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The Beggars

by Pieter Bruegel The Elder

The oldest recognized
mycotoxicosis of humans
is ergotism caused by the
plant parasitic fungus,
Claviceps purpurea. Af-
ter periodic outbreaks in
central Europe, the dis-
ease became epidemic in
the Middle Ages, where it
was known as St. Antho-
ny’s fire (Matossian 1989;
van Rensburg and Alten-
kirk 1974). Gangrenous
symptoms were described
in medieval episodes of
ergotism in humans,
where early symptoms
were hallucinations and
swollen limbs with burn-
ing sensations, with subsequent necrosis leading to
loss of appendages. Ergotism results from consump-
tion of products made with grains contaminated with
ergots. The ergots or sclerotia are often larger than
the normal grain, are typically black in color, and may
replace several grains in one spike or head of the re-
spective grain.

Pieter Bruegel (ca. 1525-1569) was the first in a
family of Flemish painters. His career spanned me-
dieval times when many people were victims of gan-
grenous ergotism caused by Claviceps purpurea. This
particular painting was likely a depiction of some of
the victims of this tragic condition.

“Pieter Bruegel was usually known as Pieter Brue-
gel the Elder to distinguish him from his elder son.
He spelled his name Brueghel until 1559, and his sons
retained the ‘h’ in the spelling of their names. Pieter

Bruegel the Elder, gener-
ally considered the great-
est Flemish painter of the
sixteenth century, is by
far the most important
member of the family. He
was probably born in Bre-
da in the Duchy of Bra-
bant, now in The Nether-
lands. Accepted as a
master in the Antwerp
painters’ guild in 1551,
he was apprenticed to Co-
ecke van Aelst, a leading
Antwerp artist, sculptor,
architect, and designer of
tapestry and stained
glass. Bruegel traveled to
Italy in 1551 or 1552,
completing a number of paintings, mostly landscapes,
there. Returning home in 1553, he settled in Antw-
erp but ten years later moved permanently to Brus-
sels. He married van Aelst's daughter, Mayken, in
1563. His association with the van Aelst family drew
Bruegel to the artistic traditions of the Mechelen (now
Malines) region in which allegorical and peasant
themes run strongly. His paintings, including his
landscapes and scenes of peasant life, stress the ab-
surd and vulgar, yet are full of zest and fine detail.
They also expose human weaknesses and follies. He
was sometimes called the ‘peasant Bruegel’ from such
works as Peasant Wedding Feast (1567)” (Pioch 2002).

The Beggars by Pieter Bruegel in 1568 is in The
Louvre in Paris, France. Copyright Réunion des
Musées Nationaux/Art Resource, NY, Louvre, Paris,
France
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Interpretive Summary

Introduction

Modern mycotoxicology began with the discovery
of the aflatoxins in the early 1960s. Disease due to
ergot alkaloids (ergotism), however, has been known
since the Middle Ages. Presently, toxic metabolites
of fungi are considered to number in the thousands.
Mycotoxins are of concern for human and animal dis-
eases. And the plant pathogenic nature of many of
the mycotoxin-producing fungi cause food-safety con-
cerns and impact grain trade and marketing of food
and feed.

Major Classes of Mycotoxins

The major classes of mycotoxins include the afla-
toxins, trichothecenes, fumonisins, zearalenone, och-
ratoxin A, and the ergot alkaloids. Toxins from the
genus Stachybotrys also are candidates for potential
inclusion in this list of major mycotoxins because they
are considered by many to be involved in indoor air-
guality problems throughout the world.

Major Mycotoxin-Producing Fungi

Most mycotoxins of concern are produced by three
genera of fungi, namely, Aspergillus, Penicillium, and
Fusarium. The major mycotoxin-producing fungi are
not aggressive pathogens in plants; however, mycotox-
ins are produced by several genera in plants during
the growing season when portals of entry are provid-
ed and environmental conditions are appropriate.

Mycotoxin Control

Control strategies are being developed around at-
tempts to influence some of these conditions through
management of agricultural practices prior to and at
harvest. The occurrence of mycotoxins depends on
favorable conditions being met for their production by
fungi, and specific mycotoxins appear to be limited to

certain environmental loci and to specific crops. Other
fungi may produce their toxic products in a wide va-
riety of crops. Regional and other geographic distri-
butions of the fungi and their toxins also may cause
differences in the crops affected.

Mycotoxins in Processed Foods

Mycotoxins can be present in processed foods made
from mycotoxin-contaminated commodities, and they
also can pass through animals and occur in meat,
eggs, and milk. Mycotoxins may exist in food prod-
ucts as the parent compound or they may be changed
to another toxic metabolite in the animal.

Mycotoxicoses in Humans and
Animals

While mycotoxins produce diseases (mycotoxicos-
es) in humans, as exemplified by aflatoxin, selected
trichothecenes, and ergot alkaloids, the diseases
caused by them in animals are more completely un-
derstood. The outcome of most intoxications in ani-
mals is loss of production and is dependent on species
susceptibility to the individual mycotoxins. Most
mycotoxins have specific effects on a given system in
an animal, such as aflatoxin being primarily a hepa-
totoxin (liver toxin); however, many mycotoxins affect
several systems simultaneously. Every system of the
body is known to be affected by at least one mycotox-
in.

Diagnosis of Mycotoxicoses

Diagnosis of mycotoxicoses in animals is difficult
as they may be similar to diseases with other causa-
tions. This is even more difficult in cases where more
than one mycotoxin is involved because the toxins can
produce additive, and sometimes synergistic, effects
in animals.
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Analytical Testing for Mycotoxins

The presence of mycotoxins in commodities is pres-
ently unavoidable and, therefore, to avoid their occur-
rence in the food chain requires management strate-
gies that would prevent contaminated commodities
from entering food and feed processing facilities. Test-
ing of the commodities is required to accomplish this
process. This involves proper sampling, sample prep-
aration, and analysis using a quality testing proce-
dure, which may require processing samples in-house
using test kits or sending samples to a qualified lab-
oratory.

Mycotoxin Control and Regulation

While controlling the occurrence of mycotoxins in
finished products is possible, it may not be economi-
cally feasible. Therefore, regulatory bodies are con-
tinually assessing the levels of allowable exposure to
humans by using a risk assessment process to estab-
lish tolerable daily intakes of selected mycotoxins. In
some cases, biomarkers for certain mycotoxins are
available to determine exposure in certain popula-
tions of individuals. These kinds of assessments are
needed to establish problem areas for mycotoxin dis-
ease throughout the world.

Currently, worldwide regulations exist for myc-
otoxins but they need to be harmonized from country
to country, especially for better trade negotiations.
Approximately 77 countries are known to regulate
mycotoxins, and the Food and Agriculture Organiza-
tion (FAO) currently is updating information in this
regard for a 2003 publication. Postharvest methods
to decrease or eliminate mycotoxins are being stud-
ied and several approaches such as physical methods
of separation and detoxification, biological and chem-
ical inactivation, and decreasing bioavailability to
host animals are being used and/or investigated.

Economic Costs of Mycotoxins

The economic costs of mycotoxins are impossible to
accurately determine, but the U.S. Food and Drug
Administration (FDA) has utilized a computer model
to estimate the losses due to selected mycotoxins. In
the United States only, the mean economic annual
costs of crop losses from the mycotoxins, aflatoxins,
fumonisins, and deoxynivalenol, are estimated to be
$932 million. Sufficient information is not available
for other mycotoxins to determine economic losses on

crops, livestock, and humans.

Mechanisms of Mycotoxicity

Understanding the mechanisms of mycotoxin ac-
tion on the host animals at the cellular and biochem-
ical level is important in the overall goal to treat or
inhibit the action of mycotoxins, thereby potentially
controlling illnesses and deaths attributed to them.
Obviously, this is a long-range process and immedi-
ate results are not to be expected. Regardless, new
information and new technologies over the last 10
years have greatly facilitated our ability to detect
mycotoxins and diagnose mycotoxicoses, and to de-
crease the content of mycotoxins in feeds through con-
trol and management practices.

Research and Policy Needs

Listed below are areas of research and public poli-
cy that need to be addressed to provide a safer food
and feed supply in the twenty-first century.

1. Public Policy

= Develop uniform standards and regulations for
mycotoxin contamination.

= Support joint international cooperation (FAO/
WHO/UNEP) to adopt standardized regulations.

= Develop a safe food supply for local populations.

2. Mycotoxin Detection

= Develop new technologies for mycotoxin analy-
sis and improve detection (with specificity) of my-
cotoxins in prepared foods.

= Develop biomarkers for human and animal ex-
posure to single and multiple mycotoxins.
3. Human and Animal Interactions
= Assess mycotoxins as virulence factors.
= Research the effect of mycotoxins as immunosup-

pressors.

= Evaluate toxicological interactions of toxins with
the host.

= Examine population variation for sensitivity to
mycotoxins.

= Assess interactions among mycotoxins and with
drugs, diet, and nutrition.

« Assess role of fumonisins on humans and their
involvement in esophageal cancer.

= Assess risks of ochratoxin exposure due to its oc-
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currence in a variety of foods and environmen-
tal loci.

4. Plant and Fungus Interactions

= Establish a better understanding of the factors
affecting mycotoxin formation in the field and in
storage.

= Improve understanding of the ecology and epide-
miology of mycotoxin-producing fungi.

= Develop sound agronomic-management practic-
es to decrease mycotoxin contamination.

= Develop host-plant resistance to mycotoxin-pro-
ducing fungi and to mycotoxin occurrence.

= Develop models to better forecast the potential
of mycotoxin contamination.

= Research the genetic regulation and biosynthe-
sis of mycotoxins by the producing organisms.

. Indoor Air Quality

= Determine mycotoxins responsible for indoor air-
quality problems.

= Develop sound sampling protocols for assessing
fungal populations.

= Establish limits for respiratory exposure to my-
cotoxins.

. Economics of Mycotoxin Contamination

= Develop accurate loss estimates for mycotoxin
contamination.

. Bioterrorism

= Assess potential for use of mycotoxins as bioter-
rorism agents.

= Assess mycotoxin-producing fungi as bioterror-
ism-agent candidates.
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Introduction

It has been nearly 40 years since modern mycotox-
icology, as it might be termed, began with the discov-
ery of the aflatoxins. Since that time, numerous oth-
er mycotoxins (toxic metabolites of fungi) have been
discovered, many of which were later found to be caus-
es of intoxications (mycotoxicoses) while others re-
mained as laboratory curiosities. Studies directed at
mycotoxins, including their detection, biosynthesis,
and toxicology along with studies on the epidemiolo-
gy and control of the producing fungi, are critical to
maintaining a safe food supply.

The total number of mycotoxins is not known, but
toxic metabolites of fungi potentially could number in
the thousands. The number of mycotoxins actually
known to be involved in disease is considerably less,
but even this number is difficult to assess due to the
diversity of effects of these unique compounds on an-
imal systems. Not only are the mycotoxins of concern
for human and animal diseases, but the plant patho-
genic nature of many of the mycotoxin-producing fun-
gi are of considerable economic concern in crops. The
results of their plant pathogenic activities raise food
safety concerns and impact grain trade and market-
ing of food and feed.

Major Classes of Mycotoxins

The major classes of mycotoxins are aflatoxins, tri-
chothecenes, fumonisins, zearalenone, ochratoxin A,
and ergot alkaloids. The aflatoxins are produced pri-
marily by Aspergillus flavus and A. parasiticus and
they are important agents of disease; their effects
range from acute death to chronic disease such as
tumors.

The trichothecenes are a large class of mycotox-
ins produced by several fungal genera. Fusarium spe-
cies are the most notable, but Stachybotrys is a sig-
nificant producer of selected trichothecenes as well.
Likely the most common occurring trichothecene is
deoxynivalenol (DON or vomitoxin), which can be a
significant contaminant of wheat, barley, and corn. T-

2 toxin is another trichothecene found more frequent-
ly in grains in Europe than in the United States.

The fumonisins occur primarily in corn and are
produced by F. verticillioides, an almost-universal
pathogen of corn. These toxins are capable of caus-
ing significant disease in horses and swine and have
been shown to be carcinogenic in rats and mice.

Zearalenone is produced primarily by F.
graminearum and causes vulvovaginitis and estro-
genic responses in swine. It also may co-occur with
DON in grains such as wheat, barley, oats, and corn.

The ochratoxins are produced primarily by Peni-
cillium verrucosum and cause significant disease in
animals, especially swine, and may be the causal
agent of an endemic kidney disease in the Balkan
countries.

Ergot alkaloids are produced primarily by several
species of Claviceps that are plant pathogenic, and
elaborate their toxins in specialized masses of fungal
tissue called sclerotia. Ergotism is one of the oldest
recognized mycotoxicoses.

Minor Classes of Mycotoxins

The minor class of mycotoxins has representatives
that occasionally are associated with mycotoxicoses
of humans and other animals, or that occur frequently
in selected substrates but have never been found as-
sociated with human or other animal disease.

Mycotoxin Formation

In many cases, mycotoxins are formed in the field
during the growing season; however, they also are
formed or increased during harvest, drying, and stor-
age. Most important in this process of mycotoxin pro-
duction is the availability of water for growth of the
producing fungus. Temperature, however, is an im-
portant factor as well. Thus, when the interaction of
the plant and the fungus takes place, moisture and
temperature greatly affect plant growth and health
and the competitiveness of the mycotoxigenic fungus.
In grain storage, the factors of water activity, sub-
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strate aeration and temperature, inoculum concentra-
tions, microbial interactions, mechanical damage, and
insect infestation can play a role in mycotoxin contam-
ination.

Mycotoxin-Producing Fungi and
Their Control

Mycotoxins are produced by a wide array of diverse
fungal species that generally are not aggressive patho-
gens. They are adapted for colonization and growth
on substrates with a wide range of moisture availabil-
ity and nutritional content. Most of the mycotoxins
that are considered to be important are produced pri-
marily by three genera of fungi, namely, Aspergillus,
Penicillium, and Fusarium. Claviceps and Stachybot-
rys also are important producers of mycotoxins.

Within the genus Aspergillus, the major class of
mycotoxins, are the aflatoxins. The crops most usu-
ally affected are corn, cotton, peanuts, and certain tree
nuts. Aspergillus flavus is a cause of ear rot in corn
where conidia from the soil-inhabiting organism are
carried to the silks of the corn plant and, under suit-
able environmental conditions, infections can occur.
The production of aflatoxin can continue until the
moisture in the kernels reaches about 15%. Peanuts
are contaminated and infection occurs during high-
temperature and low-moisture stress. In cotton, in-
sects often play a role in the entry of the organism into
the cotton bolls. In pistachios, a phenomenon where-
by the hulls split prior to maturity allows for a portal
of entry for the fungus. In both pistachios and al-
monds, however, contamination may involve damage
by insect larvae. Although not conclusive in all crops,
high temperatures seem to play a role in aflatoxin
contamination. A number of control strategies for
aflatoxin contamination in crops are being investigat-
ed and include controlling preharvest stress on the
crop where possible, establishing breeding programs
for resistance, and assessing potential biocontrol
agents.

Within the genus Fusarium, there are a number
of important mycotoxin-producing species. Some im-
portant plant pathogens are in this genus and are
causes of wilts and scab or blight diseases of small
grains. Ear rot also can be caused by Fusarium.
Fusarium graminearum is the major causative agent;
however, other species such as F. verticillioides, F.
proliferatum, and F. subglutinans may cause ear rot.
These latter agents may produce fumonisins during
the pathogenic state in corn. Fusarium graminearum
is a significant pathogen on wheat, barley, and oats

and is a major producer of DON in these grains. This
organism also is capable of producing zearalenone in
various commodities including corn. The organism
survives in crop residue, which is a source of inocu-
lum for the next year’s crop. Control strategies for
these infections and production of mycotoxins are
being investigated and include elimination of the res-
idue on the field soil through deep tillage, irrigation
during drought stress, breeding for pathogen and in-
sect- resistance, and genetic engineering.

Penicillium spp. are more typically associated
with storage of crops and the production of mycotox-
ins such as ochratoxin. Ochratoxin usually is formed
in storage or during drying of certain commaodities for
processing.

A number of fungi are capable of producing toxic
alkaloids, and Claviceps spp. are the most notable
in this regard. This organism is known as a replace-
ment parasite in that it replaces plant structures with
fungal tissue called ergots or sclerotia. These fungal
bodies often contain toxic amounts of alkaloids lead-
ing to the disease known as ergotism in humans and
other animals consuming them. Ergotism is one of
the oldest known mycotoxicoses in humans and occurs
following the incorporation, by several different pro-
cesses, of the ergots in grain used in preparing food.
Toxic alkaloids also are produced by the genera Ep-
ichloe and Neotyphodium, both of which can be en-
dophytic in certain plant species such as fescue and
ryegrass. Control of ergot is attempted by pasture
management practices and, for endophytic relation-
ships, the control efforts are aimed primarily at de-
creasing the toxicity of the endophytic fungus through
selection.

Stachybotrys is a cellulolytic saprophyte that can
be found in a variety of commodities and the trichoth-
ecene metabolites of this organism can produce dis-
ease similar to some of those produced by Fusarium
spp. Recently, this organism seemed to be involved
in human disease where building materials were con-
taminated with the organism and possibly its toxic
metabolites.

Timely harvest, cleaning and drying of the crop,
controlling temperature and moisture during storage,
and using antifungal agents can assist in decreasing
or eliminating mycotoxins in food and feed. Further-
more, research efforts to understand the genetic and
biosynthetic aspects of mycotoxin development may
lead to control strategies in grains. While the exact
reasons that mycotoxins are produced by fungi are
unknown, certain mycotoxins seem to function as
potential virulence factors in producing disease in
both plants and animals.



6 Mycotoxins: Risks in Plant, Animal, and Human Systems

Occurrence of Mycotoxins in
Foods and Feeds

The occurrence of aflatoxins in foods and feeds has
been fairly well studied; however, for the remainder
of the more common mycotoxins, the occurrence in
food is less well known. Ochratoxins and many of the
Fusarium toxins have been given more attention re-
cently. Also, more attention has been given to ani-
mal feed because mycotoxicoses were better recog-
nized as occurring in livestock than in humans.

Surveillance of Mycotoxin
Occurrence

Surveillance programs exist in the United States
and other countries to determine the mycotoxin oc-
currence in raw agricultural products, processed
foods, and animal products such as meat, milk, and
eggs. The U.S. Food and Drug Administration (FDA)
analyzes products through a formal compliance pro-
gram and an exploratory surveillance activity.

The occurrence of ergot in grain is limited and
0.05% ergots in grain have been suggested as a max-
imum acceptable level. The occurrence of aflatoxins
is primarily in peanuts, corn, cottonseed, Brazil nuts,
pistachios, various spices, figs, and copra. Concentra-
tions are dependent on the environmental conditions
during the growing season. DON is the most often
reported mycotoxin other than aflatoxins. The other
trichothecenes such as T-2 toxin and diacetoxiscirpe-
nol (DAS) are less common. Zearalenone occurs in
corn, wheat, barley, and grain sorghum but usually
in low concentrations. Because F. verticillioides is
almost ubiquitous in corn, low levels of fumonisins are
common throughout the world in this commodity.
Ochratoxin A is most often reported in corn, wheat,
sorghum, oats, rice, wine, beer, and green coffee.
Animal feeds in Canada and Europe may be highly
contaminated with ochratoxin A, but apparently only
low concentrations occur in U.S. grains. Of limited
occurrence in agricultural commodities are sterigma-
tocystin, sporidesmins, rubratoxin B, cytochalasins,
penitrems, and slaframine.

In processed foods, there is limited information
about the occurrence of mycotoxins, most of which con-
cerns the aflatoxins. Aflatoxins can occur in milk and
in dairy products made from milk as a result of feed-
ing contaminated rations to dairy cattle. The aflatox-
ins seem to be rapidly metabolized in most animal spe-
cies, and residues in edible meat are rather limited

resulting in little concern for human health from this
source of exposure. DON contamination of wheat has
resulted in the discovery of this mycotoxin in wheat-
based foods such as flour, bread, and baby foods.
Ochratoxin A can be found in pork and poultry meat.

Monitoring for mycotoxins in foods imported into
the United States is conducted by the FDA, and myc-
otoxin occurrence in foods worldwide is provided by
data from the United Nations Food and Agriculture
Organization (FAO).

Although commodities may be processed into var-
ious fractional components by wet or dry milling, the
mycotoxins may still occur in selected fractions at dif-
ferent concentrations than that for the whole grain
sample processed. Even in fermentation, mycotoxins
are not in the ethanol fraction, but on a dry weight
basis they actually may be increased in the spent
grain product. In brewing processes, zearalenone,
DON, ochratoxin, fumonisins, and aflatoxins can be
found in the beer. Similarly, wine can contain ochra-
toxin A. Variable results, dependent on the mycotoxin
and the commaodity, have been obtained regarding the
decrease in mycotoxins during food preparation tech-
niques such as roasting, flaking, baking, cooking, and
canning.

Human Mycotoxicoses

Human disease resulting from mycotoxins is well
established in some cases, but is more conjecturally
associated in others. The aflatoxins are known to
be causes of acute aflatoxicosis in humans, while more
chronic disease such as carcinomas seem to be unclear
because of co-occurrence of hepatitis B in the high-risk
areas for aflatoxin contamination.

Presently, ochratoxin is the most probable myc-
otoxin involved in an endemic nephropathy in the Bal-
kan countries. The risk for airborne exposure of hu-
mans to ochratoxin should be considered because
disease has been demonstrated in animals following
aerosol exposure.

T-2 toxin is conjecturally associated with a disease
of past significance in Russia known as alimental toxic
aleukia. It is of considerable interest that DON has
been shown to produce disease in mice with histolog-
ical changes nearly identical with human glomerulo-
nephropathy. The disease known as stachybotryo-
toxicosis is considered to be caused by selected
trichothecenes produced by Stachybotrys chartarum,
but a true cause and effect relationship has not been
established. Similarly, the fumonisins seem to be
the most likely cause of human esophageal cancer, but
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this has not been conclusively demonstrated.

Zearalenone may be an important etiologic agent
of intoxication in young children or fetuses exposed
to this estrogenic compound, which results in prema-
ture thelarche, pubarche, and breast enlargement.

A number of mycotoxins are very immunosuppres-
sive and are considered to be potential causes of im-
munosuppression in humans leading to secondary
disease. This is difficult to prove due to the immuno-
suppression being overshadowed by the resulting sec-
ondary disease.

Ergotism is a known disease of humans causing
both convulsive and gangrenous effects in recipients
of ergot alkaloid contaminated food. Epidemiologic
evidence also suggests mycotoxin involvement in oth-
er diseases of humans.

Animal Mycotoxicoses

Mycotoxicoses in animals are more thoroughly un-
derstood than in humans because experimental stud-
ies seem to be more directly correlated with findings
in animals after exposure. While there are deaths at-
tributed to mycotoxins in animals, the economic ef-
fects of performance and productivity are measurable
or considerably noticeable in many cases in animals.
The general effects of mycotoxins on health and pro-
ductivity of animals are dependent on dose, and gen-
erally the young of a species is more susceptible to the
effects of mycotoxins than adults are.

Major Mycotoxins Affecting Animals

The aflatoxins are potent liver toxins and most an-
imal species exposed to these mycotoxins show signs
of liver disease ranging from acute to chronic. Immu-
nosupression is an important consideration in aflatox-
in-exposed animals. Aflatoxins are converted to an-
other toxic metabolite that is excreted in milk and is
important to consider in the economic aspects of afla-
toxicosis in dairy cattle. Severe economic losses due
to aflatoxins occur in poultry due to decreased produc-
tivity and disease.

The trichothecenes are potent inhibitors of pro-
tein biosynthesis and most effects in animals have this
basic attribute. DON is the most common of this
group causing animal disease and effects range from
feed refusal and vomition to immunosuppression and
loss of productivity. Swine are considerably more
sensitive to DON than poultry are, and cattle are quite
insensitive.

The nephrotoxic effects of ochratoxin A in swine
are a major disease in certain countries such as Den-
mark. The effects of ochratoxin in other animals are
exhibited primarily as decreased productivity.

Cyclopiazonic acid is another mycotoxin that is
found in several products and because of its co-occur-
rence with aflatoxins, it may be important in animal
disease. It is capable of affecting egg-shell formation
in poultry and has the potential for occurring in mus-
cle tissue of affected animals.

In the United States, fescue toxicosis is a prob-
lem due to the extent of fescue grass in pastures. A
toxic endophytic fungus is responsible for a number
of syndromes, including a gangrenous condition of the
extremities, primarily in cattle grazing fescue pas-
tures.

Mycotoxin Effects on Animal Systems

Because most of the mycotoxins have a primary ef-
fect on a specific body system, it is possible to use a
systems approach to classify the mycotoxins. Immu-
nologic effects are attributable to several mycotox-
ins. The predominant mycotoxins in this regard are
the aflatoxins, the trichothecenes, and ochratoxin A.
However, several other mycotoxins such as the fumo-
nisins, zearalenone, patulin, citrinin, wortmannin,
fusarochromanone, glitotoxin, and fescue and ergot
alkaloids have been shown to produce some effects on
the immune system.

The mycotoxins having primarily hematopoetic
effects are the aflatoxins and the trichothecenes.
Hemorrhagic anemia syndromes are attributable to
each of these groups of mycotoxins.

Among those mycotoxins having primary hepato-
toxic effects are the aflatoxins, ochratoxins, fumo-
nisins, sporidesmin, rubratoxins, and phomopsins.
All of them will produce significant liver damage when
given to animals.

Nephrotoxicity can be demonstrated by ochratox-
ins, trichothecenes, and fumonisins.

Most notable mycotoxins having effects on the re-
productive system are zearalenone and ergot alka-
loids; however, some reproductive effects have been
produced in selected animal species by aflatoxins and
T-2 toxin.

Teratogenic effects have been demonstrated, at
least experimentally, by aflatoxin B,, ochratoxin A,
rubratoxin B, T-2 toxin, sterigmatocystin, and
zearalenone.

The neurotoxic effects of mycotoxins are best
demonstrated by vomition and taste aversion pro-
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duced by DON; seizures, focal malacia, and liquefac-
tion of brain tissue mediated possibly through sphin-
golipid synthesis under the influence of fumonisins;
staggers and tremors produced by a number of trem-
orgenic mycotoxins and exemplified by penitrem A;
convulsive and other nervous effects of ergot alkaloids;
and parasympathomimetic activity resulting from
effects of a slaframine metabolite for selected recep-
tors in the nervous system.

Several mycotoxins are classified as carcinogens
and include aflatoxins, sterigmatocystin, ochratoxin
A, fumonisins, and possibly patulin.

Several of the trichothecenes are classified as der-
monecrotic because of their irritant and necrotizing
activity.

Although the above classification is based on sys-
tems affected, it becomes more difficult to use this
classification as we learn more of the mode of action
of the mycotoxins. It is obvious that mycotoxins af-
fect more than one system simultaneously and, there-
fore, produce a multiplicity of responses by the affect-
ed animal resulting in increased difficulty of
attributing the response to a single body system.
Natural intoxications by mycotoxins often are more
complex than can be related to those experimental
studies utilizing one mycotoxin. Therefore, natural
responses may be the cause of two or more mycotox-
ins. A number of studies to determine the synergis-
tic effects of mycotoxins have been conducted. Gen-
erally, the results of these studies have indicated that
most mycotoxin interactions in experimental studies
are additive or less than additive. In those few stud-
ies where there was synergism, aflatoxins were one
of the toxins in the experimental design.

Mycotoxin Diagnosis

The diagnosis of mycotoxicoses is difficult because
the effects observed are not necessarily unique to a
given mycotoxin, but may be shared by other toxins
and pathogenic organisms as well. Furthermore, di-
agnosis is usually attempted based on information
gathered in experimental studies where controlled cri-
teriawere used. In natural intoxications, however, a
variety of factors such as environmental, nutrition-
al, behavioral, and husbandry may influence the dis-
ease condition. To make the best possible diagnosis,
information must be gathered from the animal(s),
both living and postmortem, as well as conducting a
thorough chemical examination of the feed involved
in the intoxication.

Mycotoxin Occurrence in the
Food Chain

Avoiding mycotoxin occurrence in the food chain re-
quires understanding the strategies to manage myc-
otoxins. Part of this strategy is to keep mycotoxin-
contaminated commodities from entering into food
and feed-processing facilities. This is accomplished
by instituting a quality, overall testing program on
incoming grain and supplies. It also involves main-
taining valid records of all processes and having the
ability to economically and safely remove any contam-
inated lots of material inadvertently received into a
facility.

Analytical Testing for Mycotoxins

The overall testing for mycotoxins involves obtain-
ing an adequate sample (most important because of
the distribution and low concentrations of mycotox-
ins in grains), preparing the sample, and finally con-
ducting the analytical procedure. The selected sam-
ple must be submitted to extraction of the toxin and
cleanup to rid the extract of as much extraneous, in-
terfering substances as possible. Then the cleaned-
up extract must be submitted to one of several possi-
ble detection systems to determine the presence, or
most likely, the kind and quantity of mycotoxin
present in the sample. Several quantitation proce-
dures may be used including thin-layer chromatog-
raphy, high-performance liquid chromatography, gas
chromatography, fluorometry, or immunologically
based tests such as enzyme-linked immunosorbent
assay (ELISA). The methods must be validated to en-
sure that the methods employed are functional and
accurate. This often is done by using check samples
or certified reference material prepared with known
concentrations of specific mycotoxins.

Regardless of the overall testing procedure used,
including sampling, sample preparation, and analy-
sis, there is considerable variability in each part. The
greatest variability in mycotoxin testing occurs in the
sampling step. Even during the sample preparation,
which involves grinding and obtaining a suitable sub-
sample for analysis, there is variability dependent on
a number of factors. Finally, there is variability in
the analytical procedure and the result obtained, as
a quantity, is still only within a certain range of ac-
curacy. Performance of analytical systems can be
evaluated by participation in proficiency testing pro-
grams whereby individual laboratories receive certi-
fied reference material to test, and their performance
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on testing a sample is evaluated relative to the actu-
al concentration and to other participating laborato-
ries.

Mycotoxin Control and Regulation

Controlling mycotoxins in foods and feeds is an
ever-evolving process, particularly as we learn more
about their occurrence, environmental factors influ-
encing their formation, and changes in agronomic
practices. As noted earlier, mycotoxin contaminants
are unavoidable and therefore small amounts of my-
cotoxins may be legally permitted if these amounts
are known to be safe for human and animal health.

Monitoring programs assessing the occurrence of
mycotoxins along with available toxicological data are
used to make an assessment of exposure-risk to hu-
mans or animals. The result is the establishment of
regulatory levels for selected mycotoxins where suf-
ficient information as described can be obtained. In
the United States, the FDA regulates mycotoxins
under Section 402 or 406 of the Food, Drug and Cos-
metic Act. Each risk assessment is based on the haz-
ards or toxicity of a mycotoxin and the expected de-
gree of exposure of individuals or populations.
Included in the assessment is an uncertainty factor
such that data from animal studies may be used to
extrapolate to humans to achieve an acceptable or
tolerable daily intake.

Examples of toxicological data may include acute
toxicity information, teratogenicity and reproductive
toxicity, effects on immunity, and chronic effects of the
mycotoxin. These have been used in establishing a
tolerable daily intake of 12 pg/kg/day for DON in hu-
mans. For carcinogenic mycotoxins, such as aflatox-
ins, however, a multidisciplinary team has investigat-
ed all experimental evidence for carcinogenicity along
with epidemiologic study evidence and conducted as-
sessment of interactions, potencies, and exposure. In
these investigations, it was determined that there is
possible interaction of hepatitis B exposure with afla-
toxin intake in the development of human hepatocel-
lular cancer. From these results, recommendations
for the control of aflatoxicosis have been proposed.
Epidemiological evidence is important in many of
these investigations for determining risk, and the
assessment is easier if biomarkers are available to
assess exposure of individuals or populations. Biom-
arkers are available for use in studies concerning afla-
toxins, fumonisins, and ochratoxins. For other myc-
otoxins, however, the use of biomarkers is more
problematic or unavailable.

The control programs for mycotoxins in the Unit-
ed States are within the objectives of the FDA mis-
sion, and aflatoxin is a mycotoxin of primary concern.
One approach the FDA uses to control mycotoxin con-
tamination of foods and feeds is to establish action lev-
els, e.g., aflatoxins and patulin, as guides to be used
when enforcement actions should be taken. Also, to
minimize exposure, the FDA establishes advisory lev-
els for certain mycotoxins such as has been done for
DON and fumonisins. Other mycotoxins are of inter-
est to the FDA and they are constantly evaluating the
need for regulations based on exposure data and risk
assessments.

Worldwide regulations exist for mycotoxins and
generally are based on toxicological data, occurrence
and distribution, and epidemiological data. There is
a need for regulations to be harmonized from coun-
try to country especially where trade contracts exist.
Also, it is important that regulations are not so strict
to jeopardize the limited food supply of developing
countries or to make the commodities excessively high
priced. Throughout the world, new limits and regu-
lations for mycotoxins have come into force, and be-
cause of acquisition of new data, the regulations are
rapidly changing. Approximately 77 countries regu-
lated mycotoxins in 1996, 13 had no regulations, and
no data were available for 50 countries. A new up-
date, scheduled for publication by the FAO in 2003,
will show increased and more up-to-date information
on mycotoxin regulations in foodstuffs and feedstuffs.
It also will show the first results of regional harmo-
nization of regulations for foodstuffs, e.g., in the Eu-
ropean Union.

Decontamination and
Detoxification Strategies for
Mycotoxins

Although agronomic and other practices are aimed
at decreasing or eliminating mycotoxins in the field,
there are still considerable reasons to look at posthar-
vest means to eliminate or inactivate mycotoxins in
grains and other commodities. The approaches to this
are varied and may be categorized as physical means
of separation, physical methods of detoxification, bi-
ological methods of inactivation, chemical methods of
inactivation, and decreasing the bioavailability of
mycotoxins to the host animal.

Physical means of separation include mechanical
separation whereby contaminated particles of the sub-
strate are removed from the lot to decrease the myc-
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otoxins. This process is often impractical and incom-
plete. Density segregation has shown variable effi-
cacy depending on the commodity and the mycotoxin
of interest.

Physical methods of detoxification have been used
with variable degrees of success. Thermal inactiva-
tion has been used for aflatoxins, but the aflatoxins
are quite heat stable and limited success has been
achieved. Irradiation with either gamma rays, micro-
waves, or ultraviolet light have been used, primarily
with aflatoxins, and generally have decreased the
concentrations in the substrates tested. Solvent ex-
traction is effective for the aflatoxins but is cost pro-
hibitive and impractical.

Biological methods of inactivation have been ap-
plied to field plots whereby nontoxigenic strains of the
organism function as a biocontrol organism. This
technique has achieved considerable success in de-
creasing aflatoxins in cotton, corn, and peanuts. Oth-
er organisms have been investigated to determine
their efficacy in inactivating aflatoxins. A strain of
Eubacterium has been used with considerable success
in deactivating trichothecenes by biotransformation
of the epoxide group of the molecule to a less toxic mol-
ecule. Dietary factors have shown some efficacy in
influencing the toxicity of selected mycotoxins, espe-
cially aflatoxins.

Chemical methods of detoxification are most not-
ed with the aflatoxins being degraded by ammonia-
tion. This process is considerably effective in cotton-
seed and cottonseed meal and is utilized in several
states for this purpose. Treatment of aflatoxins B,
G,, M,, and aflatoxicol with sodium bisulfite makes
water soluble products, thereby decreasing or elimi-
nating the toxicity of these aflatoxins. Ozonization
has been used in degrading aflatoxins in corn and
cottonseed meals. It also is efficacious in decreasing
DON and moniliformin. It also has been used in vit-
ro to detoxify and degrade cyclopiazonic acid, ochra-
toxin A, patulin, secalonic acid D, and zearalenone.

Probably the most interest in controlling the effects
of mycotoxins in animals has been in the development
of binders of mycotoxins to render them unavailable
for absorption by the host animal. Calcium alumino-
silicates seem to be effective in binding the aflatox-
ins, thereby decreasing or eliminating toxicity to
study animals. Other mycotoxins did not seem to be
bound effectively by this substance. There are a num-
ber of clay and zeolitic minerals manufactured for the
purpose of binding mycotoxins, but their efficacy
should be tested for specific mycotoxins before inclu-
sion as dietary amendments. Cholestyramine seems
to be somewhat effective in binding zearalenone, but

it also must be tested in vivo for efficacy.

Economic Costs of Mycotoxins

It is not possible to estimate precisely the econom-
ic costs of mycotoxins. However, a computer based
model is used in presenting an estimated sum of the
value of food and feed losses, and mitigation efforts.
From these studies, the potential economic costs of
crop losses from mycotoxins, in the United States only,
are large with a mean of $932 million per year. Mean
mitigation costs were estimated to be about $466 mil-
lion and the mean simulated livestock costs were
about $6 million per year. The major mycotoxins used
in these assessments were aflatoxins, fumonisins, and
deoxynivalenol. Human health costs from these my-
cotoxins are not presented here. All other mycotox-
ins likely having a potential effect on economic costs
were not considered because of lack of sufficient in-
formation. However, even with the few mycotoxins
used and the assumptions involved in the model,
mycotoxins could potentially impose large costs on the
economy.

Mechanisms of Mycotoxicity

Understanding the mechanism of mycotoxin action
on the host animal at the cellular and biochemical
level is important in the overall goal to treat or inhibit
the action of mycotoxins, thereby potentially control-
ling illnesses and deaths attributed to them. The dif-
ficulty of obtaining this understanding is the complex-
ity of the interactions involved in the intoxications and
the relationships with host factors such as nutrition
and immune status. Furthermore, the mycotoxins
may interact with other therapeutic or prophylactic
measures of disease control, especially because many
of the mycotoxins are immunosuppressive and some
have been shown to interfere with animal vaccination
programs. The potential number of biochemical tar-
gets for the diversity of mycotoxins, both chemically
and biologically, offers a challenge in the overall un-
derstanding of their mode of action. Immediate re-
sults, therefore, would be unexpected in achieving
adequate control measures for intoxications due to
mycotoxins.

Research and Policy Needs

Mycotoxins continue to present a threat to food
safety. Changes in agricultural production practices
and food processing, along with global changes in en-



Executive Summary

vironmental and public policy, challenge us to devel-
op and refine strategies and technologies to ensure
safe food and a healthy environment. Increasing glo-
balization of trade also adds a new dimension to the
importance of mycotoxins not only as toxins, but also
as impediments to free trade among countries.

Listed below are areas of research and public poli-
cy that need to be addressed to provide a safer food
and feed supply in the twenty-first century.

1. Public Policy

= Develop uniform standards and regulations for
mycotoxin contamination.

= Support joint international cooperation (FAO/
WHO/UNEP) to adopt standardized regulations.

= Develop a safe food supply for local populations.

2. Mycotoxin Detection

= Develop new technologies for mycotoxin analy-
sis and improve detection (with specificity) of my-
cotoxins in prepared foods.

= Develop biomarkers for human and animal ex-
posure to single and multiple mycotoxins.
3. Human and Animal Interactions
= Assess mycotoxins as virulence factors.
= Research the effect of mycotoxins as immunosup-

pressors.

= Evaluate toxicological interactions of toxins with
the host.

= Examine population variation for sensitivity to
mycotoxins.

= Assess interactions among mycotoxins and with
drugs, diet, and nutrition.

= Assess role of fumonisins on humans and their
involvement in esophageal cancer.
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= Assess risks of ochratoxin exposure due to its oc-
currence in a variety of foods and environmen-
tal loci.
4. Plant and Fungus Interactions

= Establish a better understanding of the factors
affecting mycotoxin formation in the field and in
storage.

= Improve understanding of the ecology and epide-
miology of mycotoxin-producing fungi.

= Develop sound agronomic-management practic-
es to decrease mycotoxin contamination.

= Develop host-plant resistance to mycotoxin-pro-
ducing fungi and to mycotoxin occurrence.

= Develop models to better forecast the potential
of mycotoxin contamination.

= Research the genetic regulation and biosynthe-
sis of mycotoxins by the producing organisms.
5. Indoor Air Quality

= Determine mycotoxins responsible for indoor air-
quality problems.

= Develop sound sampling protocols for assessing
fungal populations.

= Establish limits for respiratory exposure to my-
cotoxins.
6. Economics of Mycotoxin Contamination
= Develop accurate loss estimates for mycotoxin
contamination.
7. Bioterrorism
= Assess potential for use of mycotoxins as bioter-
rorism agents.
= Assess mycotoxin-producing fungi as bioterror-
ism-agent candidates.



1 Objectives

Mycotoxins and mycotoxicoses studies ultimately
are associated with improving food safety. A 100%
safe food supply, i.e., one in which there is no risk, is
unachievable. Therefore, we must base some of our
acceptance of our food supply on the knowledge of
mycotoxin effects in humans and animals and on the
costs associated with marketing an acceptable food
supply. More than a decade has passed since the last
task force compiled information and published a re-
port on mycotoxins (Council for Agricultural Science
and Technology 1989). When that report was issued,
it had been nearly a decade since the first Council for
Agricultural Science and Technology (CAST) report
on mycotoxins was published (Council for Agricultural
Science and Technology 1979). This periodicity of
publication is necessitated by the accumulation of new
information on the occurrence, toxicology, analysis,
and control of mycotoxins. We have gained much in-
sight into the field-related problems associated with
mycotoxin formation; their mode of action; and their
biosynthesis, occurrence, analysis, and control. The
overall testing program for mycotoxins has improved
as we learned more about sampling, sample prepara-
tion, and analytical procedures. Increased awareness
by the medical community of the likely involvement
of mycotoxins in human disease has engendered ad-
ditional literature and understanding of the relation-
ship of mycotoxins to public health.

The intent of this report — as with the two previ-
ous ones — was to compile the most complete infor-
mation on mycotoxins possible, and to provide an un-
derstanding of their associated risks and impacts on
plant, animal, and human systems. This compilation
has two main goals: (1) to educate those making de-
cisions that affect regulation and control of foods and
feeds and (2) to illuminate the causes for mycotoxins
to affect international trade of commodities and food
products. Itisour hope, however, that this report can
be used by the entire scientific community and be
adapted for educational purposes at all levels.

Originally, the major emphasis was mycotoxins'
causation of animal diseases, mycotoxicoses. Although
these diseases affect all aspects of the health status
of animals, from production efficiency to lethality,
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other effects are difficult to determine, e.g., immuno-
suppression, decreased resistance to other diseases.
Human disease is even more problematic than ani-
mal disease. Many suspected mycotoxic effects in
humans are extrapolations from experimental or
known mycotoxicoses in animals. Although epidemi-
ological studies continue to reveal possible relation-
ships of mycotoxins to human disease, conclusive ev-
idence often is lacking. Surveys of the occurrence of
mycotoxins in foods and feeds are augmented by the
diagnosis of mycotoxicoses in animals and epidemio-
logical studies as well as plant pathology studies.
Information from these events and studies leads to
improved evaluation of the impacts of mycotoxins on
plant and animal systems and the associated risks to
food safety. We now have a better understanding of
the mode of action of mycotoxins in plants, animals,
and humans as well as the ecological/environmental
relationships of the formation of mycotoxins in foods
and feeds.

Current analytical procedures and the promise of
new technologies will allow for improved measure-
ment of the levels of mycotoxins in foods and feeds
thereby creating a better understanding of the toxic-
ity of the mycotoxins affecting human and animal
health. These methods have become more rapid, pre-
cise, sensitive, and selective and less expensive for de-
termining mycotoxins in a wide variety of complex
matrices. Advances in economically feasible methods
for controlling mycotoxins in foods continue to be
made so that there is less consumption of toxic quan-
tities of mycotoxins. Detoxification, decontamination,
dilution, diversion, and destruction of mycotoxins are
sometimes possible, allowing for control or manage-
ment measures that are less wasteful and more eco-
nomically and toxicologically acceptable.

Now that this information base has been collected
in a single document, we, as consumers and scientists,
can better evaluate the risks associated with mycotox-
ins. Furthermore, we can more accurately assess the
needs for research involving the association of myc-
otoxins in plant, human, and animal disease and their
overall implications in food safety and trade issues.
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Overview and Definitions

Beginning in the late 1800s and continuing well
into the 1900s, the concept of “secondary metabolism”
among the fungi and other microbes was gaining ac-
ceptance. Animportant concept in the overall metab-
olism of these organisms is that the compounds were
not utilized as components of the organism'’s body but
were often, and usually, elaborated into the “medium”
on which the organism was growing. At the same
time, the concept of antibiosis was becoming impor-
tant, and the finding that fungal “antibiotics” could
be toxic to animal species resulted in many proposed
antibiotics never entering the marketplace because
their toxicity precluded their clinical use. During this
period came the first general recognition that fungal
“secondary metabolites” could be important entities
in diseases of animals and humans. Before this time,
mushroom poisoning and ergotism (discussed later in
this chapter) were the only known mycotoxicoses.
Today, the word mycotoxin simply means a toxin pro-
duced by a fungus. The term was derived from “myc-
otoxicosis,” first used by Forgacs and Carll (1955),
meaning a disease caused by a fungal toxin. The lat-
ter does not include mushroom poisonings, which re-
sult from intentional consumption of fungal thalli
(bodies) as food; thus, will not be discussed further.

Mycotoxins are a relatively large, diverse group of
naturally occurring, fungal toxins, many of which
have been strongly implicated as chemical agents of
toxic disease in humans and animals (Table 2.1). It
is uncertain exactly how many toxic secondary metab-
olites or mycotoxins exist. Knowing the occurrence
and distribution of toxins in foods and feeds is impor-
tant because exposure to unknown bioactive agents
could be an important confounding factor in attempts
to explain the etiology of chronic disease in animals
and humans. However, a rough estimate of the num-
ber of fungal metabolites and potential mycotoxins
can be made. Turner (1978) catalogued approximate-
ly 1,200 secondary fungal metabolites produced by
approximately 500 species of fungi. In 1983, Turner
and Alderidge (1983) catalogued 2,000 more metabo-
lites produced by approximately 1,100 species. Thus,
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as an average estimate, there were approximately two
unique secondary metabolites per fungal species.

In 1991, Hawksworth (1991) estimated that there
were 69,000 known fungal species and that they rep-
resented 5% of the world’s total fungal species, which
he estimated to be 1.5 million. Conservative estimates
are on the order of 100,000 species (Esser and Lemke
1996). Based on the work of Hawksworth and the
assumption of two unique secondary metabolites per
fungal species, there may be as many as 3 million
unique secondary fungal metabolites. A conservative
estimate would be 200,000. Between 1971 and 1983,
the number of known secondary fungal metabolites
increased from 1,200 (Turner 1978) to 3,200 (Turner
and Alderidge 1983). Assuming that the rate of dis-
covery (accessible in the published literature) re-
mained level, there would be approximately 6,000
described secondary fungal metabolites by 2002. This
is less than 0.2% of the 3 million or 3% of the 200,000
total estimated above. Clearly, the number of second-
ary metabolites still undiscovered is quite large. Cole
and Cox (1981) listed approximately 300 secondary
fungal metabolites as mycotoxins. Approximately
10% of the secondary fungal metabolites described by
Turner (1978) and Turner and Alderidge (1983) were
classified as mycotoxins by Cole and Cox (1981).
Thus, there are potentially 20,000 to 300,000 unique
mycotoxins. The diversity of toxic mechanisms will
be equally as great.

The usual route of mycotoxin exposure is ingestion
as food or feed contaminants. However, dermal and
inhalation also may be important routes of exposure.
Direct effects of mycotoxins range from acute disease
where severe conditions of altered health may exist
prior to death as a result of exposure to the toxin.
These conditions are more likely following exposure
to high levels of a mycotoxin. Other, more insidious
or occult conditions (e.g., growth retardation, im-
paired immunity, decreased disease resistance, de-
creased milk or egg production) or more chronic dis-
ease manifestations (e.g., tumor formation) may
result from prolonged exposure to small quantities of
toxin. The low level of exposure is of considerable
concern where food and feeds are of a better quality



14 Mycotoxins: Risks in Plant, Animal, and Human Systems

Table 2.1. Commodities in which mycotoxins have been found and the resulting effects on animals and humans (adapted
from Bullerman 1979, 1981, 1986)

Effects of mycotoxins

Mycotoxin Commodities found contaminated Affected species Pathological effects
Aflatoxins Peanuts, corn, wheat, rice, cottonseed, Birds Hepatotoxicity (liver damage)
(B4, By, Gy, copra, nuts, various foods, milk, Duckling, turkey, poult, Bile duct hyperplasia
Gy, My, My) eggs, cheese, figs pheasant chick, Hemorrhage
mature chicken, quail Intestinal tract
Mammals Kidneys
Young pigs, pregnant sows, Carcinogenesis (liver tumors)
dog, calf, mature cattle, sheep,
cat, monkey, human
Fish
Laboratory animals
Citrinin Cereal grains (wheat, barley, corn, rice) Swine, dog, laboratory animals Nephrotoxicity

Cyclopiazonic acid

Ochratoxin A

Corn, peanuts, cheese, kodo millet

Cereal grains (wheat, barley, oats, corn),
dry beans, moldy peanuts, cheese,
tissues of swine, coffee, raisins,
grapes, dried fruits, wine

Chicken, turkey, swine, rat,
guinea pig, human

Swine, dog, duckling, chicken,
rat, human

(tubular necrosis of kidney)
Porcine nephropathy

Muscle necrosis
Intestinal hemorrhage and edema
Oral lesions

Nephrotoxicity
(tubular necrosis of kidney)
Porcine nephropathy
Mild liver damage
Enteritis
Teratogenesis
Carcinogenesis (kidney tumors)
Urinary tract tumors

Patulin Moldy feed, rotted apples, apple juice, Birds Edema
wheat straw residue Chicken, chicken embryo, quail Brain
Mammals Lungs
Cat, cattle, mouse, rabbit, Hemorrhage
rat, human Lungs
Others Capillary damage
Brine shrimp, guppie, zebra Liver
fish larvae Spleen
Kidney
Paralysis of motor nerves
Convulsions
Carcinogenesis
Antibiotic
Penicillic acid Stored corn, cereal grains, dried beans, Mouse, rat, chicken embryo, Liver damage
moldy tobacco quail, brine shrimp (fatty liver, cell necrosis)
Kidney damage
Digitalis-like action on heart
Dilates blood vessels
Antidiuretic
Edema in rabbit skin
Carcinogenesis
Antibiotic
Penitrem Moldy cream cheese, English walnuts, Dog, mouse, human Tremors, death, incoordination,

hamburger bun, beer

bloody diarrhea
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Table 2.1. (continued)
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Effects of mycotoxins

Mycotoxin Commodities found contaminated Affected species Pathological effects
Sterigmatocystin Green coffee, moldy wheat, grains, Mouse, rat Carcinogenesis
hard cheeses, peas, cottonseed Hepatotoxin
Trichothecenes Corn, wheat, commercial cattle feed, Swine, cattle, chicken, turkey, Digestive disorders
(T-2 toxin, mixed feed, barley, oats horse, rat, dog, mouse, (emesis, diarrhea, refusal to eat)
diacetoxyscirpenol, cat, human Hemorrhage
neosolaniol, (stomach, heart, intestines, lungs,
nivalenol, bladder, kidney)
diacetylnivalenol, Edema
deoxynivalenol, Oral lesions
HT-2 toxin, Dermatitis

fusarenon X)

Zearalenone Corn, moldy hay, pelleted

commercial feed

Swine, dairy cattle, chicken,
turkey, lamb, rat, mouse,
guinea pig uterus)

Blood disorders (leucopenia)

Estrogenic effects (edema of vulva,
prolapse of vagina, enlargement of

Atrophy of testicles

Atrophy of ovaries, enlargement of
mammary glands

Abortion

and thus would contain the lesser amounts of
mycotoxin(s). Greater concern exists where popula-
tions depend on a single staple in the diet. If that sta-
ple is contaminated, consumers are exposed to great-
er amounts of the mycotoxin over a given period of
time than populations that consume a wide variety
of foods. There seems to be great diversity among
animal species in susceptibility to a particular myc-
otoxin that is influenced by factors such as age, sex,
strain, and nutritional status. Indirect exposure of
humans to mycotoxins likely occurs when toxic resi-
dues or metabolites that persist in milk, eggs, or edi-
ble tissues are consumed.

Awareness is growing regarding the hazards of my-
cotoxins as contaminants of food and feed. The real-
ization of the magnitude of these hazards began in the
early 1960s and has led to a vast literature on the
many facets of mycotoxins and mycotoxicoses. The
risks associated with mycotoxins occurring in field
crops, foods, feeds, and animal products raise food
safety concerns and ultimately impact grain trade and
marketing of food and feed.

Major Classes of Mycotoxins

Many types of toxic metabolites have been obtained
from fungal laboratory cultures, as noted earlier.
Most of them are not known to be causes of human or

animal disease, so remain laboratory curiosities. The
mycotoxins that pose the greatest potential risk to
human and animal health as food and feed contami-
nants are aflatoxins, trichothecenes, fumonisins,
zearalenone, ochratoxin A, and ergot alkaloids.
However, other mycotoxins should be included be-
cause of their frequency of occurrence in commodities
or their products or their co-occurrence with other
important mycotoxins. This expanded list includes
cyclopiazonic acid, sterigmatocystin, gliotoxin,
citrinin, penitrems (perhaps other tremorgenic
mycotoxins), patulin, and miscellaneous mycotox-
ins such as fusarin C, fusaric acid, penicillic acid,
mycophenolic acid, roquefortine, PR toxin, and
isofumigaclavines A and B.

Aflatoxins can be produced by four species of As-
pergillus: A.flavus, A. parasiticus, A. nomius, and A.
pseudotamarii (Ito et al. 2001; Kurtzman et al. 1987;
Payne 1998). Four major aflatoxins —B,, B,, G, and
G, (B = blue and G = green fluorescence while the
subscript designates relative chromatographic mobil-
ity), plus two additional metabolic products, M, and
M, — are significant as direct contaminants of foods
and feeds. The aflatoxin M toxins were first isolated
from the milk of lactating animals fed aflatoxin prep-
arations; hence, the M designation.

The trichothecenes are a family of nearly 150
structurally related compounds (Grove 1988) pro-
duced by several fungal genera, i.e., Fusarium, Ceph-
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alosporium, Myrothecium, Stachybotrys, Trichoder-
ma, and others. Several naturally occurring trichoth-
ecene mycotoxins are produced in foods and feeds by
Fusarium species, e.g., deoxynivalenol (DON; some-
times referred to as vomitoxin), T-2 toxin, nivalenol,
diacetoxyscirpenol. In some crop years, DON contam-
ination of corn and wheat has been significant. Nat-
ural contamination of foods and feeds by T-2 toxin in
the United States rarely has been reported but is more
commonly detected in grains in Europe. The toxicol-
ogy of T-2 toxin has been studied extensively.

In 1980 and 1981 in Canada and in 1982 in the
United States, DON was found in wheat that had been
severely infested with the wheat scab fungus, Fusar-
ium graminearum. Soft winter wheats were the most
severely affected. In Canada, dried corn was discov-
ered that contained levels of DON slightly higher than
those found in the wheat (Trenholm et al. 1985). In
some parts of the United States, zearalenone occurred
with DON in scabby wheat; in some cases of Gibber-
ella ear rot of corn, zearalenone and DON are found
together. In 1993 and subsequent years, widespread
occurrence of DON in wheat and barley caused severe
economic losses in the upper wheat growing regions
of the United States and southern Canada (McMullen
etal. 1997).

Fumonisins are mycotoxins produced by F. verti-
cillioides (syn., moniliforme) (Gelderblom et al.
1988b). This organism is involved in producing equine
leukoencephalomalacia and pulmonary edema syn-
drome in swine. Fumonisins have been described as
being capable of reproducing the disease in horses
(Marasas et al. 1988b). There also is evidence link-
ing F. verticillioides infected corn to the high incidence
of human esophageal cancer in South Africa and Chi-
na (Gelderblom et al. 1988b; Yoshizawa et al. 1994).
One fumonisin (B,), isolated from culture material of
F. verticillioides, was shown to have cancer-promot-
ing activity in rats (Gelderblom et al. 1988a). Leu-
koencephalomalacia commonly occurs in horses in the
United States; F. verticillioides is an almost-univer-
sal inhabitant of corn (Haliburton and Buck 1986).

Zearalenone, an estrogenic mycotoxin, causes vul-
vovaginitis and estrogenic responses in swine.
Zearalenone is produced primarily by F.
graminearum, which occurs naturally in high-mois-
ture corn and has been found in moldy hay and pel-
leted feeds. Physiological responses in swine occur
when the zearalenone level in feed corn exceeds about
1 milligram (mg)/kilogram (kg) (Kurtz and Mirocha
1978). Zearalenone can be transmitted to piglets in
sows’ milk, causing estrogenism in the young pigs.
Zearalenone production is favored by high humidity

and low temperatures, conditions that often occur in
the Midwest during autumn harvest (Christensen et
al. 1977; Council for Agricultural Science and Tech-
nology 1979).

Ochratoxins are a group of structurally similar
metabolites produced by A. ochraceus and related spe-
cies as well as by Penicillium verrucosum and certain
other Penicillium species. The major mycotoxin in
this group is ochratoxin A. Ochratoxin has been sug-
gested as a factor in the etiology of a human disease
known as Balkan endemic nephropathy (Krogh 1977;
Smith and Moss 1985).

The ergot alkaloids are produced by several spe-
cies of Claviceps, a genus of fungi that invades the fe-
male portion of the host plant and replaces the ovary
with a mass of fungal tissue called sclerotium. The
ergot alkaloids comprise the largest group of nitrogen-
containing fungal compounds and are divided into
four major groups based on their chemical similari-
ties: (1) the clavines, (2) the lysergic acids, (3) the
lysergic acid amides, and (4) the ergopeptines (Re-
hacek and Sajdl 1990). Selected members of these
groups of compounds are involved in either nervous
or gangrenous syndromes in humans and animals
that consume grains or grain products contaminated
with the sclerotia of the fungus. Ergotism is one of
the oldest mycotoxicoses known, although occurrence
of the disease has declined over time. Ergot alkaloids
may be produced by fungi outside the genus Claviceps
but the importance of their toxicity is less known.

Minor Classes of Mycotoxins

Cyclopiazonic acid (CPA) originally was isolat-
ed from a culture identified as Penicillium cyclopium
during routine screening for toxigenic molds (Holza-
pfel 1968). The potential significance of CPA as a nat-
ural contaminant of foods and feeds became appar-
ent with reports that it was produced by several molds
either commonly found on agricultural commodities
or used in fermented food production. These includ-
ed Aspergillus flavus, A. versicolor, A. tamarii, and
several Penicillium species used in the production of
fermented sausages in Europe. This includes P. cam-
emberti, used in the production of Camembert cheese,
and A. oryzae, used in the production of soy sauce in
the Far East. This mycotoxin has been shown to oc-
cur naturally in corn (Gallagher et al. 1978), cheese
(LeBars 1979), peanuts (Lansden and Davidson 1983),
and sunflower seeds (Ross et al. 1991). It was found
in Kodo millet (Rao and Husain 1985) implicated in
a human intoxication in India. There also is evidence
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that CPA may have been involved, along with the afla-
toxins, in the “Turkey X” syndrome in England in
1960 (Bradburn et al. 1994; Cole 1986a).

The mycotoxin sterigmatocystin is produced by
several species of Aspergillus and Bipolaris and by
Penicillium luteum. Chemically, sterigmatocystin re-
sembles the aflatoxins and is a precursor in the bio-
synthesis of aflatoxin (Hsieh et al. 1973). Sterigma-
tocystin has been detected at low concentrations in
green coffee, moldy wheat, and in the rind (normally
discarded) of hard cheese (Bullerman 1981; Scott
1985; Vesonder and Horn 1985).

Gliotoxin is a highly immunosuppressive com-
pound produced by a wide variety of fungi. Interest-
ingly, gliotoxin is produced by the organism Aspergil-
lus fumigatus during its pathogenic state as a
causative agent of the respiratory disease known as
aspergillosis in turkeys (Richard et al. 1996a). This
compound belongs to a group of fungal metabolites,
some of them toxic, called epipolythiodioxopipera-
zines. It also seems to be involved in human yeast
infections caused by Candida albicans (Shah and
Larsen 1991). The importance of the involvement of
this compound in mycotoxicoses following ingestion
of contaminated foodstuffs is not known. However,
camels have become intoxicated by eating hay con-
taminated with the organism A. fumigatus and con-
taining the mycotoxin, gliotoxin (Gareis and Wernery
1994).

Citrininis ayellow mycotoxin produced by sever-
al Penicillium and Aspergillus species, including P.
verrucosum strains that produce ochratoxin. Like
ochratoxin A, citrinin causes kidney damage in labo-
ratory animals similar to swine nephropathy. It may
interact synergistically with ochratoxin A, illustrat-
ed by cases of swine nephropathy in Denmark (Krogh
1977).

Fungi capable of producing tremorgenic myc-
otoxins belong to the genera Penicillium, Aspergil-
lus, Claviceps, and Acremonium. These mycotoxins
cause a disease in cattle called staggers. Clinical signs
include muscle tremor, uncoordinated movements,
general weakness in the hind legs, and stiff, stilted
movements of the forelegs. Severely affected animals
may not be able to stand. Other intoxications involv-
ing fungal tremorgens, most notably the penitrem
mycotoxins, have been reported from moldy cream
cheese, a hamburger bun (bread), and walnuts con-
sumed by dogs (Richard and Arp 1979; Richard et al.
1981). Another case involving penitrems was in a
human who consumed mold-contaminated beer (Cole
1986b).

The mycotoxin patulin is produced primarily by
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species of Penicillium and Aspergillus but its produc-
tion is not limited to these genera (Scott 1994). Its
limited toxic properties are of major concern because
it occurs in apples and, subsequently, applesauce and
juice. Although it can be produced in other juices
molded by toxigenic species of fungi, the natural oc-
currence in juices other than apple juice is not a sig-
nificant problem.

The following paragraphs will review other, less-
studied mycotoxins found at low frequency or under
unusual circumstances.

Citreoviridin originally was isolated from cul-
tures of molds obtained from rice associated with a
disease called cardiac beriberi that has occurred for
three centuries in Japan (Ueno and Ueno 1972). This
mycotoxin also occurs in corn and other foods and
feeds (Wicklow et al. 1988). Several species of Peni-
cillium and one of Aspergillus have been reported to
produce this mycotoxin. Interestingly, citreoviridin
and aflatoxin have been found to occur simultaneously
in corn, which allows for their possible interaction in
producing animal disease (Wicklow et al. 1988). Cit-
reoviridin causes paralysis, dyspnea, cardiovascular
disturbances, and loss of eyesight in experimental
animals (Ueno 1974).

Penicillium roqueforti and P. caseicolum (P. cam-
emberti), used to make mold-ripened cheeses, have
been shown to produce several toxic compounds, in-
cluding penicillic acid, roquefortine, isofumiga-
clavines A and B, PR toxin, mycophenolic acid,
and cyclopiazonic acid (Scott 1981). The signifi-
cance to public health of the various toxins produced
by P. roqueforti and P. caseicolum is not clear due to
the lack of scientific research on compound stability,
production in agricultural commodities, and toxicity.

In 1995, researchers in Italy reported a previously
unknown toxin, fusaproliferin, produced by Fusar-
ium proliferatum and F. subglutinans (Logrieco et al.
1996; Manetti et al. 1995; Ritieni et al. 1995). Itisa
sesquiterterpene compound that is toxic to brine
shrimp (Artemia salina) and insects and human cell
cultures in laboratory assays. Italso has teratogenic
effects on chicken embryos (Ritieni et al. 1997a).
Fusaproliferin has been detected in livestock feed
samples associated with feed refusal (Munkvold et al.
1998) but there is no direct evidence that it causes feed
refusal symptoms. No mammalian feeding studies
have been conducted to date.

Fusaproliferin has been detected in corn samples
from Italy (Ritieni et al. 1997b), Poland, and the Unit-
ed States. It sometimes occurs with fumonisins,
beauvericin, and/or fusaric acid (Munkvold et al.
1998). Most strains of F. proliferatum and F. subglu-
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tinans that have been tested are capable of fusapro-
liferin production in culture (Moretti et al. 1996).
Although the significance of this compound in animal
and human health remains to be determined, its acute
toxicity to brine shrimp exceeds that of more-famil-
iar compounds such as the fumonisins.

Major Genera of Mycotoxigenic
Fungi

Whether or not we accept that there are over
100,000 species of known fungi, the majority of the
known toxigenic species fall into three recognized
genera. These genera are Aspergillus, Penicillium,
and Fusarium. Also, most of the known mycotoxins
are elaborated by these genera.

The genus Aspergillus is within a large, very di-
verse family of fungi that are worldwide in distribu-
tion but primarily occupy subtropical and warm tem-
perate climates. They generally are regarded as
saprophytes that are important in nutrient cycling.
Their growth at high temperatures and low water
activity (a,,, ratio of the vapor pressure of the prod-
uct to that of pure water) allows for their involvement
in the colonization of a variety of crops, sometimes
with limited parasitism especially under favorable
conditions. Some of the most economically important
toxigenic species of fungi belong to this genus.

Members of the genus Penicillium generally grow
and can produce mycotoxins over a wider range of
temperatures than those of the genus Aspergillus
(Ominski et al. 1994). The Penicillium spp. are more
abundant in temperate climates. Members of the
genus are more commonly associated with storage
than with preharvest contamination of grain (Sauer
et al. 1992).

Fusarium is a large complex genus with species
adapted to a wide range of habitats. They are world-
wide in distribution and many are important plant
pathogens. However, many species are soil borne and
exist as saprophytes important in breaking down
plant residues. A few species are significant mycotox-
in producers, some of which are present preharvest
in contaminated grains and other plants.

Two other mycotoxigenic genera that are important
are Claviceps and Stachybotrys; both are of current
and historical significance. Ergotism is one of the old-
est known mycotoxicoses and is the result of humans
and other animals consuming grain contaminated
with the sclerotia of Claviceps spp. The ergots, hard-
ened masses of fungal tissue, contain toxic alkaloids
produced by selected members of this genus.

Stachybotrys is a genus in which there are certain
saprophytic species that are highly cellulolytic and
produce toxins contained in the conidia and other
particulates that can become airborne resulting in
illnesses likely through either the respiratory or di-
gestive route of exposure. lllnesses have been de-
scribed in animals and humans resulting from con-
sumption of contaminated grains or their products,
straw, or other plant materials that have become
moist enough to support the growth and toxin produc-
tion of this organism.

Although there are other genera of fungi that pro-
duce mycotoxins, these listed above are the most pre-
dominant and other genera will be discussed as the
need arises later in this publication.

Preharvest and Postharvest
Occurrence of Mycotoxins

Mycotoxin contamination often is an additive pro-
cess, beginning in the field and increasing during
harvest, drying, and storage (Wilson and Abramson
1992). Christensen (1974) divided fungi that colonize
grain into two groups, field fungi and storage fungi.
Storage fungi were those that could grow at moisture
contents in equilibrium with relative humidities of 70
to 90% where no free water was present.

In this classification, Alternaria, Cladosporium,
Fusarium, and Helminthosporium were classified as
field fungi; Aspergillus and Penicillium were classi-
fied as storage fungi. This classification was based
on studies done in temperate climates. However,
under warm, humid subtropical or tropical climates
— or even in temperate climates in which the grow-
ing season is unusually hot and dry — species of As-
pergillus and Penicillium can infect seeds in the field
(Wilson and Abramson 1992). Perhaps the best ex-
ample of a species that can infect seeds both in the
field and in storage is Aspergillus flavus. In temper-
ate climates, the fungus is predominately a storage
fungus, but in the southern United States, corn is
more likely to be colonized preharvest than in stor-
age. Many species of Fusarium, as well as some spe-
cies of Penicillium, also infect grain in the field as well
as in storage.

Environmental conditions are extremely important
in preharvest mycotoxin contamination of grain and
oilseed crops. Plant growth and health, and the com-
petitiveness of mycotoxigenic fungi, are greatly affect-
ed by temperature and moisture. Because of the di-
versity of mycotoxigenic fungi and the hosts that they
colonize, no one set of conditions can be defined as
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conducive for mycotoxin contamination. Aflatoxin
contamination is favored in years with above average
temperature and below average rainfall. Head scab
of wheat, on the other hand, is favored by warm and
wet spring conditions. Damage from insects and birds
contributes to mycotoxin contamination in the field.

Several factors influence mycotoxin contamination
of stored grain, including water activity, substrate
aeration and temperature, inoculum concentrations,
microbial interactions, mechanical damage, and in-
sect infestation (Ominski et al. 1994). Temperature
and the distribution and availability of water are the
most important factors determining the colonization
of stored grain by fungi (Wilson and Abramson 1992).
Grain moisture may be expressed as percent mois-
ture, or as a,. Water activity is defined as the ratio
of the vapor pressure of the product to that of pure
water. Substrates with low water activity have little
water available to support growth of fungi. Water
activity roughly correlates to the equilibrium relative
humidity in stored products (Wilson and Payne 1994).

An ecological succession of fungi often occurs as the
grain’s a,, and temperature change because mycotox-
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igenic fungi grow within fairly strict a,,, limits. Few
fungi grow at a,,, values below 0.70. As the content of
water in the substrate increases above 0.70, the more
xerophytic fungi are able to grow. The production of
water by metabolic processes of these xerophytic fungi
leads to a wetter substrate and one that can support
growth of a broader range of fungal species. There-
fore, in many cases, seeds may be contaminated with
more than one fungus. For example, growth of A. re-
strictus begins at a, of 0.70 or slightly higher, the A.
glaucus group begins at an a,, of 0.80 to 0.85, and
many Penicillium and Aspergillus species begin to
grow at a,, above 0.85 (Wilson and Payne 1994). Of-
ten, mycotoxigenic fungi will invade the germ or em-
bryo of seeds with little to no invasion of the adjacent
endosperm (Payne 1998; Sauer et al. 1992).

Inoculum of postharvest fungi may come from a
number of sources. Many mycotoxigenic fungi are
common on a variety of plant materials, often grow-
ing saprophytically, and grain may be contaminated
with these fungi through contact with soil or plant
debris. Moreover, inoculum from seeds infected in the
field can spread to other kernels in storage.
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Summary

Mycotoxins are produced by a diverse number of
fungal species. In general, these fungi are not aggres-
sive pathogens, but some species can invade and col-
onize plant tissue before harvest and in storage. The
two primary factors influencing growth and mycotoxin
production, both preharvest and postharvest, are tem-
perature and moisture. These two factors have direct
effects on the ecology and pathogenicity of the fungus
and are often important in predisposing the plant to
infection. While the most common exposure to myc-
otoxins is from the consumption of plant seeds, there
are exceptions. Neotyphodium spp. establish an en-
dophytic relationship with the plant and may produce
indole alkaloids in all above-ground tissue. Stachy-
botrys, a fungus that has re-emerged as a health con-
cern, is associated with damp building material in
houses. Exposure to mycotoxins produced by this fun-
gus presumably comes from inhalation of Stachybot-
rys conidia. Itis not uncommon for a substrate to be
contaminated with more than one fungus at the same
time or for fungi to colonize a substrate in succession
as the conditions favor one species over another.

No absolute controls are available for eliminating
mycotoxins. Also, itis difficult to make general state-
ments about control strategies because of the diver-
sity of fungi producing mycotoxins, both pre- and post-
harvest, in a wide variety of crop species. Preharvest
control strategies are based on use of good agronomic
practices and resistant varieties. Harvesting and
storage techniques are important in decreasing myc-
otoxin contamination of crops as well.

Introduction

It is not possible to describe a single set of condi-
tions that is favorable for the growth and production
of mycotoxins by fungi. Mycotoxins are produced by
a diverse group of fungi that differ in their morpholo-
gy, biochemistry, and ecological niches. Even a sin-
gle fungal genus, e.g. Aspergillus, contains species
that differ greatly in their optimum temperature for
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growth and their parasitic abilities.

In general, mycotoxigenic fungi are not aggressive
pathogens but often are well adapted to growing on
substrates with low moisture, and they can readily
colonize improperly stored grain. Species from a num-
ber of genera, however, can colonize and produce
mycotoxins in developing plant tissue.

This section focuses on species from six genera, As-
pergillus, Fusarium, Penicillium, Claviceps, Stachy-
botrys, and Neotyphodium (sexual stage, Epichloe).
These genera were chosen because they contain fun-
gal species that produce mycotoxins of major concern
and because they are representative of mycotoxigen-
ic fungi that inhabit diverse ecological niches. The
genera Aspergillus, Fusarium, and Penicillium rep-
resent the largest number of mycotoxigenic fungi and
are often found on stored grain. Certain species of
Fusarium and Aspergillus also can attack grain in the
field. In contrast, infection by Claviceps spp. and
Neotyphodium spp. occurs only in the field. Neoty-
phodium spp. also differ from other mycotoxigenic
fungi in that they are endophytes and colonize vege-
tative tissue as well as reproductive tissue. Stachy-
botrys spp. represent yet another type of mycotoxin-
producing fungus. Unlike most mycotoxin-producing
fungi, Stachybotrys rarely colonizes grain but is of
concern because it colonizes wet building material,
particularly in houses. The fungus also differs be-
cause animals and humans apparently are exposed
to the mycotoxin it produces by inhalation of mycotox-
in-laden conidia rather than by ingestion.

Itis difficult to make general statements about con-
trol strategies for mycotoxins that will apply univer-
sally because mycotoxins are produced pre- and post-
harvest by a diverse group of fungi on numerous crop
species. Presently, no absolute controls are available
for eliminating mycotoxin contamination. Mycotox-
in occurrence in the field can be decreased by good
agronomic practices and planting resistant varieties.
Although heritable resistance to accumulation of some
mycotoxins has been identified, adequate resistance
is not yet available in commercial genotypes.

Harvesting and storage techniques also can be used
to control the occurrence of mycotoxins in crops. The
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two overriding factors that influence mycotoxin for-
mation in storage are moisture or a,,, and tempera-
ture. Other procedures such as cleaning, insect con-
trol, use of antifungal agents, and maintaining the
integrity of the seed coat are important in decreasing
or keeping mycotoxin levels to a minimum.

Aspergillus Infection and
Mycotoxin Development

The genus Aspergillus represents a large family of
fungi that occupies very diverse ecological niches.
Although members are distributed worldwide, As-
pergillus spp. appear most abundant between lati-
tudes 26° to 35° north or south of the equator (Klich
et al. 1994). Thus, these fungi are more common in
subtropical and warm temperate climates. General-
ly regarded as saprophytes, Aspergillus spp. grow on
a large number of substrates and are very important
in nutrient cycling. Their ability to thrive in high
temperatures and with relatively low a,,, makes them
well suited to colonize a number of grain and nut
crops. Under favorable conditions, some species have
limited parasitic abilities and can colonize crops in the
field.

Within this genus are some of the most important
fermentation fungi, e.g., A. niger, A. sojae, A. oryzae,
cultured for their ability to produce industrial en-
zymes and metabolites and to impart flavor to foods.
Other members, however, are notorious for the myc-
otoxins they produce. Mycotoxins associated with
Aspergillus species include aflatoxins, ochratoxins,
versicolorins, sterigmatocystin, gliotoxin, citrinin,
CPA, patulin, citreoviridin, and tremorgenic mycotox-
ins.

Aspergillus flavus

Aflatoxins represent the major class of mycotoxins
produced by Aspergillus spp. Only four species of fun-
gi are known to produce aflatoxins and each belongs
to Aspergillus section Flavi (Ito et al. 2001; Kurtzman
etal. 1987; Payne 1998). These species are A. flavus,
A. parasiticus, A. nomius, and A. pseudotamarii. Of
these four species, only A. flavus and A. parasiticus
are economically important. These two fungi have
overlapping niches and can produce aflatoxin in de-
veloping seeds of corn, peanut, cotton, almond, and
pistachio. Other tree nuts such as walnuts and Bra-
zil nuts also are affected. Figs also may be infected,
but the incidence is low. These fungi also can produce
aflatoxin on most any poorly stored substrate. As-

pergillus flavus is the predominant species on all com-
modities (Payne 1992, 1998), although A. parasiticus
is common on peanuts (Horn et al. 1994). Because
these two species are similar, A. flavus will be used
to refer to either A. flavus or A. parasiticus.

Aspergillus flavus was reported to cause an ear
mold of corn as early as 1920 (Taubenhaus 1920), but
the fungus was of little concern until the 1960s when
it was shown to produce the factor (later identified as
aflatoxin) associated with Turkey X disease. The sig-
nificance of preharvest infection of corn by A. flavus
(Barnsetetter 1927; Butler 1947; Eddins 1930) was
largely discounted prior to 1971 because aflatoxin con-
tamination was considered to be a storage problem
only. The report of aflatoxin contamination in the
southern and midwestern United States in the 1970s
(Anderson et al. 1975; Lillehoj et al. 1975; Payne 1998;
Rambo et al. 1974; Widstrom 1996) awakened the
research community to the significance of preharvest
contamination.

The occurrence of aflatoxin contamination is spo-
radic and highly dependent on environmental condi-
tions. Large populations of A. flavus and aflatoxin
contamination occur each year somewhere in the
southern United States, but serious outbreaks are
associated with above-average temperature and be-
low-average rainfall (Payne 1998; Widstrom 1996).
These two environmental conditions were associated
with a high incidence of aflatoxin contamination in
the U.S. corn beltin 1983 and 1988 (Hurburgh 1991).
A high incidence of aflatoxin has been reported also
in southern China, southeast Asia, and Africa (Hall
and Wild 1994).

The infection process of A. flavus is best character-
ized in corn (Payne 1992, 1998). Aspergillus flavus is
a soil-inhabiting fungus that reproduces by asexual
conidia. Conidia carried to the corn silks by wind or
insects can grow into the ear shortly after pollination
and colonize kernel surfaces (Payne 1998; Widstrom
1996). If environmental conditions are favorable, the
fungus may directly invade the seeds and cobs or it
may enter through wounds created by insects. In ei-
ther case, significant infection and aflatoxin contam-
ination do not occur until the kernel moisture is be-
low 32% (Payne 1998). Aflatoxin can continue to be
produced in kernels until the moisture reaches 15%
(Payne et al. 1988). Although insects are not required
for aflatoxin contamination, their presence increases
the level of contamination and high levels of aflatox-
in are almost always associated with insect injury,
especially by the European corn borer, Ostrinia nu-
bilalis (Widstrom 1996).

There is evidence that peanut flowers also may be
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infected with A. flavus (Griffin and Garren 1974), al-
though this route of infection appears minor compared
to infection of the pods (Cole et al. 1986). The exact
route of infection into pods is not known but insects
appear to play a major role. Both mites and lesser
stalk borer larvae (Elsmopalpus lingosellus) are
known vectors of the fungus. Even microscopic dam-
age to the pods increases infection by the fungus
(Lynch and Wilson 1991).

Even though there is evidence for direct infection
of cotton by A. flavus (Klich and Chmielewski 1985;
Klich et al. 1984), insects always are associated with
high levels of aflatoxin in the field. Exit holes made
by the pink boll worm larvae (Pectinophora gossyp-
iella Saunders) appear to be the entry point for the
fungus (Ashworth et al. 1971).

Infection of pistachios by A. flavus is associated
with early splits, a condition in which the hull splits
before the nut is mature (Doster and Michailides
1994a, b). In both pistachios and almonds, high afla-
toxin contamination is associated with damage by the
navel orange worm larvae (Doster and Michailides
1994a, b; Thomson and Mehdy 1978).

The two overriding conditions that influence afla-
toxin contamination are temperature and moisture
(Payne et al. 1998; Widstrom 1996). In corn and pea-
nuts, high temperatures and drought stress lead to
high levels of aflatoxin contamination (Payne 1998).
Under field conditions where soil moisture and tem-
perature were controlled, Cole et al. (1995) showed
that neither by itself is sufficient. The researchers
found that peanuts grown with adequate moisture
had no aflatoxin. Similarly, peanuts grown under
prolonged drought with temperatures less than 25°C
or greater than 32°C were free of aflatoxin. Coloni-
zation by A. flavus and aflatoxin contamination were
maximized at 30.5°C.

High temperature and drought conditions increase
the airborne inoculum of the fungus (Jones et al. 1981;
McGee et al. 1996). The increased growth and repro-
duction of the fungus at higher temperatures is pre-
sumably related to its relatively high optimum growth
temperature. The fungus can grow over a wide range
of temperatures (12 to 48°C), but its optimum for
growth is 37°C (Klich et al. 1994). The higher tem-
peratures and drought conditions also may favor A.
flavus over other fungi because of its ability to grow
on substrates with low water activity. The fungus can
grow at an a,,, as low as =35 megapascals (MPa) (Kli-
ch etal. 1994). Interestingly, the optimum tempera-
ture for aflatoxin production is 25 to 30°C (Ashworth
et al. 1969a; Maggon et al. 1977). Temperature and
drought stress also likely predispose the plant to in-

creased infection; however, little is known about the
mechanisms.

The effect of temperature on aflatoxin contamina-
tion of cottonseed seems more complex and poorly un-
derstood (Payne 1998). Although aflatoxin contami-
nation of cottonseed is rarely a problem in the
southern United States, it can be a serious problem
in western-grown cotton. Ashworth et al. (1969b)
have argued that high night temperatures are impor-
tant. High day and night temperatures also have been
associated with higher aflatoxin levels in almonds
(Doster and Michailides 1995).

The source of inoculum for A. flavus is the soil but
the predominant survival structure is not known. The
fungus produces sclerotia in culture and in cornfields
in the southern United States (Wicklow et al. 1984;
Zummo and Scott 1990); however, sclerotia have not
been reported in the Midwest. The fungus probably
survives as mycelium and, to some extent, as conidia
and sclerotia (Payne 1998). Soil temperature (McGee
et al. 1996) and moisture (Jones et al. 1981) greatly
influence the number of conidia in the soil and the air.

Preharvest Control Strategies

Any management practice to maximize plant per-
formance and decrease plant stress will decrease afla-
toxin contamination (Cole et al. 1995; Jones et al.
1981; Michailides 1996; Payne 1998; Widstrom 1996).
This includes planting adapted varieties, proper fer-
tilization, weed control, and necessary irrigation.
Even the best management strategies will not elimi-
nate aflatoxin contamination in years favorable for
disease development. Previous cropping history has
been shown to influence soil populations of the fun-
gus (Horn et al. 1995) but the importance of initial
inoculum has not been established. Further, Aspergil-
lus molds grow on litter from pistachio trees but it is
not known if practices to decrease this litter would
decrease infection and aflatoxin contamination
(Doster and Michailides 1994a, b). Decreasing dam-
age by the naval orange worm can decrease aflatoxin
contamination. Compared to plant stress, cropping
history and plant debris likely play a minor role in
aflatoxin contamination.

Breeding programs are underway for all major
crops affected by aflatoxin contamination (Brown et
al. 1998); however, no genotypes are available com-
mercially with adequate resistance to aflatoxin accu-
mulation. Inbred lines of corn (Brown et al. 1998;
Campbell and White 1995a; Huang et al. 1997; Wid-
strom 1996) and genotypes of peanut (Holbrook et al.
1997; Waliyar et al. 1994) with some resistance to
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aflatoxin accumulation have been identified. Evi-
dence exists for resistance in corn (Campbell and
White 1995b; Huang et al. 1997) and peanuts (Wali-
yar et al. 1994) to aflatoxin production per se. Breed-
ing for resistance to aflatoxin contamination also is
underway in almonds (Gradziel and Dandekar 1997).

Because chemical control procedures for mycotox-
in contamination are not economically feasible for
most grain crops, interest exists for developing effec-
tive biocontrol agents to decrease mycotoxin contam-
ination. Recent research indicates the potential for
a biocontrol agent to decrease aflatoxin contamination
of cotton (Cotty 1994; Cotty and Sobek 1997), peanuts
(Dorner et al. 1992), and corn (Dorner et al. 1997).
Researchers have treated these crops with nonafla-
toxigenic isolates of A. flavus or A. parasiticus. Be-
cause they occupy the same or similar ecological niche
as the aflatoxigenic strains, the rationale for using
nonaflatoxigenic isolates of the two fungi is that they
are likely the best biocompetitors. So far, there is no
evidence that the ability to produce aflatoxin confers
a competitive advantage to A. flavus or A. parasiti-
cus.

The most extensive testing of a biocontrol agent for
prevention of aflatoxin contamination has been per-
formed by Bock and Cotty (1999). They obtained a
permit from the U.S. Environmental Protection Agen-
cy (EPA) to treat fields of cotton in Arizona with wheat
seed colonized by a naturally occurring nonaflatoxi-
genic strain (AF36) of A. flavus. This treatment has
increased the population of AF36 and decreased that
of the toxigenic strains and the concentrations of afla-
toxin in the cottonseed.

Aspergillus ochraceus and Other Aspergillus
Species

In addition to the A. flavus group, a number of other
Aspergillus spp. can be found on commodities before
harvest or, most commonly, in storage. One of the
more common Aspergillus species is A. ochraceus.
Recently, this species has been renamed as A. aluta-
ceus var. alutaceus Berkley and Curtis 1875 (Kozak-
iewicz 1989), and both names appear in the literature.
This fungus is best known for its ability to produce
ochratoxin, and A. ochraceus and Penicillium verru-
cosum are the major producers of ochratoxin. How-
ever, other Aspergillus and Penicillium spp. also pro-
duce ochratoxin (Samson 2001; Pier and Richard
1992). The Penicillium spp. are probably a more im-
portant source of ochratoxin contamination of grain
than the Aspergillus spp. Controversy exists over

which species of Penicillium is most important (Scott
1994). Ochratoxins are considered a potential cause
of the human disease, Balkan endemic nephropathy
(Krogh 1977; Smith and Moss 1985).

In Canada, the predominant mycotoxin produced
by Aspergillus spp. is sterigmatocystin (Scott 1994).
It is associated with grain contaminated with A. ver-
sicolor and Eurotium spp. Inwarmer climates, grain
may be contaminated preharvest with A. fumigatus,
A. nidulans, A. sydowii, A. terreus, and A. versicolor,
species more commonly associated with storage
(Lacey et al. 1991).

Control strategies for A. ochraceus and other As-
pergillus species are covered in the harvest and stor-
age section later in this chapter.

Fusarium Infection and Mycotoxin
Development

Fusarium

Fusarium is a large and complex genus with spe-
cies that are adapted to a wide range of habitats
throughout the world (Summerell et al. 2001). Fusar-
ium populations in agricultural field soils can be very
high and include saprophytes that break down plant
residues in the soil as well as pathogens that can
cause rots, wilts, and other diseases. Because of its
importance as a plant pathogen, a great deal is known
about Fusarium. Present-day nomenclature has de-
veloped largely as a working tool of plant pathologists
and others seeking usable, practical systems for cor-
rectly identifying Fusarium species. Practical iden-
tification has been based largely on morphological
characters, such as colony structure and color and
spore size and shape of strains of these fungi grown
under carefully controlled conditions in the laborato-
ry. But because some species are morphologically
very similar, misidentifications occur, especially by
those with limited experience in fungal identification
(Burgess et al. 1998; Marasas et al. 1984b; Nelson et
al. 1983). Recent advances in identifying and classi-
fying Fusarium species include biochemical and ge-
netic markers and vegetative and sexual compatibil-
ity among strains (Leslie 1995; O’'Donnell and
Cigelnik 1997).

Although there are dozens of Fusarium species, a
rather limited number are responsible for most myc-
otoxin contamination of the food and feed supply (Ma-
rasas et al. 1984b). The Fusarium species of most
concern are those that produce mycotoxins in wheat,
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corn, rice, barley, oats, and other cereal grains that
are human dietary staples and animal feed ingredi-
ents (Campbell et al. 2000). Many Fusarium species
can infect heads of wheat and other small grain cere-
als under field conditions causing head scab or blight
(Sutton 1982). In most regions of the world, F.
graminearum (the sexual stage is called Gibberella
zeae) is the major causal agent of head scab of small
grains, including wheat, barley, rye, and oats (Table
3.1). Other species, e.g., F. avenaceum, F. culmorum,
F. poae, F. sporotrichioides, can predominate in small
grains in some regions and environmental conditions.
Fusarium graminearum is the world’'s major causal
agent of red ear rot of corn. Fusarium graminearum
appears as a pink to red mold of the kernels and, in
severe infections, of the cob, husks, and shank. Al-
though F. graminearum, F. fujikuroi, and related spe-
cies can cause ear blights of rice, the grain within the
ears is not usually infected.

Pink and white ear rots of corn can be caused by a
group of closely related Fusarium species, predomi-
nately F. verticillioides (syn., moniliforme), F. prolif-
eratum, and F. subglutinans (Table 3.1). Gibberella
fujikuroi is the teleomorph for these three anamorph
species.

On suitable culture media, F. graminearum rap-
idly produces profuse mycelial growth, which usual-
ly becomes tinged with yellow or pink as the culture
ages. The undersurface of the culture is often a bril-
liant carmine red. This species can be distinguished
also by the long, straight, multicelled spores (macro-
conidia) produced in the mycelium. Many strains of
F. graminearum are self-fertile and produce blue-
black fruiting bodies (perithecia) of the Gibberella
sexual stage on the surface of culture media and on
infected plant tissues. Although cultures of F. cul-
morum and F. crookwellense may also exhibit F.
graminearum in rapid mycelial growth and a red
undersurface, only F. graminearum is sexually self-
fertile. These G. zeae perithecia contain large num-
bers of sexual spores (ascospores), which are an im-
portant inoculum source in epidemics of wheat head
scab. Fusarium graminearum produces trichoth-
ecenes, mainly DON and its acetylated derivatives,
and zearalenone (Marasas et al. 1984b; Nelson et al.
1983). Strains of F. graminearum can be distin-
guished using deoxyribonucleic acid (DNA) markers
(Ouellett and Seifert 1993).

Epidemics of wheat and barley head scab, also
known as head blight, can occur worldwide wherever
rainy or humid weather coincides with host flower-
ing and early kernel-fill stages (Abramson 1998). In
the United States, wheat head scab was first de-

scribed in the 1890s in Delaware, Indiana, and Ohio.
Throughout the twentieth century, head scab epidem-
ics occurred sporadically in most wheat- and barley-
growing regions of the United States and Canada
(Sutton 1982). From 1991 through 1997, head scab
was a serious problem for wheat and barley growers
in the eastern and midwestern United States and in
the provinces of Ontario and Manitoba. For example,
wheat and barley growers in the Red River Valley
region of Minnesota, North Dakota, South Dakota,
and Manitoba lost an estimated $1 billion to scab in
1993 alone (McMullen et al. 1997). Recent epidemics
in North America have been attributed to increases
in conservation tillage practices and to cropping sys-
tems in which corn and wheat are rotated or wheat is
grown each year (McMullen et al. 1997). Wheat scab
affects more than 7 million hectares in the People’s
Republic of China, with yield losses of 20 to 40% in
severe epidemics (Bai and Shaner 1994). All Euro-
pean wheat- and barley-growing regions are affected
by scab, with recent severe epidemics in southern
Russia, Romania, and Hungary during the 1990s.
Scab incidence and severity also have increased in
Argentina and Uruguay, with yield losses reaching
50% in some regions in 1993 (Dubin et al. 1997; Par-
ry et al. 1995).

Wheat and barley head scab have been thorough-
ly studied in the greenhouse and other controlled en-
vironments as well as in the field. Premature loss of
green color of the spikelets in the head is the first
symptom of the disease and, under persistent wet con-
ditions, bleached spikelets can be visible a few days
after infection. This mixture of bright green and pale
yellow spikelets makes infected heads easy to detect
in the field. Infection of a spikelet during the early
flowering stages can prevent kernel development.
Spikelet infection during kernel fill yields kernels
with various degrees of fungal growth, ranging from
chalky “tombstone” kernels to kernels with varying
degrees of shriveling and discoloration. If humid
weather persists, F. graminearum can infect the en-
tire head and produce blue-black perithecia and a
pinkish mass of mycelium and macroconidia on the
surface of the head. This pinkish crust on the grain’s
surface is the source of the name scab for this disease
(Arthur 1891).

The major scab pathogen, F. graminearum, is a
widespread colonizer of crop residues, where the
pathogen survives during the winter. Wheat stubble
and corn stalks are major inoculum sources in North
America, while rice stubble is the major source of in-
oculum in the People’s Republic of China (Bai and
Shaner 1994). As temperatures increase in the
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Table 3.1. Major mycotoxigenic Fusarium species in grain and mycotoxins produced
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Fumonisins + + +
Trichothecenes + + + + + + + +
Host Region Zearalenone + + +
Wheat and Africa + + +
small grains Asia + + + + + + + +
Australia +
Canada + + + + + + + +
Europe + + + + + + +
Mexico + + +
South America + + + + + +
United States + + + + + + + +
Maize Africa + + + +
Asia + + + + +
Australia + + +
Canada + + + + + + + + +
Europe + + + + + + + + + + +
Mexico + +
South America + + + + + +
United States + + + + + + + + + +
Rice Asia + + +

United States

spring, large numbers of perithecia form on the sur-
face of infested residues. Spore trapping indicates
that, at the time of wheat flowering, the majority of
airborne Fusarium spores are F. graminearum as-
cospores, which can easily be distinguished by their
curved shape and four-cell structure from the longer,
straighter macroconidia. Ascospore release peaks
each night, correlated with a rise in relative humidi-
ty (Paulitz 1996). Airborne release of ascospores from
perithecia peaks during and after rainy periods. Re-
cent scab epidemics in the midwestern United States
have been associated with above-average July rain-
fall, while wheat heads are in flower (McMullen et al.
1997).

Ear Rot of Corn Caused by Fusarium
graminearum

Fusarium graminearum has a broad host range
and can cause an ear disease of corn often called red
ear rot or Gibberella ear rot. Red ear rot has been re-
ported in corn-growing areas worldwide but is espe-
cially prevalent in temperate climates when relatively

cool temperatures and wet weather coincide with silk
emergence. Fusarium graminearum ear rot epidem-
ics have occurred sporadically throughout the mid-
western United States, e.g., in 1965 and 1972 in In-
diana, in 1986 in Minnesota, and regionwide during
the unusually cool, wet summers of 1992 and 1993
(Abbas et al. 1988a; Munkvold and Yang 1995; Park
etal. 1996; Tuite et al. 1974). Localized epidemics of
F. graminearum ear rot are common in Ontario and
eastern provinces, with outbreaks reported in years
with wetter summers, e.g., 1972, 1975, 1976, 1977,
1986, 1987, 1990 (Miller 1994; Neish et al. 1983; Sut-
ton 1982; Vigier et al. 1997). Red ear rot also affects
corn grown in northern Italy, eastern Europe and the
former Soviet Union, the People’'s Republic of China,
and central and southern Africa (Bottalico et al. 1989;
Chu and Li 1994; Marasas et al. 1981; Maric 1981,
Sutton 1982). In some epidemics associated with per-
sistent cool, wet weather, F. sporotrichioides has been
recovered from corn with ear rot symptoms (Neish et
al. 1983; Park et al. 1996; Vigier et al. 1997).
Fusarium graminearum ear rot of corn is a more
complex and challenging disease than wheat head
scab. Controlled environmental studies have been
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limited because mature corn plants are so large and
because it has been difficult to consistently establish
infection in the greenhouse. Natural epidemics are
often localized and sporadic and thus difficult to pre-
dict. During early stages of symptom development,
infected ears are not easily detected in farm fields
because husks may show few symptoms. In severe
infections, however, red or pink mold can progress
throughout the entire ear, colonizing kernels, cobs,
and husks. If wet weather persists, blue-black per-
ithecia and a pinkish mass of mycelium and macro-
conidia can form on the husk surface.

There are two routes of entry for F. graminearum
infection of corn. First, spores landing on the emerged
silks can infect the ear by the silk channel. Controlled
field inoculations into the silk channel indicate that
corn ears are most susceptible to F. graminearum
within 4 to 7 days after silk emergence (Reid et al.
1992). Second, wounds caused by birds, insects, or
extreme weather can provide an opportunity for fun-
gal invasion; such ear damage is positively correlat-
ed with ear rot (Sutton 1982; Vigier et al. 1997). In-
fection through wounding must occur before the
kernels have hardened significantly and have ceased
to be an attractive substrate for spore germination.

Ascospores and macroconidia produced by F.
graminearum growing on corn stalks and other crop
residues are the major inocula for both wheat head
scab and corn ear rot. In addition, studies in Ontario
have shown a positive correlation between F.
graminearum ear rot and rainfall in July and August,
when corn is silking (Vigier et al. 1997). Epidemics
also appear to be associated with wet weather late in
the growing season (Miller 1994).

Both deoxynivalenol and zearalenone can be pro-
duced by many strains of F. graminearum on auto-
claved grains under laboratory conditions. However,
the technical difficulty and expense of mycotoxin anal-
ysis have limited quantitative analysis of these myc-
otoxins in large-scale field experiments. Antibodies
raised against DON and other analytical tests have
become increasingly available, which should facilitate
field analyses. Studies of wheat and corn infected
with F. graminearum in the field indicate that wheat
can have high levels of DON but usually has little or
no zearalenone, whereas corn can be contaminated
with both classes of mycotoxins. Corn cob tissue of-
ten contains the highest concentrations of DON in the
ear (Reid et al. 1996). Similarly, the rachis of field-
inoculated wheat often was found to contain the high-
est average DON concentration. DON levels in ker-
nels of wheat and corn are highly correlated with dis-
ease severity ratings and with various measures of

fungal load, including colony-forming units and ergos-
terol levels (Atanassov et al. 1994; Bennett et al. 1988;
Miller et al. 1983; Reid et al. 1996; Schaafsma et al.
1993; Trigo-Stockli et al. 1995). However, even visi-
bly healthy grain can contain significant amounts of
DON. In an Ontario study, 52% of normal-appear-
ing corn kernels collected from an infected field con-
tained 0.28 to 5 micrograms (ug)/gram (g) DON by
ELISA (enzyme-linked immunosorbent assay) detec-
tion (Sinha and Savard 1997).

Ear Rot of Corn Caused by Other Fusarium
Species

Farm animal disease outbreaks at the end of the
nineteenth century drew the attention of agricultur-
al scientists in Nebraska, who determined that “moldy
corn poisoning” was associated with consumption of
corn ears, stalks, and fermented silage heavily con-
taminated with a fungus described as F. moniliforme
(Sheldon 1904). The fungi originally described as F.
moniliforme currently are considered to comprise at
least six different biological species, three of which are
now recognized as F. verticillioides, F. proliferatum,
and F. subglutinans (Leslie 1995). To help clarify the
taxonomy of this complex genus and to develop a com-
mon taxonomic nomenclature, G. fujikuroi was orga-
nized into eight mating populations (A-H) (Klittich et
al. 1997; Leslie 1996, 2001). Mating population A is
most often associated with corn, and this prolific fu-
monisin producer has been renamed from F. monili-
forme to F. verticillioides (Nirenberg 1976). Interest-
ingly, members of the D population, which includes
F. proliferatum, also are able to produce significant
amounts of fumonisins. In contrast to mating popu-
lation A, members of mating population F (Fusarium
anamorph verticillioides, syn., moniliforme) do not
produce fumonisins (Leslie 1996) and primarily are
limited to sorghum as a host.

In scientific literature and disease reports from
1904 through the 1970s, it is often unclear whether
fungi referred to as F. verticillioides are actually F.
verticillioides, F. proliferatum, or F. subglutinans.
During this period, F. verticillioides was considered
to be the most common pathogen affecting ears of corn
(Kommedahl and Windels 1981) but it is likely that
many of these observations involved all three species
collectively. Several reports from the northern corn
belt states and from Canada indicate that F. subglu-
tinans can be more prevalent than F. verticillioides
and that F. proliferatum is also very common (Abbas
etal. 1988b; Bullerman and Tsai 1994; Munkvold and
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Stahr 1994; Park et al. 1996; Vigier et al. 1997). Dis-
ease symptoms caused by these three species are in-
distinguishable and are commonly called Fusarium
ear rot. Other Fusarium species are isolated infre-
guently from corn ears with ear rot symptoms.

Fusarium verticillioides, F. proliferatum, F. subglu-
tinans, and related species produce white mycelial
growth, which may become tinged with purple as the
culture ages. The undersurface can vary from color-
less to orange or dark purple. All these species are
characterized by the production of copious amounts
of one-celled spores (microconidia) as well as long,
multicelled macroconidia in the mycelium (Nelson et
al. 1983). Unfortunately, for the nonspecialist, some
of these species can be difficult to distinguish based
on colony color, spore size, and shape. Fusarium ver-
ticillioides and closely related species can usually form
Gibberella sexual stages but, unlike F. graminearum,
these species are not self-fertile. To obtain the sexu-
al stage, strains must be interbred or mated with
another strain of the same species. The ability of
strains to interbreed and produce perithecia-contain-
ing ascospores is a useful method to identify species
of these morphologically similar fungi (Leslie 1995).
Biochemical and genetic markers are being developed
for this challenging group of Fusarium (O’Donnell and
Cigelink 1997). Current evidence indicates that tri-
chothecenes and zearalenone are not produced by F.
verticillioides and related species. Fumonisins can be
produced by all of these species but, in general, strains
of F. subglutinans are poor fumonisin producers and
strains of F. proliferatum vary from low to high pro-
duction. Fusarium verticillioides, a consistent, high-
level fumonisin producer, is the predominant fumo-
nisin-producing Fusarium species in corn grown in
the United States and many other regions of the world
(Munkvold and Desjardins 1997).

Throughout the twentieth century, Fusarium ear
rot has occurred widely in the United States and is
now the most common ear disease of corn in the corn
belt states. Fusarium verticillioides infects corn
worldwide; the distributions of F. proliferatum and F.
subglutinans are less well documented but these spe-
cies have been reported from temperate regions on
every continent. Fusarium ear rot is common in Can-
ada but fumonisin levels generally have been low in
naturally infected corn (Vigier et al. 1997). High lev-
els of Fusarium ear rot and fumonisins, the major my-
cotoxin produced by F. verticillioides and F. prolifer-
atum, have been reported in corn in Europe, the
People’s Republic of China, central and southern Af-
rica, and South America (Kommedahl and Windels
1981; Munkvold and Desjardins 1997; Shephard et al.

1996).

Fusarium verticillioides, F. proliferatum, and F.
subglutinans survive in corn residue, which is proba-
bly the most important source of inoculum for kernel
infection. Macroconidia and microconidia from resi-
due are splashed or carried by wind to above-ground
infection sites on the plants. It is not certain wheth-
er root infection is caused by conidia or by mycelial
growth from infested residue. These Fusarium spe-
cies can be associated with every part of the corn
plant: roots, stalks, leaves, cobs, and kernels. From
50 to 100% incidence of kernel infection is not uncom-
mon, with the majority of kernels showing no visible
damage. When ear rot appears, kernels can be visi-
bly moldy, darkened, chalky, blistered, cracked, or
streaked with white. In severe infections, white or
pinkish mycelia can progress throughout the entire
ear, colonizing husks and gluing them to the surface
of the ear.

Because these Fusarium species are ubiquitous in
corn plants and colonize corn residues in the soil, it
is difficult to establish uninfected plants for controlled
experiments in the field or greenhouse. Using strain-
tracking approaches, several infection pathways have
been established for F. verticillioides and related spe-
cies. These species can be common in corn seed and
can be transmitted to seedlings. There are many ad-
ditional infection pathways, including root, leaf, and
stalk infection, some of which can lead to systemic
infection. The contribution of systemically infecting
strains to mycotoxin contamination in kernels is not
clear. The most important pathways for kernel infec-
tion are silk infection by airborne or rain-splashed
microconidia and macroconidia and kernel damage by
insects or birds (Munkvold and Desjardins 1997;
Munkvold et al. 1997a). Larvae of the European corn
borer (Ostrinia nubilalis) have been shown to act as
vectors of F. verticillioides, transmitting the fungus
from corn leaves to kernels (Sobek and Munkvold
1999). Other insects may act as vectors (Farrar and
Davis 1991; Kommedahl and Windels 1981). In re-
cent field tests, both visible ear rot symptoms and
symptomless kernel infection were decreased in corn
genetically engineered for resistance to the Europe-
an corn borer (Munkvold et al. 1997b).

The weather conditions that favor Fusarium ear rot
are not well understood. The three species in ques-
tion may differ in optimum temperatures and mois-
ture conditions for infection. There is evidence that
F. subglutinans is more prevalent than F. verticillio-
ides under cooler conditions (Logrieco et al. 1993; Vigi-
er et al. 1997). Some studies have associated severe
ear rot with dry weather during June and July early
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in the growing season, followed by wet weather dur-
ing silking and later in the growing season (Koehler
1959; Munkvold and Desjardins 1997; Schaafsma et
al. 1993; Vigier et al. 1997). Silks are most suscepti-
ble to infection during the first week of silking
(Schaafsma et al. 1993) and moisture on the silks fa-
vors infection (Munkvold et al. 1997a).

Fumonisins can be produced by almost all strains
of F. verticillioides (G. fujikori mating population A)
and by many strains of F. proliferatum on autoclaved
grains under laboratory conditions. Analyses of
shelled kernels have found higher fumonisin levels in
visibly moldy corn than in good-quality corn (Shep-
hard et al. 1996). Due to the technical difficulty and
expense of fumonisin analysis, the distribution of fu-
monisins in individual ears of corn infected with F.
verticillioides has received little study. In one recent
study (Desjardins et al. 1998), distribution of fumo-
nisin B, in symptomatic and symptomless kernels
from 116 individual ears of corn was determined.
Over a wide range of fumonisin levels, 82 to 100% of
the fumonisin B, in each ear was localized in symp-
tomatic kernels.

Preharvest Control Strategies

The major source of inoculum for the Fusarium spp.
is colonized plant debris. Large numbers of perithe-
cia are produced by F. graminearum on infested res-
idues. Ascospores released from these perithecia in
the spring infect wheat at flowering. Recent epidem-
ics of wheat and barley scab in North America have
been attributed to increases in conservation tillage
practices and to cropping systems in which corn is
rotated with wheat or in which wheat is grown each
year in the same field (McMullen et al. 1997). Thus,
avoiding rotation of corn with wheat may afford some
control for wheat and barley head scab.

Fusarium verticillioides, F. proliferatum, and F.
subglutinans survive in corn residue, which is proba-
bly the most important source of inoculum for kernel
infection. Tillage, however, has not been shown to de-
crease Fusarium ear rot intensity, possibly because
these fungi can survive for 21 months or more in in-
fested residue (Cotten and Munkvold 1998).

Dry weather during grain fill and late-season rains
have been associated with fumonisin production
(Munkvold and Desjardins 1997). Therefore irriga-
tion to avoid water stress during critical periods for
the plant may decrease the risks of fumonisin contam-
ination.

For head scab of wheat and ear rot of corn, very few

sources of resistance have been found. Scab resistance
breeding programs in China have identified wheat
lines with moderately high resistance to the spread
of F. graminearum within the head (Bai and Shaner
1994). Chinese wheat germplasm is being used for
scab resistance breeding programs worldwide (Dubin
etal. 1997). Corn breeding programs in Canada have
identified lines with F. graminearum ear rot resis-
tance expressed in silks and in kernels (Chungu et
al. 1996; Reid et al. 1994). Corn breeding programs
have made little effort to screen for germplasm high-
ly resistant to F. verticillioides. Furthermore, screen-
ing based on visible ear rot symptoms may not reflect
symptomless kernel infection with F. verticillioides or
the potential for fumonisin accumulation (Munkvold
and Desjardins 1997).

Enhanced breeding strategies are exploiting ad-
vances in understanding the biosynthesis of Fusari-
um mycotoxins and their interactions with plant
hosts. Efforts are underway to express mycotoxin-
detoxifying enzymes in plants, with the goal of pre-
venting mycotoxin accumulation and ear rot symp-
toms. A gene encoding a fumonisin ester hydrolase
cloned from a saphrophytic microbe present in corn
ears is being expressed for fumonisin detoxification
(Duvick et al. 1994). A F. graminearum gene encod-
ing a trichothecene 3-O-acetyltransferase significant-
ly decreases toxicity of trichothecenes and has poten-
tial for expression in corn and wheat (Kimura et al.
1998).

Another genetic engineering approach is altering
the ribosomal protein that is the trichothecene tar-
get binding site in plant tissues. Harris and Gleddie
(2001) have modified a rice gene to produce a trichoth-
ecene-tolerant ribosomal protein. When transformed
into tobacco, the modified rice gene provided trans-
genic cell cultures with tolerance to the trichothecene
DON. Research is underway to express this gene in
corn and wheat plants, to evaluate its effect on dis-
ease symptoms and trichothecene accumulation.

Plants genetically modified for enhanced insect re-
sistance have shown decreased contamination with
fumonisins. Munkvold et al. (1999) found that Bacil-
lus thurengiensis (Bt)-transgenic corn kernels ex-
pressing CrylA(b) or Cry9C protein had less damage
from European corn borer, and therefore less Fusar-
ium verticillioides infection, and lower fumonisin con-
tamination than nontransgenic corn. A significant
decrease was found in each year of the three-year
study. However, infection of corn by F. verticillioides
seems complex. Although insect damage clearly in-
creases contamination by fumonisin, there appear to
be other modes of fungal entry (Munkvold et al.
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1997b). Thus, fumonisins can occur in Bt corn as a
result of infection that is not related to insect injury.

Penicillium Infection and
Mycotoxin Development

Penicillium species are more commonly associat-
ed with storage than with preharvest contamination
of grain (Sauer et al. 1992). Preharvest contamina-
tion of corn can occur, with P. funiculosum and P. ox-
alicum being the most common in the midwestern
United States; P. purpurogenum, P. funiculosum, and
P. citrinum, the most common in the southeastern
United States; and P. chrysogenum, P. steckii, and P.
purpurogenum, the most common in Spain (Lacey et
al. 1991). Penicillium oxalicum can cause lesions on
husks and kernels and may cause ear rot. Penicilli-
um funiculosum can cause streaking of the pericarp
but usually does not affect seed viability (Lacey et al.
1991). Penicillium spp. can occasionally be found on
small grains, with infection favored by prolonged wet
weather or lodging of grain (Lacey et al. 1991).

Control strategies for Penicillium species will be
discussed in the harvest and storage section later in
this chapter.

Ergot and Endophytic Fungal
Infection and Mycotoxin
Development

Claviceps Species

Claviceps spp. produce a variety of alkaloids. Er-
got alkaloids refer specifically to those with the cla-
vine or ergoline ring system. These include lysergic
acid, lysergic acid amide (precursor for the illegal nar-
cotic, lysergic acid diethylamide [LSD]), and ergopep-
tines such as ergotamine.

In addition to ergot alkaloids, some Claviceps spp.
produce tremorgenic alkaloids of the indolediterpene
class. The malady, paspalum staggers, is attributable
to Claviceps paspali sclerotia on florets of Paspalum
spp. grasses (Cole etal. 1977; Dorner et al. 1984). This
species also produces ergot alkaloids, so that animals
grazing on Paspalum that is seeding or in flower may
suffer the combined effects of both toxic alkaloid class-
es.

Outbreaks of Claviceps africanus and/or C. sorghi
in North America (Bandyopadhyay et al. 1990; Fred-
erickson and Leuschner 1997) and Australia (Blakey

et al. 2000a, b) have become a major concern. Toxi-
coses in pigs and cattle resulting from the ingestion
of contaminated feed have been reported (Blaney et
al. 2000a, b).

Ergotism is one of the oldest known mycotoxicos-
es, and is the result of consuming grain contaminat-
ed with sclerotia of Claviceps spp. The Claviceps spp.
are “replacement parasites” in that they replace the
developing plant structures with fungal structures
called ergots, or sclerotia (Tudzynski et al. 1995).

The early stage of infection involves production of
honeydew, a sweet liquid suspension of asexual spores
that are transferred by insects from floret to floret.
The growing mycelium infects grass florets very close
to the time of pollination, grows into the ovary, and
surrounds (largely killing) the female structures of the
florets. Fungal growth continues until the fungus
produces a resting structure termed a sclerotium, or
ergot. Ergots fall from the plant, overwinter in the
ground, and then fruit sexually the following spring
when grass hosts flower. Ergots give rise to as-
cospores, which are forcefully ejected so that they land
on stigma (female part of the flower) of grass florets.
These ascospores give rise to hyphae that invade the
ovary, thus completing the infection cycle.

Epichloe and Neotyphodium Species

Toxic alkaloids are also produced by group of fun-
gi that establish an endophytic relationship with the
host. Many cool-season grasses possess endophytic
symbionts of the fungal genera Neotyphodium (if asex-
ual) and Epichloe (if sexual) (Schardl and Phillips
1997). Neotyphodium was previously known as Acre-
monium until the name was changed in 1996-1997.
Neotyphodium spp. and Epichloe spp. colonize most
of the aerial tissues of the host plant, the floral mer-
istems, the ovule, the embryo, and continue infection
of new seedlings.

Neotyphodium and Epichloe species produce a di-
verse array of alkaloids, some with antimammalian
activity and some with little or no antimammalian
activity (Bush etal. 1997). All of these alkaloid classes
are active against insects. The important antimam-
malian alkaloids are the ergot alkaloids and in-
dolediterpenes. These alkaloid classes also are
present in sclerotia produced by Claviceps purpurea
and C. fusiformis (in the case of ergot alkaloids) as
well as C. paspali (which has both ergot and in-
dolediterpene alkaloids). Furthermore, the endo-
phytes vary similarly to Claviceps spp. in the levels
and chemical structures of ergot alkaloids and in-
dolediterpenes expressed. Some grass-endophyte
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associations accumulate ergopeptines, e.g., ergova-
line, to levels that can cause symptoms to grazing live-
stock. Inthese instances, the amount of infected plant
material that must be ingested to receive a toxic dose
is much higher than for Claviceps spp. because the
endophyte biomass is relatively low and the levels of
ergot alkaloids in infected plants are much lower than
in Claviceps-infected seed heads.

Neotyphodium and Epichloe species producing var-
ious levels of antiherbivore alkaloids are known from
many cool-season grasses (Table 3.2). Reports of as-
sociated toxic effects are rare. Episodes of staggers-
like toxicoses have been reported from the native New
Zealand grass, Echinopogon ovatus, which was recent-
ly shown to possess a Neotyphodium spp. endophyte
(Miles et al. 1998). The stupefying effects of lysergic
acid amide and related alkaloids have been reported
in horses grazing Stipa robusta in the southwestern
United States (Petroski et al. 1992) and a related
grass Achnatherum inebrians in northwestern China
(Miles et al. 1996).

In the United States, most of the widely grown for-
age grass, tall fescue (Festuca arundinacea), possesses
endophytic Neotyphodium coenophialum. This endo-
phyte produces ergovaline and is implicated in epi-
sodic ergotism-like toxicosis of animals grazed on this
grass (Lyons et al. 1986). Estimated losses to the U.S.
beef cattle industry in 1990 were $600 billion and
substantial losses (undetermined) undoubtedly occur
in the dairy and equine industries as well (Hoveland
1993).

Some endophytes produce sufficiently high levels
of indolediterpenes, e.g., lolitrem B, to cause tremors
in grazing livestock (Lacey 1991; Raisbeck et al. 1991,
Rowan 1993). An example of this malady is ryegrass

Table 3.2. Values reported for some endophyte-grass associations?

staggers, suffered by livestock that graze perennial
ryegrass (Lolium perenne) bearing the endophyte
Neotyphodium lolii. The malady is usually not con-
sidered lethal. Case reports from South America,
however, suggest an association of staggers and lethal
toxicosis with certain endophyte-infected grasses.

Notably, not all endophytes of grasses produce po-
tent antimammalian toxins. Many produce only lo-
line alkaloids (saturated 1-aminopyrrolizidines), per-
amine (a pyrrolopyrazine alkaloid), or both. These
two alkaloid classes exhibit anti-insectan activity but
little or no antimammalian activity at physiological
concentrations (Bush et al. 1997). The protection af-
forded by these anti-insectan alkaloids — as well as
endophyte enhancements of drought tolerance,
growth, nematode resistance, and resistance to some
fungal diseases — makes endophyte infections of
grasses desirable in many circumstances, including
pasture and forage.

The Neotypodium spp. have a simple life cycle that
involves the colonization of most of the aerial tissues
of the host plant, the floral meristems, the ovule, the
embryo, and continued infection of new seedlings. In
this manner, Neotyphodium spp. are transmitted ver-
tically through the maternal lineages of infected grass
plants. Typically, such seed transmission is nearly
100% efficient, meaning that virtually all seeds set by
an endophyte-infected mother plant give rise to new
infected plants in the next generation.

Epichloe spp. often exhibit the same life cycle of
seed transmission as their Neotyphodium spp. rela-
tives. However, the Epichloe spp. also can be trans-
mitted horizontally by spores arising on infected
plants to the florets of uninfected plants nearby
(Chung and Schardl 1997; Schardl and Phillips 1997).

Alkaloids
(Mg g-1 dry wt)

Host grass Symbiont EV SAP LM PM
Lolium perenne Epichloé typhina 0 0 0 53
Festuca gigantea E. festucae 0 300 0 4
Festuca longifolia E. festucae 0.9 0 4.0 22
Festuca rubra E. festucae 12 0 0 0
Achnatherum inebrians Neotyphodium spp. 2,900 ND ND ND
Echinopogon ovatus Neotyphodium spp. 0 1,060 0 0
Festuca arundinacea N. coenophialum 0.5 1,100 0 2
Festuca pratensis N. uncinatum 0 5,600 0 0
L. perenne N. lolii 1.3 0 4.7 19

aAbbreviations: EV = ergovaline, SAP = saturated 1-amino-pyrrolizidines (lolines), LM = lolitrems, PM = peramine, ND = not determined. Data are

from Miles et al. (1996, 1998) and Bush et al. (1997).
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This process is coordinated with host flowering. In
an infected plant, some or all of the flowering tillers
may have fungal proliferation around the leaf sheaths
surrounding the immature inflorescence. The prolif-
erating fungal structure is termed a stroma and pro-
duces abundant spores of the type (conidiospores) that
can serve as spermatia. A symbiotic fly, Botanophila
spp. (formerly Phorbia phrenione), transfers sperma-
tia between stromata, causing fertilization of each
mating type with its opposite and thus initiating as-
cospore development. The ascospores are forcibly
ejected, land on open florets of neighboring plants, and
initiate new infections of the developing seeds. Those
seeds then give rise to infected plants (Chung and
Schardl 1997).

Preharvest Control Strategies

Ergot

Ergot poisoning is an ever present danger in live-
stock agriculture (Lacey 1991; Raisbek et al. 1991).
Wild grasses in pasture, if permitted to produce seed
heads, often will become infected with Claviceps spp.
A partial solution is to maintain adequate grazing
pressure to keep the pasture grasses in a vegetative
state. However, grasses growing in fence rows may
become accessible to the livestock after flowering,
thereby serving as a source of ergot. Also, hay cut too
late may bear ergot or Claviceps honeydew. Because
the pasture grass, tall fescue, is both an excellent host
of Claviceps purpurea and the host of an ergot-alka-
loid producing endophyte (Neotyphodium coenophi-
alum), potential confusion exists regarding the spe-
cific fungus responsible for episodes of ergot-like
poisoning on tall fescue pastures. It is important to
recognize that “fescue toxicosis,” if caused mainly by
Claviceps rather than the endophyte, cannot be ame-
liorated by replacing the pasture with endophyte-free
tall fescue or with other pasture grasses that can host
Claviceps spp. Thus, pasture management systems
should be geared toward minimizing toxicosis of live-
stock from both endophytes and ergot fungi. Farm-
ers should be watchful for ergotism-like signs in live-
stock, regardless of the endophyte status of their
pasture grasses.

The nature of the infection process makes open-pol-
linated grains such as rye much more prone to Clav-
iceps infection than close-pollinated grains such as
wheat. However, the increased use of male-sterile
wheat for breeding purposes increases ergot infec-
tions. Although this is not a major concern for the food
supply, yields of hybrid wheat seed can be greatly

decreased by the pathogen. With the advent of more
hybrid wheat, the fungus could become a problem.

Stachybotrys

About 15 species of Stachybotrys are known (Sam-
son et al. 1991). Stachybotrys chartarum can be com-
monly found in food, and S. alternans is a cellulose-
degrading saprophyte that commonly colonizes straw
and hay (Hintikka 1976). The fungus produces a sooty
dark layer, especially around the nodes, on hay or
straw (Hintikka 1976), which are substrates most
commonly associated with stachybotryotoxicosis of
animals. Stachybotrys alternans can be isolated from
wheat, oats, barley, rye, peas, cotton, sugar cane roots,
and soil (Hintikka 1976). Stachybotrys atra requires
a minimum a,,, of 0.94 for growth and toxin produc-
tion (Frisvad and Samson 1991). Signs of disease in
certain types of stachybotryotoxicoses resemble some
diseases produced by certain Fusarium species.

Stachybotryotoxicosis was first reported about
1931 in the Ukraine (Forgacs 1972), and for a consid-
erable time, it was considered a disease only of hors-
es. The disease was found to occur in other animals,
however, and became recognized in many parts of the
world. Inrecentyears, there has been concern for the
association with Stachybotrys and illness in humans
occupying buildings where there is proliferation of
this fungus. Subsequent to a report that S. chartarum
apparently was the cause of an illness that occurred
for several years in a home in Chicago, Illinois (Croft
et al. 1986), there was a report of 10 cases of acute
idiopathic pulmonary hemorrhage in infants in Cleve-
land, Ohio (Etzel et al. 1996). Stachybotrys chartarum
was isolated from the homes of some of the infants and
was considered a potential cause of the syndrome.
The association of growth of the fungus with water
damage in the homes was evident. No true cause-and-
effect relationship has been completely established in
these cases, however. Further investigation is war-
ranted relative to the toxins from the fungus and the
disease occurring in individuals exposed to airborne
fungal conidia.

Harvest and Storage Techniques

Time of Harvest

Many species of mycotoxigenic fungi that colonize
grain and oil crops are well adapted to grow on sub-
strates with low moisture. For this reason, delayed
harvest can result in increased contamination with
mycotoxins. For example, aflatoxin concentrationsin
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corn left in the field increases until the kernel mois-
ture is 16 to 18% (Payne et al. 1988). Delayed har-
vest of contaminated grain can result in greater
amounts of aflatoxin (Jones et al. 1981). Thus, early
harvest of contaminated corn, followed by drying, may
help avoid increased aflatoxin contamination. Such
a strategy is not always economically feasible because
of the added cost of drying the grain. The kinetics of
fumonisin production in corn have not been deter-
mined but F. verticillioides can grow in grain until the
moisture content reaches 18 to 20% (Munkvold and
Desjardins 1997). Late-season rains after crop ma-
turity have been associated with increased aflatoxin
(Payne et al. 1988) and fumonisin contamination.

Peanuts are indeterminate plants that should be
harvested when the greatest percentage of peanuts
is mature. If peanuts grown under drought stress are
left in the field and subjected to precipitation, they
become increasingly contaminated.

In general, following the recommended practices of
crop management and harvesting crops when they are
mature helps to decrease aflatoxin contamination.

Cleaning and Drying at Harvest

During harvest, it is important to properly adjust
combines to prevent excess damage to kernels, which
may predispose them to infection during storage. Fur-
thermore, as the highest levels of mycotoxins often are
associated with broken and insect-damaged kernels
(Malone et al. 1998b; Munkvold and Desjardins 1997),
careful adjustment of the combine may eliminate
these contaminated kernels in the field, with mini-
mum loss of sound kernels (Munkvold and Desjardins
1997; Widstrom 1996). Notably, sound kernels may
contain high concentrations of fumonisin (Munkvold
and Desjardins 1997) and aflatoxin (Jones et al. 1980),
so removal of only damaged kernels will not eliminate
mycotoxin contamination. An overall decrease of to-
tal fumonisins (FB, and FB,) of 60% was obtained by
screening and gravity separating corn being dis-
charged from a storage silo (Malone et al. 1998a).

Sclerotia of C. purpurea and C. fusiformis tend to
be larger than host seeds, while those of C. paspali
tend to be approximately the same size. The use of
sieving techniques to rid rye and wheat seed of the
larger ergots apparently has selected strains whose
ergots more closely approximate the size and shape
of the seeds (Tudzinsky et al. 1995).

Harvested grain, coffee beans, fruits, and oilseed
crops should be dried immediately. The final safe
moisture content depends on the crop and the climatic
conditions where the commodity is stored. Allowing

corn contaminated with A. flavus to be held at kernel
moistures above 18% for more than 4 to 6 hours can
rapidly increase aflatoxin contamination (Widstrom
1996). Care also should be taken to clean storage bins
and auger pits and to maintain clean trucks, trailers,
and combines, to minimize future contamination of
the crop (Widstrom 1996).

It is well accepted that grains should be dried to
15% or below before storing. Drying of coffee seems
to be critical as well to avoid ochratoxin occurrence.
Contamination of coffee with the ochratoxin-produc-
ing organism from the soil seems to occur in the dry-
ing process. Ochratoxin production seems to occur
when the beans have an a,, activity of 0.94 t0 0.80. If
the time the beans are within this window of a, is
longer than three days, there is increased likelihood
of the occurrence of ochratoxin in the coffee (Frank
1999).

Temperature and Moisture Control in
Storage

Growth of mycotoxigenic fungi on grain is influ-
enced by a,,, substrate temperature, seed damage,
aeration, fungal inoculum, microbial interactions, and
insects (Ominski et al. 1994). Avoiding mycotoxin ac-
cumulation in stored grains and oilseeds depends pri-
marily on moisture control. If the product is too dry
to allow fungal growth and it is kept dry, no further
deterioration will occur. However, if there is insect
or rodent activity, moisture migration, condensation,
or water leaks, fungal growth that could lead to myc-
otoxin contamination will occur.

If storage conditions are favorable for A. flavus,
aflatoxin concentrations will increase in stored grain
previously infected in the field. In addition, the fun-
gus can directly infect stored grain. Germination and
growth of A. flavus require a,, greater than 0.85 and
temperatures greater than 10°C (Marin et al. 1998a).
The lower limits for growth of A. flavus on seeds for a
number of crops have been determined (Sauer et al.
1992) and are shown in Table 3.3. Aspergillus ochra-
ceus, like A. flavus, can infect seeds in the field and
in storage. Aspergillus ochraceus and A. flavus, how-
ever, differ in their limits for temperature and a,,
(Table 3.3). Aspergillus ochraceus can germinate and
grow at 10°C with an a,,, of 0.85 to 0.87.

Penicillium spp. can grow and produce mycotoxins
over a wider range of temperatures than Aspergillus
spp. (Ominski et al. 1994). Penicillium species are
more abundant in temperate climatic zones, where-
as the Aspergillus spp. predominate in warmer cli-
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mates. Patulin production by P. expansum can occur
between 0°C and 24°C. Moisture requirements for
Penicillium spp. vary widely among species. Some
species can colonize substrates with no free water,
whereas others can invade and destroy grains and
their products with moisture contents in equilibrium
with relative humidities of 90% or above at tempera-
tures of —2% to +5%C (Sauer et al. 1992) (Table 3.3).
Thus, at low temperatures and high moisture, some
Penicillium species are very competitive with other
fungi.

Table 3.3. Lower moisture limits for growth of Aspergillus spp.
and Penicillium spp. on seeds of a number of plant
species (Sauer et al. 1992)

A. ochraceus A. flavus Penicillium spp.
Plant Moisture content of grain (%)
Starch cereal grains 15.5-16 17-18 16.5-20
Soybeans 14.5-15 17-17.5 17-20
Sunflower, safflower,
peanuts, and copra 9.0-9.5 10-10.5 10-15

Penicillium aurantiogrisesum Dierckx and P. ver-
rucosum var. verrucosum require an a,,, of only 0.80
to 0.82 to start growing (Wilson and Abramson 1992).
Marin et al. (1998a) found that germination of conid-
ia and growth of P. aurantiogriseum could occur at 5°C
atana,, 0f0.9t00.95. Attemperatures between 15°C
and 25°C, it could grow at an a,, 0f 0.85. As the fungi
continue to grow, moisture released during metabo-
lism allows the substrate to be colonized by other spe-
cies. Penicillium spp. are known to produce a hum-
ber of mycotoxins on different commaodities but only
a few are found in naturally contaminated cereals
(Wilson and Abramson 1992). These include ochra-
toxins, citrinin, penicillic acid, and xanthomegnin.
Although these mycotoxins are attributed to Penicil-
lium spp., most are also produced by the Aspergillus
spp. (Wilson and Abramson 1992). The disease of corn
known as blue eye can be caused by species of either
Penicillium or Aspergillus. If the disease, whose
symptoms are caused by the accumulation of fungal
spores on the germ just under the pericarp, occurs in
the field or shortly after storage, it is usually due to
Penicillium spp. If the disease appears in corn stored
for several months to a year at 14 to 14.5% moisture,
it is most likely caused by A. restrictus or A. glaucus
(Sauer et al. 1992).

Over 24 species of Fusarium have been associated
with human or animal health problems (ApSimon
1994) and more than 100 active secondary metabolites

are known to be produced by Fusarium (Thrane 2001;
Wilson and Abramson 1992). Species of Fusarium
that may be found on stored grain include F. cul-
morum, F. graminearum, F. verticillioides, F. tricinc-
tum, F. poae, F. sporotrichioides, F. avenaceum, F.
acuminatum, and F. sambucinum (Lacey et al. 1991).
Most of the contamination in storage comes from in-
fections that began in the field. (Colonization of corn
and wheat in the field with Fusarium species was
described in an earlier section.) The fungus can con-
tinue to grow in stored grain if the moisture content
is high. There have been no reports of fumonisin ac-
cumulation during storage (United Nations 2001).
Zearalenone concentrations appear to be low in grain
contaminated in the field but can increase in storage
if the moisture is greater than 34% (Wilson and
Abramson 1992). Zearalenone is not produced under
anaerobic silage conditions but zearalenone present
in corn before ensiling is not destroyed by the silage
treatment (Wilson and Abramson 1992). In general,
Fusarium species require a high a,, to colonize grain,
usually above 0.90. Fusarium culmorum requires at
least 0.90 a,,, for growth (Lacey et al. 1991).

Temperature and moisture environments can be al-
tered by other factors such as rodent and insect ac-
tivity. Therefore, insect and rodent control are im-
portant because their activity in stored products
creates favorable microclimates for fungal growth.
Once fungal growth starts, the water of metabolism
is sufficient for further growth and mycotoxin devel-
opment (Sauer et al. 1992).

Antifungal Agents

Antifungal agents of low toxicity should be used to
supplement good management practices, rather than
as a substitute for safe, clean handling practices of
mixed feeds. Fungal growth and mycotoxin contam-
ination of high-moisture grains can be prevented with
propionic acid or mixtures of propionic and acetic ac-
ids (Sauer et al. 1992). Grain treated with these ac-
ids is somewhat corrosive, which can create problems
when handling treated grains or feeds. Liquid sprays
generally are more effective than dry formulations of
propionic acid but the dry formulations are easier to
use.

Interaction Among Fungal
Species

When conditions are favorable for fungal contami-
nation of substrates it is not uncommon for more than
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one fungus to be involved. In storage, grain is often
colonized by a succession of fungi, the sequence of
which is determined in part by the temperature and
moisture of the grain. The most xerophytic fungi in
stored grain are members of the A. glaucus group and
A. restrictus, which can grow when the is as low
as 0.7 (Lacey et al. 1991). As the moisture of the grain
increases through microbial activity, moisture migra-
tion, or insect activity, other fungal species begin to
grow. Some species may colonize grain at conditions
suboptimal for growth because they can out compete
other species under these conditions. For example,
P. aurantiogrissum and P. viridicatum are most abun-
dant at 0°C and 1.0 a,,» although they grow best in
pure culture at 25°C and 1.0 a,, (Lacey et al. 1991).
Likewise, members of the A. glaucus group are most
abundantin grain at 30°C and at 0.7 a,, but grow best
at 30°C and 0.90 a,,,.

Marin et al. (1998b) compared the effect of temper-
ature (10 to 30°C) and water activity (0.92 to 0.994)
on in vitro microbial interactions of F. verticillioides,
F. proliferatum, F. graminearum, A. flavus, A. niger,
A. ochraceus, P. aurantiogriseum, P. griseofulvum,
and P. citrinum. Both temperature and affected
the relative competitiveness of each strain. The re-
searchers found, however, that under the conditions
examined, F. verticillioides and F. proliferatum were
able to dominate several corn-contaminating fungi. F.
proliferatum was more competitive than F. verticil-
lioides; however, at 15°C, F. graminearum had a com-
petitive advantage over the other two species. As-
pergillus and Penicillium species became more
competitive at lower a,,. Aspergillus flavus, for ex-
ample, was dominant over F. verticillioides and F. pro-
liferatum at 30°C and an a,, of 0.94. Similarly, A.
ochraceus, and A. niger were dominant over F. verti-
cillioides and F. proliferatum at 15°C and an a,, of
0.98. Because of the possible interaction of several
fungal species, grain may be contaminated with a
number of different mycotoxins.

Genetic and Molecular Aspects of
Mycotoxin Biosynthesis

Aflatoxins

Aflatoxins are the most thoroughly studied myc-
otoxins. Their biosynthesis is the best characterized
of any fungal secondary metabolite, with the possible

exception of penicillin. Aflatoxins are polyketides
derived from acetate as the starter unit. Most of the
biosynthetic steps in the pathway are known. Genetic
analysis of the biosynthesis of aflatoxin by Aspergil-
lus flavus and A. parasiticus, and sterigmatocystin
production by A. nidulans, has led to the cloning of
17 genes responsible for 12 enzymatic conversions in
the aflatoxin/sterigmatocystin pathway (Bhatnagar et
al. 1992; Minto and Townsend 1997; Payne and Brown
1999; Woloshuk and Prieto 1998). Sterigmatocystin
seems to be synthesized by a pathway similar to that
for aflatoxin. The tractable genetic system of A. nid-
ulans is adding to our understanding of the biosyn-
thesis and regulation of these two mycotoxins. The
genes for aflatoxin and sterigmatocystin biosynthe-
sis and the pathway specific regulatory gene, afIR, are
clustered ina 75 kb region of DNA (Brown et al. 1996;
Payne and Brown 1999; Yu et al. 1995).

Trichothecenes

Trichothecene biosynthesis begins with the forma-
tion of the sesquiterpene trichodiene, which is then
oxygenated, esterified, and cyclized to yield a large
family of sesquiterpene epoxides. The entire trichoth-
ecene biosynthetic pathway has been established for
several Fusarium species (Desjardins et al. 1993).
More than eleven pathway genes have been cloned for
both F. sporotrichioides and F. graminearum (Brown
etal. 2001). All of these genes, which encode enzymes,
a transcription factor, and a transporter, are clustered
in a region of DNA (Keller and Hohn 1997).

Fumonisins

The fumonisin biosynthetic pathway is being inves-
tigated. Precursor feeding experiments have estab-
lished that fumonisins originate by condensation of
the amino acid alanine with an intermediate derived
from acetate. Sexual genetic analysis has shown that
several genes involved in fumonisin biosynthesis are
clustered on chromosome 1 of F. verticillioides (Des-
jardins et al. 1996a). Recent studies have identified
the first fumonisin biosynthetic gene, a polyketide
synthase that is located in this gene cluster (Proctor
et al. 1999).

Research also is focusing on using mycotoxin path-
way genes to study Fusarium biology and the factors
that regulate fungal growth and mycotoxin produc-
tion in agricultural commodities. Using gene disrup-
tion to block trichothecene biosynthesis has been a
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powerful tool for investigating the role of these myc-
otoxins in plant disease. In-field trials in the United
States and Canada, trichothecene-nonproducing mu-
tants of F. graminearum demonstrated decreased
ability to cause wheat scab and corn ear rot (Desjar-
dins et al. 1996b; Harris et al. 1999).

Ergot Alkaloids

Considerable effort is underway to identify or gen-
erate genotypes of grass and endophyte that minimize
expression of the antimammalian alkaloids while re-
taining beneficial characteristics. One approach is to
use tall fescue genotypes associated with decreased
ergot alkaloid levels in symbioses with Neotyphodi-
um coenophialum (Agee and Hill 1994). Another ap-
proach is to identify endophyte genotypes that pro-
duce few or none of the major antimammalian
alkaloids but still exhibit other plant protective char-
acteristics (Christensen et al. 1993). An advantage
to these approaches is that they make use of already-
available biological materials. A disadvantage is that
the benefits already well documented for N. coenophi-
alum and N. lolii in existing grass cultivars need to
be field tested for the new grass and endophyte geno-
types.

Another approach to address tall fescue toxicosis
is to specifically eliminate genes for biosynthesis of
antimammalian alkaloids in the well-characterized
endophytes (Schardl 1994). To this end, the gene for
the first determinant step in ergot alkaloid biosynthe-
sis has been cloned from the related fungus, Clavice-
ps purpurea (Tsai et al. 1995). By eliminating the
gene for the first determinant step in the pathway,
the endophyte should be rendered incapable of pro-
ducing ergot alkaloids. However, the endophyte
should retain the capability to produce lolines and
peramine because these anti-insect alkaloids appear
chemically unrelated to ergot alkaloids. Thus, the
potential exists to improve N. coenophialum for agri-
cultural use through genetic engineering.

Speculative Function of
Mycotoxins to the Fungus

Many mycotoxin-producing fungal species can
cause plant diseases under field conditions. Thus, it
becomes logical to ask whether mycotoxins them-
selves play a role in plant diseases in addition to their
role in animal diseases. Although it has been easy to
demonstrate that some mycotoxins are highly toxic to
plants, it has proven far more difficult to establish a
causal role for mycotoxins in plant disease. Critical
analysis of the role of mycotoxins in plant disease
awaited the development of laboratory methods to
specifically eliminate a toxin from a biological system.
DNA-mediated transformation and other molecular
biological methods are providing the essential tools
to rigorously test the role of mycotoxins in plant dis-
ease. In principle, if production of a mycotoxin in-
creases the ability of a fungus to cause a plant dis-
ease, then increasing plant resistance to the toxin
should increase plant resistance to the disease itself.

Various strategies have been used to isolate and
disrupt mycotoxin biosynthetic genes in plant patho-
genic fungi. As of this writing, mycotoxin biosynthetic
pathways that have been blocked by gene disruption
include aflatoxin biosynthesis in Aspergillus species,
ergot alkaloid biosynthesis in Neotyphodium species,
fumonisin biosynthesis in F. verticillioides, and tri-
chothecene biosynthesis in Fusarium species (Desjar-
dins and Hohn 1997; Panaccione et al. 2000; Proctor
etal. 1999). Laboratory and field tests of mycotoxin-
nonproducing transformants have demonstrated that
trichothecenes play an important role in wheat head
blight and corn ear rot caused by F. graminearum
(Desjardins and Hohn 1997; Harris et al. 1999), but
that fumonisins are not required for corn ear rot
caused by F. verticillioides (Desjardins et al. 2000).
Similar efforts are underway to test the roles of afla-
toxins, ergot alkaloids, and other mycotoxins in plant
disease in the laboratory and in the field.
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Summary

Many foods and feeds can be contaminated with
mycotoxins before harvest, during the time between
harvesting and drying, and in storage. A few mycotox-
ins, e.g., those associated with ergotism, are produced
exclusively in the field. Many other mycotoxins can
contaminate crops before harvest and, under certain
circumstances, progress from that point. Aflatoxins
can be found in the field before harvest, and contam-
ination can increase during postharvest activities,
e.g., crop drying, or in storage. However, aflatoxins
also can contaminate stored products in the absence
of field contamination. Many other fungi that produce
mycotoxins contaminate crops in much the same way.

Other than aflatoxins, mycotoxin contamination of
feeds and foods is poorly studied. Aflatoxins have
been detected in milk, cheese, corn, peanuts, cotton-
seed, Brazil nuts, copra, almonds, pecans, figs, spic-
es, and a variety of other foods and feeds. Worldwide,
corn, peanuts, and cottonseed are the most frequent-
ly analyzed crops, while copra, pistachio nuts, Brazil
nuts, figs, and spices are of concern as well. Milk,
eggs, and meat products sometimes become contami-
nated because the animal has consumed mycotoxin-
contaminated feed.

Besides aflatoxins, ochratoxin and Fusarium my-
cotoxins have been given the greatest attention as food
and feed contaminants. These mycotoxins tend to
occur in the more-temperate regions of the United
States. DON, zearalenone, and fumonisins are a
greater economic concern than ochratoxin to U.S.
animal producers. Mycotoxins produced by Aspergil-
lus, Penicillium, Fusarium, and Alternaria species
can contaminate products; however, the incidence and
relative importance to animal and human health of
these many different mycotoxins have not been estab-
lished.

A truly mycotoxin-free food supply cannot be guar-
anteed. The ability to identify and remove all natu-
rally occurring mycotoxin contamination or even all
of a specific mycotoxin from foods and feeds is limit-
ed. Thus, it is important to establish realistic goals
for mycotoxin management.
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Introduction

Published literature is replete with reports of the
natural occurrence of various mycotoxins in foods and
feeds. The intent of this section is not to summarize
this information but rather to put these reports of
natural occurrence and their implications into per-
spective.

After reviewing the literature on mycotoxin occur-
rence, several conclusions can be drawn.

1. Numerous reports of the fungal flora on foods and
feeds document the frequent presence of poten-
tially toxigenic fungi (Table 4.1). These reports
define the conditions conducive to or restrictive
of fungal growth and mycotoxin formation.

2. Myecotoxins can occur in a wide variety of agricul-
tural commodities (Table 4.2).

3. Knowledge about the frequency of food and feed
contamination still is rather limited. Itis known,
however, that mycotoxins can make their way into
human foods (Table 4.3).

4. Humans are less exposed to mycotoxins in the de-
veloped countries than in developing countries
where food resources are plentiful, food handling
and preservation technology is well developed,
and regulation and control of food quality restricts
exposure to mycotoxins.

5. A major problem with mycotoxins in developed
countries is associated with animal health, be-
cause animal feeds are most likely to contain
mycotoxins and thus animal mycotoxicoses occur
but are difficult to diagnose due to subtle or non-
specific effects. The veterinary literature has
been a rich source of information on known and
potential mycotoxin problems.

Mycotoxins can be categorized as frequently occur-
ring in (1) raw agricultural products; (2) processed
foods; (3) imported products; and (4) animal products,
e.g., milk, meat, and eggs.
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Table 4.1. Summary of selected reports of potentially toxic molds from various food or agricultural commodities (adapted from Bullerman

1979, 1986)

Commodity

Potentially toxic genera/species found

Potential mycotoxins

Wheat, flour, bread, cornmeal, popcorn

Peanut, in-shell pecans

Meat pies, cooked meats, cocoa powder, hops, cheese

Aged salami and sausage, country cured ham,

moldy meats, cheese

Black and red pepper, macaroni

Dry beans, soybeans, corn, sorghum, barley

Refrigerated and frozen pastries

Moldy supermarket foods

Aspergillus
flavus
ochraceus
versicolor

Fusarium

Spp.

Aspergillus
flavus
parasiticus
ochraceus
versicolor

Fusarium

spp.

Aspergillus
flavus

Aspergillus
flavus
ochraceus
versicolor

Aspergillus
flavus
ochraceus

Aspergillus
flavus
ochraceus
versicolor

Alternaria

Aspergillus
flavus
versicolor

Penicillium
cyclopium

Fusarium
oxysporum
solani

Penicillium
citrinum
citreo-viride
cyclopium
martensii
patulum
puberulum

Penicillium
cyclopium
expansum
citrinum

Penicillium
verrucosum
roqueforti
patulum
commune

Penicillium
viridicatum
cyclopium

Penicillium
spp.

Penicillium
cyclopium
viridicatum
citrinum
expansum
islandicum
urticae

Penicillium
cyclopium
citrinum
martensii
olivino-viride
palitans
puberulum
roqueforti
urticae
viridicatum

Aspergillus
spp.

Aflatoxins,
ochratoxin A,
sterigmatocystin,
patulin,

penicillic acid,
deoxynivalenol,
zearalenone

Aflatoxins,
ochratoxin A,
patulin,
sterigmatocystin,
trichothecenes,
cytochalasins,
oosporein

Aflatoxins,
ochratoxin A,
patulin,
penicillic acid

Aflatoxins,
ochratoxin A,
patulin,

penicillic acid,
sterigmatocystin,
penitrem

Aflatoxins,
ochratoxin A

Aflatoxins,
ochratoxin A,
sterigmatocystin,
penicillic acid,
patulin,

citrinin,
griseofulvin,
alternariol,
altenuene

Aflatoxins,
sterigmatocystin,
ochratoxin A,
patulin,

penicillic acid,
citrinin

penitrem

Penicillic acid,
trichothecenes,
aflatoxins,
possibly other
Aspergillus and
Penicillium toxins

— continued
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Table 4.1. (continued)
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Commodity

Potentially toxic genera/species found

Potential mycotoxins

Foods stored in homes, both refrigerated
and nonrefrigerated

Apples and apple products

Penicillium Aspergillus
spp. spp.
Penicillium
expansum

Aflatoxins,
kojic acid,
ochratoxin A,
penitrem,
patulin,
penicillic acid

Patulin

Table 4.2. Commodities in which mycotoxin contamination has been found and the resulting effects on animals and humans (adapted
from Bullerman 1979, 1981, 1986)

Effects of mycotoxins

Mycotoxin Commodities found contaminated Affected species Pathological effects
Aflatoxins Peanuts, corn, wheat, rice, cottonseed, Birds Hepatotoxicity (liver damage)
(B4, By, Gy, copra, nuts, various foods, milk, Duckling, turkey poult, Bile duct hyperplasia
G,, My, M,) eggs, cheese pheasant chick, Hemorrhage
mature chicken, quail Intestinal tract
Mammals Kidneys
Young pigs, pregnant sows, Carcinogenesis (liver tumors)
dog, calf, mature cattle, sheep,
cat, monkey, human
Fish
Laboratory animals
Citrinin Cereal grains (wheat, barley, corn, rice) Swine, dog, laboratory animals Nephrotoxicity

Cyclopiazonic acid

Fumonisins

Ochratoxin A

Corn, peanuts, cheese, kodo millet

Corn, polenta

Cereal grains (wheat, barley, oats, corn),
dry beans, moldy peanuts, cheese,
tissues of swine

Chicken, turkey, swine, rat,
guinea pig, human

Swine, horse, rat, mouse, humans

Swine, dog, duckling, chicken,
rat, human

(tubular necrosis of kidney)
Porcine nephropathy

Muscle necrosis
Intestinal hemorrhage and edema
Oral lesions, cracked eggshell

Pulmonary edema,
leukoencephalomalacia,
nephrotoxicity, hepatoxicity

Nephrotoxicity
(tubular necrosis of kidney)
Porcine nephropathy
Mild liver damage
Enteritis
Teratogenesis
Carcinogenesis (kidney tumors)
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Table 4.2. (continued)
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Mycotoxin Commodities found contaminated

Effects of mycotoxins

Affected species

Pathological effects

Patulin Moldy feed, rotted apples, apple juice,
applesauce, wheat straw residue

Penicillic acid Stored corn, cereal grains, dried beans,
moldy tobacco
Penitrem Moldy cream cheese, English walnuts,

hamburger bun, beer

Sterigmatocystin Green coffee, moldy wheat,
hard cheeses

Trichothecenes Corn, wheat, commercial cattle feed,
(T-2 toxin, mixed feed
diacetoxyscirpenol,
neosolaniol,
nivalenol,
diacetylnivalenol,
deoxynivalenol,
HT-2 toxin,
fusarenon X)

Zearalenone Corn, moldy hay, pelleted
commercial feed

Birds
Chicken, quail
Mammals
Cat, cattle, mouse, rabbit, rat

Mouse, rat, quail

Dog, mouse, human

Mouse, rat

Swine, cattle, chicken, turkey,
horse, rat, dog, mouse,
cat, human

Swine, dairy cattle, turkey, lamb,
rat, mouse, guinea pig

Edema

Brain

Lungs
Hemorrhage

Lungs
Capillary damage

Liver

Spleen

Kidney
Paralysis of motor nerves
Convulsions
Carcinogenesis
Antibiotic

Liver damage

(fatty liver, cell necrosis)
Kidney damage
Digitalis-like action on heart
Dilates blood vessels
Antidiuretic
Edema in rabbit skin
Carcinogenesis
Antibiotic

Tremors, death, incoordination,
bloody diarrhea

Carcinogenesis
Hepatotoxin

Digestive disorders
(emesis, diarrhea, refusal to eat)
Hemorrhage
(stomach, heart, intestines, lungs,
bladder, kidney)
Edema
Oral lesions
Dermatitis
Blood disorders (leucopenia)

Estrogenic effects (edema of vulva,
prolapse of vagina, enlargement of
uterus)

Atrophy of testicles

Atrophy of ovaries, enlargement of
mammary glands

Abortion
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Table 4.3. Selected examples of natural occurrence of mycotoxins in processed foods
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Average levels
of contaminated

Mycotoxin Food Country samples (ug/kg) Incidence Reference
Aflatoxins Peanut butter u.s. 14 17/104 Wood 1989
Aflatoxins Peanut butter U.K. — — Jelinek 1987
Aflatoxins Peanut butter Philippines 213 145/149 Diener 1981
Aflatoxins Peanut candies Philippines 38 47/60 Diener 1981
Aflatoxins Peanut candies U.S. (Imported) 10 10/18 Wood 1989
Aflatoxins Roasted, shelled u.s. 68 6/55 Wood 1989

peanuts
Aflatoxins Corn u.s. 30 49/105 Jelinek 1987
Aflatoxins Corn u.S. 20 12/28 Jelinek 1987
Aflatoxins Corn Philippines 110 95/98 Diener 1981
Aflatoxins Corn products Philippines 32 22/32 Diener 1981
Aflatoxins Spaghetti Canada 13 1 van Walbeek et al. 1968
Aflatoxins Wheat flour France 0.25-150 20/100 Lafont and Lafont 1970
Aflatoxins Milk Germany — 79/419 Kiermeier et al. 1977
Aflatoxins Nonfat dry milk Germany 2.0 — Polzhofer 1977
Aflatoxins Cheddar cheese U.S., Germany — — Bullerman 1981
Deoxynivalenol Corn meal Canada 110 35 Scott 1984
Deoxynivalenol Corn flour Canada 180 27 Scott 1984
Deoxynivalenol Popcorn Japan (Imports U.S.) 84,000 10/14 Tanaka et al. 1985
Deoxynivalenol Wheat flour Japan 38,000 26/36 Tanaka et al. 1985
Deoxynivalenol Wheat flour Canada 400 43 Scott 1984
Deoxynivalenol Wheat bran Canada 170 14 Scott 1984
Deoxynivalenol Cookies Canada 120 35 Scott 1984
Deoxynivalenol Bread Canada 80 21 Scott 1984
Deoxynivalenol Crackers Canada 270 20 Scott 1984
Deoxynivalenol Wheat breakfast Canada, 86 36 Scott 1984; Schothorst

cereals The Netherlands and Jekel 2001
Deoxynivalenol Baby cereal Canada 43 30 Scott 1984
Ochratoxin A Pork kidney Denmark >25 9.8% Leistner 1984
Ochratoxin A Pork kidney West Germany <3 18.1% Leistner 1984
Ochratoxin A Pork blood West Germany <3 15.3% Leistner 1984
Patulin Apple juice Canada 1,000 — Scott et al. 1972
Patulin Pears, stone fruits uU.S. — — Buchanan et al. 1974
Penitrem A Cream cheese u.s. — 1 sample Richard and Arp 1979
Sterigmatocystin Gouda cheese Holland 5-600 9/39 Northolt et al. 1980

Natural Occurrence in Raw
Agricultural Products

Mycotoxins can contaminate raw agricultural prod-
ucts before and/or after harvest. Some, e.g., aflatox-
ins, can occur in the field as well as increase after
harvest, if conditions are conducive to mold growth.
Others, e.g., ergot toxins, are produced only prior to
harvest. Many mycotoxins may be produced in stored
products if conditions are favorable.

Ergotism is the oldest known mycotoxicosis of hu-
mans and animals. Ergot mycotoxins are present in
the sclerotia (ergot) of the fungus, which replaces the
grain seed. The mycotoxins associated with ergot are
not often quantitated; therefore, little information is
available on alkaloid concentration in ergot-contam-

inated products. Van Rensburg (1977) stated that as
little as 0.2% (by weight) ergot in grain could cause
mild symptoms or signs of ergotism in humans, while
death from gangrene could follow consumption of
about 100 g of ergot over a few days. Canadian sci-
entists have suggested a maximum acceptable level
of 0.05% of ergot particles in flour (Peace and Harwig
1982).

Aflatoxins have been found to contaminate many
crops, frequently at low nanogram (ng)/g levels, al-
though occasionally they can be found at levels of tens
to hundreds of ng/g. Commaodities with a high risk of
aflatoxin contamination include peanuts (Figure 4.1),
corn, cottonseed, Brazil nuts, pistachios, spices, figs,
and copra (Jelinek 1987). Commodities with a lower
risk of aflatoxin contamination include figs, almonds,
pecans, walnuts, and raisins. Soybeans, beans, puls-
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Figure 4.1. Growth of Aspergillus flavus (yellow-green fungus)
from two of five surface sterilized peanuts placed on
anutrient culture medium. Photograph courtesy of
R. J. Cole, USDA, ARS, National Peanut Research
Laboratory, Dawson, Georgia.

es, cassava, grain sorghum, millet, wheat, oats, bar-
ley, and rice are resistant or only moderately suscep-
tible to aflatoxin contamination in the field. Howev-
er, all of these commodities are susceptible when
stored under conditions of high moisture and temper-
ature. Insect or rodent infestations can create micro-
climates that facilitate mold invasion of some stored
commodities.

In the United States, the U.S. Food and Drug Ad-
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Figure 4.2. Frequency distribution (cumulative % less than in-
dicated level) of total aflatoxin levels in raw shelled
peanuts produced in the United States. Data are
from the crop year reports of the Peanut Adminis-
trative Committee. Center plotis the average for the
12 crop years 1973-984; boundary plots are for the
year (1981) with the least aflatoxin contamination
and the year (1980) with the most aflatoxin contami-
nation (Stoloff 1986).
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ministration (FDA) analyzes raw agricultural prod-
ucts for selected mycotoxins through a formal compli-
ance program and exploratory surveillance activities
(Wood 1991; Wood and Trucksess 1998). The objec-
tives of the compliance program are to (1) collect and
analyze samples of foods and feeds to determine com-
pliance with FDA regulatory levels; (2) remove from
interstate commerce those foods that contain viola-
tive aflatoxin levels; and (3) determine awareness of
potential problems and control measures employed by
distributors, manufacturers, and processors. In con-
trast, the role of the exploratory surveillance program
is to collect background exposure data for a particu-
lar mycotoxin, to be used in conjunction with toxico-
logical data. Monitoring is aimed at regions and com-
modities that historically have a high level of
contamination or as a response to new information on
contamination problems in regions or commodities not
normally affected.

Tables 4.4 and 4.5 summarize the FDA compliance
data for peanuts and corn, respectively, from 1987 to
1997. In over 95% of peanut lots, the mean aflatoxin
content is much less than the 20 parts per billion (ppb)
FDA guideline (National Peanut Council 1988). The
frequency distribution of aflatoxins in U.S. peanuts
and North Carolina corn is presented in Figures 4.2
and 4.3 (Stoloff 1986).
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Figure 4.3. Frequency distribution (cumulative % less than in-
dicated level) of total aflatoxin levels in shelled corn
produced in the state of North Carolina. Data are
from 8,653 farmer-submitted and elevator-survey
samples assayed by the state analysts for the six
crop years 1977-1978, 1980—1983. Center plotis the
average of the six years; boundary plots are for the
year (1982) with the least aflatoxin contamination
and the year (1977) with the most aflatoxin contami-
nation (Stoloff 1986).
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Table 4.4. Peanut products examined for aflatoxins and levels2 P

Year 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Peanut butter
No. tested 146 372 158 105 116 82 64 77 70 62 88
No. positive 20 7 1 25 40 18 2 23 29 15 7
% positive 14 2 1 24 34 22 3 30 41 24 8
Minimum 3 3 17 1 1 1 4 2 1 2 3
Maximum 181 37 17 42 14 9 5 15 18 13 10
Mean 26.45 18.86 17.00 10.04 4.98 2.56 4.50 5.35 5.90 6.47 571
Median 12 18 17 5 35 1 4.5 5 6 6 5
Shelled and roasted
No. tested 63 357 243 95 73 89 69 79 82 65 58
No. positive 2 9 0 20 12 10 2 4 6 0 2
% positive 3 3 0 21 16 11 3 5 7 0 3
Minimum 117 5 0 1 1 1 1 4 2 0 11
Maximum 134 34 0 250 34 31 2 44 5 0 13
Mean 1255 14.33 — 30.85 8.67 10.80 1.50 18.25 2.83 — 12.00
Median 1255 12 — 9 5.5 6.5 15 12.5 25 — 12
In-shell and roasted
No. tested 15 80 52 14 16 19 13 19 5 14 20
No. positive 0 1 0 1 0 0 0 0 0 0 0
% positive 0 1 0 7 0 0 0 0 0 0 0
Minimum 0 6 0 12 0 0 0 0 0 0 0
Maximum 0 6 0 12 0 0 0 0 0 0 0
Mean — 6 — 12 — — — — — — —
Median — 6 — 12 — — — — — — —

2Data from FDA Compliance Programs, 1987—-1997 provided by Dr. Garnett Wood, U.S. Food and Drug Administration.

bThe peanut products were collected by FDA Inspectors during scheduled inspections of firms within the United States that had a history of Food and
Drug Law violations; these results are therefore biased, but they give an indication of the effectiveness of industry control efforts.

After aflatoxins, the most-often reported mycotox-
ins in raw agricultural commodities are those pro-
duced by various Fusarium species. In the United
States and Canada, grain contamination by DON and
zearalenone frequently is encountered. In Japan,
high concentrations of both DON and nivalenol have
been found in corn, wheat, and barley; zearalenone
sometimes occurs as a co-contaminant (Jelinek 1987).
DON may be found in corn at levels greater than 1
mg/kg. DON is frequently found in U.S., Canadian,
and European wheat, especially crops associated with
cool, wet growing and harvest seasons that favor the
formation of scab, the result of grain invasion by F.
graminearum (Figure 4.4). DON was a major prob-
lem in the United States in the states of North Dako-
ta, Minnesota, South Dakota, Ohio, Michigan, Indi-
ana, and lllinois in the 1990s. DON-contaminated
wheat and barley were greatly devalued by the U.S.
marketing system. Because of a near-zero tolerance
policy for DON, grain buyers and food processors
refuse to purchase soft white wheat or malting bar-
ley from some midwestern states during years when
scab is a problem.

The occurrence of other trichothecenes, T-2 toxin
and diacetoxyscirpenol, has been reported less fre-
guently in raw products, which may be related to in-
adequate analytical methodology. Data on diacetox-
yscirpenol usually are qualitative only.

'T_!r__‘-

Figure 4.4. Pink scab of wheat resulting from invasion of grain
by Fusarium graminearum. Deoxynivalenol may be
presentin such infected grain. Photograph courtesy

of B. Doupnik, University of Nebraska, Lincoln.
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Table 4.5. Occurrence of aflatoxins in foods and feeds imported into the United States from 1987-19972
Samples examined Samples contaminated Maximum
Commodity (No.) (No.) No. > 20 ng/g (ng/g)
Human food
Almonds 85 2 1 46
Apricot/kernals 49 7 7 310
Brazil nuts 158 29 16 1,118
Candy, assorted 363 50 22 555
Cookies/crackers 177 27 14 77
Corn flour/meal 172 45 10 100
Edible seeds, misc. 144 5 3 318
Figs 156 7 4 174
Filbert/hazelnuts 170 7 4 351
Lotus seeds 41 4 1 23
Marzipan 38 18 12 101
Melon seeds 252 46 15 276
Nutmeg 44 9 5 37
Nuts, assorted 316 22 8 60
Peanuts 329 70 25 901
Peanut products 434 106 46 422
Pecans 141 8 6 725
Pistachio nuts 107 20 14 442
Pumpkin seeds 262 28 14 150
Sesame seeds 432 6 1 41
Snack food 128 17 5 20
Sunflower seeds 20 3 2 125
Animal feed
Corn 1,320 5 1 231
Cottonseed/meal 192 3 3 154

@Data from FDA Compliance Programs, 1987-1997, provided by Dr. Garnett Wood, U.S. Food and Drug Administration, Washington, D.C.

Zearalenone, produced by several Fusarium spe-
cies, is a frequent contaminant of U.S. corn, wheat,
barley, and grain sorghum. Generally, zearalenone
concentrations are well below 1 mg/kg (the level in
feed that can cause oestrus in swine) in processed
cereal foods but higher amounts can be encountered
in some feeds (Morehouse 1985).

Several toxic metabolites are produced by Fusari-
um verticillioides, the most common fungus found on
corn. An important group of mycotoxins from F. ver-
ticillioides (syn., moniliforme) was characterized in
1988 by South African investigators and named fu-
monisins (Gelderblom et al. 1988b). The fumonisins
have been implicated in equine leukoencephalomal-
acia and porcine pulmonary edema and have been
shown to be cancer promoters in rats. Because F.
verticillioides is nearly ubiquitous in corn, low-level
(less than 1 mg/kg) contamination with fumonisins is
extremely common throughout the world. Some sur-
veys have found these toxins at concentrations exceed-
ing 5 mg/kg (Dutton 1996; Shephard et al. 1996).
Other toxic F. verticillioides metabolites have been
detected in corn or wheat (Jelinek 1987).

Although many Fusarium toxins have been found
in commodities susceptible to contamination with
aflatoxins, ochratoxins, or other mycotoxins, signifi-
cant co-occurrence of mycotoxins from different mold
species has not been found.

Ochratoxin A has been reported as naturally occur-
ring in corn, wheat, sorghum, oats, rice, wine, beer,
and green coffee (Jorgensen 1998; MacDonald et al.
1999; Otteneder and Majerus 2000; Patel et al. 1997;
Scudamore et al. 1999; Stegen et al. 1997). Ochra-
toxin A contamination of coffee, corn, grapes, dried
fruits, and wheat is generally less than 500 pg/kg.
Barley and oats grown in Denmark and other Scan-
dinavian countries are particularly susceptible to high
levels of ochratoxin contamination (Krogh et al. 1973,
1974; van Egmond and Speijers 1994). Animal feeds
in Canada and Europe may be highly contaminated
with ochratoxin (over 5,000 pug/kg) (Jelinek 1987;
Tsubouchi et al. 1988). The highest reported incidence
and levels have been in barley, oats, wheat, and corn
produced in northern European (e.g., United King-
dom, Denmark, Sweden) or Balkan (e.g., the former
Yugoslavia) countries and in India. The reports in-
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dicate that levels approaching the mg/kg range, at an
incidence of over 20%, can be expected to occur in ran-
dom samples of these grains in the affected areas.
Surveys of U.S. barley, corn, oats, sorghum, and
wheat over a number of years found some ochratoxin
A'in all but sorghum but at a low incidence (corn 0.5%,
wheat 1%, oats 2%, barley 14%) and low level (all sam-
ples under 200 pg/kg) of contamination. Some insight
into ochratoxin A frequency and levels of occurrence
in commodities marketed in the EU have been pub-
lished, together with estimates of human exposure to
ochratoxin A (European Commission 1997).

The FDA Compliance Program studies have indi-
cated the presence of mycotoxins other than aflatox-
ins. For example, in 1983, of the 27 samples of corn
and sorghum analyzed, 17 (63%) were positive for
zearalenone at levels of 12 to 1,373 ppb. 1n 1984, 4 of
53 (7.5%) samples of corn were found to contain 10 to
25 ppb of ochratoxin A.

Citrinin can occur alone or with ochratoxin A. How-
ever, no suitable quantitative method for citrinin
analysis exists, so current data are an estimation.
Citrinin has been reported in peanuts, tomatoes, corn,
barley, and other cereal grains (Jelinek 1987). The
importance of citrinin in human and animal health
is difficult to determine without reliable estimates of
the actual contamination frequency or levels.

Alternaria species can produce several mycotoxins,
including tenuazonic acid, alternariol, and alternari-
ol methyl ether. Tenuazonic acid has been found in
carrots in Europe and in tomatoes in the United
States and Canada, while alternariol methyl ether
and alternariol have been found in apples in West
Germany (Jelinek 1987). Alternaria spp. frequently
invade fruits and grains in the field and Alternaria
metabolites could easily contaminate grains such as
wheat, oats, barley, and grain sorghum. U.S. survey
data are lacking to allow an accurate appraisal of the
occurrence of these mycotoxins in foods and feeds.

Other mycotoxins, e.g., cyclopiazonic acid, sterig-
matocystin, sporidesmins, rubratoxin B, cytochala-
sins, penitrems, slaframine, have been reported in the
literature as natural contaminants of agricultural
commodities. Some are of limited occurrence. More
surveys with suitable analytical methods to determine
incidence and levels of mycotoxins in foods and feeds
are sorely needed.

Patulin and penicillic acid are toxic under certain
conditions but will not be considered in this chapter
because of their inability to cause disease when giv-
en to animals by a natural route.

Natural Occurrence in Processed
Foods

Limited information is available on the natural oc-
currence of mycotoxins in processed foods (Jelinek et
al. 1989; Scott 1984); most deals with aflatoxins.
There is a dearth of information for trichothecenes,
zearalenone, and citrinin; however, there are consid-
erably more data available on ochratoxin A (Europe-
an Commission 1997). Because of the limited known
occurrence of ochratoxin A, it does not seem to be as
great a problem in the United States as it is in some
European countries.

Foods processed from peanuts and corn have re-
ceived the greatest attention because corn and pea-
nuts are the major raw products that have been pre-
viously surveyed for mycotoxin contamination
(Campbell and Stoloff 1974; Wood 1989). Wheat, bar-
ley, oats, apples, and tomatoes occasionally have been
found to be contaminated with mycotoxins. Aflatox-
ins were found in one sample of spaghetti (van Wal-
beek et al. 1968).

Because it is grown in climates with perennial my-
cotoxin contamination and serves as a staple food in
many countries, corn is probably the commodity of
greatest worldwide concern. Procedures used to pro-
cess corn help decrease aflatoxin contamination of
resulting food products. Corn may be contaminated
with Fusarium toxins and foods made from corn have
been shown to be contaminated with deoxynivalenol
(Davis and Diener 1987; Trucksess et al. 1986) and
fumonisins (Dutton 1996; Kuiper-Goodman et al.
1996; Shephard et al. 1996). DON contamination of
corn and corn products has been correlated with cool,
wet conditions prior to harvest, primarily during flow-
ering.

DON contamination of wheat can occur when pre-
harvest weather conditions favor development of
wheat scab. Wheat-based processed foods shown to
be contaminated with DON include flour, bread,
snack foods, baby foods, breakfast cereals, bran, and
wheat germ (Abouzeid et al. 1991; Jelinek et al. 1989;
Trucksess et al. 1986). Citrinin and ochratoxin have
been found in moldy bread (Davis and Diener 1987;
Visconti and Bottalico 1983). Ochratoxin A has been
found in roasted coffee and various types of wine and
beer.

In fruits and vegetables, mycotoxins have been
found to naturally occur most frequently in apples, to-
matoes, and their processed products. Alternaria tox-



Occurrence of Mycotoxins in Food and Feed

ins — including tenuazonic acid, alternariol, and al-
ternariol methyl ether — have been found in apple,
carrot, and tomato products (Jelinek et al. 1987). Pat-
ulin is a common contaminant of apple juice, puree,
and unfermented cider (Stoloff 1975).

Aflatoxin-contaminated corn and cottonseed meal
in dairy rations have resulted in aflatoxin M, -contam-
inated milk and milk products, including nonfat dry
milk, cheese, and yogurt. Natural occurrence of my-
cotoxins in cheeses, the result of mold growth, has
been reported. Sterigmatocystin has been detected
in the rind of hard cheese (Northolt et al. 1980) and
metabolites of P. roqueforti and R. caseicolum (cam-
emberti) in blue and Camembert-type cheeses have
been reported (Bullerman 1981; Leistner 1984; Scott
1981).

Mycotoxins and/or their metabolites in meats and
meat products can occur as residues from consump-
tion of the toxins in moldy feed or as the result of fun-
gal growth on certain meat products, e.g., aged hams
and cured sausages (Pestka 1995). Ochratoxin A, the
mycotoxin most commonly found as a residue in pork
and poultry meat, is of the greatest concern. Ochra-
toxin A has been detected at an 84% incidence in the
blood of pigs raised and slaughtered in western Can-
ada but at measurable levels in less than 5% of the
samples. Ochratoxin A has been detected in blood,
kidneys, liver, and muscle tissue from slaughtered
hogs in several European countries (European Com-
mission 1977; Leistner 1984; van Egmond and
Speijers 1994). Ochratoxin A has been detected in
apparently normal hog kidneys that had passed meat
inspection and were obtained from butcher shops in
West Germany (Leistner 1984).

While aflatoxin residues can be demonstrated ex-
perimentally in animal organs and tissues, these my-
cotoxins are metabolically decreased quite rapidly and
do not accumulate at concentrations of concern to
human health (Pestka 1995). Prelusky et al. (1996a)
demonstrated that low-level fumonisin B, accumula-
tion occurred in kidney and liver in swine fed radio-
labeled fumonisin B,. In general, the carry-over of
DON and other trichothecenes as well as zearalenone
from feed to milk, meat, or eggs of food animals is
negligible (Pestka 1995).

European-type sausages and country-cured hams
frequently have intentional or adventitious fungal
growth on their outer surfaces. Most have been shown
to be Penicillium species, many of which are capable
of mycotoxin production. Leistner (1984) in Germa-
ny has found patulin, penicillic acid, ochratoxin A, and
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cyclopiazonic acid to be the predominant mycotoxins
produced by these fungi. Patulin and penicillic acid
cannot be detected in the meat, due to their interac-
tion with sulfhydryl compounds in the tissue.

Occurrence in Foods Imported
into the United States

A number of mycotoxins could be present in foods
and feeds imported into the United States; however,
the FDA regularly tests only for aflatoxins. Because
fungal growth and mycotoxin production are highly
dependent on environmental conditions, continual
vigilance is required to control this contamination in
relation to FDA action guidelines. In the United
States, the FDA compliance programs for aflatoxins
in imported foods and feeds are designed to provide
that control. Under these programs, the FDA annu-
ally inspects about 300 samples of imported foods and
about 200 samples of imported feeds. The results are
shown in Table 4.5 for the period 1987-1997 (only
samples positive for aflatoxin are shown). Jelinek
(1987) has summarized information on the worldwide
occurrence of mycotoxins, using data from the Unit-
ed Nations Food and Agriculture Organization (FAO)
food contamination monitoring program and other
sources.

Fate of Mycotoxins During Grain
Processing

Because mycotoxins occur in commodities that are
subsequently incorporated into food, concern exists
regarding the fate of these toxins undergoing certain
processes, the possible concentration of mycotoxins or
their derivatives in the end product, or distribution
of the mycotoxins to the various components result-
ing from commodities submitted to a certain process.
During most growing seasons, at least in the United
States, crop damage by toxigenic fungi is insignificant
for both the grower and processor. Grading and test-
ing often stop contaminated lots of grain from enter-
ing a processing facility. However, inadvertent use
of contaminated grains in food processing can pose a
threat to animal or human health. These situations
are likely when mycotoxin contamination occurs in
certain crops prior to harvest. Therefore, fates of var-
ious mycotoxins during different types of food process-
ing have been studied, to determine the likelihood of
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contamination of different end products. This section
will review studies describing the fate of mycotoxins
during grain processing, rather than methods of de-
struction or decomposition of the mycotoxins.

Wet Milling

Wet milling of mycotoxin-contaminated corn has
been studied to determine possible contamination of
corn products for human consumption. Generally,
this process segregates the mycotoxins in the chemi-
cally diverse products resulting from the process (Ben-
nett and Richard 1996). The major mycotoxins that
have been studied are aflatoxins, zearalenone, DON,
T-2 toxin, and fumonisins.

Aflatoxins, after wet milling of corn, were found in
the steep water at the highest concentrations, with
fiber concentrations almost as great, and lesser
amounts in gluten and germ (Bennett and Anderson
1978). Starch contained only low amounts of aflatox-
ins. Similarly, zearalenone was not present in starch
but occurred at the greatest concentration in gluten,
with lesser amounts in the milling solubles (Bennett
and Anderson 1978; Bennett et al. 1978). With fumo-
nisin-contaminated corn subjected to wet milling, no
fumonisins were found in any of the fractions from
corn contaminated at 1 mg/kg, although there was
some detectable fumonisin B, in the steep water. Wet-
milled fractions from corn with an original concentra-
tion of 13.9 mg/kg fumonisin B, did contain fumoni-
sin B, and B, but the starch fraction did not. The
major portion of recoverable fumonisins was found in
the steep water and process water. The amount of
fumonisins in wet-milled fractions was gluten > fiber
> germ (Bennett and Denhart 1996; Bennett and Ri-
chard 1996; Richard et al. 1993). As expected, due to
DON's solubility in water, wet milling of DON-con-
taminated corn caused it to concentrate in the steep
water, although measurable amounts of DON also
were found in the starch (Scott 1984). In one study
using T-2-contaminated corn, 67% of the T-2 was in
the steep water and process water; only 4% was found
in the starch but appeared to be concentrated in the
germ (Collins and Rosen 1981). As with most myc-
otoxins, ochratoxin A was present in the steeped frac-
tion and went into the process water and solubles,
while 4% and 51% remained in the germ and grits,
respectively (Wood 1982).

Generally, limited amounts of mycotoxins are
found in the starch fraction from wet milling of corn.
Most mycotoxins are removed by the steeping process,
while varying amounts occur in the other fractions of
fiber, gluten, and germ. If the mycotoxin concentra-

tion is sufficiently low in commodities used for these
processes, it may be removed or decreased to concen-
trations below levels of concern through wet milling.

Dry Milling

This process separates grain components into var-
ious particle sizes, resulting in fractions such as grits,
germ, meal, and flour. Thus, corn and wheat are the
major commaodities subjected to this process and my-
cotoxins occurring in these commodities are of concern
for their potential occurrence in the various fractions.

Both commercial- and laboratory-scale dry milling
have been conducted with various concentrations of
zearalenone-contaminated corn (Bennett et al. 1976).
Unfortunately, zearalenone was present in all mill
fractions, with the highest concentrations in the hull
and high-fat fractions (Bennett and Richard 1996).
Brekke and coworkers (1975) found that the highest
levels of aflatoxin from naturally contaminated corn
were in the germ and hull fractions and that aflatox-
in distribution varied in the fractions according to its
concentration in the starting material. Grits and low-
fat meal and flour contained only 6 to 10% of the afla-
toxin B,. Milling of ochratoxin-contaminated wheat
and barley resulted in ochratoxin distributed equal-
ly between flour and bran (Chelkowski et al. 1981).

Numerous milling studies have been conducted
with DON- and/or zearalenone-contaminated wheat
(Trigo-Stockli et al. 1995). Generally, both mycotox-
ins were present in the bran, shorts, and flour, with
the highest concentrations occurring in the bran and
the lowest in the flour. Bennett et al. (1976) obtained
similar results for corn. Flour made from wheat with
high concentrations (=10 mg/kg) of DON can have lev-
els above that recommended for wheat products des-
tined for human consumption (Abouzied et al. 1991).

Because fumonisins are known to occur in corn-
based foods (Bennett and Richard 1996; Richard et al.
1993) the fate of these mycotoxins in dry-milled, con-
taminated corn has been studied. Bennett and Den-
hart (1996) presented data from dry-milling studies
of corn contaminated with 10 mg/kg of fumonisins
showing that all dry-milled fractions were contami-
nated with fumonisins B, and B,,. Pericarp fractions
from yellow and white corn contained twice the con-
centrations of fumonisins B, and B, present in the
original corn. Similar results were obtained in a lat-
er study by Katta and coworkers (1997) using blue,
white, and yellow corn.

Ergot alkaloids in milled hard red spring wheat
were followed by Fajardo and colleagues (1995); the
highest concentrations were found in the late reduc-



Occurrence of Mycotoxins in Food and Feed

tion streams and in the shorts derived from the pro-
cess. The lowest concentrations of ergot alkaloids
were in the high-quality patent flour.

Generally, when contaminated commodities are
dry milled, mycotoxins are distributed in all fractions
of significant proportions; therefore, testing of the
fractions is necessary before incorporating them into
human and animal food.

Fermentation

Ethanol production from mycotoxin-contaminated
commodities has been suggested as a way to utilize
such grain when contamination is too high for incor-
poration into animal and human food. The major
mycotoxins examined in fermentation studies include
aflatoxins, ochratoxins, fumonisins, zearalenone, and
DON. Generally, if the fermentation product is dis-
tilled into ethanol, it contains no mycotoxins.

Aflatoxin B, was decreased by 47% after cooking
and fermenting the contaminated corn or wheat (Dam
et al. 1977), although there was a higher concentra-
tion of aflatoxin B, in the solids after distillation than
in the starting grain. Starting with zearalenone-con-
taminated corn (at 8 and 35.5 mg/kg levels), no
zearalenone appeared in the ethanol; however, its con-
centration in the solids was about twice that of the
original corn. Two lots of corn contaminated with 15
and 36 mg/kg of fumonisin B, were fermented for eth-
anol production (Bothast et al. 1992). Analysis of the
various fermentation products showed that there was
little fumonisin degradation during ethanol fermen-
tation. No fumonisin B, was found in the distilled
ethanol or the centrifuge solids. Most fumonisins
were found in the distillers’ dried grains, thin still-
age, and distillers’ solubles. Notably, a lower amount
of ethanol was produced from the 36 parts per mil-
lion (ppm) fumonisin B, corn than from the 15 mg/kg
fumonisin B, corn, attributed to the corn’s decreased
quality of starch rather than the higher concentration
of fumonisins.

During the brewing process, Schwartz et al. (1995)
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found that both zearalenone and 15-acetyl DON in-
creased during germination of the barley for malting.
After brewing, 80% to 93% of the DON present in the
malt grist was detected in the beer. Sixty percent of
the zearalenone and 18% of the 15-acetyl DON were
found in the spent grains. Scott et al. (1995) exam-
ined the losses of ochratoxin A and fumonisins B, and
B, in fermentation of spiked wort. Some ochratoxin
A (up to 21%) but negligible amounts of fumonisins
were taken up by the yeast. These experiments indi-
cated that ochratoxin A and fumonisins could contam-
inate commercially prepared beer. In this Canadian
study, fumonisins were later detected in both domes-
tic and imported beer (Scott and Lawrence 1995).
Similarly, ochratoxins are regularly reported in beer
and wine, likely attributed to the increasing sensitiv-
ity of test methods (Scott 1996). Aflatoxins have been
recovered in finished beer made from malt or corn
grits to which aflatoxins were added experimentally
(Chuetal. 1975). Aflatoxins have been found in some
beer, primarily native beers of Africa (Scott 1996). In
the latter article, Scott reviewed the transmission of
mycotoxins into beer and found that DON is the most
successful survivor of the brewing process. Most
mycotoxins can survive brewing and end up in the
beer but usually as small percentages. Similarly, con-
tamination of wine occurs through the use of ochra-
toxin A-contaminated grapes (Pietri et al. 2001).

Other Processing

A number of studies dealing with destruction of my-
cotoxins during food preparation techniques, e.g.,
roasting, flaking, baking, cooking, canning, have been
conducted (Scott 1984). Results have varied from one
commodity to another and from one mycotoxin to an-
other. Other researchers have looked at the fate of
mycotoxins during preparation of indigenous foods.
The use of these processes is limited and not reviewed
here. Also, the processing of M -contaminated milk
is not reviewed here.



5 Mycotoxins and Human Disease

Summary

Humans likely are exposed to mycotoxins through
several routes such as ingestion (the most prominent
means of exposure), contact, and inhalation. Histor-
ical accounts reveal that ergotism was one of the old-
est recognized mycotoxicoses and, potentially, moldy
grains were involved in other mycotoxicoses as well.
The aflatoxins are known causes of acute aflatoxico-
sis in humans. But chronic forms of aflatoxicosis,
especially carcinomas, are more problematic because
epidemiological evidence is not as clearly defined due
to other factors such as hepatitis B that may be in-
teractive in the disease process.

Ochratoxin has been conjecturally associated with
a disease known as Balkan endemic nephropathy.
The rural populations in the Balkans have a high in-
cidence of chronic kidney problems and tumors of the
excretory organ system. Russian literature contains
some evidence that Fusarium spp. were involved in
human disease. The most likely toxic products of this
genus, the trichothecenes, are conjecturally associated
with the most prominent disease described, alimen-
tal toxic aleukia.

The trichothecene, DON, is capable of producing a
disease in mice that is similar in histological descrip-
tions to human glomerulonephropathy. Stachybotry-
otoxicosis is a disease that occurs in humans and other
animals and is suspected to be caused by toxins of the
organism Stachybotrys chartarum. The exact toxic
product has not been identified in a cause-and-effect
relationship in this disease. Some epidemiological ev-
idence exists, however, for the involvement of the or-
ganism in disease.

The fumonisins have been associated with esoph-
ageal cancer in certain human populations, but again,
no exact cause-and-effect relationship has been estab-
lished. Epidemiological evidence indicates, however,
that fumonisin-producing species of Fusarium on corn
are involved. Of interest to many investigators is that
a number of mycotoxins are immunosuppressive and
likely could be involved in human disease. These are
difficult to prove, however, because the underlying
involvement of the mycotoxin probably is overshad-
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owed by disease resulting from the immunosup-
pressed state of the host.

There are other diseases that have been described
in humans for which either analytic or epidemiologic
evidence implicates a mycotoxin etiology.

Introduction

Although ergotism in humans (“St. Anthony'’s fire”)
likely occurred in medieval times (see cover photo-
graph) as being associated with ingestion of the plant
parasitic fungus, Claviceps purpurea, little concern for
toxic compounds produced by fungi was evident out-
side the veterinary and agricultural communities.
Today, there is an apparent growing concern within
the medical community regarding mycotoxin involve-
ment in human diseases. Animal studies and epide-
miological evidence indicate definite involvement of
fungal metabolites as etiological agents of human dis-
ease. Furthermore, the potential for agents of mycos-
es to produce toxic metabolites that could be virulence
factors involved in the pathogenesis of the mycotic dis-
ease is largely ignored. One must be careful, howev-
er, when blaming mycotoxins for human disease, as
the literature includes incriminating statements
without complete scientific evidence.

As in animal mycotoxicoses, the disease in the hu-
man recipient is the result of exposure by ingestion
of contaminated food. However, other routes such as
inhalation, contact, and passive exposure resulting
from a mycotic infection by a toxigenic fungus must
be considered.

Mycotoxicosis, the disease resulting from exposure
to a mycotoxin, may be manifested as acute to chron-
ic, and ranges from rapid death to tumor formation.
More occult disease may occur when the mycotoxin
interferes with immune processes, rendering the pa-
tient more susceptible to infectious diseases. The
underlying mycotoxic event may be overshadowed by
the infectious disease and thus not be considered in
the overall syndrome. This may explain why little
information is available on the natural occurrence of
mycotoxins having immunosuppressive activities.
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Table 5.1. Some human diseases in which analytic and/or epidemiologic data suggest or implicate mycotoxin involvement

Disease Species Substrate Etiologic agent
Akakabio-byo Human Wheat, barley, oats, rice Fusarium spp.
Alimentary toxic aleukia Human Cereal grains (toxic bread) Fusarium spp.

(ATA or septic angina)
Balkan nephropathy Human Cereal grains Penicillium
Cardiac beriberi Human Rice Aspergillus spp., Penicillium spp.
Celery harvester’s disease Human Celery (Pink rot) Sclerotinia
Dendrodochiotoxicosis Horse, human Fodder (skin contact, inhaled fodder particles) Dendrodochium toxicum
Ergotism Human Rye, cereal grains Claviceps purpurea
Esophageal tumors Human Corn Fusarium moniliforme
Hepatocarcinoma (acute aflatoxicosis) Human Cereal grains, peanuts Aspergillus flavus, A. parasiticus
Kashin Beck disease, “Urov disease” Human Cereal grains Fusarium
Kwashiorkor Human Cereal grains Aspergillus flavus, A. parasiticus
Onyalai Human Millet Phoma sorghina
Reye’s syndrome Human Cereal grains Aspergillus
Stachybotryotoxicosis Human, horse, Hay, cereal grains, fodder (skin contact, Stachybotrys atra

other livestock

inhaled haydust)

Therefore, we are largely dependent on results from
experimental studies in animals.

Preharvest contamination of the commodity by tox-
igenic fungi can be carried over into and persist dur-
ing storage. Historical accounts suggest that moldy
grains and their toxic products have been responsi-
ble for major outbreaks of disease and are even con-
sidered events of the Ten Plagues of Egypt (Marr and
Malloy 1996). Stored grains may be damaged by in-
sects or moisture to the extent that a portal of entry
is provided to the often-present toxigenic fungi in the
storage environment.

Inhalation exposure can result from handling con-
taminated materials or from airborne fungal constit-
uents, e.g., conidia. Industrial processes using fungi
and the milling and other processing of grain for foods
should be reviewed. Certainly, some environmental
foci provide potential sources for airborne fungal in-
oculum of humans. Some mycotoxins are consider-
ably dermanecrotic and exposure of skin or mucous
membranes by contact can result in disease. Expo-
sure of individuals to mycotoxins due to infection by
a toxigenic fungus is problematic but is being inves-
tigated for the pathogenesis of certain infectious dis-
eases.

The following section discusses mycotoxicoses for
which there is considerable evidence for involvement
of a specific mycotoxin(s). These and other human
diseases where mycotoxin involvement is likely are
presented in Table 5.1.

Aflatoxicosis

The relationship of aflatoxins to disease in animals

has been extensively studied (Robens and Richard
1992). Although acute aflatoxicosis is well document-
ed in humans (Krishnamachari et al. 1975a, b; Ngin-
du et al. 1982; Shank 1977), the relationship of afla-
toxins to hepatocellular carcinoma and other human
maladies is still being investigated. Several epidemi-
ological studies have implicated aflatoxins in the in-
creased incidence of human gastrointestinal (GI) and
hepatic neoplasms in Africa, the Philippines, and
China. Aflatoxin B, also has been implicated in hu-
man liver cell carcinoma (Berry 1988; Stark 1980).

Acute Aflatoxicosis

Acute disease in humans resulting from aflatoxin
ingestion has been manifested as an acute hepatitis
(Krishnamachari et al. 1975a, 1975b; Ngindu et al.
1982; Shank 1977) usually associated with highly
contaminated foodstuffs, especially corn. In some
cases, exposure was sufficient to find aflatoxins in
selected tissues and histopathologic evidence was con-
vincingly adequate to allow for a diagnosis of aflatox-
icosis. Typical but nonspecific changes in patients
with acute aflatoxicosis include jaundice, low-grade
fever, depression, anorexia, and diarrhea, with fatty
degenerative changes in the liver evident, upon his-
topathologic examination, as centrolobular necrosis
and fatty infiltration. Tenderness near the liver was
evident in patients with acute, aflatoxin-caused hep-
atitis in Kenya; ascites may develop (Ngindu et al.
1982). Mortality reached 25% in outbreaks in India
(Krishnamachari et al. 1975a, 1975b). Samples of liv-
er obtained from patients that died contained detect-
able levels of aflatoxin B,.

Two human diseases of undefined etiology have
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been linked to the consumption of aflatoxin- contam-
inated foods: kwashiorkor and Reye’'s syndrome.
Kwashiorkor has been geographically associated with
the seasonal occurrence and distribution of aflatoxin
in food (Hendrickse et al. 1983). Animals given di-
etary aflatoxin possessed some of the same attributes
of kwashiorkor, namely, hypoalbuminemia, fatty liv-
er, and immunosuppression. Aflatoxins were detect-
ed in liver tissue taken at autopsy from 36 children
with kwashiorkor (Hendrickse 1985), which has add-
ed to the credibility of establishing aflatoxin as the
cause of this human disease with no other known eti-
ology. Malnutrition may change the metabolism of
dietary aflatoxin, resulting in its detection in some
patients with kwashiorkor (DeVries 1989).

The etiology of Reye’s syndrome, however, is more
problematic. This disease, which includes an acute
encephalopathy with fatty degeneration of the viscera,
has been associated with aflatoxin because this myc-
otoxin has been found in Reye’s syndrome patients in
Thailand, New Zealand, the former Czechoslovakia,
and the United States (Becroft and Webster 1972;
Chaves-Carballo et al. 1976; Dvorackova et al. 1977;
Ryan et al. 1979; Shank et al. 1971). Furthermore,
aflatoxin B, produced a disease similar to Reye’s syn-
drome in macaque monkeys (Bourgeois et al. 1971).
However, Nelson et al. (1980) found no significant
differences between matched controls and patients
with Reye’s syndrome relative to aflatoxins in serum
and urine. Similar inconsistencies were found regard-
ing the occurrence of aflatoxins in tissues and Reye’s
syndrome in patients (Rogan et al. 1985). Also, the
U.S. cases seem to lack any geographical relationship
to aflatoxin exposure (Hurwitz 1989). Thus, the
cause-and-effect relationship of aflatoxins with Reye’s
syndrome has not been adequately established.
Again, Reye’s syndrome, which involves the liver, may
change the metabolism of dietary aflatoxin in some
patients.

Chronic Aflatoxicosis

Chronic aflatoxicosis in humans usually implies
the association of this mycotoxin with hepatocellular
carcinoma. Several epidemiological studies in coun-
tries or localities with a high incidence of liver can-
cer examined the relevance of dietary aflatoxin and
other factors with this disease (Henry et al. 1999).
Most of the studies, which occurred mainly before
1980, sought to determine dietary levels of aflatoxin
B, and correlate them with occurrence of hepatocel-
lular carcinoma. These included studies by Shank et
al. (1972) in Thailand, Peers and Linsell (1973) in

Kenya, van Rensburg et al. (1974) in Mozambique,
Peers et al. (1976) in Swaziland, and van Rensburg
et al. (1985) in Mozambique/Transkei. Some studies
included measurement of aflatoxin M, (a metabolite
of aflatoxin B,) in the urine (Campbell et al. 1970).
After Essigmann et al. (1977) determined that afla-
toxin B, can form a DNA adduct whose excision prod-
uct, aflatoxin B,-guanine, occurs in urine, Autrup et
al. (1983) found this product in urine from individu-
als from high liver cancer risk areas who were pre-
sumably exposed to aflatoxin. Sabbioni et al. (1987)
discovered that aflatoxin B, binds to proteins and
forms a lysine adduct that can be found in serum of
individuals for a considerable period of time (half-life
= 20 days) (Groopman et al. 1988) after consuming
aflatoxin B,. Monoclonal antibodies developed to
quantify aflatoxin B, adducts in humans (Groopman
and Donahue 1988; Groopman et al. 1988) were used
in attempts to measure exposure of populations to
aflatoxins.

Some earlier studies were criticized for not consid-
ering exposure of the studied populations to hepati-
tis B virus (HBV). Most post-1980 research exam-
ined the hepatitis B surface antigen (HBsAg) as well
as aflatoxin exposure in relation to incidence of hepa-
tocellular carcinoma. Most found an aflatoxin effect
independent of HBsAg prevalence (Peers et al. 1987,
Sun and Chu 1984; Yeh et al. 1989). When all eth-
nic, social, and cultural groups were included, Autrup
et al. (1987) found no aflatoxin effect on liver cancer
but an independent assessment of the Bantu people
found a positive correlation. A subsequent study by
Campbell et al. (1990) in the People’s Republic of
China correlated liver cancer with HBsAg but not to
aflatoxin exposure.

More recently, biomarkers have been used to un-
derstand the etiology of tumors, such as mutations of
the tumor suppressor gene, p53, which is commonly
mutated in human cancers. This development is re-
viewed by Scholl and Groopman (1995).

The outcome is that aflatoxin has been linked to
specific p53 mutations where there isa G - T trans-
version in the third position of codon 249. These spe-
cific mutations in tumors can provide important evi-
dence as to their cause. The armament of biomarkers
substantially benefits epidemiological studies into the
relationship of aflatoxins and human hepatocellular
carcinoma. These markers were used by Ross et al.
(1992) and Qian et al. (1994) in Shanghai, where re-
sults demonstrated that a specific biomarker for afla-
toxin is related to human liver cancer and that HBV
and aflatoxin B, interact as risk factors for liver can-
cer (Scholl and Groopman 1995).
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Table 5.2. Ochratoxin in tissue and fluids of humans from various countries
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Tissue or fluid Country No. of positive/no. of samples Range or mean
Serum Yugoslavia 42/639 1-57 ng/ml
Serum Poland 77/1065 X =0.27 ng/ml
Serum Germany 173/306 X = 0.6 ng/ml
0.1-14.4 ng/ml
Plasma Denmark 46/96 0.1-9.2 ng/ml
Plasma Bulgaria 45/312 X = 14 ng/ml
Serum Bulgaria 110/576 X =18 ng/g
Milk Germany 4/36 0.017-0.3 ng/ml
Milk Italy 9/50 1.7-6.6 ng/ml
Blood Canada 63/159 0.27-35.33 ng/ml (mean conc. range)
Serum France <22% 0.1-6 ng/ml

From Creppy et al. 1991, Frolich et al. 1991; Golinski et al. 1991; Hald 1991; Micco et al. 1991; Petkova-Bocharova and Castegnaro 1991.

Ochratoxicosis

Ochratoxin A, produced primarily by Aspergillus
ochraceous or Penicillium verrucosum, occurs on sev-
eral commodities prevalent in human diets, includ-
ing barley and green coffee beans. Known for its neph-
rotoxic effects, ochratoxin A can also impact the liver
(Council for Agricultural Science and Technology
1989). A major renal disease of swine known as por-
cine nephropathy occurs in some European countries,
especially Denmark, and is associated with consump-
tion of ochratoxin-contaminated barley (Hald 1991).
Most effects of ochratoxin A were discovered during
experiments with swine that, when intoxicated, ex-
hibited pain near the kidneys, drank excessive water,
appeared depressed, urinated almost continuously,
and ate less. The impaired renal function, which is
characterized histopathologically as a tubular degen-
eration and atrophy with interstitial fibrosis and of-
ten hyalinization of the glomeruli, results in gluco-
suria and proteinuria, with casts evident in the urine
(Hald 1991).

In 1956, the first clinical description of a human
kidney disease of unknown etiology known as Balkan
endemic nephropathy was published (Tanchev and
Dorossiev 1991). With the recognition that mycotox-
ins can cause nephropathies and the epidemiological
evidence of ochratoxin A in food of patients in the
Balkan countries, ochratoxin A became a prime sus-
pect in the causation of this disease. Furthermore,
because ochratoxin A is carcinogenic in rats and mice
and patients with Balkan endemic nephropathy fre-
guently have kidney tumors, ochratoxin has been
more strongly linked to this disease. However, re-
searchers also have found the fungus (P. aurantiogr-
iseum) to be common in food from endemic areas in
the former Yugoslavia, Bulgaria, and Romania (Bar-
nes etal. 1977). While this fungus caused nephrotox-

icity in rats, ochratoxin A was not a known metabo-
lite of one of the major isolates examined (Yeulet et
al. 1988). This has led to the search for another my-
cotoxin as a potential cause for Balkan endemic neph-
ropathy (MacGeorge and Mantle 1991). Epidemiolog-
ical evidence suggests that approximately half of the
European population is exposed to ochratoxin A, and
estimates of human exposure of Europeans have been
published (European Commission 1997; Fink-Grem-
mels et al. 1995a, b). Table 5.2 compiles data illus-
trating levels of ochratoxin that can occur in human
tissues and fluids from various countries.

The airborne nature of either ochratoxin or parti-
cles laden with this mycotoxin is now considered a po-
tential risk for human exposure (Richard et al. 1999).
Acute renal failure occurred in a female agriculture
worker who had been exposed to granary and grain
dust from wheat contaminated with Aspergillus
ochraceus and its metabolite ochratoxin A. Although
ochratoxin A was not demonstrated in granary air
samples, guinea pigs and rabbits experimentally ex-
posed to air passed through a layer of the ochratoxin-
contaminated wheat experienced renal failure (DiPa-
oloetal. 1993). Interestingly, high levels of ochratoxin
A (21,500 pg/kg) were found in dust samples obtained
from heating ducts in a household in which occupants
(humans and animal) had complained or exhibited
signs of recurring health problems (Richard et al.
1999). Subsequently ochratoxin A was found in dust
collected from cow barns in Norway (Skaug et al.
2001).

Ochratoxin A biotransformation is cytochrome
P450 dependent in animals and humans and results
in the formation of metabolic intermediates active in
the carcinogenic and other toxic activities of ochratox-
in A (Fink-Gremmels et al. 1995a, b). Phenylalanine,
a structural component of ochratoxin A, is likely in-
volved in the complex toxicological activities of the
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parent compound. The dihydroisocoumarin moiety is
likely involved in as-yet-undetermined toxic activities
of ochratoxin in humans and animals. Animal stud-
ies by Marquardt and Frolich (1992) indicate that
ochratoxin is absorbed in the Gl tract and in the prox-
imal and distal tubules. It enters the enterohepatic
circulation and can be excreted and reabsorbed. Itcan
bind to the albumin fraction in blood and thus can
persist in animal tissues for extended periods of time.
Intestinal microflora can convert ochratoxin A into
ochratoxin alpha (Pitout 1969), a nontoxic metabolite
that can be measured in the urine and feces; small
amounts of the parent compound are usually present
also.

While most evidence for the causal relationship of
Balkan endemic nephropathy points toward ochratox-
in A, data are not conclusive and further work is need-
ed to substantiate claims in this nephrotoxic disease.

Trichothecene Toxicoses

The trichothecenes are the largest family of known
mycotoxins, chemically called sesquiterpenoids.
Fusarium species are the most notable fungi that pro-
duce trichothecenes, although species of other genera,
e.g., Trichothecium, Trichoderma, Myrothecium,
Stachybotrys, also are important producers of these
compounds. The trichothecenes are potent protein
inhibitors, a basic mechanism of their toxicity, and
have been shown to produce a wide variety of effects
in experimental animal studies (Richard 1998).

Alimentary Toxic Aleukia

In Russia during the first half of the twentieth cen-
tury, a disease known as alimentary toxic aleukia
(ATA) occurred — particularly in the Orenburg Dis-
trict in 1944 — that was characterized by total atro-
phy of the bone marrow, agranulocytosis, necrotic
angina, sepsis, hemorrhagic diathesis, and mortality
reaching 80% (Joffe 1978). Clinical stages of the dis-
ease have been described, with progressive severity
of signs and symptoms in the patients (Nelson et al.
1994). Patients experienced vomiting, diarrhea, ab-
dominal pain, and burning in the upper GI tract; on-
set could occur shortly after consuming contaminat-
ed food. Later, petechial hemorrhages developed on
the skin, often accompanied by hemorrhages in the
oral cavity, followed by development of necrotic lesions
and enlargement of the local lymph nodes. Joffe
(1986) noted that treatments employed for ATA vic-

tims were blood transfusion, administering nucleic
acid and calcium preparations, antibiotics, vitamins
C and K, and dietary improvement. This disease was
determined to be caused by consuming overwintered
cer