacterial galls

Extracts of two bacterially colonized galls each from both sources of F.
nigrescens and from L. rigidum from Australia, were analysed using a
quantitative ELISA specific for corynetoxin-like substances (Than et al., 1998).
The extracts were also assayed by high performance liquid chromatography with
UV detection (HPLC) (Cockrum and Edgar, 1983, 1985) and liquid
chromatography-mass spectrometry (lc-ms). The gall extracts were also examined
for their ability to inhibit uridine diphospho-N-acetylglucosamine: dolichyl
phosphate N-acetylglucosamine-1-phosphate transferase, an enzyme that is
specifically inhibited by corynetoxins and related tunicaminyluracil antibiotics
(Stewart, 1998).

The toxin ELISA and HPLC readily detected corynetoxin-like toxins in the
extracts. The levels of toxin measured using the toxin ELISA were 0.45 ug of
toxin per gall in the material from the US, 1.1 pg per gall in the galls from NZ
and 1.6 pg per gall in the galls from L. rigidum from Australia. Similar results
were obtained by HPLC.

When 1-min HPLC fractions were collected from the extracts of the galls
from NZ and USA and subjected to the toxin ELISA, the ELISA positive
fractions corresponded with the putative corynetoxin-like peaks and there was no
activity in other fractions.

The identity of individual components seen by HPLC in the galls from NZ
and USA was confirmed by lc-ms. The toxin peaks displayed the expected
molecular weights for tunicaminyluracil antibiotics at the relative retention times
expected from previous work (Cockrum and Edgar, 1983) and relative to the
corynetoxins in the positive control galls from L. rigidum.
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The mixtures of toxins found in the galls from NZ and USA, although quite
similar to each other, differed in relative amounts of some individual components
from those typical in galls from other grasses colonized by R. toxicus. The
mixture of toxins produced by R. toxicus has been shown to be consistent in gall
extracts from widespread regions of Australia and from South Africa, even after
long storage (Cockrum and Edgar, 1985) and regardless of the host grass species
(Edgar et al., 1994). The latter observation argues against the different toxin
profiles seen with the galls from NZ and USA being simply due to growth of R.
toxicus in F. nigrescens rather than L. rigidum. The similarity in the toxin profiles
obtained with the galls from NZ and USA indicates that the bacterium from both
sources was the same, but differed from R. foxicus producing the Australian and
South African toxin profile.

The extracts of the galls from USA, NZ and Australia were all strongly
positive in the in vitro N-acetylglucosamine-1-phosphotransferase inhibition
assay, thereby confirming the expected biological activity of the toxins.

A fuller description of the chemistry of the toxins in these galls from F.
nigrescens 1s given by Anderton er al. (Chapter 9 this volume).

Interpretation

For the galls from NZ, the presence of yellow coryneform bacteria that were
weakly positive in the ELISA for R. toxicus, and the detection of corynetoxin-like
tunicaminyluracil antibiotics similar to corynetoxins, indicates that a variant of R.
toxicus, or closely related species, had colonized the galls.

For the galls from USA, the similarity in tunicaminyluracil antibiotic
composition with the NZ galls indicates that the same bacterium had colonized
the galls and was involved in toxin production, despite not being detected by the
ELISA for R. toxicus. It is most likely that the bacterial antigens had decayed as
the galls were quite old. The nematode galls from this sample only contained
remnants of nematodes indicative of decay during storage. The case for the galls
from the two sources having the same bacterium is strengthened by the fact that
the F. nigrescens selection known as Chewings fescue, widely grown throughout
the world as turf grass, originates from NZ and is consistent with an Australasian
origin of R. toxicus.

Conclusions

The data presented cannot conclusively establish the cause of the livestock deaths
in Oregon; this would require analysis of original samples. Nevertheless, the
findings point to corynetoxin-like toxins produced by a variant of R. foxicus being
the most likely cause.

This view is based on the following evidence.

1. The toxic F. nigrescens selection Chewings fescue was infested with a seed-
gall Anguina and an unidentified coryneform bacterium (Jensen, 1961).
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2. Toxins similar to those produced by R. toxicus were found in galls from
Chewings fescue from NZ and USA.

3. The bacterium in the galls from NZ is R. toxicus or a variant.

4. The F. nigrescens selection Chewings fescue came from NZ (Aiken er al.,
1996) with considerable quantities having been exported to the USA (Whittet,
1969).

Although this supports an Australasian origin for R. foxicus, it also indicates a
possible global distribution of the bacterium. Therefore, even though significant
risk to livestock only occurs where conditions favour high field populations of a
suitable vector or toxic materials are concentrated in screenings, the possibility of
corynetoxin poisoning should be considered whenever investigating otherwise
unexplained deaths or convulsive poisoning of livestock (Edgar, 1994).
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Introduction

In natural Mediterranean pastures, during periods when forages are scarce, the
abundance of Cistus spp. induces animals to consume these shrubs. Symptoms of
intoxication and photosensitivity were detected in sheep from several flocks, in
Spain, Turkey and Portugal.

Sheep flocks after ingestion of Cistus ladanifer and Cistus salvifolius, showed
different intoxication symptoms and signs, such as polyuria, oedema of the head,
thinning until death and muscular twitches (Soler er al., 1997). Identical
symptoms were observed in sheep in the Alentejo Region, together with others,
such as hypersensitivity to sound or movement, and animals falling and pedalling
when C. salvifolius leaves were ingested (Louzd et al., 1999). However, studies
using Merino rams nourished with C. salvifolius leaves (at no more than 30% of
the diet) did not show remarkable alterations in their behaviour, or in the
following anatomapathological exams (Bruno-Soares er al., 1999). The
quantitative and qualitative nature of the substances responsible in Cistus spp. for
this poisoning is not yet clear. Flavonoid compounds were described in Cistus
laurifolius as responsible for the convulsive syndrome (Vogt and Gulz, 1994).
Some of them are certainly related to the condensed tannins, and can have anti-
nutritive properties and also oestrogenic activity (e.g. formononetin).

The consumption of saponins by animals may induce hepatogenous
photosensitization diseases (Miles et al., 1994). Alternatively the simultaneous
presence of the saponin and flavonoid compounds in the plant may lead to
synergic effects, thus increasing the toxic effects of each substance.

The aim of the work presented here was: (i) to evaluate the nutritive value of
C. salvifolius leaves during the vegetative development of the shrubs, so as to
better understand their nutritive contribution, and (i1) to evaluate its anti-
nutritional factors (phenolic and saponin compounds) in order to understand the
relationship between consumption of C. salvifolius leaves and sheep intoxication.
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Materials and Methods

Leaves of C. salvifolius were randomly collected in farms (Alentejo Region)
where sheep intoxication had occurred. The leaf samples were collected in all
parts of the shrubs, thus comprising both young and old leaves. Leaves obtained
were mixed in five composite samples (06/26, 07/09, 09/26, 10/30 and 12/03).
After lyophilization and milling (I mm), samples were assessed for dry matter
(DM) - drying at 100-105°C, ash — complete incineration at 550°C, crude protein
(CP) - Kjeldhal method, neutral detergent fibre (NDF), acid detergent fibre
(ADF) and acid detergent lignin (ADL) according to Robertson and Van Soest
(1981), gross energy (GE) in a calorimeter bomb (Parr 1261), total phenol (TP)
content according to Julkumen-Titto (1985), condensed tannins (CT) according to
Broadhurst and Jones (1978) and crude saponins (CS) according to Tava et al.
(1993).

The gas volume produced was evaluated according to Menke and Steingass
(1988) in samples of 200 mg DM after 2, 4, 6, 8, 12, 24, 30, 48 and 72 h of
incubation.

Polyethylene glycol (PEG) was used to evaluate the relationship between anti-
nutritional compounds and gas production. PEG, previously wetted with distilled
water, was mixed with C. salvifolius leaves (in a 1:2 ratio) and the mixture was
subsequently lyophilized.

DM and CP losses in the rumen were also evaluated using the nylon bag
technique (Drskov et al., 1980). Losses in the rumen at every incubation time
were corrected by deduction of the particle losses, which were determined
separately.

Data on chemical composition and on gas volume produced in 24, 30 and 48 h
incubation were subject to regression analysis to study how they varied with the
vegetative development of the shrubs. A stepwise analysis was used to determine
which of the variables studied might best explain the variations in gas production.

Results
Chemical composition and gross energy

Some points are worth stressing about the chemical composition of C. salvifolius
leaves (Table 7.1): the high levels of CP, ADL and CS (ca. 13%, 1% and 10%
respectively) and the low levels of fibre (NDF) and CT (ca. 32% and 0.51 g 100
¢! DM). The saponin level of C. salvifolius leaves is about four times the level
quoted by Tava et al. (1993) for lucerne.

Gas production

Table 7.2 shows gas production at different periods of incubation for the different
dates of collection of C. salvifolius leaves. The volume of gas at 72 h incubation
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Table 7.1. Chemical composition of Cistus salvifolius leaves (% dry matter).

Date DM Ash CP NDF ADF ADL TP® CT CcS GE°

06/26 288 56 11.0 374 270 97 27 0265 116 184
07/09 358 58 115 317 232 8.7 3 0498 104 18.2
09/26 378 6.7 130 324 243 151 1 0416 88 185
10/30 240 65 142 285 225 132 10977 108 188
12/03 309 58 139 294 202 106 A1 0371 9.5 189

WS ww

2(g 100 g~ DMY); ° (MJ kg™' DM)

DM = dry matter; CP = crude protein; NDF = neutral detergent fibre; ADF = acid
detergent fibre; ADL = acid detergent lignin; TP = total phenol; CT = condensed
tannins; CS = crude saponins; and GE = gross energy.

Table 7.2. Gas production of Cistus salvifolius leaves (ml 200 mg™ dry matter).

Incubation time (h)
Date 2 4 6 8 24 32 48 72

06/26 0.3 1.0 0.6 1.6 5.2 5.7 6.5 7.9
07/09 0.8 1.4 1.2 23 6.0 6.7 7.2 9.3
09/26 0.6 1.4 1.6 27 6.8 7.7 88 124
10/30 3.6 44 6.0 78 133 147 19.1 236
12/03 1.5 1.9 2.1 34 8.4 9.1 10.7 133

Table 7.3. Gas production of Cistus salvifolius leaves with addition of PEG (ml
200 mg™dry matter).

Incubation time (h)
Date 2 4 6 8 24 32 48 72

06/26 1.1 1.7 2.1 3.0 7.7 98 127 15.0
07/09 1.8 3.5 43 6.0 136 146 156 164
09/26 1.8 3.5 46 6.3 140 155 159 164
10/30 5.6 74 9.9 12.4 205 225 240 255
12/03 2.0 4.2 5.4 7.4 152 169 173 180

was low, varying between about 8 and 24 ml 200 mg' DM. However, the
addition of PEG (Table 7.3) to the leaves increased the gas production, which
about doubled at every incubation time (7.9 vs. 15.0 ml 200 mg™ DM at 72 h).

DM and CP losses in the rumen
DM and CP losses at different incubation times in the rumen are presented in

Table 7.4. Both losses were low, reaching about 47% and 51% respectively, in
48 h.
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Table 7.4. Dry matter (DM) and crude protein (CP) rumen losses of
Cistus salvifolius leaves (% DM).

Incubation time (h)

Rumen Sample

losses date 3 6 16 24 48
DM 07/09 13.9 24.0 27.5 30.5 451
09/26 23.8 24.1 259 33.2 47.9
10/30 23.2 23.7 316 39.8 47.9
12/03 23.9 24.4 29.3 31.6 47.9
CcP 07/09 7.0 16.8 18.3 19.0 46.3
09/26 17.7 19.7 17.7 25.8 53.2
10/30 22.7 21.7 22.6 33.0 51.6
12/03 16.9 17.5 17.5 18.8 53.7

During the initial incubation times, lag times of about 6 h were seen in DM
disappearance, while in CP disappearance the lag times reached 24 h.

Discussion

All composition values, except ash, CP and NDF, were time-independent (P <
0.05). CP increased (" = 92.5%, P < 0.05) and NDF decreased (1’ = 76.0%, P <
0.05) with time. The mixing of new and old leaves may have hidden other time
effects.

Gas volumes were low in every sample and incubation time. Values obtained
by Bruno-Soares et al. (1999), in similar studies with legume forages, were about
twofold higher at 48 h than the ones reported here (36 vs 18 ml 200 mg”' DM).

The results obtained indicate a direct correlation between TP levels, namely
CT, and gas production (¢. G24 h; r = 091; P < 0.05), and a lack of any
correlation (P > 0.05) between crude saponin (CS) and gas production.
Consequently, the TP levels (namely CT) in this study could explain (P < 0.05)
more than 82% of the variation in gas production in each incubation time. This
fact contrasts with the known inhibition action of the condensed tannins in gas
production, as observed in other feeds.

The TP level of the C. salvifolius leaves might not be the true limiting factor
in gas production. The generally low gas production may be explained by the
presence of tannins — as suggested by the marked PEG effect.

On the other hand, Cistus have high saponin levels, some of these may be
toxic and may also have synergetic effects with the tannins, these effects leading
to a strong decrease in rumen liquor activity.

The significant increase (P < 0.01) of gas production caused by addition of
PEG to the leaves was greater in the first date samples and in the initial hours of
incubation. This fact is probably due to the presence of tannins or other secondary
metabolites present in C. salvifolius leaves.



60 Bruno-Soares et al.

70 -

V. benghalensis
60

50 J

40 e
—— DM,
—@—DM |
-o0—CP |

C. salvifolius

30 {

DM, CP losses in rumen (%)

20 4

C. salvifolius

10 |

0 10 20 30 40

Incubation times (h)

Fig. 7.1. Losses in rumen of Vicia benghalensis and Cistus salvifolius leaves.

DM and CP losses in the rumen were also low for all of the samples. Working
with vetch leaves, Bruno-Soares (1996) obtained approximately twice the losses
in rumen obtained here with C. salvifolius leaves (Fig. 7.1).

The degradation kinetics of vetch leaves showed a typical pattern, with a good
fit to a non-linear model (RSD < 1.9). With C. salvifolius leaves the degradation
kinetics of DM and CP follow an untypical pattern, which makes it impossible to
fit one of the commonly used non-linear models to the data.

Conclusion

CP, NDF and GE contents assessed in C. salvifolius leaves are similar to those
observed in some common ruminant feeds, namely in legume forages. However,
the very low gas production and very low DM losses in the rumen suggest that
these leaves have a very low nutritive value.
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Epidemiological data strongly suggest that the long-term ingestion of C
salvifolius leaves as the sole feed available to sheep, during periods of forage
scarcity in extensive production systems, may cause metabolic disorders in sheep.
We are still unable to confirm and explain this cause-effect relationship. We
might hypothesize that the rumen microbes do not detoxify this feed.
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The fungal genus Fusarium produces a number of agricuiturally important
mycotoxins, namely zearalenone (Hagler et al., 2001), fumonisins (Marasas et al.,
2001) and the tricothecene, deoxynivalenol (Miller et al., 2001). In addition to
these economically significant toxins the fungi produce many other toxins that are
not widespread in nature but have unique biological effects. Fusarochromanone
and wortmannin are novel Fusarium mycotoxins which perturb distinct
physiological systems (Bryden et al., 2001).

Fusarochromanone

Fusarochromanone (Fig. 8.1) is named to reflect its Fusarium origin and
chromanone ring structure. This toxin is unique as it is the first reported naturally
occurring chromanone derivative (Pathre er al., 1986) and is produced by
Fusarium equiseti. Fusarochromanone synthesis by F. equiseti is rare. Wu et al.
(1990) detected its production by only three of 62 F. equiseti isolates taken from
a wide range of geographic locations. These include F. equiseti isolates from
Germany, Alaska and Denmark but not from other Fusarium species nor from
other F. equiseti isolates taken from different geographic areas (Wing et al,,
1993). Fifteen strains of F. equiseti capable of producing fusarochromanone are
listed 1n the International Toxic Fusarium Reference Collection (Marasas et al.,
1984) and these include the 'Alaska 2-2' strain from which fusarochromanone was
isolated (Walser et al., 1980). It is unusual for so few isolates of a species to
produce a given toxin. Some of the other toxins produced by F. equiseti include
butenolide, moniliformin, trichothecenes, equisetin and zearalenone (Thrane,
1989).

There have been no systematic surveys to determine the natural occurrence of
fusarochromanone in feeds and feedstuffs. It has been reported in Danish poultry
feed associated with field cases of tibial dyschondroplasia (TD) in broiler
chickens. The main clinical feature of fusarochromanone intoxication is its
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capacity to increase the incidence of avian TD, which is an abnormality of bone
growth plates in which there is an accumulation of uncalcified and avascular
cartilage in the proximal head of the tibiotarsal bone. This toxin has also been
shown to induce chicken embryonic mortality and thereby decrease hatchability
of fertile chicken eggs (Mirocha et al., 1985) without effect on egg production or
egg weight (Lee er al,, 1985a). It has been suggested that fusarochromanone
might be involved in the aetiology of the human bone disorder, Kashin-Beck
disease (Lee et al., 1985b), however, this is unlikely as the human disorder has
fundamental pathological differences from TD (Wright er al., 1987; Sokoloff,
1989).

Several studies indicate that fusarochromanone has some influence on
immune function, particularly the suppression of humoral immunity. However,
immunosuppression does not always occur with the induction of TD (Wu er al.,
1993). Immunosuppression by fusarochromanone has been demonstrated to occur
at levels below which there were no changes in growth and feed intake. No
adverse effect on bodyweight or feed consumption were observed when the
concentration of the toxin in the feed caused severe reduction in antibody titres
(Chu et al., 1988). Fusarochromanone has also been demonstrated to have
immunostimulatory activities on bovine lymphocytes at low doses (Minervini et
al.,, 1992).

Despite many years of study and the delineation of the factors that influence the
incidence of TD, the cause of TD remains unknown. A reproducible model of TD
has been developed with fusarochromanone (Walser et al., 1982; Bryden and Lowe,
2000). Using this experimental model it was unequivocally demonstrated that
genetic predisposition is the major factor in determining the incidence of the
disease. Some strains of broiler chickens are more susceptible to toxic insult by
the mycotoxin and exhibit a higher incidence of the bone abnormality (Amba and
Bryden, 1997). Of the nutrients examined (sulphur-containing amino acids,
calcium, phosphorus) in the fusarochromanone model, only dietary vitamin D
(Lowe et al., 1998; Bryden and Lowe, 2000) varied the incidence of the disease.
The mechanism of the interaction remains to be elucidated.

o] NH, 0
H,N 0 CH,
Hy
H
Fusarochromanone Wortmannin

Fig. 8.1. Chemical structure of fusarochromanone and wortmannin.
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Wortmannin

Wortmannin (Fig. 8.1) was originally isolated in 1955 by Brian et al. (1957) from
Penicillium wortmanni and subsequently from Myrothecium roridium (Petcher et
al., 1972). It was found to be an antifungal antibiotic, inhibiting a variety of fungi
including Fusarium graminearum (Brian et al., 1957) but it is not antibacterial.
Some three decades later isolates of Fusarium oxysporum and Fusarium
sambucinum collected from the Arctic regions of Norway were found to cause
haemorrhage in rat feeding tests (Abbas ef al., 1987, 1989) and the active
compound was isolated and called haemorrhagic factor or H-1. Later, the toxin
was found in Fusarium cultures obtained from New Zealand and Alaska (Bosch
et al., 1989; Abbas ef al., 1991) and shown to be wortmannin (Abbas and
Mirocha, 1988). Recent taxonomic studies of F. sambucinum have shown that
this complex contains two other species, Fusarium torulosum and Fusarium
venenatum (for review see Thrane, 2001). Secondary metabolite profiling of these
species and Fusarium avenaceum and F. oxysporum, also reported to produce
wortmannin, has allowed Thrane and Hansen (1995) and Thrane (2001) to
conclude that all wortmannin producers in Fusarium should be identified as F.
torulosum. Changes in taxonomy make it difficult to reliably correlate earlier
literature and can cause considerable confusion in Fusarium mycotoxicology
(Marasas, 1986; Desjardins and Proctor, 2001).

Pathological studies of wortmannin in various laboratory animals showed that
rats and mice were more sensitive to the toxin than guinea pigs (Gunther ef al.,
1989a). Wortmannin caused haemorrhage in the urinary bladder, gastrointestinal
tract, thymus and myocardium of rats (Gunther ez al., 1989a; Abbas ef al., 1992).
Haemorrhage of various organs has also been observed in poultry (Wu and
Mirocha, 1992). There are a number of unresolved field reports of haemorrhagic
mycotoxicoses and it has been postulated that wortmannin was involved in the
actiology of a human mycotoxicosis, alimentary toxic aleukia, in the USSR in the
1940s and also contributed to haemorrhagic syndromes in farm animals (Joffe,
1986; Mirocha and Abbas, 1989).

Wortmannin induces immune alterations in parameters such as thymus
weight, serum IgG and in vitro mitogen stimulation (Gunther ez al., 1989b) and
I I-desacetoxy-wortmannin is a highly active anti-inflammatory agent in rats
(Wiesinger ef al., 1974). However, use of wortmannin and its analogues in this
regard has been limited by their mammalian toxicity (Closse et al., 1981;
Baggiolini et al., 1987; Abbas and Mirocha, 1988). Mammalian cytotoxicity was
high when four cultured mammalian cell lines were tested for wortmannin
cytotoxicity (H.K. Abbas, unpublished results). Wortmannin can induce apoptosis
and does so by disrupting signalling pathways mediated by activation of
phosphatidylinositol 3-kinase (Riley, 1998). The ability of the toxin to inhibit this
signalling pathway has been used as an approach to studying insulin action and
glucose homeostasis.

In plants, wortmannin is very active and causes complete inhibition of POOH-
terminal pro-peptide-mediated transport to the vacuoles in tobacco cells
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(Matsuoka et al., 1995). Recently, wortmannin was tested for its phytotoxicity on
duckweed (Lemna pausicostata L.}, a small aquatic plant, as described by Tanaka
et al. (1993). Wortmannin caused dramatic phytotoxic effects in this bioassay,
including conductivity increase, growth inhibition and chlorophyll loss (H.K.
Abbas, unpublished results). Mammalian toxicity limits wortmannin’s use as a
herbicide, although it is possible that suitable analogues could be useful in weed
control.

Conclusion

Fusarochromanone is produced by only a few isolates of F. equiseti and while
there is some change in the identification of the Fusarium species that produce
wortmannin, species of at least two other fungal genera produce this secondary
metabolite. These observations suggest very different roles for both compounds
in fungal ecology and pathology but little is known of their respective
mycological importance.

The association of these mycotoxins with overt human and animal disease has
not been clearly defined. The novel biological effects of both toxins suggest,
however, that they could exert considerable subtle effects if consumed in low
doses in foods or feeds. Their possible interaction with other mycotoxins
produced by Fusarium awaits investigation.
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Corynetoxins (CTs) are a family of tunicaminyluracil-glycolipids (Fig. 9.1)
produced by a bacterium (Rathayibacter toxicus) that colonizes nematode
(Anguina spp.) galls in the seed-heads of various grasses (Edgar et al., 1982). The
CTs cause Annual Ryegrass Toxicity, Stewart’s Range Syndrome and Floodplain
staggers when the bacterium/nematode complex is associated with Lolium
rigidum (annual ryegrass), Polypogon monspeliensis (annual beardgrass) and
Agrostis avenacea (blowngrass) respectively (Bryden et al., 1994).

The ampipathic properties of the CTs, resulting from the hydrophilic
tunicaminyluracil moiety and the lipophilic fatty acid side chain, and the limited
solvent solubility were first noted in early studies on the cause of Annual
Ryegrass Toxicity (ARGT) (Vogel et al., 1981).

In view of the very poisonous nature of these natural toxins and their potential
to contaminate animal and human food supplies (Colegate ef al., 1998), efficient
extraction and purification protocols to provide CTs for toxicological studies and
analytical purposes are essential. The CSIRO Plant Toxins Research Group has
developed methods for the isolation, identification and sensitive quantitation of
these compounds and these HPLC, LCMS and ELISA procedures are constantly
being improved. The use of aqueous methanol solutions (20-40% water in
methanol, v/v) has proved useful in the extraction of CTs for laboratory purposes
but is undesirable (cost and safety concerns) for wide-scale screening of samples
for CTs and is not appropriate for the concurrent ELISA measurement of the
presence of the CT-producing bacterium.

The application of a quaternary ammonium phase transfer reagent, with
similar solubility properties to the CTs, and cyclodextrins has improved the
protocols for the isolation and analysis of corynetoxins respectively by rendering
the corynetoxins soluble in water. Thus, safety issues associated with methanol
are avoided and the 100% aqueous solution is suitable for simultaneous extraction
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of the CT-producing bacterium antigen, thereby allowing analysis of the same
extracts for bacterium and CT.

Analytical Scale Extraction of Corynetoxins

Previous research (Stewart er al., 1998) on developing therapeutic or prophylactic
treatments for ARGT, identified cyclodextrins with strong affinities for the CTs.
The affinity arises from an interaction of the lipophilic discriminator of the CTs
with the hydrophobic, annular centre of the cyclodextrin cone (Fig. 9.2).

Aqueous solutions of various cyclodextrins were compared with the aqueous
methanol (80% of methanol in water, v/v) benchmark for efficiency in extracting
CTs from bacterial galls collected from annual ryegrass seed heads.

The resuits (Table 9.1) clearly show that, for a single extraction of 12
uncrushed galls in 1 ml of solvent, 2% methyl-B-cyclodextrin in water (w/v) and
80% methanol in water (v/v) have similar efficacy in extracting CTs from
bacterial galls (Fig. 9.3).

The efficiency of extraction was measured using HPLC, estimating CT
content of extracts as previously described (Cockrum and Edgar, 1985).

Fig. 9.1. Structure of corynetoxin H17a, a major component in the series of
approximately 16 corynetoxins that differ only in the aliphatic side chain (shaded
area) (Cockrum and Edgar, 1985).
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Fig. 9.2. Schematic diagram showing association of corynetoxins with
cyclodextrins.

Not only has the use of aqueous cyclodextrins proved useful for the HPLC
analysis of CTs, the ELISA method of detecting and quantitating CTs has also
been optimized for use with the cyclodextrin extracts (Than et al., Chapter 59 this
volume and unpublished, 2001). For application with the CT ELISA, a 1% (w/v)
solution of methyl-B-cyclodextrin in water was found to be almost as effective as
the 2% solution in extraction efficiency but was more compatible with the ELISA
and less expensive for wide-scale screening of samples.

In addition, the use of aqueous cyclodextrin as a sample solvent has also been
shown to be amenable to the detection of the bacterium-derived antigen in the
ELISA screening method for presence of the bacterium that produces the CTs in
grain and fodder samples (Andrew Gregory, Department of Agriculture, Western
Australia, personal communication).

Table 9.1. Corynetoxin extraction (12 uncrushed galls in 1 mi of solvent) efficiency
of various solvent systems as measured by HPLC. Maximum recovery estimated
by exhaustive extraction of residual CTs with 80% methanol in water after
crushing the galis.

Single extraction efficiency

Solvent (% of maximum)
Methanol 5
Water 0
0.05M sodium hydroxide 8
80% methanol:water (v/v) 70
0.5% hydroxypropyl-B-cyclodextrin 27
1.0% hydroxypropyl-B-cyclodextrin 39
2.0% hydroxypropyl-R-cyclodextrin 48
5.0% hydroxypropyi-R-cyclodextrin 66
0.5% methyl-B-cyclodextrin 45
1% methyl-B-cyclodextrin 59
2% methyl-B-cyclodextrin 73
2% B-cyclodextrin 40

2% a-cyclodextrin 32
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Fig. 9.3. HPLC trace of extract of 12 bacterium-colonized galls with: (Top) 80%
methanol in water (v/v), and (Bottom) 2% methyl-f-cyclodextrin in water (w/v)
showing the similarities in qualitative and quantitative extraction.

Large-scale Extraction and Purification

A toxicological study of CTs and the chemically- and toxicologically-related
tunicamycins, recently commenced by the Plant Toxins Research Group, requires
the isolation of gram quantities of pure CTs as their naturally occurring mixture.

Large-scale extractions of the infected ryegrass (15 kg) using methanol/water
mixtures (8§0% methanol in water, 400 1) followed by evaporation of the solvent
under reduced pressure, routinely deliver the desired CTs as a mixture with a
purity of about 0.1%. This crude CT extract is then treated at room temperature
with aqueous sodium hydroxide (0.5 M) to hydrolyse the co-extracting and
interfering glycerides. Acid-induced precipitation of the CTs provided a crude CT
mixture, which previously was then subjected to large scale, reverse phase silica
column chromatography and subsequent preparative HPLC. This procedure was
time consuming, inefficient and expensive.

The improved protocol involves solvent partitioning of the base-treated, acid-
precipitated crude CT extract with ethyl acetate. The solid that consequently
formed at the water/ethyl acetate interface was removed and shown by HPLC to
comprise 10-15% CTs. The enriched CT mixture was then extracted with an
aqueous solution of cetyltrimethylammonium bromide, a phase-transfer catalyst
having similar solubility properties to those of the CTs. A very selective
extraction was observed, improving the CT content of the extract to 65-70% with
minimal effort. Following lyophilization of the phase transfer reagent/CT
solution, the phase transfer reagent was removed by washing the dried residue
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with  dichloromethane.  The  CT-rich  residue, <cleaned of the
cetyltrimethylammonium bromide, was then easily purified using either reverse
phase HPLC or dry column chromatography to yield CTs with a purity > 95%.

Summary

s One per cent and 2% (w/v) solutions of methyl-B-cyclodextrin in water have
proven to be useful solvents, comparable to the 80% methanol in water
benchmark, for extracting CTs from bacterium-infected nematode galls in
annual ryegrass seed heads.

e The aqueous cyclodextrin CT extracts are suitable for analysis by HPLC and
ELISA for the presence of CTs.

e The aqueous cyclodextrin CT extracts are also suitable for determining the
presence of the CT-producing bacterium since the bacterium-specific antigen
recognized by the ELISA is water soluble (Andrew Gregory, Department of
Agriculture, Western Australia, personal communication).

e  The use of an ampipathic quaternary ammonium bromide provides a simple,
efficient, safe and relatively inexpensive method to rapidly enhance the
purity of crude CT extracts.

¢ Toxic and flammable methanol has been replaced, in assays and extraction
protocols for CTs, by non-flammable, aqueous solutions of cyclodextrin and
cetyltrimetimethylammonium bromide, both registered for human use.

e  The use of the commercially available and inexpensive cyclodextrins and/or
quaternary ammonium phase transfer reagents could have value in the
extraction and purification of other lipophilic or ampipathic natural toxins.

References

Bryden, W.L., Trengove. C.L., Davis, E.O., Giesecke, P.R. and Curran, G.C. (1994)
Corynetoxicosis of livestock: A nematode-bacterium disease complex associated with
different grasses. In: Colegate, S.M. and Dorling, P.R. (eds) Plant-associated Toxins:
Agricultural, Phytochemical and Fcological Aspects. CAB International, Wallingford,
UK. pp. 410-415.

Cockrum, P.A. and Edgar, J.A. (1985) Rapid estimation of corynetoxins in bacterial galls
from annual ryegrass (Lolium rigidum Gaudin) by high performance liquid
chromatography. Australian Journal of Agricultural Research 36, 35-41.

Colegate, S.M., Edgar, J.A. and Stegelmeier, B.L. (1998) Plant-associated Toxins in the
Human Food Supply. In: Rose, J. (ed.) Environmental Toxicology: Current
Developments. Gordon and Breach Science Publishers, Amsterdam, pp. 317-344.

Edgar, J.A., Frahn, J.L., Cockrum, P.A., Anderton, N., Jago, M.V., Culvenor, C.C.J.,
Jones, A.J., Murray, K. and Shaw, K.L. (1982) Corynetoxins, causative agents of
annual ryegrass toxicity; their identification as tunicamycin group antibiotics. Journal
of the Chemical Society, Chemical Communications, 222-224.



Extraction of Corynetoxins 75

Stewart, P.L., May, C. and Edgar, J.A. (1998) Protective effects of cyclodextrins on
tunicaminyluracil toxicity. In: Garland, T. and Barr, A.C. (eds) Toxic Plants and Other
Natural Toxicants. CAB International, Wallingford, UK, pp. 179-184.

Vogel, P., Petterson, D.S., Berry, P.H., Frahn, J.L., Anderton, N., Cockrum, P.A, Edgar,
LA, Jago, M.V, Lanigan, G.W., Payne, A.L. and Culvenor, C.C.J. (1981) Isolation of
a group of glycolipid toxins from seedheads of annual ryegrass (Lolium rigidum
Gaud.) infected by Corynebacterium rathayi. Australian Journal of Experimental
Biology and Medical Sciences 59, 455-467.



Chapter 10

Nephrotic Syndrome in Cattle Caused by
the Shrub Nolletia gariepina in the
Kalahari Sandveld of Southern Africa

E.C. du Plessis', J.P.J. Joubert?, L. Prozesky', T.W. Naudé®, P.

Herman* and G.B.M. van der Westhuizen’

"Pathology Section, Onderstepoort Veterinary Institute, Private Bag X035,
Onderstepoort, 0110, South Africa; *Toxicology Section, Onderstepoort
Veterinary Institute, Private Bag X05, Onderstepoort, 0110, South Africa;
University of Pretoria, Pretoria, 0001, South Africa; ’Botanical Research
Institute, Pretoria, South Africa; °Private Practitioner, Kuruman, South Africa

Introduction

A sudden 18% mortality occurred in a herd of range beef cattle in excelient
condition at the beginning of the winter in May/June 2000 on two adjoining farms
in the Kalahari sandveld of southern Africa. More than 200 animals died with
signs of extensive renal failure from 3 days to 3 weeks after suspected exposure.
Investigations indicated a nephrotoxic aetiology, but none of the known
nephrotoxic plants or agents could be incriminated (Kellerman er al., 1988). A
small perennial shrub, identified as Nolletia gariepina (Asteraceae) grew
extensively in the camps where the affected animals had grazed and was one of
the dominant shrubs that had been eaten. According to the stockman on the
second farm, the cattle immediately started to graze on N. gariepina shrubs as
soon as they were released on to the grazing. Feeding of the shrubs to a steer
under experimental condittons caused the same nephrotic syndrome clinically, as
was observed in the field cases. Post-mortem and histopathological lesions were
identical to those found in the field cases. Dosing of the shrubs via rumen fistule
to two sheep caused severe depression, abdominal pain and anorexia, and on post-
mortem histopathological examination, the lesions were similar to the field cases.
Guinea pigs were aiso dosed with material from the shrub, and histological
lesions found in the kidneys of affected guinea pigs resembled those from the
field cases as well as the other experimental animals. This is the first confirmed
report of toxicity due to the ingestion of this shrub.
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Plant Description

Nolletia gariepina is a much-branched perennial dwarf shrub, densely covered
with fine hairs. The leaves are alternate and thin, and the flowers appear to consist
only of yellow disc florets, the ray florets being severely reduced. Flowers can be
present all year round. It grows in Namibia and the Northern Cape Province,
which are the sandy, dryer parts of southern Africa.

Clinical Signs

Almost 200 grazing animals from weaner calves to adult cattle were affected.
Anorexia, depression, weakness and a variable amount of subcutaneous oedema
mainly in the perineal region were noted. The duration of iliness was a few days
in most animals, and the mortality rate was high.

Necropsy lesions

Severe ascites, sometimes accompanied by hydrothorax, were seen in association
with severe perirenal oedema. The renal cortices were pale, indicating nephrosis.

Histopathological lesions

Severe tubular degeneration and necrosis occurred in the renal cortices with
formation of numerous protein casts in the tubular lumens. Calcification of
scattered tubular structures was also noted, especially in the cortico-medullary
region. In more chronic cases tubular epithelium regeneration could be found.

Discussion

Although N. gariepina plants were distributed very widely in the Northern Cape
Province during the period of the outbreaks, confirmed deaths only occurred on
the two adjacent farms. According to the epidemiological data gathered, the
syndrome only appeared after the cattle had been mustered for pregnancy
examination and held in kraals (pens) for 24-48 hours with water, but without
food. This suggests that, upon release on to the grazing, the starved animals must
have ingested large amounts of the shrub before toxicity occurred, as no adverse
effects occurred in animals grazing the same camps under normal conditions.
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Introduction

Narthecium ossifragum (Eng.: Bog asphodel), a member of the lily family, is
known to cause alveld, a hepatogenous photosensitization of lambs in Norway,
the British Isles and the Faroe Islands (Flagyen, 1999). Steroidal saponins of the
plant have been suggested to cause the liver lesions resulting in retention of the
photosensitizing agent phylioerythrin (Fiagyen, 1999).

Steroidal saponins are spirostanol or furostanol glycosides bearing one or
more sugar chains, usually one at C-3 and one at C-26 (Osbourn, 1996). The
classical definition of saponins is based on their surface activity, for many
saponins have detergent properties and give stable foams in water (Hostettmann
and Marston, 1995).

Alveld prevalence varies significantly between years and not all A.
ossifragum pastures seem to be toxic. It has therefore been suggested that the
concentration of saponins in the plants may vary between years and sites.

Alveld is more prevalent in cold and rainy summers than in hot and dry
summers, and it has been suggested that fungi growing on N. ossifragum plants
may be involved in the actiology of alveld because fungal infections are thought
to be more common in years with high humidity and much rain. Saponins are part
of the defence system of the plant and some saponins are known to have
antifungal activity (Osbourn, 1996). It can be hypothesized that there is a
relationship between saponin concentration in and the degree of fungal infection
on N. ossifragum plants and that fungal infections may stimulate the production
of saponins or vice versa.
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The present work was undertaken to determine the variation in saponin
concentration in N. ossifragum plants growing in an area where alveld is a
common disease, and to explore the possible relationship between saponin
concentration in, and the degree of fungal infection on, N. ossifragum plants.

Materials and Methods
Materials collected

Between 21 June and 16 August 1998, five collections of, optimally, 100 g N.
ossifragum leaves cut at ground level were made at intervals of 2 weeks at five
sites in Mare and Romsdal County, Norway (Table 11.1). There were two sub-
sites A and B at each site. The A and B site was 50-100 m apart. The plant
materials were collected by local sheep farmers, put in paper bags and kept
refrigerated for 1 night. One day after collection, the paper bags were enclosed in
waterproof envelopes and sent by an overnight service to the National Veterinary
Institute, Oslo. The material was deep frozen until wash counts could be made or
until extraction for chemical analysis.

Chemical analysis
Sapogenin extracts

Portions of the plant material were frozen and freeze-dried for 24 h. Plant
material was sequentially extracted in a Soxhlet apparatus for 12 h with
dichloromethane and methanol (150 ml of each solvent). The methanol extracts,
which contained the plant saponins, were concentrated to dryness using a rotary
evaporator and the resulting residue was taken up in 0.5 M HCI (10 ml) and
transferred, with repetitive washing (3 x 3 ml of 0.5 M HCIl), to a boiling tube
which was heated in a water bath for 90 min at 85-90°C. After cooling, the
hydrolysed solution was extracted with dichloromethane (4 x 4 ml), the combined
extracts were dried over MgSO,, filtered through a short silica column (¢. 3 cm)
packed in a Pasteur pipette, evaporated to dryness under a stream of warm
nitrogen, and acetylated at room temperature for ¢. 16 h using pyridine-acetic
anhydride (1:1) (0.5 ml).

GC-MS analyses

GC-MS analyses of the acetylated extracts were performed as reported previously
by Wilkins ef al. (1994) except that the pyridine solutions were diluted 1:1 with
chloroform and the analyses were performed using a 25 m x 0.2 mm id DB-1
column installed in a Fisons GC8000 gas chromatograph interfaced to a VG Trio
1000 mass spectrometer. Quantification was achieved using m/z 139 ion profiles.
Sarsasapogenin propionate was utilized as the internal standard. The m/z 139 ion
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response factor for sarsasapogenin acetate relative to sarsasapogenin propionate
was determined to be 1.03. Other sapogenins (smilagenone, sarsasapogenone,
smilagenin acetate, epismilagenin acetate, sarsasapogenin acetate and
episarsasapogenin acetate) were quantified using a unit response factor, relative
to sarsasapogenin propionate.

Myecological studies

Leaves were shaken with ten times their weight of water in a stoppered container
for 2-3 min. Usually 10 g of leaves were used but as little as 6 g when the sample
was scant. Fungal elements, conidia and hyphae, in 2 mm’ of wash water were
counted using a haemocytometer slide.

Results

The results from the saponin analysis of N. ossifragum are shown in Table 11.1.
The concentrations reported in Table 11.1 are those of steroidal sapogenins found
after hydrolysis of parent saponins.

Cladosporium magnusianum was the most common fungus infecting the .
ossifragum plants. Numbers of fungal elements in leaf washings tended to
increase with time (Table 11.2).

Regression analysis revealed that the sapogenin concentration alone explained
43% of the variation in number of conidia found in wash counts of samples
collected at the same site 14 days later.

Table 11.1. Sites and times of collection of Narthecium ossifragum leaves and the
concentrations (mg kg” DM) of steroidal sapogenins (derived from hydrolysis of
parent saponins) in the plant materials.

Site®
Day 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B

21.06 1320 1187 * * * * 2129 662 * *
05.07 1912 2405 1155 * 1505 1144 531 1526 806 1345
19.07 6085 1279 775 1853 2402 * 3865 3044 2004 1248
02.08 2969 2605 2190 4266 4208 3039 4043 3394 3495 3113
16.08 * 3928 3714 4089 1607 2501 7115 2599 5279 3307
Mean 3072 2281 1959 3403 2431 2228 3537 2245 2896 2253
N 4 5 4 3 4 3 5 5 4 4
SD 2122 1122 1314 1345 1251 997 2459 1130 1932 1108
“"Sites: 1 Valsgybotn, Halsa; 2 Vindgldalen, Sumadal; 3 Gurskey; 4 Frogysadal,
Hellesylt; 5 Skinvikdalen, Volda.

®*Sample not available.
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Table 11.2. Sites and times of collection of Narthecium ossifragum and number of
conidia and hyphae found per g leaves in wash counts. The results are given in
thousands g'. Samples collected on 21 June were not analysed for fungal
elements.

Site®
Day 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B

0507 Hyphae 0 15 15 * 0 0 0 0 10 15
Conda 0 0 O * 0 O O O O 0
19.07 Hyphae 45 35 10 45 20 20 15 10 25 10
Conidia 5 10 10 0 5 15 10 15 0 0
02.08 Hyphae 10 10 20 30 15 0 5 20 0 O
Conida 55 5 5 15 5 0 15 5 0 0
1608 Hyphae 2 2 0 4 10 14 6 6 12 10
Conidia 12 10 22 6 18 16 14 10 46 34

2and ” as for Table 11.1.

Discussion

There was a large variation in the sapogenin concentrations found after
hydrolyses of parent saponins. The leaf sample which afforded the highest
sapogenin concentration contained 13 times more sapogenins than the leaf sample
with the lowest sapogenin concentration.

Our results do not indicate any systematic difference in saponin
concentrations between plants harvested at different sites, however, saponin
concentrations seemed to increase throughout the season. Sampling of more sites
at the same time, in combination with more frequent sampling at each site and
sampling of the same sites for several consecutive years may reveal significant
differences. The great variation in saponin concentrations between sub-sites show
that the local variation in saponin concentrations, and possibly also variations
between plants, is significant. Our results are consistent with the proposal that
saponins stimulate sporulation in the fungi infecting N. ossifragum leaves. We
suggest that sporulation may occur in response to increased saponin concentration
in order to protect the fungus from the antifungal properties of the saponins.

Assuming that saponins are implicated in the development of alveld in lambs,
the large differences in saponin concentration between plants and location may, at
least in part, explain the sporadic occurrence of the disease.

Our results indicate that saponin concentrations influence fungal growth
rather than the opposite. The reasons why saponin concentrations fluctuate in the
plants cannot be elucidated from the results obtained in this study.
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Introduction

Enzootic calcinoses (EC) are chronic plant intoxications of grazing livestock
characterized by the calcification of soft tissues and loss of body condition.
Different calcinogenic plants have been identified in many countries (Worker and
Carrillo, 1967; Morris, 1982; Puche and Bingley, 1995). Solanum glaucophyllum
(Sg) (synonym: S. malacoxylon) and Nierembergia veitchii (Nv) cause
considerable economic losses from EC in Argentina, Brazil and Uruguay (Worker
and Carrillo, 1967; Puche and Bingley, 1995). Calcinogenic plants contain high
levels of 1,25-dihydroxyvitamin D; (1,25(OH),D;) as glycoside derivatives
(Corradino and Wasserman, 1974). In fact, they contain not only 1,25(0H),D,
but also other metabolites, such as vitamin D; and 25(OH),D; (Esparza ef al.,
1982).

The earliest signs in intoxicated animals are stiffening and loss of weight
leading to emaciation (Worker and Carrillo, 1967). EC affected animals show
metastatic calcification of the vascular system, lungs and other tissues (Puche et
al., 1980). Soft tissue mineralization in EC is preceded by fragmentation of
elastic fibres, extracellular accumulation of proteoglycans and mesenchymal
metaplasia (Barros et al., 1981). As far as the skin is concerned, we have found
only occasional reference to the rough and discoloured appearance of the hair
coat {Puche and Bingley, 1995).

The effects of the vitamin D involve not only mineral metabolism but also
essential and varied processes such as cell differentiation and cell proliferation
(Dusso and Brown, 1998). Here, we study the effects of plant-induced
hypervitaminosis D on cell differentiation in the skin, aorta and lung.
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Materials and Methods

Samples of skin of experimentally Sg-intoxicated and control heifers were studied
histologically. Cellular differentiation and proliferation . were analysed by
immunohistochemical expression of cytokeratins 10 and 11 (clone 8.60, Sigma
Chemical Co., USA), involucrin (Novocastra Laboratories Ltd, UK) and
proliferating cell nuclear antigen (PCNA)(clone PC10, Sigma Chemical Co.). The
results were obtained by image processing and analysis and statistically
evaluated. The procedures have been previously described (Gimeno ez al., 2000).

The aortas and lungs of sheep with spontaneous EC induced by Nv and the
same organs of rabbits experimentally poisoned by Sg were analysed by using
electron microscopy and immunohistochemical techniques. Primary monoclonal
antibodies were directed to chondroitin sulphate (clone #CS-56, Sigma Chemical
Co.) and to non-collagenous bone matrix proteins: osteocalcin {(clone #OC],
Biodesign International, Kennebunk, ME, USA), osteonectin (clone #NS50,
Biodesign International, Kennebunk, ME, USA) and osteopontin (clone
MPIIIB10, Developmental Studies Hybridoma Bank, lowa, USA). Details of
materials and methods have been previously published (Barros and Gimeno,
2000; Gomar et al., 2000).

Collagenous and elastic systems present in the aorta of normal cows as well as
in bovines experimentally intoxicated with Sg were quantitatively analysed.
Collagen and reticulin fibres were detected in sections stained with the Picrosirius
red technique and viewed with polarized light. For this purpose the sections were
deparaffinized, hydrated through graded ethanol and stained for 1 h in a 0.1%
solution of Sirius Red (Direct Red 80, Aldrich, Milwaukee, WI, USA) dissolved
in aqueous saturated picric acid (Montes, 1996). For the identification of the
elastic system fibres, three adjacent sections were stained by one of the following
methods: Verhoeff's iodine iron haematoxylin or by Weigert’s resorcin-fuchsin,
the latter either without any previous treatment or after oxidation with oxone.
While Verhoeff's method demonstrates fully mature elastic fibres selectively,
elaunin and oxytalan fibres are not stained by this staining procedure; this can be
explained by the well known fact that not all biochemically detectable elastin is
Verhoeff-positive and, thus, only mature fibres (which contain large amounts of
elastin) are demonstrated by Verhoeff's technique. On the other hand, Weigert's
resorcin-fuchsin is more sensitive and, thus, also stains elaunin fibres (which
contain less elastin). Oxytalan fibres remain unstained unless they are oxidized
prior to staining by Weigert's resorcin-fuchsin (oxona method) (Montes, 1996).
The procedures are published elsewhere (Portiansky er al., 2002).

Results

The histological analysis of the skin demonstrated conspicuous differences
between Sg-poisoned and control animals. The affected heifers showed a highly
statistically significant decrease of the epidermal thickness due to a reduction of
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cell layers. A qualitative and quantitative atrophy of sebaceous and sweat glands
was observed. The hair follicles changed from anagen to tellogen phase. The
intensity and distribution of the analysed markers of differentiation changed in
relation to Sg-poisoning. Involucrin was expressed at the epidermal suprabasal
layers in control animals. On the other hand, in Sg-intoxicated heifers, involucrin
was heavily stained in all layers of the epithelium. A quantitative evaluation
showed an increase in the percentage of epidermal staining in intoxicated cattle in
comparison with control animals. A similar change was observed for the
expression of cytokeratins 10 and 11. Sg-intoxication also affected the
proliferation of keratinocytes. Immunoreactivity to PCNA was profuse in
different cells of normal skin, including the epidermal basal cell layer, hair
follicles, sebaceous and sweat glands. The skin sections of experimentally
intoxicated heifers showed a reduction in the expression of PCNA.

The main ultra-structural alterations observed in aorta and lung of EC affected
sheep and rabbits were a modification of smooth muscle cells (SMCs) and the
activation of fibroblasts in the interstitium. The modified SMCs showed
conspicuous rough endoplasmic reticulum, increased number of mitochondria,
free ribosomes and decreased number of myofibres. There was an increase of
extracellular matrix and precipitation of calcium in a laminated appearance or in
amorphous aggregates. Some macrophages and multinucleated giant cells, with
calcium crystals in the cytoplasm, were found in areas of increased matrix.
Thickening and reduplication of the basal lamina of capillaries was very
prominent. The bone proteins osteocalcin, osteopontin and osteonectin were
detected by immunohistochemistry in the cytoplasm of activated fibroblasts, in
modified SMCs and in the extracellular matrix. Immunoreactivity to chondroitin
sulphate was observed only in the hyaline cartilage of the bronchi.

In aortas, the Picrosirius red-polarization method showed the presence of two
different collagenous populations: weakly birefringent greenish and thin masses
characteristic of reticulin type fibres, contrasting with the strongly birefringent
thick yellow to red fascicles, characteristic of collagen fibres. The red appearance
indicative of collagen fibres decreased from about 20% present in normal aortas
to less than 4% after 8 weeks of intoxication. On the contrary, the green
appearance typical of reticulin fibres fluctuated between 2.38% in the control
aortas and 1.41% after 8 weeks of intoxication.

We found a decrease in the amount of elastic fibres as a function of the
intoxication time. This reduction was significant after 15 days of intoxication
when the aortas were stained with the Verhoeff technique. No significant
differences with the controls were observed when using the other two staining
methods.

Discussion

The ingestion of calcinogenic plants greatly elevated the levels of plasma
1,25(0OH),D; and consequently an elevation in plasma calcium and phosphate



Calcinosis in Ruminants due to Plant Poisoning 87

(Corradino and Wasserman, 1974). Previous works occasionally refer to the
rough and discoloured aspect of the hair coat in EC affected animals (Puche and
Bingley, 1995). Apparently, histology of the skin has not been previously studied
in hypervitaminosis D or in EC. We have found that the intoxication with Sg
induced atrophy of the epidermis, hair follicles, sebaceous and sweat glands. The
expression of involucrin and cytokeratins 10 and 11 in all the epidermal layers,
including the basal cell layer, was expected according to the well known effects
of 1,25(0OH),D; (Eckert er al., 1997). Cell division appears to be reduced,
although the differences were non-significant. The results seem to indicate that
the reduced thickness in the epidermis is not a consequence of blocking of the
basal cells, but the result of increased differentiation of suprabasal keratinocytes.

Mesenchymal metaplasia, i.e. the development of cartilage and bone tissue,
has been repeatedly reported in EC (Morris, 1982). These changes are preceded
by proliferation of mesenchymal cells (Barros ef al., 1981). The differentiation of
SMCs in the arteries has been reported ultrastructurally and attributed to the
action of 1,25(OH),Ds. These cells increased the rough endoplasmic reticulum,
and went on to synthesize collagen fibres and extracellular matrix (Barros ef al.,
1981). We have found that osteocalcin, osteopontin and osteonectin were
synthesized in the mesenchymal cells and secreted to the extracellular
environment. The expression of these proteins is induced by interaction of
1,25(0OH),D; with specific genes that respond to vitamin D (Dusso and Brown,
1998). Non-collagenous bone matrix proteins play a pivotal role in cell
differentiation, cell activation and normal tissue mineralization (Sommer et al.,
1996). There are, however, very few references on the participation of these
proteins in pathological calcification (Mohler ef al., 1997). The expression of
non-collagenous matrix proteins by activated fibroblasts or SMCs is partially
coincident with membranous ossification (Furusawa er al., 1996). Therefore, the
mineralization of soft tissues in EC is a complex process. The observed
morphological and biochemical modifications could be attributed to specific
genomic effects of 1,25(OH),D;.

Mineralization in EC is preceded by fragmentation of elastic fibres,
accumulation of proteoglycans and mesenchymal metaplasia (Barros er al., 1981).
We provide evidence of a decrease in collagen relative to reticulin fibres and a
decrease of elastic fibres in relation to the length of the intoxication. Previous
studies have shown that 1,25(OH),D; down regulates type I collagen synthesis
(Norman, 1998) and tropoelastin levels decreased after treatment with
1,25(0OH),D; (Hinek er al., 1991). It could be speculated that changes described
in EC are induced by high levels of 1,25(OH),D;. The decrease of collagen and
elastin could also be due to the increase of bone matrix proteins and
proteoglycans. The present studies demonstrated that cell differentiation plays a
pivotal role in the pathogenesis of dermal and mesenchymal lesions in plant-
induced EC.
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Introduction

Ipomoea carnea, a shrub from the Convolvulaceae family, has been incriminated
as responsible for several outbreaks of livestock poisoning, mainly in goats
(Tartour et al., 1974; De Balogh er al., 1999). Swainsonine, an indolizidinic
alkaloid, is the most important active principle displayed by I carnea. It
promotes cellular accumulation of non-metabolized oligosaccharides due to the
inhibition of acid or lysosomal enzyme o-mannosidase, causing cellular
vacuolation. This alkaloid also inhibits Golgi mannosidase II, affecting
glycoprotein synthesis, processing and transport, resulting in cellular adhesion
dysfunction, in addition to hormonal changes and alterations in some membrane
receptors. [pomoea carnea also presents two other alkaloids, calistegeins Cl and
B2, which inhibit B-glycosidase (Asano et al., 1995) and because of this may
aggravate swainsonine effects.

Animals that consume I carnea exhibit a variety of chinical signs, such as
depression, staggering gait, muscle tremor, ataxia and nervousness, mainly when
stressed. Haematological parameters are also altered in animals intoxicated by I
carnea. Alterations range from subtle changes in the values of haemoglobin and
packed cell volume (PCV) (De Balogh er al., 1999) to anaemia and progressive
leucopaenia (Tartour et al., 1974; Damir ef al., 1987). Biochemical alterations in
some renal and hepatic parameters have also been reported: goats intoxicated by
I. carnea presented increased y-glutamyltransferase (GGT), creatinine kinase
(CK) and blood urea nitrogen (BUN) (Tartour et al., 1973; De Balogh ef al.,
1999).

Histologically, 1. carnea toxicosis is mainly characterized by cytoplasmatic
vacuolation in central nervous system (CNS), liver and kidney cells, consistent
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with lysosomal storage disorders (Damir e al., 1987; Srilatha et al., 1997; De
Balogh et al., 1999).

Many trials conducted in different animal species have demonstrated the toxic
effects of I carnea. However, no studies have been found in the literature
showing the dose-dependent effects of /. carnea (or swainsonine) in animails.
Therefore, the objective of the present study was to evaluate the degree of /.
carnea toxicosis when three different doses of fresh leaves of this plant were fed
to growing goats.

Materials and Methods
Plant material

Ipomoea carnea leaves and stems were collected from a culture at the Research
Center for Veterinary Toxicology (CEPTOX), School of Veterinary Medicine,
University of S#o Paulo, Brazil. Plant material was collected and shredded
immediately before feeding the animals.

General procedures

Twenty mixed-breed male goats, 4 to 6-months-old, were randomly separated
into four equal groups: three experimental and one control. Goats from
experimental groups were fed 5, 10, or 30 g of [ carnea kg™ bodyweight day™,
for 4 months. The leaves and stems of /. carnea were given between 07:00 and
08:00. Animals were used in accordance with the guidelines of the Committee on
Care and Use of Animal Resources of the School of Veterinary Medicine,
University of Sdo Paulo; these guidelines are similar to those of the National
Research Council, USA. For the whole experimental period, control and . carnea
treated animals were fed 100 g concentrate and sugar cane (Saccharum
officinarum) ad libitum, and had free access to drinking water.

Every week, the animals were clinically evaluated, and bodyweights were
recorded. Before beginning the trial and then every other week, blood samples
were taken from the jugular vein for haemogram evaluation (red and white cell
counts, PCV, haemoglobin concentration, haematological indices and differential
leukocytes counts) and for determination of serum levels of glucose, cholesterol,
alanine transaminase (ALT), aspartate transaminase (AST), GGT, BUN and
creatinine serum levels, using commercial kits (Merck®).

At the end of the experimental period, ali goats were killed and fragments of
brain, spinal cord, a portion of the sciatic nerve, thyroid, myocardium, liver,
kidney, spleen, lung, pancreas and intestine were collected. Specimens were fixed
in 10% formalin and embedded in paraffin, and 5 pum sections were stained by the
haematoxylin and eosin (HE) technique. Brains were sectioned serially, and
blocks were prepared from level cuts at the oifactory tubercie and cortex, cerebral



92 Schumaher-Henrique et al.

cortex, basal nuclei, thalamus, mesencephalon, pons, cerebellum and medulla
oblongata.

Data are reported as mean = SEM and were statistically analysed by one-way
analysis of variance, followed by Dunnett’s test. Significance level was set at P <
0.05.

Results

Clinical signs observed in goats from all experimental groups included
nystagmus, muscular tremors, weakness of hind limbs, incoordination, and ataxia.
Four animals treated with the highest dose of /. carnea and three animals treated
with 10 g kg died or were scarified 'in extremis' during the third month of the
experiment. Goats treated with 30 g kg™' of /. carnea leaves presented significant
decrease (P < 0.05) in bodyweight gains when compared to controls from the first
month and the treated animals from all groups presented significant decrease (P <
0.05) in bodyweight gains from the third month (Fig. 13.1).

Goats treated with the different doses of /. carnea leaves presented, in general,
increased levels of ALT, when compared to the control group (Fig. 13.2). AST
levels fluctuated during the trial and creatinine levels were similar in the control
and treated groups. The results of haematological parameters (Fig. 13.3) revealed
that only the haemoglobin concentration was significantly reduced (P < 0.05) in
those goats from group S g kg ' during the last 3 months of the experiment.

Histopathological evaluation revealed degenerative vacuolar alterations of
liver, pancreas, thyroid and kidney cells, and in CNS neurons, mainly in the
cerebellum. In all experimental goats, however, the severity of these alterations
was more prominent in those animals treated with the highest dose of /. carnea.
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Fig. 13.1. Mensal weight gain (kg) in growing goats treated for 4 months with
different doses of leaves of Jpomoea carnea. (P < 0.05, ANOVA followed by the
Dunnett's test.)
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Fig. 13.2. Biochemical parameters (aspartate transaminase, alanine transaminase
and creatinine) in growing goats treated for 4 months with different doses of
Ipomoea carnea leaves. (P < 0.05, ANOVA followed by the Dunnett's test.)
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Discussion

In a previous study conducted in ruminant species Tokarnia et al. (1960) verified
that these animals showed addiction to I carnea. In our experiment, this effect
was clearly evident and all experimental animals showed avidity to eat the plant
during the entire experimental period. On the other hand, De Balogh (1999)
reported exactly the opposite behaviour, that is in that study, all experimental
goats showed great aversion to /. carnea. Little can be hypothesized about this
controversy at this moment. However, it should be considered that both
Tokarnia’s and the present study were performed using Brazilian /. carnea, unlike
the trial conducted by De Balogh using /. carnea from Mozambique. Thus, it is
possible to suppose that /. carnea from Africa and Brazil may have some
differences in relation to the presence of secondary metabolites, which can lead to
feed avidity or feed aversion in the goats.

Bodyweight is one of the most important parameters for toxicological
evaluations in order to determine the often precocious onset of toxicological
effects of a given substance in animals (Stevens and Gallo, 1989). In fact, earlier
trials have shown that one of the earliest signs of /. carnea toxicity is weight loss
(Tokarnia et al., 1960; De Balogh er al., 1999). In the present study this effect
was also well demonstrated in all experimental animals. As the I carnea-fed
goats did not show any deviation from their nutritional habits, it may be assumed
that weight gain impairment was not linked to the possible anorexic effect of the
plant, but probably to changes in oligosaccharide metabolism.

Among the clinical signs and symptoms displayed by goats, neurological ones
are the most prominent (Tokarnia et al., 1960; Tartour ef al., 1974; Tirkey et al.,
1987; Damir et al., 1987; Srilatha et al., 1997; De Balogh et al., 1999). The
results of the present trial are in agreement with those of previous reports; all
experimental goats presented headshakes, nystagmus, opisthotonus, fasciculations
and muscular tremors, weakness of the hind limbs, incoordination and ataxia.
These alterations reflect CNS lesions. In fact, the histopathological study revealed
typical alterations related to neuronal storage disease.

Toxic effects of 1. carnea have been reported to occur in kidney and liver
(Damir et al., 1987; Srilatha er al., 1997). Again, the results of the present trial
were in agreement with these previous studies showing degenerative process in
those organs. In addition, the biochemical evaluation corroborates the histological
findings.

According to Damir et al. (1987) one of the most conspicuous effects of /.
carnea toxicity in goats is the development of the normocytic normochromic
anaemia. In our study, this alteration was also observed. Thus, all experimental
goats showed haematological changes from the third month of plant intake and
this pathological alteration occurred in a dose-dependent manner. This clinical
finding may be important in the diagnosis of /. carnea intoxication.

In conclusion, prolonged ingestion of /. carnea produces intoxication in goats
and this toxicity is mainly manifested by neurological disorders. Signs of
intoxication occur in a dose-dependent manner.
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Intreduction

The genus Euphorbia is characterized by the occurrence of highly irritant and
frequently tumour-promoting latex causing many toxicological problems to
humans and animals. Various diterpene type toxins based on a tigliane and
ingenane skeleton, referred to as ‘phorboids’, were isolated from Euphorbia
species and identified as responsible for these effects (Evans and Taylor, 1983).
Besides the presence of the well-known ingenanes and tiglianes, the genus also
produces a high diversity of macrocyclic diterpenoids, which are regarded as
precursors of polycyclic derivatives and occur in plants generally as complex
mixtures in low concentration (Jakupovic et al., 1998; Appendino et al., 1998,
1999; Abbas et al., 2000). Among these jatrophanes and lathyranes are the pre-
eminent in terms of distribution, biogenetic relevance and structural complexity
(Fig. 14.1).

Because of the presence of the toxic phorboids, the use of Euphorbia species
in traditional medicine was very restricted, and phytochemical, pharmacological
studies on this genus focused mainly on the irritant phorboids. Thus, the chemical
behaviour and biological potential of the macrocyclic compounds remained for a
long time to be unknown.

The aim of our work was the isolation, chemical characterization and
pharmacological evaluation of the macrocyclic types of diterpenoids. Our
investigations were performed on Euphorbia esula L., E. salicifolia Host. and E.
serrulata Thuill., which are found in Europe mostly as weeds.

9
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T«

tigliane ingenane jatrophane

lathyrane

Fig. 14.1. Structural types of diterpenes from Euphorbiaceae.

Results and Discussion

The whole undried plants of E. esula, E. salicifolia and E. serrulata were
percolated with MeOH at room temperature. The extracts were subjected to
solvent partitioning to furnish dichloromethane- and water-soluble fractions. The
dichloromethane extracts were chromatographed on a polyamide open column
with various MeOH-H,O mixtures as eluents. The fractions obtained with
MeOH-H,0 (3:2) were separated by vacuum liquid chromatography on Si gel
and by NP- and RP-HPLC to afford compounds 1-4 from E. esula, | and 5 from
E. salicifolia and 6-8 from E. serrulata as detailed in references Hohmann er al.
(1997, 2000, 2001).

Structure determination was carried out using mass spectroscopy, high field
NMR techniques including 'H, °C, 'H-'H COSY, JMOD, HSQC, HMBC and
NOESY experiments and X-ray analysis. The elucidation of the structure of the
compounds is detailed in references Hohmann ez a/. (1997, 2000, 2001). Spectral
analyses revealed that compounds [-8 are new members of the group of
jatrophane diterpenes with exception of 5, which is based on a modified 5-13
fused jatrophane skeleton. All compounds are highly functionalized with acetyl,
benzoyl, isobutanoyl and nicotinoyl groups (Fig. 14.2).
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Fig. 14.2. Chemical structure of compounds 1-8.
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The crude dichloromethane extracts and the pure compounds were subjected
to pro-inflammatory assay (Table 14.1) (Hecker et al., 1966). All of the tested
extracts exhibited mouse ear irritant activity with IDs,™ values of 56-325 pg per
ear. In order to establish whether the macrocyclic diterpenes contribute to the
irritant activity of the plant extracts, compounds 1-4 were also tested. It was
found that 1-4 are inactive up to a dose of 200 pg per ear, indicating that the
jatrophane type compounds do not play a significant role in the skin irritant
activity of Euphorbia species.

With the aim to inform about the pharmacological potential of the
macrocyclic diterpenes, the antiproliferative and multidrug resistance reversing
(mdr) activities of 1-8 were examined on mouse lymphoma cells. The
antiproliferative potency was investigated on both drug sensitive and drug
resistant cell lines (Cory ef al., 1991). The results presented in Fig. 14.3 revealed
a cell growth inhibitory effect of all tested compounds. Interestingly, 2-5, 7 and 8
proved to be more potent inhibitors of the growth of human mdr gene-transfected
cells (ICsp values 1.4 — 3.3 ug ml™) than those of parental cells (ICsy values 5.6 —
9.8 pg ml™"). Only compound 1 displayed a marginal antiproliferative effect in
both tests.

Table 14.1. Mouse ear irritant activity of the dichloromethane extracts of
Euphorbia species.

IDso (ug ml™) (SD)

Species After 4 h After 24 h
Euphorbia esula 284 (1.18) 317 (1.21)
E. salicifolia 56 (1.21) 63 (1.27)
E. serrulata 325 (1.27) > 800 (-)
12_F [ ] on parental cells
IDso D on multidrug resistant cells

(ngmi™)
10

Compounds

Fig.14.3. Antiproliferative effect of diterpenes (1, 2, 4, 5, 7 and 8) on mouse
lymphoma cells.
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Fig.14.4. Multidrug resistance reversing activity of diterpenes 1-8 on mouse
lymphoma cells.

The assay for mdr activity demonstrated a pronounced effect of compounds 4
and 6-8 in inhibiting the efflux pump activity of tumour cells (Fig. 14.4). The
anti-mdr effects of compounds 2, 4, 6 and 7, which are expressed in fluorescence
activity ratio (R) (Hohmann et al., 2001), were higher than that of the positive
control verapamil.

From the above results it could be concluded that the jatrophane diterpenes do
not play a significant role in the irritant effect of Euphorbia species, rather they
are considered therapeutically relevant natural products.
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Introduction

Swainsonine, an indolizidine alkaloid, has been identified as the primary toxicant
in locoweed (Oxytropis and Astragalus spp.; Molyneux and James, 1982) and
currently costs livestock producers approximately $330 million in annual
production losses (Avant, 1998). To date, the majority of research concerning
locoweed poisoning has addressed swainsonine exposure rates and frequencies
(late subacute and early subchronic) resulting in clinical expression of toxicity
(e.g. depression, ataxia, tremors, emaciation, etc.; James er al, 1970).
Surprisingly, few investigations have addressed the effects of swainsonine within
the first 24 h after initial ingestion. Only three studies (Smith er al., 1992;
Stegelmeier et al., 1995, 1998) have attempted to determine the elimination rates
of swainsonine, and one (Smith et al., 1992) the absorption rates in cattle or
sheep. Although data in these studies support multiple compartment elimination
kinetics, no clear distinction between rates of distribution and elimination were
defined. A clear understanding of the toxicokinetics of swainsonine following
both acute and subacute/subchronic exposures is needed in order to predict serum
swainsonine levels following locoweed consumption on the range. These data
coupled with clinical dose response data could potentially allow the prediction of
how long an animal could graze a locoweed infested pasture without adverse
effects on health and (or) production. Therefore, the following study was
conducted to provide a preliminary model of swainsonine disposition in sheep by
characterizing the rates of absorption, distribution and elimination of swainsonine
following acute oral exposure.
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Materials and Methods

Animal, treatment and sampling protocol

Animal use was approved and followed the guidelines of the Institutional Animal
Care and Use Committee, New Mexico State University, Las Cruces. Ten wethers
(BW = 74.7 + 7.6 kg) were housed outdoors in individual pens (4 x 1.5 m). Sheep
were stratified by bodyweight (BW) and assigned to either 0.4 (0.4E2, n = 5) or
1.6 (1.6E2; n = 5) mg swainsonine kg"' bodyweight treatments. Swainsonine was
administered orally as a locoweed (Oxytropis sericea) extract immediately
following h 0 sampling. Blood samples were collected via jugular venepuncture
at 1 hintervals from O to 12 h, 3 h intervals from 15 to 24 h, 6 h intervals from 30
to 48 h, and 12 h intervals from 60 to 168 h. The swainsonine extract was
obtained by boiling ground (1 mm) locoweed in methanol for 12 h. Subsequently,
the liquid fraction was separated from plant matter and the methanol was
removed by evaporation. The remaining extract was diluted with distilled water
(1:9), vigorously mixed and centrifuged at 3000 x g for 30 min to separate lipid-
and water-soluble fractions. The water-soluble fraction was collected and
analysed for swainsonine activity. Basal diet (blue gramma grass and lucerne hay)
was provided in metal feeders after treatment delivery and water was available ad
libitum via automatic watering systems attached to the crates. The basal diet was
formulated to meet protein, energy and mineral requirements (NRC, 1985) for
maintenance.

Sample preparation and analysis

Blood samples were allowed to clot for 30 min following collection and then
centrifuged (1500 x g, 25 min). Serum was decanted and stored (< 20°C) until
analysis. Swainsonine in serum or plant was determined using an a-mannosidase
inhibition assay as described by Taylor (2000; lower detection limit = 0.025 ug
ml’'; intra- and interassay CV < 12%). Briefly, serum samples were thawed and
boiled in a water bath for 30 min and centrifuged for 30 min at 11,500 x g. In
triplicate, 20 pl of the supernatant was transferred to a 96 well plate (well volume
= 320 pl) with 100 pl of citrate buffer (79.2 mM, pH = 4.5) and 20 ul of o-
mannosidase enzyme (0.025 U ml”'; Sigma Chemical Co., St Louis, MO), then
incubated for 15 min at 37°C. Following incubation, 20 pl of p-nitrophenyl o-D-
mannopyranoside (20 mM; Sigma) was added to each well and then incubated for
an additional 90 min. The reaction was stopped and colour was developed with 80
ul of borate buffer (200 mM, pH = 9.8) added to each well. Optical density was
determined at 405 nm (MRX Microtiter Plate Reader; Dynatech Laboratories
Inc., Chantilly, VA).
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Statistics

Serum swainsonine activity was analysed using mixed models procedure of SAS
6.12 (SAS, 1996). Data were analysed as unequally spaced repeated measures
using the ‘spatial power law’ structure (SP[POW]; SAS, 1996). The effects of
treatment, sampling time and the corresponding interaction were included in the
model. Preplanned pairwise comparisons were made within time to test for
treatment differences and within treatment to estimate difference from h 0
sampling. A P value of < 0.05 was considered significant. No statistical analysis
of treatment differences in rates of absorption, distribution or elimination are
included due to a lack of swainsonine assay sensitivity causing a paucity of data
at sampling times greater than 60 to 72 h in all animals. However, rates of
absorption, elimination and distribution were calculated on overall treatment least
squared means using the curve stripping program, PK Solutions v2.0 (Summit
Research Services, Montrose, CO).

Results and Discussion

Figure 15.1 illustrates the serum swainsonine profiles of wethers receiving either
the 1.6E2 or 0.4E2 swainsonine treatments. A treatment by time interaction was
detected at h 3, with 1.6E2 serum swainsonine concentrations being higher (P <
0.05) than 0.4E2 values and remained so through h 30. At h 36, 1.6E2 and 0.4E2
were again similar (P > 0.05). Serum swainsonine was detected in all wethers at h
2 for the 1.6E2 treatment, and at h 7 for the 0.4E2 treatment. The apparent delay
in detecting serum swainsonine in ail wethers on the 0.4E2 treatment may be a
consequence of the limited sensitivity of our current swainsonine assay.
Maximum serum swainsonine levels were reached at h 6 for the 1.6E2 (0.290 pg
ml™), and at h 10 for the 0.4E2 (0.069 pg ml™) treatment. These agree with the
time for maximal serum swainsonine concentration reported by Taylor and
Strickland (2001; 6 to 12 h) in lactating ewes and cows receiving an acute dose of
swainsonine delivered via a methanol extract of locoweed (0.2 or 0.8 mg
swainsonine kg™* bodyweight). In contrast, Smith et al. (1992) reported that oral
dosing of two cows with 3300 or 1950 mg swainsonine {delivered as locoweed)
resulted in maximal serum levels at 12 to 24 h after dosing. Additionally, Taylor
and Strickland (2001) reported that in lactating cows allowed free access to
locoweed forage for 2 h resulted in maximal serum concentrations between 12
and 18 h. The longer time to maximal serum levels, demonstrated by Smith ez al.
(1992) and Taylor and Strickland (2001), is likely due to the time needed to
digest the locoweed in order to release swainsonine from the plant matrix.

For the 1.6E2 treatment, absorption (h 0-6) occurred at a rate of 0.514 h™" (t,,
= 1.4 h), distribution (h 7-48) at 0.055 h™' (t;, = 12.6 h) and elimination (h 60-
132) at 0.004 h™' (t,, = 184.2 h). Rates for the 0.4E2 treatment were 0.002 h™';
0.228 h™';and 0.113 h™' for elimination (h 48-120; t;,, = 289.4 h), absorption (h 0-
10; ty» = 3.0 h) and distribution (h 11-42; t;, = 6.2 h), respectively. The
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Fig. 15.1. Acute appearance of swainsonine in the serum (jugular) of sheep
gavaged with swainsonine (locoweed extract) providing either 0.4 or 1.6 mg
swainsonine kg'1 bodyweight immediately following sampling of the blood at h 0.
*Swainsonine concentrations are greater (P < 0.05) for 1.6 than 0.4 mg treatment
from h 3 to 30. **First time point at which all wethers had detectable serum
swainsonine activity.

absorption data presented here are the first of their kind for swainsonine in the
refereed literature. The rapid rate of absorption would support a non-saturable
concentration dependent method of transport into the systemic circulation.
Assuming first order kinetics for all rates, the kinetic data in our study would
indicate that swainsonine elimination from the body could be modelled as a two
compartment open model. Two reports (Stegelmeier et al., 1995, 1998) studying
the elimination kinetics of swainsonine in livestock would support this type of
model for swainsonine elimination. Stegelmeier er al. (1995) reported the serum
half-life of swainsonine in cattle and lactating ewes to be approximately 16-20 h
following 12 or 30 d (respectively) of locoweed consumption. These values are
somewhat equivalent to the data we report for distribution t;, above. However,
comparison of our data to that reported by Stegelmeier e al. (1995) is difficult
and should be viewed with caution, given that they calculated their elimination
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kinetics after subacute/subchronic oral exposure. Smith er al. (1992) reported
elimination half-life values of 6 to 12 h (in cattle) on samples collected through
48 h following last exposure. Their sampling times and haif-life data correlate
well with our distribution values of 6 to 12 h. ,

Stegelmeier e al. (1998) demonstrate that tissue clearance halif-life in sheep
was approximately 50-60 h for liver, kidney and spleen, considerably longer than
the approximately 20 h they report for serum. The discrepancy between tissue and
serum half-lives definitely argues for a multi-compartment model of elimination.
In fact, Bowen ef al. (1993) utilized a three compartment open model to describe
the results of a preliminary experiment in which the terminal half-life of
swainsonine in mice was found to be 31.6 min. No one to date has reported the
exceedingly long elimination half-lives (184 h plus) we report here for wethers.
As such, we are currently pursuing alternative assay procedures to improve our
swainsonine detection limit.

Conclusion

In conclusion, our findings tend to agree with those of Bowen e al. (1993),
suggesting a multi-compartment model for swainsonine toxicokinetics, which is
further supported by Stegeimeier er al. (1995, 1998). Additionally, the data
support a non-saturable, concentration driven mode of absorption for
swainsonine. Swainsonine was measured indirectly by an o-mannosidase
inhibition assay with a detection limit of only 0.025 pg mi™' (CV < 12%). This
lack of sensitivity currently restricts our ability to fully define the toxicokinetics
of swainsonine. As such, further research, using more sensitive detection methods
(e.g. gas chromatography), is necessary to fully characterize the toxicokinetics of
swainsonine. Using the data presented here it would take approximately 80 to 120
days (i.e. 10 elimination half-lives) to completely clear swainsonine from the
body.
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Introduction

The global occurrence of mycotoxins is considered as a major risk factor
affecting human and animal health and about 25% of the world’s crop production
is contaminated to some extent with mycotoxins (Fink-Gremmels, 1999).
Furthermore mycotoxicoses are considered to be a common cause of decreased
poultry production in many countries. The mechanisms of mycotoxin action are
complex and have not been fully elucidated.

Aflatoxins are highly oxygenated secondary metabolites produced by certain
toxigenic strains of Aspergillus flavus and Aspergillus parasiticus (Jayashree and
Subramanyam, 2000). There are four naturally occurring aflatoxins Bl, B2, Gl
and G2 and a range of their active metabolites with aflatoxin Bl (AFBI) being
the most toxic and carcinogenic compound of this group of mycotoxins (Smith,
1997). This group of mycotoxins possesses high carcinogenic, teratogenic,
mutagenic and immunosuppressive activities (Ellis e al, 1991). However,
molecular mechanisms of cellular damage caused by AFBI have not been fully
elucidated.

Nevertheless, lipid peroxidation is one of the main manifestations of oxidative
damage and has been found to play an important role in the toxicity of many
different compounds, including mycotoxins. Indeed, recent studies have shown
that AFBl enhances reactive oxygen species (ROS) formation and causes
oxidative damage to various molecules including DNA, which could contribute to
the cytotoxicity and carcinogenic effect of AFBI (Yang er al, 2000). For
example, lipid peroxidation assessed as malondialdehyde (MDA) and diene
conjugate accumulation was Increased in rat liver | day after AFBI
administration (Shen et al., 1994), after 6 weeks of AFBI consumption (Rastogi
et al., 2001) or 72 hours after a single intraperitoneal dose of AFBI| (Souza ef al.,
1999). This process was dose dependent and the highest concentration of MDA
was detected in microsomes, followed by nuclear fraction and mitochondria.
Lipid peroxidation was also enhanced in cultured primary rat hepatocytes (Shen
et al, 1995; Liu et al., 1999; Yang er al., 2000). Increased activities of blood
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alanine aminotransferase and aspartate aminotransferase in rats fed on a diet
containing AFB1 (Choi ef al., 1995; Souza et al., 1999) probably reflect damage
to the liver. However, in an experiment with laying hens there was no alteration
in activity of those enzymes as a result of AFB1 consumption (Fukal ef al., 1988),
indicating that the toxic effect of AFBI is probably dose- and species-specific. In
general, AFBI has a high affinity to lipid domains of the cell membrane and
liposomes composed of unsaturated fatty acids bound twice as much AFBI1 as
those composed of saturated ones (Miiller and Petzinger, 1988). Furthermore,
AFBI1 consumption by broiler chickens (Merkley et al., 1987) or rats (Kendall,
1978) was associated with a significant increase in total liver lipids. In general,
the membrane-active character of AFB1 (Amstad er al., 1984) could be an
important point in consideration of its pro-oxidant action.

The aim of the present work was to evaluate the pro-oxidant properties of
AFB1 using in vitro model systems.

Materials and Methods

Two model systems were used. The model system A was based on the
peroxidation of phosphatidylcholine (PC) liposomes in the absence (spontaneous)
or presence (stimulated) of inducers of peroxidation. Liposomes were formed
with or without AFBI and incubated at 37°C. PC hydroperoxide (PC-OOH) and
thiobarbituric acid reactive substances (TBARS) were determined by HPLC. The
model system B was based on the oxidation of linoleic acid. In this system, AFB1
and/or vitamin E were added and samples were incubated at 37°C. In some cases,
peroxidation inducers were used. Linoleic acid hydroperoxides and vitamin E
were monitored by HPLC.

Results and Discussion

Incubation of the PC liposomes at 37°C caused peroxidation and PC-OOH
formation as indicated by HPLC. Inclusion in the system of the inducers
significantly increased PC-OOH and TBARS formation and this process was
time-dependent. Incorporation of AFBI in the PC liposomes stimulated lipid
peroxidation when the liposomes were incubated in vitro. When the lipid
peroxidation inducers were included in the system the pro-oxidant effect of AFBI
was more pronounced compared to spontaneous lipid peroxidation.

Inclusion of AFB1 in the second model system was also associated with
increased linoleic acid hydroperoxide formation (Fig. 16.1). Similarly to the first
system, AFBI stimulated lipid peroxidation more effectively in the presence of
lipid peroxidation inducers, indicating that the physical interaction of aflatoxin
with other pro-oxidants is an important mechanism of its pro-oxidant properties.
Inclusion in the system of vitamin E significantly reduced lipid peroxidation but
this vitamin was oxidized itself in the presence of AFB1 showing that the
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Congentration (ug mi ')

Time (min)

Fig. 16.1. Effect of AFB1 on o~ and y-tocopherol oxidation and linoleic acid
hydroperoxide accumulation in the model system B. Linoleic acid hydroperoxide
accumulation without AFB1 (#); linoleic acid hydroperoxide accumulation with
AFB1 inclusion into the medium (- -=- -); a-tocopherol oxidation without AFB1 (p);
o-tocopherol oxidation with AFB1 inclusion into the medium (--s--); y-tocopherol

oxidation without AFB1 (*); y-tocopherol oxidation with AFB1 inclusion into the
medium (--r--).

aflatoxin interaction with antioxidants is also an important mechanism of their
pro-oxidant action. Once vitamin E was consumed completely, the rate of lipid
peroxidation increased significantly. Therefore these results confirmed the pro-
oxidant effect of AFB1, suggesting that more attention should be paid to aflatoxin
interactions with antioxidants.

Similarly, AFB1 in the feed interfered with the accumulation of carotenoids in
chicken tissues (Schaeffer et a/., 1988a) inducing pale bird syndrome in chickens.
In fact, AFBI1 caused a significant depression of lutein in the toe web, liver,
serum and mucosa (Schaeffer er «l, 1988b). Pigment restoration was
accomplished by feeding the same diet supplemented with lutein (70 mg kg™'). In
young chickens, AFB1 reduced up to 35% the lutein content of the jenual mucosa
and the serum lutein was reduced up to 70% (Tyczkowski and Hamilton, 1987a)
suggesting that AFBI1 interfered with the absorption, transport and deposition of
carotenoids. Therefore, AFB! impaired lutein absorption in chickens
(Tyczkowski and Hamilton, 1987b). In similar fashion, ochratoxin A was shown
to affect carotenoid assimilation in chickens. Again, depression of the uptake of
carotenoids by the intestinal mucosa and depressed transport in serum were
considered as important mechanisms of action of AFBI on carotenoid metabolism
(Schaeffer er al., 1987). In general, malabsorption syndrome is considered to be a
common result of mycotoxicoses. A reduced glutathione (GSH) depletion
occurred in cultured rat hepatocytes as a result of AFB1 toxicosis (Liu et al.,
1999).
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Intraperitoneal administration of AFB1 to rats (2 mgkg™') was also associated
with a decreased level of GSH in the liver. In contrast, in 3-week-old male
chickens having daily aflatoxin gavage (2 mg kg' bodyweight, in corn oil) for 5
and 10 days, hepatic and renal GSH was elevated after 10 days of aflatoxin
treatment (Beers et al., 1992a). Similarly, hepatic GSH increased 2 and 8 h,
respectively, following a single AFB1 dose and continued to increase through 5
daily doses of AFB1 (Beers et al., 1992b). There was a GSH depletion in cultured
rat hepatocytes as a result of AFB1 toxicosis (Liu et al., 1999).

Since AFB1 stimulates peroxidation, a protective effect of antioxidants would
be expected. Indeed, protective effects of vitamin E were shown in aflatoxicosis
(Shen er al., 1994; Choi et al., 1995; Souza et al., 1999). Dietary carotenoids
inhibited AFBI1-induced liver DNA damage in rats (Gradelet et al., 1997, 1998)
and xanthophylls inhibited the mutagenicity of AFB1 in a dose-dependent manner
(de Mejia et al., 1997). The authors suggested that the inhibitory mechanism of
lutein against AFB1 mutagenicity is the result of formation of a complex between
lutein and AFBI1, direct interaction between lutein and AFB1 metabolites and
modulation of the metabolic activation of AFB1 by lutein. Selenium has also a
protective effect against aflatoxicosis (Burguera et al., 1983) enhancing the
aflatoxin detoxification process (Gregory and Edds, 1984). Therefore, dietary
antioxidant additives such as Se are considered to be effective in the reduction of
aflatoxicosis in poultry (Dalvi, 1986).

Thus, AFB1 is involved in stimulation of lipid peroxidation, however, the
molecular mechanisms of this effect need further investigation.
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Introduction

Common heliotrope (Heliotropium europaeum) is a pyrrolizidine alkaloid (PA)-
containing annual herb that is native to southern and central Europe, western Asia
and northern Africa. It was introduced to Australia accidentally in the 19th
century and is now spread through the south and east of Australia, especially in
wheat-growing areas. Heliotropium europaeum growth is favoured by higher than
average rainfall in the summer months.

Heliotrope has been the cause of poisoning of livestock, such as pigs, poultry
and cattle, in Australia (Gaul ez al., 1994; Hill et al., 1997). Heliotrope poisoning
occurs as a progressive liver disease of livestock grazing on heliotrope-infected
wheat stubble and pasture or through contamination of wheat and commercial
stockfeeds. Humans can be exposed to PAs through the consumption of plants for
medicinal or dietary needs (Prakash ez al., 1999). There is a risk of contamination
of staple foods (cereals/flour), by Heliotropium spp. seeds, for human
consumption. Cases of PA poisoning have occurred in Afghanistan (Tandon et
al., 1978), Tadjikistan (Mayer and Luthy, 1993) and India (Tandon et al., 1976).
The alkaloids are particularly harmful to the liver and lungs, with the major
human clinical symptom being hepatic veno-occlusive disease (Prakash et al.,
1999).

Indications are that, based on the genotoxic, carcinogenic properties of some
PAs, low Tolerable Daily Intakes will be allowed for humans. For example, in
Germany regulations restrict oral exposure to PAs and their N-oxides in herbal
preparations to 0.1 pug day” (German Federal Health Bureau, 1992). No food
standards have been established for PAs aithough an extrapolation to food of the
German herbal regulations may result in equally low allowable levels of PAs in
food.

The screening of food or plant material for PA contamination to these low
levels requires sensitive methods of detection. A number of ELISA methods have
been published for PAs, for example retronecine-based PAs (Bober ez al., 1989),
retrorsine (Roeder and Pfleuger, 1995) and senecionine (Langer ef al., 1996).
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Here, we describe an indirect competitive ELISA for the detection of PAs from
H. europaeum using primary ovine antibodies generated against the major PA of
heliotrope, heliotrine. Cross-reactivity studies were performed with free bases and
N-oxides derived from heliotrope. The methodology was also investigated for its
applicability for the detection of PAs in foodstuffs, namely wheat and honey.

Competition ELISA and Cross-reactivity Studies

An indirect competitive ELISA was developed for the detection of heliotrine and
other heliotrope PAs. The anti-serum used in this study displayed a high
sensitivity to free heliotrine at ~15 pg well'. The major PAs (and their N-oxides)
found in H. europaeum are heliotrine and lasiocarpine, followed by europine,
with small quantities of heleurine and supinine. Acetyl-lasiocarpine is found in
the plant in trace amounts and was not tested in these studies. The structures of
some of these PAs are shown in Fig. 17.1.

To analyse the cross-reactivity of the anti-heliotrine anti-serum, microtitre
plates were coated with a bovine serum albumin-heliotrine N-oxide conjugate
(Erlanger, 1980) at 25 ng well”. Plates were washed (with saline/Tween-20)
before blocking with assay buffer for 1 hour. After blocking, plates were washed

(a) Heliotrine HO,% (b} Heliotrine N-oxide Ho,”’
0 AOCH, | o MOCH,
H H
%
G 3 g 3

() Heleurine H,
(o]

(e) Supinine

R (f) Lasiocarpine OH
I HO“"
fe) ¢} cll'?*CH3

%

Fig. 17.1. Structures of pyrrolizidine alkaloids that were used to determine the
cross-reactivity of the heliotrope ELISA.
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and standards of heliotrine or other PAs (prepared in assay buffer) were added to
wells along with the optimum dilution of anti-heliotrine anti-serum (1 in 2000).

After 2 hours of competition for antibody binding between solid and liquid
phase toxins, the unbound reagents were washed out. The antibodies bound to the
wells were subsequently detected by the addition of anti-sheep IgG conjugated to
horse-radish peroxidase. After a further 1 hour, plates were washed and 3, 3°, 5,
5’ tetramethylbenzidine substrate was added and incubated for 15 min before
stopping the reaction with sulphuric acid (0.05 M). A comparison of the optical
densities for the different amounts of PA (free bases and N-oxides) is shown in
Fig. 17.2. Cross-reactivities were quantified at the 80% and 50% of maximum
anti-serum binding level (Table 17.1).

The order of recognition by the anti-serum for free bases was heleurine >
heliotrine = lasiocarpine > europine > supinine. Cross-reactivity of the N-oxides
was different to that seen for the free bases, with lasiocarpine N-oxide recognized
much less than heliotrine N-oxide by the anti-serum and little recognition towards
supinine N-oxide and europine N-oxide. The overall sensitivity of the anti-serum
for the N-oxides was much lower than their respective free bases. This lack of
recognition for the N-oxides is important as in plant-derived material PAs are
found predominantly as the N-oxide, thus requiring an additional reduction step
to convert N-oxides to free bases prior to the ELISA.

Quantitation of Heliotrope PAs in Foodstuffs

Because of the potential for interfering co-extractives in real samples, the ELISA
needs to be individually assessed for adverse effects with different sample
matrices. Two types of food matrices were investigated, wheat and honey.

Table 17.1. Cross-reactivity determined using the competition heliotrope ELISA.
The mean concentrations of PAs (in solution) to achieve a decrease in binding of
20%1(Iao) and 50% (lso) of antibody to the plate-bound toxin are shown as pg or ng
well™.

Mean % Cross-reactivity
Pyrrolizidine alkaloid Iso Iso Iso Iso
Heliotrine 23 pg 112 pg 100 100
Lasiocarpine 23 pg 150 pg 100 75
Europine 50 pg 400 pg 45 28
Supinine 2ng 15 ng 0.01 <0.01
Heleurine 8 pg 50 pg 250 220
Heliotrine N-oxide 60 pg 1000 pg 33 11
Lasiocarpine N-oxide 300 pg 2500 pg 8 5
Europine N-oxide 15 ng 500 ng <0.01 <0.01
Supinine N-oxide 15 ng 250 ng <0.01 <0.01

Heleurine N-oxide Not determined Not determined
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Fig. 17.2. Standard absorbance curve for anti-heliotrine anti-serum binding to
BHNOX conjugate, coated at 25 ng well”' with doubling dilutions of standard PAs,
showing (a) the free bases and (b) the N-oxides.

Wheat

Clean wheat, spiked with heliotrope seeds at 0, 1, 2, 5 or 10 seeds 100 g", was
extracted for ~18 hours by continuous shaking in sulphuric acid (0.05 M).
Samples were diluted with methanol (1:1) and mixed with indigo-carmine redox
resin for 0.5-2.0 hours to reduce the N-oxides to parent bases.

Post-reduction aliquots were diluted in assay buffer at 1/10, 1/50 or 1/100 for
use in the ELISA. These samples acted as the competitor (similar to standard
solutions of PAs in the cross-reactivity studies) for antibodies, against the plate-
coated conjugate. The amount of competition detected was proportional to the
amount of PAs in the extract and was quantified against a heliotrine standard
curve (prepared in 10% reduced clean wheat extract/assay buffer).

The collated data for three sampling replicates is shown in Table 17.2 as mean
content of PAs (ppb). Values were corrected for all dilutions, including the
ELISA (1 in 10), the reduction (1 in 2), the extraction (I in 2.5) and an
empirically determined reduction efficiency of 54% for conversion of N-oxide to
free base. The PA content per heliotrope seed was determined at 14-22 ug seed™.

To gauge the presence of free bases in the natural matrix and/or the low level
of cross-reactivity of the N-oxides to the anti-serum, PAs in the wheat extracts
were quantified as previously, in the absence of resin reduction. As expected, PA
quantities were much lower, although an increase was noted proportional to the
number of seeds spiked (Table 17.2). This result supports the presence of free
bases at low levels in the seed and/or the low cross-reactivity of the more
abundant N-oxides.
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Table 17.2. The amount of PAs (free base) quantified in wheat extracts spiked
with heliotrope seeds by the ELISA against a heliotrine standard curve.

Heliotrope seeds Heliotrine equivalents (ppb)

in clean grain Adj. Mean

(100 g™ 05h 10h 20h Mean mean (ugseed’)

1seed reduction (1/10) 76 72 70 73 135 14
no reduction 8

2 seeds reduction (1/10) 172 172 164 169 313 16
no reduction 12

5 seeds reduction {1/50) - 680 720 700 1296
reduction (1/100) - 547 380 464 859 22
no reduction 27

10 seeds reduction {1/50) - 1288 1346 1317 2439
reduction (1/100) - 912 1007 959 1776 21
no reduction 62

Honey

The aims of these preliminary investigations were: (i) to ascertain whether
heliotrope PAs, in the honey matrix, could be detected by the ELISA; and (ii) to
validate ELISA results by comparison with levels estimated by liquid
chromatography-mass spectrometry (LCMS).

Two types of honey samples were investigated by the ELISA and LCMS
methods. The first involved the detection of PAs, extracted from honey by solid
phase extraction techniques, reconstituted in aqueous solution (methanolic). The
other, ELISA analysis of neat honey, diluted in ELISA buffer (1 in 10). The
results from this comparison work showed the ELISA detected 43-70% of PAs to
that estimated by LCMS in the first instance and 45-118% of PAs when using
neat honey samples. This work, being preliminary in nature, requires further
optimization of the ELISA for use with honey samples. Nevertheless, the ability
to use neat honey samples in this ELISA was extremely promising.

Conclusion
An indirect competition ELISA for detecting heliotrope PAs has been optimized.
Initial investigations have supported its applicability to wheat and honey samples.
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Chapter 18

Victor King Chesnut (1867-1938), a
Poisonous Plant Pioneer

D.J. Wagstaff
276 East 100 South, Pleasant Grove, Utah 84062, USA

Victor King Chesnut was born on 28 June 1867 to John
Andrew Chesnut and Henrietta Sarah King at Nevada City in
the gold mining region of California shortly after the gold
rush. The family moved to Oakland, California where he
attended public schools. He was trained as a botanist and as a
chemist at the University of California at Berkeley where he
got a BS degree in 1890. Later he acquired some training at
the University of Chicago and Columbian University which is now George
Washington University. He taught chemistry at the University of California and at
Montana State College (MSC) which later became Montana State University (MSU).

In 1894 he was the first person employed full time to research plant poisonings
by the United States Department of Agriculture (USDA) in the Bureau of Plant
Industry under the supervision of the botanist Frederick V. Coville. One project was
to interview American Indians of Mendocino County, California regarding their use
of plants in preparation for displays at the World Fair in Chicago (Chesnut, 1902).

He married Olive Branch Spohr on 18 July 1899 in Oakland, California. She was
trained as a mathematician. The family tell of spirited discussions of whether botany
or mathematics is the more basic science. About the time of Chesnut's marriage,
Edmund V. Wilcox, a veterinarian at the Montana Experiment Station transferred to
the USDA in Washington, DC. Before his transfer, he had written some briefreports
on plant poisonings. The poisonous plant situation in Montana probably was
discussed in USDA, because both Chesnut and Wilcox spent the summer months of
1900 in Montana investigating plant poisonings. They had the cooperation of
livestock owners, veterinarians, the experiment station, state officials, chemists and
laboratory animal researchers. In addition, they had the support of P.A. Rydberg of
the New York Botanical Garden to verify plant identifications.

They travelled over 7000 miles via railroads, stage-coaches and on horseback
investigating outbreaks of plant poisoning in every county of that large state. Their
voluminous report (Chesnut and Wilcox, 1901) documented several types of plant
poisoning especially those caused by Delphinium, Zigadenus and Lupinus. Some of
the poisonous plant problems resulted from overgrazing by the huge number of
livestock on the open ranges. For example, one sheep rancher, Charles Bair, had
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transport to market (Anonymous, 1910). Many outbreaks occurred in hungry
livestock that were unloaded from railroad cars into patches of poisonous plants.
Another problem was driving animals so hastily that they grazed indiscriminately and
thus consumed plants they would ordinarily avoid. _

Chesnut returned to Bozeman, Montana for a few years where he further
investigated poisonous plants and taught chemistry at MSC. Charles Russell, the
Montana Cowboy artist, romanticized the lives of the cowboys. Victor Chesnut
documented some of the problems behind the romance. Conditions have changed
since 1900. The number of livestock has decreased, the open ranges have been
fenced, and railroads no longer transport livestock. However, the basic principles
have not changed. Now, as then, animals that are hungry or thirsty graze poisonous
plants. In addition, animals that are hastily driven graze plants they ordinarily would
avoid. His extensive writings about poisonous plants, not only of Montana but of the
entire USA, were widely circulated and were translated into various languages
(Anonymous, 1906).

An interesting mystery regarding Chesnut in Montana has recently become
known (Scott, 1999). During a 1903 poisonous plant investigation, he visited the
sheep ranch of Charles W. Cook near Unity, Meagher County, Montana. Apparently
Cook was impressed with his academic ties and told him that he and two friends,
David E. Folsom and William Peterson, in 1869 had made the first definitive
exploration of the region which was shortly to become Yellowstone National Park.
He further explained that through a series of unfortunate circumstances the account
of their exploration had never been fully published. Cook turned over to Chesnut his
only copy of the manuscript taken from the diary the trio had made during their trip.
Chesnut made a transcript of the manuscript and took it to David E. Folsom in
Helena, Montana who made some corrections to it. However, Chesnut never got
around to publishing the manuscript before moving to Washington, DC in 1907. The
original Cook manuscript was destroyed in a fire at the Chermustry building at MSU
in 1916. However, Chesnut kept the transcript. Finally in 1922, Oscar O. Mueller,
a son-in-law of Charles Cook, contacted Chesnut who rummaged through his files
and found some original material. Then in 1979, a small collection of papers from
Chesnut's files appeared on a desk in the Special Collections Department of MSU.
Among other things, it contained a few pages of a typewritten manuscript of the
Cook-Folsom-Peterson expedition that had not been previously published. The staff
of Special Collections told me on 21 June 2001 that the identity of the donor of the
small collection of Chesnut's papers was unknown and that for all they knew the
collection could have been in the Special Collections Department or elsewhere in the
MSU library for some time.

Chesnut moved from Bozeman to Washington, DC in 1907 to accept a position
in the Bureau of Chemistry that later became the US Food and Drug Administration.
He published a few articles after that but not on the subject of poisonous plants.
Although he lived in Hyattsville, Maryland where he died on 29 August 1938, he was
buried in the cemetery at St John's Episcopal Church in Beltsville, Maryland.

Victor King Chesnut laid the foundation upon which others, including C. Dwight
Marsh, built a solid body of poisonous plant knowledge. The Montana legacy of
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Victor King Chesnut laid the foundation upon which others, including C. Dwight
Marsh, built a solid body of poisonous plant knowledge. The Montana legacy of
Chesnut lived on in the work of those who followed him. One of the first field
stations used in the poisonous plant research of Marsh was not far from Bozeman at
Greycliffe, Montana. Later his son, Hadleigh Marsh, wrote a definitive textbook of
sheep diseases that included much material about poisonous plants (Marsh, 1965).
Hadleigh Marsh became head of the MSU Department of Veterinary Science and
Veterinary Research Laboratory. The laboratory was subsequently named Marsh
Laboratory in his honour.
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Chapter 19

Phomopsin Intoxication of the Rat Causes
Prodigious Loss of Bodyweight and Liver
Weight

J.G. Allen
Department of Agriculture, 3 Baron-Hay Court, South Perth, WA 6151, Australia

Phomopsins are the toxic metabolites of the fungus Diaporthe toxica (anamorph
Phomopsis sp.) that are responsible for causing the disease lupinosis (Culvenor et
al., 1977). These compounds are predominantly hepatotoxic (Peterson, 1986) and
in sheep cause bodyweight loss in subacute and chronic intoxications, and
increased and decreased liver size in acute and chronic intoxications, respectively
(Allen, 1989). An experiment was conducted to examine the effect of a single
intraperitoneal injection of phomopsin A on the bodyweight and liver weight of
adult female rats.

Materials and Methods

Fifty-two adult female rats (160-288 g, mean 229 g) of a Wistar derived, outbred
strain that was not specific pathogen free, were used. They were kept in standard
boxes in an air-conditioned room with controlled artificial lighting, and provided
commercial rat pellets and water ad libitum. The phomopsins extract used was the
same as that used by Allen and Hancock (1989), and it was shown by high
performance liquid chromatography to contain predominantly phomopsin A. The
rats were divided into two groups of 28 and 24, by random allocation from within
liveweight strata. On day O the group of 28 (intoxicated) were each given 5 mg
phomopsin A kg! by intraperitoneal injection in a volume of approximately 2.5
ml, and the group of 24 (control) were each given an intraperitoneal injection of
2.5 ml of normal saline. The dose rate of phomopsin A was approximately the
LDs, for phomopsin A in adult rats by the intraperitoneal (Allen, 1992) and
subcutaneous (Peterson, 1986) routes. All surviving rats were weighed daily until
day 18, and then again on day 21. Four, 4, 4, 4, 2, 2 and 8 of the intoxicated rats
were euthanized on days 2, 4, 5, 6, 7, 10 and 21 respectively, and all 24 control
rats were euthanized on day 21, at which time liver weights were recorded and
liver samples collected for microscopic examination. Intoxicated rats that had lost
the most weight or appeared most severely affected were selected for euthanasia
at each of the designated times during the experiment. This ensured that no rats
actually died from intoxication.
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Results
Body and liver weights

The mean bodyweights of the intoxicated rats were significantly less than those
for the control rats from day 2 through to day 21 (P <0.005 to 0.001) (Fig. 19.1).
All the surviving intoxicated rats were gaining weight by day 14.

In the intoxicated rats, mean liver weights were unchanged on days 2 to 5, but
on day 6 they decreased markedly (Fig. 19.1). Mean liver weights on days 6 and
10 were significantly less than on day 2 (P < 0.05), but the mean liver weight on
day 21 was not. The mean liver weights of the intoxicated and control rats on day
21 were not significantly different. The pattern of changes in the mean liver
weight: bodyweight ratio was similar (Fig. 19.1), with the mean ratios on days 6,
10 and 21 being significantly less than on day 2 (£ < 0.05). However, the mean
ratio in the intoxicated rats was not significantly different to that in the control
rats on day 21. In addition, if it is assumed that the ratio in the control rats
remained the same throughout the experiment, then the mean ratios in the
intoxicated rats were significantly increased on days 4 and 5 (P < 0.01), and
significantly decreased on days 6 and 10 (P <0.01).

Gross pathology — intoxicated rats

The livers were swollen and creamy pink to creamy brown in colour up to day 5.
From days 6 to day 10 they were reduced in size and were yellowy brown in
colour. On day 21 they were normal colour and approximately normal size, but
were usually misshapen, with some lobes shrunken and others enlarged relative to
the sizes of lobes in the control rats.

Microscopic pathology — intoxicated rats

Through to day 7 there was extensive vacuolation of predominantly periacinar
and mid-zonal hepatocytes. This was reduced by day 10, and only present in
scattered hepatocytes by day 21. Oil red O stains of frozen sections revealed that
the vacuolation was predominantly due to fat accumulation.

Hepatocytes and their nuclei generally increased in size as the experiment
progressed, but the extent of the increase was very variable. On day 21 occasional
hepatocytes and their nuclei were estimated to be 10 times the size of those in
control rats. Regenerating nodules of normal sized hepatocytes were present in all
the livers of intoxicated rats on day 21. In addition, as the experiment progressed
there was substantial proliferation of Kupffer cells, cholangiolar cells and
fibroblasts.

Arrested and abnormal mitotic profiles in metaphase were occasionally
evident in periportal hepatocytes on day 2, and were very prevalent in
hepatocytes throughout the lobules on days 6, 7 and 10. Only a few arrested
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metaphase profiles were present on day 21, when there were also some anaphase
profiles.

Two forms of hepatocyte death were observed. Focal midzonal and
paracentral coagulative and lytic necrosis was occasionally seen in livers
collected on days 4 to 10, but greatest cell loss was considered to be by apoptosis.
This was apparent on day 2, most prevalent on days 4 to 10, and still occurring to
a much lesser extent on day 21. Many of the hepatocytes affected by arrested
mitosis were contracted, with strongly eosinophilic cytoplasm. These are early
changes of apoptosis so it is presumed that hepatocytes affected by arrested
mitosis were lost from the liver by apoptosis.

Conclusions

Intoxication by phomopsin A profoundly affected bodyweight and liver weight of
rats. The average bodyweight loss was 28% of the initial weight, but individual
rats lost up to 3 1%. Bodyweight losses of up to 16% in adult mice (Gardiner and
Petterson, 1972), 40-42% in sheep (Gardiner, 1965; Allen, 1989) and 56% in pigs
(van Rensburg et al, 1975) have been reported following phomopsins
intoxication, but in each of these reports the animals were given multiple doses of
the phomopsins.

Liver weights apparently increased, at least relative to bodyweight, during the
first 5 days following intoxication, then over the next 5 days the livers lost 47%
of their mass. Liver weight losses of 8% in adult mice following a single dose of
phomopsins (Peterson and Lanigan, 1976) and 50% in sheep following multiple
doses of phomopsins (Gardiner, 1965) have been reported.

The initial apparent increase in liver weight coincided with the period of
intense fat accumulation in hepatocytes, and when cell loss was just beginning.
The dramatic loss of liver mass during the sixth day coincided with the rapid
increase in cell loss, predominantly by apoptosis, and occurred in spite of
continued fat accumulation, increase in hepatocyte size, and proliferation of
Kupffer cells, cholangiolar cells and fibroblasts. The rapidity with which it
occurred is a reflection of apoptosis itself, which is a very rapid process of active,
energy dependent, cellular self-destruction (Kerr, 1971). The haif-life of
histologically obvious apoptotic bodies is about 4 hours (Potten et al., 1978), so
even extensive apoptosis may be a relatively inconspicuous event (Searle et al.,
1982). The extent to which phomopsin A caused mitotic arrest and apoptosis
suggests that it may have potential as an anti-cancer drug.
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Chapter 20

The Role of Condensed Tannins on the
Rumen Degradation of Lotus pedunculatus

M.H.L. Bento" 2, T. Acamovic' and J.M.F. Abreu’
' Avian Science Research Centre, SAC, Ayr, KA6 SHW, Scotland, UK; *DPAA,
Instituto Superior de Agronomia, Tapada da Ajuda, 1349-017 Lisbon, Portugal

The presence of tannins in plants and in animal diets is frequently regarded as
undesirable because of the antinutritional and toxic properties of tannins. It has
been demonstrated that tannins bind to proteins and other nutrients, chelate metal
ions and increase endogenous losses from animals. However, numerous authors
have reported decreased ruminal degradation of protein in the presence of tannins,
due to their ability to increase rumen bypass protein. Thus, more protein may be
available for digestion in the small intestine. Condensed tannins (CT) strongly and
selectively bind to proteins and form relatively stable complexes at rumen pH.
These complexes are reported to become less stable at low and high pH where
dissociation has been observed to occur with radiolabelied bovine serum albumin
(D.M. McNeill, Sydney, 2001, personal communication).

The aim of this study was to assess the effect of CT present in Loftus
pedunculatus (cv. Maku), grown in Portugal, on dry matter (DM) and nitrogen
(N) degradation in the rumen, and to estimate the effects of these tannins on the
post-rumen digestion using poultry as a model.

Materials and Methods

Rumen degradation

Lotus pedunculatus was harvested, dried and ground to a particie size of 2 mm.
The composition of lotus (DM = 929.0 g kg'') was as follows: N = 31.4, neutral
detergent fibre (NDF) = 411.3, and CT = 96.8 g kg DM. Polyethylene glycol
(PEG) was added to the ground lotus (1 g PEG:2 g lotus).

Lotus, treated with PEG (5 g) and control (PEG-free lotus) were weighed in
duplicate in nylon bags (pore size of 40 um), and incubated in the rumen of each
of three sheep for 3, 6, 9, 12, 16, 24, 48, 72, 96 and 120 h. The nylon bags were
removed, washed with cold water and dried in a forced-air oven at 45°C. DM
disappearance from the nylon bags was determined. Concentration of N in the
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residues was measured to determine protein losses. Condensed tannins (CT) were
measured in lotus by the butanol-HCl assay.

The disappearance of DM and N (g 100 g' DM) were fitted to the exponential
equation described by @rskov and McDonald (1979) [d=a + b (1-"")], where d
represents the disappearance from the bag after ¢ hours, a the rapidly degradable
fraction, b the slowly degradable fraction and ¢ the rate of degradation of fraction
b. Fraction b was re-estimated as B = (¢ + b) — A, where A = actual soluble
fraction. Lag time (L) is the time between incubation and the start of degradation,
and it was calculated according to the equation L = 1/c [In (b/B)]. Effective
degradability (ED) was estimated by using the pre-defined parameters and %, the
outflow rate of digesta from the rumen (0.03 h'):

(~{c+hL)
ED = A + [bee V(e + k)

Disappearance of DM and N measured in sifu were analysed in a repeated
measure arrangement (GLM). Differences between treatments of in situ kinetic
characteristics were subjected to the Mann-Whitney test.

Post-rumen digestion

Post-rumen effects of tannins were assessed using the modified tube feeding
technique in poultry (Ferraz de Oliveira et al., 1994). Three-week old broilers
were starved for 24 h before receiving 50 ml of an aqueous glucose solution by
tube. After a further 24 h, each bird received about 10 g of PEG-treated lotus and
control (PEG-free lotus) and the control birds received 50 ml of glucose solution
by tube. Eight replicate birds were used per treatment. All excreta voided during
the 48 h following feeding was quantitatively and individually collected, and was
then frozen (- 20°C), freeze dried, and finely ground (1 mm). The excreta voided
by the control group birds were considered as an estimate of bird endogenous
losses. True dry matter digestibility (TDMD) for PEG-treated lotus and the
control was calculated according to the equation:

TDMD = [DMin — (DMexc — DMexcg))]
DMin

Where, DMin = dry matter intake (g); DMexc = dry matter excreted (g);
DMexc g, = dry matter excreted by the glucose fed birds (g).

Similarly, the coefficients of N retention (CNR) were calculated when N was
substituted for DM in the above equation. Differences between treatments were
analysed using the Mann-Whitney test.

All data were analysed using Statistical Package for Social Sciences (SPSS).
All animal studies were conducted with the approval of the welfare committees of
SAC and DPAA.
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Results

All animals survived the treatments in good health.
Effects of lotus tannins on rumen degradation

Dry matter (DM) and N disappearances from the bags incubated in the rumen for
the control and PEG-treated lotus are presented in Figs 20.1 and 20.2. PEG
treatment significantly (P < 0.05) increased DM and N disappearances of lotus
from the bags at all times of incubation.

Ruminal degradation of the two treatments was reasonably described (R2 =
0.98 £ 0.004) by the exponential equation defined by @rskov and McDonald
(1979).

The degradability characteristics of DM and N are found in Table 20.1. Lotus
treated with PEG had significantly (P < 0.05) higher values in all the DM
degradability characteristics, except for the lag time (L), slowly degradable
fraction (B) and effective degradability (ED) (P > 0.05). The use of PEG resulted
in higher (P < 0.05) N degradability characteristics, except for the lag time (L)
and effective degradability (ED) (P > 0.05). However, the slowly degradable
fraction (B) was significantly (P < 0.05) lower for the PEG-treated lotus than the
untreated lotus.
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Fig. 20.1. Rumen degradability of Lotus pedunculatus: in situ dry matter (DM)
disappearance curves of the control and PEG-treated lotus (n = 6).

Lotus (control) ¢; Lotus/PEG [O.



Condensed Tannins on Degradation of Lotus pedunculatus 131

15.0

12.0 +—

©
[an)
|

N disappearance
(g 100 g"' DM)
()]
o
|
{

w

)
|

I

o
o

T T T T T T T T

0 12 24 36 48 60 72 84 96 108 120
Incubation time (h)
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Table 20.1. Ruminal kinetic characteristics and effective degradability of dry
matter (DM) and nitrogen (N) of PEG-treated Lotus pedunculatus and control.

Control PEG-treated lotus

Dry matter

A (g 100 g of DM) 28.8° 34.4°

B (g 100 g™ of DM) 36.9 35.4

A+B (g 100 g of DM) 65.7° 69.8°

c(%h’) 0.110° 0.196°

Lag time (h) 1.8 21

ED (g 100 g"* of DM) 51.4 53.5
Nitrogen

A (g 100 g"' of DM) 5.2° 7.6°

B (g 100 g™* of DM) 8.0° 6.0°

A+B (g 100 g of DM) 13.2° 13.6°

c(%h’) 0.073° 0.208°

Lag time (h) 0.5 18

ED (g 100 g’ of DM) 10.6 11.0

"% Data in each row with different superscripts are significantly different (P < 0.05).
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Effects of lotus tannins on post-rumen digestion

The data obtained from poultry demonstrated that TDMD and CNR were
significantly (£ < 0.05) higher in PEG-treated lotus compared with control. The
TDMD for treated and untreated lotus were 0.725 + 0.16 and —-0.048 + 0.091,
respectively. _

The CNR values of the treated and untreated lotus were —0.13 = 0.55 and
~2.240 + 0.476, respectively. Total N excretion was considerably higher for the
control (2.1 £ 0.11 g) than for PEG-treated lotus (1.5+ 0.13 g).

As can be clearly seen, the addition of PEG to lotus forage improved the
TDMD from -0.048 to 0.725 suggesting that tannins have a substantial negative
effect in post-rumen digestion of nutrients and/or on endogenous losses.
Treatment of lotus with PEG improved the CNR from -2.24 to —0.13, indicating
that lotus increases endogenous losses in the lower gut of animals due to the
presence of tannins.

Conclusions

The reduction in the disappearance of DM and N in the rumen caused by lotus
tannins may be due to the formation of tannin-protein complexes that are
unavailable for microbial degradation at rumen pH. A larger quantity of dietary N
will be available for post-rumen digestion and absorption in the small intestine
when the lotus tannins are present.

The results shown above suggest that tannins in the duodenum increase the
endogenous protein loss of the animal. This is of extremely high nutritional cost to
the animal and supports the hypothesis that tannins can still adversely affect the
lower gastrointestinal tract (GIT) of animals. The use of tannins as protein
protection agents for ruminants and for their anthelmintic properties
(Athanasiadou ez al., 2001) needs to be considered with care to avoid adverse
effects. Thus the type, form (either bound or free) and concentration of tannins
used, require judicious selection. Lotus tannins exerted a negative effect on post-
ruminal digestibility of DM and N (TDMD and CNR) when using poultry as a
model. Others have reported the impairment of N absorption from the small
intestine in tannin-fed animals. Barry e? al. (1986) reported an increased faecal N
excretion in sheep fed on L. pedunculatus. Similarly, Reed et al. (1990) and
Wiegand et al. (1995) found that feeding high tannin fodders increased the
proportion of faecal excretion of N and also the proportion of N attached to the
NDF. These results are supported by the findings reported in this chapter.
Furthermore, the increased excretion of N caused by tannins is due to increased
endogenous losses from the gut of broilers used in our study. This may also occur
in the duodenum of ruminants that have consumed tannins (Reed et al., 1990,
Wiegand et al., 1995). The binding of the released (free) tannins to structural
proteins within the GIT, along with the increased secretion of endogenous
proteins from the intestine and the reduced activity of digestive enzymes, could be
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factors in reducing the apparent digestibility of rumen undegradable protein in
ruminants. Lesions of the gut mucosa have been reported in tannin-fed animals
(Dawson et al., 1999), and these may influence absorption of nutrients in the
intestine. The negative CNR values observed in PEG-treated lotus indicate the
presence of other factors that may have increased the N excretion.

Lotus tannins have effects not only in the rumen but also in the lower gut and
may induce negative effects on post-rumen digestion of nutrients.
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Cyclopiazonic acid (CPA) (Fig. 21.1) was discovered during toxicity screening of
fungi isolated from groundnuts (Holzapfel, 1968). Although originally isolated
from Penicillium cyclopium (now P. griseofulvum), CPA is produced by several
species of the genera Penicillium and Aspergillus, including Aspergillus flavus.
Significantly, CPA is produced by aflatoxigenic strains of 4. flavus but not
Aspergillus parasiticus and is likely to occur with aflatoxin (Bryden, 1991).
Aflatoxin is a frequent contaminant of major agriculturali commodities (Pittet,
2001) but surveys of the occurrence of CPA in agricuitural commodities are
limited.

Occurrence and Association with Disease

The widespread occurrence of fungi capable of producing CPA signals the
likelihood of contamination of agricultural commodities and field intoxications
with this toxin. The natural occurrence of CPA was first reported in 1978, when
maize contaminated by A. flavus was found to contain CPA (Gallagher et al.,
1978). Later, Lansden and Davidson (1983) reported natural contamination of
peanuts with CPA and Le Bars (1979) showed contamination of cheese, Rao and

HiC 0

CH

Fig. 21.1. Chemical structure of cyclopiazonic acid (CPA).
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Husain (1985) demonstrated contamination of kodo millet and Stoltz er al. (1988)
described contamination of maize.

Naturally occurring CPA toxicosis has not been unequivocally confirmed but
there are a number of disease episodes (Table 21.1) where there is good
circumstantial evidence for CPA involvement. The outbreak of mouldy maize
toxicosis in cattle described by Albright et al. (1964) was attributed to the toxic
effects of three fungal species isolated from the maize. One species, P. cyclopium,
has since been shown to produce CPA. Of the syndromes listed in Table 21.1, the
episode of reproductive failure and feed refusal in sows is the least convincing as
a possible CPA intoxication due to a lack of information on effects of CPA in
sows. However, in this case 10 mg CPA kg' was detected in the mouldy
sunflower screenings responsible for the field case (Ross er al, 1991). The
feedstuffs associated with Kodua poisoning (Rao and Husain, 1985) and death of
quails (Stoltz et al., 1988) contained CPA. In these latter cases and the other cases
in Table 21.1, affected people, animals and birds exhibited neurological signs
during the course of the disease. Neurological signs especially of a neuromuscular
nature are characteristic of CPA intoxication (Bryden, 1991). Stoltz er al. (1988)
based their diagnosis of CPA toxicosis of quail on clinical signs of opisthotonus
at death, histopathology and a level of 6 mg CPA kg' feed. The feed also
contained aflatoxin (0.45 mg kg') and ocharatoxin A (0.5 mg kg') but the
neuromuscular signs displayed by the quail and the relative levels of toxins found
would implicate CPA as the major cause of death.

It is accepted that aflatoxin is the causative agent of Turkey X' disease and it
was from this disease outbreak in 1961 that aflatoxin was discovered. Cole (1986)
presented a persuasive case for the involvement of CPA in this syndrome after
reviewing the original reports. The neurological signs (including opisthotonus)
and enteritis observed in Turkey 'X' disease are not associated with aflatoxicosis
but if CPA was also present in the Brazilian groundnut meal that caused the
syndrome, then the clinical signs exhibited by the turkey poults could be totally
explained (Cole, 1986). Bradbumn et al. (1994) subsequently established that the
turkey poults had ingested groundnut meal containing CPA as high as 31pg kg™

Table 21.1. Field cases with suspected cyclopiazonic acid involvement.

Disease Species Feedstuff Reference

Mortality Cattle Maize Albright ef a/. (1964)

Mortality Cattle Barley Harrison (1971)

Staggers Cattle Mixed feed  Hacking and Harrison
(1976)

Kodua poisoning Man, cattle  Millet Rao and Husain (1985)

Turkey 'X' disease Pouits Groundnuts  Cole (1986)

Mortality Quait Mixed feed  Stoltz et al. (1988)

Reproductive failure  Pigs Sunflower Ross et al. (1991)
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Effects in Poultry and Farm Animals

Cyclopiazonic acid is an indole tetramic acid and toxicological studies with CPA
have been conducted in several species including rats, mice, chickens, pigs and
dogs (for review see Bryden, 1991). Species vary in their susceptibility to acute
exposure to CPA, with LD50 values ranging from 2.3 to 69.6 mg kg™ for the rat
and quail, respectively (Bryden, 1991). The principal target organs are the liver,
kidney and digestive system. The toxin acts primarily as an entero-nephrotoxin in
chickens and pigs and primarily as an hepatotoxin in rats.

Dorner et al. (1983) found that diets containing 100 mg CPA kg’ significantly
reduced chicken growth rate and feed intake. This dietary concentration
approximates to a daily intake of 40 mg kg™ bodyweight or three times the LD50
of the chicken (Wilson et /., 1989). In subsequent studies with growing chickens
and laying hens intakes exceeding 5 mg kg™ bodyweight resulted in high
mortality (Cullen er al., 1988; Cole er al., 1988; Suksupath, 1993). The
discrepancy between the different studies presumably relates to the dosing
protocol and the manner in which CPA was administered. In the study by Dorner
et al. (1983) purified CPA was added to the diet, whereas in the latter studies,
CPA was administered daily in gelatin capsules. The bolus of CPA administered
when dosing with capsules may allow for greater gastrointestinal absorption of
CPA. In contrast, addition of the purified toxin to feed is likely to reduce CPA
availability through chelation with dietary constituents.

Broiler growth rate, feed intake and feed conversion efficiency are depressed
by CPA (Dorner et al., 1983; Wilson et a/., 1990; Suksupath, S., Bryden, W.L.
and Cole, R.J., 1988, unpublished observations). Likewise, laying hens ingesting
CPA reduce feed intake and egg production but egg weight was not changed
(Cole et al., 1988; Suksupath, 1993). The most noticeable feature of studies with
laying hens is the marked deterioration of egg shell quality that accompanies CPA
intoxication. Hens receiving daily doses of 5 mg kg™ bodyweight laid eggs that
were either badly cracked or shell-less and all hens died within 7 days. No hens
died when dosed with 2.5 mg kg™ day™' but their eggs had significantly thinner
shells and were often visibly cracked (Cole er al., 1988; Suksupath, 1993).
Suksupath (1993) conducted a 28 day study in which hens were dosed daily with
2.5 mg CPA kg’ and artificially inseminated weekly. Bodyweight was unchanged
during the study and feed intake, although depressed by 30% during the first
week of dosing, returned to normal thereafter. Although egg production was
reduced by 40% over the whole period it was reduced by 65% during week two
and then began to increase. Egg shell thickness was reduced by CPA and this was
reflected in a reduction in the number of eggs suitable for incubation. The fertility
of hens was not diminished by CPA but hatchability dropped by 30%. Of the
embryos that failed to hatch all appeared normal and hatched chicks grew
normally. On the other hand, CPA reduced semen volume and sperm number and
increased the number of abnormal spermatozoa in mature male chickens
(Suksupath et al., 1990).
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Pigs are susceptible to CPA ingestion (Lomax et al., 1984) but there have
been no detailed studies of chronic CPA toxicosis in this species. Similarly, no
long-term studies have been conducted with ruminants. Feed intake and milk
production were significantly depressed within 24 hours of ewes receiving an oral
dose of 5 mg CPA kg™ bodyweight (Cole et al., 1988; Elrington, 1991). This is
the only report of experimental CPA toxicosis in a ruminant species and the
response of sheep suggests that further studies are warranted. '

Another area of concern is the likely impact of CPA on immune function. The
toxin did not affect delayed cutaneous hypersensitivity, complement activity,
intracutaneous mitogen and in vitro lymphocyte blastogenesis in guinea pigs
(Richard ef al., 1986; Pier ez al., 1989). Interestingly, CPA appears to restore the
suppressive effects of aflatoxin in delayed cutaneous hypersensitivity response
and in vitro lymphocyte blastogenesis (Pier et al., 1989). It appears that CPA is
without effect on cell-mediated immunity but studies in rats suggest that it may
modulate antibody formation (Hill et al., 1986) which would be consistent with
the reduction in lymphoid tissue observed in dogs and chickens during CPA
toxicosis (Dorner et al., 1983; Nuehring et al., 1985).

Presence in the Food Chain

As noted above, CPA can occur in a range of plant commodities and represents a
potential problem to farmers who feed their animals grain-based diets, especially
those based on maize. The toxin has also been found in cheese and cured meats
that have been subject to fungal spoilage (Bryden, 1991). Studies of the
distribution and excretion of radiolabelled CPA in rats and chickens have shown
that the toxin accumulates to a significant degree in skeletal muscle (Norred et
al., 1985, 1988). Accordingly, CPA may contaminate carcasses and meat
products of animals ingesting this mycotoxin. This raises the possibility that CPA
residues may be found in other animal products and studies in the authors’
laboratory have demonstrated the presence of CPA in eggs of laying hens and
milk of sheep dosed orally with CPA (Dorner et al., 1994). In a series of studies
Prasongsidh (1998) was able to demonstrate that CPA could be found in cheese
curd, butter and cream manufactured from contaminated milk. He was also able
to show that CPA could not be completely eliminated by heat-treatment during
milk processing, storage or the processing and manufacture of dairy products. It
can be concluded that animal products could be a source of CPA for humans.

A realistic evaluation of the risk presented by CPA in the food chain requires
more detailed information on the toxicology of this mycotoxin and its occurrence.
To date, difficulties with analysis have precluded large scale surveys (Bryden,
1991). Despite occurring naturally and being produced on a range of commodities
by ubiquitous fungi, CPA remains neglected, although exposure to the toxin may
be widespread. The demonstration of CPA residues in milk, eggs and meat further
highlights possible exposure. Moreover, the clinical signs of CPA intoxication
result from disturbance of cellular calcium metabolism following specific



138 Bryden et al.

inhibition of calcium dependent ATPase (for review see Riley, 1998; Norred and
Riley, 2001). The importance of calcium homeostasis for normal cell metabolism
would suggest that chronic or low level exposure to CPA may significantly
impact on human and animal health.
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Ipomoea muelleri (morning glory) (Convolvulaceae) was suspected as a cause of
cattle deaths in the north of Western Australia in the middle of the last century
(Gardner and Bennetts, 1956). Then in the early 1960s, serious sheep losses in the
western Gascoyne district of Western Australia were caused by consumption of
this plant (Gardiner et al., 1965). A disease with similar clinical signs, but caused
by consumption of Ipomoea sp. Q6 (aff. calobra) (Weir vine), occurs in
Queensland (Everist, 1974; Dowling and McKenzie, 1993). Until recently,
lysergic acid amides were considered to be the causative toxins in both of these
poisoning cases (Gardiner et al., 1965; Dowling and McKenzie, 1993).

New studies into /pomoea sp. Q6 (aff. calobra) revealed the presence of the
glycosidase inhibitors swainsonine and calystegine B2 in the seeds. Furthermore,
lesions present in the brain tissues of sheep and cattle poisoned by this plant in
the field, were similar to those seen in swainsonine intoxication (Molyneux et al.,
1995). More recently, a neurological condition in goats in Mozambique, which
manifested as ataxia, head tremors and nystagmus, was shown to be caused by the
consumption of Ipomoea carnea, the leaves of which were found to contain
swainsonine and calystegines B2 and C1 (de Balogh et al., 1999) (Fig. 22.1).

Notable losses of sheep caused by the consumption of /. muelleri have not
been reported since the 1960s. However, current pastoralists in the Gascoyne and
West Pilbara areas of Western Australia believe that a transient staggering
condition seen in some sheep being moved along stock routes is due to the
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Fig. 22.1. Structures of calystegines found in [pomoea spp.

consumption of this plant which grows along the stock routes (Peter Grey,
Glenflorrie Station, 2001, personal communication). Additionally, on at least
three occasions in the 1990s, a syndrome involving permanent hindquarter ataxia
was reported in adult cattle grazing native /pomoea spp. in the Gascoyne and
West Pilbara areas of Western Australia. This condition in cattle sounded similar
to the disease seen in sheep in the 1960s, and pastoralists described affected
animals as appearing drunk.

These native Ipomoea spp. often provide the first green feed at the start of the
wet season and the last green feed in the following dry season. Affected cattle
were first observed during the wet season and usually perished during the
following dry season. Veterinarians have observed affected animals but until very
recently no samples have been collected for submission to laboratories. It was
decided to collect samples of the plants and to examine them for the presence of
swainsonine and calystegines.

Phytochemical Investigation

Samples of I, muelleri and Ipomoea lonchophylla were collected from the West
and East Pilbara and East Kimberley regions of north Western Australia, from
areas where the ataxia syndrome had been observed, but not at the time of the
poisonings.

The filtered, methano! extract of air-dried, finely ground whole plant was
evaporated to dryness and the residue extracted with water. The filtered, acidified
(pH 4) aqueous extract was applied to a strong cation exchange solid phase
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extraction (SPE) column. The SPE column was then washed with deionised water
and methanol. The adsorbed alkaloids were eluted with a solution of ammonium
hydroxide in methanol (1% v/v). Transferred to a sample vial, the dried samples
were treated with a pyridine (10): hexamethyldisilazane (HMDS) (9):
trifluoroacetic acid (TFA) (1) solution (0.5 ml) at room temperature for at least |
h before being qualitatively analysed using GC/MS and, for quantitation
purposes, GC/MS/MS.

The MS/MS quantitation sequences utilized ions at m/z 285 (tri-
TMScalystegine A, M - TMSOH), 373 (tetra-TMScalystegine B, M" - TMSOH),
461 (penta-TMScalystegine C, M" - TMSOH) and 389 (triTMSswainsonine).
Note that the use of the pyridine/HMDS/TFA reagent only derivatized the
hydroxy! functional groups. Molyneux et al. (1995) noted the differences in the
respective mass spectra obtained for the O-derivatized calystegines compared to
the N- and O-derivatized compounds.

In addition to observing and quantitating those calystegines (A3, B2, B3 and
C1) for which authenticated standards were available, another calystegine was
observed in all the plants examined (Fig. 22.2). Examination of the mass
spectrum of this unidentified calystegine indicated that it belonged to the B group
(M" 463, 1%; 448, 8%, M'-CH3; 373, 100%, M"-TMSOH). The major difference
between the mass spectra of the unidentified calystegine and the standard
calystegines B2 and B3 was the lack of a strong ion at m/z 217. The ion at m/z
217 is due to TMSO-CH=CH-CH=0"TMS which is lost from calystegines (such
as B2, B3 and C1) that possess a 1,2,3-trihydroxy entity (Molyneux et al., 1995).
Therefore, the unidentified calystegine is without this 1,2,3-trihydroxy character
and is thus similar to Bl or B5 (Fig. 22.1). A related observation that this
unidentified calystegine is the main calystegine in /pomoea violacea (Colegate,
S.M., Mills, J. and Dorling, P.R., unpublished results) will enable isolation and
conclusive identification of this compound. The tentative assignment as a Bl-like
calystegine is supported by observation of an ion at m/z 257, 57% (rather than
m/z 259, 20% as with calystegines B2 and B3). It is indicative of the loss of
TMSOH from carbons 7 and 8 in the five-membered ring of the nortropane
skeleton.

A quantitative standard was not available for the unidentified Bl-type
calystegine, however, based on total ion response the levels seem to be about the
same as observed for calystegine B3. This conclusion is supported by the
GC/MS/MS response for the ion at m/z 373 after making allowance for the
observation that the 373 ion is about fivefold more relatively abundant from the
unidentified calystegine B compared to that for B2 and B3. The estimated content
of calystegines A3, B2, B3 and C! in the plants (Table 22.1) are the means of
duplicate analyses.

Conclusions

GC/MS/MS analysis of extracts of /. muelleri and 1. lonchophylla showed the
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Fig. 22.2. Total ion chromatogram of derivatized calystegine and swainsonine
standards (A) and base extract from /. muelleri (Accession number PRP838) (B).
a: calystegine A3; b: swainsonine; c: calystegine B3; d: unidentified B1-type
calystegine; e: calystegine B2; f: calystegine C1.

presence of calystegines A3, B2, B3, the Bl-like calystegine and Cl (B2 > BI-
like, B3 > Cl > A3; total calystegines between | and 10 mg kg™ dry weight (DW)
of plant) and only a barely detectable trace of swainsonine. This is in contrast to
the analyses of . carnea, I sp. Q6 (aff. calobra) and Ipomoea polpha by others
(Molyneux et al., 1995; de Balogh er al., 1999) where swainsonine was a major
component of the plants.

Swainsonine and the calystegines are all glycosidase inhibitors (Molyneux et
al., 1993; Nash er al., 1998), but only swainsonine has been shown
experimentally to cause neurological disease. The calystegines per se have not
been unequivocally associated with field intoxication syndromes. However,
Solanum dimidiatum and Solanum kwebense, which cause Crazy Cow syndrome
in Texas and Maldronksiekte (translated as mad-drunk disease) in South Africa
respectively, both contain calystegines (Nash ef al., 1993). Both syndromes are
characterized by neurological signs of cerebellar dysfunction such as
incoordination and staggering. Histologically, the most striking change is severe
vacuolation and degeneration of the Purkinje cells in the cerebellum.

When calystegine A3 was delivered to a mouse, via an implanted osmotic
pump, at a rate of 10 mg kg™ day™ for 28 days, extensive vacuolation of the liver
Kupffer cells was observed (Watson et al., 2000). A similar effect was not
observed when mice were dosed with calystegine B2.

In the dry season of 2001 (June) a 2-year-old Brahman heifer affected with a
hindquarter ataxia condition on a property in the Gascoyne was necropsied. This
heifer had consumed /I muelleri during the wet season, had then become
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Table 22.1. Calystegines A3, B2, B3 and C1 content of /. lonchophylla and /.
muelleri.

Plant sample Calystegine mg kg™’ DW (% of total)

Name (accession number) As B; B; Cy Total

1. lonchophylla (C61) 0.05 2.69 0.31 0.25 3.30
Q%)  (82%) (9%) (7%)

. muelleri (PRP838) 0.18 517 1.27 0.74 7.36
Q%)  (70%)  (17%)  (10%)

. muelleri (AAM5537) 0.01 1.27 0.10 - 0.15 1.53
(0.6%) (83%) 6.4%) (10%)

. muelleri (AAM4733) 0.12 0.74 0.17 0.04 1.07

(4%) (88%) (7%) (1%)

clinically affected, and was deteriorating as the dry season progressed. There was
no significant gross pathology. Microscopically there was apparent patchy loss of
Purkinje cells, proliferation of Bergmann’s glial cells, and very occasional
spheroids in the molecular layer in the cerebelilum. In the cervical, thoracic and
lumbar/sacral cord there was mild to moderate Wallerian degeneration in all areas
of the white matter, with no tracts being obviously more affected than others.

Pen feeding trials with the plants and experimental evidence that the
calystegines can produce an ataxia syndrome in cattle will be necessary to
establish that consumption of /. muelleri and 1. lonchophylla by cattie may have
caused the clinical signs observed.
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Introduction

In hepatogenous photosensitization diseases, hepatic excretion of phylloerythrin is
decreased or ceased causing retention of phylloerythrin (Fldeyen, 1999). Phylloerythrin
is a metabolic product of chlorophyll produced in ruminants by rumen microorganisms
(Rimington and Quin, 1933; Quin er al., 1935). Unlike chlorophyll, which has a long
phytyl side chain preventing it from being absorbed from the digestive tract,
phylloerythrin has lost the side chain and can be absorbed from the gut. Normally,
phylloerythrin is conjugated by the liver and excreted into the bile, but some types of
liver damage or liver dysfunction impair the hepatic elimination of phylloerythrin.
Thus, phylloerythrin enters the bloodstream and reaches the skin cells where it
accumulates intracellulary (Slater and Riley, 1966). Phylloerythrin is a porphyrin
(Fischer and Hilmer, 1925) and has its absorption (about 420 nm) in the visible region.
An acute inflammatory response of the skin is induced when phylloerythrin is excited
by sunlight. Excitation initiates reactions that require molecular oxygen. Excited
phylloerythrin molecules transfer their energy to oxygen, thus causing the formation of
toxic singlet oxygen or oxygen radicals. Singlet oxygen is believed to be the main
cytotoxic agent of porphyrin-like molecules (Weishaupt er al., 1976; Agarwal er al.,
1992).

The present work was undertaken to study the increase in phylloerythrin
concentration in the plasma and skin of sheep dosed with sporidesmin, a
mycotoxin known to cause liver damage resulting in phylloerythrin retention and
photosensitization.

146
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Materials and Methods

Fifteen Romney X Polled Dorset weaned female lambs, approximately 5 months
old were randomly selected from a commercial sheep farmer. Eleven of these
lambs were dosed with 0.25 mg sporidesmin kg' bodyweight on each of 2
consecutive days. Four undosed lambs were kept with the sporidesmin-dosed
lambs as controls. Both the sporidesmin-dosed lambs and the controls were kept
in open pens and were exposed to natural sunlight for most of each day. After the
onset of photosensitization the lambs were housed indoors in darkened
conditions. The lambs were fed on green pellets of lucerne until day 12 and on
fresh cut grass ad libitum for the remaining experimental period. The lambs were
killed by captive bolt stunning and exsanguination on day 26 of the experiment.
Tissue samples from the necropsies were taken, but data from that part of the
study are not included in this chapter.

Sporidesmin was extracted (Mortimer and Ronaldson, 1983) from cultures of
Pithomyces chartarum at AgResearch, Ruakura, New Zealand.

Phylloerythrin was provided by Porphyrin Products (Logan, UK). The dye
was dissolved in methanol to a concentration of | mg mi™ as a stock solution and
stored at —20°C.

Fluorescence emission and excitation spectra were measured by the means of
a Perkin-Elmer LS-50B luminescence spectrometer (Perkin-Elmer, Norwalk,
USA) equipped with the red-sensitive photomultiplier (red-sensitive PMT,
Hamamatsu, R-928), to facilitate measurement in the spectral region from 400 to
900 nm.

Plasma measurements were performed by direct spectrofluorometric
examination in a | ml quartz cuvette. Skin measurements were done with an
external fibre optic probe (Perkin-Elmer, Norwalk, CT) consisting of a | m-long
fibre optic attached to the LS-50B. The readings were taken by an operator
holding the free end of the optic probe on an unpigmented part of skin adjacent to
but just to the area left of the vulva. Optimal sensitivity was achieved with a
constant | cm distance between the fibre optic end and the sample, achieved by
fixing the fibre optic end in a metal tube. All skin and plasma readings were
conducted in darkened conditions.

Results and Discussion

The two first cases of photosensitization from the outside lambs occurred 10 days
after sporidesmin dosing. Eight out of 11 sporidesmin-dosed lambs became
photosensitized during the experimental period. One became photosensitized on
day 11, two on day 13, and one on days 14, 16 and 17, respectively.

The spectrum of the fluorescence from the specimens of plasma from
photosensitized sheep was very similar to that obtained from plasma from healthy
animals to which was added phylloerythrin (Fig. 23.1). The emission spectrum
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Fig. 23.1. The fluorescence spectra of plasma obtained from a healthy lamb to
which phylloerythrin had been added (curve 1), from a photosensitized lamb 17
days after being dosed with 0.25 mg sporidesmin kg” bodyweight for 2
consecutive days (curve 2) and from a control (curve 3). The maximum of the
shorter wavelength band occurs at 649 nm and the fonger at 709 nm. Excitation
wavelength was 422 nm for all spectra.

from plasma from a healthy animal without addition of phylloerythrin had a
minor fluorescence at 670 nm and is shown in Fig. 23.1 as a baseline.

All the plasma obtained from photosensitized lambs exhibited strong
phylloerythrin-like fluorescence having identical spectra; maximum of two main
fluorescence bands at 649 (1) nm and 709 (x1) nm (Fig. 23.2) and excitation
maximum at 422 nm.

At the beginning of the experiment, all animals had a small fluorescence at
670 nm (Fig. 23.2). Then the peak gradually changed to a phylloerythrin
spectrum with peaks at 649 and 709 nm, but the middle peak was still present. In
most samples the intensity of the spectra from phylloerythrin increased compared
to the peak at 670 nm, that it masked the peak totally. There are reasons to
suspect that this middle peak is due to metabolized phylloerythrin. Phylloerythrin
could be metabolized by the liver and excreted through the bile. Phylloerythrin is
a very similar compound to bilirubin, which is conjugated with glucoronic acid in
the liver (Kaneko, 1989); the same could be true with phylloerythrin.

From a model and comparison study, with spectra from plasma obtained from
healthy sheep with addition of phylloerythrin, we estimated the concentration of
phylloerythrin in the photosensitized animals from 0.3 to 0.8 umol I" the day they
were clinically photosensitized. Figure 23.2 shows spectra from plasma of a lamb
which became clinically photosensitized on day 14 after dosing, corresponding to
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Fig. 23.2. Fluorescence spectra obtained from plasma from sporidesmin dosed
sheep during the experimental period, last measurements being day 25 after
dosing. The sheep was clinically photosensitized on day 14. Excitation wavelength
was 422 nm for all spectra.

a concentration of 0.8 pmol I"' phylloerythrin. This increased to 4.9 umol I'' on
day 25.

The fluorescence in the skin showed similar spectra as in plasma. All the
animals had a fluorescence signal with a maximum at 670 nm at the beginning of
the experiment and in several animals this peak remained throughout the
experimental period. The changes to the phylloerythrin-like spectra occurred in
the skin 2 to 3 days after the plasma, and the phylloerythrin-like spectrum
occurred only in the lambs that showed photosensitization early in the
experiment. The excitation maximum of the phylloerythrin-iike spectrum was at
421 nm and this gave rise to three fluorescence emissions peaks at 650, 670 and
710 nm respectively.

Conclusion

Plasma fluorescence can be used to demonstrate the presence of phylloerythrin in
hepatogenous photosensitization. The method may also be of value in
demonstrating this photodynamic compound in cases in which liver injury may
not be readily detected. Such cases may include chronic hepatic insuffering of
very high phylloerythrin production.

All spectra obtained from photosensitized animals exhibited strong
phylioerythrin spectra at the time they were clinically photosensitized. The
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fluorescence spectra from plasma of photosensitized sheep were very similar to
those seen in plasma from healthy sheep, to which phylloerythrin had been added.
Skin measurements with a fibre optic probe showed phylloerythrin spectra too,
but these were delayed compared to clinical signs and measurements in plasma.
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This chapter reviews the plants toxic for ruminants in the State of Paraiba,
Northeastern Brazil. Intoxication by Crotalaria retusa and Prosopis juliflora are
reviewed in separate chapters.

Plants Causing 'Sudden Deaths'

Mascagnia rigida is the most important toxic plant of Paraiba. It causes 'sudden
deaths', precipitated by exercise, in cattle. Clinical signs can be observed 24-48
hours after the animals have been exposed to the plant. Affected animals may
suddenly stagger, tremble and fall with convulsions. They may die within 1-10
minutes after the first clinical signs. Animals less severely affected are reluctant to
move and can recover if not forced to walk. Macroscopic lesions are not
observed. The main histological lesion, in some animals, is vacuolation of
epithelial tubular cells in the kidney. The plant has great variations in its toxicity
and its toxic principle is unknown (Tokarnia et al., 1961, 1990, 1994).

Palicourea marcgravii is the most important toxic plant in Brazil. It contains
fluoracetate and clinical signs and pathology are similar to those described for M.
rigida (Tokamia et al., 1990). Intoxication by P. marcgravii in the state of
Paraiba has been observed in the municipality of Areias.

Cyanide Poisoning

Cyanide poisoning caused by Sorghum spp. or the native trees Piptadenia
(Anadenanthera) macrocarpa or Manihot spp. is occasionally observed in the
state of Paraiba. Experimental intoxications with P. macrocarpa from other states
from Northeastern Brazil demonstrated a variation in the toxicity of this tree
(Tokarnia er al., 1994, 1999). In experiments with P. macrocarpa leaves collected
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in the municipality of Patos cyanide poisoning was reproduced in cattle with 10 g
kg bodyweight.

Many species of wild Manihot are found in the state of Paraiba. At least two
species, Manihot glaziovii and Manihot piauhyensis from other Brazilian regions
are experimentally toxic for cattle (Canella et al, 1968, Tokamnia et al., 1994,
1999). Farmers mention that intoxication occurs mainly after the first rainfalls
when the plant is sprouting.

Thiloa glaucocarpa (Cambretaceae)

Thiloa glaucocarpa is a tree that causes nephrosis in cattle in Northeastern Brazil
(Tokarnia et al.,, 1981) and in Paraiba in the municipality of Itabaiana. The
intoxication occurs 10-25 days after the first rainfalls after a dry period (Tokarnia
etal., 1981).

Clinical signs are characterized by subcutaneous oedema, anorexia, ruminal
atony, constipation followed by passage of faeces containing mucus or blood, and
nasal serohaemorrhagic discharge. Some animals do not have subcutaneous
oedema, but had a dry muzzle with scab formation (Tokarnia ef al., 1981).

Gross lesions are characterized by anasarca, oedema of the gastrointestinal
wall and mesentery, ascites, hydrothorax, hydropericardium, and ulcerations due
to diptheroid necrosis in the mucosa of the larynx, trachea, pharynx and
oesophagus. The kidneys are usually pale. The main histological lesion is a
tubular nephrosis (Tokarnia et al., 1981).

The tannins vascalagin, castalagin, stachyurin and casuarinin, were identified
as the toxic substances responsible for the intoxication (Itakura et al., 1987).

Ipomoea spp. (Convolvulaceae)

Ipomoea carnea subsp. fistulosa is widely distributed in the state of Paraiba. The
intoxication occurs during the dry season when the animals ingest large amounts
of this plant as the main food for some weeks (Tokarnia et al.,, 1960). Clinical
signs are characterized by depression, weight loss followed by emaciation,
weakness, muscular tremors mainly in the neck and head, nystagmus, ataxia,
broad-based posture, paresis and final paralysis (Tokarnia et al., 1960; Armién et
al., 1998). No significant lesions are observed at necropsies. Cytoplasmatic
vacuolation of the neurons, macrophages and epithelial cells of various organs
characterize histological lesions. Ultrastructurally the vacuoles are membrane
bound containing amorphous membranous fragments or small amounts of
granular material within an electron-lucent background (Armién et al., 1998).
Ipomoea carnea causes a lysosomal storage disease and plants from Paraiba
contained swainsonine and calystegines B, and B, (R.J. Molyneux, Albany, 2000,
personal communication).
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Ipomoea asarifolia is also widely distributed in Paraiba and causes nervous
signs in sheep, goats and cattle (DGbereiner ef al., 1960). In recent experiments /.
asarifolia was administered to six goats at 10-37 g kg™ bodyweight daily during
7-17 days. All goats had clinical signs 4-7 days after starting ingestion; four died
or were killed 7-17 days after the start of ingestion and two recovered after the
suspension of the ingestion. Clinical signs were depression and tremors, similar to
those caused by tremorgen mycotoxins and phytotoxins. No histological or uitra-
structural lesions were observed in the nervous system or other organs. Samples
of I asarifolia used in those experiments contained almost undetectable amounts
of swainsonine (0.001%) and calystegines (R.J. Molyneux, Albany, and D.
Gardner, Logan, 2001, personal communication). These results suggest that /.
asarifolia contains a tremorgen phytotoxin. Other samples of /. asarifolia from
Paraiba contained an almost undetectable amount of swainsonine, but several
calystegines including calystegines B, and C, (R.J. Molyneux, Albany, 2000).

Plumbago scandens (Plumbaginaceae)

One outbreak of goat mortality was observed in a farm in the municipality of
Santa Luzia, located in the semiarid region. The outbreak occurred 2 months after
the introduction to the farm of a herd of 90 goats of different ages. Sixty goats
died in a period of approximately 3 weeks. Clinical signs observed by the farmer
were severe depression, bloat and marked foamy salivation. All affected animals
died after a clinical manifestation period of 1-4 days. The farmer claimed that the
animals were intoxicated with a plant later identified as Plumbago scandens. The
fresh plant was given experimentally to four goats at 5, 10, 17.5 and 25 g kg™’
bodyweight. Depression, anorexia, salivation with foamy saliva, bellowing,
bruxism, humpbacked posture, bloat, ruminal atony, continuous lateral head
movements, tachycardia, dyspnea and dark brown to black urine were observed in
the goats intoxicated with 17.5 and 25 g kg' bodyweight. The goats that ingested
5and 10 g kg bodyweight had less severe clinical signs. The goat treated with 25
g kg'' bodyweight died approximately 18-20 h after administration. The others
recovered in 3-9 days. At necropsy, the main lesions were the presence of a dark
violet to black discoloration of the mucosa of the tongue, oesophagus, reticulum
and ventral sac of the rumen, and gelatinous oedema in the visceral ruminal
peritoneum. Histologically the reticulum and ventral sac of the rumen had diffuse
epithelial necrosis and severe oedema and neutrophilic infiltration of the
submucosa. Separation of the ruminal epithelium from the submucosa was also
observed. Epithelial degeneration and necrosis was also observed in the omasum,
oesophagus and tongue (Medeiros et al., 2001a).

The toxicity of P. scandens was previously demonstrated experimentally in
cattle causing similar signs and pathology to those observed in goats. The
ingestion of the plant has been associated with cattle deaths in the state of Bahia,
Northeastern Brazil (Tokarnia and Déobereiner, 1982). Plumbago scandens has
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been used in Northeastern Brazil as a medicinal plant and it contains plumbagin
(2-methyl-5-hydroxy, 1:4 naphthoquinone) (Lima et al, 1968), which has
anticarcinogenic properties and increases the macrophage bactericidal activity.

Indigofera suffruticosa Leg. (Papilionoideae)

Farmers and practitioners from the semiarid region observed the occurrence of red
urine in cattle and horses introduced to areas invaded by /ndigofera suffruticosa.
The animals recovered if they were removed from the pastures. Recently it was
demonstrated that this plant causes haemoglobinuria in cattle in Northeastern and
Northern Brazil (Barbosa Neto ef al., 2001).

Aspidosperma pyricollum (Apocinaceae)

Farmers from Paraiba claim that Aspidosperma pyricollum causes abortion and
skeletal malformations in goats. In field conditions malformations associated with
the consumption of this plant are characterized mainly by forelimb flexures. In
folk medicine A. pyricollum has been used to induce abortion in humans, and
there is at least one narration in which the mother did not abort after the ingestion
of an infusion of the plant and the child was born with leg malformations. In a
preliminary experiment the aqueous extract of 20 g kg bodyweight of 4.
pyricollum was administered by gavage to one pregnant goat. Twenty days after
the administration the goat aborted an approximately 4 months old fetus. In
another experiment two pregnant goats received daily, during 30 days, 1 g kg
bodyweight, dry 4. pyricollum. One goat that received the plant between days 77
and 107 of pregnancy delivered two kids with lateral deviation of the metacarpus,
which resolved spontaneously in 2 weeks. The other goat that received the plant
between 80 and 110 days of pregnancy delivered two normal kids. Another goat
that received 0.4 g kg dried A. pyricollum daily during days 85 to 149 of
pregnancy delivered two normal goats. These preliminary experiments strongly
suggest that 4. pyricollum causes abortion and skeletal malformation in goats in
field conditions.

Intoxication by Damaged Sweet Potatoes

Atypical interstitial pneumonia in cattle associated with the ingestion of damaged
sweet potatoes ({[pomoea batatas) was reported in the semiarid region. The sweet
potatoes were severely damaged by the insect Myzus tersicae, and had an obvious
fungal infection characterized by white, black or grey growth over the surface.
Eighteen milking cows, one bull and one steer were fed with approximately 400
kg of those sweet potatoes. Six days after the consumption 13 cows were affected.
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Clinical signs were characterized by laboured abdominal breathing with extended
and lowered head, coughing, expiratory grunt, salivation and protruded tongue.
Six animals died and the others recovered in 4-7 days. At necropsy bullous
emphysema and gelatinous exudates were observed in the interlobular,
peribronchial and subpleural tissues. Microscopically, the pulmonary lesions were
characterized by severe oedema and emphysema, and alveolar epithelial cell
hyperplasia. Samples of sweet potatoes were cultured for fungi. Fusarium spp.
was not isolated, probably because in 48 hours a zygomycete fungus covered the
plates. However, it is probable that the sweet potatoes were also infected by some
Fusarium spp. (Medeiros et al., 2001b).

Other Toxic Plants

Farmers mentioned the occurrence of haemoglobinuria in cattle caused by
Brachiaria radicans, a plant intoxication well known in southeastern and southern
Brazil. Outbreaks of photosensitization and abortion caused by the ingestion of
the fruits of Stryphnodendrom coriaceum, S. obovatum, Enterolobium
contortissiliquum and E. gummiferum are reported from other northeastern states
and probably also occur in Paraiba. Outbreaks of photosensitization caused by
Brachiaria decumbens are also observed. Other plants considered toxic by
practitioners are Ricinus comunis, Lantana spp. and Leucaena leucocephala.
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Introduction

The ‘idiot-fruit’ tree, /diospermum australiense (Diels) S.T. Blake, is endemic to
complex lowland rainforest in northeastern Queensland. It is the sole member of
the primitive angiosperm family Idiospermaceae (Blake, 1972) and is considered
to be one of the most ancient of all living flowering plants (Lamont, 1974).

One remarkable and distinctive characteristic of this species is its very large
seeds (60 to 100 mm in diameter) which have three to six cotyledons. These seeds
are poorly dispersed and seeds and seedlings are found at very high densities
under the parent trees. /diospermum seeds are known to be highly toxic to
domestic stock causing symptoms somewhat similar to those of strychnine
poisoning (Everist, 1981). The specific toxic principles in /diospermum seeds
have not been demonstrated, although a variety of substances, including
alkaloids, have been identified (Duke et al., 1995).

Here we provide the first published report of the occurrence of cyanogenic
glycosides in seeds and seedlings of /. australiense.

Methods

Collection and storage of samples

Five recently fallen fruits and five seedlings (approx. 12 months old) of 1
australiense were collected in complex lowland tropical rainforest being cleared
for road access at Mt Hutchinson in northeastern Queensland. The material was
placed in plastic bags in the field and transported back to the laboratory within 4
hours. In the laboratory, samples of pericarp, seed testa and seed interior were
taken from each of the fruits, while mature leaves, immature leaves, stems and
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roots were sampled from each seedling. All samples were then stored at -86°C
prior to analysis.

Cyanide determination

Samples were prepared for extraction of cyanogenic glycosides based, with some
modifications, on procedures described by Secor et al. (1976), Brinker and
Seigler (1989) and Dahler et al (1995). Two solutions were prepared
immediately prior to the extractions, these were: (i) an enzyme stock solution
consisting of 50 mg §-glucosidase (Sigma) and 50 mg 8-glucuronidase (Sigma) in
5 ml 0.1 M phosphate buffer and (ii) | M NaOH (Merck). Extracts were made by
weighing 0.5g of frozen plant tissue into 15 ml polypropylene tubes, adding 3 ml
of phosphate buffer (0.1 M, pH 6.4) and then homogenizing the contents for 5
seconds (using a Polytron homogenizer with a PTA 10 s aggregate). The
homogenate was poured into a glass scintillation bottle (30 ml capacity) and the
15 ml tube rinsed with 1 ml of phosphate buffer, which was also poured into the
scintillation bottle. Enzyme stock solution (100 pl) was then added to each
scintillation bottle to cause release of cyanide from the extract, and the bottles
gently swirled to mix their contents. To capture HCN released from the extract, a
1.5 ml capacity Eppendorf tube with the 1id removed and containing 0.5 ml of the
1 M NaOH solution was placed in an upright position in each scintillation bottle
and the bottles sealed before being incubated overnight at 37°C.

Cyanide released during the overnight incubation was measured with a
commercially available cyanide test kit (Merck Reflectoquant Plus). For this
assay, 0.2 ml of solution from the Eppendorf tubes that had been sealed inside the
scintillation bottles was added to the 5 ml reaction tube provided with the test kit.
Deionized water (4.8 ml) and 55 drops of 0.05 M H,SO, (to adjust pH to 7) were
also added to the assay tube and the contents mixed by swirling. A chlorinating
agent (Merck CN-1 reagent) was then added and the contents swirled to dissolve
the reagent and allow formation of cyanogen chloride. A second reagent (Merck
CN-2) containing 1,3-dimethylbarbituric acid was then added immediately and
dissolved by swirling the tube. After 5 min reaction time, the cyanide content of
the solution was measured as mg I'' CN” by remission photometry using a Merck
RQPlus reflectometer. Standards for this assay were prepared as 0, 0.1, 0.2, 0.4
and 0.8 mg I'' KCN (Fluka).

Results and Discussion

With the exception of the fruit pericarp, cyanogenic glycosides were present in all
tissues from all /. australiense seeds and seedlings examined in this study (Fig.
25.1).
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Fig. 25.1. Cyanide concentrations in tissues from seeds and seedlings of
Idiospermum australiense.

Within /diospermum seedlings, cyanogenic glycoside concentrations were
highest in the roots (mean = 37 pg HCN g™ fresh weight) and immature leaves
(mean = 3.6 ug HCN g fresh weight). Stems and mature leaves had the lowest
concentrations and these were approximately half those found in immature
leaves. Similar decreases in concentrations of cyanogenic glycosides with
increasing leaf age and maturity are reported widely from other cyanogenic tree
species (e.g. Hurst, 1942; Smeathers et al., 1973; Dahler et al., 1995).

Concentrations of cyanogenic glycosides in Idiospermum seeds were more
than 10-fold higher than those found in seedling tissues (Fig. 25.1). Cyanogenic
glycosides were more concentrated in the seed testa (mean = 448 pg HCN g’
fresh weight) than in the seed interior (mean = 367 ug HCN g™ fresh weight).
These concentrations are within the middle of the range of values we have found
in seeds of other cyanogenic species in the north Queensland’s rainforest flora
(e.g. 1145 and 364 pg HCN g fresh weight for seeds of Macadamia whelanii
and Syzygium gustavoides, respectively).

The discovery of cyanogenic glycosides in /diospermum adds to the variety of
other putative defence chemicals known from this species. More than 40 terpenes
(Brophy and Goldsack, 1992) have been previously isolated from Idiospermum
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leaves, while Duke et al. (1995) reported on three alkaloids from Idiospermum
seeds, including the piperidinoindoline (+)-calycanthine that comprised lg kg"I of
seed dry weight. We have also found high concentrations of saponins in
Idiospermum seeds (Gordon and Reddell, unpublished).

The potent defence chemistry of Idiospermum seeds probably explains their
unattractiveness as a food source for the native mammalian and invertebrate
herbivores that inhabit the lowland rainforests of northeastern Queensland.
Although the large seeds of Idiospermum represent a significant potential
nutritional resource for herbivores and seed predators, they remain largely
ungrazed, even during periods of the year when other fruit resources are very
scarce (e.g. April). The musky rat kangaroo (Hypsiprymnodon moschatus), an
important mammalian frugivore in these forests, has been observed to pick up,
chew the surface and quickly drop /diospermum seeds (Drew and Spencer, 1998).
Omnivorous rodents (Uromys caudimaculatus, Melomys cervinipes and Rattus
species) that are significant consumers of other large-seeded species in these
forests appear to completely avoid Idiospermum seeds. Cyanogenesis alone may
be responsible for a major part of this aversion. For example, published lethal
dose rates of cyanide for mammals (in mg HCN kg™ bodyweight) range from 0.5
to 3.5 for humans (Halstrom and Moller, 1945) to 3.7 for mice and up to 10 for
rats (Christensen, 1976). Based on the highest lethal dose rate in this range (10
mg HCN kg bodyweight), ingestion of only 3 g of /diospermum seed could be
lethal to many of the small native rodents (Rartus species and M. cervinipes) that
scavenge in these forests. Even U. caudimaculatus, the largest of the rodents in
the lowland forests, with an average bodyweight of between 470 and 620 g
(Wellesley-Whitehouse, 1983), would potentially need to ingest less than 15 g of
Idiospermum seed to receive a lethal dose of cyanide. Similarly, the cyanide
concentrations in Idiospermum seed may provide a significant deterrent to
insects. Nahrstedt (1985) suggests 250 ng of HCN as a lethal dose for an
‘average’ 50 mg larvae; on this basis, ingestion of only 0.625 mg of /diospermum
seed would be toxic to such an organism.

Cyanogenesis may also contribute to the toxicity of Idiospermum seeds to
cattle. Autopsies of poisoned animals found large amounts of partially masticated
seeds present in the rumen (Everist, 1981). An average Idiospermum seed (with
pericarp removed) weighs 155 g (Reddell and Gordon, unpublished). With the
acute lethal dose rate for cyanide in cattle of approximately 2.0 mg HCN kg™
bodyweight (Moran, 1954), ingestion of 15 to 20 /diospermum seeds would be
adequate to kill a cow. With high concentrations of neurotoxic alkaloids also
present in seeds, even lower quantities of seed may be fatal because of the
compounding effects of at least the two groups of poisons present.

The large resource ‘investment’ that [diospermum makes in defence
chemicals, especially for its seeds, may in part explain its survival success and
status as a ‘living fossil’ from Gondwana’s ancient rainforests (Keto and Scott,
1986).
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In Rio Grande do Sul, southern Brazil, data of the Regional Diagnostic
Laboratory at Pelotas University showed that, from 1978 to 1998, an average of
10.6% of the conditions diagnosed in cattle were due to plant poisoning, varying
annually from 5% to 25%. In that period Senecio spp. were responsible for 50.7%
of the cattle deaths caused by toxic plants. Photosensitization was the main
clinical sign observed in 27 (21%) out of 128 outbreaks of diseases due to toxic
plants. In four outbreaks photosensitization was caused by Senecio spp., in two by
Echium plantagineum, in one by Enterolobium contortisiliqguum, in one by Ammi
majus and in 19 outbreaks the cause of the photosensitization was not determined.

Intoxication by Senecio spp.

In four of 66 outbreaks of intoxication by Senecio spp., the main clinical sign was
photosensitization. In another six outbreaks photosensitization was observed in
some cattle but was not the main clinical sign. Photosensitization due to Senecio
spp. occurred in those outbreaks in which the clinical manifestation period was
more prolonged (30-60 days). Morbidity in those outbreaks varied from 0.5% to
100% and case fatality varied from 5% to 34%. In other outbreaks of Senecio
intoxication, photosensitization was not observed or occurred only in a few
animals. The main clinical signs in most outbreaks of Senecio intoxication were
diarrhoea, weight loss, abdominal straining, aggressiveness, incoordination and
other nervous signs. Subcutaneous oedema, jaundice and rectal prolapsus were
occasionally observed. In most cases the clinical manifestation period was of 1-4
days and case fatality rate was nearly 100%.

In Rio Grande do Sul the intoxication is caused by many species of Senecio
including S. brasiliensis (the most important), S. selloi, S. heterotrichius, S.
cisplatinus, S. leptolobus, S. oxyphylus and S. tweediei. Most outbreaks occur in
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spring and winter (Méndez ez al., 1987; Barros et al., 1987; Méndez and Riet-
Correa, 1993, 2001).

Intoxication by Echium plantagineum

Two outbreaks of intoxication by E. plantagineum were observed during 1978-
1998. One outbreak affected 28 out of 77 calves, two cows out of 85 and one
heifer out of 40. Most affected calves had anorexia, abdominal straining, rectal
prolapsus, diarrhoea, ataxia and ptyalism. The clinical manifestation period was
of [-7 days. Some calves with more prolonged manifestation period had
photosensitivity. All the three adult cattle affected had photosensitivity and
recovered (Méndez er al., 1985).

Another outbreak affected three of 80 cows. One of the affected cows had
severe photosensitivity (Riet-Correa et al., 1983). In both outbreaks gross and
histological lesions were characteristic of pyrrolizidine alkaloid intoxication.
Echium plantagineum is a common weed in Rio Grande do Sul, found mainly in
winter in crops of wheat, ryegrass and clovers. However, intoxication is rare
because the plant only occasionally contains toxic levels of pyrrolizidine
alkaloids.

Intoxication by Enterolobium contortisiliquum

An outbreak of hepatogenous photosensitization caused by E. contortisiliquum
was observed in a flock of 21 Holstein dairy cows. In the paddock where the
cattle were grazing two trees of E. contortisiliquum had been cut and the animals
ingested large amounts of pods and leaves of the plant. Two days after ingestion
six cows showed photosensitization characterized by dermatitis of the
unpigmented skin, salivation and nasal and ocular discharge. Anorexia and
abdominal pain were also observed. One cow in the sixth month of pregnancy
aborted. The other animals were not pregnant. All cows recovered and the skin
lesions disappeared in 4-5 weeks.

The pods of the plants were administered at 5 g kg™ bodyweight to one calf,
10 ¢ kg to two calves, and 20 g kg to another calf. The experiment was
authorized by the ethical committee of the Veterinary Faculty. All animals
developed clinical signs. The two calves that received 10 and 20 g kg'' died 24
and 26 hours after dosing, and the other two recovered. Serum levels of AST,
GGT and bilirubin were increased. Main clinical signs were anorexia, ruminal
atony, diarrhoea or faeces with mucus or blood, and nasal and ocular discharge.
One calf that ingested 10 g kg™’ and recovered from the acute clinical signs had
mild photosensitization and recovered in 14 days. The main gross lesion was the
presence of a yellow liver with multifocal petechial haemorrhages. Haemorrhages
were also observed on the gut and fore-stomachs. Multifocal haemorrhages and
hepatic necrosis affecting mainly the periportal hepatocytes were observed
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histologically (Grecco, 1999). No clinical signs were observed in a calf treated
with 20 g leaves kg™' bodyweight.

Outbreaks of intoxication by different species of Enterolobium have been
reported from other Brazilian regions (Tokarnia et al., 1960; Deutsch et al., 1965;
Lemos et al., 1998; Dantas et al., 1999).

Hepatogenous phetosensitization of unknown cause

In 19 outbreaks of photosensitization the cause was not determined. The
epidemiological and pathological aspects of those 19 outbreaks were studied. The
disease occurred mainly in the spring and autumn with morbidity of 0.08% to
64% and mortality of 0 to 14% respectively. Cattle of all ages were affected. The
pastures on which outbreaks occurred were characterized by low, flat and wet
land, used alternately for rice or other crops and natural or cuitured pastures of
clover, oat and ryegrass.

The disease was characterized clinically by depression, anorexia, salivation
and photosensitization of white or slightly coloured and hairless skin such as that
on the muzzle, nostrils, eyelids, udder, groin and vulva. In severe cases the skin,
mainly of dorsal midline and legs, was thickened, necrotic and sloughed revealing
a raw area of subcutaneous tissue. Jaundice, yellow to orange discoloration and
swelling of the liver, oedema of the gall bladder, excess serous fluid in body
cavities and occasionally subcutaneous and peritoneal oedema were observed at
necropsies.

Histological lesions were characterized by degenerative changes of
hepatocytes that were swollen and had diffuse or zonal vacuolation. Individual or
randomly scattered foci of hepatocellular necrosis, bile duct cell proliferation and
portal fibrosis were also observed. Birefringent crystalioid material was not
observed in the bile ducts or hepatic parenchyma, suggesting that lithogenic
steroidal saponins were not responsibie for the disease. Spores of Phitomyces
chartarum were absent or in low number in the pastures. The most common
plants found in the pastures were Cynodon dactylon, Axonopus spp., Paspalum
spp., Echinocloa cruzgalis, Juncus bufonios and Leersia hexandra. Known toxic
plants causing photosensitivity were not found in the pastures (Motta et al.,
2000).

Intoxication by Ammi majus

Primary photosensitization was observed in a herd of 12 cows and 12 calves
grazing in a ryegrass pasture severely infected by Ammi majus. The disease
occurred during December and January when A. majus was in bloom. All cattle
were affected, but recovered after withdrawal from the pasture. The cows had
lesions of dermatitis in the udder and their calves had dermatitis of the muzzie
and keratoconjunctivitis. The localization of the lesion suggests that the
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photosensitization was mainly due to contact of the skin with the seeds of the
plant. The disease has been produced experimentally in calves by the
administration of 1.7 to 8 g kg™ bodyweight (Méndez ez al., 1991).
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Solanaceous alkaloids are commonly present in members of the Solanaceae
family and are regarded as toxins. However, Solanum dulcamara (dogwood or
bittersweet) is a recommended species for growing in the temperate regions of
Europe as a source of steroid alkaloids (for example pB-solamarine, see Fig. 27.1).
These alkaloids are suggested to be alternatives for diosgenin in the commercial
production of steroid pharmaceuticals (Mathé ez al., 1986). Steroid alkaloids like
solasodine as well as its C-25 epimer tomatidenol can be easily converted to
pregdienolone, which is an important intermediate in the synthesis of steroids.
Solanum dulcamara exists in three chemovarieties that contain either solasodine,
soladuicidine or tomatidenol glycosides (Willhun, 1966). These alkaloids are
always accompanied by varying quantities of their corresponding oxygen
analogues, that is the neutral saponins. Therefore, these chemovarieties can be
more appropriately listed as tomatidenol/yamogenin, solasodine/diosgenin and
soladulcidine/tigogenin types (Hegnauer, 1989). The tomatidenol-producing taxa
are found in the humid Atlantic climate of Western Europe, the soladulcidine type
occurs in the drier continental climates while the solasodine variety is
comparatively rare (Sander, 1963; Mathé and Mathé, 1979). Only the solasodine
and tomatidenol varieties are of interest, but the productivity of this species
would not be comparable to that of other tropical or subtropical species such as
Solanum laciniatum. Thus, if the steroid alkaloid content could be boosted by
manipulation, S. dulcamara would be of interest for commercial growing due to
its other qualities such as moderate cold hardiness, good growth on poor soiis and
perennial life cycle (Mathé er al., 1986).

An alternative approach would be to produce these alkaloids intensively in
vitro. Several Solanum species, and S. dulcamara itself, were subject to in vitro
manipulation, but attempts, which involved techniques like cell suspension and
callus culitures, failed to achieve the target. Secondary metabolite production, in
general, needs a certain degree of tissue differentiation (Wink, 1989), something
that is obviously lacking in those in vitro systems. For example, Ehmke and Eilert
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Fig. 27.1. Structure of B-solamarine.

{1993) did not detect any alkaloids in cell suspension cultures of S. dulcamara
grown in the dark. These alkaloids started to be synthesized when the cultures
were grown in light and began to show some differentiation and rooting, but
again their level was not comparable to the original intact plant.

A more recent and promising technique, that is transformed or hairy root
cultures, has been introduced as an alternative to the classical cell suspension
culture. These roots are obtained by a natural genetic engineering mechanism in
which the plant genome is altered by a specific gene sequence transferred and
stably integrated by the Gram negative soil-borne plant pathogen Agrobacterium
rhizogenes. The hairy roots produced are genetically and chemically stable and
are characterized by high productivity of secondary metabolites, which in most
cases mirrors that of the original non-transformed parent plant.

Few publications on hairy root cultures, which deal with the production of
steroid alkaloids, are reported for Solanum species. Only those of Solanum
eleagnifolium (Alvarez et al., 1994), Solanum mauritianum (Drewes and Van
Staden, 1995) and Solanum aviculare (Subroto and Doran, 1994; Yu et al., 1996;
Kittipongpatana et al., 1998; Argolo et al., 2000) could be traced. Other workers
have also investigated the production of neutral steroid saponins from hairy roots
of Solanum aculeatissimum (lkenaga et al., 1995). In this work, we describe for
the first time, the production of steroid alkaloids from hairy root cultures of S.
dulcamara.

Materials and Methods

General experimental procedures

Plant material was purchased from local nurseries; salts for media preparation
were obtained from Sigma (UK); solvents for chromatography were reagent



Transformed Root Cultures of Solanum dulcamara 169

grade; 'H and B¢ spectra (400 and 100 MHz, respectively) were acquired on a
Briiker DPX 400 spectrometer. Micrographs were taken using a Jeol JSM T220
scanning electron microscope (SEM). PCR reagents were obtained from Perkin
Elmer (UK), primers from VH Bio Ltd (UK) and Perkin Elmer GeneAmp 480
thermal cycler was used for amplification.

Establishment of transformed root cultures

Transformed roots were obtained by infecting surface-sterilized stem segments
with A. rhizogenes strain A4. An overnight bacterial suspension in yeast mannitol
broth (YMB) (Hooyakaas et a/., 1977) supplemented with 50 uM acetosyringone
was used for mnoculation into freshly wounded explants. Infected samples were
transferred to one-tenth Murashigue and Skoog (MS) agar solidified media
(Murashigue and Skoog, 1962), kept in the dark for 48 h and then incubated
under 16 h photoperiod at 20 £ 2°C. The putative hairy roots, which appeared on
the infected samples were excised and transferred to MS hormone-free, liquid
media supplemented with 30 g I'' sucrose. Ampicillin, sodium salt at 500 mg I"",
was added until cultures were free from the residual bacteria. The axenic roots
obtained were maintained in the same liquid media (50 ml in 250 ml flasks) on a
gyratory shaker (90 rpm), at 20 £ 2°C in the dark or under illumination of 16 h
day™ at light intensity of approximately 1.8 w m™. The roots were sub-cultured
every 2 weeks. For isolation of compounds, roots were inoculated into 5 1 flasks
containing 2 1 of the same media, aerated with a bubble-type sparger and
incubated for a period of 4 weeks either in the dark or under illumination. Some
root samples were sub-cultured and maintained in other liquid media (Gamborg’s
BS and Schenk and Hildebrandt) for the purpose of comparison.

Confirmation of transformation by PCR

Genomic DNAs were extracted from 100 mg (fresh weight) of putative hairy
roots and normal non-transformed roots (as controls) using a commercially
available plant DNA extraction kit {Nucleon-Phytopure, UK). These DNAs were
used as templates for the reaction. PCR was performed with ro/ B gene specific
primers: 5°-ATG GAT CCC AAA TTG CTA TTC CTT CAA CGA-3'and 5°-
TAA GGC TTC TTT CTT CAG GTT TAC TGC AGC-3". Amplification was
carried out according to Hamill er al. (1990) with slight modification of the
thermal cycle. Products of the reaction were run on 1.5% agarose electrophoretic
gel stained with ethidium bromide, along with a standard DNA marker (1 kb
Lambda DNA, Gibco, UK).

Scanning electron microscopy
Fresh hairy root material was fixed with 1.5% glutaraldehyde (GA) in 0.05 M

sodium cacodylate buffer, pH 7.0, for 45 min. After 1-2 min in vacuum (26 mm
Hg, 3.46 k Pa) the fixative was substituted by 3% GA in 0.1 M cacodylate buffer,
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pH 7.0 for 2 h. The material was then post-fixed in 1% aqueous solution (w/v) of
osmium tetroxide for 2 h. All treatments were carried out at room temperature.
The fixed material was dehydrated in graded ethanol series, dried by the critical
point drying method and sputter coated with gold before observation in the SEM
(Ascendo et al., 1998).

Extraction and isolation

Fresh root material (400 g) was extracted with cold methanol overnight (I 1x 3).
The combined methanolic extracts were concentrated under vacuum at 40°C,
partitioned between distilled water and petroleum ether, chloroform and finally
with n-butanol. The steroid enriched n-butanol fraction (3.1 g) was fractionated
on silica gel and Sephadex LH-20 columns using mixtures of chloroform-
methanol (95:5-70:30). The final purification of compounds was performed on
preparative TLC plates (silica gel 60 G F,s4, Sigma, UK) using chloroform-
methanol-water (70:30:5) for development. 'H and "’C spectra were recorded in
pyridine-ds.

BC spectral data of compound 1: (pyridine-ds, 100 MHz),  38.0 (C-1), 30.6
(C-2), 78.6 (C-3), 39.5 (C-4), 141.3 (C-5), 122.3 (C-6), 35.2 (C-7), 31.9 (C-8),
50.9 (C-9),37.7 (C-10), 21.2 (C-11),40.6 (C-12),41.1 (C-13), 57.2 (C-14), 32.86
(C-15), 78.3 (C-16), 64.0 (C-17), 17.0 (C-18), 19.9 (C-19), 42.1 (C-20), 16.2 (C-
21), 98.9 (C-22), 27.8 (C-23), 29.6 (C-24), 32.1 (C-25), 51.1 (C-26), 20.2 (C-27),
100.8 (C-1), 78.4 (C-27), 79.0 (C-3"),79.1 (C-4),77.4 (C-5),61.8 (C-6"), 102.5
(C-1"7),73.0 (C-277), 73.0 (C-3"), 74.4 (C-4"), 68.5 (C-5""), 19.0 (C-6""), 103.4
(C-1""7), 73.1 (C-2777), 73.2(C-3777), 74.6 (C-4"""), 70.0 (C-5"""), 19.1 (C-6""").

Results and Discussion
Transformation

The putative hairy roots appeared on the infected stem segments as early as |
week after infection, in some of the samples, and were complete within 2 weeks
in the rest of them. Some roots appeared directly from or near the wounding site
and some differentiated from small calli, which formed at the wounding sites. No
hairy roots appeared on the infected leaf segments, instead green normal roots
were developed from the cut ends of the midribs and from the basal parts of the
infected as well as the control samples of the leaves and the stems. These normal
roots failed to grow when transferred to liquid media lacking growth hormones,
thus confirming their untransformed nature.

Although the solanaceous plants are reported to be highly susceptible to
infection with A. rhizogenes (Porter, 1991), the transformation frequency
obtained with our S. dulcamara (> 93%) far exceeded the published
transformation rates for other Solanum species: one transformation event out of
80 infected samples for S. mauritianum Scop., whether acetosyringone was used
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or not (Drewes and Van Staden, 1995) and 20-90 % transformation frequency for
S. aviculare Forst. depending on the bacterial strain employed (Kittipongpatana e¢
al., 1998).

Roots incubated under illumination showed greening and those incubated
under continuous light regenerated small shoots within 4 weeks. Roots grown in
different liquid media, MS (Murashigue and Skoog, 1962), B5 (Gamborg er al.,
1968) and SH (Schenk and Hildebrandt, 1972) displayed typical properties of
transformed roots, namely fast growth with almost no lag phase, high degree of
branching and lack of positive geotropism. Insertion of the root-inducing plasmid
was confirmed by PCR using primers specific to rol B gene. Results showed an
amplification band expected for that gene (0.78 kb), while normal non-
transformed roots used as controls did not show amplification bands (Fig. 27.2).

Scanning electron microscopy

Micrographs of the transformed roots (Fig. 27.3a, b) showed a high degree of
branching and large numbers of root hairs. Some of the hairs appeared as long
unicellular tubes, while others were like small papillae covering the majority of
the root surfaces, especially those growing near and out of the surface of the
media. Cut surfaces of the roots (not shown) revealed the typical structure of
young dicot roots with high amounts of starch granules and microcrystals of
calcium oxalate in the cortical parenchyma.

These cell inclusions, which are characteristic features of plants belonging to
the family Solanaceae (Metcalfe and Chalk, 1957) reflect genetic stability of the
transformed cultures as they retained the histological fingerprints of the mother
plant. The high degree of branching and the abundant root hairs are typical
characteristics of transformed roots that are conferred by the root-inducing
plasmid.

Fig. 27.2. Agarose gel showing PCR products. Lane 1, DNA marker; lanes 2, 3, 4,
DNA from hairy roots (3, 2, 1 pl respectively); lanes 5, 6, 7 DNA from normal roots
(3, 2, 1 pl respectively). I: 1.0 kb; [I: 0.78 kb; 11I: 0.50 kb.
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Fig. 27.3. SEM of transformed roots showing long hairs and short papillae (a);
high degree of branching and short papillae only (b).

Investigation of the cultures for secondary metabolites

Methanolic extract of the transformed roots was obtained in a yield of 10%,
calculated on dry weight basis. TLC screening of the methanolic extracts of the
transformed roots and different parts of the non-transformed plant (roots, aerial
parts and fruits) showed, more or less, a similar pattern of secondary metabolites
with three major alkaloidal spots and several minor ones. Analytical HPLC
revealed much more complex profiles of the hairy root extracts. No qualitative
differences were observed for roots grown in different liquid media or for roots
grown in the dark and those grown in light, except for the formation of higher
amounts of less polar compounds in the roots grown in the dark (higher
percentage of chloroform extractives). Chromatographic separation of the butanol
extract of roots grown in light, on silica gel and Sephadex LH20, lead to the
1solation of two compounds.

Compound 1 is shown (Fig. 27.1), obtained as an amorphous solid, yield
0.055%, positive Dragendorff’s and identified as (255)-3-B-{[O-u-L-
rhamnopyranosyl-(1—>2)-O-a-L-rhamnopyranosyl-(1—-4)]-B-D-glucopyranosyi-
oxy}-22 fN-spirosol-5-ene (B-solamarine or tomatidenol-3-O-f-chacotrioside),
based on 'H and "*C spectroscopic data supported by APT measurements. The 'H
NMR spectrum exhibited signals due to two tertiary methyl groups (30.83, 1.06,
3H, s), four secondary methyi groups (8 1.10, 3H, d, J=7.2 Hz; 0.81,d, J=8.2
Hz; 1.64,d, J=6.12 Hz; 1.78, d, J = 6.1 Hz), one olefinic proton signal (3 5.34,
br s) and three anomeric proton signals (34.94, 5.86, s, 6.40, s). The Be spectrum
displayed signals for 45 carbons including those for a spirocarbon (& 98.853),
olefinic carbon (8 122.3) and three anomeric carbons (8 100.8, 102.5, 103.4).
These data collectively suggested a steroid glycoside of the spirosolenol type.
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The identity of the steroid part was confirmed by comparison of its spectroscopic
data with those for standard samples of tomatine and solasodine recorded in the
same solvent (experimental). The building blocks of the sugar moiety as well as
the interglycosidic linkages were ascertained through HMQC and HMBC spectra.
B-solamarine was reported before as one of the major steroidal alkaloids
identified in the tomatidenol variety of S. dulcamara (Ronsch and Schreiber,
1966).

Preliminary study of the NMR data of Compound 2 revealed the same
glycosidic moiety, but differences appeared in the chemical shifts for proton and
carbon signals in ring F. Compound 2 is suggested to be the oxygen-containing
furostanol type glycoside, but this still needs further confirmation. These results
indicate the metabolic stability of the cultures where preliminary investigation
showed no major differences between the hairy roots and the original plant. Other
work (Ehmke er al., 1995) revealed shifts of the metabolic pathway of another
transformed system of S. dulcamara. Alteration from soladulcidine to solasodine
type glycosides was observed in shooty teratoma cultures obtained by
transformation via Agrobacterium tumefaciens.
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Introduction

Plants contain a vast array of chemical compounds which have a variety of
physiological and biochemical effects in animals (Wink, Chapter 1). These can be
extremely toxic but depending on compound and concentration, may have
beneficial effects (Panter ef al., this publication). A number of phytochemicals,
especially the polyphenolics and terpenoids, have antimicrobial properties which
may be important in animal production. Synthetic antimicrobials have been fed in
poultry diets since 1949, providing economic benefits through increased
productivity and better welfare, partially due to reduced occurrence and severity
of disease. However, the extensive use of antimicrobials in agriculture may cause
both a residual presence in meat and reduce the effective lifespan of medicinal
antimicrobials, findings which have provoked intense speculation and debate for
the future roles of the antimicrobials used in growth promotion (Young and
Craig, 2001). These concerns have resulted in the legislative removal of several
antimicrobials from animal feeds in the EU, with obvious implications for the
competitive ability of the EU poultry industry on a global basis. A higher
incidence of necrotic enteritis (NE) has already been associated with
antimicrobial removal from poultry feeds in Norway (Schaller, 1998). The
overgrowth of toxigenic Clostridium perfringens type A or C causes NE in the
small intestine which results in a loss of gut wall integrity, and high bacterial
loads associated with NE severely compromise broiler productivity (Porter, 1998;
Lovland and Kaldusdahl, 2001).

With judicious use, secondary plant compounds can be exploited for their
medicinal, aromatic and flavouring properties. Their uses in modern day medicine
have declined since the discovery of lower-cost antimicrobial compounds
produced by bacteria and fungi, and also the use of synthetic compounds (Cowan,
1999). The efficacy of plant secondary metabolites as alternatives for
conventional growth-promoting antibiotics in the poultry industry requires
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elucidation. Phytochemicals with antimicrobial activity include various terpenoid
compounds formed by the acetate-mevalonate pathway. Terpenoids are the
primary components of the essential oils and provide the flavour in herbs (Charai
et al., 1996). Antimicrobial activity has been reported in vitro for the essential
oils of thyme, rosemary, marjoram (Smith-Palmer er al., 1998; Hammer er al.,
1999) and oregano (Hammer et al., 1999; Dorman and Deans, 2000). Yarrow has
been shown to act against viruses and helminths in vitro (Cowan, 1999).
However, incorporation of volatile essential oils into animal feeds may prove
difficult, as their activity may be compromised by heat treatment in feed mills.
This paper describes the effect of herbal supplementation of broiler diets on some
prevalent species of gut microbes.

Materials and Methods

Animal experiment details and dietary treatments

Animal studies were conducted with the approval of the SAC Animals
Experimental Committee. Ninety day-old Ross 308 broiler chicks (Ross Breeders,
Newbridge, UK) were group reared for 7 days on litter, and then randomly
transferred into five blocks of cages until the end of the experiment (day 29).
Each cage contained three chicks, with each block serving as a treatment
replicate. The birds were fed a basal wheat/soybean meal ration (13.4 MJ kg* ME
and 200 g kg CP), formulated to be low in vitamin E (< 50 mg kg"). Each cage
was randomly assigned to one of six dietary treatments on day 7 of the study.
Oregano, marjoram, thyme, yarrow or rosemary (Green City, Glasgow, UK) were
added as dried herb material to the basal diet at 10 g kg w/w to form five
treatments, with the sixth treatment made up from the non-supplemented basal
diet acting as a control. Diets did not contain antimicrobials, anticoccidials or in-
feed enzymes.

Sample collection and bacteriological analysis

Fresh faecal samples were collected for analysis on day 25 from three treatment
replicates (18 cages), and caecal contents were removed from one bird in each of
these 18 cages on day 29. The samples were immediately packed in ice on
collection before bacteriological analysis. Faecal and caecal samples were
subsequently serially diluted, and plated on to MRS agar (lactic acid bacteria),
MacConkey agar No.3 (coliforms), Wilkins-Chalgren agar (anaerobes),
Perfringens OPSP agar (CI perfringens spp.) and charcoal cefaperazone
deoxycholate agar (CCDA) plates (Campylobacter spp.). After incubation,
colonies were tested using oxidase, catalase and Gram stain tests for species
confirmation. All bacterial counts were transformed by conversion to log;,, and
log counts were then analysed using GLM (General Linear Model) in Genstat
Release 5.
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Table 28.1. Bacterial counts from samples® of faecal and caecal material when
broilers were fed diets containing herbal supplements.

Dietary Total lactic acid
supplement  Total coliforms bacteria Total anaerobes Ci._perfringens
Faecal Caecal Faecal Caecal Faecal Caecal Faecal Caecal
Control 8.91 6.94 8.91 8.33 942 11.24 3.54 3.94
Marjoram 8.79 7.25 8.67 8.68 9.06 10.98 4.19 3.61
Oregano 8.83 7.50 8.21 8.27 9.13 11.36 3.77 3.57
Rosemary 8.62 7.24 8.51 8.15 9.21 11.12 2.41 2.80
Yarrow 8.60 8.40 8.76 8.63 862  10.99 257 2.00
Thyme 8.32 7.82 8.74 8.05 9.21 11.15 3.68 227
NS NS NS NS NS NS NS NS

S.ED. 0.70 0.78 0.49 0.69 0.35 0.33 0.76 0.75

’n = 3. Comparisons in all cases were made between variab}es in the same
column and values are expressed as log1g colony forming units g

Results

As anticipated, concentrations of total anaerobes were higher in caecal samples
compared with faecal samples (P < 0.001, data not shown). However, there was
no effect (P > 0.05) of treatment on the concentration of gastrointestinal bacteria
compared to the control, irrespective of sampling site (see Table 28.1). Despite
this some consistent trends were observed. The concentrations of CI. perfringens
in the caecum were lowest in birds fed diets containing supplements of thyme and
yarrow (2.27 and 2.00 log, c.fu. g' respectively), and highest for control diets
(3.94 log,, c.fu. g"). In addition, birds fed the control diet had a numerically
lower concentration of caecal coliforms at 6.94 log,, c.fu. g, compared to those
fed diets containing either yarrow or thyme (8.40 and 7.82 log, cfu. g’
respectively). These two observations highlight the mixed effects of dietary
herbal supplementation in this study.

Proportions of lactic acid bacteria to intestinal coliforms provide a good
indication of gut health (Fuller, 1977). However, this experiment yielded no
significant treatment effects on this ratio in either faecal or caecal samples (data
not shown). Additionally, when diets supplemented with herbs were expressed as
a ratio of the total bacterial count, no significant treatment effects were observed
on the bacterial population ratios in this study (data not shown).

Discussion

The lack of statistical significance between treatments in the present study may be
a consequence of various factors, including the potential inactivity or reduced
activity of the plant herb fraction, high variation between treatment replicates or
the cleanliness of the cage environment for the birds. Dorman and Deans (2000)
suggested that the active terpenoid phytochemicals in the whole plant may be
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trapped within secretory gland structures, which may favour the antimicrobial
activity of plant oils rather than plant herbs. Additionally, Cox et al. (2001)
observed a higher activity of the active phytochemical terpinene-4-ol separately
than when present as part of the essential oil fraction. More research is therefore
required to determine the best form of supplementation of bioactive
phytochemicals and their constituents. Dried plant herbs used in this experiment,
although perhaps easier to incorporate into diets, were not composed of pure
terpenoids and will contain other compounds that may reduce bioactivity. The
herbal drying process may additionally have affected the constituent terpenoid
concentration, and phytochemicals with less bioactivity may prevail within the
plant due to their more stable nature. Thyme oil was relatively easy to incorporate
into the oil portion of the diet, mixing fairly well with the vegetable oil fraction.
However, the effect of heating the volatile oil fraction remains unknown in terms
of dietary volatile oil content. Use of thyme oil in a related study on these same
birds showed the greatest beneficial effects on productivity in terms of weight
gained and feed consumed (unpublished data). As a result, the use of the essential
oil component will form the focus of further work.

Despite a disappointing response in this experiment, oregano, containing
various active phenolic components, is effective in promoting higher weight gain
and feed conversion in pigs (Gill, 1999), although at smaller doses than in this
study. Although work in pigs resulted in productivity benefits, work on a similar
theme carried out in chickens reduced the incidence of coccidiosis without
affecting productivity (Gill, 1999). Results have also been reported showing
improvements in broiler productivity with associated anti-inflammatory and
broncho-dilatory properties using a combination of Asian herbs based on
Ayurvedic medicine {Cruickshank, 2001). Herbal supplements are thought to act
by stimulation of the immune and cardiovascular systems, intestinal tract and
various organ cell wall linings (McCartney, 2002). It may be possible that the
faster intestinal transit and smaller volumes of digesta increase the variability of
chickens in a study situation when compared with pigs, or the response of herbal
supplementation is innately more variable than that of conventional
antimicrobials. Thyme oil and oregano oil are both strongly phenolic compounds
which are well known for their antimicrobial activity in vitro, although the dose
rate and degree of replication in this study may have been insufficient to
demonstrate significant effects in vivo, and therefore further studies are required.

In this study, birds fed diets containing all herbal supplements displayed
increased caecal coliform populations compared with controls, suggesting that
these herbs may select more against Gram positive than Gram negative bacteria.
If this is the case, conditions suitable for the presence of Campylobacter or
Salmonella may exist in birds on herb diets. However, it must be noted that
Campylobacter jejuni was not a problem in these birds. This trial was possibly of
insufficient length to fully appreciate any infection with Campylobacter spp. in
these birds, and further trials should be taken to the full term of 42 days. Perhaps
the best option eventually would be the use of various herbal therapy
combinations, in order to combat both bacterial types effectively. Synergistic
effects of the vartous components of essential oils have been shown for basil in
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vitro (Lachowicz et al., 1998) and for several constituents of tea tree oil in vitro
(Cox et al., 2001), which may even be of greater bioactivity than the complete
essential oil fraction. One herb contains an extensive variety of phytochemicals,
all with variable bacteriostatic or bacteriocidal activity, and use of herbal
combinations may well prove to be the best course of action.

This initial experiment was mainly for screening purposes, and it focused on
using herbs as natural antimicrobials in growing chickens in a caged experimental
situation. From the results obtained, the emphasis in further work will be on
thyme and yarrow treatments for reduction in concentrations of Cl perfringens
and the maintenance of healthy bird intestinal microflora ratios. With hindsight,
there may have been an insufficient challenge against these birds for beneficial
effects to become apparent. Previously, it has been shown that cage environments
are the cleanest option in broiler chicken production in terms of helminth
populations (Permin ef al., 1999) and red mite infestation (Hoglund et al., 1995).
In future, it may prove more beneficial to raise birds under a different
environmental situation, more representative of the commercial environment.
Litter provides a substrate for pathogenic bacterial growth in conditions close to a
neutral pH level (Pope and Cherry, 2000), and it may be more beneficial to use
this or another substrate in the birds' growing environment. Survival rates within
the two sample types should have been comparable in this experiment, yet certain
differences exist between the caecal and faecal microflora. It may be the case that
decreased sample exposure times to air would have resulted in the survival of a
more stable and less sub-lethally injured bacterial population. Unfortunately, the
samples had to be transported before analysis, which will have influenced the
population composition, although all received similar treatment.

The use of more replicates in future feeding trials may reduce the high
variation observed between bacterial counts, and therefore increase the likelihood
of observing significant effects due to treatment. Several differences were
observed within this experiment that could potentially be significant under a
different experimental methodology. However, the lack of information contained
within the literature on previous studies in this area provided complications at the
design stage of this work.

The herbs used in the present study are generally recognized as safe and non-
toxic, two of the main reasons why they are used in human cooking. There is an
excellent range of bioactive phytochemical substances offered by natural herb
plants, and terpenoid-containing volatile oils from these plants are among the
most potent with regards their antibacterial properties. It is essential to focus on
incorporating these chemicals solely or in combination into bird diets, in order
that the level of antimicrobial protection required in intensive poultry production
systems can be maintained. Further research on herbal supplements is therefore
necessary to establish the potential or lack of potential for these treatments in
poultry diets.
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Introduction

Tannins are widespread in the plant kingdom (Haslam, 1998), where they form
weak, pH dependent and reversible associations with a range of substrates
including cellulose, proteins (Hagerman and Klucher, 1986), enzymes (Kumar
and Singh, 1984), fats, nucleic acids and amino acids (Mole and Waterman, 1987),
often making the substrate resistant to microbial attack. Several reports have
suggested that the presence of condensed tannins (CT) at < 6% dry matter (DM)
of the herbivore diet may result in improved animal performance (Barry and
Manley, 1986) because less plant protein is lost as ammonia during ruminal
digestion. More protein, therefore, passes to the abomasum and small intestine
where dissociation of tannin-protein complexes can occur under acidic conditions
(McSweeney et al., 1988). In addition, the precipitation of soluble proteins
effectively removes one of the primary factors involved in foam stabilization and,
thus, reduces the likelihood of legume bloat (Waghom et al,, 1990; Barry and
McNabb, 1999).

In contrast, detrimental effects of CT in excess of 6% DM include decreased
growth rate and bodyweight gain, perturbation of mineral absorption and
inhibition of digestive enzymes (Butler, 1992; Yan and Bennick, 1995; Wood and
Plumb, 1995). Kumar and Vaithiyanathan (1990) have proposed that tannins
mnhibit rumen microbial function directly, by complexing with the bacterial cell
envelope, or indirectly, by reducing the availability of protein nitrogen and
sulphur for microbial use. Either would reduce the rate of plant fibre degradation
in the rumen. McSweeney et al. (unpublished) have demonstrated selective
inhibition of the cellulolytic ruminal species Fibrobacter succinogenes and
Ruminococcus spp. compared with Prevotella, Bacteroides or Porphyromonas.

Animals that regularly browse CT-containing plants have developed
populations of tannin-resistant ruminal microorganisms (Bernays et al, 1989).
Tannins have also been reported to induce changes in the morphology of several
species of ruminal bacteria (Jones et al., 1994; McAllister et al., 1994). Ruminal
transfers from tannin-adapted animals to domestic livestock have been
demonstrated to promote tannin resistance in the recipients (Miller et al.,, 1995).
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Electron microscopy indicated that sainfoin proanthocyanidins were bound to cell
coat polymers in Streptococcus bovis, Butyrivibrio fibrisolvens, Prevotella
ruminicola and Ruminobacter amylophilis, but abnormal cell growth and division
were observed only in S. bovis and B. fibrisolvens (Jones et al., 1994). Prevotella
ruminicola cells grown with CT were interconnected by condensed extracellular
material which was absent from cells grown without CT. Bae et al. (1993)
reported that F. succinogenes S85 cells grown in the presence of CT were also
seen to possess large amounts of electron dense surface-associated material.

Several ruminal microorganisms that have the ability to degrade phenolic
monomers have been isolated (Evans and Fuchs, 1988; Fuchs er al, 1994)
including Eubacterium oxidoreducens (Krumholz and Bryant, 1986) and strains
of streptococcal and coprococcal (Tsai and Jones, 1975). Anaerobic and aerobic
pathways of tannin degradation have recently been reviewed (Bhat ef al., 1998). A
strain of Selenomonas ruminantium that expresses tannin acylhydrolase activity
(Skene and Brooker, 1995) and Streptococcus caprinus (Brooker et al., 1994;
Nelson et al., 1995; Sly et al., 1997) have been isolated from feral goats' rumen
samples, the latter being resistant to tannic acid (TA) at concentrations of up to
7% wiv and CT up to 4% w/v. In contrast, growth of S. bovis was inhibited by
tannins at concentrations tenfold lower (Brooker et al, 1994). This chapter
reviews mechanisms of tannin tolerance in ruminal bacteria and also reports on
changes in intestinal function as a result of tannin interactions.

Materials and Methods
Bacterial isolation

Streptococcus bovis type 2B was obtained from K. Gregg, University of New
England, NSW, Australia. Streptococcus caprinus type strain 2.2 was originally
isolated in our laboratory and is available through the Australian Collection of
Microorganisms ACM3968. Selenomonas ruminantium K2 was isolated in our
laboratory (Skene and Brooker, 1995). Modified brain heart infusion (mBHI)
medium and minimal medium (NB) were prepared anaerobically as described
(Brooker et al., 1994 and Nili and Brooker, 1995 respectively). Crude extracts of
acacia CT (ACT) were extracted from Acacia aneura leaves with 70% v/v
acetone:water according to the method of Broadhurst and Jones (1978). ACT and
tannic acid (TA, Sigma) were stored under anaerobic conditions and stock
solutions were prepared immediately prior to use in anaerobic dilution solution
(Ogimoto and Imai, 1984). Tannin solutions were neutralized, filter sterilized and
added to broth cultures in Hungate tubes. Tannin content was analysed by the
butanol-HCl method (Waterman and Mole, 1994).

Hungate tubes containing 10 ml of medium were inoculated under anaerobic
conditions (95% CO,/5% H,) and were incubated at 39°C. In the presence of
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tannins, growth was quantified on mBHI nutrient agar plates by serial dilution and
viable colony counts.

Gallic acid decarboxylase assay

Bacteria were grown in mBHI alone or supplemented with 1.0% w/v of TA or
gallic acid, or 0.5% w/v ACT, ferulic acid or p-coumaric acid and 50 ul samples
of whole cell suspensions, containing 5 x 10° cells, were added to 1 ml of 0.1 M
sodium phosphate buffer (pH 6.8), 2.5 mM dithiothreitol, 10 mM MgCl; in a
quartz glass cuvette and warmed at 37°C for 5 min. Gallate decarboxylase activity
was determined as described in O’Donovan and Brooker (2001). Activity was
expressed as mmoles phenolic acid decarboxylated min"' mg™ cell protein.
Products of the gallate decarboxylase assay were analysed by Hewlett Packard gas
chromatograph (GC) fitted with flame ionisation detectors and a BP-21 (SGE,
0.25) capillary column.

In liquid cultures, the presence of gallic acid was determined as described by
Inoue and Hagerman (1988). Gallic acid and pyrogallol were also analysed by
GC-mass spectrometry (GC-MS).

Tannin acylhydrolase (tannase)

Methods for assay and purification of tannase were as described in Skene and
Brooker (1995).

Removal of extracellular polysaccharides (EPS) from cells

A 10 ml overnight culture of S. caprinus grown in the presence of 1% w/v TA
was centrifuged at 12,000 x g for 30 min and the cell pellet was suspended in an
equal volume of 1.5 mM sodium acetate, pH 4.2. The cells were mixed
thoroughly to remove attached EPS (as described in Whitfield, 1988) and then re-
centrifuged. The cell pellet was re-suspended in 5 ml of fresh medium and a 50 pl
aliquot was used to inoculate fresh medium. To determine the effect of TA on the
production of EPS by S. caprinus and S. bovis, cells were grown for a period of
48 h in mBHI medium supplemented with increasing concentrations of TA.
Tannic acid was removed by precipitation with 1% w/v polyvinyl pyrrolidone and
overnight dialysis against CE (0.05 M Na,CO;, 0.025 M EDTA, pH 9.5) buffer.
The EPS (expressed as glucose equivalents) was expressed as mg EPS mg” dry
weight of the cells (after removal of EPS).
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Field emission scanning electron microscopy (FESEM)

Streptococcus caprinus or S. bovis were grown in mBHI medium in the presence
of increasing concentrations of TA, ACT, gallic acid, ferulic acid, p-coumaric
acid and pyrogallol. Throughout bacterial growth, samples were removed and the
cells were centrifuged at 3000 x g for 10 min. Cells were re-suspended in fixative
solution (Karnovsky, 1965) containing 0.15% w/v ruthenium red (Frehel et al.,
1988) and examined by FESEM (O’Donovan and Brooker, 2001).

Transmission electron microscopy (TEM)

Bacterial cells were prepared as above, except that they were washed in citrate-
EDTA (CE) buffer (50 mM Na,COs, 25 mM EDTA, pH 10) and examined by
TEM (O’Donovan and Brooker, 2001).

Intestinal enzyme assays

For alkaline phosphatase (AP) sections were prefixed in formal calcium (1% w/v
CaCl, 8.75% v/v formalin in water) for 10 min, washed in 125 mM Tris-HCI (pH

9.2) at 39°C, and incubated in AP substrate (3.1 mg naphthol AS-BI phosphate,
Sigma), 10 mg Fast Red (BDH Chemicals, UK), 60 ul dimethylformamide in 10
ml 125 mM Tris-HClI (pH 9.2) for 21 min.

For aminopeptidase-N samples were fixed in formal calcium (as above) at 4°C
for 10 min, rinsed in 0.85% w/v saline solution and incubated in 0.1 M CuSO, for
2 min. Treated samples were incubated at 39°C in a substrate solution comprising
2 mg of L-alanine 4-methoxy-f-napthylamide dissolved in 0.05 ml ethanol, 0.45
ml distilled water, 5 ml of 0.1 M sodium acetate buffer pH 6.5, 4 ml of 0.5% w/v
saline, 0.5 ml of 13% w/v KCN and 5 mg of Fast Blue B (BDH Chemicals, UK).
Assayed samples were stored at 4°C untii analysis.

For each enzyme assay, precipitated reaction product was measured on a
calibrated image analysis program.

Statistical analyses

Differences in the levels of tolerance to phenolic acids between S. caprinus or S.
bovis, cell and capsule sizes and in the amount of extracellular polysaccharide
produced by the bacteria were determined using student’s s-test. Slopes of
exponential growth, determined by linear regression analysis, are reported as the
growth rates and were analysed using analysis of variance for organisms-by-
phenolic concentration interactions.
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Results

Comparative growth in vitro of S. caprinus and S. bovis in tannin-containing
medium

Streptococcus caprinus grew in up to 7.0% w/v TA or 4.0% ACT whereas S.
bovis growth was inhibited by TA or ACT concentrations greater than 0.5% w/v.
This response was consistent in either mBHI medium or in completely defined
NB medium containing NH4Cl as the sole nitrogen source. Streptococcus
caprinus grew with average lag times of 4, 7, 16 and 23 h for TA concentrations
of 1.0, 2.0, 3.0, and 5.0% w/v (Fig. 29.1). In the presence of up to 2.0% w/v ACT,
the lag period was 10 h (Fig. 29.2).

Inoculation of fresh medium containing 2.0 % w/v TA with overnight TA
cultures of S. caprinus or S. bovis decreased the lag time for both bacteria,
although there was no change in the maximum tolerable level of tannin (results
not shown).

1E+08

1E+07

Colony forming units
(tog cells mi 1)

1E+06

0.0 10.0 200 30.0 40.0 50.0
Time (hours)

Fig. 29.1. Effect of tannic acid on the growth of S. caprinus.

S. caprinus was incubated in mBH!I medium suppiemented with increasing concentrations of
tannic acid. At reguiar time intervals, samples were removed and growth was determined on
mBH! plates by serial dilution and viable celi count. Points represent the average of triplicate
trials; bars represent the standard error.

Tannic acid concentration (%, wiv): O =, 0.5 ¢, 1.0' 0, 2.0 4, 3.0' ¢, 5.0 0.

t Significance from control (no tannic acid), P < 0.01.
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Fig. 29.2. Effect of condensed tannin on the growth of S. caprinus.

S. caprinus was incubated in mBHI medium supplemented with increasing concentrations of
ACT. At regular time intervals, aliquots were removed and growth was determined on mBHI
plates by serial dilution and viable cell count. Points represent the average of triplicate trials;
bars represent the standard error.

Condensed tannin concentration (%, w/v): 0 0, 0.5' m, 1.0' A, 2.0 '

! Significance from control (no condensed tannin), P < 0.05.

The logarithmic growth rate of S. caprinus remained unaffected by the
addition of TA or ACT up to concentrations of 1% w/v, above which however,
growth rates were significantly reduced. In 3% w/v TA or 2% w/v ACT, the
growth rate of S. caprinus was reduced by 20-25%, whereas the growth rate of S.
bovis was reduced by 50% and 85% in medium containing 0.5% and 0.75% w/v
TA respectively.

Gallate decarboxylase activity

Degradation of TA can occur by hydrolysis of ester and depside bonds, yielding
gallic acid, which can be decarboxylated by gallate decarboxylase to yield
pyrogallol (Krumholz and Bryant, 1986; Brune and Schink, 1992). In medium
containing 1% w/v TA, after 16-20 h incubation, either in the presence of S. bovis
or in the absence of bacteria, spontaneous release of gallic acid into the medium
was measured at 3.2 mg mi”. In contrast, following incubation with S. caprinus,
the gallic acid concentration increased to 7.8 mg mi”' (P < 0.05). Analysis of
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Fig. 29.3. Degradation of gallic acid and corresponding pyrogallol production by
S. caprinus.

Bacteria were incubated in mBHI medium containing 50 mM galiic acid at 25 °C for 30 min
and samples were analysed by GLC. Points represent the average of triplicate trials. Bars
represent the standard error.

Gallic acid degradation O, Pyrogallol production O.

samples from a broth culture containing 1.0% w/v gallic acid (Fig. 29.3) shows
that gallic acid disappeared during the incubation, coinciding with the appearance
of pyrogallol. Addition of pyrogallol to culture medium had no effect on growth
of S. caprinus or S. bovis.

The rate of decarboxyiation of gailic acid by S. caprinus was calculated to be
263 + 0.02 mmoles min' pg' bacterial protein, but only in whole cell
preparations under strictly anaerobic conditions. Growth of S. caprinus, gallic
acid decomposition and pyrogallol production occurred together, with
stoichiometric conversion of 50 umoles of gallic acid mi’ to 47 umoles of
pyrogallol ml™'. Streptococcus bovis was unable to degrade gallic acid. Growth of
S. caprinus in the presence of carboxylated compounds such as protocatechuic
acid, 3,5-dihydroxybenzoic acid or hydroxybenzoic acid failed to produce their
decarboxylated derivatives, catechol, resorcinol and phenol, respectively. When
S. caprinus was grown in mBHI medium containing 1% w/v TA, gallate
decarboxylase activity was increased 2.5-fold compared with TA controls and
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Table 29.1. Gallate decarboxylase activity in S. caprinus following growth in the
presence of phenolic compounds.

Gallate decarboxylase activity was determined in whole cell suspensions prepared from S.
caprinus grown in mBHI and mBHI supplemented with the phenolic acids listed. Results are
the averages of triplicate trials + the standard error.

* Significantly different from control {(no phenolic acid), P < 0.05.

Gallate decarboxylase

activity (mmoles pyrogallol Relative
Medium min‘'ug") change
mBHi 2.63+0.02 1.00
mBHI plus 1.0% tannic acid 6.44 + 0.18' 2.45
mBHI plus 1.0% gallic acid 10.96 + 0.22" 417
mBHI plus 0.5% ACT 3.28+£0.04 1.24
mBHI plus 0.5% ferulic acid 2.39+0.05 0.91
mBHI plus 0.5% p-coumaric 2.56+0.03 0.97

acid

Boiled cells (control) 0.14 £ 0.003 _

4.1-fold when grown in the presence of 1% w/v gallic acid (significant at P <
0.05, Table 29.1). However, this did not occur in cells exposed to ACT, ferulic
acid or p-coumaric acid.

Effect of TA and ACT on bacterial cells

Light microscopy

Examination of S. caprinus and S. bovis by phase contrast microscopy showed
homogeneous cocci, occurring mainly in pairs or short chains. Both bacteria
stained Gram positive but this became variable with the addition of tannin.
Average chain length was increased two- to threefold in cultures of S. bovis when
the concentration of TA in the medium was greater than 0.2% w/v, or in S.
caprinus when the TA concentration exceeded 1.5% w/v (figure not shown).

Electron microscopy

Using transmission electron microscopy (TEM) and field emission scanning
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electron microscopy (FESEM), S. bovis was seen to increase chain formation and
clumping when TA exceeded 0.2% w/v. When the TA concentration was
increased to 0.75% w/v, increased numbers of abnormally shaped S. bovis cells
were observed and lysed cells were present in every field of view. In some cells,
multiple divisional planes suggested that the cells were undergoing unusual or
incomplete cell division and biebs were visible on the cell surface (data not
shown). In contrast, the size and shape of S. caprinus cells were unaffected by the
presence of ACT or TA until concentrations reached 2.5 and 3.0% w/v
respectively. Concentrations greater than these produced changes similar to those
observed in S. bovis, although no abnormal cell divisions were detected and
minimal cell lysis was observed.

A fibrous matrix extending from the surface of S. caprinus, but not S. bovis,
was observed by TEM following growth of the bacteria in TA or ACT (not
shown). When examined using FESEM (Fig. 29.4a and 29.4b), the extracellular
material was globular and in patches on the surface of S. caprinus and increased
in a concentration dependent manner such that when TA exceeded 2% w/v, the
extracellular material completely encased the bacterium. In the absence of TA, S.
caprinus produced little extracellular material.

Characterisation of the extracellular matrix

Extracellular matrix (EM) material was recovered by sodium acetate extraction of
S. caprinus and S. bovis grown in the absence of TA. The average yield from
stationary phase S. caprinus was 1.25 + 0.12 mg EM mg"' cells (dry weight of
cells following removal of EM) compared with 1.30 + 0.06 mg EM mg™ cells
isolated from S. bovis, and had an average molecular weight of 2 x 10° daitons.

Colorimetric assays indicated that the material was composed predominantly
of carbohydrate. However, analysis of the alditol acetate derivatives by GC and
GC-MS showed the neutral sugar composition from S. caprinus and S. bovis to
be different. In S. caprinus, glucose was primarily present, with trace amounts of
mannose {glucose:mannose 1:0.2). Variable amounts (0 to 4.2%) of acyl and N-
acyl residues were also detected. No uronic acids, proteins or hexosamines were
found. In S. bovis, the neutral sugar composition was shown to consist of
mannose, glucose and galactose in the ratio of 1:0.7:0.2. Larger amounts of acyl
and N-acyl groups were detected (0 to 7.3%) and uronic acids were also found
(2.7 £ 1.2%). When the bacteria were grown in the presence of TA, no change in
the carbohydrate composition occurred aithough the uronic acids increased in
both S. caprinus and S. bovis by 2.1 £ 0.9% and 5.4 £ 1.5%, respectively.

Effect of tannin on the production of extracellular matrix
With the addition of > 0.5% w/v TA or ACT, EM extracted from cultures of S.

caprinus increased significantly (P < 0.05); 5% w/v TA caused a sixfold increase
in the amount of EM extractable from S. caprinus (Fig. 29.5). In the presence of
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Fig. 29.4. FESEM of S. caprinus following growth in the presence or absence of
tannic acid.

FESEM of S. caprinus after overnight growth in mBHI medium containing (a), or lacking (b),
2% w/v TA. Celis were washed in CE buffer, fixed in glutaraldehyde containing ruthenium
red and dehydrated as described in Methods. Preparations were viewed using a Phillips
XL30FESEM. Arrow indicates extracellular matrix, bar represents 1 um.
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2% w/v ACT, EM increased 2.5-fold (results not shown). Addition of phenolic
acids such as gallic acid, p-coumaric or ferulic acid had no significant effect on
the amount of EM produced by S. caprinus.

Streptococcus bovis produces excess EM when grown in the presence of
sucrose. To determine whether EM alone would provide protection against TA, S.
bovis was grown overnight in mBHI, then diluted and spread on plates containing
5% sucrose and 0, 0.2, 0.5, 1.0 or 1.5% w/v TA. In the absence of TA, colonies
were extremely slimy with a spreading morphology. In the presence of 0.2% TA,
there was no reduction in colony forming units (cfu) and colonies were white and
shiny. There was no growth on TA > 0.5% w/v.

Selenomonas ruminantium K2

Isolated on mBHI plates containing up to 5% w/v tannic acid, this organism was
able to grow on either tannic acid or condensed tannin as a sole carbon source and
was shown to produce gallic acid from tannic acid. Tannin
80 r
7.0
6.0

5.0

4.0

(dry weight)

3.0

mg extracellular material
mg' bacterial cells

2.0

1.0

0.0

Tannic acid (% wiv)

Fig. 29.5. Effect of tannic acid on the production of extracellular matrix by S.
caprinus and S. bovis.

Extracellular matrix was isolated from S. caprinus and S. bovis following 48 h growth in
mBHI medium supplemented with increasing concentrations of tannic acid. Data represents
the average of triplicate trials; bars represent the standard error. ng: no growth.

S. caprinus w, S. bovis o.
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acylhydrolase (TAH) activity was demonstrated using gallic acid methyl ester
{(GAME) as an artificial substrate and activity was shown to increase by up to 35-
fold when K2 was grown in the presence of tannic acid or GAME (Table 29.2),
but not monomeric phenols. However, maximum specific activity of TAH was
not observed until cells reached stationary phase at an A, of greater than 1.0.

Histochemistry of intestinal brush border enzymes

To determine whether tannins had effects downstream from the rumen, we
examined enzyme profiles from regions of the intestine of sheep fed Acacia
aneura (Mulga).

Alkaline phosphatase (AP) activity was measured in the duodenum, jejunum
and ileum of sheep in five different groups. The results (Table 29.3) show that
there was no significant difference in AP activity across the various regions of the
intestine within treatment groups but between groups, activity in the Mulga-fed
sheep was 50-60% lower than oaten hay chaff (OHC), OHC + polyethylene
glycol (PEG) or Mulga + PEG-fed sheep.

Aminopeptidase-N (AP-N) specific activity was approximately threefold
greater than AP activity, but the regional distribution was similar (Table 29.3).
OHC, OHC + PEG and Mulga + PEG expressed similar AP-N activity, whereas
activity in the duodenum, jejunum and ileum of Mulga-fed sheep was
approximately 25% of the other treatment groups. The addition of PEG to the
Muiga diet restored AP-N activity and regional distribution was demonstrated in
the epithelial cells of the duodenum and the ileum.

Table 29.2. Effect of phenolic compounds on specific activity of tannin
acylhydrolase (TAH) in vivo.

Sel. ruminantium K2 cells were grown in the presence or absence of phenolic compounds
and cell-free extracts were assayed for TAH activity.

Growth medium TAH activity
mBHI 0.1310.02
mBHI + 0.2 % tannic acid 4.52+1.10
mBHI + 0.2% ferulic acid 0.12+0.03
mBHI + 0.2% catechin 0.18 £ 0.04
mBHI + 0.1% GAME 210+0.20

mBHI + 0.2% gallic acid 0.42 £ 0.09
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Table 29.3. Effect of diet on alkaline phosphatase (AP) and aminopeptidase-N
(AP-N) activities in the intestinal tract of sheep fed Acacia aneura (Mulga).
* Activities are expressed as mean absorbance per pm2 of microvillus membrane.

Enzyme and Enzyme activities versus diet
location Ad libitum OHC Mulga OHC+PEG Mulga+PEG
Alkaline
phosphatase™”
Duodenum 025+0.04 028+005 0.17+002 025:002 022+002
Jejunum 0.33+0.02 026+0.02 0.16+0.03 0.31+0.02 0.24+0.03
fleum 026+0.03 021003 0.17+004 0.32+0.03 0.31+0.03
Aminopeptidase-N*
Duodenum 0.79+002 081+002 0.15+0.01 0.51+0.11 0.59+0.02
Jejunum 0.55+0.08 080+002 0.10+001 077+003 0.88+0.03
lleum 0.85+0.03 0.81+0.02 020+0.02 065+006 0.75+0.02
Discussion

Streptococcus caprinus and S. bovis were inhibited by the presence of tannins in
the medium, shown by an extended lag phase before logarithmic growth and a
reduced growth rate. Although both species exhibited an extended lag phase, S.
bovis was approximately 30-fold more sensitive to TA or ACT than S. caprinus.
At an ACT concentration of 2% w/v, the lag period for S. caprinus was only
slightly increased (10 h) over TA (7 h).

These data demonstrate that both species are initially sensitive to tannins and
that adaptation by enzyme induction or metabolic transformation of the tannin
molecule is required. Only S. caprinus is able to achieve a level of adaptation to
permit continued growth, albeit at a reduced rate, in the presence of > 0.75% w/v
tannins. The fact that the lag period was tannin-concentration dependent suggests
that growth in the presence of tannins may be at least partly dependent on
metabolic transformation of the tannin or the development of a protective barrier.
A reduction in the lag period following re-inoculation of tannin-grown S. caprinus
supports the view that adaptation is associated with a time-dependent event such
as enzyme induction (possibly gallate decarboxylase), and/or the synthesis of EM.
Decreased growth rate is also consistent with the TEM and FESEM studies, which
showed an increase in chain length and clumping for S. caprinus in the presence
of TA.

We have demonstrated increased activity of gallate decarboxylase and the
accumulation of pyrogallol as a result of exposure of S. caprinus to TA, but not
ACT. Decarboxylation was specific for gallic acid. Since S. caprinus would
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normally function in a mixed community, it is likely that other bacterial species
would utilize the pyrogallol, thus maintaining a thermodynamic equilibrium in
favour of gallate decarboxylation. Evidence for such a community approach is
seen in the possible interaction between Sel. ruminantium K2, which produces
gallic acid from hydrolysis of gallotannins (Skene and Brooker, 1995), and S.
caprinus  which decarboxylates gallic acid to form pyrogallol. Similar
descriptions of S. caprinus and Sel. ruminantium K2 have been made by several
other groups worldwide, strengthening the argument that there may be a bacterial
community approach to the degradation of tannins in the rumen, and that these
two organisms may be key members of that community.

The concept of a protective barrier is supported by the SEM studies that
showed that S. caprinus produces elevated levels of EM in response to tannin and
that this is found closely associated with the bacterial cell wall. Removal of EM
from S. caprinus appeared to increase its sensitivity to TA, supporting the view
that this material provides a protective barrier to the organism. In contrast,
enhancement of EM synthesis by growth of S. bovis in a sucrose-rich medium did
not increase its tolerance for TA. This suggests that EM biosynthesis alone is not
enough to provide protection against tannins, and possibly, that induction of
gallate decarboxylase is a critical factor in tannin tolerance by S. caprinus.

These results explain the widespread occurrence of S. caprinus and Sel.
ruminantium K2 in the rumen of livestock that frequently browse tannin-
containing forages (Brooker et al., 1994), and it is likely that the presence of
these and other tannin-resistant organisms provides a selective advantage to these
animals, either through the metabolic transformation of gallate esters (and
therefore decreased toxicity to other organisms) or the maintenance of rumen
microbial biomass for the supply of bacterial protein for animal growth.

The results of histochemical studies clearly demonstrate inhibitory effects on
abomasal and intestinal function, which are separate from effects on bacterial
populations. Reduced activity of AP and AP-N were evident, and this was
restored by the inclusion of PEG in the diet. The simplest explanation of this
effect is that enzyme activity was inhibited by the protein-binding action of
tannins and this was alleviated by pre-binding the tannins with PEG. However, an
alternate explanation is that the tannins inhibited enzyme secretion by forming a
lining on the intestinal mucosa, thus preventing the export of proteins from the
intestinal epithelial cells. This second explanation is supported by additional data
(not shown), which demonstrates that tannins induce histological changes in the
intestinal mucosa inciuding abnormal villous structure and disruption of cellular
networks of communication.

Therefore these results indicate that tannins may mhibit several different
processes including microbial and digestive tract functions, and that these effects
may have an impact upon animal production over a range of grazing and browse
feeds. However, recognition of the effects may be more problematic since the
extent and duration of inhibition will depend upon a number of factors inciuding
diversity of forage available, intake, age of plant and other environmental
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influences. Resistance to tannins may therefore occur at several levels — microbial
tolerance, tannin degradation and intestinal tract adaptation.
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Introduction

Enterohaemorrhagic Escherichia coli (EHEC), such as O157:H7, produce Shiga
toxins, STX 1 and STX 2, which are responsible for much of the diarrhoea and
enterocolitis associated with disease caused by these pathogens. In some cases,
Shiga toxins from enterohaemorrhagic E. coli can cause a potentially fatal
haemolytic uremic syndrome (HUS), thrombotic thrombocytopenic purpura
(TTP) as well as lesions of the central nervous system (Nataro and Kaper, 1998;
Paton and Paton, 1998). The primary receptor on the epithelial cell surface for
STX is the glycolipid receptor globotriaosylceramide, Gb; (Nataro and Kaper,
1998). The Shiga toxins STX 1 and 2 from E. coli are indistinguishable from
Shigella Shiga toxins with respect to cytotoxicity, receptor specificity and affinity
(Nataro and Kaper, 1998). Recent work has indicated that tunicamycin, an
inhibitor of N-linked glycoprotein synthesis, reduced the expression of Gb; on the
epithelial surface of HeLa cells in culture (Jacewicz et al., 1989). Reduced
expression of Gb; was accompanied by reduced cell cytotoxicity after exposure to
Shiga toxin derived from Shigella dysenteriae. Swainsonine, like tunicamycin, is
an inhibitor of N-linked glycoprotein synthesis with its action specific for
lysosomal and Golgi mannosidase II (Dorling er al., 1989; Bernhardt et al.,
1994). In the present report, we explored the possibility that swainsonine could
also reduce the expression of Gb; and/or other potential low affinity STX binding
sites. For our study we utilized a microtitre-based lactate dehydrogenase (LDH)
cytotoxicity kit to detect toxin activity against Vero 76 cells, a cell line
traditionally used to assay toxigenic E. coli for STX (Nataro and Kaper, 1998).

198
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Materials and Methods

Swainsontne (Sigma, St Louis, MO) was fully dissolved in Dulbecco’s modified
Eagle’s medium (DMEM), filter sterilized, and diluted to a working concentration
of 25 pg ml" in either DMEM or Tryptic Soy Broth (TSB). Supernatant from a
non-toxigenic strain of O157:H7 (ATCC: 700728) (non-toxigenic TSB) was
prepared by centrifugation and filter sterilization of culture fluid from a culture
grown overnight in TSB. Purified . coli toxins STX I and 2 (provided by David
Acheson, GRASP Center, New England Medical Center, Boston, MA) were
prepared from frozen stock aliquots by re-suspension to the appropriate
concentration in non-toxigenic TSB. Cytotoxicity of Vero 76 cells (ATCC: CRL-
1587) was determined by measuring release of LDH activity (Grif ef al., 1998).
The assay was accomplished by seeding microtitre wells with 10* Vero cells in
200 pl of DMEM and then incubating the cells overnight with or without
swainsonine at 37°C under 5% CO,. After this initial incubation, the media was
replaced with fresh media as before and solutions of STX 1, STX 2 or appropriate
controls were added. The plates were re-incubated for an additional 24 h, then
100 pl of fluid from each well was transferred to a corresponding well in a new
96 well plate and reagents of the LDH cytotoxicity kit were added. The plate was
then incubated at room temperature for 30 min and read in a Spectramax 340 PC
spectrophotometer (Molecular Devices, Sunnyvale, CA). Assays performed with
serial two-fold dilutions (0.005 to 2.5 ng well) of STX 1 and 2 prepared in TSB
yielded linear dose response curves (R* > 0.62). The effects of swainsonine were
assessed using Shiga toxins at 2.5 or 0.156 ng well”', concentrations that
represented 2 maximal and half maximal LDH effect, respectively. Cytotoxicity
of Vero cells incubated in control wells with supernatant flutd from non-toxigenic
E. coli O157:H7 alone was < 5% and was not affected by DMEM or TSB.

Results and Discussion

Glycoconjugated proteins and lipids expressed on the host cell’s surface often
serve as receptors for numerous adhesions or toxins (Karlsson er al.,, 1991). In the
case of EHEC, binding of STX to Gb; expressed by susceptible cells plays a
critical role in haemorrhagic colitis (via killing of Gbs-expressing epithelial cells
or via vascular injury), in haemolytic uremia (via action against glomerular
endothehal cells) and in central nervous system disorders (via binding to cerebral
endothelial cells) (Neill er al., 1994; Lingwood ef al., 1998; Nataro and Kaper,
1998; Tarr et al., 2000; Eisenhauer er al., 2001). Consequently, strategies are
sought to interrupt this toxin-receptor interaction, particularly since, aside from
intensive supportive therapy, there are few options currently available for
treatment of these manifestations (Paton and Paton, 1998). For instance, antibiotic
treatment of EHEC infections remains highly controversial due to concerns that
such treatment will increase toxin concentrations in the gut lumen by lysing E.
coli cells or by inducing prophage and/or transcriptional events (Paton and Paton,
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1998). Research on the development of potential therapeutic strategies intending
to bind and capture STX in infected individuals has begun and these may prove
beneficial if administered very early in the course of the disease. For instance,
oral administration of an oligosaccharide component of Gb; covalently linked to
silica particles may bind STX in the gut lumen thus preventing further absorption
(Armstrong et al., 1991). Other approaches being investigated include using
analogues of Gb; or 'humanized' anti-STX antibodies to bind toxin systemically
(Lingwood et al., 1998, Paton and Paton, 1998).

Alternatively, it may be possible to reduce cytotoxicity by reducing the
number of available Gbs receptors on the cell surface. Tunicamycin, an inhibitor
of N-linked glycoprotein synthesis, decreases expression of Gb; and reduces
cytotoxicity in HeLa cells (Jacewicz er al., 1989). Presently, we report that
swainsonine, another inhibitor of N-linked glycoprotein synthesis, inhibited the
cytotoxic effects of STX 1 and 2 in Vero cells (Table 30.1). While the effects of
swainsonine appeared to be concentration dependent, they did not exhibit first
order kinetics. For instance, in the absence of STX, swainsonine exhibited little
cytotoxicity (< 2%) to Vero cells even when included at levels of up to 2.5 ug
well™! (data not shown). However, in the presence of STX, the highest inclusion
levels of swainsonine did not result in the greatest reductions in STX-associated
cytotoxicity thus suggesting the existence of an as yet unexplained interaction
between STX and swainsonine. In the case of cells challenged with 0.156 or 2.5
ng well' STX 1, maximum reductions in cytotoxicity (relative to that observed in
control wells incubated without swainsonine) of 78% and 74% were observed
with cells co-incubated with 0.1563 and 0.625 ug swainsonine well”, respectively
(Table 30.1). In the case of cells likewise challenged with STX 2, maximum
reductions in cytotoxicity of 89% and 100% (relative to controls) were observed
with cells co-incubated with 1.25 and 0.3125 pg swainsonine well”, respectively
(Table 30.1). It is also possible that the relatively low cytotoxicity observed in
control wells lacking swainsonine may have confounded our results (Table 30.1).
The reason for the low sensitivity of the Vero cells to the STX is not readily
apparent but could be because the Vero cells used in our studies were obtained
from ATCC which, if passaged more than 15 times, may not have expressed Gbs
at levels adequate to allow optimal sensitivity to STX (Nancy Cornick, Iowa,
2001, personal communication).

Although the presumption that swainsonine caused a tunicamycin-like
inhibition of Gb; expression on the cell surface seems plausible (Jacewicz et al.,
1989), there are at least two other possible pathways where swainsonine
modulated Golgi mannosidase II inhibition may interfere with STX toxin activity.
One possible mode of action would be interference with the formation of and
internalization of coated pits (Lew et al., 1994) containing the STX-Gb; complex
(O’Brien and Holmes, 1996). The other possibility would involve interference
with the routing of internalized STX-Gb; containing coated pits through the
trans-face of the Golgi apparatus. Blockage, resulting from swainsonine-
modulated inhibition of Golgi mannosidase II, could result in STX being either
translocated to lysosome storage vacuoles or blockage of STX translocation
through the Golgi apparatus to the endoplasmic reticulum. Translocation of
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Table 30.1. Vero cell cytotoxicity (%) after co-incubation with swainsonine.

Per cent cytotoxicity®

STX 1 (ng well")

STX 2 (ng well™")

Swainso-

nine (ug

wel") 0.156 25 0.156 25

0 16.7 + 1.5 (100) 18.5+ 3.6 (100) 18.3+3.5(100) 29.9 + 1.3 (100)
0.0098 14.0+43(84) 121+39(65) 89+25(49) 2.9+0.6 (10
0.0195 10.0+3.7(60) 13.1+28(71) 95+19(52) 10.0+2.3(33)
0.0391 92+23(55) 16.7+34(90) 7.6+20(42) 12.8+3.1(43)
0.0781 82+23(49) 170+39(92) 68+15(37) 86+1.7(29)
0.1563 36+13(22) 164+6.0(89) 67+11(37) 6.0+0.9(20)
0.3125 76+21(46) 9.1+07(49 6.1+12(33) 0.0+0.1(0)
0.6250 64+09(38) 49+03(26) 39+03(21) 4.0+05(13)
1.2500 77+03(45) 104+20(56) 20+03(11) 54+0.8(18)
25000 14.1+3.1(84) 12.3+25(66) 129+13(70) 11.0+2.4(37)

“Mean + SD (n = 3). Values in parentheses express cytotoxicity as a per cent
relative to controls incubated without swainsonine.

internahized STX to the endoplasmic reticulum through the Golgi apparatus is
reported to be an essential step in the STX toxin pathway (O’Brien and Holmes,
1996). Clearly, more work is needed to elucidate the molecular mechanisms
behind the reduction in STX-associated Vero cell cytotoxicity. Nevertheless, the
results obtained from our exploratory series of experiments empirically
demonstrate the potential of swainsonine to inhibit glycoprotein processing of
susceptible cells.

Whether or not practical interventions involving the use of swainsonine as a
drug, which itself is somewhat toxic, can ultimately be developed to prevent
attachment of STX to not only kidney cells, but perhaps to gut epithelial and
cerebral endothelial cells as well, will depend on its effectiveness and safety in
vivo. When consumed for extended periods, the toxic effects of swainsonine have
been found to be transient and reversible (Dorling et a/., 1989), which thus
provides support to the concept that short-term administration may be able to
mitigate disease during critical periods of susceptibility. If swainsonine and
perhaps other inhibitors of Golgi function and protein glycosylation can safely be
administered as a drug to animals then these may be useful to temporarily inhibit
the host’s expression of other receptors used by a variety of pathogens. Examples
include mannose-substituted proteins bound by type | fimbriae of E. coli and
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Salmonella (Low et al., 1996) or glycoconjugated receptors bound by adhesive
K88 fimbriae of enterotoxigenic E. coli (Jin and Zhao, 2000). Swainsonine is
being used to study the molecular properties of the poliovirus receptor (Bernhardt
et al., 1994) and, along with other inhibitors of protein glycosylation such as
tunicamycin, deoxynojirimycin, deoxymannojirimycin and castrosperime, is
being tested as a possible anti-tumour drug (Olden et al., 1992; Demetriou et al.,
1995). Undoubtedly, their use in further elucidating receptor expression and
epithelial cell development will provide valuable insights into mechanisms of
pathogenesis that occur in host cells.
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Corynetoxins (CTs), chemically and toxicologically related to the tunicamycins
(TMs), are a group of tunicaminyluracil-glycolipids that are responsible for stock
deaths associated with ingestion of nematode/bacterium-colonized grasses
(Bryden et al., 1994). As described by Riley et al. (Chapter 6 this volume), there
has been speculation that early nematode-related episodes of stock poisoning in
the USA might be similar to annual ryegrass toxicity (ARGT) and attributable to
the presence of CT-like tunicaminyluracil-glycolipids. Nematode seed galls from
Festuca nigrescens obtained from New Zealand and the USA were examined
using an ELISA for the presence of an antigen derived from the CT-producing
bacterium, Rathayibacter toxicus (Riley et al., Chapter 6 this volume). Since the
galls from New Zealand were only weakly positive, and the galls from the USA
were negative for the presence of the R toxicus antigen, it was important to
determine whether CT-like material was present.

Analysis of Galls

Galls (two from the USA, two from New Zealand and one from Western
Australia as a positive control) and clean annual ryegrass (Lolium rigidum) seed
(as negative control) were treated with 80% methanol in water in a manner
proven to extract CTs from bacterium-colonized nematode galls of annual
ryegrass seedheads collected in Western and South Australia (Cockrum and
Edgar, 1985).

The extracts were then examined for cross-reactivity in a CT/TM-specific
ELISA, for the presence of CT-like components using high pressure liquid
chromatography (HPLC) and liquid chromatography/mass spectrometry (LCMS),
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and for in vitro inhibitory activity of the enzyme N-acetyiglucosamine-I|-
phosphate transferase (GPT), critical to protein N-glycosylation, which is
irreversibly inhibited by TMs and CTs that act as substrate site analogues (Jago et
al., 1983).

ELISA analysis

An indirect, competitive ELISA has previously been developed for the detection
of CTs and TMs using polyclonal primary antibodies raised against a
tunicamycin-derived hapten-protein conjugate (Than ez al., 1998; Than et al.,
Chapter 59 this volume).

In an assay where the solvent blank and extract of clean ryegrass seed were
devoid of ELISA cross-reacting material, the extract of bacterium-colonized
nematode galls from annual ryegrass seedheads indicated about 1.6 pg CTs per
gall. By comparison, the extracts of the galls obtained from F. nigrescens from
New Zealand and the USA yielded cross-reacting components equivalent to about
1.1 pg CTs and 0.5 pg CTs per gall respectively.

HPLC and LCMS analysis

High pressure liquid chromatograms (obtained using the method of Cockrum and
Edgar, 1985) of the extracts from the New Zealand and USA galis clearly
demonstrated the presence of CT and TM-like components both in terms of the
retention times observed and the full scan UV absorption spectra of individual
peaks (Fig. 31.1). Quantitation against a standard solution of purified CT Hi7a
indicated a CT equivalent of 1.8, 0.9 and 0.4 pg per gall in the galls from
Australia, New Zealand and the USA respectively.

Further confirmation of the identities of the individual components of the
TM/CT-like cluster of HPLC peaks was obtained by directing the effluent of the
HPLC column into the atmospheric pressure electrospray ionisation chamber of a
Finnigan LCQ mass spectrometer. The M™+H adduct ions observed were the
same for each of the corresponding peaks in the toxin profiles of the galls from
Australia, New Zealand and the USA (Table 31.1).

While the peak profiles of the CT-like material from the USA and New
Zealand galis were very similar to that of the Australian galls, there were some
differences in relative intensities, especially of the major peaks (H17, Ul7 and
S17, Fig. 31.1). However, experience has shown that the profile and relative
intensities are consistent between samples of galis from different Australian
sources and South Africa (Cockrum and Edgar, 1985). Therefore these
observations could indicate a genetic difference in the bacterium species
responsible for the toxins in the New Zealand and USA galis relative to that
responsible for the Australian toxins. However, in support of the CT-like nature
of the extractives, it should be noted that hydroxylated fatty acid chains (denoted
by the descriptor, H in Table 31.1) have only so far been detected in the
corynetoxin family of tunicaminyluracil-glycolipids.
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Fig. 31.1. HPLC comparison (detection wavelength 260 nm) of extracts of (A}
Australian galls from Lolium rigidum, (B) New Zealand galls from Festuca
nigrescens and (C) USA galls from F. nigrescens. Peaks correspond to mass
spectral data shown in Table 31.1.

HPLC/ELISA immunogram

To confirm that the HPLC peaks assigned to CT-like compounds from the New
Zealand and USA galls were also the source of the cross-reactivity observed in
the CT ELISA, HPLC fractions were collected every minute during the analytical
run. These fractions were then assayed using the ELISA. The peaks of ELISA
response correlated with the elution of the CT peaks (see Than et al., Chapter 59
this volume for an example). There was some cross-reactivity with earlier eluting
material in each of the extracts of galls, possibly corresponding to more polar, CT
precursors, but this was only a small part of the total cross-reactivity response and
is a feature previously noted with CT extracts.
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Table 31.1. Comparison of liquid chromatography mass spectral data for extracts
of galis from Australia, New Zealand and the USA. Peak identification is based on
nomenclature described by Cockrum and Edgar (1985).

Retention lons

time observed Detected in galls Peak
(min) (M'+H)  Australia  New Zealand USA identity
19.77 831.2 + - - u1s
21.48 833.1 + ++ + S15
21.55 863.2 ++ + + H16
24 .66 8455 + + + u16
24 .54 877.4 +++++ ++++ +++ H17
25.28 847.3 ++ ++ ++ S16
27.5 859.3 ottt +++++ ++++ u17
28.13 861.5 ++ ++++ +++ S17
28.09 891.3 ++ + + H18
31.25 873.3 + ++ ++ u18
31.70 905.3 + - - H19
34.43 8874 ++ ++ ++ u19
32.81 875.2 + + + S18
35.73 889.0 + + + S19

N-acetylglucosamine-1-phosphate transferase inhibitory activity

The irreversible inhibitory effect of CTs and TMs on GPT provides a basis for
determining in vivo exposure to these tunicaminyluracil glycolipids. This is
achieved by examining the activity of hepatic microsomal GPT (Stewart and
May, 1994; Stewart, 1998), and estimating the CT-like activity of an extract in
vitro by examining the effect on hepatic microsomal GPT derived from a non-
exposed sheep (Stewart, 1998).

In an assay in which the GPT activity of a control sheep liver microsomal
preparation is set at 100%, solutions of TMs at concentrations of 2 ng ml™' and 12
ng ml" caused a relative inhibition with a residual activity of 73% and 7%
respectively. There was no adverse effect on the GPT activity by the solvent used
to extract the gall samples (activity 108%). The extract of the galls derived from
Western Australia inhibited the GPT by 98% (2% residual activity) and the
extracts of the galls from New Zealand and the USA caused a relative inhibition
of GPT of 98% (2% residual activity) and 96% (4% residual activity)
respectively. These results clearly showed the presence of GPT-inhibition activity
consistent with the presence of CT/TM-like compounds in the extracts of the gall
material from Australia, New Zealand and the USA (1.3, 0.8 and 0.5 ug per gall
respectively).
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Conclusions

Tunicaminyluracil-glycolipids, similar to the CTs produced by R. foxicus in
Australia and South Africa, have now been identified in old nematode seed-galls
from F. nigrescens from the USA (New Jersey) and New Zealand. The estimates
of CT-like levels in galls by the ELISA, HPLC and in vitro enzyme inhibition
were consistent.

Identification of the gall extractives as CT/TM-like tunicaminyluracil-
glycolipids, including the presence of components possessing hydroxylated fatty
acid side chains and characteristic of corynetoxins, was shown using HPLC/UV,
HPLC/MS, cross-reactivity in an ELISA specific for tunicamycins and
corynetoxins, HPLC/ELISA and in vitro inhibition of GPT.

While not identical to the corynetoxins profile produced by populations of R.
toxicus from Australia and South Africa, the toxin profiles from the New Zealand
and USA galls were similar enough to indicate that a geographical variant of R.
toxicus or closely related species may be involved. Therefore it is concluded that
the livestock deaths associated with the feeding of nematode-infested and
bacterium-infected screenings of F. nigrescens in Oregon, USA in the 1940s to
the 1960s may also have been caused by CT-like toxins produced by the
bacterium. A case of poisoning with ARGT-like clinical signs described in
California (Galey et al., 1997) may be an indication of the continued presence,
albeit low level of occurrence, of tunicaminyluracil-glycolipid induced disease in
the USA.
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Introduction

Yucca schidigera is a desert plant native to the southwestern USA and Mexico
that is widely used in the food and feed industries as well as in the drug and
cosmetic industries (Cheeke, 1998). Yucca products are used as anti-stress agents
in man and in poultry, to promote weight gain in cattle, to inhibit ammonia
formation in poultry and pig waste (Kaneda et a/., 1987). They are also used in
very large quantities as foaming agents in beverages. Steroidal saponins are
considered to be the active ingredient of extracts of Y. schidigera (Kaneda et al.,
1987; Hostettmann and Marston, 1995).

Steroidal saponins are spirostanol or furostanol glycosides bearing one or
more sugar chains, usually one at the C-3 carbon and one at C-26 (Hostettmann
and Marston, 1995; Osbourn, 1996). The classical definition of saponins is based
on their surface activity, for many saponins have detergent properties and give
stable foams in water (Hostettmann and Marston, 1995). The aglycone or non-
saccharide portion of the saponin is called the genin or sapogenin. The steroidal
portion is derived from the cyclization and rearrangement of six isoprene units.

Chemical structure analyses of Y. schidigera saponins have shown the
dominant genin components to be sarsasapogenin and smilagenin, together with
lower levels of markogenin, samogenin, gitogenin and neogitogenin (Kaneda et
al., 1987, Miyakoshi et al., 2000).

This paper describes the metabolism and excretion of Yucca saponins in
sheep. Two 3-month-old Dala breed lambs, 15.5 and 21 kg live weight were
dosed with 26 mg kg sapogenins day” for 11 consecutive days, assuming an
average 48% sapogenin contribution to the Yucca saponins, based on the relative
molecular mass of sarsasapogenin (416 Daltons), and that of the dominant Yucca
saponin (872 Daltons). The ratio (mass basis) of sarsasapogenin to smilagenin in
the dosed material was 85 to 15. For 14 days before dosing commenced, and
throughout the dosing period, the lambs were fed with sheep concentrate and hay
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ad libitum. One of the dosed lambs was killed by captive bolt stunning and
immediate exsanguination 5 hours after being dosed with the last dose. The
second lamb was killed 1 week later. No adverse effects were observed in the two
animals after dosing started.

Metabolism

The total levels of free and conjugated sapogenins found in GI-tract samples from
one of the Yucca-dosed lambs are presented in Table 32.1. The results obtained in

Table 32.1. Total free and conjugated sapogenins {mg kg™ dry matter) and %
episapogenins found in Gl-tract and liver samples following the dosing 11
consecutive days of a Yucca saponin extract.

Percentage
episapogenins

Extract Total sapogenins of total sapogenins
Rumen Free 263 23
Conjugated 6.7 18
Omasum Free 842 22
Conjugated 79 19
Abomasum Free 441 25
Conjugated 25 19
Duodenum Free 84 19
Conjugated 3.4 21
Jejunum Free 118 16
Conjugated 6 59
lleum Free 299 91
Conjugated 40 89
Caecum Free 1063 75
Conjugated 155 74
Colon
ascendens Free 1177 75
Conjugated 175 73
Faeces Free 1507 70
Conjugated 187 68
Liver Free 21 27
Conjugated 1.1 100
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Fig. 32.1. Proposed metabolism of Narthecium ossifragum and Yucca schidigera
sarsasapogenin glycosides (saponins) to afford episarsasapogenin B-D-
glucuronide.

the dosing trial were comparable to those obtained in other dosing experiments in
which sarsasapogenin and smilagenin saponins from Narthecium ossifragum
were dosed to sheep (Flagyen and Wilkins, 1997; Flagyen et al., 2001).

Fore-stomachs and abomasum

We propose that rumen microbes quickly hydrolyse the Yucca saponins almost
completely to the parent sapogenins, i.e. sarsasapogenin and smilagenin. In the
rumen 15 to 30% of the sapogenins undergo oxidation and reduction at C-3 to
afford episarsasapogenin (Fig. 32.1) and epismilagenin. Epimerization is arrested
when the sapogenins arrive in the omasum and abomasum indicating that, in the
fore-stomachs, rumen microbes are primarily responsible for the conversion of
sapogenins to episapogenins.

Small intestines
The concentration of sapogenins in the dry matter drops significantly in the upper

(small) intestines indicating that this is probably the major site for absorption of
sapogenins.
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Liver

Sarsasapogenin and smilagenin, which have not been oxidized and reduced in the
fore-stomachs, appear to be oxidized and reduced to the corresponding
episapogenins in the liver, prior to conjugation with D-glucuronic acid and
excretion into the bile. The oxidation and reduction processes can be classified as
phase I metabolism whereas the conjugation is a typical phase II process.

Large intestines and faeces

The ratio of conjugated and unconjugated (free) sapogenins seems to be
reasonably stable throughout the large intestines. In the animals studied so far,
conjugated sapogenins contribute between 5 and 15% of the total sapogenins.

Urine

To date we have not detected free or conjugated sapogenins in urine samples
following the dosing of N. ossifragum or Yucca saponins.

Discussion

Saponins from N. ossifragum, together with saponins from at least nine other
plants, have been suggested to cause hepatogenous photosensitization diseases of
sheep (Flagyen, 1999). These plants are Agave lecheguilla, Tribulus terrestris,
Brachiaria decumbens, five Panicum spp. and Nolina texana. Among these plants
only N. ossifragum and A. lecheguilla contain saponins predominantly derived
from sarsasapogenin and smilagenin (Flagyen, 1999) — the same sapogenins
found in Y. schidigera.

The ovine metabolism of Yucca saponins appears to be identical to that of N.
ossifragum saponins (Flagyen and Wilkins, 1997, Flagyen ef al., 2001, 2002). We
therefore suggest that saponins from Y. schidigera are likely to be equally toxic to
sheep as are saponins from N. ossifragum.

N. ossifragum is a small plant, and it is time consuming to collect enough
plant material for a dosing experiment. Commercially available Yucca saponins
may therefore replace N. ossifragum saponins in future studies of N. ossifragum
associated hepatogenous photosensitization of sheep.
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Introduction

Eucalyptus dominates Australian forests and woodlands in both the temperate and
tropical zones (Williams and Woinarski, 1997). There are about 800 species of
eucalypt (all but two are evergreen) ranging from trees of about 100 m through to
small shrubs. In spite of this dominance, few insects and even fewer mammals
feed to a large extent on Eucalyptus foliage. The mammalian fauna are all
marsupials and include the koala (Phascolarctos cinereus) an obligate eucalypt
folivore (613 kg liveweight), the greater glider (Petauroides volans), a smaller
(1-1.5 kg) obligate eucalypt folivore, common ringtail possum (Pseudocheirus
peregrinus, 0.7-1.0 kg) and common brushtail possum (Trichosurus vulpecula,
2-5 kg) both of which feed on a range of other species as well as eucalypts. In
addition several of the terrestrial kangaroos (e.g. the swamp wallaby, Wallabia
bicolor and the Tasmanian pademelon, Thylogale billardieri) also feed partly on
eucalypt leaves and are regarded as serious pests of young seedling trees by the
wood-fibre industry in some parts of the country (McArthur et al., 2000).

Intraspecific Variation and the Patchiness of Eucalyptus Forest
for Folivorous Marsupials

Eucalyptus foliage is a highly variable and patchy resource for herbivores at a
range of spatial scales. For example, at the landscape scale folivorous mammals
are distributed patchily in large areas of contiguous forest and there is evidence
that this pattern is associated with soil and foliar nutrients measured as
concentrations of N, P and K (Cork and Catling, 1996). At the finest scale,
animals discriminate between individual trees within a species (Pass et al., 1998;
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Fig. 33.1. Variation in dry matter intake by common ringtail possums fed
Eucalyptus polyanthemos or Eucalyptus sideroxylon in two separate experiments.
Grey shaded bars are E. polyanthemos and black shaded bars are E.
sideroxylon. Vertical bars above each group of data are least significant
differences (5%) from ANOVA or REML analysis.

Lawler et al., 1998a, 2000) and between branches within a single tree (Edwards et
al., 1990; Foley, unpublished observations).

It is the intraspecific variation that is of most relevance because it forces us to
stop regarding taxonomic species of trees as food resources for these animals. It
has been said before that 'animals don’t eat Latin binomials' and this is
particularly true of FEucalyptus and folivorous marsupials. For example in
Eucalyptus polyanthemos and in Eucalyptus sideroxylon, the range of voluntary
dry matter intakes of fresh foliage by common ringtail possums ranged from 50 g
kg®™ day’ to 4 g kg®” day’ for 36 individual trees (Fig. 33.1) (Lawler et al.,
2000).

Experimental evidence has shown that all species of folivores examined show
a similar ranking of individual trees within a species with respect to dry matter
intake (Lawler et al., 1998a; Mcllwee et al., 2001). When koalas and common
ringtails were fed a number of individual trees of both Eucalyptus ovata and
Eucalyptus viminalis, koalas ate significantly more foliage from the 'worst'
individuals yet the ranking of trees in terms of intake from best to worst was the
same for each species (Lawler et al, 1998a). This pattern has also been
demonstrated for the kangaroos W. bicolor and T. billardieri (Lawler and Foley,
1999).

Chemical basis of feeding inhibition

Eucalypts contain a wide variety of chemical compounds, many of which can be
toxic to herbivorous mammals. These include terpenoids, tannins and other
phenolic compounds, as well as cyanogenic glycosides. Numerous studies have
attempted to link the occurrence of these compounds to food choices by
marsupials. However, most studies have focused on tree species rather than
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individual trees. The amount of intraspecific variation illustrated in Fig. 33.1
suggests why these approaches have not yielded definitive resuits.

Detailed studies addressed at the intraspecific level of variation have shown
that the differences in feeding by marsupials is largely explainable by the
occurrence and concentration of a newly described but well-characterized group
of plant secondary metabolites called formylated phioroglucinol compounds
(FPCs) (Pass et al., 1998; Lawler et al., 1998a, 2000) (Fig. 33.2).

For example, in E. polyanthemos, 86% of the variation in dry matter intake of
common ringtail possums is explained by the concentration of a single plant
secondary metabolite calied sideroxylonal A. Sideroxylonal A is one of a group of
diformyl phloroglucinol compounds (Fig. 33.2) that are terpene—phenol adducts
(Lawler et al,, 2000) and that are widely distributed in eucalypts (Pass et al.,
1998). Sideroxylonals are active against other marsupials as well. In koalas fed
Eucalyptus melliodora foliage, sideroxylonal A concentration explained 70% of
the variation in intake (Moore and Foley unpublished). Related compounds (Fig.
33.2) occur in other species and act as effective defences against common ringtail
possums (Pass et al., 1998; Lawlier et al., 1998a). For example in E. ovata, the
concentration of macrocarpal G explains much of the difference in intake of both
koalas and common ringtails (Lawler et al., 1998a).

HO
HO OH
(6]
OHC
OH
Jensenone

Macrocarpal G Sideroxylonal A

Fig. 33.2. Formylated phloroglucinol compounds from Eucalypftus foliage.
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Most FPCs (e.g. the euglobals and macrocarpals: Fig. 33.2) contain both
terpene and phenolic moieties. The phenolic part of the compound is derived
from phloroglucinol and this is coupled to a common foliar mono- or sesqui-
terpene such as B-phellandrene, or bicyclogermacrene by a Diels-Alder reaction.
Other compounds such as sideroxylonals and jensenone contain only a C5 side
chain. Although the biosynthesis of the FPCs is complex, it was not surprising to
find that there is a tight correlation between the concentration of FPCs and
terpenes in eucalypt leaves. For example, Lawler et al. (2000) showed that the
concentration of 1,8-cineole, the major fohar terpene in E. polyanthemos,
explained more than 80% of the variation in foliar sideroxylonal concentration.
This relationship is important because it allows animals to use the concentration
of volatile terpenes as a cue to the concentration of the non-volatile
sideroxylonals. We will return to this point later.

Evidence that the Intake of FPCs is Regulated

The concentration of FPCs in the diet effectively sets a threshold to the amount of
food that is consumed. For example, Lawler et al. (1998b) showed that both
common ringtail and brushtail possums adjusted their total food intake as the
concentration of jensenone in the diet increased. This resulted in no change in
jensenone intake over a tenfold difference in the concentration of dietary
jensenone (Fig. 33.3). Common ringtail possums eat about 105 mg kg®” body
mass day” of sideroxylonal even though the concentration of the compound
varied between 5 and 30 mg g dry matter.

These thresholds may be absolute and animals are unwilling to ingest more
FPC even when their energy requirements are elevated (such as during prolonged
exposure at 4°C) (Stapley er al., 2000). This suggests that feedback resuiting
from ingestion of sideroxylonals and related compounds could override feedback
from other sources.

How do FPCs act to reduce food intake?

Any argument invoking plant secondary metabolites as an important factor in
regulating feeding by mammals has to identify and test a feedback mechanism
(Foley et al., 1999). Feedback mechanisms are the link between the physiological
effects of a secondary compound and the behavioural responses of adjusting
intake or seeking an alternative food. Although the toxic actions of sideroxylonal
and related compounds have not yet been identified, part of the feedback that
signals the animals to limit their feeding is mediated through serotonin (SHT,)
receptors (Lawler et al., 1998b). Administration of a selective SHT, antagonist
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Fig. 33.3. The effect of varying concentrations of dietary jensenone on the intake
of jensenone in common ringtail and brushtail possums. Squares are ringtail
possums, circles are brushtail possums.

(ondansetron) resulted in significantly greater intakes of FPC than in controls.
Since SHT; receptors play such a key role in mediating vomiting in other animals
(and the FPCs are in themselves emetogenic at high concentrations) we suggest
that nausea plays a role in limiting the feeding of animals on these compounds
{Lawler et al., 1998b). However, it is unlikely that nausea is the only feedback
that modulates feeding.

Translating Physiological Effects into Behaviour

We have already described the relationships between the concentration of foliar
terpenes and foliar FPCs. Correlative studies initially implicated terpenes in the
differential palatability of E. ovata (Pass et al., 1998). However, bioassay
experiments have shown that the tolerance of marsupial browsers for terpenes is
sufficient to allow high food intakes when terpene concentrations exceed those
seen in resistant trees (Lawler et al., 1998a, 2000). Therefore we asked what was
the real role of foliar terpenes in'the Fucalyptus-marsupial interactions.

Many studies have noted that marsupial folivores smell leaves before eating or
rejecting the foliage and this has been generally regarded as evidence that a
volatile cue indicates the palatability of a leaf (Hindell er al., 1985). We
hypothesized that because of the correlation noted above between FPC and
terpene concentrations, marsupials could use the odour of the leaf terpenes as a
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proximal cue to assess the likely post-ingestive consequences of FPCs in a leaf
(Lawler et al.,, 1998a, 2000). Such an association between a taste or smell and
post-ingestive consequences is termed a conditioned flavour aversion (CFA).
Animals in the wild may have existing CFAs to natural foods and so testing
this concept is not straightforward. However, CFAs are dynamic and they can be
extinguished by repeated exposure to the taste stimulus alone. If this can be done,
then the formation of a CFA can be tested in the conventional manner.
We therefore designed a series of experiments to test three hypotheses:
1. Wild-caught folivorous possums held in captivity will show a strong aversion
to Eucalyptus terpenes, due to their previous experience;
2. This aversion can be reduced or removed by feeding the animals an artificial
diet to which increasing amounts of terpene are added;
3. Once removed, the aversion can be 'reconditioned' by giving the animals a diet
consisting of both the terpene and a FPC known to produce negative post-
ingestive effects in corresponding concentrations (Lawler et al., 1999).

All three hypotheses were supported. When a common Eucalyptus terpene
(1,8-cineole) was added to an artificial diet, both common ringtail and common
brushtail possums reduced their food intakes (note though that this response
occurred at cineole concentrations higher than those found in browser-resistant
foliage). We then fed one group of possums (the 'test group’) an artificial diet to
which we added cineole in increasing concentrations for about 2 weeks (final
concentrations were 10.5% DM and 16.5% DM for ringtail and brushtail possums
respectively). Subsequent experiments showed that acclimation led to an
increased willingness to ingest cineole (such that it was indistinguishable from the
intake of the untreated diet) while control animals that had not been acclimated to
cineole in their diet substantially reduced their intakes in response to the same
cineole concentration. We then fed the animals that had been acclimated to
cineole a diet containing both jensenone (an FPC, Fig. 33.2) and cincole in
corresponding concentrations. We anticipated that the effect of jensenone would
be to reduce the animals’ food intakes by an amount similar to that previously
observed with cineole only. We did this for 6 days using three pairs of
concentrations of jensenone and cineole, each being offered to each animal twice.
We then tested whether a CFA to cineole had been reconditioned by those animals
that had learnt to associate the taste of cineole with jensenone.

We found that in both species of possum, the response of the test group to
cineole was once again indistinguishable from the control group. We concluded
that one important role of terpenes in marsupial folivore-Eucalyptus interactions
may be to act as a cue to the level of toxins in the leaf, rather than to act as toxins
in their own right (Lawler et al., 1999).
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Ecoloegical Consequences

We have shown that marsupials eat significantly different amounts of foliage
from different trees within a species. In order to scale these observations up to
animal habitat level, we need to know what kind of variation exists in a
contiguous patch of forest. This involves making many measurements and the
only feasible way of doing this is to use near-infra-red reflectance spectroscopy
(NIRS). Foley et al. (1998) and Mcliwee et al. (2001) showed that NIRS was a
suitable tool for measuring nutrients and secondary metabolites in dried, ground
eucalypt leaves. Lawler et al. (2000) found that FPCs were normally distributed
in the leaves of a plot of 80 E. polyanthemos trees and the same has been shown
to be true for 150 E. melliodora trees (Foley and Wallis, unpublished). This
suggests that most trees that an animal will encounter in the forest will have a
mid-range FPC concentration. 1f this mid-range concentration exceeds the
animal’s threshold for the FPC, then the majority of the apparent food resource is
unavailable. Accordingly, it is likely that we will need new statistical approaches
when we attempt to correlate tree-use with leaf chemistry. For example, there
may be many reasons why animals do not use individual trees irrespective of
their content of FPCs. Traditional correlative approaches are likely, therefore, to
underestimate the importance of FPCs in feeding of wild marsupials.

A second 1ssue is the scale over which measurements of canopy chemistry are
made. We have extended the NIRS method to measurements of whole, fresh
leaves in the field (Foley, unpublished; S. Dury and W.J. Foley, unpublished).
Furthermore, we are now testing whether foliar components such as nitrogen and
sideroxylonals can be detected from an airborne remote-sensing platform. If so it
will become possible to map the nutritional variability in the habitat of leaf-eating
marsupials on a landscape scale. The studies described above show the absolute
necessity for such measurements. If we restrict ourselves to assessing habitat
quality and abundance as a function simply of the occurrence of known food
species, we may substantially overestimate the amount of the resource that is
truly available to the folivore of interest.
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Introduction

Large scale ranching requires a reliable continuous supply of livestock forage but
due to the poor soil conditions and periods of overall low rainfall experienced in
many areas, native grasses in south Texas are not always able to supply the
animal’s feed demands. Leucaena, Leucaena leucocephala, is a highly digestible,
high quality forage legume (Jag Jiwan Ram et al., 1994; Aschfalk et al., 2000)
that has the potential to be used as forage in this area due to its drought tolerance,
disease resistance and ability to grow in poor soils (Akingbade et al., 2001). In
some areas of south Texas where leucaena has been planted, it thrives, growing
up to 10 m within 2 years if not grazed (personal observation). However,
leucaena contains mimosine, a toxic non-protein amino acid analogue of tyrosine
(Hegarty et al., 1964; Jones, 1985; Hammond, 1995) and under certain conditions
has caused poisoning of Texas cattle {(Anderson et al., 2001). During mastication
and rumen digestion, mimosine undergoes enzymatic degradation to 3-hydroxy-
4(1H)-pyridone (3,4-DHP) and its isomer 2,3-dihydroxy pyridine (2,3-DHP),
both of which are also toxic (Jones, 1985; Hammond, 1995). Symptoms of
leucaena toxicosis include a partial loss of appetite, emaciation, poor live weight
gains, alopecia (especially near the tail switch, near the base of the tail and at
brand sites), scaly skin, ear and eye lesions, mouth ulceration and drooling viscid
saliva (Jag Jiwan Ram et al., 1994).
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Detoxification of Mimosine

In areas of the world where leucaena is native (St Croix, US Virgin Islands and
Haiti) or has been well established (Hawaii, Indonesia and Venezuela), ruminants
consuming leucaena do not experience leucaena toxicosis, even when consuming
diets containing more than 50% leucaena (Jones and Megarrity, 1986; Hammond,
1995). The rumens of these animals are colonized by specialized bacterial
populations capable of collectively degrading mimosine and its DHP metabolites
(Allison et al., 1987, 1990, 1992; Dominguez-Bello and Stewart, 1990, 1991).
While bacteria possessing either or both 3,4-DHP- and 2,3-DHP-degrading
activities have been isolated, detoxification appears to be accomplished primarily
by bacteria that degrade the more toxic 3,4-DHP (Jones and Lowry, 1984; Jones
and Megarrity, 1986; Hammond, 1995). Some of the DHP-degrading microbes
have not yet been fully identified (Dominguez-Bello and Stewart, 1990, 1991),
however, at least one bacterium, Synergistes jonesii, has been extensively studied
(Allison et al., 1987, 1990, 1992; McSweeny et al., 1993). Unlike most ruminal
bacteria that use carbohydrates as energy sources, S. jonesii appears to ferment
only 3,4-DHP, 2,3-DHP, arginine and histidine (Allison ef al., 1992). Persistence
of S. jonesii within the rumen is dependent on the presence of these substrates and
ruminants that have never had or had no recent access to leucaena may lack or
harbour low numbers of S. jonesii, a condition enhancing their risk to toxicosis.
Consequently, in order to safely manage leucaena, livestock producers need to
know the S. jonesii colonization status of their animals prior to grazing leucaena.
Also, they may at times need to inoculate this important detoxifying microbe into
at least a few sentinel animals, which consequently serve to disseminate the
bacterium to herd mates via natural, yet unknown, mechanisms.

Detection of Synergistes jonesii

The current methodology to specifically detect DHP-degrading bacteria is very
time consuming and tedious. Synergistes jonesii is an obligate slow growing
anaerobe not easily grown in the laboratory and the toxic substrate 3,4-DHP used
as a medium component has to be hydrolysed from mimosine and column
purified (Allison, 1991). The presence of S. jomesii is inferred through the
disappearance of the substrate mimosine or 3,4-DHP from the culture medium
using a colorimetric method based on acidified ferric chloride (Allison et al.,
1990; Allison, 1991; Hammond er al., 1992). Alternatively, indirect detection of
DHP-degrading activity within ruminants can be determined by a colorimetric
urine analysis method (Jones, 1985; Jones and Megarrity, 1986). To simplify and
expedite detection methods for S. joresii, Yang et al. (1999) developed PCR
primers to a unique 0.9 kb fragment of S. jonesii DNA, which they used to detect
S. jonesii in rumen fluid samples.

In our laboratory, we found that primer sequences used by Yang er al. (1999)
were highly specific for the detection of S. jonesii. Using chromosomal DNA
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prepared from a pure culture of S. jonesii (2.5 pg of template DNA per reaction),
we obtained a PCR product of the correct size. Also, a PCR product could be
detected by adding 400-fold (1 ng) or 4000-fold (10 ng) excess bacterial DNA to
the PCR. Total chromosomal DNA (1 ng or 10 ng) prepared from rumen fluid or
faecal samples from cattle never fed a diet containing leucaena failed to generate
any PCR product thus indicating the absence of potential cross-reacting DNA. All
samples were PCR positive when spiked with whole cells of S. jonesii and then
extracted, or by addition of 2.5 pg of S. jonesii DNA, therefore, validating the
extraction method and the absence of PCR inhibitors in the reaction mix. The
rumen fluid of a cow known to be culture positive for the presence of S. jonesii
was positive by PCR. Unfortunately, S. jonesii could not be detected from the
faeces of the same animal suggesting that the number of bacteria in the faeces, if
any, was below the detection limit for PCR. Considering that the collection of
rumen fluid from extensively grazed animals may be inconvenient in the field, we
assessed the practicality of sampling and testing bovine saliva for the presence of
S. jonesii DNA. Saliva samples were readily collected from naive animals via a
commercial swab kit (Catch-All™, Epicentre, Madison, WI, USA) but produced
no PCR product unless first spiked with whole cells or total chromosomal DNA.
Ongoing studies will test the saliva of known S. joresii culture positive animals
and if successful, should yield a less invasive sampling technique for testing
ruminants for the presence of S. jonesii. The presence of S. jonesii in saliva may
also confirm a suspected mode of transmission of the bacterium between animals.
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Chapter 35

Bracken Fern (genus Pteridium) Toxicity —
a Global Problem

B.L. Smith
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Centre, Private Bag 3123, Hamilton 2001, New Zealand

Bracken fern (genus Pteridium), a plant of ancient lineage, is as widespread as
any plant on our planet. Its distribution is restricted only by the extremes of
temperature and moisture. In some areas bracken is aggressively encroaching on
to farmland. Such factors as the nature of land tenure, the size of land holdings,
subdivision and changing farm economies contribute to a lack of grazing pressure
and the spread of bracken. Livestock readily consume bracken. Man also
consumes bracken or its toxins either directly, as in the case of the croziers or the
rhizomes, or indirectly through the consumption of milk or meat from animals
grazing on bracken fern.

Bracken causes a range of well-defined syndromes in farm animals. These
include thiamine deficiency of monogastric animals, acute haemorrhagic
syndrome associated with bone marrow aplasia and upper alimentary ulceration,
‘bright blindness', a progressive retinal degeneration and two neoplastic disease
syndromes. The latter include neoplasia of the urinary bladder (enzootic
haematuria) and a syndrome involving upper alimentary carcinomata. The major
carcinogen appears to be the sesquiterpenoid glucoside, ptaquiloside. Other
carcinogens and mutagens may be implicated in some of the syndromes
especially in association with papilioma viruses.

Man has consumed the rhizomes and croziers, the latter still being consumed
as traditional food or by necessity in some areas. The carcinogen of bracken
passes to the milk of bracken-fed cattle. Epidemiological evidence suggests that
some cancers in man might resuit from the direct or indirect consumption of
bracken carcinogens. Ptaquiloside forms adducts readily and it reacts with DNA
with affinity with certain base sequences, especially those associated with
adenine. It mutates codons associated with known oncogenes and hypotheses for
its role in the pathogenesis have been proposed.

Natural Syndromes of Bracken Poisoning in Animals

A number of distinct and well-recognized syndromes will occur in livestock after
bracken herbivory and their occurrence will depend on a number of factors. These
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include the quantity of bracken available, its content of toxins, the stage of
growth and time of year, the consumption rate and the length of time
consumption occurs, and the species, sex and age of the animals. It is important
that these different syndromes and their pathogenesis be recognized in any work
on the aetiology of bracken poisoning. Previous reviews have also dealt with
these syndromes as well as the implication for man of bracken consumption
(Fenwick, 1989; Hopkins, 1990; Smith, 1990, 1997; Smith and Seawright, 1995;
Shahin et al., 1999).

Bracken-induced thiamine deficiency

Bracken fern causes a nervous condition in animals, particularly monogastric
species such as the horse and pig. Its earliest signs consist of anorexia and ataxia
but these may proceed to opisthotonus, convulsions and death with irreversible
lesions of polioencephalomalacia present in the brain. The early signs respond
well to thiamine administration.

This syndrome is caused by a type 1 thiaminase (Evans, 1976) which splits
thiamine into its two component ring structures. The thiaminase activity of
bracken is highest in rhizomes, especially in the summer, and in the croziers but
declines with maturation of the plant. The natural condition has been recorded in
the horse (Evans et al., 1951) and pig (Evans et al., 1963) and, although it has
been produced in the sheep experimentally (Evans et al., 1975), is considered to
be rare in the field. Ruminants synthesize their own thiamine in the rumen.

Acute haemorrhagic disease

This syndrome occurs often in weaned calves, especially if they have been
recently introduced to bracken fern, but is also known to occur in older cattle and
sheep occasionally (Moon and McKeand, 1953). The acute disease is the sudden
clinical manifestation of a degenerative change in the more rapidly growing cells
in the body, especially in the bone marrow. Epithelial cell degeneration of calves
also gives rise to severe necrosis of the pharynx, larynx and small intestine, the
so-named laryngitic and intestinal forms.

The megakaryocytes, which produce the platelets, are depleted during the
bone marrow aplasia and a profound thrombocytopaenia occurs. This causes a
severe acute haemorrhagic crisis. Other stem cells of the haemopoietic system are
affected especially those leading to the formation of granulocytes and
lymphocytes and a severe leukopaenia occurs. In cattle neutropaenia is common
(Evans et al., 1958) while in sheep a profound lymphocytopaenia has been
reported (Sunderman, 1987). It usually takes more than three weeks for the
thrombocytopaenia to develop sufficiently to cause a haemorrhagic crisis. This
feature enables the use of ruminants (especially sheep) to control regrowth of
bracken.
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Bright blindness

In some areas of the UK sheep fed on bracken develop a progressive degeneration
of the retina that results in blindness (Watson er al, 1972a, b). This retinal
atrophy leads to an increased reflectance of the tapetum lucidum, seen especially
in semi-dark conditions, which has been given the name 'bright blindness'. A
stenosis of the retinal vessels was also observed.

Enzootic haematuria

This syndrome is named from the clinical and epidemiological manifestations of
multiple mixed tumours in the urinary bladder. Some of these tumours are of
epithelial or connective tissue origin but many are of vascular origin and these, in
particular, give rise to intracystic haemorrhage. The condition occurs mainly in
cattle but also occurs in sheep (Harbutt and Leaver, 1969). Both conditions occur
after prolonged ingestion of bracken. For cattle the time of exposure to bracken is
usually a minimum of two to three years. This syndrome occurs worldwide.

Upper alimentary carcinoma

Carcinomata of the oral cavity, nasopharynx, oesophagus and fore-stomach of
ruminants have been reported from UK, Kenya and Brazil. Cattle are most
commonly reported with this syndrome but sheep also have been reported with
fibrosarcomas of the mandible, maxilla and papillomata of the rumen. These
cattle tumours are believed to be caused by the malignant transformation of
bovine papilloma virus (BVP) Type 4 papillomata (Jarrett, 1987). An association
between urinary bladder carcinoma and BPV-2 has also been suggested. Bracken
fern has been identified as a source of cofactors. Cofactors such as quercetin and
immunosuppressive agents exist in bracken and these can contribute to tumour
progression. The relevance of bracken as an environmental co-carcinogen of
BVP-4 to papilloma progression and the presence of BPV-2 bovine urinary
bladder (Campo et al., 1992) has been investigated especially in relationship to
quercetin (Connolly ez al., 1998). The relative importance of quercetin to the
more recently discovered carcinogens of bracken in both domestic herbivores and
experimental animals is still unknown.

Experimental Reproduction of the Syndromes by Bracken or
Ptaquiloside

Bracken has been established as the cause of the naturally occurring conditions
listed above. Administering bracken has experimentally reproduced thiamine
deficiency of horses and rodents, acute haemorrhagic disease, bright blindness
and enzootic haematuria or neoplasia in ruminants and experimental animals. The
administration of ptaquiloside to a calf caused the profound thrombocytopaenia
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and bone marrow hypoplasia of the acute syndrome but, because the supply of
ptaquiloside was limited, the haemorrhagic crisis did not occur (Hirono et al.,
1984c). The progressive retinal neuroepithelial degeneration has also been
reproduced by feeding bracken to sheep (Watson et al., 1972b), rats and rabbits
and by the administration of ptaquiloside directly into the small intestine of sheep
(Hirono et al, 1993). Bracken feeding has reproduced the carcinogenic
syndromes of cattle (Rosenberger and Heeschen, 1960; Pamukcu et al., 1967) and
the urinary bladder carcinomas in rats (Hirono et al., 1987, Smith et al., 1988)
and guinea pigs (Bringuier et al., 1995). It has also produced neoplasms in other
organs such as the ileum, mammary gland and lungs of rodents (Pamukcu and
Price, 1969; Evans et al., 1986, Smith et al., 1988). Oral feeding of ptaquiloside
causes the urinary bladder and small intestinal tumour of rats (Hirono et al.,
1984a, b). The parenteral administration of activated ptaquiloside caused the
formation of mammary carcinomas of rats (Shahin ez al., 1998a).

Carcinogens and Toxins in Bracken and Other Ferns

Two groups of workers almost simultaneously published the structure of a major
bracken carcinogen, now generally known as ptaquiloside. The first (Niwa ez al.,
1983, Hirono et al., 1984a, b) showed ptaquiloside to be carcinogenic to rats by
oral and parenteral dosing of increasingly refined functions of bracken. Ileal and
urinary bladder neoplasms were found in the dosed rats. The second paper used a
modified Ames mutagenicity test using Salmonella typhimurium as a bioassay
and named the same compound aquilide A (Van der Hoeven et al., 1983).
Subsequent animal studies have shown that ptaquiloside causes the preclinical
pathological changes of the acute haemorrhagic disease (Hirono ez al., 1984c), the
bright blindness in sheep (Hirono et al., 1993) and neoplasia in various laboratory
animals (Hirono er al., 1984a; Shahin et al., 1998a, b). Ptaquiloside has been
shown to be mutagenic, clastogenic and carcinogenic.

Different taxa of Preridium have been compared for differences in
ptaquiloside concentration. All taxa examined contained ptaquiloside although
very large variations in concentration were identified. Higher concentrations of
ptaquiloside were associated with higher latitudes in eastern Australia (Smith et
al., 1994a) and higher altitudes in Venezuela (Villalobos-Salazar ef al., 1999). In
New Zealand quite large differences in ptaquiloside concentration have been
recorded consistently between two locations (Smith er al., 1988, 1993). Bracken
fern collected from the vicinity of Hamilton were consistently low (< 100 ppm)
while fern collected from 250 km further south from an area where bovine
enzootic haematuria is common usually had much higher concentrations of
ptaquiloside (most often > 2000 mg kg™'). The difference was maintained when
rhizomes of bracken were transferred to a common glasshouse environment and
soil types changed. These differences were maintained for three consecutive years
(Smith er al., 1992), and pellets made from these two sources of ferns were
substantially different in their ability to cause cancer in rats (Smith er al., 1988).
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These findings suggest a genetic component to the different brackens or some
other factor such as an endophyte being transferred with the rhizomes.

Ptaquiloside concentrations are highest in the young growing parts of the
plant. In composite samples taken from a uniform patch of bracken it was found
that the tips of the croziers and immature fronds had the highest levels. As
samples were taken from increasingly mature pinnac towards the base of the
lamina, so the concentrations of ptaquiloside diminish. The lowest levels were
found in the dark green pinnae of more mature plants (Smith er al, 1993). All
samples of rhizome, the apices of the shoots or frond primordia taken from below
the soil surface gave no ptaquiloside. However, very immature croziers only a
few centimetres above the surface showed the presence of ptaquiloside (B.L.
Smith, unpublished). The emergence of the crozier apices and exposure to light
may influence the concentration of ptaquiloside. These results are at variance
with other findings in which rhizomes were shown to be either capable of causing
the acute haemorrhagic syndrome in pigs and cattle (Evans et al., 1961, 1963) or
to contain ptaquiloside (Saito et al., 1989). The reasons for this apparent anomaly
are not known but could include the contribution of, as yet, unknown other toxins,
regional differences in location of ptaquiloside within the plant, different
harvesting techniques or condition of rhizome material. Exposure of rhizomes to
light could lead to the production of ptaquiloside as it appears in the plant
immediately after emergence. Highest levels of ptaquiloside in bracken are found
in the springtime with the levels declining throughout the winter (Smith er al.,
1992).

The presence of ptaquiloside in spores of bracken fern remains to be
demonstrated. Several experiments in which carcinogenicity of spores (Evans et
al., 1986; Villalobos-Salazar er al.,, 1995) or their ability to form DNA adducts
(Povey et al., 1996) have suggested that carcinogenic or mutagenic compounds
are present. Ptaquiloside was not found in bracken spores from one source (Saito
et al, 1989), either by mutagenicity testing or by two-dimensional thin-layer
chromatograph. However Cheilanthes sieberi, which causes the acute
haemorrhagic disease and the urinary bladder neoplasia of ruminants, has been
shown to contain ptaquiloside in parts of the fern but not in the spores (Smith et
al., 1989).

Other fern genera have been shown to contain ptaquiloside. C sieberi, which
has been shown to cause the syndromes of thiamine deficiency, acute
haemorrhagic disease and enzootic haematuria in Australia (Clark and Dimmock,
1971; McKenzie, 1978), has been shown to contain ptaquiloside (Smith er al,
1989).

Various ptaquiloside-like compounds or compounds showing mutagenic
properties have also been found in bracken and other ferns. Ptaquiloside itself has
been isolated from Histiopteris incisa and Pteris cretica (Saito et al., 1990). Ferns
showing mutagenic contents include the genera Histiopteris, Cheilanthes,
Cibotium, Dennstaedtia, Hypolepis, Pteris and Pityrogramma (Saito et al., 1989).
Bracken fern also contains ptaquiloside and other illudane type-B glucosides,
isoptaquiloside and caudatoside with structural similarities to ptaquiloside
(Castillo et al, 1997). Other ferns too have been shown to contain similar
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illudane-type compounds. Hypolepsis punctata and Dennstaedtia hirsta contain a
number of illudane-type sesquiterpene glucosides (Saito ez al.,, 1990) including
hypoloside A. It is probable that in some locations some of these ferns, like
Cheilanthes, may cause similar syndromes to those caused by bracken.

Prior to the discovery of ptaquiloside other compounds were implicated in the
carcinogenicity of bracken. Two of these, shikimic acid and quercetin, are found
widely in the plant kingdom. One experiment strongly suggested that quercetin,
in bracken, caused intestinal and urinary bladder tumours in rats (Pamukcu ef al.,
1980). Subsequent work has failed to substantiate this finding but its mutagenicity
has been confirmed (Stoewsand et al,, 1984). The carcinogenicity of quercetin
has been specifically discussed and the evidence found to be insufficient (Ito,
1992; Hirono, 1992). However, quercetin is 