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Mycotoxins are food-borne toxins produced by molds which are commonly found on
animal feeds of economic significance. Toxic doses of these compounds vary widely across
livestock species, and even within a species when considered across all stages of development
and production. This variation is due to the wide range of exposure, biotransformation events,
and environmental interactions (including co-exposure to other toxins) experienced by the
diverse animals kept by man for work and food production. The general consensus that certain
classes of livestock are more or less resistant to select mycotoxins has led to the diversion of
toxic feeds to resistant species while avoiding more sensitive animals. Unfortunately, the reasons
for these differences are, in many cases, not fully understood, and thus there is little information
to promote resistance to these dietary toxins.
The work presented here evaluates several components of this issue: reduced toxicity in a
species of interest, metabolism of mycotoxins which may explain this resistance, and onset and
persistence of toxicity in a resistant species due to environmental cofactors. To address these
issues, Chapter 2 evaluates the toxicity of the ergot alkaloid ergovaline in a model species of
domestic poultry. The previously documented reduced sensitivity in this species is partially
confirmed, while thermodysregulation is identified as a toxicological outcome at doses relevant
to commercial exposure. Despite changes in body temperature dynamics, poultry maintain
productivity at ergot alkaloid doses far higher than almost any other investigated species. An
explanation for this tolerance is explored in Chapter 3, in which the metabolic end-products of
ergovaline in feces, urates and duodenal fluid from resistant animals are characterized, and

several metabolites identified which may inhibit toxicity of these compounds. Onset and
persistence of toxicity in another resistant species (beef cattle) is investigated in Chapter 4, in
which the immunotoxicity of co-occurring fusariotoxins (deoxynivalenol and fumonisins) are
evaluated in animals which have reached a critical state of dietary exposure and physiological
stressors observed in commercial settings. Despite previous documentation that ruminants such
as cattle detoxify these compounds, fusariotoxins in finishing feedlot steers show marked
immunomodulatory effects. These toxic effects outlast the treatment period, indicating that not
only are beef cattle susceptible to these compounds, but that this susceptibility may lead to longlasting changes in the immune status of these animals even after the dietary source has been
removed.
The highly conserved molecular targets of many mycotoxins prevent any animal from
fully escaping their toxicity. Identification and support of resistance pathways is necessary to
prevent apparent toxicity, even in animals which have been previously identified as resistant.
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1
MYCOTOXICOSES IN DOMESTIC LIVESTOCK: TOXICITY OF ERGOT
ALKALOIDS IN DOMESTIC POULTRY AND FUSARIOTOXINS IN BEEF CATTLE
Chapter 1
MYCOTOXICOSES IN DOMESTIC LIVESTOCK
In the formation of complex relationships between host plants and filamentous fungi,
both participants may release metabolites which serve as signaling compounds, or even as
chemical weapons. These metabolites may also serve to reduce herbivory by both bacteria and
animals, including domestic livestock and humans. For livestock producers, the plant-fungal
relationship is especially important in the plant family Poaceae, the grasses, which serve as major
sources of forage and concentrate cereal grains for livestock diets. These grasses, which have
evolved alongside large herbivores, rarely produce toxic metabolites of their own, yet are often
infected with fungi producing secondary metabolites toxic to livestock (Cheeke, 1995). These
metabolites may also be produced on harvested feeds contained under storage conditions
conducive to continued toxin accumulation. Collectively, these compounds are known as
“mycotoxins;” those commonly found in livestock feeds include, among others, the ergot
alkaloids, aflatoxins, ochratoxins, fumonisins, and trichothecenes.
Mycotoxins are typically small compounds that may target multiple highly conserved
systems, resulting in overlapping toxicities to plants, microbes, and animals (Bennett, 1987). As
a chemical classification, they are bound only by their production by filamentous fungi and
initiation of disease in vertebrates, having diverse structures and synthesis pathways (Figure 1.1).
Fungi of interest to grain and livestock producers often produce multiple chemically diverse
toxins, with synergistic effects observed across a wide range of molecular targets. Whole animal
response to these molecular mechanisms is highly variable, due largely to species-specific
exposure, digestive capabilities, biotransformation, and excretion rates.
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Figure 1.1. The diverse chemical structures of several economically important mycotoxins.

Sources of Mycotoxin Contamination
Mycotoxins are classically grouped by the fungi producing them, though chemical
structures may be as diverse within as between fungal classes. Two of these groups, the ergot
alkaloids and the fusariotoxins, are discussed in detail in later sections of this chapter. In a
broader sense, this section will discuss the underlying cause behind mycotoxin exposure in
livestock: fungal growth on livestock feed crops of economic importance.

3
As major feed crops, including corn, wheat (Triticum spp.), and forage grasses are well
documented targets of pre-harvest fungi which produce mycotoxins (Bacon et al., 1977;
Audenaert et al., 2013; Ferrigo et al., 2016); as such, ingestion of mycotoxins by livestock is
nearly unavoidable. Contamination may occur both pre- and post-harvesting, the rate at which is
influenced by a number of plant-fungi-environment interactions. Pre-harvest mycotoxins are
typically produced by pathogenic fungi to disable plant host defenses, or by symbiotic fungi to
provide host protection (Clay, 1988; Audenaert et al., 2013). Post-harvest contamination is often
a continuation of pre-harvest infection, or may be due to opportunistic infection by ubiquitous
fungi such as Aspergillus spp. or Penicillium spp. During storage, mycotoxin levels vary over
both time and containment location (Yuan et al., 2018). While optimum storage conditions (low
moisture, low foreign particle content) may reduce mycotoxin growth in post-harvest scenarios,
implementation of these measures is too late if mycotoxin loads are already high under field
conditions.
As most mycotoxins of interest are produced by spore-producing fungi, the timeline of
sexual production in the fungus and its potential host plant can be predictive of pathogenicity.
While fusarium head blight (FHB) may be caused by Fusarium spp. infection at all stages of
flowering, flowering onset is the most opportune time for infection and downstream mycotoxin
production (Siou et al., 2014). When this stage of plant development, in which Fusarium spores
are released, coincides with high humidity, in which Fusarium spores are released, infection
rates can be catastrophic for grain producers. The life cycle of many fungal pathogens results in
an accumulating rate of exposure for previously infected fields, especially if fields have not been
tilled or properly rotated (Abbas et al., 2008). For opportunistic pathogens such as Aspergillus
flavus Link, insect or weather damage are an inroad to live plant infection. In addition to
decreased A. flavus toxins in tilled fields, Abbas et al. (2008) observed decreased mycotoxin
loads in Bt crop fields (genetically modified to reduce insect herbivory). Optimizing planting
times and insect control may be the best preventative measures for mycotoxin contamination of
crops, though weather conditions play a much larger role (Abbas et al., 2008; Parsons and
Munkvold, 2010). Proper cultivar selection and management of crops has a direct impact on the
mycotoxin exposure of commercial livestock, and can be an important tool to predict and
potentially avoid exposure.
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Some species of plant host, it seems, are destined for fungal infection, regardless of
health status or even genetic selection. Otherwise healthy rye (Secale cereale L.) and barley
(Hordeum vulgare L.) are highly susceptible to Claviceps purpurea (Fr.) Tul., a relationship
which was once so common that infected cereal heads were deemed “super rye” or “super
barley”, with naturalists believing they were extreme growth states of the grass itself. Both corn
and wheat are prone to infection by Fusarium spp., and it seems that no livestock feed can
escape the insatiable appetite of Aspergillus spp. or Penicillium spp. if storage conditions are
prime for fungal growth. Even in cultivars selected for fungal resistance, weather patterns and
prior fungal growth remain important predictors of mycotoxin contamination (Hollingsworth et
al., 2008). Increasing global awareness of the rates of these toxins and their effects on animal and
human health has led to regulatory guidance and/or limits in several countries for a number of
important mycotoxins. These are outlined in Table 1.1 and Table 1.2.
Table 1.1. FDA action levels for aflatoxins in animal feed components.
Mycotoxins

Species

Regulated or Recommended Limits

Aflatoxins

Cattle

Corn or peanut products: 300 µg·kg feed-1 for finishing beef
animals, 100 µg·kg feed-1 for adult non-finishing beef; all
other non-cottonseed products: 20 µg·kg feed-1 for immature
beef, 20 µg·kg feed-1 for all dairy animals

DNA adducts in hepatic tissue lead
to hepatic lesions; ill thrift,
reduced feed intake and mortality

Horses

No official limits established

Swine

Corn or peanut products: 200 µg·kg feed-1 for >100 lb
finishing animals, 100 µg·kg feed-1 for adult breeding
animals; all other non-cottonseed products: 20 µg·kg feed-1
for immature animals

Poultry

Corn or peanut products: 100 µg·kg feed-1 for adult breeding
animals; all other non-cottonseed products: 20 µg·kg feed-1
for immature animals

Most highly regulated mycotoxins
globally for hepatic
carcinogenesis and human
exposure
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Table 1.2. Commonly regulated mycotoxins of interest to livestock health (excluding aflatoxins).
Mycotoxins

Species Regulated or Recommended Limits
Cattle

Grain components: 60 mg·kg feed-1 for animals >6 months
old intended for slaughter, 30 mg·kg feed-1 for breeding
animals, 10 mg·kg feed-1 for immature animals

Horses

Grain components: 5 mg·kg feed-1 for all stages

Swine

Corn products (fed at ≤ 50% of diet): 20 mg·kg feed-1 for all
stages

Poultry

Corn products (fed at ≤ 50% of diet): 100 mg·kg feed-1 for
animals intended for slaughter, 30 mg·kg feed-1 for breeding
animals, 10 mg·kg feed-1 for immature animals not intended
for slaughter

Deoxynivalenol*

Cattle

Complete diets: 10 mg·kg feed-1 for beef >4 months of age, 5
mg·kg feed-1 for dairy >4 months of age; grain products (fed
at < 40% of diet): 5 mg·kg feed-1 in grain products at <40%
of the diet for immature animals

Oxidative stress and protein synthesis
inhibition leads to widespread
immunosuppression and
gastrointestinal lesions; feed refusal
in most species and emesis in swine

Horses

Corn products (fed at ≤ 20% of diet): 5 mg·kg feed-1 for all
stages

Swine

Grain products (fed at ≤ 20% of diet): 5 mg·kg feed-1 for all
stages

Poultry

Grain products (fed at ≤ 50% of diet): 10 mg·kg feed-1 for all
stages

Cattle

Cereal products: 500 µg·kg feed-1 for all stages

Horses

Non-corn cereal products: 200 µg·kg feed-1 for all stages;
corn products: 300 µg·kg feed-1 for all stages

Swine

Components and complete diets: 100 µg·kg feed-1 for piglets
and gilts, 250 µg·kg feed-1 for adult sows and finishing
animals

Poultry

Components and complete diets: 250 µg·kg feed-1 for all
stages

Fumonisins*
Cell membrane lipid disruption leads
to immunosuppression in most
animals, neurological symptoms in
horses and pulmonary oedema in
swine; acute toxicity associated with
hepatic lesions

Zearalenones**
Mycoestrogen leading to reproductive
failure; widespread
immunosuppression and reduced
thrift
Ergot Alkaloids**
(as rye ergot sclerotia)
Agalactia, reproductive failure,
thermodysregulation and tissue
necrosis

All
All feedstuffs containing unground cereals: 1000 mg rye
Species ergot·kg feed-1 for all stages

*

FDA Guidance Levels
**
EC Guidance Levels

The susceptibility of important feed crops to fungal infection leads to an increased risk of
exposure when these high-energy feeds are offered to animals which may consume large
portions to meet the energy requirements of rapid growth and production.
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Sensitivities as Measured by Producers
The definition of a toxic outcome for a producer directly corresponds to the measured
desired performance from an animal selected for specific/optimal production parameters. While
ochratoxin A (OTA) is toxic to both broiler and layer chickens (Gallus gallus L. subsp.
domesticus), growth inhibition is most apparent (and of greater economic importance) in broilers
and turkey poults (Meleagris gallopavo L.), as is increased air sacculitis (Hamilton et al., 1982).
An increase in air sacculitis is likely due to the immunosuppressive effects of OTA, exacerbating
disease risk in birds which are already prone to infection due to the physiological demands of
rapid growth and intensive rearing conditions (Hamilton et al., 1982; Dwivedi and Burns, 1985;
Battacone et al., 2010). In laying hens, decreased growth is secondary to the nephrotoxicity and
calcium dysregulation resulting from OTA ingestion. In OTA-exposed heavy layers, tissue
calcification and poor egg shell quality are accompanied by visceral gout and caged layer
fatigue, leading to welfare concerns and early retirement of previously healthy houses (Hamilton
et al., 1982; Niemiec et al., 1994; Denli et al., 2008). In breeding flocks, OTA toxicity of
developing embryos is of greater importance, as consequences for embryo survival and chick
quality are apparent weeks before breeding birds exhibit any loss in fitness (Prior et al., 1978;
Prior et al., 1979). To further complicate the issue of definitive toxic outcomes, mycotoxins,
including OTA, are often produced in conjunction with other mycotoxins, which can mask
clinical symptoms and greatly confound diagnosis (Huff and Doerr, 1981; Sandhu et al., 1995).
For the producer, this ultimately results in lost production prior to a diagnosis and resolution of
mycotoxins as the root cause of diseases affecting a flock or herd.
An appreciation for the fundamental differences between species, strains, stages of
development, and economic outcomes of each is the first step in predicting the important
physiological responses to dietary mycotoxins. Next is a thorough understanding of those toxins
— or combinations of toxins — present in the diets of commercial livestock species, and the
molecular mechanisms by which they harm the animals consuming them.
Digestive Differences in Livestock and Mycotoxin Sensitivities
The unique structural and functional aspects of livestock gastrointestinal (GI) tracts can
play major roles in dietary toxin sensitivity. These digestive differences lead to differences in fed
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components, feed passage rate, microbial metabolism of feedstuffs, and, ultimately, to substantial
differences in the exposure to and absorption of dietary toxins.
For ruminants such as cattle and sheep, a specialized pouch of the foregut, the rumen, is
an active site of feed mixing and prolonged microbial fermentation. Ruminants also utilize
another foregut pouch, the reticulum, for regurgitation of a bolus of feed, microbes and digestive
fluids from the rumen, so that it may be chewed and swallowed again for further digestion. This
process allows ruminants to liberate absorbable nutrients from fibrous feed components through
extended microbial, chemical and physical digestion, facilitating growth and productivity on
high fiber diets (Pond et al., 1995). Rumen microbes also play important roles in mycotoxin
biotransformations (Kiessling et al., 1984; Upadhaya et al., 2010), and changes in the microbial
environment or population can shift the kinetics of both nutrients and toxins (Keese et al., 2008;
Fernando et al., 2010; Castillo-Lopez et al., 2014). Such microbes alter toxicokinetics (the fate of
a toxin in a system) and, consequently, the toxicodynamics (the outcomes of a toxin’s actions on
the system) in their ruminant hosts. Ruminants, in contrast to monogastrics such as swine and
most species of poultry, rely on volatile fatty acids (microbial end products) as the major source
of energy from their diet (Pond et al., 1995). Insult to the rumen wall may inhibit absorption of
these nutrients, and is a proposed mechanism of action (MOA) for some mycotoxins (Foote et
al., 2013).
As with ruminants, herbivorous hind gut fermenters (including rabbits and horses) rely
heavily on microbial fermentation for utilization of fibrous feed materials. In these species,
absorption of microbial products occurs to an extensive degree in the highly vascularized ceca by
processes even more selective for high fiber content than those that occur in the rumen (Pond et
al., 1995). Rabbits also consume partially digested feces (caecotrophs) for second-pass digestion
and absorption in the small intestine, with further microbial fermentation occurring in the colon.
This second exposure may explain the acute sensitivity of rabbits to mycotoxins (Panaccione et
al., 2006; Abdelhady et al., 2017). As meat animals, rabbits are especially popular in developing
countries, where exposure to mycotoxins may be increased by poor crop storage infrastructure
(Bhat and Siruguri, 2003). Worldwide, horses are bred as typical livestock, though they are of
greater economic importance as sport and pleasure animals in much of the developed world.
Mycotoxicoses in horses are often fatal (Cross et al., 1995; Voss et al., 2007), and despite the
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greater value of low-toxin feed for this species, field outbreaks continue to be a major concern
for horse owners.
Omnivorous livestock (swine and most species of poultry) have a limited capacity for
microbial fermentation, and rely more heavily on rapidly absorbable, high starch and high fat
feeds for optimal production. High fiber diets reduce nutrient utilization and may have
deleterious health effects in some poultry and swine (Wenk, 2001), though adequate fiber is still
important for long-term gut health (Pond et al., 1995). High fiber diets may contain elevated
levels of oligosaccharides, non-starch polysaccharides, phytate, and a number of other
compounds toxic to these species, and may have synergistic effects with some mycotoxins
(Choct et al., 2010; Selle et al., 2012; Dänicke, 2017). Conversely, the high concentration of
highly digestible corn (Zea mays L.) and other cereal grains in these rations predisposes these
species to greater exposure to certain mycotoxins, such as those produced by Fusarium spp.
(Ferrigo et al., 2016). Pre-processing (cracking, steaming, grinding) of these grains is especially
well suited to the rapid passage of feed through the monogastric system (Pond et al., 1995), and
reduces overall feed costs and waste. While this may increase uptake of nutrients, this can also
facilitate more rapid absorption of mycotoxins in the small intestine without prior metabolism by
foregut microbial enzymes.
Producers target the unique physiology and performance standards of each species, breed
or strain of livestock by providing complete rations which are best suited to their production
scheme. Consequently, exposure to feed product-borne toxins can vary greatly between livestock
species, as can digestive metabolism and absorption. Key differences beyond the gastrointestinal
anatomy and dietary components will be discussed in brief in the next section, with examples of
toxicological outcomes altered by these species-specific molecular differences.
Molecular Differences in Livestock and Mycotoxin Sensitivities
In addition to the gastrointestinal disparities that exist between major livestock species,
differences in xenobiotic metabolizing enzymes, target organs and target receptors play key roles
in manifesting toxicological outcomes.
As many xenobiotic metabolising enzymes also serve in the regulation of endogenous
compounds, genetic selection for alterations in seemingly unrelated physiology may
inadvertently lead to changes in mycotoxin sensitivities. Sensitivity of swine to the
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mycoestrogen zearalenone (F2, ZEA) is due in almost equal parts to the exposure through a high
grain diet, species-specific expression levels and functions of bioactivating enzymes, and target
receptor affinities (Fitzpatrick et al., 1989; Malekinejad et al., 2006). In commercially produced
swine, 3α-hydroxysteroid dehydrogenase (3α-HD) and 3β-hydroxysteroid dehydrogenase (3βHD) are important for the reduction of gamey flavor or “boar taint” from endogenous steroid
hormones. Increased production of 3α-HD and 3β-HD in commercialized breeds of swine (Li et
al., 2015) may be a secondary effect of selecting for meat quality characteristics. Unfortunately,
increased expression of these enzymes also leads to increased zearalenone toxicity, via reduction
to more toxic metabolites (α-zearalenol, or α-ZOL, and β-zearalenol, or β-ZOL) (Malekinejad et
al., 2006; Fink-Gremmels and Malekinejad, 2007). Despite a high rate of α-ZOL formation by
the domestic chicken (Malekinejad et al., 2006), estrogen receptor binding affinity of α-ZOL and
downstream toxic outcomes are significantly lower in chickens than hogs (Fitzpatrick et al.,
1989; Binder et al., 2017). Microbial transformation of F2 to the less toxic β-ZOL in the foregut
(and again, in the liver) largely protects ruminant livestock from the reproductive failure
associated with ZEA, though this system may be overloaded at high doses (Dänicke et al., 2005;
Malekinejad et al., 2006; Dänicke et al., 2014). Both α-ZOL and β-ZOL are considered products
of phase I enzymes, in which the parent molecule has been transformed to introduce a polar
functional group (in this case, a hydroxyl group on C7). These functional groups are prime for
conjugation to endogenous phase II metabolism substrates, including UDP glucuronic acid,
glutathione (GSH) and acetyl CoA.
Just as formation of phase I metabolites varies between species, phase II conjugation
events are often regulated by species-specific substrate availability or enzyme turnover. Among
swine, sheep, cattle, rats and chickens, only swine can withstand higher levels of zearalenone
exposure before glucuronidation is exhausted (Malekinejad et al., 2006). This may be due to a
greater substrate availability (UDP-glucuronic acid) in swine, or due to increased enzymatic
affinity or turnover for ZEA and its phase I metabolites by unique isoforms of UDPglucuronosyltransferases in less sensitive species.
Mycotoxicoses and Food Security
The fate of zearalenone in swine is typical of many dietary mycotoxins: ultimate toxicity
is a culmination of several factors — exposure, absorption, metabolism, target system synergism
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— and rarely for a singular reason. These factors make both research into and even the definition
of mycotoxicoses less than straightforward. Mycotoxicoses in livestock are studied in depth for
two primary reasons: potential transfer to human food products, and endangerment of human
food safety via lost production or quality of animal products.
While human food itself may be contaminated with mycotoxins, for the same reasons as
are animal feed products, there is concern for transfer of mycotoxins or their metabolites to
humans via bioaccumulation in animal tissues. As with animals consuming masked mycotoxins
from plants, humans may consume and further metabolize masked mycotoxins from animal
tissues. Milk may serve as an important source of toxins in the diets of infants and children if
parent mycotoxins or their metabolized forms are excreted via the mammary gland. Carry-over
into milk has been shown to be limited for several classes of mycotoxins (Durix et al., 1999;
Seeling et al., 2006), while metabolized aflatoxins are well documented in milk products,
especially in regions of the world favoring growth of aflatoxin-producing fungi. A 2009 survey
of aflatoxins from Kenyan milk samples showed that 99% of pasteurized samples were
contaminated with these powerful carcinogens, and approximately 30% of samples exceeded
FAO/WHO recommended levels (Kang’ethe and Lang’a, 2009). This carry-over has driven the
increased regulation in the US and abroad for aflatoxin levels in the diets of dairy animals. While
several mycotoxins have been identified in egg products, these levels are typically so low as to
not represent a significant risk to even at-risk humans (Völkel et al., 2011; Ebrahem et al., 2014).
Generally, animal performance is severely hindered at mycotoxin levels far below those
necessary to cause substantial contamination of food products (Seeling et al., 2005; Seeling et al.,
2006; Denli and Perez, 2010; Völkel et al., 2011). As such, the health effects in the animals
themselves represent greater economical and possibly etiological risks to human food security.
Losses in feed efficiency and production increase food costs while simultaneously increasing the
environmental footprint of food animal production. The immunosuppression and loss of GI
integrity characteristic of several mycotoxins may contribute to bacterial contamination of the
human food chain (Antonissen et al., 2015). Both potential carry-over into edible tissues and the
performance of the animals from which we obtain these products pushes livestock mycotoxin
exposure from the realm of animal health and welfare to that of human food safety and security.
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The remainder of this chapter will focus on the toxicological outcomes of mycotoxin
exposure in livestock, as they relate to two mycotoxin classes which have consistently shown to
be problematic for livestock producers: the ergot alkaloids, and the fusariotoxins.
The Ergot Alkaloids
From the Eleusinian Mysteries of ancient Greece to the textbooks of modern medicine,
the ergot alkaloids (EAs) have a storied history alongside some of mankind’s most favored
foods: wheats, barleys and ryes. These compounds have long been known for their ability to
induce hallucinations, aid in labor contractions, and stop unwanted bleeding (Schiff, 2006).
Synthetic EAs find their place in modern medicine as an effective relief against migraines, and in
the toolkits of obstetricians facing the same complications as midwives some 4,000 years ago
(Cvak, 1999; Schiff, 2006). Meanwhile, natural EAs continue to cause deleterious health effects
in both livestock and humans around the globe (Belser-Ehrlich et al., 2013; Craig et al., 2014).
Mankind’s history with ergot alkaloids is bound by the nutrient-rich grass seeds on which both
have grown for millenia.
In the natural world, two closely related fungi are the major producers of EAs resulting in
toxicosis: pathogenic Claviceps spp., which cause abortion of host plant embryos, and symbiotic
Epichloë spp., which are widely considered protectors of host plants throughout all life stages.
While only the former causes true “ergot” conditions in plants (so named for the resemblance of
Claviceps mycelia to a rooster’s spur, Fr: ergot), both fungal genera produce the chemical class
of compounds known as the ergot alkaloids.
Ergot-Plant Relationships
Several Claviceps species are associated with disease outbreaks in humans and animals,
though the economic importance of C. purpurea infection of bread grains and C. africana
Frederickson, Mantle, & de Milliano of sorghum (especially Sorghum bicolor (L.) Moench) have
warranted special attention. As a preferential pathogen of livestock and human feeds such as rye,
barley and wheat, C. purpurea is of interest for much of the temperate globe, and is ubiquitous
across this range (Pažoutová, 2003; Alderman et al., 2004). Claviceps africana is a new species,
first described in 1991, and is clearly more virulent and fast-spreading than Indian sorghum ergot
(Claviceps sorghi B.G.P. Kulk) (Frederickson et al., 1991). In recent years, Claviceps africana
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has become a major concern for international feed producers for its preferential pathogenicity for
popular sorghum varieties, its production of ergot alkaloids, and its rapid spread from Africa to
the Americas, Australia and Asia (Bandyopadhyay et al., 1998; Blaney et al., 2000; Komolong et
al., 2003). An outline of the life cycle and infection route for most Claviceps spp. is illustrated in
Figure 1.2. For both C. purpurea and C. africana, fruiting bodies release spores to infect spring
flowering grasses, and a fungal mycelia grows in place of the intended plant embryo. This
growth pattern leads to a characteristically dark, often sticky mycelia body known as a
sclerotium (plural: sclerotia). Sclerotia may be ground with healthy grain kernels into animal or
human feed, or may fall to the ground to continue the cycle in the next growing season.
Infection of host plants by Claviceps spp. is dependent on flowering time and
environmental conditions (Miedaner et al., 2010; Miedaner and Geiger, 2015). Infection is
dramatically increased in cultivars with poor pollen production (including several wheat, rye and
sorghum strains and their hybrids) (Bandyopadhyay et al., 1998; Komolong et al., 2003;
Miedaner et al., 2010). Lower pollen production encourages extended flower opening which –
especially when combined with longer pistil lengths of these cultivars – facilitates infection by
airborne fungal spores (Miedaner et al., 2010). Unfortunately, these cultivars are often preferred
for other production parameters, and removing them from production is not commercially viable.
Both the widespread use of susceptible cultivars and a lack of effective fungicidal control of
Claviceps continue to plague the global food supply, centuries after the first discovery of the
deleterious effects of these fungi on plants and the animals that consume them.
In contrast to Claviceps spp., Epichloë spp. exist in an asexual stage as plant endophytes.
This serves as a mutualistic relationship in which the endophyte infers increased fitness to the
host plant’s seed as the fungus is passed into the next generation within the seed coating (Clay,
1988; Christensen et al., 2008). The complete mechanisms by which endophyte infection may
affect host plants are not yet fully understood, though it is clear that genetic and environmental
factors such as water resources, soil fertility and predation influence the cost-reward balance of
infection (Kuldau and Bacon, 2008/7; Bultman and Bell, 2003; Keathley and Potter, 2012).
Benefits of endophyte infection are also observed in artificially inoculated grasses, providing
further evidence for the importance of these fungal partners (Crawford et al., 2010).
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Figure 1.2. The life cycle of Claviceps purpurea (Schumann and Uppala, 2000).

Of the Epichloë endophytes, Epichloë coenophialia (Morgan-Jones & W. Gams) C.W.
Bacon & Schardl has the most well-known impact on livestock producers through its association
with cool season grasses, particularly tall fescue (Festuca arundinacea Schreb.). E. coenophiala
is also known for producing high levels of EAs, and the popularity of tall fescue as a forage and
turf crop can lead to high EA exposure in herbivorous livestock. Clinical symptoms following
ingestion of EA containing endophyte-infected grass (E+) in livestock are known collectively as
“fescue toxicosis”, and continue to be a major economic and veterinary concern for grazing
livestock producers.
Structure and Molecular Mechanisms
Ergot alkaloids can be divided into three major sub-classifications: the clavines
(agroclavine, etc.), the ergoamides (lysergic acid and paspalic acid amides), and the ergopeptides
(EPs, including ergovaline and ergotamine). Each group is, in essence, built upon the previous in
chemical complexity. Figure 1.3 illustrates the basic structures of each group of EAs, along with
the animal neurotransmitter serotonin for structural comparison. Ergopeptides are considered to
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be of greatest concern to livestock producers, as naturally occurring concentrations of these are
highly correlated to toxic outcomes at the molecular, cellular and organism levels (Pertz and
Eich, 2003; Klotz et al., 2007; Craig et al., 2014; Pesqueira et al., 2014). Furthermore, these are
produced at levels sufficient to cause toxicoses in mammalian livestock under natural forage or
processed feed conditions (Lyons et al., 1986; European Food Safety Authority et al., 2017). EPs
are characterized by a tripeptide ring moiety consisting of a cyclol (alanine, valine or 2aminobutyric acid), lactam (various) and pyrrolidine ring (proline, in nearly all cases) (see
ergovaline, Figure 1.3) (Schardl et al., 2006; Gerhards et al., 2014). Gerhards et al. (2014) offers
an excellent review of the genetic potential for EA synthesis in a number of fungal and plant
genera, including the role of nonribosomal peptide synthetases in final compound formation and,
ultimately, toxic potential.
The ergoline ring of all EAs (seen as the four ring structure of agroclavine and
subsequent biosynthesis products, Figure 1.3) lends these toxins their receptor binding affinity
for tryptophan-derived neurotransmitter receptors, through which they exert their toxic effects.
Specifically, EAs bind to monoamine neurotransmitter receptors, including adrenergic
(especially α2), serotonergic (especially 5-HT2B) and dopaminergic (D2 and D3) (Oliver et al.,
1998; Pertz and Eich, 2003; Kvernmo et al., 2006). Activity at these G-protein coupled receptors
(GCPR) leads to numerous downstream alterations in homeostasis of exposed animals, of which
the primary disease outcomes for fescue toxicosis (discussed below) are included. Several ergot
alkaloids, especially the ergopeptides ergovaline and ergotamine, serve as powerful agonists at
these receptors, stabilizing the activated forms beyond biological norms (Ivanova and Spiteller,
2012; Pesqueira et al., 2014). Others, such as the synthetic EA methysergide, are well
documented antagonists at some 5-HT receptors (5-HT2 family), yet serve as agonists at others
(5-HT1 family) (Silberstein, 1998).
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Figure 1.3. Biosynthesis of the major ergot alkaloid compounds by Claviceps and Epichloë spp.,
with serotonin for structural reference. (Pathway abbreviated from Gerhards et al. (2014)).

Ergot alkaloids, especially the ergopeptides, are “biased” GCPR ligands, and the extent
of this bias in receptor subtypes may greatly influence toxicological outcomes (Wacker et al.,
2013). Biased ligands are known for inhibiting or exciting downstream receptor binding effects
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at rates not altogether linked with receptor binding affinity, and this highly orchestrated
regulation of receptor effects frustrates investigations into MOAs for biased ligands.
Furthermore, as the distribution of GCPR differ between species, growth states, or even disease
states (Rivera-Baltanas et al., 2014), the effects of EAs may be greatly altered by animal
physiology and development. Through this complex network, several themes of EA toxicity do
emerge in mammalian livestock, humans and laboratory animals. Vasoconstriction, anorexia, and
prolactin inhibition are the most economically important and prevalent EA toxicological
outcomes to mammalian livestock producers, and are generally understood to result from a
handful of receptor-EA interactions in these species (Pertz and Eich, 2003; Strickland et al.,
2009).
Accumulation and activation of serotonin (especially 5-HT 2B) and α-adrenergic
(especially α2) receptors by ergot alkaloids present in livestock feeds plays a key role in the
observed toxicological outcomes (Pertz and Eich, 2003; Kvernmo et al., 2006). Endogenous
ligands for these receptors regulate smooth muscle contraction, including that surrounding
peripheral blood vessels (Vanhoutte, 1987; Kvernmo et al., 2006). In vitro work with purified
alkaloids and isolated bovine veins has shown that ergopeptides, especially ergovaline and
ergotamine, induce the greatest vasoconstrictive intensity and duration (Klotz et al., 2007; Klotz
et al., 2009; Pesqueira et al., 2014). When compared with safer (even if less effective)
alternatives, the risk of prolonged vasoconstriction from EPs presents a serious health risk for
those taking these drugs as migraine medications (MaassenVanDenBrink et al., 1998). As the
majority of the mammalian body’s 5-HT receptors (>90%) are located in the gastrointestinal
tract (Keszthelyi et al., 2009), the greatest impact of EA consumption is not due to smooth
muscle contractions in the peripheral vasculature, but to malabsorption of nutrients from the GI.
This principal has been demonstrated by the ability of the ergopeptide ergovaline (EV) to
decrease epithelial blood flow and essential nutrient absorption across the reticulorumen wall
(Foote et al., 2013). This reduced nutrient absorption is even more consequential if coupled with
anorexic behavior, as is often the case with EA exposure.
While a full explanation of anorexia in animals consuming EA-contaminated feed is
unavailable, it is thought to be due in part to serotonergic and dopaminergic receptor binding by
EAs in the central nervous system (CNS). In humans, abnormal levels of these hormones in
cerebrospinal fluid has been shown to be both a symptom of and a possible precursor to anorexia

17
nervosa (Kaye et al., 1998). Carruba et al. (1980) found that ergot alkaloids administered to the
rat resulted in anorexia which was reversible by CNS dopamine antagonists, and not by
peripheral dopamine receptor blockers. CNS targeting of ergot alkaloids is further supported by
substantially reduced prolactin secretion in several mammalian species consuming E+ grasses.
Activity of D2 dopamine receptors on lactotrophs in the anterior pituitary reduces secretion of
prolactin, and the effect of ergot alkaloids on these cells has been shown to be both more intense
and longer lasting than endogenous dopamine (Delitala et al., 1980). While serotonergic activity
would typically reverse the effects of dopamine receptor binding on lactotrophs, EAs have a
stronger net negative effect on these cells, reducing prolactin despite serotonin receptor activity
(Delitala et al., 1980). Reduced milk production and reproductive failure are the most obvious
outcomes of these interactions, but the effects of serotonin, dopamine and prolactin are broader
in scope than reproduction alone. In humans, hypoprolactinemia has also been associated with
metabolic syndrome and anxiety, along with the host of reproductive complications connected to
this condition (Corona et al., 2009). In livestock, it is less clear if CNS receptor binding is
directly responsible for the many behavioral changes observed, or if these are secondary
consequences to the reduced nutritional plane and hyperthermia experienced by these animals in
response to EA consumption.
Toxicity of EPs has been best characterized through the above discussed receptors, but
non-peptide ergot alkaloids may also be of concern. Ergoclavines and ergoamides may
deteriorate metabolism or excretion mechanisms, or influence membrane integrity through nondopaminergic pathways (Mulac and Humpf, 2011; Mulac et al., 2012; Guerre, 2015). In horses,
ergopeptides are quickly metabolized to lysergic acid (Schultz et al., 2006), which may
ultimately explain the unique responses of this species to EP consumption. As these smaller,
more lipid-soluble alkaloids are typically produced alongside larger ergopeptides (Guerre, 2015),
the potential synergistic effects of these compounds or their influence on total EA metabolism
cannot be understated.
Ergot Alkaloid Biotransformation
Biotransformations to the structure of ergot alkaloids and accompanying changes in
chemical properties appear to be major factors contributing to species-specific toxic outcomes.
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As with biotransformation of any toxic compound, the ultimate goals of these pathways are I) to
reduce toxic effects, and II) to increase secretion or breakdown to usable end-products.
While bioactivity of the ergot alkaloid structure is primarily due to the ergoline ring
activity at GCPR, it is the ergopeptide moiety that is the site of major transformation events.
Prior work has shown that the widespread monooxygenase cytochrome P450 3A enzymes —
especially 3A4 (CYP3A4) — hydroxylate ergopeptides at the C8 and C9 positions on the proline
ring (Peyronneau et al., 1994; Wester et al., 2009; Sevrioukova and Poulos, 2012) (Figure 1.4).
These mono- and di-hydroxylated products are considered major metabolites for rodents, humans
and mammalian livestock, and are excreted primarily through the feces and at lower levels in
urine (Maurer et al., 1982; Maurer et al., 1983; Maurer and Frick, 1984; Moubarak and
Rosenkrans, 2000; Duringer et al., 2005; Murty et al., 2018). Dehydration, dehydrogenation,
demethylation and a number of other minor biotransformation events have also been identified
via LC-MS in laboratory animals and livestock (Duringer et al., 2005; Murty et al., 2018), again
with fragmentation evidence centering on C8 and C9 as the sites for these events. Murty et al.
(2018) also reported glucuronidation and glutathione conjugation (phase II conjugation
reactions) of ergovaline, though the mechanisms behind these biotransformations remain
unknown.
Characterization of products resulting from ergoline ring biotransformations is primarily
limited to lysergic acid amides. This work includes the hallucinogenic narcotic lysergic acid
diethylamide (LSD), for which a number of important metabolites have been identified. In LSDdosed humans and laboratory animals, almost none of the parent compound is excreted without
biotransformation events occurring to the parent molecule (Passie et al., 2008). Hydroxylation
events at C2 and 3 (Figure 1.4, ring B) yield the most abundant human LSD metabolite, 2-oxo-3hydroxy LSD (Klette et al., 2000; Canezin et al., 2001). Other major LSD metabolites include
those resulting from hydroxylation at C13 or C14 followed by glucuronidation, as well as
deethylation, demethylation and dealkylation events (Canezin et al., 2001). The absence of
metabolites of ergopeptides showing characteristic features of ergoline ring modifications
(Maurer et al., 1982; Duringer et al., 2005) indicates that the peptide moiety may exclude
enzymatic activity at these sites.
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Figure 1.4. Detailed structure of the ergopeptide, ergovaline, with I) tripeptide (amino acids in
contrasting colors) and II) ergoline subunits. Ergovaline shares numerous structural
characteristics with all ergopeptides, including ergotamine and bromocriptine (Gerhards et al.,
2014; Schardl et al., 2006).

Bioaccumulation of EAs has long been an area of interest, especially as oral doses of
these compounds are disease-causing in humans at doses lower than those tolerated by many
livestock (MaassenVanDenBrink et al., 1998; Hermes et al., 2004; Mainka et al., 2005; BelserEhrlich et al., 2013). Sequestration of LSD into tissues is widespread (Stoll et al., 1955; Axelrod
et al., 1957), and human cell lines have shown bioaccumulation of ergopeptides, as have isolated
bovine tissues (Klotz et al., 2009; Mulac and Humpf, 2011). Feeding trials of livestock exposed
to EAs, including lysergic acid, have not shown substantial accumulation or secretion into edible
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products (Schumann et al., 2007). Despite high total EA consumption, chicken hens did not
excrete measurable levels of EAs into egg products or tissues (Dänicke, 2016). Durix et al.
(1999) demonstrated that ergovaline was excreted at low levels in the milk of intravenously
dosed dairy goats; these levels were insufficient to cause a human health concern. While more
work is necessary in highly resistant livestock, the likelihood of ergotism through consumption
of animal products is minimal.
Ergotism in Domestic Livestock and Fescue Toxicosis
Correlating with the increased acreage dedicated to tall fescue during the mid-1900s,
livestock producers began reporting increased incidence of a condition originally described as
“ergotism”, and later redefined as “fescue toxicosis”. While the symptoms of fescue toxicosis
were well documented early on, the causes were not established until several years later, when E.
coenophialia and its associated alkaloids were isolated in stands known to be problematic for
grazing herbivores (Bacon et al., 1977; Hoveland, 2003). Bacon (1977) found that fescue stands
not causing toxicosis were only infected at levels ranging from 0-50%, while those known to
induce toxicosis were 100% infected. Not long after the discovery of the endophyte association,
ergot alkaloids were isolated from fungal-infected pastures (Lyons et al., 1986), and the
similarities of fescue toxicosis to clavicipitaceous ergotism were clarified.
Anorexia and Weight Loss
Among the first symptoms in livestock exposed to toxic levels of EAs is general lethargy
and anorexia. Decreased body weight and feed consumption is almost universal among livestock
grazing E+ tall fescue (Peters et al., 1992; Aldrich et al., 1993a), and is typically the first
symptom of ergotism in grain-fed animals, as well. These symptoms may be partially alleviated
by administration of dopamine antagonists (Lipham et al., 1989), but this represents an expensive
and impractical approach to solving anorexia in herds of livestock, which may graze vast swaths
of open forage. Even when consumption is comparable to ergot alkaloid free pastures, animals
consuming E+ tall fescue may triple their weight loss, and reduced nutrient absorption is thought
to play an important role (Peters et al., 1992; Foote et al., 2013). Among the ergot alkaloids, the
ergopeptides ergovaline and ergotamine are most often cited for association with field disease
outbreaks. These ergopeptides are the most potent EA inhibitors of nutrient uptake in washed
bovine tissues (Foote et al., 2013), and their concentration is commonly used as a gauge of
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anorexic potential of mixed rations or components. Sampling of feed from clinical cases (Craig
et al., 2014) and research trials (Young and Marquardt, 1982), however, provides clear evidence
for the importance of EAs outside of ergovaline and ergotamine in weight loss and anorexia.
Combinations of EAs found in naturally contaminated feeds may have synergistic effects
(Moubarak et al., 2003), and thus a thorough understanding of each toxin and its relation to other
toxins in rations is vital to a high quality assessment of toxic potential.
Thermodysregulation and Limb Ischemia
In environments outside of the thermal neutral zone of the animal, thermoregulatory
distress may be apparent following ergot alkaloid consumption. Clinically, this presents as
shade-seeking behavior in summer months (“summer slump”) and as hypothermia during cooler
seasons (Strickland et al., 2009). In both instances, peripheral vasoconstriction results in reduced
heat transfer to the extremities, resulting in increased core but decreased peripheral body
temperature (Spiers et al., 2005; Kishore et al., 2012). In vitro and in silico studies characterizing
5HT and α-2 adrenergic receptor binding by ergopeptides and resulting vasoconstriction are in
agreement with the greater body of knowledge gained from decades of field studies, which
collectively shows that EP concentration is a good predictor of thermoregulatory distress in
livestock (Craig et al., 2014). In extended cases, especially in cold climates, extended
vasoconstriction and increased blood platelet aggregation leads to limb and extremity ischemia
(“fescue foot”) (Oliver, 1997). Such conditions can result in mortality rates of over 40% in
commercial herds exposed to ergot alkaloids in feed products, with reduced productivity in
surviving animals (Craig et al., 2014). These advanced conditions are undoubtedly painful,
dramatically reducing the welfare of livestock grazing toxic levels of E+ tall fescue or Claviceps
spp.-infected grains.
Reproductive Failure
Reproductive success in mammalian herbivores may be dramatically reduced by the
presence of EAs in feed. The most obvious outcome for livestock such as cattle and swine is
reduced milk production, a consequence of the hypoprolactinemia brought on by D 2 receptor
binding (Delitala et al., 1980; Prysor-Jones and Jenkins, 1980; Kvernmo et al., 2006). Direct
effects on the developing embryo from ergot alkaloid consumption of the dam are poorly
understood. The stunted growth, deformities and mortality rates of mammalian embryos whose
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dams consumed ergot infected feed may be due to direct toxic effects of these compounds on the
fetus, but it is likely that these are secondary consequences of the dam’s response (thickening of
uterine wall, reduced intake and general ill-thrift) (Cross et al., 1995). In mice fed endophyteinfected fescue seed, pup growth was significantly reduced, even when fostered to dams fed
uninfected seed (Varney et al., 1991). Duckett et al. (2014) reported similar findings in sheep, in
which embryo growth was reduced by nearly 40% in ewes consuming E+ tall fescue during
gestation. Horses have an even more extreme response to late-stage gestational EA consumption,
as deformity or mortality of the embryo is a common outcome (Monroe et al., 1988; Cross et al.,
1995). Prolonged gestations of pregnant mares consuming EAs accompanies thickening of the
uterine lining, retained placentas, and agalactia in those mares which do foal (Cross et al., 1995).
Amelioration of these effects by D2 receptor antagonists is profound (Ireland et al., 1991; Cross
et al., 1999), indicating that this reproductive failure is due to the dopaminergic activity of ergot
alkaloids in the horse. In other livestock, similar treatments are met with mixed results (Lipham
et al., 1989; Aldrich et al., 1993b), and may even contribute to the overall toxicity of ergovaline,
indicating again that serotonin receptors may be more important in the sequelia of toxicity in
non-horses.
While E+ grass consumption has been known to reduce fertility in several species, it is
believed that this reduction is due to embryo mortality or poor reproductive cyclicity, and not
due to spermatogenesis or fertilization of ova (Porter and Thompson, 1992; Stowe et al., 2013).
In mammals, stunting of embryo development is inseparable from maternal toxicity. Piglets
consuming milk from sows consuming ergoty sorghum are stunted and suffer from increased
mortality, even when a milk replacer is offered (Blaney et al., 2000). These results indicate that
damage to fetal development through gestational EA exposure significantly reduces productivity
of offspring well after the source of toxicity is removed.
Ergotism in Poultry
Though both poultry and swine are more resistant to ergot alkaloids than other livestock
(Bailey et al., 1999; Hermes et al., 2004; Mainka et al., 2005; Belser-Ehrlich et al., 2013), the
resistance of poultry and the outcomes of EAs exposure in these species deserves further
discussion. Poultry of commercial interest can be classified phylogenetically into the orders
Galliformes (chickens, turkeys and quail), Columbiformes (pigeons and doves), and
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Anseriformes (waterfowl, such as ducks and geese). Such broad genetic classifications hardly
explain the diverse physiology of the birds which produce poultry products, yet they do provide
insight into a major difference in these animals which are important for toxicological outcomes.
Galliformes and Anseriformes have highly precocial young, which have activity
(excluding flight) and feeding behavior comparable to adults of the same species. Pigeon and
dove squab are completely altricial, being hatched featherless and blind, and fed by both parents
a mixture of food, microbes, digestive enzymes and secretions known as crop milk until ready to
leave the nest. While all poultry are induced to parenting (or “broody”) behavior by prolactin,
this is especially important in Columbiformes, as crop milk production and the required intensive
offspring care are heavily reliant on this hormone (Horseman and Buntin, 1995). Unfortunately,
little work has been done with regard to ergot alkaloid toxicosis in commercial squab species,
though the use of the synthetic EP bromocriptine was shown to increase proliferation of crop
mucosa in adult pigeons (Shani et al., 1980), indicating that EPs may increase prolactin secretion
in this species (the opposite effect as in mammals). Conversely, turkey and chicken hens have
predictably reduced prolactin levels when administered bromocriptine to reduce broody
behavior, and this administration indeed increases lifelong production by reducing egg-free days
(Reddy et al., 2002; Reddy et al., 2005). Squab production is a minor component of the poultry
industry, however the reaction of these species to EPs warrants further investigation into possible
mechanisms of dopamine-prolactin control in this order.
Goose and duck production is a minor, but important sector of the poultry industry,
especially in Asian markets; animals may be grown with a combination of concentrate feeding
and grazing. This potential co-exposure to several sources of ergot alkaloids (from Claviceps
spp. in concentrates and Epichloë spp. in forage) puts these species at risk for high levels of total
EAs in complete rations. Some work has been done with ergot sclerotia and commercial-type
ducks (Pekin, Anas platyrhynchos L), which showed that total EA (approximately 26%
ergotamine) levels of 630 µg·kg feed-1 were sufficient to reduce feed intake and weight gain by
nearly 10% (Dänicke, 2015). These productive failures were exacerbated at higher doses, and
animals fed 16.37 mg total EA·kg feed-1 gained only approximately 40% of the weight of control
animals over the course of the study (Dänicke, 2015). When grazing E+ tall fescue (presumably
containing ergot alkaloids, though levels are unknown), Canada geese (Branta canadensis L.)
had reduced feed intake and weight gain (Conover and Messmer, 1996). The rebound of these
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geese when fed a commercial diet was counteracted by a second grazing season, in which geese
again had poor gain and changes in grazing behavior (Conover and Messmer, 1996). Pennell and
Rolston (2003) also observed reduced feeding in Canada geese consuming E+ ryegrass, though
only in cultivars with greater than 11.2 mg ergovaline·kg feed -1 (much higher than the dose
needed for mammalian livestock or laboratory animal toxicity). Little is known of EA toxicity in
domesticated goose species (Anser anser L. subsp. domesticus and Anser cygnoides L. subsp.
domesticus), though their shared physiology with their wild cousin, the Canada goose, indicates
that they may be susceptible at higher doses as well. Few outbreaks of ergotism have been
reported in commercial ducks or geese; however, these would be difficult to track, especially in
small farm production schema. Anseriformes have (with a few exceptions) increased
fermentation patterns when compared to other poultry species. While feed passage rates in
anseriformes are still more rapid than in most mammals (Owen, 1972), it is possible that
microbial fermentation in the GI of these species liberates ergot alkaloids from their foragebased diets. Geese and ducks raised with forage access would have increased cecal length (the
primary site of avian GI fermentation) (Clench and Mathias, 1995). Domestic chickens will also
consume higher fiber feeds and show increased cecal length, though galliforms are more
selective in their eating and prefer grains and insects (Pond et al., 1995); no work has been done
in either order with regards to cecal fermentation of ergot alkaloids.
In general, the response to ergot alkaloids in galliformes is difficult to characterize,
though there is evidence for reduced sensitivities of these species. Early work by Lewis and
Gefland (1935) showed that ergotoxin (a mixture of EAs, likely ergocristine, ergocornine and
ergocryptine) induced vasoconstriction and damage in the comb of the domestic chicken within
2-4 minutes of an intramuscular injection in the breast tissue. This constriction (as well as in the
digits) remained for at least 3 days following a single injection, and blood flow could not be
regained despite manual massage in even post-mortem tissues if several injections were given.
Interestingly, though comb cyanosis continued for several days, the birds, for the most part,
continued without major systemic consequences, and resumed eating within hours of dosing
(Lewis and Gelfand, 1935). The dosage and injection regimen utilized in these early trials was
extreme in the least - a full 10 mg of ergotoxin was injected into the breast of each hen, resulting
in a dose of approximately 10 mg ergotoxin·kg body weight -1. In comparison, this is
approximately 600-fold the dose of intramuscular ergotoxin given to human patients (women in
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labor) at this same time period (Moir, 1932). That hens resumed normal behavior within such a
short time period from this large dose (especially when given for multiple days) is indicative that
metabolism and excretion from systemic circulation was phenomenally rapid in this species,
while bioaccumulation at peripheral vasculature may still occur. As the anorexic effects of EAs
may be due to direct exposure of the GI following oral dosing, dietary EAs are more telling as to
the systemic effects of these compounds in these species.
Several more recent works have investigated dietary exposure to EAs in chickens and
other galliformes. Ergovaline in the diets of broiler chicks had no apparent negative effects, and
indeed may have increased growth at 423 µg ergovaline·kg feed-1 Hermes et al. (Hermes et al.,
2004). Shlosberg et al. (2004) fed ergovaline (up to 1.33 mg·kg feed -1) to broilers in
intentionally poor management (hypothermic) conditions and observed slightly elevated comb
temperatures (indicating peripheral vasoactivity, and not constriction). Work by Mainka et al.
(2005) exposed broiler chickens to total dietary EAs up to 11.1 mg·kg feed -1 (a mixture of
ergometrine, ergotamine, ergocornine, α-ergocryptine, ergocristine and a small portion of
unidentified residue), again with few consequences. In the same study, swine exposed at
approximately equal doses had increased growth following early exposure, with feed refusal and
weight loss only after three weeks of treatment (Mainka et al., 2005). This, combined with work
by Hermes et al. (2004) and Dänicke et al. (2017), indicates that low or short-term doses of EAs
in monogastrics — especially chickens — could be appetite stimulating.
Broiler chickens do have a toxic threshold for total EAs, which has been exceeded in both
field outbreaks and experimental conditions. Birds fed up to 5.85 mg total EAs·kg feed -1 along
with moderately high levels of non-starch polysaccharides (NSPs) had substantially reduced
growth, neurological conditions, lesions and hemorrhaging of the liver and gastrointestinal tract,
and disfigurement of the proventriculus and gizzard which warranted early euthanasia for this
group of animals (Dänicke, 2017). In the same work, birds fed lower levels of ergot alkaloids
along with NSP also had slightly reduced performance, but not with EAs alone (Dänicke, 2017).
It remains unclear if the toxic effects of NSPs were exacerbated by ergotism in these birds, if
NSP effects are conducive to EA-induced damage, or if there is mutual synergism at play. This
warrants further study, as high NSPs and EAs may co-occur in diets where barley, oats, rye or
wheat are fed at high levels.
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Work in layer hens is similar to that in broiler chickens - in which birds show markedly
reduced sensitivities to EAs. Layer hens experience reduced production when fed ergoty rye at
the level of 30 g·kg feed-1 (containing approximately 14 mg·kg feed -1 of combined ergometrine,
ergotamine, ergocornine, α-ergocryptine, ergocristine, ergosine and other minor alkaloids)
(Dänicke, 2016). These changes, however, were within 2% of birds fed 0 g ergoty rye·kg feed -1,
and the levels fed were far above current guidelines for ergot inclusion (Dänicke, 2016). Conover
(2003) observed reduced growth in female Leghorn chickens (not males) and reduced egg
production and shell quality; however the dose of EAs in these diets was not reported (fungalinfected tall fescue seed was fed). Zavos et al. (1993) reported reduced fertility in Coturnix quail
(Japanese quail) fed E+ tall fescue seed, though it is unclear what ergot alkaloid levels were
present in the diets of these birds. No embryo toxicity in poultry has been reported, and work by
Dänicke (2016) shows that there is no detectable EA carry-over into eggs of laying hens fed up
to 14 mg total EAs·kg feed-1.
How poultry species may tolerate such high doses of ergot alkaloids when these
compounds target basic systems is yet unknown. The extreme doses tolerated by poultry are
several hundred times that which would cause toxicity in mammals (Craig et al., 2014). As with
other livestock species, poultry have diverse digestive and enzymatic profiles which may play a
role in the development of ergotism and other mycotoxicoses. Unfortunately, work in poultry
metabolism for this class of mycotoxins is severely limited. Only a small percentage of parent
compounds is recovered from the excreta of chickens (Young and Marquardt, 1982; Dänicke,
2016), and residues are not detected in tissues, blood or egg products (Dänicke, 2016; Dänicke,
2017), indicating that extensive biotransformation may be responsible for this remarkable
resistance. Sad but true that over 80 years has passed since these questions held Sir Lewis’s
interest, and yet these answers remain unclear.
Fusariotoxins
Fusariotoxins are a casual grouping of mycotoxins commonly associated with the fungal
genera Fusarium, especially F. graminearum, the anamorph of Gibberella zeae (Schwein.)
Petch. Of the fusariotoxins, the trichothecenes, fumonisins and zearalenones are the most
economically and etiologically important for human and animal health.
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Production of each fusariotoxin is regulated by genetic and environmental factors,
including host plant material (Joffe, 1986; Bánáti et al., 2017). Unlike the relative hostspecificity exhibited by Claviceps or Epichloë spp., several Fusarium spp. infect a wide variety
of plants under favorable environmental conditions. Once infection occurs, Fusarium spp. offer
little to no benefits to the host, and are widely considered true pathogens. Toxicities in animals
and humans have been reported since at least the late 1800s (Joffe, 1986), and the wide
distribution of Fusarium pathogens continues to drive their importance in the fields of plant and
animal health.
Fusarium-Plant Relationship and the Modern Crop Challenge
Fusarium spp. are considered the causative agents of major diseases in cereal grains,
including fusarium head blight (FHB), stalk rot and ear rot. Infection of wheat, oats, barley and
corn by Fusarium spp. is a growing concern for North American farmers, as this leads not only
to mycotoxin contamination, but to substantially reduced yield and vigor in infected plants
(Windels, 2000). Resistance to these fungi may occur at the level of fungal attachment,
growth/spread on host material, or in planta mycotoxin metabolism. Significant effort has been
dedicated to the identification, creation and utilization of resistant cultivars, but this work is
hampered by reduced performance or value of these varieties, even during times of moderate
fungal infection (Hollingsworth et al., 2008). Genetic control of FHB resistance is also very
imperfect - and environmental interactions still play a substantial role in the plant’s ultimate
resistance despite having a resistant genotype (Yang et al., 2014; Jia et al., 2018). Prolonged
flowering periods (due to plant genetics, weather, insect damage, unequal nutrient resources,
etc.) confound this issue, which presents as a heterogenous infection rate across a given field or
broader locality (Simpfendorfer, 2016). Even the best management practices cannot protect corn
from root and stalk rot if rainfall patterns favor infection, which may reach rates as high as
87.5% in field conditions with good management but poor weather conditions (Lipps and Deep,
1991). Several Fusarium spp., such as F. verticillioides (Sacc) Nirenberg, require (or at least
greatly prefer) prior damage to crops by insects or extreme weather for infection (Garcia et al.,
2012). Parsons and Munkvold (2010) found that insect damage was a key predictor of F.
verticillioides infection and fumonisin contamination, and that insect-resistant genetically
modified crops and insecticide treatments were both effective at reducing mycotoxin
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accumulation. Other Fusarium spp. take a more active role in infection by disabling host plant
immunity via secretion of large quantities of phytotoxins prior to extensive mycelial growth
(Garcia et al., 2012). For these fungi, insect damage is perhaps a welcome assistance, but not a
necessary precursor to pathogenesis. While crop breeders continue to search for fusariotoxin
prevention strategies, infected grains are consumed by animals, where they cause a wide range of
toxicological outcomes.
Structure and Molecular Mechanisms
Each class of fusariotoxins presents unique concerns for livestock producers. While the
trichothecenes are known as potent protein synthesis inhibitors, the fumonisins alter lipid
metabolism, and zearalenones are powerful endocrine disruptors. Often, crops are contaminated
with multiple mycotoxins (US Grains Council, 2016) which may have synergistic effects in vivo.
Below is a brief outline of the structure and molecular mechanisms of several fusariotoxins, but
the reader should be mindful of the altered potential of each with regards to metabolism and coexposure in livestock.
Trichothecenes
Trichothecenes (initially discovered in Trichothecium roseum (Pers.) Link) are
characterized by a tetracyclic sesquiterpenoid ring structure and an epoxide ring at carbons 12
and 13. These structural characteristics, along with functional group substitutions around this
central structure, are critical to the mode of action of these compounds (Foroud and Eudes,
2009). Trichothecenes are typically divided into types A-D, based on the functional groups at
carbons 3, 4, 7, and 8. Over 150 trichothecenes have been identified, yet two classes (type A and
type B) are of greatest interest in livestock production for their potency and prevalence in
feedstuffs. Figure 1.5 shows the molecular structures of 4-deoxynivalenol (a.k.a. deoxynivalenol,
DON) and T-2 toxin as types B and A trichothecenes, respectively.
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Figure 1.5. Molecular structures of deoxynivalenol (4-deoxynivalenol, a type B trichethecene)
and T-2 toxin (a type A trichothecene).

Protein synthesis inhibition by fusariotoxins is referred to as the “ribotoxic cascade” or
“ribotoxic stress response” (Pestka, 2008), though several factors are at play. Each group of
trichothecenes may bind to eukaryotic ribosomes and inhibit translation initiation (e.g. T-2)
(Cundliffe and Davies, 1977), elongation, and/or termination (e.g. deoxynivalenol, depending on
dose) (Cundliffe et al., 1974; Smith et al., 1975). Smith et al. (1975) noted that T-2 did not
inhibit protein synthesis when a peptide fragment was already attached to the ribosome,
indicating that T-2 blocks initiation of peptide chain formation, but not elongation. In the same
and subsequent works, other trichothecenes, including DON, were identified as elongation or
termination inhibitors, depending on the dose (Smith et al., 1975; Cundliffe and Davies, 1977).
Fine differences in these modes of action are thought to be due to the functional groups which
separate the trichothecene groups (A-D), and has led to further classification as I (initiation), E
(elongation) and T (termination) inhibitors (Smith et al., 1975; Cundliffe and Davies, 1977).
Figure 1.6 illustrates the binding site of representative trichothecenes (T-2, type A;
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deoxynivalenol, type B; veruccarin A, type D) at the peptidyl transferase center of the yeast
ribosome (Garreau de Loubresse et al., 2014). For each class, the epoxide ring at carbons 12-13
is thought to preferentially form covalent bonds with the 60S subunit (Cundliffe et al., 1974;
Garreau de Loubresse et al., 2014), lending trichothecenes their catastrophic ability to inhibit
protein synthesis in every tested eukaryotic cell type.
Figure 1.6. Binding sites for type A (T-2), B (deoxynivalenol) and D (verrucarin A)
trichothecenes are similar and located on the 60S subunit of the eukaryotic ribosome, blocking
access to the peptidyl transferase center. Several other inhibitors of protein synthesis are also
represented with their respective binding sites. From de Loubresse et al. (2014).

Recent works have elaborated on toxicity of trichothecenes beyond peptidyl transferase
binding. These have shown that trichothecenes also induce increased activation of ribosome-
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associated mitogen-activated protein kinases (MAPKs) (Bae and Pestka, 2008; Pan et al., 2014).
Work investigating the full consequences of trichothecene toxicity via MAPK pathways is
currently ongoing, but it is thought that these pathways contribute substantially to the toxicity
(especially immunotoxicity) of these compounds. Oxidative stress caused by both direct action
of the epoxide ring structure and by endogenous detoxification pathways almost certainly
contributes to the overall toxicity of trichothecenes (Wu et al., 2014). As our understanding of
the diverse modes of action of these toxins grows, production loss prevention may be
accomplished by blocking specific mechanisms or by targeting support to the most affected
systems.
Fumonisins
While the exact mechanisms behind fumonisin toxicosis are complex and poorly understood, it is
clear that altered lipid metabolism is an important component of disease development. Work in
the early 1990s revealed that fumonisins, especially B1 and B2, competitively inhibit ceramide
synthase (CerS) (Wang et al., 1991; Merrill et al., 1993). CerS activity is critical to the turnover
of sphingolipid precursors into cell-cell signalling compounds (ceramides) through acylation of
sphinganine and, to a lesser extent, sphingosine. Inhibition of CerS depletes the system of
membrane sphingolipids and their metabolites, and leads to an increase in sphingosine and
sphinganine levels in tissues and systemic circulation (Wang et al., 1992; Merrill et al., 1993).
With continued exposure, circulating sphingosine concentrations fall while sphinganine is
continuously produced, resulting in a reliable biomarker of fumonisin exposure
(sphinganine/sphingosine ratio) (Enongene et al., 2002; Masching et al., 2016). Structural
similarities of fumonisin B1 to an endogenous CerS substrate (sphingosine) are illustrated in
Figure 1.7, as well as the pathway of inhibition and sphinganine:sphingosine relative
abundance. Sphinganines, sphingosines, their phosphorylated forms (-1-phosphates) and
ceramides are all important signalling compounds for cell growth, maturation, division and
apoptosis. Despite rapid clearance of fumonisins from tissues and circulation (Prelusky et al.,
1994; Vudathala et al., 1994; Prelusky et al., 1995), sphingolipid dysregulation resulting from
even brief tissue exposure can lead to catastrophic toxicity in livestock (Merrill et al., 2001). In
periods following acute toxicity, even low levels (considered non-toxic on their own) are
sufficient to maintain CerS inhibition and altered sphingolipid profiles at the same levels as
acutely toxic doses (Wang et al., 1999). This presents a substantial challenge to producers
wishing to balance lifelong production in a herd or flock which has been previously exposed to
elevated levels of this prevalent mycotoxin.
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In addition to CerS inhibition, fumonisins are also known for their pro-oxidative, proapoptotic properties. In laboratory animals and in vitro cell cultures, fumonisins increase
biomarkers of oxidative stress and deplete GSH (Lim et al., 1996; Klarić et al., 2007; Peraica et
al., 2008). As GSH conjugation has not been identified as an important fumonisin detoxification
pathway in animals, GSH depletion is likely a secondary effect of oxidative damage initiated by
fumonisin cellular membrane perturbations. It remains unclear if this is a secondary effect of
sphingolipid dysregulation through CerS inhibition, or through more direct insult to cellular
structures. Apoptosis also appears to be secondary to oxidative damage in cell cultures
(Stockmann-Juvala et al., 2004), thus it is likely that this is also affected by the same mechanism
governing cell cycle disruption and oxidative stress in vivo.
Zearalenones
Zearalenones have several toxicological outcomes, but the mode of action for these
appears to be extensively mediated through estradiol receptor activity. Early works with a
number of zearlenones identified α-ZEA as the most estrogenic, and swine as the most sensitive
species (Kiang et al., 1978; Fitzpatrick et al., 1989). Increased estrogenicity is positively
correlated with disease outcomes in each studied organism, and the role of estrogen receptor
binding in the toxic effects of zearalenone have been well studied since that time, and are widely
supported. While zearalenones have lower binding affinities for estrogen receptors than the
endogenous hormone, nuclear retention is substantially lengthened, effectively prolonging
downstream effects (Kiang et al., 1978). Exposure to prepubertal animals is especially important,
as this may be severely detrimental to onset of normal cyclicity and early reproduction (Diekman
and Green, 1992), effectively precluding these animals from optimal lifelong production.

Figure 1.7. Structural similarities of sphingosine (A) and fumonisin B 1 (B). The major pathway
by which fumonisins inhibit sphingolipid metabolism (C) leading to altered
sphingosine/sphinganine ratios and sphingolipid profiles (D). These ratios are not constant
following exposure, fluctuating over the stages of disease onset and progression (0-4) and, in
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some cases, resolution (4-5). Abundance profiles in (D) are not quantitative; these vary between
exposed animals and doses of fumonisins.

Pro-inflammatory effects of zearalenones outside of the reproductive tract are still
thought to be due to its estrogenicity, though these are more difficult to characterize. In rats,
zearalenone is classically pro-inflammatory in both liver and serum (Zhou et al., 2015), while in
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swine, the liver appears to be affected in a different manner than spleen, reproductive tract cells
or serum (Marin et al., 2013; Pistol et al., 2015; Qin et al., 2015). Several phytoestrogens have
been shown to have slightly variable effects at estrogen receptor subtypes (An et al., 2001). As
with ergot alkaloids, the biased ligand binding of phyto- and mycoestrogens could substantially
alter downstream effects, especially if receptor subtypes or co-regulators are differentially
abundant in tissue types, species or physiological levels of development. It is unknown if the
reports of reduced inflammatory markers in the livers of piglets (Marin et al., 2013) are due to a
species or stage-specific response of this organ, to transformation within this organ to a less
inflammatory metabolite, or to some other cause. Biased ligand bindings of zearalenones have
been poorly investigated, and the whole animal consequences of these are as of yet undiscovered.
Fusariotoxin Metabolism In Vivo
Substantial work has been done in the field of plant metabolism of fusariotoxins, as these
toxins primarily target host plant material. Metabolism discussed here is regarding that within the
animal system, though the reader should keep in mind that in planta modifications of fungal
metabolites may alter bioavailability and metabolic pathways (see masked mycotoxin discussion,
below).
Trichothecenes
Due in part to the large number of functional groups on the trichothecene structure,
metabolism in animals is diverse, with ratios of common metabolites being somewhat speciesspecific (Wu et al., 2014). As metabolism of the parent compound can greatly affect toxicity, an
understanding of the diversity of metabolites in livestock digestive systems is an important
aspect of the species-specific responses to this group of toxins. Trichothecenes have been shown
to have poor oral bioavailability but widespread distribution in the bodies of livestock and other
species (Prelusky et al., 1986; Pestka et al., 2008; Pralatnet et al., 2015). These toxins and their
metabolites reach maximum tissue concentrations in the intestine, liver, kidney, and, to a lesser
extent, in muscle, adipose, milk and egg products (Prelusky et al., 1986; Pestka et al., 2008;
Pralatnet et al., 2015). This widespread distribution and the catastrophic molecular effects of
these toxins makes detoxification pathways throughout the animal system important drivers
behind disease prevention. These pathways include steps completed by the intestinal microbiome
and liver, the intestinal endothelial cells, and peripheral tissues.
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Intestinal microfauna metabolism is an important component of whole-body
trichothecene detoxification in both ruminants and monogastric species (He et al., 1992; Pierron
et al., 2016). Thus, it is logical to assume that the resistance of several species to this class of
toxins may be due to pre-absorption transformation to less toxic metabolites (Keese et al., 2008).
In comparative studies of digestive fluids from several livestock species, He et al. (1992) showed
that chicken digestive fluid fully metabolized DON from the parent form, even after six serial
subcultures. Swine intestinal fluid showed no alteration of DON, while rumen fluid metabolized
35% of the parent compound (He et al., 1992). From all three species, de-epoxy-DON (DOM)
was identified as the major metabolic end product of digestive tract microbial activity (He et al.,
1992).
In the liver, glucuronide metabolites are major pathways in swine, rats and cattle
(Schwartz-Zimmermann et al., 2017). Poultry do produce glucuronide metabolites of
trichothecenes, but sulfation is the major metabolite of DON in both orally and I.V. dosed
poultry (Devreese et al., 2015; Schwartz-Zimmermann et al., 2015). The presence of these
metabolites in I.V. administered animals suggests that sulfation events in poultry are not
exclusively carried out by intestinal microfauna, though their increased levels in orally
administered animals does indicate the importance of intestinal (animal or microbial)
transformation events (Devreese et al., 2015). DOM-3-sulfates have been shown to be greater
than 2000 times less ribotoxic than DON, thus this pathway may be the key to poultry’s apparent
resistance to DON toxicity (Schwartz-Zimmermann et al., 2015). In production schema, poultry
are extremely resistant to DON at a dose/kg feed level, but through extreme exposure in a high
corn diet and the subsequent effects of DON on intestinal cells themselves, this is still considered
a sensitive species.
A brief summary of several major DON metabolism pathways is found in Figure 1.8 (Wu
et al., 2014). Several similar metabolites (including glucuronide conjugates) have been
characterized for T-2 and other trichothecenes in a number of species (Welsch and Humpf, 2012;
Wu et al., 2014), though DON is perhaps the most well studied of the trichothecenes with
regards to animal metabolism.
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Figure 1.8. Several of the major metabolic pathways of deoxynivalenol in a variety of species.
Wu et al. (2014).

Fumonisins
Despite their widespread toxic effects, fumonisins have been shown to have poor
bioavailability in major livestock species and laboratory animals (Prelusky et al., 1994;
Vudathala et al., 1994; Prelusky et al., 1995; Schertz et al., 2018). Once absorbed, the liver and
kidney are known as the primary tissues of distribution and brief bioaccumulation. Fungally
produced fumonisins B1 (FB1) and B2 (FB2) are not acylated by CerS (as endogenous CerS
substrates would be), contributing to their continued inhibition of the enzyme (Voss et al., 2007).
In animal feed preparation or animal digestion, hydrolytic cleavage of FB 1 and FB2 tricarballylic
acids yields a free aminopentol backbone (AP1 or AP2, respectively) (Humpf et al., 1998). AP
fumonisins — also known as HFB1 and HFB2 — are accessible for CerS acylation, yielding Npalmitoyl-APs (PAP1, PAP2) (Humpf et al., 1998; Seiferlein et al., 2007). Though AP fumonisins
are poorer CerS inhibitors than their FB precursors (Grenier et al., 2012), PAP fumonisins are
considerably more cytotoxic than parent FBs, and induce greater CerS inhibition (10x FB
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inhibition) (Humpf et al., 1998; Seiferlein et al., 2007). Work by Seiferlein et al. (2007) showed
in vivo formation of PAP fumonisins in rats dosed with intraperitoneal AP 1, though similar work
is yet to be done in livestock exposed to dietary FBs or APs. Hydrolysis of FBs to APs has long
been considered a detoxification reaction, and reduced symptoms of fumonisin toxicity have
been observed in orally dosed turkeys and swine (Grenier et al., 2012; Masching et al., 2016).
These apparent contradictions in potential AP toxicity are yet to be reconciled, and further
research is needed to understand the importance of the AP → PAP pathway in livestock.
Zearalenones
Zearalenone is the most abundant and toxic of the zearalenones in naturally contaminated
feed products, but intestinal, hepatic and microbial bioactivation in livestock substantially
increases toxicity (Fitzpatrick et al., 1989; CCFAC, 2000; Zinedine et al., 2007). Chemical
structures for zearalenone, α-ZOL and β-ZOL are presented in Figure 1.9. Swine exhibit the
greatest conversion of zearalenone to α-ZOL, while rumen microbial transformations and
endogenous enzymatic transformations result in a greater occurrence of β-ZOL in ruminant
livestock (as discussed above). Work in poultry species has shown that in quail, which produce
nearly equal levels of α:β zearalenol, a single enzyme is likely responsible for both metabolites
(Kolf-Clauw et al., 2008). Conversely, ducks produce a far greater fraction of α-ZOL, driven by
enzymatic activity separate from that which produces β-ZOL in this species (Kolf-Clauw et al.,
2008). Enzymatic metabolism of zearalenone in quail is worthy of further study, as this species
shows marked resistance to the toxic effects of zearalenone exposure.
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Figure 1.9. Zearalenone (ZEA, F2) and the major animal metabolites, α-zearalenone (α-ZOL)
and β-zearalenone (β-ZOL).

Beyond α- and β-ZOL, several important zearalenone metabolites have been identified.
Ruminant microbial populations are also associated with α-zearalanone (α-ZAL) and βzearalanone (β-ZAL), the former being a commercially marketed anabolic for some years
(Baldwin et al., 1983). Conjugation of zearalenone and its metabolites to glucuronide reduces
toxicity via blocking estrogen receptor binding (Malekinejad et al., 2006; Pfeiffer et al., 2010;
Frizzell et al., 2015). Glucuronidation, however, may be readily counteracted by cleavage of the
newly formed metabolite into glucuronide and the parent compound, resulting in hepato-biliary
recirculation of the toxic compound. Hydroxylation at numerous positions has also been shown
to be a major metabolic pathway for zearalenone, α-ZOL and β-ZOL (Pfeiffer et al., 2009;
Hildebrand et al., 2012), though it is unknown how these metabolites contribute to the overall
toxicity of zearalenone in vivo.
Masked Fusariotoxin Metabolism
Several fusariotoxins serve as a defense against attacks by host plants, and as regulatory
agents of fungal and plant nutrient utilization (Foroud and Eudes, 2009; Audenaert et al., 2013).
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To prevent toxicity, host plants have developed several in planta metabolic pathways to modify
and isolate these compounds. End products of these pathways are known as “masked
mycotoxins” — toxins which have been previously modified from their parent form and may be
hidden from common detection methods (Berthiller et al., 2013). While some toxins may be
extruded through the root system of host plants (Schröder et al., 2007), most are bound to cell
walls or within vacuoles, and are thus available for animal ingestion. In the process of feed
treatment (enzymatic, heating, etc.) and/or from the animal’s own digestive processes, these
masked mycotoxins may be reconverted to the parent compound or to novel metabolites
(Berthiller et al., 2013). Available research into in vivo metabolism of these toxins in livestock
species is limited. Gareis et al. (1990) showed that swine efficiently converted the masked
mycotoxin zearalenone‐4‐β‐D‐glucopyranoside to zearalenone and α-ZOL. Deoxynivalenol-3glucoside has also been shown to be liberated from its plant conjugate, both in cultures of
digestive tract bacteria (Berthiller et al., 2011) and in whole laboratory animal digestive studies
(Nagl et al., 2012). Once cleaved of the bonds placed by plant hosts, it is assumed that these now
unmasked compounds behave similarly in the digestive system as their chemically identical (or
highly similar) fungal precursor.
Fusariotoxicosis in Domestic Livestock
Disease outcomes for animals consuming fusariotoxins are diverse and widespread
throughout the body. In general, monogastrics are considered the most sensitive to these
compounds, but even within this group there is a wide range of responses. The endocrine
disrupting capabilities of zearalenones have been discussed above; this section shall address
toxicological outcomes outside of hormone dysregulation in livestock exposed to fusariotoxins
of interest to this body of work.
Anorexia, Emesis and Intestinal Integrity
Anorexia is an important symptom of fusariotoxin exposure in a variety of species. While
trichothecenes such as DON have been shown to interact with 5HT receptors in the brain,
binding affinity is weak and this pathway is expected to have only mild influence on the central
nervous system (Prelusky, 1996). 5HT receptor interactions in the gastrointestinal system may in
part explain the anorexic and emetic properties of these toxins, but it is more likely that these
effects are secondary to a toxic feedback loop in the brain (Pestka, 2010). In swine and humans,
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the nickname “vomitoxin” is very fitting for DON, as violent emesis is often a telltale sign of
DON ingestion in these species.
Fusariotoxins are also well known for oral and gastrointestinal lesions in livestock and
humans (Joffe, 1986; Ferreras et al., 2013). Fumonisins accomplish this through their lipid
metabolism disturbance, trichothecenes through protein synthesis inhibition, zearalenones
through localized endocrine disruption, and all fusariotoxins through increased oxidative stressassociated membrane damage in the GI. These lesions are akin to heavily inflamed gastric ulcers,
and cause similar discomfort in reported human cases (Joffe, 1986). In poultry, lesions in the
mouth and crop are commonly known as “T-2 lesions” due to their association with long-term
intake of T-2 toxin and other fusariotoxins. In laying flocks, these lesions lead to nondescript
decreased performance and early retirement of flocks (Murugesan et al., 2015), and are
especially concerning when birds are exposed early in the laying cycle. Undoubtedly, the
discomfort of these lesions is sufficient to reduce appetite, presenting a significant animal
welfare concern.
Damage to the intestinal lining is of growing concern in an antibiotic-free era of
production, as fusariotoxic damage may be synergistic to enterobacterial insult (Antonissen et
al., 2014; Akbari et al., 2017). In both live poultry (Brown et al., 1992) and swine cell cultures
(Bouhet et al., 2004), fusariotoxins have been shown to alter intestinal barrier integrity. These
histological changes damage not only the animal’s ability to properly absorb nutrients, but may
increase available food products for intestinal microbes and compromise barrier integrity against
invading pathogens (Antonissen et al., 2015). Several enteropathogens of livestock cause illness
in humans, thus the integrity of the intestinal lining in fusariotoxin-consuming livestock is both
an animal welfare and a human health concern.
Hepatotoxicity
Decreased nutrient intake can also contribute to fatty liver disease in laying hens and
other high-producing livestock (broiler chickens, milking dairy cows, etc.), which ultimately
leads to hepatic injury and further veterinary losses (Shini and Bryden, 2009). In all livestock, as
with humans, the liver serves as a major site of dietary toxin metabolism. While endothelial cells
of the intestinal lining may turn over in a matter of days in healthy animals, hepatocyte
replacement is much slower, on the order of months (Duncan et al., 2009). Hepatic injury from
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parent compounds or toxic metabolites is a substantial concern of dietary toxin exposures, as
both exposure (GI-hepatic circulation) and the demands of the organ contribute to hepatotoxicity
in heavy producing livestock. All major fusariotoxins have shown a predisposition for liver
injury (Rotter et al., 1996; Voss et al., 2007; Zinedine et al., 2007). Fumonisins likely damage
the liver through multiple mechanisms, though the exact toxicological sequela is not fully
understood. Increased expression of apoptosis-inducing genes, or those that are involved in cell
cycle progression may play important roles, as does the systemic lipid dysregulation and
oxidative stress following fumonisin exposure (Voss et al., 2007). Localized concentrations of
trichothecenes may expose the liver to extreme oxidative stress, and also inhibit hepatocyte
replacement through protein synthesis inhibition (discussed below). Zearalenones also target the
liver through oxidative damage, though it is unknown how great a role the systemic hormone
dysregulation of F2 and its metabolites plays in hepatotoxicity. Depletion of antioxidants may be
an important factor in hepatotoxicity of all fusariotoxins, through depleted supply via
conjugation in biotransformation steps or through increased demand via production of oxide
radicals (Stockmann-Juvala et al., 2004; Wu et al., 2014).
Protein Synthesis Inhibition and Immunotoxicity
Trichothecene toxicity is characterised by oral and gastrointestinal lesions, hepatic
damage, immunosuppression (following early exposure with immunoactivation in many species)
and increased mortality (Akbari et al., 2017). Their exposure in humans leads to Alimentary
Toxic Aleukia, a devastating disease in which protein synthesis is inhibited to a catastrophic
degree (Joffe, 1986). In livestock, these same symptoms may appear, all of which have been
traced to the trichothecene’s ability to inhibit protein synthesis and induce oxidative damage at
every level. Absolute protein levels in animals fed trichothecenes are less important than the
ultimate outcomes of this inhibition. High turnover cells — most critically, immune cells and
endothelial cells — are severely disadvantaged by trichothecene ribotoxicity (Rotter et al., 1996;
Pestka, 2008; Akbari et al., 2017). As these cells may already be the site of increased oxidative
stress, the added burden of the suppressed protein production explains the immunosuppression
and gastrointestinal lesions associated with trichothecene exposure.
A number of fusariotoxins are associated with acute and chronic immunotoxicity. These
include, most notably, the type A and B trichothecences, though fumonisins and zearalenones
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have also been associated with immunoregulation. In early exposure periods and at low doses,
fusariotoxins are known to be immunostimulatory, likely through recruitment of immune cells
via pro-inflammatory cytokines at the site of cellular damage (Rotter et al., 1996; Haschek et al.,
2001; Pestka, 2007). As exposure continues or a threshold dose is reached, oxidative damage of
cell membranes and ribotoxicity leads to catastrophic failures in immune function. Even at levels
not affecting external symptoms such as weight gain or feed intake, immunomodulation can have
important effects on the response of livestock to pathogens and management strategies to prevent
them (vaccination schedules, antibiotics, etc.) (Osweiler et al., 1993; Korosteleva et al., 2007;
Awad et al., 2013; Antonissen et al., 2014). Nutrient availability following gastrointestinal or
hepatic insult is also an important factor in the presentation of this compromised immunity. Even
in cattle — known for their general resistance to fusariotoxins — immunotoxic and hepatotoxic
effects have been shown to compromise immune system integrity (Osweiler et al., 1993; Dänicke
et al., 2018). Indeed, both platelet formation (Gentry et al., 1988) and monocyte function (Novak
et al., 2018) are more greatly affected in bovine cells than those of monogastric origin.
Zearalenone and other fusariotoxins have also been shown to be genotoxic in bovine and human
lymphocytes and T-cells (Lioi et al., 2004), which may contribute to the toxicity of combined
fusariotoxins on the immune system of livestock.
Reproductive Failure
While all fusariotoxins have been associated with some form of reproductive failure,
most of these symptoms are secondary to the hepatoxicity, weight loss and general unthriftiness
of exposed animals. Zearalenone (ZEA) presents a stark exception to this generalization, as
steroid hormone dysregulation is considered the cornerstone of the mode of action for this toxin.
As discussed above, metabolism of zearalenone to α-ZOL increases estrogenicity by increasing
α- and β-estradiol receptor binding affinity in a number of species. In mammals, ZEA and its
metabolites decrease leutenizing hormone and progesterone, among others, and cause male and
female infertility, hyperfemenism and abnormal cyclicity and libido (Etienne and Dourmad,
1994; Chen et al., 2015). In neonatal laboratory animals, ZEA exposure reduces gonadotropin
responsiveness in the pituitary (Faber and Hughes, 1991), and commercial animals exposed early
in life have reduced production at sexual maturity, despite a return to low-ZEA diets (Diekman
and Green, 1992). Changes (both macro- and microscopic) to the genital systems of young
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animals is especially detrimental, and the prepubertal gilt is considered the stage and species
most sensitive to ZEA toxicity for this reason (Diekman and Green, 1992). Little data is
available regarding long-term field outbreaks of zearalenone, as these animals are often
euthanized after the discovery of near-complete failure to cycle, conceive and raise healthy
offspring. These reproductive consequences are certainly of greatest economic importance
regarding zearalenone exposure for these species.
Lipid Dysregulation
In addition to the changes associated with anorexia, lipid metabolism is more directly altered by
the fumonisins. Through inhibition of sphingolipid metabolism, fumonisins break down cell
membrane components and alter cell-cell signalling pathways (
Figure 1.7). Continued exposure results in the loss of complex sphingolipid species
(Wang et al., 1992), as the body ravages cell surface lipids in an attempt to regain circulating
ceramide levels. The biotransformation of FB1 and FB2 by rumen bacteria to APs, described
above, is thought to largely protect ruminant species from these toxic outcomes. Monogastrics
and hind gut fermenters are not thus protected, and fumonisin exposure can present unique
symptoms and concerns in each of the major monogastric livestock species.
In no animal is fumonisin toxicity more apparent than in the horse, where the central
nervous system is dramatically affected. In this species, exposure to fumonisins results in equine
leukoencephalomalacia, or “moldy corn disease”, a disease characterized by blindness, limb and
tongue paralysis, seizure, and sudden death following development of brain white matter
hemorrhages (Caloni and Cortinovis, 2010). The high sphingolipid content of brain matter
(especially sphingomyelin) led to a suspicion of fumonisins once this pathway was identified in
other species. This has since been confirmed by numerous feeding trials and by testing of moldy
grains fed to horses which later developed these symptoms (Wang et al., 1992; Caloni and
Cortinovis, 2010). In food animals, such extreme responses are rarely observed, yet fumonisins
are no less toxic.
It is still unknown how much altered sphingolipid metabolism contributes to porcine
pulmonary edema (PPE) or related cardiovascular effects in swine (Haschek et al., 2001;
Morgavi and Riley, 2007). A general inflammation of the pulmonary system and increased
macrophage migration are typically observed in PPE cases, thus lipid metabolism (membrane
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breakdown of endothelial cells) and immunoactivation are thought to work together in the
manifestation of this disease. PPE is often seen in field outbreaks with hepatic failure (Haschek
et al., 2001), yet in research settings hepatosteatosis may be advanced prior to any indication of
PPE onset (Colvin et al., 1993). PPE development is most likely driven by a number of factors,
which may include combinations of mycotoxins which were not screened for in many clinical
cases.
In poultry, perturbations in sphingolipid metabolism following fumonisin exposure is
most concerning with regards to intestinal integrity. This is in part due to the high rate of
fumonisin consumption (a high grain diet), the observed response (even somewhat advanced
cases may continue to consume feed at rapid rates), and the rearing practices for this species.
Broiler chickens are commonly raised on “deep litter” bedding, to avoid disturbing animals with
grower house cleanouts during the rearing stage. Litter may be reused for multiple sequential
flocks, reducing cost and dramatically cutting environmental pollutants while utilizing a
multitude of low value plant-based byproducts (Garcês et al., 2013). Fumonisins have been
shown to increase pathogenic bacteria in broiler chickens (Antonissen et al., 2015), potentially
contributing to house illness even several months after exposure of a previous production unit via
litter contamination buildup (Barker et al., 2010). The rapid turnover of cell membrane
components in the intestinal mucosa predisposes this organ to lipid toxicosis via the CerS
pathway and oxidative damage, as does the direct route of exposure to dietary toxins.
The Mycotoxin Problem in Livestock Production
Only a handful of mycotoxins were discussed here in any depth. With hundreds of toxins,
for many of which there are no analytical standards for quantification, the scale of livestock feed
contamination is difficult to ascertain. Even classifying the fungi responsible is a difficult task on
its own – Fusarium has anywhere from 9-1000+ species, and these classifications are ever
evolving. Many countries require little or no mycotoxin or fungal contaminant testing, and those
that do often require tests only for aflatoxins in export goods (Schatzmayr and Streit, 2013; Lee
and Ryu, 2017). Even less is known about the true threat these toxins pose to livestock, as
subacute toxicoses can be nearly impossible to differentiate from a host of other disease or
management maladies.
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While several mycotoxins have clear and obvious acute outcomes, the suppression of
animal performance from a chronic mycotoxicosis is the greater economic loss realized
worldwide. For immunosuppressive toxins, or those that increase the risk of gastrointestinal
pathogens, the economic impact on livestock production is nearly incalculable, as these
conditions may never present as clinical symptoms beyond the pathogen of interest. Even within
herds of similar animals exposed to the same feed, heterogeneous responses to mycotoxins defy
the classical characterization of nutritional deficiencies or toxicities. Identification of
physiological parameters beyond acute toxicity is needed to more fully understand the onset of
disease for these species, before production is lost. Furthermore, the elucidation of the metabolic
pathways of these toxins and the response of target systems in animals showing little or no signs
of toxicosis may lead to a better understanding of how to avoid these losses in more sensitive
livestock.
The next several chapters explore these topics in depth. In Chapter 2, the sensitivity of a
model poultry species is quantified to an ergot alkaloid present in E+ tall fescue. These animals
are then used to investigate potential detoxification pathways used by all poultry in Chapter 3.
Finally, in Chapter 4, another resistant species (cattle) is evaluated for potential subclinical
symptoms of immunosuppression from fumonisins and deoxynivalenol. This body of work aims
to further our knowledge of mycotoxicoses in livestock, especially those animals previously
deemed resistant.
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Abstract
Mycotoxins can cause deleterious effects on animal health, including the health and
productivity of commercial poultry species. A limited body of work demonstrates resistance of
poultry to mycotoxins produced by the fungal grass symbiont Epichloë coenophiala. Epichloë
coenophiala infection of tall fescue grass is responsible for the production of ergovaline and
other ergot alkaloids, which causes the syndrome known as fescue toxicosis in mammalian
livestock. Clinically, this presents as anorexia, weight loss, rough coat condition, reproductive
failure and thermoregulatory distress. The current work aimed to understand if similar
physiological responses would be observed in commercial poultry over an extended period of
exposure, at multiple life stages. Coturnix quail were exposed to ergovaline via endophyteinfected grass seed at 20% of a nutritionally balanced ration, with no signs of toxicosis for up to
23 weeks. Core body temperature was elevated (p ≤ 0.05) in young birds; however, overall
production and survival were generally improved in birds exposed to a high ergovaline diet when
compared to birds fed a low ergovaline diet with endophyte-free grass seed, at several life stages.
The current work indicates that ergovaline may be non-toxic to well managed poultry, and that
some benefits, including reduced mortality and increased body weight (p ≤ 0.05) may be derived
from ergovaline exposure in Coturnix quail, and possibly other avian species.
Introduction
Mammalian species consuming tall fescue (Festuca arunidinacea Schreb.) grass may
experience a condition known as fescue toxicosis; symptoms include dramatically reduced feed
intake, weight gain and reproductive output (Cheeke, 1995; Strickland et al., 2009). Peripheral
vasoconstriction results in thermoregulatory distress and vesicular dermatitis of the extremities
which may lead to limb, ear and tail switch ischemia (Cheeke, 1995; Strickland et al., 2009). Not
all tall fescue pastures are associated with toxicosis; rather, it is the ergot alkaloid toxins
produced by the tall fescue fungal endophyte Epichloë coenophiala (Morgan-Jones & W. Gams)
C.W. Bacon & Schardl that have been identified as the causative agents of this disease.
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Ergovaline is the greatest alkaloid of concern in fescue toxicosis, both for the levels at which it is
found and the physiological outcomes of exposure (Lyons et al., 1986). Numerous mammalian
studies have led to the establishment of threshold levels in grazing cattle, sheep and nonpregnant horses (300-500, 500-800, and 300-500 µg·kg feed -1, respectively (Craig et al., 2014).
Avian studies on endophyte-infected tall fescue seed consumption have reported a broad
range of responses. Young broiler chickens showed no negative response when fed nutritionally
balanced rations of up to 423 µg ergovaline·kg feed -1 (Hermes et al., 2004) or 1325 µg
ergovaline·kg feed-1 (Shlosberg et al., 2004). In contrast, reduced feed intake and weight gain in
adult songbirds (Madej and Clay, 1991), Canada geese (Conover and Messmer, 1996a) and
Leghorn chickens (Conover, 2003), and deleterious reproductive effects in Leghorn chickens
(Conover, 2003) and Coturnix quail (Zavos et al., 1993) have been observed when feeding
endophyte-infected fescue seed at unknown ergovaline levels. Zebra finches free-fed endophyteinfected seed showed no increase in core body temperature, and no decrease in feed consumption
or reproductive effort at their thermal neutral zone, yet had dramatically increased mortality
when environmental temperatures were raised to induce heat stress (Conover and Messmer,
1996b). Despite the fescue toxicosis-like condition observed in these species, no research has
been conducted with known ergovaline levels outside of young broiler chickens (Hermes et al.,
2004; Shlosberg et al., 2004); thus no threshold dose data exists for other physiological stages in
domestic poultry or non-chicken avians. As exposure to tall fescue seed and other plant material
may reasonably constitute up to 20% of the diet in pastured poultry (Oberholtzer et al., 2006),
and likely much more in wild avians, the deleterious effects of ergovaline on long-term avian
health and reproduction warrant further investigation.
Due to their rapid rate of maturity, small size, reproductive rate, highly precocial nature,
and similarities to the domestic chicken, Coturnix quail (Coturnix coturnix L.) serve as an
excellent model for toxicological research in avian species (Woodard et al., 1973; Huss et al.,
2008), and are utilized in the present work. These quail experience the same physiological states
as domestic chickens, but development is expedited past early embryonic stages, resulting in a
laying hen at six to eight weeks of age (NRC, 1994; Ainsworth et al., 2010). Value of this
species for research purposes (as a model for domestic poultry, wild avians or even mammals)
has been increased by highly characterized nutritional requirements and characterization of
genetic traits important for this work (NRC, 1994; Nishibori et al., 2001; Huss et al., 2008;
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Kawahara-Miki et al., 2013). These animals are also known as Common quail, Japanese quail,
Nile quail, Pharoah quail, and a number of other regio-specific names.
The aim of the current work was to investigate the long-term effects of dietary ergovaline
on avian health and productivity. This was accomplished by balancing rations which included up
to 20% ground tall fescue seed for Coturnix quail, yielding doses of approximately 0 or 1200 µg
ergovaline·kg feed-1 fed at multiple life stages. Two trials were performed using these quail to
evaluate feed consumption, weight gain, rate of lay and egg quality, fertility and hatchability of
eggs, and core and peripheral body temperature at thermal neutral zone following dietary
exposure to ergovaline. Each trial followed a cohort of Coturnix quail from hatch through
reproductive adulthood.
Materials and Methods
Dietary Composition
All diets were formulated using the Windows User-Friendly Feed Formulation
(WUFFDA), v2.0 (Pesti et al., 2008) to meet or exceed the NRC guidelines for Coturnix quail in
growing and breeding stages (NRC, 1994). Control starter and breeder diets were formulated
with a corn/soy base, while positive and negative diets incorporated 20% of either a ground high
ergovaline tall fescue seed (positive) or a ground low ergovaline tall fescue seed (negative)
(Table 2.1). Nutrient composition of both positive and negative seeds, and crude protein and
energy in all complete rations were analyzed at the University of Arkansas Poultry Science
Central Analytical Laboratory (Fayetteville, AR) (Table 2.2 and Supplementary Table 2.1).
Ergovaline content of fescue seeds and complete rations was evaluated by HPLC, as described in
(Craig et al., 2014), at the Oregon State University Endophyte Service Laboratory (Corvallis,
OR, USA) (Table 2.2 and Supplementary Table 2.1).
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Table 2.1. Dietary treatments of Coturnix quail in trials I and II.
Treatment

Control

Negative

Positive

Feeding phase

Fawn tall fescue seed
(% of ration)

Grande tall fescue seed
(% of ration)

Calculated ergovaline
(µg·kg feed-1)

Starter (<4 WOA)

0

0

0

Breeder (4+ WOA)

0

0

0

Starter (<4 WOA)

20

0

0

Breeder (4+ WOA)

20

0

0

Starter (<4 WOA)

0

20

1200

Breeder (4+ WOA)

0

20

1200

Table 2.2. Formulated ration compositions fed to quail in trials I and II.
Component

Starter diets (0-4 weeks of age)

Breeder diets (4+ weeks of age)

Control

Negative

Positive

Control

Negative

Positive

Ergovaline (µg·kg feed-1)

<100

<100

1274

<100

<100

1194

Crude protein (%)

28.3

27.6

29.2

19.3

18.5

19.3

Gross Energy (cal·g-1)

4006

4018

4045

3722

3767

3766

Dry matter* (%)

87.9

88.7

88.8

88.3

89.1

89.2

Ca* (%)

1.3

1.3

1.3

3.1

3.1

3.1

Available P* (%)

0.2

0.2

0.2

0.5

0.5

0.5

Na* (%)

0.2

0.2

0.2

0.2

0.2

0.2

*Calculated value (WUFFDA 2.0)

Animal Care and Regular Measurements
All animal methods were approved by the Oregon State University IACUC committee
(ACUP #4740). Wing bands were applied to all chicks at hatch for permanent identification, and
gender of each bird was identified at three weeks of age (WOA) by sexually dimorphic plumage
characteristics. Temperature of each brooder was measured once per day at approximately
animal height from the floor, at 20 cm from the back and 20 cm from the front of each brooder,
using a K-type thermocouple probe and an HH806 data logger (Omega Engineering, Norwalk,
CT, USA). Brooder temperatures fluctuated ±1.8°C from front to back over the course of both
trials. A commercially standard decrease in brooder temperature was adopted during the brooder
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phase (35°C week 1, 32°C week 2, 29°C week 3, and 26°C week 4). Ambient air temperature
was recorded for the breeding bird room using the same instruments as for the brooders.
Brooders were battery style 71 cm x 81 cm (width x depth), with one cage per rack. Breeding
cages used for adult birds were GQF battery rack cages measuring 25 cm x 61 cm (width x
depth), with three cages per rack.
Fresh feed was provided ad libitum at approximately the same time each morning; intake
by weight was standardized over a 24-hour time period, and reported as g feed·bird -1·day-1.
Water was provided ad libitum in chick water founts during brooder phases (weeks 1-4) and in
open water troughs during breeding cage phases (weeks 4+).
Core and peripheral body temperatures were recorded in two week old chicks randomly
selected by wing band number (n=6 birds per diet in Trial I, n=12 birds per diet in Trial II). Each
bird’s temperature was taken at 2 time points (night and day), to account for previously reported
effects of measurement time on these parameters in mammals (Al-Haidary et al., 2001). Birds
were individually exposed to the same diet as offered in their colony brooder cage at 12 and 3
hours prior to the initiation of each temperature measurement to ensure recent dosage of each
treatment. At each time point, core temperature was measured with a rectal T-type thermocouple
probe (Braintree Scientific, Braintree, MS, USA) inserted approximately 1.25 cm into the cloaca,
and peripheral temperature with the K-type probe held against the exposed skin of the right
lateral body apterium.
Trial I Specific Methods
Standard-bred Coturnix hatching eggs were ordered from a commercial source (My
Pharm, Corvallis, OR, USA) and incubated at 37°C and 60% humidity, with an automatic egg
turner set to rotate eggs every 3 hours. All chicks were colony brooded for their first 3 days and
given access to water and the control diet. Three days post-hatch, chicks were randomly assigned
to one of three dietary groups (n=18 chicks per diet for control, negative and positive
treatments). Each dietary group was colony brooded (n=1 brooder per diet). Weekly body weight
was recorded for each chick, while also observing for signs of vesicular dermatitis of the
extremities. Wing length (wing chord) measurements of all chicks were recorded at weeks 1 and
2 on one wing, as an additional measure of growth and development.
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At four weeks of age, birds were blocked by gender to one of eight breeding bird cages
(n=4 cages of females and n=4 cages of males) for each diet. Due to a large percentage of male
birds in the negative diet group, only n=12 birds remained in gender-balanced cages in the
negative group (eight males, four females), while n=16 birds (eight of each gender) remained in
positive and control groups. Excess birds were removed from the study, and remaining birds
transitioned to breeding rations of the same treatments. Daily feed consumption and weekly body
weight measurements continued as in the brooder phase.
To evaluate reproductive effort, daily egg weight and production was measured for each
cage of hens until the end of the trial (10 weeks of age). Physical quality of all eggs lain during
weeks 8 and 9 was determined by shell thickness, albumen height and yolk color.
Trial II Specific Methods
A commercially-sourced group of standard-bred Coturnix hatching eggs (B&D Game
Farm, Harrah, OK, USA) were incubated under the same conditions as described above. At
hatch, 198 chicks were wing-banded and randomly assigned to one of three dietary treatments
(n=66 chicks/diet) and one of two colony brooders within each treatment (n=33 chicks/pen; n=2
pens/diet). Water consumption of chicks in the second trial was recorded by weight, standardized
and reported in the same manner as feed data (g·bird-1·day-1). At 4 weeks of age, birds were
randomly selected for movement to breeding cages by wing band number and gender, and excess
birds removed from the study. Birds were assigned by gender to breeding trio pens (n=1 male
and 2 females/pen; n=8 pens/treatment) and transitioned to breeding diets of the same treatment
groups. Two breeding pens were placed on each level of a breeding bird battery cage rack, and
feed consumption monitored for these 2 pens together as one rack (n=4 racks/treatment).
Egg production was monitored throughout the remainder of the study, with weight of
eggs and rate of lay for each cage recorded daily to the end of the trial (23 weeks of age). At 19
weeks of age, all eggs from each pen were collected over a period of 4 days. Eggs were candled
and screened for abnormally large or small egg weight or transport damage (cracks, etc.), and
remaining eggs incubated for 7 days to determine fertility and early embryo development
(Ainsworth et al., 2010). All embryos were characterized for development stage as previously
described for this species (Hamburger and Hamilton, 1951; Ainsworth et al., 2010). When adult
birds were 22 weeks of age, eggs were collected for a period of 10 days, screened for gross
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abnormalities or transport damage, and incubated to term. These eggs were incubated under
conditions described above and candled for fertility at day 7. Fertile eggs were incubated for the
remainder of the 18-day incubation period in cage-specific wire baskets, and any unhatched eggs
characterized for development stage, as above. Results are reported as early dead (stage 0-30),
mid dead (stage 31-39), and late dead (stage 40-46), per industry standards. Live, hatched chicks
were further categorized by commercial hatchery standards (> 95% salable chicks in all diets,
data not shown). No difference between diets was observed in the percent of screened eggs for
incubations, but instead, the number of actively laying females in these short time frames was the
primary driver behind egg number differences (data not shown).
Data Analysis
Growth and feed consumption data was modeled to several biological phases (Fernandes
et al., 2012), with each phase 1-5 representing one week of age, and phases 6 and 7 representing
two weeks each. Phase 8 was considered to be the final adult phase, lasting until birds were
euthanized. Rate of lay data was calculated beginning at the time when lay rate reached 50%
across all diets.
All statistical analysis was completed in R v3.3.3 (R Core Team, 2017). Chick (<4 weeks
of age, in brooder cages) and adult (≥ 4 weeks of age, in breeding cages) data were analyzed
separately. As chicks in thermoregulatory trials were individually exposed to their assigned
dietary treatment one hour before analysis, each chick was considered the experimental unit; for
all other parameters, cage acted as the experimental unit.
Results and Discussion
Body Weight
In adults of Trial II, body weight was significantly increased in both control and positive
diets over the negative diet (p ≤ 0.05; +25.17 g for positive-fed and +26.99 g for control-fed,
Table 2.3). The interactions between diets and phases indicate that differences in the positive
group were most substantial in adults during phase 5, when animals were adjusting to breeding
diets and cages. In both trials, age (measured as phase) had a predictable positive effect on body
weight (Tables Table 2.3, Table 2.4 and Table 2.5). Gender alone had no significant effect on
body weight in either trial, or on feed consumption in gender-separated feeding groups in Trial I.
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This is somewhat counterintuitive to the sexual dimorphism of this species (in which females are
considered the larger of the genders). These observations may be due to passive selection for
consistent body size in commercial flocks from which stock was obtained. Birds in both trials
and of both genders were substantially heavier than NRC estimates (NRC, 1994), though
divergence from these weight estimates has been consistently observed throughout the literature
(Woodard et al., 1973; Marks, 1996; Duval et al., 2012), again due to genetic drift or selection in
commercial and even laboratory breeding stocks.
In both adults and phase 4 chicks of trial II, a negative interaction term between the
positive diet and male gender indicates gender-specific responses to this diet, resulting in
substantially reduced weight of males fed the positive diet from the effect of diet alone (-20.5%
from adult female body weight in this diet). Phase 4 is the stage at which Coturnix experience
rapid development of secondary sex characteristics, and these interactions indicate that while a
baseline effect of gender was insignificant (p > 0.05), female quails may have a more robust
tolerance to ergovaline. This is contrasted by previously documented reduced weight gain in
female, but not male chickens consuming endophyte-infected tall fescue grass seed (ergovaline
levels unknown) (Conover, 2003). Robustness of female quails consuming ergovaline in the
present study may be signs of gender-specific metabolism of ergovaline, as has been observed
with similar ergot alkaloids in rodents (Duringer et al., 2005).
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Table 2.3. Adult performance of quail consuming ergovaline via endophyte-infected tall fescue seed in trial II.

Reference Animal(s)

Negative Female,
Phase 5

Feed Consumption
(g feed·bird-1·d-1)
Negative Trio,
Phase 5

Baseline Estimate

112.73±4.00

Body Weight (g)

Rate of Lay
(eggs·hen-1·d-1)
Negative Hen,
Phase 7

Egg Weight (g)

Time to First Egg
(days)

Negative Hen,
Phase 7

Negative Hen

16.08±1.74

0.47±0.11

10.34±0.47

60±2

a

1.22±2.48

0.03±0.14

0.04±0.59

-2±2

Control

b

26.99±5.37

1.71±2.46

0.22±0.14

0.06±0.57

-7±2a

Phase 6 (5-7 WOA)

37.57±5.15c

5.37±1.56a

-

-

-

Phase 7 (7-9 WOA)

d

b

-

-

-

10.66±1.56

0.14±0.10

0.17±0.36

-

-

-

-

-

Positive

25.17±5.29

55.71±5.28

e

Phase 8 (9+ WOA)

83.65±4.38

Male

-9.37±5.40

Positive*Phase 6

f

-14.13±6.80

g

9.44±1.63

c

-

-

-

-

d

-

-

-

-

-

-

-

-

Positive*Phase 7

-17.09±7.02

-4.35±2.21

Control*Phase 7

-

-5.19±2.30e
h

-

0.23±0.13

Control*Phase 8

i

-12.87±5.68

-

-

-

-

Positive*Male

-18.49±7.15j

-

-

-

-

Positive*Phase 8

-19.45±5.78

a

Data presented are maximum likelihood estimate±SE.
Each row represents a factor’s change from baseline measurements.
a-j
Superscripts in the same column denote significantly different means (p ≤ 0.05). Nonsignificant interaction terms are excluded.
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Table 2.4. Chick growth, feed and water consumption of quail consuming ergovaline via endophyte-infected tall fescue seed in trial II.
Body Weight (g)

Water Consumption (g water·bird-1·d-1)

Feed Consumption (g feed·bird-1·d-1)

Reference Animal(s)

Negative Female, Phase 1

Negative Brooder, Phase 1

Negative Brooder, Phase 1

Baseline Estimate

7.94±1.66

8.41±1.20

3.34±0.57

Positive

0.09±2.17

0.39±0.82

0.48±0.78

Control

0.19±2.29

0.53±0.76
a

0.58±0.78

Phase 2 (1-2 WOA)

10.41±2.33

11.01±1.80

1.99±0.83a

Phase 3 (2-3 WOA)

27.66±2.40b

19.33±1.66b

4.82±0.75b

Phase 4 (3-4 WOA)

59.92±2.40c

24.92±1.96c

8.62±0.83c

Male

-0.20±2.45

-

-

d

a

d

2.15±1.05d

Positive*Phase 3

15.80±3.12

5.35±2.35

Control*Phase 3

17.18±3.37e

5.74±2.32e

-

Positive*Phase 4

f

-

-

Control*Phase 4

g

35.18±3.08

-

2.58±1.18e

Male*Phase 4

-9.58±3.27h

-

-

i

-

-

30.49±2.88

Positive*Male*Phase 4

-11.36±4.67

Data presented are maximum likelihood estimate±SE.
Superscripts in the same column denote significantly different means (p ≤ 0.05). Nonsignificant interaction terms are excluded.

a-i
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Table 2.5. Growth and feed consumption of quail consuming ergovaline via endophyte-infected tall fescue seed in trial I.
Chicks

Adults
Feed Consumption**

Wing Chord* (mm)

Reference animal(s)

Negative Chick,
Phase 1

Negative Chick,
Phase 1

Negative Brooder,
Phase 1

Negative Females,
Phase 5

Negative Females,
Phase 5

Baseline estimate

13.95 ± 6.60

61.75±1.65

9.20±0.83

170.56±6.38

20.10±1.93

Positive

-0.45±8.27

-2.89±2.07

-0.79±1.17

6.94±8.06

4.82±2.74

Control

0.38±7.81

-0.45±1.95

-0.33±1.17

3.77±7.90

2.20±2.74

Phase 2 (1-2 WOA)

45.47±9.33

26.75±1.02

5.87±1.08a

-

-

Phase 3 (2-3 WOA)

96.10±9.33

-

11.93±1.08b

-

-

c

-1

-1

(g feed·bird ·day )

Body Weight** (g)

Feed Consumption**

Body Weight* (g)

(g feed·bird-1·day-1)

Phase 4 (3-4 WOA)

140.26±8.08

-

10.45±1.17

-

-

Phase 6 (5-7 WOA)

-

-

-

40.87±10.07a

3.80±2.35

Phase 7 (7-9 WOA)

-

-

-

68.78±14.21b

3.49±2.57

c

Phase 8 (9-11 WOA)

-

-

-

61.10±15.83

-4.56±2.83

Male

0.07±7.62

-

-

4.21±7.58

1.15±2.72

Control*Phase 8

-

-

-

-

7.84±3.86a

Positive*Male

-

-

-

-

-8.06±3.71b

Control*Male

-

-

-

-

-8.34±3.75c

Phase 7*Male

-

-

-

-

-8.15±2.27d

Positive*Phase7*Male

-

-

-

-

6.65±3.08e

Control*Phase7* Male

-

-

-

-

10.82±3.16f

*Data presented are observed means ± SD of chicks in each group, no significance tests reported.
**Data presented are maximum likelihood estimate ± SE, with each cage as an experimental unit.
a-f
Superscripts in the same column denote significantly different means (p ≤ 0.05). Non-significant interaction terms are excluded.
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While a formal hypothesis test was not performed for chick body weight or wing chord
measurements of Trial I (Table 2.5), no substantial numerical differences exist between
parameters in different dietary groups, while time had a typical linear or curvilinear relationship
with wing chord and body weight, respectively.
Feed Consumption
Feed consumption data roughly mirrors body weight gain in birds of both trials (Tables
Table 2.3, Table 2.4 and Table 2.5). While phase had, as expected, a significant effect (p ≤ 0.05)
on chick feed consumption of both trials and adult consumption of Trial II, the effect of phase in
adults of Trial I was not significant (p > 0.05). Control chicks in phase 4 of and positive chicks in
phase 3 of Trial II had increased feed intake over estimated values, which followed the increased
body weight in chicks of this classification.
Adult birds of Trial I were housed in gender-separated cages, and while gender alone did
not have a significant effect on feed consumption or body weight (p > 0.05), we observed
decreased feed intake in males of control- and positive-fed groups (p ≤ 0.05). This effect was
temporarily reversed during phase 7, during which control- and positive-fed males had increased
intake over baseline estimates (p ≤ 0.05). Decreased intake of feed in control- and positive-fed
adult males, but not females, is likely due to the increased egg production of these hens during
this time, requiring additional nutrient consumption that males did not require.
In Trial II, feed consumption in both positive- and control-fed animals was significantly
decreased during phase 7 from baseline estimates (p ≤ 0.05; -4.35±2.21 g feed·bird -1·day-1 for
positive and -5.19±2.30 g feed·bird -1·day-1 for control). This reduced nutrient consumption was
not accompanied with a reduction in body weight of control animals during this phase beyond
the negative-fed reference group (p > 0.05). Positive-fed animals, meanwhile, did have an
associated decrease in body mass during this phase, indicating increased feed efficiency in
control animals at this time point.
Feed intake levels are heavily influenced by body mass in this species, which can vary
greatly between bloodlines, even at the same stage of development (Duval et al., 2012). Overall,
birds in both trials and of all three diets exhibited strong growth and feed efficiency, which is
better than or comparable to animals in previous works (Gheisari et al., 2011; Duval et al., 2012).
Zavos et al. (1993) evaluated production parameters of this species in response to endophyte
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infected tall fescue seed, however their reported feed intake values are well below the norms for
this species (<1 g·day-1), and may be due to a calculation or reporting error. Performance of birds
in the present trials is on par with that observed in broiler chickens fed up to 423 µg
ergovaline·kg feed-1 (Hermes et al., 2004) or 1325 µg ergovaline·kg feed-1 (Shlosberg et al.,
2004), in that birds consuming ergovaline at these levels had no notable decrease in feed intake
when compared to control- or negative-fed animals.
Reproductive Effort
Reproductive results are presented in Table 2.3, Table 2.6 and Table 2.7. Of control- and
positive-fed hens in Trial I, positive-fed hens had higher yolk weight (as a percentage of egg
weight) (p ≤ 0.05; +3% of egg weight, an 11.5% increase over control values), coupled with
lower albumen height (p ≤ 0.05; -0.13 mm, a reduction of 19.9% from control values). Rate of
lay and egg weight were highly variable in Trial I hens, and not found to be significantly
different between control and positive diets. Trial II hens had comparable egg production (rate of
lay and egg weight) across all 3 diets, though control hens did start laying significantly earlier (p
≤ 0.05; -7 days from negative-fed reference females). Rate of lay in positive-fed hens as a whole
was not significantly different from reference negative-fed females. A significant interaction
between the positive diet and phase 8 of production (p ≤ 0.05; +0.28% over baseline estimate)
did indicate an increase in production of positive-fed hens later in their production cycle, beyond
that observed in control and negative females during this phase. This late change brought
positive hen production up past the level of phase 8 hens in control and negative diets (0.87% in
positive-fed, 0.83% in control-fed, 0.61% in negative-fed hens).
When coupled with the feed intake data discussed above, it becomes clear that the
control-fed flock was more efficient in egg production parameters during phase 7, while positivefed animals were most efficient slightly later, during phase 8. In mammals, ergovaline and
similar ergot alkaloids significantly reduces circulating prolactin (Aiken et al., 2009).
Bromocriptine, a synthetic ergot alkaloid (functionally similar to ergovaline) has been used in
commercial turkey operations to stimulate egg laying and decrease broody behavior, and
increases egg production in domestic chickens after a short delay in onset of lay (Reddy et al.,
2002). Quail hens in these studies had no apparent positive effects on egg production from
ergovaline consumption, even at these high levels. It is unclear from the present work if prolactin
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levels are influenced by dietary ergovaline in this species, however any differences in circulating prolactin in hens of these
trials did not result in an increase in egg production in positive-fed hens.

Table 2.6. Egg production and egg quality of quail consuming ergovaline via endophyte-infected tall fescue seed in trial I.
Rate of Lay
(eggs·hen-1·d-1)

Egg Weight (g)

Time to First
Egg (days)

Yolk Weight
(g yolk·g egg-1)

Shell Thickness
(µm)

Albumen Height
(mm)

Yolk Color
(yolk fan color)

Reference animal(s)

Control Hens,
Phase 7

Control Hens,
Phase 7

Control Hens

Control Hens,
Phase 7

Control Hens,
Phase 7

Control Hens,
Phase 7

Control Hens,
Phase 7

Baseline estimate

0.46±0.16

11.52±0.48

55±3

0.26±0.01

24.79±0.46

0.66±0.02

7.25±0.22

a

Positive

0.21±0.23

0.19±0.67

-4±4

0.03±0.01

Phase 8 (9-11 WOA)

0.42±0.10a

0.79±0.29a

-

-

-

Positive*Phase 8

-0.33±0.14

b

a

-0.96±0.79

-0.13±0.04

0.75±0.38

0.03±0.01b

-

-

-

-

-

-

-

Data presented are maximum likelihood estimate±SE.
Superscripts in the same column denote significantly different means (p ≤ 0.05). Nonsignificant interaction terms are excluded.

a-b

Table 2.7. Observed fertility and hatchability of eggs of quail consuming ergovaline via endophyte-infected tall fescue seed in trial II.
Week 19

Diet

Week 22

Fertility

Early Dead*

Fertility

Early Dead*

Mid Dead*

Late Dead*

Hatchability*

Negative

0.67±0.41

0.08±0.20

0.83±0.15

0.06±0.04

0.02±0.03

0.11±0.11

0.80±0.20

Positive

0.58±0.58

0.17±0.26

0.89±0.17

0.06±0.14

0.00±0.00

0.10±0.13

0.82±0.13

Control

0.81±0.37

0.42±0.32

0.93±0.06

0.01±0.02

0.04±0.05

0.21±0.18

0.74±0.16

Data presented are means±SD.
*As a percentage of fertile.
No significantly different means (p > 0.05).

78
Fertility and hatchability were unaffected by diet. Normal embryo development was
observed in a majority of embryos during both weeks 19 and 22 collections, though week 22
birds had substantially improved fertility and hatchability (Table 2.7). Molts of several birds
were noted during the week 19 collection; thus, it is possible that low performance was due to
reproductive quiescence in molting adults. Hatchability of week 22 embryos was not affected by
diet, indicating that adults in all 3 diets were at a nutritional plane sufficient for successful
reproduction. Fertility of toxin-fed birds are in disagreement with the work of Zavos et al. in
Coturnix quail fed endophyte-infected fescue seed (1993), though these differences may be due
to a dose effect of ergovaline or other alkaloids present in the feeds used (toxin concentrations
unknown in that study).
Thermoregulatory Ability
Inclusion of ergovaline in the diet of quail chicks resulted in a significant (p ≤ 0.05)
increase in body temperature of 0.50°C in Trial I and 0.52°C in Trial II (Table 2.8). In Trial II,
control-fed chicks also had a significant increase in body temperature over negative-fed chicks (p
≤ 0.05; +0.44°C over negative reference animals). Time of measurement also had a significant
effect (p ≤ 0.05) on body temperature in both trials, though the direction of this effect was
reversed from Trial I (+1.02°C in nighttime measurements) to Trial II (-0.32°C in nighttime
measurements). In Trial II, a significant interaction of nighttime x core measurement was also
observed (p ≤ 0.05; -0.72°C from main effects estimate). Incorporation of body weight into the
statistical model did not improve model fit for thermoregulatory data, but these values are
included in Table 2.8 for reference, as birds in each trial were at the same age at the time of
measurement, but not the same average body weight.
Increased feed consumption and chick fitness could explain an increase in core body
temperature of control-fed chicks, but these parameters were not different between dietary
groups at the time of temperature measurements. From these data, it would appear that in
addition to an increase in temperature responding to ergovaline in positive seed, Coturnix quail
may have reduced body temperature when fed ergovaline-free fescue seed. In contrast to
reported works in mammals, no reduction in peripheral body temperature of quails consuming
ergovaline was observed in either trial. Avian thermoregulatory work with ergot alkaloids, and
ergovaline in particular, is limited. Shlosberg et al. (2004) did observe a significant increase in

79
comb temperature in six week old broiler chickens fed a high ergovaline diet (1325 µg·kg feed -1)
under cold stress, and a significant interaction term of ergovaline x ambient temperature on core
body temperature of chicks at four weeks of age. Alternatively, Conover and Messmer (1996b)
observed no increase in core body temperature of zebra finches while consuming ad libitum
endophyte-infected tall fescue seed at unknown ergovaline levels, neither at thermal neutrality,
nor in heat-stressed environments. It is possible that gallinaceous birds such as quail and
chickens have increased temperature in response to ergovaline while zebra finches do not, or that
the work by Shlosberg et al. and the current work were using different alkaloid levels than those
utilized in the Conover and Messmer trials.
Table 2.8. Body temperatures of quail consuming ergovaline via endophyte-infected tall fescue
seed in trials I and II.
Trial I

Trial II

Units

℃

℃

Reference Animal(s)

Negative, Daytime, Peripheral

Negative, Daytime, Peripheral

Baseline Estimate

39.75±0.18

40.42±0.11

Diet: Positive

0.50±0.24a

0.52±0.16a

Diet: Control

0.32±0.26

0.44±0.16b

Type: Core

0.28±0.23

0.08±0.13

Time: Nighttime

1.02±0.23b

-0.32±0.14c

Core x Nighttime

-0.72±0.33c

-0.39±0.19d

Diet Positive x Nighttime

-0.18±0.33

-0.72±0.33e

Average Body Weight (g)*

55.02±6.69

44.46±10.72

Data presented are maximum likelihood estimate±SE.
Superscripts denote significantly different means (p ≤ 0.05).
Nonsignificant interaction terms are excluded.
*Average body weights are included for reference only, and are not used in statistical model.
a-e

In Trial I chicks, lower overall daytime temperatures were observed as compared to
previous work in adults of this species (Underwood et al., 1999; Zivkovic et al., 1999). Spiers et
al. (1974) reported homeothermy in this species at 13 days of age, but also noted that juveniles
maintained temperature at a lower level than adults. Though chicks of Trials I and II were the
same numeric age at the time of body temperature measurements, Trial I chicks were
substantially heavier, and may have been dedicating more resources to growth than to
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homeothermic development. Even under identical management conditions, these data indicate
that Coturnix chicks from bloodlines with different growth potential may have altered
thermoregulatory development, in addition to the suite of previously documented physiological
differences (Arora and Samples, 2011).
Mortality, Morbidity and Development
During the brooding process of Trial I, two control chicks and one each negative and
positive chick died. No adult mortality was recorded in the first trial, save for aggression by a
negative-fed hen leading to mortality of her pen mates. Trial II mortality (Table 2.9) past phase 5
was relatively low, with only two positive-fed birds being voluntarily removed from the study
due to injury (one from equipment, one from an aggressive pen mate). These values are within
the normal expected losses for this species, and this data was not further evaluated.
Table 2.9. Mortality of quail consuming ergovaline via endophyte-infected tall fescue seed in
trial II.
Negativea

Positiveb

Controlb

Phase 1 (0-1 WOA)

3.08

2.94

3.08

Phase 2 (1-2 WOA)

5.17

3.08

1.64

Phase 3 (2-3 WOA)

0

0

3.92

Phase 4 (3-4 WOA)

2.17

0

2.04

Phase 5 (4-5 WOA)

23.91

0

12.24

Phase 6 (5-7 WOA)

8.00

0

0

Phase 7 (7-9 WOA)

0

0

0

Phase 8 (9+ WOA)

0

0

0

Data presented are mortality as a percentage of live birds.
Superscripts denote significantly different proportional hazards (p ≤ 0.05).

a-b

In both trials, birds moved into breeding cages at four weeks of age showed a short-term
decrease in feed intake and growth, likely due to the moderate stress of this move and changes in
feeding and watering systems associated with new cages. This was exacerbated in Trial II, in
which several control- and negative-fed animals died after moving to breeding cages (phases 46), with positive-fed birds experiencing substantially decreased mortality when compared to
other treatment groups in this trial (p ≤ 0.05). Following the onset of sudden emaciation and
lethargy in birds of negative and control diets, a control-fed male experiencing these symptoms
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was euthanized and sent to the Oregon State University Veterinary Pathology Laboratory for
diagnosis. The resulting report revealed Clostridium colinum (Berkhoff) Berkhoff as the disease
agent, though mortality had quickly subsided, and the remaining flock was symptom-free before
a diagnosis was returned. No positive-fed animals showed any signs of disease throughout the
course of the trial. From the current study design, it is unclear if the apparent protective effects of
ergovaline in the diet to the stress of moving cages or to this disease organism is valid, or if both
Trial I and Trial II birds experienced C. colinum infection in only negative and control groups.
Due to randomized cage assignments, brooder and breeder cages used by each treatment were
not the same over both studies (with the exception of one control brooder and one each control
and positive breeding cage), and mortality was across all cages in control- and negative-fed
groups. Thus, the present work does hint at a protective effect of ergovaline during stress for this
species, deserving of further study.
In Trial I, our research team did note that positive-fed birds during week 1 had poorer
subjective feather quality (notably more frayed and curled feathers), and recorded numerically
smaller wing chords (-3.0% from negative-fed birds and -4.2% from control-fed birds) despite
consistencies between brooder temperatures. These differences had narrowed during week 2
(2.6% and 2.5%), and did not warrant further study in the second trial when taken in hand with
growth and overall performance. The serotonergic effects of ergovaline classically result in poor
hair coat and a poor molt rate in mammals (Strickland et al., 2009), yet poorer feather
development in older chicks or adults of either trial was not observed, and positive-fed adults
finished molts on par with control- and negative-fed animals. Furthermore, neither obvious heat
distress nor limb ischemia was observed of any birds in either trial, and coupled with a lack of
peripheral hypothermia; these data indicate that the dose of ergovaline in this study is insufficient
to cause gross pathology of the skin and extremities of this species.
Ergovaline Effects on Whole Animal Performance
When compared to previous work in mammals, quails in the current study consumed
overwhelming doses of dietary ergovaline with a limited physiological response. Doses of 40 µg
ergovaline·kg BW-1·day-1 cause substantially reduced feed intake in cattle (Spiers et al., 2012),
and even rats experience reduced feed intake and weight gain at 165 µg ergovaline·kg BW -1·day1

(Spiers et al., 2005). Positive-fed Coturnix chicks in their first week of life consumed >790 µg
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ergovaline·kg BW·day-1 and >620 µg ergovaline·kg BW·day-1 in Trial I and II, respectively, yet
showed no reduced feed intake or weight gain. Increases in body temperature from ergovaline
consumption do not appear sufficient to decrease production or vigor in well-managed flocks at
thermal neutral zone. Indeed, birds in these trials experienced overall positive effects when
ergovaline was included, as compared to the negative-fed birds also feed a 20% grass seed
component, indicating that endophyte-infected pastures may actually be preferable for poultry
production.
Conclusions and Applications
The present work indicates that instead of the toxicosis observed in mammalian livestock
at these levels, consumption of approximately 1200 µg ergovaline·kg feed -1 through tall fescue
seed had overall positive effects on Coturnix quail, when compared to ergovaline-free tall fescue
seed. Coturnix quail chicks did have increased core body temperature, indicating that the
classical thermoregulatory effects of ergovaline may still affect avians which show no other
external symptoms of toxicity. Exposure to pastured poultry may be higher than the doses
delivered in these studies, especially on tall fescue pastures with higher ergovaline levels.
Producers should still be alert to fescue toxicosis-like symptoms in pastured flocks, especially if
heat stress may be a contributing factor.
As these works agree with previous research utilizing commercial poultry species,
operators may choose to redirect high-ergovaline pastures to poultry operations to reduce losses
in feed efficiency in mammalian livestock. Furthermore, those seeking to reduce avian pest
species should search for control measures beyond ergovaline to reduce feeding behavior and
productivity of these animals on forage and turf grasses. These data add to the growing weight of
evidence that avian-specific or even species-specific metabolism of ergovaline may be
responsible for the reduced toxicity observed in Coturnix quail at these doses.
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Supplementary Materials
Fescue Seed Nutritional Analysis
Nutritional analysis of fescue seed used for diet formulation is included in Supplementary
Table 2.1.
Ergovaline Stability in Feed Materials
To confirm stability of ergovaline under operating conditions, these levels were
quantified at 0, 24 and 48 hours under animal housing storage conditions by the same HPLC
method as initial quantification, with no loss in ergovaline level under heat (averaging 35°C) in
an empty chick brooder or in feed troughs (averaging 23°C) of an empty breeder cage (data not
shown). All feed was stored at -20°C prior to feeding, to prevent degradation of ergot alkaloids.
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Ambient Air Temperature, Brooder Temperature Measurements
Temperature of each brooder was measured once per day at approximately animal height
from the floor, at 20 cm from the back and 20 cm from the front of each brooder. Brooder
temperatures fluctuated ±1.8°C from front to back in these measurements over the course of
these studies. A commercially standard decrease in brooder temperature was adopted during the
brooder phase (35°C in week 1, 32°C week 2, 29°C week 3, 26°C week 4). Ambient air
temperature was recorded for the breeding bird room using the same instruments as for brooders,
mounted at bird level on a feeder tray.
To reduce the influence of handler body temperature during temperature measurements in
quail chicks, handling prior to temperature measurements was limited to approximately 1 minute
each in the same room where birds were located. Ambient air temperature in this room was also
recorded at the time of handling, in addition to brooder temperature.
Data Analysis
For any bird showing obvious signs of morbidity requiring euthanasia, data for that
week’s growth was excluded. Data points were considered outliers at >2.5 standard deviations
from the mean, and were removed (greatest outlier removal rate: chick body weight data in the
second trial, 3.71% of data points). For each parameter, a best-fit model was chosen based on the
lowest Akaike’s Information Criterion (AIC) of several models with combinations of possible
fixed effects and bird/cage as a random effect (Zuur et al., 2009). Thus, growth, feed and water
consumption were analyzed with a mixed effects model using the following formula:
Yijk=μ+αj+βk+αβjk+Qi(j)+εijk
Where Y is the mean body weight or consumption for the ith cage from the jth treatment
at the kth timepoint, with α and β terms representing the effects of diet and time, respectively.
The random effect of an individual cage (Qi(j)) is nested within treatment.
For binomial response variables (including survival, days to first egg, fertility and
hatchability), data were fit using a similar model, with cumulative hazard of a given event
(mortality, first egg) as the response variable.
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Supplementary Table 2.1. Nutritional composition of tall fescue seed used in diets of Coturnix quail.
Component

Nutrient Composition
Grande
Units
(Positive)

Fawn (Negative)

Component

Amino Acid Profile
Grande
Units
(Positive)

Fawn
(Negative)

Crude Protein

%

15.6

13.8

Aspartic Acid

%

0.92

0.80

Dry Matter

%

92.5

91.9

Threonine

%

0.45

0.40

Ash

%

4.11

4.20

Serine

%

0.50

0.44

Energy

cal·g-1

4116

4052

Glutamic Acid

%

2.98

2.63

-1

1841

2275

Glycine

%

0.74

0.65

Cu

-1

mg·kg

4.4

4.55

Alanine

%

0.66

0.58

Fe

mg·kg-1

59

59.5

Cystine

%

0.35

0.30

K

-1

6852

5961

Valine

%

0.66

0.60

Mg

-1

mg·kg

1767

1330

Methionine

%

0.22

0.19

Mn

mg·kg-1

43.2

110

Isoleucine

%

0.54

0.49

Na

-1

43.8

63.7

Leucine

%

0.92

0.83

P

-1

mg·kg

3598

3099

Tyrosine

%

0.40

0.33

S

mg·kg-1

1617

1482

Phenylalanine

%

0.92

0.80

-1

Ca

mg·kg

mg·kg

mg·kg

Zn

mg·kg

36.3

34.9

Lysine

%

0.71

0.60

-

-

-

-

Histidine

%

0.81

0.43
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Abstract
Both avian and mammalian livestock are exposed to a number of fungal toxins, primarily
through the consumption of contaminated plant matter. These sources include tall fescue grass,
commonly infected with the endophytic fungus Epichloë coenophialia. Consumption of ergot
alkaloid mycotoxins from E. coenophialia leads to “fescue toxicosis” in mammals at
substantially lower doses than those inducing a toxic response in domestic quail or chickens. As
ergopeptides target a number of highly conserved neurotransmitters, unique avian metabolism of
ergopeptides has been proposed as a mechanism of resistance in these species. This work aimed
to characterize metabolites from quail consuming ergovaline in endophyte-infected tall fescue
seed. Samples utilized were duodenal loop digestive fluid and total excreta from juvenile and
adult quail consuming infected or uninfected seed as 20% of a balanced ration, as well as
equivalent samples from quail fed a corn/soy control diet. LC-Triple TOF mass spectrometry
with data-independent acquisition (SWATH®) and MetabolitePilot™ software was used for
identification of potential metabolites. A diverse range of metabolites were identified in excreta
and digesta of animals consuming ergovaline which were not present in quail consuming
uninfected seed or the corn/soy control. Numerous glucuronidation, phosphorylation and sulfate
conjugate products were formed, both on the parent compound and on cleaved ergoline and
tripeptide subunits. This early work defines a wide range of metabolic end products which may
contribute to the resistance to ergotism in this species.
Introduction
When compared to mammalian species, commercial poultry have shown a remarkable
resistance to the deleterious effects of a number of potent fungal toxins (mycotoxins) (Hermes et
al., 2004; Shlosberg et al., 2004; Mainka et al., 2005; Guerre, 2015; Dänicke, 2016). Recent
works have been dedicated to the discovery of novel detoxification pathways, with findings
indicating that gastrointestinal metabolism may explain the reduced sensitivity of some poultry
species to these compounds (Schwartz-Zimmermann et al., 2015; Grenier et al., 2017). Among
the food-borne toxins to which poultry have shown resistance is the ergopeptine ergovaline (EV),
a powerful endocrine disruptor (Figure 3.1).
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Figure 3.1. Detailed structure of the ergopeptide, ergovaline, the compound used in these studies.

I) Tripeptide (amino acids in contrasting colors) and II) ergoline subunits. Each amino acid of the
tripeptide moiety is in contrasting colors, with the proline ring (G) representing a site of previously
documented biotransformation events. Gerhards et al., 2014; Schardl et al., 2006

Ergovaline is produced by a naturally occurring fungal endophyte, Epichloë coenophialia
(Morgan-Jones & W. Gams) C.W. Bacon & Schardl (Gerhards et al., 2014), found in tall fescue
grass. This association has led to the coining of “fescue toxicosis” to define toxic outcomes in
mammals exposed to ergovaline above a threshold dose (Craig et al., 2014). Fescue toxicosis is
characterized by dramatically reduced feed intake and weight gain, severe reproductive failure,
vasoconstriction, thermoregulatory distress, lipomatosis, limb ischemia and mortality (Cheeke,
1995; Strickland et al., 2009). Murine models show clear symptoms of ergovaline toxicity at fed
levels of 165 µg EVᐧkg body weight-1ᐧday-1 (Spiers et al., 2005) and cattle at 40 µg EVᐧkg body
weight-1ᐧday-1 (Spiers et al., 2012). With the exception of waterfowl, ergotism in domestic
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poultry is typically observed only at substantially higher doses than those administered to
mammals (Coufal-Majewski et al., 2016). Even in young chickens, levels of ergovaline doses
averaging 643 µg EVᐧkg body weight-1ᐧday-1 are insufficient to cause external symptoms of
toxicity (Hermes et al., 2004). In young quail, doses of >790 µg EVᐧkg body weight-1ᐧday-1 are
insufficient to reduce productivity (Roberts et al., 2018).
Resistance to ergovaline and related ergot alkaloids may be due to rapid metabolism of
these compounds in the avian system to compounds of 1) reduced binding affinity for important
biological receptors and/or 2) increased prepotency for elimination. In limited work with avian
species, recovery rates of ingested ergot alkaloids are extremely low, even in combined feces,
urates and bile fluid (Dänicke, 2016). When coupled with the reduced toxic response observed,
these low recovery rates indicate substantial transformation of parent ergot alkaloids in the avian
system. The characteristics of these metabolic end products are yet to be described in domestic
poultry.
The small size, rapid maturation, ease of handling and genetic similarities to the domestic
chicken make Coturnix quail (Coturnix coturnix L., also known as Japanese quail or Pharaoh
quail) a desirable model for avian research (Huss et al., 2008). In the present work, these animals
were utilized to discover ergovaline metabolites in mixed feces/urate excreta and duodenal fluid
of birds exposed to dietary ergovaline over multiple life stages. To overcome the complex matrix
effects of these tissues, this work utilized LC-Triple TOF MS and SWATH® data acquisition for
quantification of ergovaline recovery, and for identification of ergot alkaloid metabolites which
may explain avian resistance to these mycotoxins.
Materials and Methods
All samples were taken from quail used in a larger study on animal growth and
production by Roberts et al. (2018). Briefly, birds were assigned to one of three treatments at
hatch: corn-soy based diets (control), diets including 20% endophyte-free tall fescue seed
(negative), or diets containing 20% endophyte-infected tall fescue seed (positive). Two
formulations were made within each treatment group: a starter diet (fed at 0-4 weeks of age
(WOA)) and a breeder diet (fed at 4+ WOA). Each diet was nutritionally balanced to meet or
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exceed the requirements for this species (NRC, 1994) (Table 3.1). Combined quantities of the 8(R) (-ine) and 8-(S) (-inine) steroisomers of total ergovaline (EV) in Table 3.1 were evaluated
using the LC-MS methods outlined below, and found to be <50 µg EVᐧkg complete feed-1 in
control and negative diets and >1700 µg EVᐧkg complete feed-1 in positive diets (Table 3.1).
Diets were nutritionally balanced to meet or exceed the requirements of this species at each
production stage (growth (“Starter”) or breeding (“Breeder”) (Supplementary Table 3.1)).
Table 3.1. Dietary treatments of Coturnix quail fed endophyte-infected fescue seed, endophytefree fescue seed, or a corn/soy diet.
Diet
Control

Negative

Positive

Feeding Phase

Fawn Fescue Seed
(% of Ration)

Grande Fescue Seed
(% of Ration)

Ergovaline
(µg·kg feed-))

Starter (<4 WOA)

0

0

<50

Breeder (4+ WOA)

0

0

<50

Starter (<4 WOA)

20

0

<50

Breeder (4+ WOA)

20

0

<50

Starter (<4 WOA)

0

20

1274

Breeder (4+ WOA)

0

20

1194

Chicks of each diet were brooded in colonies (n=2 colonies per treatment), then
transferred to breeding bird cages (n=8 cages per treatment) at 28 days of age. Daily feed intake
and regular body weight measurements were adopted. Excreta was collected from each brooding
colony after four weeks on dietary treatments, and at 12 weeks of age in cages of adult animals
separated into individual cage sections for collection (n=8 female and n=8 male quail per
treatment). Collections were taken from cage drop pans every six hours over a 24-hour period
and evaporated in fume hoods to dryness. Samples were pooled by cage and stored at -20°C until
further analysis. Feed samples taken at the same time points were also stored at -20°C and
pooled by treatment and diet (e.g. positive starter feed, positive breeder feed, etc.). Following
collection of excreta and feed samples, four randomly selected chicks from each brooder pen and
two female hens from each breeding cage were euthanized by CO 2 and duodenal contents
collected into foil packets. Due to the small quantity of these fluids, contents were pooled by
cage, resulting in n=2 chick samples and n=4 hen samples for each treatment group. Each foil
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pack was placed under a fume hood and evaporated to dryness, then stored at -20°C until
extraction and analysis.
Extraction of Alkaloids from Feed, Excreta and Duodenal Contents
Ergot alkaloid concentrations in feed, excreta and duodenal samples were extracted using
a modified method of Sulyok et al. (2007). A standard curve for the parent compound (combined
ergovaline epimers) was determined using 0, 50, 500 and 1000 µgᐧL-1 concentrations of pure
standard (Forrest Smith, Auburn University) in acetonitrile. Feed and excreta samples were
ground to a fine particle size, and duplicate samples of 1.00 g added to 8 mL of 79:20:1 (v/v/v)
acetonitrile:ultrapure water:acetic acid (solvent A) in glass vials. After vortexing for 10 seconds,
samples were placed in a benchtop rotary shaker for 90 minutes in the dark at room temperature.
Samples were then centrifuged at 3000 x g for two minutes to separate solid debris, and the
supernatant filtered through a 13 mm x 0.2 µm PTFE membrane filter (28145-491, VWR,
Radnor, PA). From this filtered extract, 500 µL was dried under nitrogen at room temperature,
reconstituted in 250 µL of solvent A, and briefly vortexed to homogenize. Each sample was
added to an equal volume 20:79:1 (v/v/v) acetonitrile:ultrapure water:acetic acid (solvent B) in
LC vials, and samples briefly vortexed to homogenize.
As sample size of pooled duodenal contents was very small (< 0.5 g), a triple extraction
of this method was utilized to obtain sufficient compounds for analysis. Foil packets were
trimmed to include only portions with dried sample present, then cut to approximately 1 cm x 1
cm strips and placed in glass vials. To each vial, 6 mL of solvent A (enough to cover foil strips)
was added, and the tube sonicated in a water bath at 20°C for 10 minutes. The eluent was
removed and placed in a clean, pre-weighed glass vial. This extraction process was repeated on
foil strips with 4 mL of solvent A twice more for a total of three extraction steps and 14 mL of
eluent in the pre-weighed vials. This was subsequently dried under nitrogen at room temperature
and vials re-weighed to determine sample weight. Samples were reconstituted in 500 µL of
solvent A, vortexed to homogenize, and filtered through a 13 mm x 0.2 µm PTFE membrane
filter. Equal volumes of this final solution and solvent B were briefly vortexed in LC vials for
LC-MS analysis.
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LC-MS Identification of Parent Compounds and Metabolites
For LC-TOF detection of ergot alkaloids and ergot alkaloid metabolites, an Acquity BEH
C18 column (1.7 μm, 100 x 2.1 mm) was used with a Shimadzu Nexera UHPLC system for LC
separation, per a modified method of Arroyo-Manzanares et al. (2005). Mobile phase A
consisted of 85:5:10 (v/v/v) H2O:0.2 M ammonium formate buffer pH 9:MeOH, and mobile
phase B, 5:5:90 (v/v/v) H2O:0.2 M ammonium formate buffer pH 9:MeOH. A flow rate of 0.4
mL·min-1 with a gradient profile of mobile phase B was used as follows: 0-4 minutes: 0%; 4-10
minutes: 0-75%; 10-16 minutes: 75%; 16-17 minutes: 75-0%; 17-20 minutes: 0%. Injection
volume was set at 10 μL and a column temperature of 40°C. To reduce epimerization,
autosampler temperature was maintained at 4°C, and all samples were kept in the dark.
Mass spectrometry was performed using a Sciex Triple-TOF® 5600 (Framingham, MA)
in positive mode with a DuoSpray® ionization source. Curtain gas pressure of 35 psi, nebulizer
gas pressure of 40 psi, heated gas pressure of 50 psi, ion spray voltage of 5.5 kV, declustering
potential (DP) of 80 V, and a collision energy (CE) of 10 V were used in the TOF, with a mass
scan from 50-1000 m/z (accumulation time of 0.6 s). In the final method, full MS/MS data was
acquired from precursor ions with SWATH® (data-independent) acquisition mode in 18 windows
spanning 300-650 m/z, with a 1 m/z overlap and an accumulation time of 0.03 s. In MS/MS
scans, DP of 80 V and CE of 35 V were used with a CE spread of 20 V. Data was acquired using
Analyst®TF v.1.7.1.
Analyte Screening and Identification
Peak picking, identification and area quantitation was performed using MetabolitePilot™
2.0.4 (Sciex, Framingham, MA), with the parameters as described in Supplementary Table 3.2;
comparisons across all samples was done using parameters as described Supplementary Table
3.3. R v3.5.1 was used for quantile normalization (Bolstad et al., 2003; Ejigu et al., 2013) and
filtering of data for metabolites of interest. Prior to quantile normalization, duodenal sample
peaks were normalized to final sample weight values. Due to changes in the extraction process
for duodenal fluid samples, these were normalized and scaled independently of feed and feces
samples.
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In addition to the MetabolitePilot™ software parameters outlined in Supplementary
Table 3.2 and Supplementary Table 3.3, downstream filtration was implemented to verify
metabolites of interest. Peaks present in fewer than 20% of positive samples of any sample type
(excreta, duodenal or feed) were removed from further analysis, as were peaks which had
maximum peak areas in control and negative samples equal to or greater than maximum areas in
positive samples. Additionally, metabolites which were present in negative or control samples
were evaluated for fragmentation patterns consistent with other peaks of the same softwareidentified metabolite. For conjugation events to the ergopeptide structure, characteristic
fragmentation events of 208, 223 and 268 (Arroyo-Manzanares et al., 2005; Crews, 2015) (in our
data, 208.06-208.08, 223.12 and 268.144) were used to verify the validity of software-selected
peaks. Highest scoring compound structures assigned by MetabolitePilot™ were generally
accepted, and multiple equally scored structures were documented.
Results and Discussion
Compounds of Interest
Filtered data obtained using the methods described above contained 374 unique
chromatographic features (peaks) assigned to 124 unique metabolites in feed and excreta
samples, while only 12 peaks for 11 metabolites were included in duodenal samples. As nearly
all of the duodenal metabolites were also identified in excreta samples, a total of 126 metabolites
were identified by these methods. Each metabolite was subsequently assigned to data-driven
major biotransformation event groupings (Table 3.2). Figures 3.2-3.8 represent average scaled
peak areas for each metabolite across positive samples (as well as in negative or control
duodenal samples, Error! Reference source not found.). Where metabolites were present in
control or negative excreta, or in any feed samples, these graphs are shown in Figure 3.9.
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Table 3.2. Metabolite groupings in feed, excreta and digesta of Coturnix quail fed endophyteinfected fescue seed, endophyte-free fescue seed, or a corn/soy diet.
Metabolite Group

Description

Abbreviation

Loss of C13H19N3O4

Loss of tripeptide (including bridging nitrogen); cleavage to lysergol
structure

-TRP

Loss of C16H14N2O

Loss of lysergol; cleavage to tripeptide structure

-LYS

Loss of C16H15N3O

Loss of lysergol (including bridging nitrogen); cleavage to tripeptide
structure

-LYSN

Demethylation and
Oxidation Events

Demethylation events (demethylation, deethylation, etc.) and
oxidation (oxidation, di-oxidation, etc.) not described above

-

Uncategorized Events Events not described above

-

Individual metabolites for each group are presented in Supplementary Tables 3.4-3.9.

Unique Duodenal Fluid Metabolites
All screened metabolites present in digesta (duodenal fluid) samples are presented in
Figure 3.2. While the majority of these metabolites were also present in excreta samples
(discussed below), three were found only in duodenal fluids of quail consuming endophyteinfected fescue seed. These digesta-unique metabolites were Metabolite 188 (oxidation and
methylation of the parent compound, present in only one female sample), Metabolite 195 (-TRP
+ loss of CH2 + hydrogenation), and Metabolite 211 (-LYS + tri-oxidation + glucuronide
conjugation), the latter two both being present in chick samples. One metabolite, Metabolite 115
(-LYSN + loss of O + cysteine conjugation) was present at a greater average peak area in
negative-fed chick duodenal samples than positive-fed chick samples. The retention of this
metabolite through our data screening process is due to its abundance in positive-fed excreta (at
greater peak areas than in negative-fed bird excreta).
Metabolites found in digesta which were also found in excreta samples are discussed
further, below.
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Figure 3.2. Ergovaline metabolites in duodenal fluid of Coturnix quail fed endophyte-infected
fescue seed, endophyte-free fescue seed, or a corn/soy diet.

A-B) Data represent scaled peak areas, in which darker colors represent greater average peak area for
each metabolite. A) columns represent individually analyzed samples from pooled cages (4 chicks or 2
adults). B) columns represent averages of all samples of that type (samples analyzed from pooled samples
of 4 chicks or 2 adults). Con = <50 µg ergovaline/kg feed, corn/soy based diet; Neg = <50 µg
ergovaline/kg feed, diet containing 20% uninfected fescue seed; Pos = approximately 2000 µg
ergovaline/kg feed, diet containing 20% infected fescue seed. Metabolite Groups: Demethylation or
Oxidation Events (Metabolite 06, 97, 101, 140, 188), Loss of C13H19N3O4 (Metabolite 28; -TRP), Loss of
C16H14N2O (Metabolite 211; -LYS), Loss of C16H15N3O (Metabolite 69, 115, 128; -LYSN).
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Cleavage of Ergoline-Tripeptide Subunits
A number of metabolites in duodenal fluid (one metabolite; Figure 3.2) and excreta (20
metabolites; Figure 3.3) represented cleavage to the lysergol ring structure (Loss of
C13H19N3O4; Supplementary Table 3.4; -TRP). Similar cleavage of ergopeptides has been
documented in several livestock species and laboratory animals (Maurer et al., 1982; Schultz et
al., 2006; DeLorme et al., 2007). As the tripeptide ring structure has been found to be critical for
sustained neurotransmitter receptor binding and ultimate toxicity (Klotz et al., 2008; Ivanova and
Spiteller, 2012), cleavage of this portion of the molecule may be a critical step in reducing
toxicity in this and other species. Lysergol and structurally similar ergot alkaloids (clavines,
lysergic acid amines) also show reduced ability to inhibit metabolism of ergopeptides by
cytochrome P450 (CYP) enzymes (Moubarak and Rosenkrans, 2000); thus rapid cleavage of a
portion of the ingested toxin may enable clearance of remaining parent compound by CYP
oxidation events and downstream conjugations.
In digesta samples from the duodenal loop, this cleavage was represented by a single
metabolite (Metabolite 28, -TRP+Di-Hydrogenation; Figure 3.2), present at appreciable levels in
samples from only one pen of adult females. In excreta, metabolites involving -TRP were
distributed across samples from each group of positive-fed animals, though differences between
genders and ages are apparent in this metabolite group as with others discussed below.
Glucuronide conjugations to lysergol were among the most common structural changes in
this metabolite group (Metabolite 29, 30, 33, 35, 40, 80, 83 and 85), indicating that in this
species, glucuronidation to clavines such as lysergol may be a major mechanism of excretion.
Glucuronidation has been previously reported as a major metabolite of radiolabelled lysergic
acid diethylamide (LSD; structurally similar to the lysergol studied here) in feces of laboratory
animals (Parker et al., 1980) and in the urine of humans (Canezin et al., 2001). From the present
work, it is unclear if these metabolites were more abundant in fecal or urate components from
quail exposed to ergovaline, as the two components are excreted through a common vent in
avians.
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Even more diverse than -TRP metabolites were those metabolites which were present on
the tripeptide moiety itself, with losses of a lysergol-like structure from the parent compound.
Metabolites with both retention of (Loss of C16H14N2O; Figure 3.4; Supplementary Table 3.5; LYS) and loss of the bridging nitrogen (Loss of C16H15N3O; Figures 3.5 and 3.6;
Supplementary Table 3.6 and Supplementary Table 3.7; -LYSN) were documented in the present
work. Due to the large number of -LYSN metabolites, these are presented in two sub-groupings:
those without glucose, sulfur-containing (including sulfates, glucuronide and cysteine) or
phosphorus conjugates (Figure 3.5) and those with these conjugates (Figure 3.6). Both -LYS and
-LYSN metabolite groups again show greater abundance across adult males than females or
chicks.
As with the loss of the tripeptide moiety, the loss of the ergoline or lysergol subunit of the
ergopeptide structure would significantly alter bioactivity. Limited work has been done with the
tripeptide subunit itself, as this is considered a secondary addition to the ergoline subunit during
toxin biosynthesis (Gerhards et al., 2014) and has not been associated with animal disease.
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Figure 3.3. Ergovaline metabolites involving the loss of C 13H19N3O4 (-TRP) in excreta of
Coturnix quail fed endophyte-infected fescue seed.

A) Data represent scaled peak areas, in which darker colors represent greater average peak area for each
metabolite. Columns represent individually analyzed samples from pooled cages of chicks (brooder) or
gender-separated adults (female, male).
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Figure 3.4. Ergovaline metabolites involving the loss of C 16H14N2O (-LYS) in excreta of
Coturnix quail fed endophyte-infected fescue seed.

A) Data represent scaled peak areas, in which darker colors represent greater average peak area for each
metabolite. Columns represent individually analyzed samples from pooled cages of chicks (brooder) or
gender-separated adults (female, male).
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Figure 3.5. Ergovaline metabolites involving the loss of C 16H15N3O (-LYSN) without glucose,
sulfate or phosphorus conjugates in excreta of Coturnix quail fed endophyte-infected fescue
seed.

A) Data represent scaled peak areas, in which darker colors represent greater average peak area
for each metabolite. Columns represent individually analyzed samples from pooled cages of
chicks (brooder) or gender-separated adults (female, male).
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Figure 3.6. Ergovaline metabolites involving the loss of C 16H15N3O (-LYSN) with glucose,
sulfate or phosphorus conjugates in excreta of Coturnix quail fed endophyte-infected fescue
seed.

A) Data represent scaled peak areas, in which darker colors represent greater average peak area for each
metabolite. Columns represent individually analyzed samples from pooled cages of chicks (brooder) or
gender-separated adults (female, male).
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Demethylation and Oxidation Events
Prior work has documented hydroxylation of ergopeptides, with the importance of the
complete ergopeptide structure (both the tripeptide and ergoline subunits) noted for CYPmediated hydroxylation on the proline ring of the tripeptide subunit (M.A. Peyronneau et al.,
1994; M.-A. Peyronneau et al., 1994; Moubarak and Rosenkrans, 2000; Wester et al., 2009). The
resulting mono- and di-hydroxylated metabolites at proline C8 and C9 positions (Figure 3.1, ring
G) have been well documented in humans, livestock and laboratory animals (Maurer et al., 1982;
Maurer et al., 1983; Maurer and Frick, 1984; Moubarak and Rosenkrans, 2000; Duringer et al.,
2005; Murty et al., 2018). MS/MS fragmentation pattern evidence of several quail metabolites
showed hydroxylation events at carbon 4 on the ergoline ring structure following demethylation
of the tertiary amine of this subunit, or (alternatively) hydroxylation at this now secondary amine
(Figure 3.7 B).
Additional Metabolites
Several additional metabolites (not described above) were identified in excreta of
positive-fed birds. In general, this group primarily represents reduced forms of metabolites
present in the groups discussed above. Of the 15 metabolites identified in this group (Figure 3.8;
Supplementary Table 3.9), more than 60% involve the loss of oxygen prior to various
biotransformations (Metabolite 133-143). Metabolites 141, 142 and 143 represent
phosphorylation, sulfate conjugation (on double bonded carbons) and taurine conjugation,
respectively. Each of these biotransformations is also present in at least one other metabolite
group (e.g. Taurine Conjugation present on oxidized ergovaline as Metabolite 145 in
Demethylation and Oxidation Events) and no novel biotransformations were noted in this class
of ergovaline metabolites.
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Figure 3.7. Ergovaline metabolites involving demethylation and/or oxidation events in excreta of
Coturnix quail fed endophyte-infected fescue seed.

A) Data represent scaled peak areas, in which darker colors represent greater average peak area for each
metabolite. Columns represent individually analyzed samples from pooled cages of chicks (brooder) or
gender-separated adults (female, male).
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Figure 3.8. Ergovaline metabolites not including the loss of C 16H15N3O, C16H14N2O, or
C13H19N3O4, demethylation or oxidation events in excreta of Coturnix quail fed endophyteinfected fescue seed.

Data represent scaled peak areas, in which darker colors represent greater average peak area for each
metabolite. Columns represent individually analyzed samples from pooled cages of chicks (brooder) or
gender-separated adults (female, male).

Metabolites Also Found in Control, Negative or Feed Samples
Six of our filtered metabolites were found in digesta or excreta from negative-fed birds or
in feed samples (Figure 3.9). These were Metabolite 68 (-LYSN + oxidation and glucuronide
conjugation), 70 (-LYSN + S-cysteine conjugation), Metabolite 114 (-LYSN + loss of O),
Metabolite 115 (-LYSN + cysteine conjugation), Metabolite 130 (-LYSN + loss of O +
phosphorylation) and Metabolite 140 (loss of O + oxidation, present only in positive feed). With
the exception of Metabolite 140, each of these involved only the tripeptide ring subunit of
ergovaline. While the largest average peak areas associated with these metabolites were found in
positive-fed quail samples, their presence in negative-fed samples and in the negative starter feed
(Metabolite 130) are of note. Collectively, these profiles indicate that small amounts of reduced
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(and phosphorylated) tripeptide units of ergopeptide-like compounds may be present in the
fescue seed which was used in the negative diet. These seeds may have been contaminated with
an endophyte positive cultivar or by Claviceps purpurea (Fr.) Tul., an ergot alkaloid-producing
fungus also known to parasitize this plant species (Alderman et al., 2004). The small size and
relative simplicity of these compounds makes it difficult to rule out an unrelated group of
molecules with coincidentally similar structures to the ergot alkaloid tripeptide moiety, though
the absence in any control samples does indicate that these were at least fescue-specific in the
present work.
Metabolite Diversity Across Tissue Types, Animal Ages and Genders
Limited work in the field of mycotoxin metabolism has looked at multi-stage, multigender metabolism events. Duringer et al. (2005) noted dissimilar ergopeptide metabolite
profiles between male and female mice, with females metabolizing a greater proportion of the
parent compound to hydroxylated metabolites at the C8 and C9 positions of the proline ring. In
the present work, adult male quail showed far greater diversity of metabolites than adult females
or combined gender chicks. Indeed, only Metabolites 02 (cysteine conjugation), 53 (-LYSN +
cysteine conjugation) and 128 (-O and LYSN + N-acetylation) were not noted in male excreta
samples. The prevalence of both Metabolite 02, 53 and 87 (loss of CH2 and O + cysteine
conjugation) across multiple female samples indicates that in hens, cysteine conjugation may be
a major metabolic pathway for ergopeptide transformations. As peak areas used to identify
metabolites in this study are not representative of metabolite concentration, it is possible that
total ergopeptide turnover in hens is as efficient through these select pathways as through the
pathways utilized by male quail.
In contrast to non-lactating female mice, hens of the current trial experienced
undoubtedly increased physiological stress due to heavy egg production. Positive-fed hens at the
time of collection were laying at a rate of 87%, with an average egg mass equal to 5% of their
body weight. This additional strain on gastrohepatic systems to absorb and distribute nutrients
may have altered hepatic capacity for ergot alkaloid biotransformations.
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Figure 3.9. Ergovaline metabolites found in excreta of Coturnix quail fed endophyte-infected
fescue seed and also found in either excreta of quail fed endophyte-uninfected fescue seed or
corn/soy diet, or in feed products fed to these quail.

A-C) Data represent scaled peak areas, in which darker colors represent greater average peak area for
each metabolite. A) columns represent individually analyzed samples from pooled cages (4 chicks or 2
adults). B, C) columns represent averages of samples of each type (samples analyzed from pooled
samples of 4 chicks or 2 adults (B) or from pooled samples of 4 collections of feed material (C)). Con =
<50 µg ergovaline/kg feed, corn/soy diet; Neg = <50 µg ergovaline/kg feed, 20% uninfected fescue seed;
Pos = approximately 2000 µg ergovaline/kg feed, 20% infected fescue seed.
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While hens showed no loss in production due to ergopeptide exposure (Roberts et al.,
2018), the decreased diversity of metabolites could predispose these hens to disease risk if
remaining metabolic pathways were saturated or interrupted. High producing laying hens
represent a far greater proportion of commercially raised poultry and the sensitivities of this
subpopulation to mycotoxins are of concern. Additional research is needed to determine any
effect of egg production on the mycotoxin biotransformation capacity of the laying hen.
In general, chick samples showed less diversity of metabolites than adults, the presence
of numerous glucuronidation (e.g. Metabolite 33), glucose conjugation (e.g. Metabolite 81) and
cleavage of the ergoline/tripeptide subunits in young birds was documented. Metabolites 42 and
48 (both involving -LYS + cysteine conjugation) were absent in adult hens and peak areas in
adult males were far lower than those found in chick samples (Figure 3.4). In digesta,
Metabolites 195 and 211 were found only in chick samples (Figure 3.2), and together represent
transformation events on each major subunit of the ergopeptide structure. As cleavage events
alone would dramatically reduce binding affinity for molecular targets of ergot alkaloids and
effectively reduce toxicity (Klotz, 2008), these metabolites may be sufficient in quail of all life
stages. Coupled with the absence or near-absence of toxicity in young poultry at doses far higher
than those used in mammalian studies (Hermes et al., 2004; Coufal-Majewski et al., 2016), the
presence of these metabolites in the excreta and duodenal fluids of juvenile quail indicate that
resistance to ergopeptides develops early in this species.
In addition to the differences across stages of growth and gender, individual animals
appeared to have almost superabundant metabolite profiles when compared to animals of their
age and gender (especially females I and II, represented by the first two columns in positive
female excreta data). All animals used came from a similar genetic background of commercial
quail stock, with undocumented inbreeding coefficients. It is possible that there are genetic
predispositions even within this species which may lead to an altered diversity of ergot alkaloid
metabolites.
When comparing features from multiple tissue types, we observed far greater metabolite
abundance and diversity in samples taken from combined feces and urates, with a limited
number of metabolites present in duodenal fluid samples. While limited work has been done on
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upper gastrointestinal system metabolism of ergopeptides, proteolytic cleavage (-TRP, -LYS, LYSN) could occur in acidic environment of the ventriculus (gizzard) in this species. Such
cleavage could account for the appearance of -TRP, -LYS and -LYSN metabolites in duodenal
fluids of a positive-fed birds which were not identified in feed samples. The small intestine has
also been identified in humans, laboratory animals and some livestock as a site of enzymatic
biotransformation of xenobiotics, and houses greater concentrations of select enzymes
responsible for these transformations that does liver tissue (Pacifici, 2004; Gamage et al., 2006;
Mate et al., 2010). Just as mammalian intestinal cells have gained attention for their
detoxification potential, avian tissues of this same origin may provide insight into the rapid
turnover of ergot alkaloids and other dietary toxins in these species.
Conclusions
In birds, as in mammals, species-specific metabolism contributes to toxicological
sequelae following exposure. Prior work in mammalian livestock species has shown that
approximately 35% of ingested ergovaline is recovered in fecal samples (Schultz et al., 2006;
DeLorme et al., 2007). In limited work with domestic poultry, these recovery rates are extremely
low, even in combined feces, urates and bile fluid (Dänicke, 2016). The current work expands on
this by identifying possible metabolic end products which may explain the low recovery of
parent toxins. A diverse array of compounds are identified which show structural features
conducive with reduced biological activity. While this work is early in the path to understanding
the mechanisms behind these transformations, an approximate outline of a proposed pathway for
the major metabolite groups observed here is outlined in Figure 3.10.

111
Figure 3.10. Outline of proposed major ergovaline metabolic pathways in the digestive system of
Coturnix quail.

Scaled peak areas presented here are not quantifiable in terms of total metabolite mass or
ergopeptide turnover, thus the reduced abundance of metabolites from some tissue types, genders
and ages in these samples is not indicative of the pathway of greatest importance to this species.
Additional work is required to evaluate the most efficient ergopeptide detoxification pathway(s)
taken by poultry, and to determine through what mechanisms gender or age influence these
pathways.
This work adds to the growing evidence that metabolism of dietary toxins is unique in
poultry (Devreese et al., 2015; Guerre, 2015; Dänicke, 2016), and that this metabolism is the
underlying mechanism of resistance to mycotoxins in this species.
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Supplementary Materials
Supplementary Table 3.1. Nutrient compositions of rations fed to Coturnix quail fed endophyteinfected fescue seed, endophyte-free fescue seed, or a corn/soy diet.
Component
Ergovaline

Starter Diets (0-4 weeks of age)

Units
µg·kg feed

-1

Breeder Diets (4+ weeks of age)

Control

Negative

Positive

Control

Negative

Positive

<50

<50

1274

<50

<50

1194

Crude Protein

%

28.3

27.6

29.2

19.3

18.5

19.3

Energy

cal·g-1

4006

4018

4045

3722

3767

3766

Dry Matter*

%

87.9

88.7

88.8

88.3

89.1

89.2

Ca*

%

1.3

1.3

1.3

3.1

3.1

3.1

Available P*

%

0.2

0.2

0.2

0.5

0.5

0.5

Na*

%

0.2

0.2

0.2

0.2

0.2

0.2

*Calculated value (WUFFDA 2.0)
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Supplementary Table 3.2. Parameters selected for MetabolitePilot™ peak finding.
Parameter

Details

Peak Finding Strategy: TOF MS

Search for Predicted Metabolites
Search for Generic Peak Finding
Search for Isotope Pattern Filter

Peak Finding Strategy: TOF
MS/MS

Find at least 2 characteristic product ions
Find at least 1 characteristic neutral loss
SWATH Isotope pattern

Peak Picking: TOF MS

Retention Time Window: 1.00 to 15.60 minutes
LC Peak Separation: 50% Split
Minimum Peak Width: 2.5 seconds
Minimum peak intensity: 10,000 cps
Use Smoothing (on)
Sample/Control Ratio: 3 (n/a)

Peak Picking: TOF MS/MS

Minimum Peak Intensity: 2000 cps

MS Parameters

MS m/z Tolerance: 10.0 ppm
Minimum MS peak intensity: 200 cps
Isotope Pattern Tolerance: 3 mDa
Isotope Pattern Intensity Tolerance: 20%
Maximum Unexpected Metabolites: 20
Mass Range Window (m/z): 200 to 1200
Perform Background Subtraction
Adducts: M+H

MS/MS Parameters

Finding - m/z Tolerance: 5.0 mDa
Finding - Minimum Peak Intensity: 100 cps
Isotope Finding - Use Reference Sample
Similarity and Fragment m/z Tolerance: 5.0 mDa
Similarity and Fragment Minimum Signal-to-Noise: 3.0
25 Fragment Peaks for Assignment
Break Aromatic Rings
Break a Maximum of 3 Bonds
Break a Maximum of 3 C-C Bonds

Formula Prediction

Elements to C49H75N20O25P5S5
Isotope Pattern MS m/z Tolerance: 10 ppm
Isotope Pattern Intensity Tolerance: 10%
Rings and Double Bonds from -1.0 to 25.0
Automatically Weight MS/MS with 3:7 MS-MS/MS Contribution
Oxygen/Phosphorus Count >= 2
Oxygen/Sulphur Count >= 2

Confirmation Scoring

Mass Defect: 100; Isotope Pattern: 100; MS/MS: 100; Mass Accuracy:
100
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Supplementary Table 3.3. Parameters selected for MetabolitePilot™ peak correlation
Parameter

Details

Tolerances

Retention Time: 0.05 minutes
MS m/z: 5.0 ppm

Response Factors

Use Relative Response Factor

Supplementary Table 3.4. Metabolites involving loss of C 13H19N3O4 (-TRP) found in complete
excreta or digesta of Coturnix quail consuming endophyte-infected fescue seed.
Metabolite ID

Metabolite Description

Metabolite 27

Loss of C13H19N3O4+Di-Acetylation of Amines

Metabolite 28

Loss of C13H19N3O4+Di-Hydrogenation

Metabolite 29

Loss of C13H19N3O4+Di-Oxidation and Bis-Glucuronidation

Metabolite 30

Loss of C13H19N3O4+Di-Oxidation and Glucuronide Conjugation

Metabolite 32

Loss of C13H19N3O4+Glucose Conjugation

Metabolite 33

Loss of C13H19N3O4+Glucuronidation

Metabolite 34

Loss of C13H19N3O4+Oxidation

Metabolite 35

Loss of C13H19N3O4+Oxidation and Bis-Glucuronide Conjugation

Metabolite 36

Loss of C13H19N3O4+Oxidation and Glutamine Conjugation

Metabolite 38

Loss of C13H19N3O4+Tetra-Oxidation

Metabolite 39

Loss of C13H19N3O4+Tri-Oxidation

Metabolite 40

Loss of C13H19N3O4+Tri-Oxidation and Bis-Glucuronidation

Metabolite 78

Loss of CH2 and C13H19N3O4+Di-Acetylation of Amines

Metabolite 79

Loss of CH2 and C13H19N3O4+Di-Oxidation

Metabolite 80

Loss of CH2 and C13H19N3O4+Di-Oxidation and Bis-Glucuronidation

Metabolite 81

Loss of CH2 and C13H19N3O4+Glucose Conjugation

Metabolite 82

Loss of CH2 and C13H19N3O4+Loss of NH3 and Cysteine Conjugation

Metabolite 83

Loss of CH2 and C13H19N3O4+Oxidation and Bis-Glucuronide Conjugation

Metabolite 84

Loss of CH2 and C13H19N3O4+Tetra-Oxidation

Metabolite 85

Loss of CH2 and C13H19N3O4+Tri-Oxidation and Bis-Glucuronidation

Metabolite 195

Loss of CH2 and C13H19N3O4+Hydrogenation
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Supplementary Table 3.5. Metabolites involving loss of C 16H14N2O (-LYS) found in complete
excreta or digesta of Coturnix quail consuming endophyte-infected fescue seed.
Metabolite ID

Metabolite Description

Metabolite 41

Loss of C16H14N2O+Amine to Carboxylic Acid

Metabolite 42

Loss of C16H14N2O+Cysteine Conjugation

Metabolite 43

Loss of C16H14N2O+Desaturation

Metabolite 44

Loss of C16H14N2O+Glutamine Conjugation

Metabolite 45

Loss of C16H14N2O+Glycine Conjugation

Metabolite 46

Loss of C16H14N2O+Hydration

Metabolite 47

Loss of C16H14N2O+Phosphorylation

Metabolite 48

Loss of C16H14N2O+S-Cysteine Conjugation

Metabolite 49

Loss of C16H14N2O+Taurine Conjugation

Metabolite 106

Loss of O and C16H14N2O+Amine to Carboxylic Acid

Metabolite 107

Loss of O and C16H14N2O+Demethylation and Methylene to Ketone

Metabolite 108

Loss of O and C16H14N2O+Di-Acetylation of Amines

Metabolite 109

Loss of O and C16H14N2O+Glutamine Conjugation

Metabolite 110

Loss of O and C16H14N2O+Hydrogenation

Metabolite 111

Loss of O and C16H14N2O+Ketone Formation

Metabolite 112

Loss of O and C16H14N2O+N-Acetylation

Metabolite 113

Loss of O and C16H14N2O+Sufate Conjugation on R=R

Metabolite 211

Loss of C16H14N2O+Tri-Oxidation and Glucuronide Conjugation
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Supplementary Table 3.6. Metabolites involving loss of C 16H15N3O (-LYSN) without glucose,
glucuronide, sulfate, cysteine or phosphorus conjugates in excreta, digesta and feed of Coturnix
quail fed endophyte-infected fescue seed.
Metabolite ID

Metabolite Description

Metabolite 51

Loss of C16H15N3O+Bis-Ketone Formation

Metabolite 54

Loss of C16H15N3O+Demethylation

Metabolite 55

Loss of C16H15N3O+Demethylation and Hydrogenation

Metabolite 57

Loss of C16H15N3O+Di-Acetylation of Amines

Metabolite 58

Loss of C16H15N3O+Di-Hydrogenation

Metabolite 60

Loss of C16H15N3O+Ethyl to Carboxylic Acid

Metabolite 61

Loss of C16H15N3O+Formylation

Metabolite 63

Loss of C16H15N3O+Hydrogenation

Metabolite 64

Loss of C16H15N3O+Loss of CO

Metabolite 65

Loss of C16H15N3O+Loss of Water

Metabolite 66

Loss of C16H15N3O+N-Acetylation

Metabolite 114

Loss of O and C16H15N3O

Metabolite 116

Loss of O and C16H15N3O+Demethylation

Metabolite 117

Loss of O and C16H15N3O+Demethylation and Desaturation

Metabolite 118

Loss of O and C16H15N3O+Demethylation and Hydrogenation

Metabolite 119

Loss of O and C16H15N3O+Desaturation

Metabolite 120

Loss of O and C16H15N3O+Di-Acetylation of Amines

Metabolite 121

Loss of O and C16H15N3O+Formylation

Metabolite 123

Loss of O and C16H15N3O+Hydrogenation

Metabolite 124

Loss of O and C16H15N3O+Ketone Formation

Metabolite 125

Loss of O and C16H15N3O+Loss of CO

Metabolite 127

Loss of O and C16H15N3O+Methylation

Metabolite 128

Loss of O and C16H15N3O+N-Acetylation

121
Supplementary Table 3.7. Metabolites involving loss of C 16H15N3O (-LYSN) with glucose,
glucornide, sulfate, cysteine or phosphorus conjugates in excreta, digesta and feed of Coturnix
quail fed endophyte-infected fescue seed.
Metabolite ID

Metabolite Description

Metabolite 50

Loss of C16H15N3O+Bis-Glucuronide Conjugation

Metabolite 52

Loss of C16H15N3O+Bis-Sulfate Conjugation

Metabolite 53

Loss of C16H15N3O+Cysteine Conjugation

Metabolite 59

Loss of C16H15N3O+Di-Oxidation and Glucuronide Conjugation

Metabolite 62

Loss of C16H15N3O+Glucuronidation

Metabolite 67

Loss of C16H15N3O+Oxidation and Bis-Glucuronide Conjugation

Metabolite 68

Loss of C16H15N3O+Oxidation and Glucuronide Conjugation

Metabolite 69

Loss of C16H15N3O+Phosphorylation

Metabolite 70

Loss of C16H15N3O+S-Cysteine Conjugation

Metabolite 71

Loss of C16H15N3O+Sulfate and Glucuronide Conjugation

Metabolite 72

Loss of C16H15N3O+Sulfate Conjugation

Metabolite 115

Loss of O and C16H15N3O+Cysteine Conjugation

Metabolite 122

Loss of O and C16H15N3O+Glucose Conjugation

Metabolite 126

Loss of O and C16H15N3O+Loss of NH3 and Cysteine Conjugation

Metabolite 129

Loss of O and C16H15N3O+N-Acetylcysteine Conjugation

Metabolite 130

Loss of O and C16H15N3O+Phosphorylation

Metabolite 131

Loss of O and C16H15N3O+Sulfate and Glucuronide Conjugation

Metabolite 132

Loss of O and C16H15N3O+Sulfate Conjugation
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Supplementary Table 3.8. Metabolites involving demethylation and oxidation events found in
excreta, digesta and feed of Coturnix quail consuming endophyte-infected fescue seed.
Metabolite ID

Metabolite Description

Metabolite 04

Demethylation and Desaturation

Metabolite 05

Demethylation and Di-Oxidation

Metabolite 06

Demethylation and Hydrogenation

Metabolite 07

Demethylation and Methylene to Ketone

Metabolite 08

Demethylation and Oxidation

Metabolite 10

Di-Oxidation, Demethylation and Reduction

Metabolite 73

Loss of CH2

Metabolite 86

Loss of CH2 and O+Amine to Carboxylic Acid

Metabolite 87

Loss of CH2 and O+Cysteine Conjugation

Metabolite 88

Loss of CH2 and O+Desaturation

Metabolite 89

Loss of CH2 and O+Di-Oxidation, Demethylation and Reduction

Metabolite 90

Loss of CH2 and O+N-Acetylcysteine Conjugation

Metabolite 91

Loss of CH2+Amine to Carboxylic Acid

Metabolite 92

Loss of CH2+Demethylation

Metabolite 93

Loss of CH2+Demethylation and Hydrogenation

Metabolite 94

Loss of CH2+Di-Oxidation

Metabolite 95

Loss of CH2+Di-Oxidation, Demethylation and Reduction

Metabolite 96

Loss of CH2+Ethyl to Carboxylic Acid

Metabolite 97

Loss of CH2+Hydrogenation

Metabolite 98

Loss of CH2+Internal Hydrolysis

Metabolite 99

Loss of CH2+Ketone Formation

Metabolite 100

Loss of CH2+Loss of Water

Metabolite 101

Loss of CH2+Methylation

Metabolite 102

Loss of CH2+N-Acetylcysteine Conjugation

Metabolite 103

Loss of CH2+Oxidation

Metabolite 104

Loss of CH2+Oxidation and Internal Hydrolysis

Metabolite 105

Loss of CH2+Tri-Oxidation and Demethylation

Metabolite 140

Loss of O+Oxidation

Metabolite 144

Oxidation

Metabolite 145

Oxidation and Taurine Conjugation

Metabolite 148

Tetra-Oxidation

Metabolite 188

Oxidation and Methylation
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Supplementary Table 3.9. Metabolites not involving the loss of C 13H19N3O, C16H14N2O,
C16H15N3O, demethylation or oxidation events found in excreta, digesta and feed of Coturnix
quail consuming endophyte-infected fescue seed.
Metabolite ID

Metabolite Description

Metabolite 01

Amine to Carboxylic Acid

Metabolite 02

Cysteine Conjugation

Metabolite 03

Deethylation and Carboxylic Acid Formation

Metabolite 09

Desaturation

Metabolite 133

Loss of O+Amine to Carboxylic Acid

Metabolite 134

Loss of O+Bis-Ketone Formation

Metabolite 135

Loss of O+Cysteine Conjugation

Metabolite 136

Loss of O+Di-Acetylation of Amines

Metabolite 137

Loss of O+Ketone Formation

Metabolite 138

Loss of O+Loss of CO

Metabolite 139

Loss of O+Loss of NH3 and Cysteine Conjugation

Metabolite 141

Loss of O+Phosphorylation

Metabolite 142

Loss of O+Sufate Conjugation on R=R

Metabolite 143

Loss of O+Taurine Conjugation

Metabolite 147

Taurine Conjugation
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Abstract
Fusariotoxins, produced by the fungal genus Fusarium, are often associated with
immunotoxicity in animals and man. Two subclasses of these toxins, deoxynivalenol (DON) and
the fumonisins (FUM) are of greater concern to livestock producers as they are often found as
co-contaminants at high levels in economically important cereal grains such as corn. While beef
cattle have long been considered resistant to the fusariotoxins, the high rate of exposure and
altered rumen microbiome which accompanies finishing feedlot rations may lead to an increased
incidence of toxicosis. Residual effects of this toxicosis may lead to long-term effects,
confounding both veterinary attempts to diagnose field cases and invalidating the use of
previously exposed animals for crossover study work for an extended period. The present work
aimed to quantify immunotoxicity in finishing cattle exposed to two classes of fusariotoxins:
fumonisins (FUM) and deoxynivalenol (DON). Angus steers (399±29 kg starting BW) were fed
one of two diets over a 21-day period: a low mycotoxin control diet (<0.4 mg FUM·kg feed -1 and
<0.3 mg DON·kg) or a treatment diet (3.6 mg FUM·kg feed -1 and 1.7 mg DON·kg feed-1). All
animals were then placed on the control diet for a 14-day clearance period, to evaluate
persistency of toxicity in treated animals. The fusariotoxin exposed animals experienced
increased white blood cell counts, neutrophil percentages and CD+ lymphocyte percentages over
the exposure and clearance periods (p ≤ 0.05). Toxin-fed animals also had decreased total
lymphocyte percentages and decreased phagocytic activity of peripheral granulocytes (p ≤ 0.05).
These results indicate that 21 days of dietary exposure to 3.6 mg FUM·kg feed -1 and 1.7 mg
DON·kg feed-1 is sufficient to induce immunotoxicity in finishing feedlot steers, and that this
toxicity persists up to 14 days after exposure has returned to negligible levels.
Introduction
Fungi of the genera Fusarium may produce a number of metabolites which cause toxicity
in animals, collectively known as fusariotoxins. Among the fusariotoxins of greatest concern to
livestock producers are deoxynivalenol (DON, a type B trichothecene) and the fumonisins
(FUM, especially fumonisins B1, B2 and B3), due to both their prevalence in important livestock
feedstuffs (Streit et al., 2013; US Grains Council, 2016), and to the toxic effects on livestock
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species of economic importance (Trenholm et al., 1984; Bondy and Pestka, 2000). Of growing
interest is the toxicity of these compounds in conjunction with intensive management practices,
veterinary pathologies and dietary cofactors which may predispose animals to disease outcomes
associated with fusariotoxins of interest.
Previous work has shown that FUM and DON may be immunomodulatory in livestock,
even at levels not inducing reduced feed intake or weight gain (Osweiler et al., 1993;
Korosteleva et al., 2007; Awad et al., 2013). Early in the exposure period, or at low doses, these
toxins may be immuno-activating, leading to an inappropriate immune response during times of
stress (Bondy and Pestka, 2000; Pestka, 2007; Taranu et al., 2010). At higher doses, immune
cells are rapidly targeted by the ribotoxicity and cell membrane disruption of these compounds,
reducing the animal’s ability to mount a response to invading pathogens (Bondy and Pestka,
2000; Pestka, 2007; Taranu et al., 2010).
Previous works in both dairy (Baker and Rottinghaus, 1999; Korosteleva et al., 2007;
Dänicke et al., 2018) and beef (Osweiler et al., 1993) animals have shown that, while able to
consume greater concentrations of DON and FUM than some livestock species, cattle are
nonetheless sensitive to the immunotoxic and hepatotoxic effects of these compounds. In vitro
studies have shown that bovine immune cells may be more sensitive to fusariotoxins than are
those of swine or poultry (Novak et al., 2018). Foregut fermentation is believed to be the primary
mechanism of resistance in cattle, as bovine rumen microbial biotransformation may reduce
toxicity of both DON and FUM (He et al., 1992; Heinl et al., 2010). This function may be
disrupted by the high concentration of highly soluble starch in the digestive system of modern
finishing feedlot cattle, as such a diet typically leads to decreased rumen pH and a fundamentally
altered rumen microbiome (Fernando et al., 2010). As FUM and DON are also most commonly
associated with high starch grains (e.g. corn), the practice of feeding high concentrate diets may
increase the total level of exposure, at a time when animals are experiencing the physiological
stress of rapid growth and energy turnover.
To compound these issues, fusariotoxin contamination of these diets may be transient,
with new shipments of feed containing varying levels of mycotoxins being consumed over the
course of an animal’s feedlot residence. This can confound veterinary attempts to understand
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poor performance or immune states of livestock, even when a thorough knowledge of
mycotoxicosis is at hand. Residual effects of these toxins may persist due to tissue deposition
(Prelusky et al., 1994; Pestka et al., 2008) or through fundamental alterations to the affected
systems, from which recovery may take substantial time (Joffe, 1986). Any residual effects of
these toxins on long-lasting animal health may invalidate certain study designs intended to
increase understanding of these toxins in research settings. In crossover study designs, a single
animal is used in multiple treatment groups to minimize animal numbers and the confounding
effects of individual animal performance (Bate and Boxall, 2008). Residual effects of previous
treatments are of concern for this study type, and it is yet unknown if any long-lasting effects of
mycotoxins would invalidate this design for research covering this field.
The current work aimed to investigate potential effects of DON and FUM on feedlot
cattle immune cell function and population dynamics, and to characterize any persistence of
these effects through a period of reduced mycotoxin exposure.
Materials and Methods
Animal Work and Blood Collection
All live animal work was approved by the Oregon State University Institutional Animal
Care and Use Committee (ACUP #4968) and took place at the Hogg Animal Metabolism
Building in Corvallis, Oregon. This work was part of a larger trial investigating crossover study
design suitability following fusariotoxin exposure (Duringer, 2018). Angus steers (n=12, 399±29
kg starting BW) were acclimated to facilities and to an 84% concentrate diet (80:4:16 ground
low mycotoxin corn/soybean meal/fescue hay (w/w/w)) over a four-week period. Daily feed
intake was measured using a Calan gate system (American Calan, Northwood, NH) for each
steer. At the end of the adaptation period, animals were blocked by average daily intake
(measured over a one-week period) to one of two diets: control (ground corn component with
negligible mycotoxin level) or contaminated (ground corn component containing FUM and
DON). Experimental diets were fed for a period of 21 days. Following the experimental diet
phase, a 14 day “washout” period utilized the same ration as in the control and adaptation diets.
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Diets of animals in each treatment group and in the transition/washout diet are included in Table
4.1.
Table 4.1. Diets utilized to evaluate immunoregulation by fusariotoxins in finishing cattle.
Diet

Feeding
Period (d)

Constituents
(% as-fed, by weight)

Mycotoxins
(mg·kg feed-1)*

Low Toxin
Corn

High Toxin
Corn

Soybean
Meal

Chopped
Hay

DON

FUM

Adaptation

-28 to 0

80

0

4

16

0.3

0.4

Control

1 to 6

80

0

4

16

0.3

0.4

7 to 13

80

0

4

16

BLQ

0.2

14 to 20

80

0

4

16

0.2

BLQ

1 to 6

0

80

4

16

1.6

3.7

7 to 13

0

80

4

16

1.9

3.6

14 to 20

0

80

4

16

1.5

3.2

21 to 35

80

0

4

16

0.2

BLQ

Treatment

Clearance

*Quantitation carried out by Romer Labs (Union, MO).
DON = deoxynivalenol, FUM = fumonisin B1+B2+B3, BLQ = below limit of quantitation.
All animals were provided with a vitamin/mineral supplement (CHS Ultramin 12-12, CHS Nutrition, Sioux
Falls, SD) throughout the duration of the trial at a rate of 57 g·head-1·day-1.

All animals were given veterinary evaluations at day 0 (beginning of treatment period),
21 (end of treatment period), and 35 (end of clearance period). Beginning on day 0, blood was
collected from each steer at approximately the same time of morning once per week into
Vacutainer® blood tubes (Becton, Dickinson and Company, Franklin Lakes, NJ) containing
EDTA as an anticoagulant. Each tube was stored at room temperature prior to same-day delivery
to the Oregon State University Veterinary Diagnostic Laboratory, College of Veterinary
Medicine (Corvallis, OR) for leukocyte counts and differential. On days 0, 7, 21, and 35, blood
was collected in Vacutainer® tubes (Becton, Dickinson and Company, Franklin Lakes, NJ)
containing spray-coated sodium heparin for flow cytometry assays.
Whole Blood Phagocytosis and Oxidative Burst Assays
Heparinized blood was stored at room temperature prior to flow-cytometry (FC)-based
assays. Modifications to the protocol of a commercially available kit (P35381, ThermoFisher,
Waltham, MA) were utilized to simultaneously evaluate phagocytosis capacity, to differentiate

129
populations of phagocytic cells, and to characterize CD4+ and CD8+ cells. Ca 2+ and Mg2+ free
phosphate buffered saline (PBS) was used for all suspensions, unless otherwise stated. In a 2 mL
eppendorf tube, 100 µL of whole, heparinized blood and 20 µL of pHrodo™ BioParticles® (1
mg lyophilized E. coli·mL-1) were incubated for 30 minutes at 37°C. Following incubation, red
blood cells were lysed per the manufacturer’s directions. Samples were centrifuged at 500 x g for
5 minutes at room temperature, the supernatant discarded and cell pellet resuspended in 100 µL
of each primary antibody (Supplementary Table 4.1). Control and fluorescence minus one
(FMO) samples for flow cytometry compensation and gating were suspended in 100 µL of 1X
PBS in place of each antibody or fluorochrome not utilized. All samples were incubated for 30
minutes and centrifuged at 1000 x g for 5 minutes, both at room temperature. From each sample,
the supernatant was discarded, and the cell pellet resuspended in appropriate fluorochromes
(Supplementary Table 4.1) (or PBS, as appropriate). Samples were incubated at room
temperature for 20 minutes, centrifuged at 1000 x g for 5 minutes and the supernatant discarded.
Cell pellets were then resuspended and fixed in 10% neutral formalin for storage (≤ 48 hours) at
4°C prior to flow cytometry analysis.
Oxidative burst activity of immune cells was evaluated following activation by phorbol
12-myristate 13-acetate (PMA) with a commercially available kit (601130, Cayman, Ann Arbor,
MI). 100 µL of blood was incubated with 1.25 µM dihydrorhodamine 123 for 15 minutes at
37°C, then with 500 nM PMA for 45 minutes at 37°C. Our initial tests uncovered poor lysis of
the red blood cells using the buffers contained in the purchased kit. For this reason, red blood
cell lysis in these samples was performed as described for phagocytosis evaluation. Granulocytes
and nucleated cells were differentiated using the primary and secondary antibodies CH138A and
anti-mouse IgM conjugated with Alexa Fluor 594 and Hoechst solution (Supplementary Table
4.1) using the incubation protocols described above. As with the phagocytosis assay samples,
samples evaluated for oxidative burst capacity were formalin fixed and stored at 4°C and
analyzed within 48 hours of fixation.
Sample data was acquired on a CytoFLEX S (Beckman Coulter, Brea, CA) flow
cytometer using CytExpert software v.2.1. Compensation, data transformation (logarithmic, with
default scaling) and gating was performed using FlowJo v.10.4.2 (FlowJo LLC, Ashland, OR).

130
Doublet events were screened by plotting side-scatter (SSC) area vs. height. Debris and residual
red blood cells were gated out by forward-scatter (FSC) area and SSC area, and Hoechst staining
was used to confirm the nucleated cell population. Cell populations of interest, indicated in
Supplementary Table 1, were further differentiated using fluorescence intensity of fluorochromes
listed in the same table. Gating of granulocytes by mouse IgM anti-bovine CH138 (CH138A,
Washington State Monoclonal Antibody Center, Pullman, WA), with all gated events showing
characteristically increased FSC and SSC features (Piepers et al., 2009; Depreester et al., 2017).
Gated populations present at a frequency of less than 1% in great than 25% of biological samples
were excluded from further analysis.
Statistical Analysis
As animals were blocked to treatment by starting feed intake, variations in this pre-trial
parameter were addressed by transforming each parameter over the steer’s starting intake (as a
percentage of average starting intake across all animals). These values were analyzed with a
mixed effects model, in which steer was treated as a random effect (random intercept), and diet
and day of sampling as fixed factorial effects (with interaction terms included). All statistical
analysis was completed using R v3.5.1 and the lme4 package after outliers removal to 2.5
standard deviations for each parameter with the lmerConvenienceFunctions package; p-values
were obtained using Satterthwaite approximation degrees of freedom (Baayen et al., 2008;
Tremblay and Ransijn, 2013; Bates et al., 2015; R Core Team, 2017). Significance was adopted
at a level of p ≤ 0.05.
Results and Discussion
White blood cell differentiation by flow cytometry was somewhat misaligned with
differentials from veterinary diagnostic laboratory methods, which has been previously reported
in bovine cells (Jain et al., 1991). While the level of significance in the two tests differs in the
present study, the two profiles are in general agreement with the deleterious effects of
fusariotoxins on circulating immune cell populations.
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White Blood Cell and Granulocyte Populations
Control- and treatment-fed steers had similar starting white blood cell counts, lymphocyte
percentages and platelet counts (p > 0.05), as measured from the whole blood differential (Table
4.2). Treatment-fed animals had increased white blood cell counts after 21 days of exposure
(+40% over control-fed animals; p ≤ 0.05) and after 14 days on the clearance diet (+26% over
control-fed animals; p ≤ 0.05) (Table 4.2).
Figure 4.1. Observed White Blood Cell Counts in Finishing Steers Fed Low or High
Fusariotoxin Diets. Values are observed means +- standard deviations. Astrices indicate
significant diet x time interaction terms.

Values are observed means +- standard deviations. Astrices indicate significant diet x time interaction
terms.

This substantial and significant increase in whole blood white blood cell counts and
neutrophil population percentage was observed in steers exposed to dietary fusariotoxins, both
during and after the treatment period (Table 4.2). These changes indicate chronic neutrophilia in
steers fed fusariotoxins, both during the experimental period and after the clearance period. It is
unclear if the lower neutrophil population in treatment group animals before mycotoxin exposure
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is of biological significance. As all steers were co-housed and came from the same bloodstock
and background rearing, it is highly unlikely that the treatment group was uniquely exposed to
either pathogens or environmental stressors. Increased neutrophil levels in whole blood are
typically seen as a marker of either abnormal immune cell proliferation, increased inflammation
or infection (Roland et al., 2014). Levkut et al. (2009) also reported increased neutrophil counts
in broiler chickens fed DON-contaminated feed.
Table 4.2. White blood cell differential from whole blood of steers fed control or mycotoxin
contaminated diets.
White Blood Cells

Neutrophils

Lymphocytes

Monocytes

Platelet

count/µL

% of WBC

% of WBC

% of WBC

count x1000/ul

10234±1219

50±5

52±5

6±1

496±78

-695±1724

-23±7*

12±8

-3±1*

-176±110

Day 07

249±984

-10±5

13±5*

-2±1

108±66

Day 14

-561±984

-13±5*

17±5*

-3±1*

33±62

Day 21

-1434±984

-6±5

5±5

0±1

22±66

Day 28

1497±984

-5±5

9±5

-2±1

30±62

Day 35

-278±1041

-10±5

9±5

-1±1

40±62

Diet x Day 7

-253±1392

12±7

-15±7

1±2

81±90

Diet x Day 14

1060±1392

22±7*

-25±7*

3±2

201±88*

Diet x Day 21

3681±1392*

23±7*

-22±7*

1±2

201±90*

Diet x Day 28

-324±1432

15±7*

-18±7*

3±2

141±88

Diet x Day 35

3319±1472*

24±7*

-25±7*

3±2

87±88

Units
Intercept
Baseline: Diet

Intercept = control diet, day 0. Effect of mycotoxin treatment represented by diet and diet x day terms.
All values as maximum likelihood estimate ± standard error of data normalized over starting feed intake.
*Values significantly different estimates from baseline (p ≤ 0.05).

Lymphocyte Populations
Whole blood lymphocyte estimates of treated steers were higher in baseline
measurements (64% of white blood cells treated vs. 52% in control; Table 4.2), though this
difference was non-significant. In FC-gated populations, lymphocyte estimates in treatment and
control animals at the start of the trial were significantly different (66% of nucleated cells in
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treated steers vs. 64% in control; p ≤ 0.05; Table 4.3). Treatment x time interactions at days 14,
21, 28 and 35 (p ≤ 0.05 in whole blood differentials; Table 4.2) emphasize a pattern of a reduced
lymphocyte profile in steers after exposure to DON and FUM in the diet; changes which
persisted throughout the clearance period. When taken with the increase in neutrophils, it
becomes clear that the neutrophil:lymphocyte ratio of treatment-fed animals was substantially
altered, while control-fed animals experienced the reverse of this phenomena. Further
characterization of lymphocytes using monoclonal antibodies (Table 4.3) revealed that the shift
in the relative population of these cell types was also influenced by dietary fusariotoxin
exposure.
Table 4.3. Gated cell populations in isolated leukocytes of the phagocytosis assay collected from
steers fed control or mycotoxin contaminated diets.
Intercept

Baseline:
Diet

Day 07

Day 21

Day 35

Diet x
Day 07

Diet x
Day 21

Diet x
Day 35

Granulocytesa

16±2

-3±2

2±2

-1±2

3±2

-1±3

5±3

1±3

Lymphocytesa

64±2

6±2*

8±2*

6±2*

7±2*

-1±3

-5±3

-2±3

CD4+
Lymphocytesb

30±1

-4±2*

-4±1*

-6±1*

-1±1

4±2*

4±1*

3±1*

CD8+
Lymphocytesb

7±3

5±4

0±1

-2±1

4±1*

-2±2

0±2

0±2

Monocytesa

17±1

0±1

-8±1*

-2±1

-7±1*

-1±2

-3±2*

-2±2

Intercept = control diet, day 0. Effect of mycotoxin treatment represented by diet and diet x day terms.
Data presented are maximum likelihood estimate ± standard error of each parameter as a percentage of
a
nucleated cells or blymphocyes.
*Values significantly different estimates from baseline (p ≤ 0.05).

In general, treatment-fed steers and control-fed steers showed opposite responses in
CD4+ lymphocyte populations over the study period. While control-fed animals had decreasing
CD4+ lymphocytes at day 7 and 21 (p ≤ 0.05; Table 4.3), this cell population was significantly
increased in treatment-fed animals (p ≤ 0.05 for treatment x time interactions at day 7, 21 and 35;
Table 4.3). In contrast, there were no statistically significant effects of treatment or time on
CD8+ lymphocyte populations, with the exception of a substantial increase in all animals in the
last phase of the experiment (p ≤ 0.05; Table 4.3). CD8+ lymphocyte counts were numerically
decreased in treatment-fed steers during each week of the trial after starting at higher average
levels than control animals, though these differences were insignificant (p > 0.05; Table 4.3).
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In this species, as in others, both CD4+ and CD8+ lymphocytes are co-regulators of a
wide range of signalling compounds, and an imbalance in these populations or depletion of either
can have negative health outcomes (Sopp and Howard, 2001; Banos et al., 2013). Reduced
lymphocyte percentages of WBC and an increase in the CD4+ portion of lymphocytes indicates
that CD8+ lymphocytes may be more sensitive to fusariotoxin exposure in this species, as has
been documented in other livestock (Girish et al., 2010) and laboratory animals (Islam et al.,
2013).
Monocyte Populations
In addition to FC-gated lymphocyte populations, FC-gated monocytes were also reduced
across each week of the experiment (Table 4.3), and these differences were statistically
significant at day 7 (-47% from baseline; p ≤ 0.05) and 35 (-41% from baseline; p ≤ 0.05). This
population was further reduced in treatment-fed steers after 21 days of exposure (-20% from
baseline; p ≤ 0.05). While whole blood differentials from diagnostic lab samples showed a
reduced monocyte percentage in treatment-fed steers at the start of the trial (-51% from control
baseline estimates; p ≤ 0.05;Table 4.2), FC-gated monocyte counts did not differ between
treatment groups at the start of the trial (p > 0.05; Table 4.3).
Platelet Count
Platelet counts in treatment-fed steers were significantly increased after 14 (give #s) and
21 days (give #s) of exposure (p ≤ 0.05). These values were, on average, lower in treated animals
at the beginning of the trial and higher during all stages of exposure and clearance, though these
changes were insignificant (p > 0.05).
Functional Capacity of Granulocyte and Monocyte Populations
Phagocytosis and oxidative burst profiles of granulocytes from treatment-fed steers show
decreased performance, when compared to control-fed animals (Table 4.4). Granulocyte
phagocytic activity for all steers decreased linearly over the course of the trial, and was
significantly decreased by day 35 (p ≤ 0.05). Given that control-fed steers were fed a typical
finishing ration, and that all animals by day 35 were increasing in body fat cover, this decreased
pathogen-fighting capacity may be a typical response at this stage of physiology. Fusariotoxin
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exposure had a significantly negative effect on phagocytosis activity in peripheral granulocytes
by 21 days of exposure (37% in treatment-fed vs. 40% in control-fed steers; p ≤ 0.05; Table 4.4).
In contrast to granulocyte phagocytosis, monocyte activity was nonlinear in response to
the effect of time and was significantly increased by day 7 of the trial but decreased by day 35 (p
≤ 0.05; Table 4.4). No significant treatment x day interaction terms, or any strong numerical
relationship showed decreased phagocytic activity of monocytes in treatment-fed steers when
compared to control-fed animals.
In treated steers, oxidative burst activity of granulocytes was significantly reduced at the
end of the 21 day treatment period (39% in treatment-fed steers vs. 46% percent in control-fed
steers; p ≤ 0.05; Table 4.4), and remained numerically reduced at the end of the 14 day clearance
period (day 35 of the trial), though the difference between the two treatments at this time point
was not significant (47% in treatment-fed steers vs. 49% percent in control-fed steers; p > 0.05;
Table 4.4). As with the evaluation of phagocytosis, oxidative burst in monocytes was not
significantly altered by treatment over the course of this work (p > 0.05).
Conclusions
Finishing feedlot cattle face a number of physiological and environmental stressors which
may alter immune function and foregut biotransformations of dietary components (Reuter et al.,
2008; Fernando et al., 2010). Multiple mycotoxins may be present at significant levels in dietary
components intended to increase fat deposition in these animals, and this co-contamination may
alter toxicological mechanisms at the organismal, cellular and molecular level (Šegvić Klarić,
2012; US Grains Council, 2016; Yang et al., 2017). As bovine immune cells are particularly
sensitive to fusariotoxins which reach peripheral circulation (Novak et al., 2018), finishing
feedlot steers are at a unique risk for immunotoxic effects of these compounds. The high value of
these animals and the potential for human food chain contamination by invading pathogens
makes immunotoxicity of particular interest, and further research is required to determine safe
doses, expected outcomes and potential interventions of fusariotoxins in this species.
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Table 4.4. Granulocyte and monocyte function in phagocytosis and oxidative burst capacity from
steers fed control or mycotoxin contaminated diets.
Intercept

Baseline:
Diet

Day 07

Day 21

Day 35

Diet x
Day 07

Diet x
Day 21

Diet x
Day 35

Granulocytes
Phagocytosisa

50±1

3±2

-13±2*

-10±2*

-42±2*

-4±3

-6±3*

-2±3

Monocytes
Phagocytosisb

47±3

-2±4

13±4*

5±4

-15±4*

5±5

-1±6

1±5

Granulocytes
Oxidative Bursta

48±3

4±4

1±4

-2±4

1±4

-5±5

-11±5*

-5±5

Monocytes
Oxidative Burstb

53±5

-2±8

-6±6

4±6

-6±6

-9±8

0±8

-9±8

Intercept = control diet, day 0. Effect of mycotoxin treatment represented by diet and diet x day terms.
Data presented are maximum likelihood estimate ± standard error of each parameter as a percentage of
a
granulocytes or bmonocytes.
*Values significantly different estimates from baseline (p ≤ 0.05).

Of concern both to researchers attempting dose-response research in these animals and
the producers or veterinarians attempting to diagnose field cases is the residual toxicity of these
compounds after the dietary contamination has been removed. The present study aimed to
quantify any immunomodulatory effects of co-contaminating fumonisins and deoxynivalenol
through a 21 day exposure and 14 day clearance period.
From the current work, it is clear that the immunotoxic effects of combined DON and
FUM at these levels in steers were not evenly distributed across cell types, and that leukocyte
population dynamics and functionality may be perturbed by this exposure. As has been reported
in other livestock (Levkut et al., 2011; Islam et al., 2013), neutrophil counts were significantly
increased in animals fed DON-contaminated feed, while lymphocyte percentages were
significantly decreased.
The altered immune state observed in DON and FUM exposed steers was not fully
corrected by the end of a 14 day clearance period. As animals at this stage of development
(finishing stage) are rapidly depositing lipid reserves, it is unlikely that the persistence of this
toxicity was due to liberation of toxins from lipid stores, but that instead this may indicate longterm changes in the immune status of these animals. Limited work has been completed in beef
cattle at this physiological stage, however younger cattle fed DON-free FUM-contaminated grain
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(at ≥31 mg·kg feed ) showed altered immune function over a similar time period of continuous
-1

exposure (Osweiler et al., 1993). Similarly, adult dairy cattle fed DON-contaminated feed (at 3.6
mg·kg feed ) showed signs of dietary immunomodulation after 36 days of exposure (Korosteleva
-1

et al., 2007). To our knowledge, this is the first work to show immunotoxicity in this species of
combined DON and FUM mycotoxins at these levels and persistence of these effects several
weeks after mycotoxin exposure has returned to negligible levels.
These data indicate that finishing feedlot steers suffer from immunotoxicity at 1.7 mg
DON·kg feed + 3.6 mg FUM·kg feed , and that this toxicity may persist for at least 14 days
-1

-1

after the diet has been corrected to reduce mycotoxin exposure.
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Supplementary Materials
Supplementary Table 4.1. Antibody and fluorochrome preparations in the evaluation of
immunotoxicity in steers fed control or mycotoxin contaminated diets.
Primary Antibody

Fluorochrome

Population of
Interest

Laser (nm)

Filter [BP]/Color

-

pHrodo

Phagocytic Cells

488

525/40/FITC

-

DHR

Oxidizing Cells

405

525/40/FITC

-

Hoechst

Intact Cells

405

450/45/PB450

CH138A IgMW

Alexa Fluor 594T

Granulocytes

561

610/20/ECD

W

S

Pan-lymphocytes

638

660/20/APC

IL11A IgG2aW

Alexa Fluor 555T

CD4 lymphocytes

561

585/42/PE

CACT80C IgG1W

APC/Cy7S

CD8 lymphocytes

638

780/60/APC A750

TH18A IgG3

Alexa Fluor 647

W

Acquired from Washington State Monoclonal Antibody Center, Puyallup, Washington
S
Acquired from Southern Biotech, Birmingham, Alabama
T
Acquired from ThermoFischer, Waltham, Massachusetts
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MYCOTOXICOSES IN DOMESTIC LIVESTOCK: TOXICITY OF ERGOT
ALKALOIDS IN DOMESTIC POULTRY AND FUSARIOTOXINS IN BEEF CATTLE
Chapter 5
GENERAL CONCLUSIONS
The presence or absence of clinical symptoms of mycotoxicoses in livestock is dependent
on a handful of key factors. First and foremost, exposure to fungal toxins is required to
experience a toxicological response. This exposure will vary with the feed components typically
utilized in the diverse and often regio-specific diets of animals grown for meat, milk and egg
products. Next, target organ or molecule synergism is required for xenobiotics to induce a
relevant response in a species of interest. While many mycotoxins are known to target highly
conserved biological systems, molecular targets may vary between livestock species or
development stages, thus predisposing some animals to toxicity at greatly reduced exposure or
absorption. Finally, metabolism in the gastro-hepatic and peripheral systems of livestock greatly
alters the toxic threshold for these food-borne toxins. Each of these factors may be altered by
various management decisions in the handling of domestic livestock, and by the physiological
stage and even gender of the animal in question. Understanding these alterations may increase
our potential to both avoid disease in sensitive populations or sub-populations, and to promote
the resistance to mycotoxins which may be present in some animals.
The preceding chapters address species- and stage-specific toxicity in two animals
previously deemed resistant to the toxins studied here. In these works, potential pathways for
reduced (ergot alkaloid biotransformations in poultry) or increased (immunomodulation by
fusariotoxins in cattle on high concentrate diets) toxicological relevance are identified. Novel
pathways of mycotoxin biotransformation are identified in both pre- and post-hepatic digesta
samples of Coturnix quail. Formation of metabolic end products which would inhibit target
receptor affinity lends explanation to the low sensitivity to these compounds observed in poultry
at all life stages. Evidence is also provided for the importance of gender and age in ergopeptide
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biotransformation in this species. This work sets the stage for further studies in which tissue- and
ultimately protein-specific turnover of ergopeptides may be identified in these species.
In beef cattle, the formation of metabolites of reduced toxicity has been previously
documented, and the work presented here aimed to investigate when this protective metabolism
may no longer function. As an important toxicological endpoint of fusariotoxicosis, immune cell
population and functional alterations were investigated in finishing steers fed a high starch diet
co-contaminated with multiple fusariotoxins. To facilitate further research in this field and to
better inform producers of prolonged effects of these toxins, residual toxicosis was also
investigated in a period of reduced toxin exposure. Identification of this commercially important
subpopulation as at-risk to fusaritoxicosis and evidence of effects outlasting a two-week low
exposure period are important conclusions in this work, offering additional evidence to the
importance of mycotoxin avoidance even in this resistant species.
As livestock are a critical component to the human food chain, a better understanding of
what predisposes animals to mycotoxicosis is of vital importance to promote both optimal animal
welfare and food security. In each of the previous chapters, the sensitivities of commercial
livestock to mycotoxins of interest are further explained by species-specific metabolism and
stage-specific management practices. These works contribute to a better understanding of the
development and prevention of toxicity in livestock as complete biological systems.

