FROM YELLOW RAIN TO GREEN WHEAT
25 Years of Trichothecene Biosynthesis Research
by
Anne Desjardins
Introduction
In 1984 in Peoria, Illinois, the U. S. Department of Agriculture (USDA), Agricultural
Research Service (ARS) established a new research program on trichothecene
mycotoxins, fungal metabolites that are toxic to animals. Over the next 25 years, the
trichothecene biosynthesis research group at Peoria became a center of the international
community of scientists striving to reduce trichothecene contamination of human foods
and animal feeds [Figure 1].

Figure 1: Wheat head blight caused by Fusarium graminearum

I joined the group as a biochemist in 1984 as one of the four founding members,
along with biologists Dr. Marian Beremand and Dr. Thomas Hohn, and chemist Dr.
Frank Van Middlesworth. Mycotoxicology is an interdisciplinary field and from its
beginnings the trichothecene biosynthesis research group functioned at the interface of
the scientific disciplines of chemistry, genetics, and biology. As scientists left the group,
they were replaced with additional biologists Dr. Robert Proctor, Dr. Nancy Alexander,
Dr. Daren Brown, and Dr. Robert Butchko, and chemists Mr. Ronald Plattner, Dr. Susan
McCormick, and Dr. Mark Busman to form the current group, which now investigates
the biosynthesis of both trichothecene and fumonisin mycotoxins by Fusarium species.



As I near retirement as the only remaining founding member of the group, I have
thought that the history of the trichothecene biosynthesis research program should be
recorded. Although USDA annual reports and journal publications present an account
of the research, they lack details of the contributions of the individual scientists to team
research. In this history, I have chosen to highlight the scientists who were mainly
responsible for development and execution of specific team research programs. This
history is focused on trichothecenes and biosynthesis research, and excludes other
mycotoxins and most other kinds of research conducted by scientists of the Mycotoxin
Research Unit. The decisions of what to include and exclude and other judgments are
of course my own. For those interested, a table of trichothecene chemical structures
is included at the end of this article, and more detailed information on trichothecene
chemistry and genetics can be found in the recommended further reading

Chapter 1. The Yellow Rain Controversy
More than 25 years ago, trichothecene mycotoxins made their controversial debut on
the world stage. In 1981, Alexander Haig, who was then U. S. Secretary of State, alleged
that trichothecenes had been used as biological warfare agents in Southeast Asia. His
charges were based on two kinds of evidence, interviews with refugees and analysis
of alleged yellow rain samples. Hmong villagers, who had fled from their homes in
the mountains of northern Laos to refugee camps in Thailand, claimed that they had
become ill after “yellow rain” fell from the sky onto their villages. Alleged yellow
rain samples, such as leaves, rocks, and soil debris, were smuggled to Thailand and
brought to the United States for analysis. Initial chemical tests indicated that several
trichothecenes, including T-2 toxin, deoxynivalenol, and nivalenol, were present in
some of the smuggled samples.
In 1982, in response to a request from the U. S. Army,
the National Research Council formed a Committee on
Protection from Mycotoxins. The committee was concerned
about trichothecene exposure due to the well-documented
ability of trichothecenes to inhibit protein synthesis and
cell growth, and to cause harmful effects on human health.
In 1983, the committee reported a need for research on
detection and
natural occurrence
of trichothecenes
and on their
Figure 2: Dr. Robert (Bob) Detroy
biosynthesis in
c. 1976
nature. To this end,
microbiologists Dr.
Robert (Bob) Detroy [Figure 2] and Dr. Shelby
Freer [Figure 3] at the USDA, Agricultural
Research Service, Northern Regional Research
Center (since 1990 the National Center for
Figure 3: Dr. Shelby Freer C. 1996


Agricultural Utilization Research) in Peoria, Illinois, submitted a proposal for a new
multidisciplinary research program on trichothecene biosynthesis by Fusarium species.
The project was funded in 1984 with Bob Detroy as Research Leader and with support
for four new research scientist positions to be split between microbiology and chemistry.

Figure 4: Clockwise from front - Odette
Shotwell, Yangkyo Salch (research associate), Susan McCormick, Tom Harold,
Anne Desjardins, Jarold Gardner, Marian
Beremand c. 1988

Throughout 1984, Bob Detroy interviewed
candidates and hired the founding group of
microbiologists Thomas (Tom) Hohn (1984-1998)
[Figure 4] and Marian Beremand (1984-1991) [Figure
4] and chemists Frank VanMiddlesworth (1984-1987)
[Figure 5] and Anne Desjardins (1984-2009) [Figure
4]. All of us were promising younger scientists
with ambitions to make names for ourselves, rather
than scientists already established in mycotoxin
research. Of the four, only
I had previously worked
with Fusarium, as a research
associate at Cornell University
in the Fusarium research
laboratory of Dr. Hans
VanEtten. Coincidentally, Hans
VanEtten’s father, Cecil [Figure
6], had spent his scientific
career as a natural product
Figure 5: Frank VanMidchemist at the Peoria laboratory. dlesworth c. 1985
By December 1984, our new
research group occupied a suite of adjoining laboratories
and offices on the third floor of one of the then 40-yearold wings of the building. By then, Bob Detroy had left
the USDA for a position in industry, where only a few
years later he met an untimely death. Our new group
was left to modernize and equip its laboratories, hire
technical support staff, and develop the details of the
research program. These early days established a pattern
of scientific independence of the group and cooperation
within the group that led directly to the success of our
research program.

During the mid-1980s, while we were developing the
trichothecene biosynthesis research program, a number
of studies were seriously weakening the case for the
use of trichothecenes in biological warfare in Southeast Asia in the 1970s and 1980s.
Independent analysis of alleged yellow rain samples by laboratories in the United
States and Europe failed to detect the presence of trichothecenes, raising doubts about
the reproducibility of the initial results. In addition, the improvement of analytical
methods, along with more extensive surveys, showed that trichothecene-producing
Figure 6: Dr. Cecil VanEtten c. 1958



fungi and trichothecene contamination occurred naturally in Southeast Asia. Biological
analysis showed that the yellow spots on some alleged yellow rain samples contained
high amounts of pollen from many different local plants and were more likely to have
been deposited by cleansing flights of Asian honeybees than by biological warfare. The
yellow rain controversy highlights the difficulty of proving that biological warfare is the
source of trichothecenes, or any naturally occurring toxin, in an environmental sample.
The potential use of trichothecenes in warfare may have stimulated the initiation
of the trichothecene biosynthesis research program in Peoria in 1984, but it soon
became clear to the members of the research group that the natural occurrence of these
mycotoxins is a more real and serious problem than any deliberate distribution. The
natural occurrence of trichothecenes is an old and chronic problem in agriculture,
especially in temperate regions of the world, including the United States, Canada,
and Europe, where trichothecene-producing species of the fungus Fusarium infect
maize, wheat, barley and other cereal grains. Fusarium head blight and ear rot remain
serious concerns for wheat, barley, and maize growers, who have few markets for
trichothecene-contaminated grain due to national and international restrictions on
its use for human food and animal feed. T-2 toxin, diacetoxyscirpenol, nivalenol,
deoxynivalenol and some of their derivatives are the trichothecenes most frequently
found in agricultural commodities colonized by Fusarium species. During the
1980s, the impact of trichothecenes on agricultural systems and on food safety
became and remained the reason that USDA funded the trichothecene biosynthesis
research program for the next 25 years.The goal of the research program was to link
trichothecene chemistry, genetics, and biology to discover new approaches to prevent
trichothecene contamination of human foods and animal feeds.
Highlights:
• The potential use of trichothecene mycotoxins in warfare stimulated the initiation
of the trichothecene biosynthesis research program in Peoria in 1984.
• The negative impact of trichothecene-contaminated grain on agricultural systems
and on food safety was why USDA funded the trichothecene biosynthesis research
program from 1984-2009.
• The goal of the trichothecene biosynthesis research program was to link chemistry,
genetics, and biology to discover new approaches to prevent trichothecene
contamination of human foods and animal feeds.
Further reading:
J. B. Tucker. 2001. The “yellow rain” controversy: Lessons for arms control compliance.
Nonproliferation Review 8:25-42. http://cns.miis.edu/pubs/npr/vol08/81/81tucker.pdf
Committee on protection against mycotoxins. 1983. Protection Against Trichothecene
Mycotoxins. National Academy Press, Washington, D. C.
A. E. Desjardins. 2003. Trichothecenes: from yellow rain to green wheat. ASM News,
69:182-185.


Chapter 2. Take T-2
General guidelines for the trichothecene biosynthesis research program had been
set up in the proposal written by Bob Detroy and Shelby Freer, but the details were
worked out by the four founding members after our arrivals in Peoria in 1984. Each
of us had an important role in developing the program overall and in our own field
of research. This was accomplished by frequent meetings in which we planned and
prioritized projects, coordinated group finances within perennially limited budgets,
and resolved conflicts over our responsibilities and recognition. The year 1985 saw an
extensive reorganization of the Northern
Regional Research Center and the
formation of a new Mycotoxin Research
Unit. The position of Research Leader of
the Mycotoxin Research Unit was held
by aflatoxin chemist Dr. Odette Shotwell
from 1985-1989 [Figure 4], by toxicologist
Dr. John Richard from 1990-1996 [Figure
7], and by plant pathologist Dr. David
Kendra from 2002-the present [Figure 8].
Figure 7: At the Christ farm, from ;eft: Walter Christ, Anne
These three Research Leaders provided
Desjardins, Kurt Christ, John Richard, Chagema Kedera
strong administrative support, but left the (Kenyan visiting scientist) c. 1996
trichothecene
biosynthesis
research group to function quite autonomously in
determining its scientific research program. From 19972001, the position of Research Leader was held by chemist
Mr. Ronald (Ron) Plattner [Figure 9], who was an integral
member and a creative leader of the Fusarium mycotoxin
biosynthesis research program from 1984 until his
retirement in 2004.
Our first group priority
was to select which of the
many trichothecenes and trichothecene-producing Fusarium
species should be model systems for the mycotoxin
biosynthesis program. The Fusarium trichothecenes
comprise a family of more than 40 naturally occurring
tricyclic sesquiterpenes with an epoxy group, which is
essential for their toxicity. T-2 toxin, diacetoxyscirpenol,
nivalenol, deoxynivalenol and some of their derivatives are
Figure 9: Ronald Plattner (standing),
the trichothecenes most frequently found in agricultural
Darcy Shackelford c. 1991
commodities infected by Fusarium species. Each of these
trichothecenes can be produced by more than one Fusarium
species, and some species can produce more than one of these trichothecenes.
Figure 8: David Kendra c. 2006



Our criteria for selecting the model system were both chemical and biological. Prior
to 1984, laboratory production of trichothecenes usually involved fermentation on
autoclaved grain or other solid substrates, which were very difficult matrices for the
isolation of intermediates and enzymes. To facilitate biochemical studies and highthroughput screening, the ideal Fusarium species should consistently produce large
amounts of trichothecenes in simple, liquid culture media. This criterion allowed T-2
toxin and diacetoxyscirpenol, but eliminated nivalenol and deoxynivalenol, which
remain even today difficult to produce reliably at high levels in liquid culture. The ideal
species also should produce a trichothecene for which a highly-specific immunoassay
method was already available. In 1984, this criterion eliminated all trichothecenes
except T-2 toxin.
Many trichothecene-producing Fusarium species have a two-stage life cycle, a
Fusarium stage in which they reproduce asexually by producing mycelium and
asexual spores (conidia), and a Gibberella stage in which they produce a fruiting body
(a perithecium) and sexual spores (ascospores). A model Fusarium species with an
outcrossing sexual stage would be amenable to analysis by classical genetic techniques
such as sexual recombination and linkage analysis. The model system also would have
to be amenable to the new techniques of molecular genetics such as DNA-mediated
transformation, which were being developed during the 1980s. It should be noted that
the sexual stage name is the preferred scientific nomenclature, however, to simplify
presentation in this history, sexually fertile species of Fusarium will usually be referred
to by their Fusarium names and not by their Gibberella names.
During 1985, the trichothecene biosynthesis research group surveyed Fusarium
species in order to pick the ideal model system for elucidating the trichothecene
biosynthetic pathway. A major resource for the survey was “Toxigenic Fusarium Species:
Identity and Mycotoxicology”, which was published in 1984 by Paul Nelson, Walter
F. O. Marasas, and T. A. Toussoun as a guidebook to Fusarium strains that had been
previously collected and studied for mycotoxicity. Paul Nelson, director of the Fusarium
Research Center of The Pennsylvania State University until his untimely death in 1996,
was the major supplier of Fusarium strains for the survey, which initiated his long-term
collaboration with the Peoria group. He was an exceedingly generous colleague, who
shared with us the training facilities at the Fusarium Research Center, his encyclopedic
knowledge of Fusarium, and his enthusiasm.
As it turned out, after hundreds of strains of more than a dozen Fusarium species
were screened for trichothecene production and for sexual fertility, none of the species
met all the criteria of a model organism. Some species produced Gibberella sexual
stages but little or no trichothecenes in liquid cultures, while others produced high
levels of trichothecenes in culture, but were sexually nonfertile. We selected Fusarium
sporotrichioides strain NRRL 3299 as the primary model system for elucidation of the
trichothecene biosynthetic pathway. Strain NRRL 3299 had been isolated as strain T2 in 1968 from maize ear rot in France and was the original source of T-2 toxin. This
strain had been proven to be a reliable producer of T-2 toxin and other trichothecenes
in a range of culture media and, in 1984, specific antibodies to T-2 toxin and an


immunoassay were available for high-throughput screening. The major disadvantage
of F. sporotrichioides was that this species is sexually nonfertile, thus linkage analysis of
trichothecene production and other traits would not be possible.
Fusarium sporotrichioides is a well-recognized mycotoxigenic species, first described in
1915 from dry-rotted potato tubers in New York, but with a wide distribution in plants,
particularly in cereal grasses in cooler climates. This species has been associated with
maize ear rot and head blight of small grain cereals (wheat, barley, oats) in the United
States, Canada, and Europe. During World War II, consumption of over-wintered
grain contaminated with F. sporotrichioides and related species caused alimentary toxic
aleukia and the deaths of thousands of people in Russia. Two decades later, T-2 toxin
was isolated from F. sporotrichioides and shown to produce symptoms characteristic
of alimentary toxic aleukia in animals and in humans. Characteristics of this disease
are nausea, vomiting, and diarrhea, anemia, skin rashes, and gastrointestinal necrosis.
Successful efforts to control the disease by the Soviet Ministry of Health focused on
educating the rural population to avoid consuming grain that was moldy or had
overwintered in the field. T-2 toxin is a strong candidate as a major causal agent of
alimentary toxic aleukia outbreaks in the 19th and 20th centuries and also has been
associated with outbreaks of hemorrhagic syndrome in farm animals in the northcentral United States, Canada, and northern Europe.
We selected Fusarium sambucinum strain R-6380 as a second model organism for
elucidation of the trichothecene biosynthetic pathway. Although both the asexual stage
F. sambucinum and the sexual stage Gibberella pulicaris of this species were described
before 1880, only one brief note had been published on its genetics, in 1961. Marian
Beremand and I developed a method that used mulberry twigs and cool temperatures
to produce the sexual stage in the laboratory. The sexual structures could be dissected
and the sexual spores were large enough to be manipulated by hand using the
stereomicroscope. Patterns of recovery of sexual progeny with different trichothecene
chemical phenotypes (chemotypes) showed that trichothecene production was a
heritable trait and that some loci affecting trichothecene production were not linked.
This was the first documented genetic system in a trichothecene-producing fungus.
Fusarium sambucinum is best known as a causal
agent of potato tuber dry rot [Figure 10], but can
also be found in other vegetables and in cereal
grains. Strain R-6380 originally was isolated in 1978
from rotted potatoes in Germany and produced
high levels of diacetoxyscirpenol in potato tubers
and in simple, liquid culture media. Antibodies
to diacetoxyscirpenol were first reported in 1984,
but their low specificity limited their usefulness for
screening many types of trichothecene mutants.
From the outset, F. sporotrichioides strain NRRL
3299 and F. sambucinum strain R-6380 were reliable
trichothecene producers and excellent model

Figure 10: Fusarium sambucinum causes
potato tuber dry rot



organisms and formed the core of the first years of the trichothecene biosynthesis
research program. Frank VanMiddlesworth and I used both strains to isolate
trichodiene, the first intermediate in trichothecene biosynthesis. From strain NRRL
3299, Tom Hohn and Frank VanMiddlesworth isolated the first trichothecene enzyme,
trichodiene synthase, and Marian Beremand produced the first trichothecene mutants.
Both organisms later proved amenable to molecular genetics and DNA-mediated
transformation, and to the development of plant pathogenicity assays that became an
important component of trichothecene gene function analysis.
Highlights:
• The first model organism for trichothecene biosynthesis research was Fusarium
sporotrichioides, which infects corn and wheat and produces T-2 toxin.
• T-2 toxin and Fusarium sporotrichioides have been associated with human
mycotoxicoses and with outbreaks of hemorrhagic syndrome in farm animals.
• The second model organism for trichothecene biosynthesis research was Fusarium
sambucinum, which rots potato tubers and produces diacetoxyscirpenol.
Further reading:
Council for Agricultural Science and Technology. 2003. Mycotoxins: Risks in Plant,
Animal, and Human Systems. Council for Agricultural Science and Technology, Ames,
IA.
A. E. Desjardins. 2006. Fusarium Mycotoxins: Chemistry, Genetics, and Biology. The
American Phytopathological Society, St. Paul, MN. Monograph
A. E. Desjardins and M. N. Beremand. 1987. A genetic system for trichothecene toxin
production in Gibberella pulicaris (Fusarium sambucinum). Phytopathology. 77:678-683.

Chapter 3. In Search of Trichodiene
The terpenes are the largest class of natural products, comprising more than 50,000
compounds, the majority of which are produced by plants. Fungi produce a smaller
number of terpenes, many of which are toxic to plants and animals. In plants and fungi,
sesquiterpenes (terpenes with a core structure of fifteen carbon atoms) are formed by
the condensation of units of acetate through mevalonate to 5-carbon isoprenoids, three
of which condense to form a 15-carbon compound, farnesyl diphosphate. Sesquiterpene
synthases then catalyze the conversion of farnesyl diphosphate into more than 300
known structurally different sesquiterpenoid products. During the 1970s, scientists in
Japan and England isolated the sesquiterpene trichodiene from cultures of the fungus
Trichothecium and showed that radioactively-labeled trichodiene was incorporated into
trichothecenes by this fungus. Thus, trichodiene became a likely candidate as the first
intermediate in the trichothecene pathway in Fusarium.



In Peoria, the search for trichodiene began late in 1984, but was hampered by the
very low levels of trichodiene in cultures of Fusarium and by the exceptional complexity
of the culture extracts. To deal with these problems, Frank VanMiddlesworth and I
enlisted the collaboration of chemist Ron Plattner, who was well-established in mass
spectrometry of fungal and plant natural products at the Peoria laboratory.
In March 1985, Frank VanMiddlesworth and I grew cultures of F. sporotrichioides
strain NRRL 3299 in the presence of heavy isotopes of oxygen in the form of water
and oxygen gas. Ron Plattner used mass spectrometric analysis of these cultures
to show that each of the oxygenations of trichodiene to produce T-2 toxin requires
oxygen gas, not water, as a substrate. These data suggested that trichothecenes were
biosynthesized by several cytochrome P450 monooxygenase enzymes. Consequently,
it seemed likely that biosynthetic intermediates would accumulate upon specific
inhibition of the postulated monooxygenases. A screen of several dozen putative
inhibitors of cytochrome P450 monooxygenases determined that ancymidol, a plant
growth regulator, caused the most efficient inhibition of trichothecene biosynthesis
and accumulation of trichodiene a nontoxic hydrocarbon precursor. For scientists
in Peoria and elsewhere, ancymidol provided ready access to gram quantities of
natural trichodiene for further studies of trichothecene biosynthesis. Ancymidol
also was patented as a useful chemical agent for trichothecene control in agricultural
commodities.
Because trichodiene is the first compound in the trichothecene biosynthetic pathway,
the enzyme that synthesizes trichodiene is a potentially important regulatory point in
trichothecene biosynthesis. In 1986, Tom Hohn and Frank VanMiddlesworth purified
trichodiene synthase by chromatographic methods from a subcellular fraction of F.
sporotrichioides NRRL 3299. In 1989, Tom Hohn and Ron Plattner purified a similar
sesquiterpene synthase responsible for the biosynthesis of aristolochene by the blue
cheese mold Penicillium roquefortii. Trichodiene synthase was the first trichothecene
biosynthetic enzyme to be purified to homogeneity. Isolation of this enzyme was
a critical step towards the discovery of the trichothecene biosynthetic gene cluster.
Early in 1987, as the research group began to focus more on molecular genetics, Frank
VanMiddlesworth left the U. S. Department of Agriculture for a position in the chemical
industry. Later that year he was replaced by natural product chemist Susan McCormick
[Figure 4], who arrived in Peoria after two years as a research associate with the
aflatoxin biosynthesis research group at the USDA in New Orleans, Louisiana.
Highlights:
• Isotope incorporation studies showed that trichothecenes are biosynthesized by
cytochrome P450 monooxygenase enzymes.
• The compound ancymidol caused inhibition of trichothecene biosynthesis and
accumulation of the nontoxic precursor trichodiene.
• Isolation of the enzyme trichodiene synthase was a critical step towards discovery
of trichothecene biosynthetic genes.



Further reading:
A. E. Desjardins, R. D. Plattner, and F. VanMiddlesworth. 1986. Trichothecene
biosynthesis in Fusarium sporotrichioides: origin of the oxygen atoms of T-2 toxin.
Applied and Environmental Microbiology 51:493-497.
F. VanMiddlesworth, A. E. Desjardins, S. L. Taylor, and R. D. Plattner. 1986. Trichodiene
accumulation by ancymidol treatment of Gibberella pulicaris. Journal of the Chemical
Society Chemical Communications 1986:1156-1157.
T. H. Hohn, and F. VanMiddlesworth. 1986. Purification and characterization of the
sesquiterpene cyclase trichodiene synthetase from Fusarium sporotrichioides. Archives of
Biochemistry and Biophysics 251:756-761.
D. W. Christianson. 2008. Unearthing the roots of the terpenome. Current Opinion in
Chemical Biology 12:141-150.

Chapter 4. A Few Good Mutants
The structural complexity and diversity of the large family of Fusarium
trichothecenes argued that they were likely to be biosynthesized by a long and complex
pathway involving multiple oxygenations and esterifications. Treatment of fungal
cultures with monooxygenase inhibitors led to the accumulation of trichodiene, the
first intermediate, but yielded only trace amounts of later pathway intermediates.
To find additional intermediates, Marian Beremand began in 1985 to mutagenize
F. sporotrichioides strain NRRL 3299 to produce strains that had lost the ability to
produce T-2 toxin [Figure 11]. Since Fusarium is haploid (has only one copy of each
chromosome), recessive loss-of-function
mutations should be able to be detected. Ultraviolet irradiation was an effective mutagen of
F. sporotrichioides and later of F. sambucinum
and mutants with nutritional deficiencies were
recovered from both species. Marian Beremand
used a T-2 toxin immunoassay to screen
colonies of F. sporotrichioides grown in microtiter
plates. The properties of the monoclonal
antibody to T-2 toxin increased the usefulness
of the immunoassay. The antibody was
specific for the isovalerate ester unique to T-2
Figure 11: Marian Beremand screening trichothecene
toxin, and thus would not detect any pathway
mutants c. 1986
intermediates without this moiety. A laborious
screen of more than 10,000 mutagenesis
surviving colonies yielded a handful of the first trichothecene biosynthetic mutants.
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In the late 1980s, detailed biochemical studies of three T-2 toxin nonproducing
mutants were conducted by Marian Beremand, Ron Plattner, and Susan McCormick
to assign the putative mutations to specific enzymatic reactions. The three mutants
were named by the number of the mutagenisis-surviving colony from which they
were isolated, as mutants MB1716, MB2972, and MB5493. Strain MB1716 (originally
designated as a Tox1 mutant), accumulated mainly diacetoxyscirpenol and other
trichothecenes that are not oxygenated at carbon number 8. Strain MB2972 (designated
a Tox3 mutant) accumulated mainly calonectrins, which are not oxygenated at carbon
number 8 or carbon number 4. Strain MB5493 (designated a Tox4 mutant) accumulated
the hydrocarbon precursor trichodiene. Mixtures of two mutants in all combinations
produced high levels of T-2 toxin, demonstrating that the Tox1, Tox3, and Tox4 mutations
were complementary, and thus likely to be relatively simple mutations at different
enzyme-mediated steps of the biosynthetic pathway. To avoid confusion with other
fungal toxin mutants, we soon changed the mutant names from the original Tox1, Tox3,
and Tox4 to the more specific TRI1, TRI3, and TRI4 (in some publications Tri mutants).
The TRI1, TRI3, and TRI4 mutants of F. sporotrichioides all played critical roles in
elucidation of the trichothecene biosynthetic pathway.
Because F. sporotrichioides is asexual, the heritability and linkage of putative
trichothecene gene mutations could not be investigated in this species. Heritability
was studied using a collection of F. sambucinum from the field, which yielded strains
that were sexually fertile and showed natural variation in trichothecene production.
In 1985, genetic crosses conducted in this species defined a locus for oxygenation at
carbon-8 (Tox1, now TRI1) and suggested that at least two additional, unlinked loci were
involved in the control of trichothecene biosynthesis. Although it was the first TRI gene
to be defined genetically, TRI1 was the last major trichothecene biosynthetic gene to be
cloned to date. F. sporotrichioides TRI1 was first isolated in 2003 by Marian Beremand
and her colleagues at Texas A&M University, where she continued her trichothecene
biosynthesis research program after leaving the USDA in 1991.
Highlights:
• Irradiation of Fusarium sporotrichioides yielded the first trichothecene
biosynthetic mutants.
• Biochemical studies assigned the mutations to specific steps of the trichothecene
biosynthetic pathway.
• Sexual crosses of Fusarium sambucinum, the first genetic system in a
trichothecene-producing species, showed that some trichothecene genes are not
linked.
Further reading:
M. N. Beremand. 1987. Isolation and characterization of mutants blocked in T-2 toxin
biosynthesis. Applied and Environmental Microbiology 53:1855-1859.
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R. D. Plattner, L. W. Tjarks, and M. N. Beremand. 1989. Trichothecenes accumulated
in liquid culture of a mutant of Fusarium sporotrichioides NRRL 3299. Applied and
Environmental Microbiology 55:2190-2194.
S. P. McCormick, S. L. Taylor, R. D. Plattner, and M. N. Beremand. 1989. New
modified trichothecenes accumulated in solid culture by mutant strains of Fusarium
sporotrichioides. Applied and Environmental Microbiology 55:2195-2199.
M. N. Beremand and A. E. Desjardins. 1988. Trichothecene biosynthesis in Gibberella
pulicaris: inheritance of C-8 hydroxylation. Journal of Industrial Microbiology 3:167-174.

Chapter 5. TRI, TRI Again
From the outset in 1984, cloning trichothecene biosynthetic genes was a major goal
of our research group in Peoria. Although Marian Beremand’s mutants were useful
for biochemical experiments, the U. V.-mutagenesis protocol she had used did not
include gene tagging for direct identification and cloning. Furthermore, in 1984,
oligonucleotide primers and polymerase chain reaction (PCR) strategies now used for
gene amplification and cloning had not yet been developed. The first fungal genes
had been cloned in the mid-1970s by using bacterial plasmids and viruses as vehicles
for amplification and cloning of DNA from yeast and from the filamentous fungus
Neurospora. Tom Hohn used this approach to clone the first trichothecene biosynthetic
gene, trichodiene synthase, from F. sporotrichioides strain NRRL 3299. For this project, he
collaborated with Dr. Philip Beremand, Marian’s husband and a research associate in a
plant biochemistry group at the Peoria laboratory. First, Tom Hohn purified sufficient
trichodiene synthase protein for the generation of polyclonal antibodies. He prepared
a library of small fragments of the fungal genome in a modified lambda bacteriophage
plasmid of E. coli, and then used the antibodies to identify E. coli colonies that were
expressing portions of the trichodiene synthase protein. In 1989, Tom Hohn and
Philip Beremand isolated the trichodiene synthase gene from the bacteriophage library
and determined its DNA sequence. Expression of the gene in E. coli resulted in the
production of trichodiene. The F. sporotrichioides gene for trichodiene synthase was the
first of the terpene cyclase group of genes to be cloned.
As it turned out, trichodiene synthase gene sequences are quite conserved among
trichothecene-producing Fusarium species. Thus, the gene from F. sporotrichioides was a
useful DNA hybridization probe for isolating trichodiene synthase genes from lambda
libraries of other species. In the years following 1989, Tom Hohn, with other group
members and with research associate Robert (Bob) Proctor and graduate student Susan
Trapp, cloned trichodiene synthase genes from F. sambucinum (1992), F. graminearum
(1995), and Myrothecium roridum (1998). Another type of terpene cyclase, aristolochene
synthase, was cloned from P. roquefortii (1993) by Tom Hohn with Bob Proctor, who
joined the group as a research associate in December 1990 and has continued since
1996 as a microbiologist with both the trichothecene and fumonisin research programs
(Figure 12).
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During the mid-1980s, technology became available
for insertional mutagenesis of filamentous fungi using
transformation vectors with various selectable genes and
promoter sequences. For transformation of Fusarium,
we adopted the transformation system developed and
generously shared with us in 1986 by Gillian Turgeon,
Olen Yoder, and their colleagues at Cornell University.
The plasmid vectors contained the Fusarium DNA of
interest and a gene (hygB) for resistance to the antibiotic
hygromycin under the control of Promoter 1 from the
fungus Cochliobolus heterostrophus. Transformations
were conducted first by Marian Beremand and research
Figure 12: Robert Proctor c. 2006
associate Dr. Yangkyo Salch [Figure 4], who demonstrated
that the vectors could be stably integrated into the
genomes of F. sporotrichioides and F. sambucinum.
In 1991, Tom Hohn, Susan McCormick, and I undertook to clone trichothecene genes
by transformation and mutant complementation of F. sporotrichioides. Although it is
now well-established that genes for mycotoxins and other fungal secondary metabolites
are often clustered, this was not at all obvious in 1991. Indeed, our classical genetic
analysis in F. sambucinum had indicated that at least one gene (TRI1) was not closely
linked to other trichothecene genes. However, the first fungal secondary metabolite
gene cluster (for penicillin biosynthesis) had been reported in 1990, and Tom Hohn felt
that there was a good possibility that TRI5 might be linked to other trichothecene genes.
He first prepared a new library of larger pieces (30-50 kb) of F. sporotrichioides genomic
DNA in a cosmid transformation vector. In May 1992, I tranformed protoplasts of
TRI1, TRI3, and TRI4 mutants with cosmid vectors that contained the TRI5 gene and
up to 40 kb of flanking DNA. Susan McCormick conducted chemical analysis of the
transformants, which showed that production of T-2 toxin was restored to TRI3 and
TRI4 mutants by integration of cosmid vectors containing TRI5. In contrast, integration
of cosmid vectors containing TRI5 into a TRI1 mutant did not restore production
of T-2 toxin. The successful complementation of two of the mutants indicated that
TRI3, TRI4, and TRI5 were organized in a gene cluster. I reported the discovery of the
trichothecene gene cluster in July 1992 at a Gordon Research Conference on Cellular
and Molecular Fungal Biology. At the same scientific meeting, Gary Payne reported the
parallel discovery of aflatoxin biosynthetic gene clusters by genetic complementation
of aflatoxin biosynthetic mutants of Aspergillus species. Discovery of the cluster
in Aspergillus parasiticus was published in 1992 by John Linz and his colleagues at
Michigan State University. Discovery of the A. flavus gene cluster was published in
1993 by Gary Payne and his colleagues at North Carolina State University with Deepak
Bhatnagar and Thomas (Ed) Cleveland at the USDA in New Orleans.
Chromosome walking, DNA sequencing, gene-disruption, and biochemical
studies conducted in Peoria from 1992 to 2002 elucidated the trichothecene core gene
clusters for T-2 toxin in F. sporotrichioides and for deoxynivalenol in F. graminearum.
13

The clusters are highly homologous in gene content and organization, with 12 genes
tightly linked within a 25 kb region in these two species. Ten of the twelve genes have
been shown by targeted disruption to be required for trichothecene biosynthesis.
Along with trichodiene synthase (TRI5), the core cluster contains three cytochrome
P450 monooxygenases (TRI4, TRI11, and TRI13), two acyltransferases (TRI3and
TRI7), an esterase (TRI8), and a transporter (TRI12). The cluster also contains two
positive regulatory genes, TRI6, which coordinates the expression of genes encoding
the trichothecene biosynthetic enzymes, and TRI10, which controls TRI6. TRI6 was
characterized in 1995 by Bob Proctor, Tom Hohn, Susan McCormick, and me; and
TRI10 was characterized in 2001 by Marian Beremand and her colleagues at Texas A&M
University.
The overwhelming majority of F. graminearum strains from the United States
produce deoxynivalenol, but some strains from other geographical regions, especially
from Asia, produce nivalenol. These trichothecenes differ only by the presence or
absence of a hydroxyl group at carbon-4, a reaction catalyzed by the cytochrome P450
monooxygenase encoded by TRI13. In 2001 and 2002, sequences of trichothecene core
clusters of a deoxynivalenol-producing strain and a nivalenol-producing strain were
compared by Daren Brown, who joined the group as a
research associate in 2000 and has continued since 2001
as a molecular biologist with the Fusarium mycotoxin
research program [Figure 13]. Daren Brown found that
the deoxynivalenol chemotype was due to a number of
large insertions and deletions in the DNA sequence of
TRI13 that render the gene nonfunctional. He found
a similar nonfunctionalization of TRI7, which encodes
the 4-acetylation enzyme. Sequence comparisons of
deoxynivalenol-producers and nivalenol-producers
also were reported independently by Yin-Won Lee
and his colleagues in Korea for TRI7 in 2001 and for
TRI13 in 2002. All of the studies indicate that nivalenol
production is the ancestral trait in F. graminearum and
that deoxynivalenol production evolved by loss of gene
function.
Figure 13: Daren Brown c. 2006

Although it would seem logical for all of the
trichothecene biosynthetic genes to be clustered, at
least three of the genes, TRI101, TRI1, and TRI16, are not linked to the core cluster in
F. sporotrichioides and F. graminearum. Indeed, on the genomic map of F. graminearum
that was first published in 2003, TRI1 is adjacent to TRI16 on one chromosome, but
TRI101 and the TRI5 core cluster are on two other chromosomes. Because these genes
are not linked to TRI5, they were found not by chromosome walking, but by other
strategies. TRI101 was isolated by its ability to enable yeast transformants to grow in the
presence of trichothecenes. This gene was cloned independently from F. graminearum
by Makota Kimura and colleagues in Japan in 1998 and from F. sporotrichioides by Susan
McCormick, Nancy Alexander [Figure 14], Susan Trapp, and Tom Hohn in 1999. The
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cytochrome P450 monoxygenase TRI1 and acyltransferase
TRI16 were identified by their gene expression patterns.
These two genes were first isolated from F. sporotrichioides
in 2003 by Marian Beremand and her colleagues at Texas
A&M and also by Daren Brown, Bob Proctor, Ron Plattner,
and research associate Dr. Rex Dyer. TRI1 and a linked, but
nonfunctional, homologue of TRI16, were isolated from F.
graminearum in 2004 as part of a collaboration between Susan
McCormick, Nancy Alexander, and me with Linda Harris,
Thérèse Ouelett, and their colleagues at Agriculture & AgriFood Canada in Ottawa.
Figure 14: Nancy Alexander c.
1985

By 2004 it appeared that there was little left to learn about
the organization of trichothecene biosynthesis genes in
Fusarium, but that confidence appears to have been misplaced. In 2007, Bob Proctor
discovered that Fusarium equiseti has an expanded trichothecene core cluster, in which
both TRI1 and TRI101 are present. The cluster organization in F. equiseti is significantly
different from that in F. sporotrichioides and F. graminearum. Thus, the trichothecene gene
cluster in the genus Fusarium appears to have evolved by complex processes of gene
recruitment, reorganization, neofunctionalization, and nonfunctionalization.
Highlights:
• The first trichothecene biosynthetic gene, trichodiene synthase (TRI5), was
cloned from Fusarium sporotrichioides.
• DNA sequencing and expression analysis of trichothecene biosynthetic genes
discovered that several are clustered with TRI5, but others are not.
• Trichothecene biosynthesis in Fusarium has evolved by complex
processes of gene recruitment, reorganization, neofunctionalization, and
nonfunctionalization.
Further reading:
T. M. Hohn and P. D. Beremand. 1989. Isolation and nucleotide sequence of a
sesquiterpene cyclase gene from the trichothecene-producing fungus Fusarium
sporotrichioides. Gene 79:131-138.
T. M. Hohn, S. P. McCormick, and A. E. Desjardins. 1993. Evidence for a gene cluster
involving trichothecene-pathway biosynthetic genes in Fusarium sporotrichioides. Current
Genetics 24:291-295.
R. H. Proctor, T. M. Hohn, S. P. McCormick, and A. E. Desjardins. 1995. Tri6 encodes
an unusual zinc finger protein involved in regulation of trichothecene biosynthesis in
Fusarium sporotrichioides. Applied and Environmental Microbiology 61:1923-1930.
N. J. Alexander, S. P. McCormick, and T. M. Hohn. 1999. TRI12, a trichothecene efflux
pump from Fusarium sporotrichioides: gene isolation and expression in yeast. Molecular
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and General Genetics 261:977-984.
D. W. Brown, S. P. McCormick, N. J. Alexander, R. H. Proctor, and A. E. Desjardins.
2002. Inactivation of a cytochrome P-450 is a determinant of trichothecene diversity in
Fusarium species. Fungal Genetics and Biology 36:224-233.
S. P. McCormick, L. J. Harris, N. J. Alexander, T. Ouellet, A. Saparno, S. Allard, and
A. E. Desjardins. 2004. Tri1 in Fusarium graminearum encodes a P450 oxygenase. Applied
and Environmental Microbiology 70:2044-2051.

Chapter 6. A Fork in the Road
From 1984 to 1992, the Peoria group had focused our efforts on elucidating the
T-2 toxin biosynthetic pathway in F. sporotrichioides, which was an ideal system for
high-throughput screening for trichothecene mutants and intermediates. In the early
summer of 1992, Dr. Jane Robens, leader of the USDA Food Safety National Program,
asked us to initiate studies of the biosynthesis of the trichothecene deoxynivalenol by
F. graminearum. In 1984-1985, we had seriously considered but rejected F. graminearum
as a candidate model system for trichothecene biosynthesis. Our survey of this species
found no strains that consistently produced high levels of deoxynivalenol or other
trichothecenes in liquid culture media. Furthermore, immunoassays for deoxynivalenol
were not yet available. Although F. graminearum is sexually fertile, the sexual stage,
Gibberella zeae, can self-fertilize as well as outcross. Thus, classical genetic analyses
in this species would be rather laborious because it would have to include markers
or other methods to distinguish between progeny from self-fertilization and from
outcrosses.
Fusarium graminearum was first described on maize (Zea mays) in the United
States in 1822. Fusarium graminearum occurs worldwide on cereal grains and causes
destructive epidemics of maize ear rot and of wheat and barley head blight [Figure
15]. In the central United States in 1965 and 1972, F. graminearum caused severe maize
ear rot epidemics, and Indiana farmers who attempted to use contaminated grain as
swine feed reported vomiting and feed refusal. Deoxynivalenol (named vomitoxin)
was isolated from naturally infected maize associated with the Ohio disease outbreak
in 1972. Numerous surveys in North America,
Europe, and elsewhere have reported high levels
of deoxynivalenol in maize and other feedstuffs
associated with field outbreaks of swine feed refusal
and emetic syndromes. Furthermore, ingestion of
pure deoxynivalenol produces feed refusal and
emesis in swine, and other symptoms of toxicosis in
experimental animals. Beginning in 1991, epidemics
of wheat and barley head blight caused by F.
graminearum increased in frequency and severity in
the eastern and central United States. By 1999, the U.
Figure 15: Fusarium graminearum cultures
S. Department of Agriculture was ranking epidemics
grow from maize seeds
of F. graminearum head blight of wheat and barley as
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the worst plant disease outbreaks since the 1950s.
Historically, consumption of grain contaminated with F. graminearum has been
associated with a number of human toxicoses. In 1933, Japanese scientists associated
sporadic outbreaks of a human toxicosis with consumption of wheat, barley, and other
grains discolored by red mold disease, akakabi-byo. Major outbreaks of akakabibyo had occurred in Japan since the 19th century and were associated mainly with
consumption of grain contaminated with F. graminearum. Patients experienced nausea,
vomiting and diarrhea, often accompanied by headache, dizziness, trembling, euphoria
and even visual hallucinations. Similar clinical symptoms among patients in Russia,
China, and Korea also were associated with consumption of bread that was produced
from red mold-contaminated grain. In contrast to alimentary toxic aleukia, however,
red mold disease was rarely fatal. By the early 1970s, Japanese researchers had
isolated nivalenol and deoxynivalenol and shown that ingestion of these mycotoxins
can produce symptoms characteristic of akakabi-byo in animals. Both of these
trichothecenes and related compounds have been reported to occur in blighted grains
sampled throughout Japan and in Russia, China, and Korea. Deoxynivalenol, nivalenol,
and related trichothecenes thus became strong candidates as major causal agents of
human disease syndromes associated with ingestion of red mold-contaminated grain.
In the summer of 1992, we selected F. graminearum strain GZ3639 as a model
organism for elucidation of the deoxynivalenol biosynthetic pathway. This strain was
isolated from blighted wheat in Kansas by Robert Bowden at Kansas State University,
where he and his colleague John Leslie had begun development of some genetic
techniques for this species. In 1992, Bob Proctor, Tom Hohn, and Susan McCormick
used transformation methods that had been developed for F. sporotrichioides to disrupt
TRI5, the gene encoding trichodiene synthase, to make strains of F. graminearum that
do not produce deoxynivalenol or any other trichothecenes. Susan McCormick, Nancy
Alexander, and colleagues later produced disruption mutants of TRI1, TRI3, TRI8,
TRI11, and TRI101 in F. graminearum. For trichothecene production media, they used
either a cornmeal solid substrate or a two-step liquid culture method developed by J.
David Miller and Barbara Blackwell at Agriculture & Agri-Food Canada in Ottawa.
Armed with an array of trichothecene biosynthesis mutants
of F. graminearum and F. sporotrichioides, Susan McCormick
undertook the painstaking process of creating a library of
dozens of trichothecene metabolites, trichodiene derivatives,
and related compounds [Figure 16]. To diversify chemical
profiles, she grew mutants on solid substrates and in liquid
cultures under a range of conditions and treated cultures with
enzyme inhibitors such as ancymidol and xanthotoxin. She
produced additional compounds by chemical synthesis and
by feeding trichothecene precursors to wild-type and mutant
strains of both species. Structures were elucidated with the
assistance of Ron Plattner for mass spectrometry and of Mr.
Larry Tjarks and Dr. David Weisleder for nuclear magnetic

Figure 16: Susan
McCormick at the mass
spectrometer c. 2006
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resonance spectroscopy. It should be noted that trichothecene nomenclature is often
illogical and confusing, since closely related compounds can have completely different
common names. Trichothecenes tend to be named for the species of fungus from which
they were first isolated, such as isotrichodermol for Trichoderma sp., calonectrin for
Calonectria sp., diacetoxyscirpenol for Fusarium scirpi, and nivalenol for Fusarium nivale.
By analysis of the compounds that fungal strains produced and incorporated into
trichothecenes, Susan McCormick and her collaborators established the sequence
of oxygenations, isomerizations, cyclizations, and esterifications leading from
trichodiene to the more complex trichothecenes. In both F. sporotrichioides and F.
graminearum, the early pathway steps from trichodiene to calonectrin are identical.
First, trichodiene is oxygenated and undergoes extensive molecular rearrangements to
produce isotrichodermol, the first pathway intermediate with a trichothecene skeleton.
Isotrichodermol contains the trichothecene pyran ring, the epoxy group between carbon
numbers 12 and 13, and a hydroxyl group at carbon number 3. The next three pathway
steps in both F. sporotrichioides and F. graminearum are acetylation of the hydroxyl
group at carbon number 3, hydroxylation at carbon number 15, and acetylation of the
hydroxyl group at carbon number 15 to produce calonectrin. After calonectrin, the
pathway splits into two major branches. One branch leads to diacetoxyscirpenol and
T-2 toxin in F. sporotrichioides (and F. sambucinum), with hydroxylations and acylations
at carbon numbers 4 and 8. The other branch leads to deoxynivalenol and nivalenol in
F. graminearum, with hydroxylations and acetylations at carbon numbers 4 and 7, and
hydroxylation and oxidation to create the keto group at carbon number 8. Although
the large number of structures has led to speculation that a metabolic grid may be in
operation, biochemical experiments indicate that there is a generally ordered sequence
of steps in trichothecene biosynthesis.
Isotope incorporation experiments in 1985 showed that all six oxygens of the core
structure of T-2 toxin are derived from molecular oxygen, but by 2004 only four
cytochrome P450 monoxygenases had been linked to trichothecene biosynthesis in F.
sporotrichioides or F. graminearum. Gene-disruption studies indicated that the TRI11
and TRI13 monooxygenases each are responsible for a single hydroxylation, but that
the TRI1 and TRI4 monooxygenases are more complex in function. To determine
whether TRI1 and TRI4 are multifunctional, Susan McCormick, Nancy Alexander,
and Bob Proctor attempted to develop heterologous expression systems in the yeast
Saccharomyces cerevisiae and in Fusarium verticillioides, a species that is missing core
trichothecene biosynthesis genes and does not produce trichothecenes. Although some
trichothecene biosynthetic genes had been expressed in yeast, this approach was not
successful for the cytochrome P450 monooxygenase genes. In 2006, however, Susan
McCormick and her colleagues were successful in expressing TRI1 and TRI4 in F.
verticillioides. These studies showed that the TRI4 enzyme from F. graminearum catalyzes
all four oxygenations required for the conversion of trichodiene into isotrichodermol,
and is therefore a multifunctional monooxygenase. Heterologous expression studies
also showed that the TRI1 enzymes from F. graminearum and F. sporotrichioides differ
in function. The F. graminearum enzyme is multifunctional, catalyzing hydroxylation
at carbon numbers 7 and 8, but the F. sporotrichioides enzyme catalyzes hydroxylation
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at carbon number 8 only. The reasons for the different product specificities of these
enzymes are now under investigation. Unexpectedly, the trichothecene-nonproducing
species F. verticillioides is able to catalyze oxidation of the carbon number 8 hydroxyl
group to a keto group. The oxidoreductase responsible for this reaction remains
unknown, but the sequencing and publication of the F. graminearum genome in 2003 and
the F. verticiollioides genome in 2005 should facilitate identification of candidate genes
for enzymes that catalyze this reaction.
Highlights:
• In both Fusarium sporotrichoides and in Fusarium graminearum, complete
trichothecene biosynthetic pathways were elucidated and were discovered to
share early pathway steps.
• In Fusarium sporotrichioides, the pathway branches to produce T-2 toxin.
• In Fusarium graminearum, the pathway branches to produce deoxynivalenol,
which has been associated with human mycotoxicoses and with outbreaks of feed
refusal and emetic syndrome in farm animals.
Further reading
M. McMullen, R. Jones, and D. Gallenberg. 1997. Scab of wheat and barley: a reemerging disease of devastating impact. Plant Disease 81:1340-1348.
T. M. Hohn, A. E. Desjardins, and S. P. McCormick. 1995. The Tri4 gene of Fusarium
sporotrichioides encodes a cytochrome P450 monoozygenase involved in trichothecene
biosynthesis. Molecular and General Genetics 248:95-102.
S. P. McCormick and T. M. Hohn. 1997. Acumulation of trichothecenes in liquid
cultures of a Fusarium sporotrichioides mutant lacking a functional trichothecene C-15
hydroxylase. Applied and Environmental Microbiology 63:1685-1688.
S. P. McCormick, N. J. Alexander, R. H. Proctor. 2006. Heterologous expression of two
trichothecene P450 genes in Fusarium verticillioides. Canadian Journal of Microbiology
52:220-226.
S. P. McCormick, N. J. Alexander, and R. H. Proctor. 2006. Fusarium Tri4 encodes a
multifunctional oxygenase required for trichothecene biosynthesis. Canadian Journal of
Microbiology 52:636-642.

Chapter 7. A Humble Beginning
During the first five years, the Fusarium mycotoxin biosynthesis research group
followed a linear route of discovery of trichothecene pathway intermediates and
genes. By 1990, key personnel had left or were soon to leave (group founding members
Frank VanMiddlesworth and Marian Beremand, and Research Leaders Bob Detroy
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and Odette Shotwell), but the group’s main objectives in trichothecene chemistry and
genetics remained essentially unchanged. During the same time, our research emphasis
began to shift to include the evolution and biology of trichothecenes, especially
their role in plant pathogenesis. A wide range of plant pathogenic Fusarium species
produce trichothecenes in planta and trichothecenes are acutely toxic to plants. Thus,
it was difficult to believe that evolution of the complex and energetically expensive
trichothecene biosynthesis pathway was not beneficial to Fusarium species in their
plant pathogenic lifestyles. The goal of the research program was to determine
the importance of trichothecenes in plant pathogenesis and thereby identify new
approaches to prevent trichothecene contamination of human foods and animal feeds.
By the end of the 1990s, determining the role of trichothecenes in wheat head blight and
maize ear rot had become a major achievement of the trichothecene research program.
Our plant pathology research in Peoria, however, began rather humbly, with parsnips
and potatoes.
In 1985, we had selected Fusarium sporotrichioides strain NRRL 3299 as the primary
model system for elucidation of the trichothecene biosynthesis pathway and this was
the first strain that Marian Beremand and I chose to screen for plant pathogenicity.
Although this strain had been originally isolated in the 1960s from maize seed, it was
not pathogenic on maize ears or seedlings, or on potato tubers. The road to parsnips
(Pastinaca sativa) was rather circuitous. In 1986, chemist Mr. Gayland Spencer [Figure
17] had provided Ron Plattner and me with several dozen plant natural products to
test for inhibition of trichothecene biosynthesis. One of the
most efficient inhibitors was xanthotoxin, a furanocoumarin
that is produced by a wide range of plants, including celery
and parsnips. In 1987, simple curiosity led me to put strain
NRRL 3299 onto slices of parsnip root, where within 48
hours it caused a spreading, dark brown soft rot. In contrast,
the trichothecene-nonproducing mutant strain MB5493,
which accumulates the nontoxic precursor trichodiene, did
not cause parsnip root rot. Our parsnip study was the first
demonstration that trichothecenes are important for plant
pathogenesis in Fusarium. Historically, mycotoxicology and
plant pathology had been viewed as separate fields, and our
studies brought these two fields together by showing that a
Figure 17: Gayland Spencer c.
1987
mycotoxin could have a role in plant pathogenesis.
Additional evidence for a role of trichothecenes in plant pathogenesis was provided
by the analysis of trichothecene-nonproducing mutants obtained by disruption of
TRI5, the gene encoding trichodiene synthase. This approach was successful because
Fusarium species are haploid and the TRI5 gene occurs as a single copy, and also because
TRI5 gene-disruption mutants appear to retain normal growth and development,
both sexual and asexual. In 1990, Tom Hohn, Susan McCormick, and I used DNAmediated transformation with selection for hygromycin resistance to construct TRI5
gene-disruption mutants of F. sambucinum strain R-6380. This strain had been isolated
originally from potato tuber dry rot in Germany and remained highly pathogenic on
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potato tubers and parsnip roots. Two types of hygromycin-resistant transformants of
strain R-6380 were obtained, depending on where the transformation vector inserted
into the genome. Homologous recombination at the site of the endogenous TRI5 gene
yielded disruption mutants, which produced no detectable diacetoxyscirpenol or
other trichothecenes. Insertion at other sites (ectopic) yielded mutants that retained
the wild-type TRI5 gene and trichothecene production. Virulence of all TRI5 genedisruption mutants on parsnip roots was
highly reduced when compared with virulence
of strain R-6380 and ectopic mutants with a
wild-type TRI5 gene [Figure 18]. The parsnip
assay results with F. sambucinum were thus
completely consistent with the previous
results with F. sporotrichioides, supporting a
role for trichothecenes in pathogenesis of both
Fusarium species on parsnip root.
Figure 18: Fusarium sambucinum causes rot of pars-

Quite unexpectedly, we found that
nip root slices: trichothecene producers (top row) causes
more rot than trichothecene nonproducers (bottom row)
virulence of F. sambucinum TRI5 genedisruption mutants on potato (Solanum
tuberosum) tubers was indistinguishable from
virulence of the trichothecene-producing strain from which they were derived. Thus,
it must be concluded that production of trichothecenes is important for the virulence
of F. sporotrichioides and F. sambucinum on parsnip roots but has little or no role in the
virulence of F. sambucinum on potato tubers. Certainly, the opposite outcomes of the
parsnip and potato studies with F. sambucinum indicate that one should always be
cautious in generalizing results from one plant species to another when assessing the
role of trichothecenes, or any factor, in plant disease.

The humble parsnip and potato also provided the first illustrations of the potential
complexity and integration of chemical interactions between trichothecene-producing
Fusarium species and their plant hosts. As Fusarium species have developed toxins that
increase their virulence on plant tissues, plants have developed a variety of ways to
limit the effectiveness of fungal toxins. In parsnip, Ron Plattner and Gayland Spencer’s
mass spectrometric analysis found that roots infected with F. sporotrichioides produce
xanthotoxin, which blocks trichothecene biosynthesis and causes the accumulation of
nontoxic trichodiene in root tissues. At the same time, plant production of xanthotoxin
is countered by fungal production of enzymes that detoxify xanthotoxin and
apparently override the plant response. In potato tubers but not in parsnip roots, Susan
McCormick’s analysis by gas-liquid chromatography found that 4,15-diacetoxyscirpenol
is rapidly metabolized to 15-monoacetoxyscirpenol and then to scirpenetriol. These
metabolites are not detected in pure cultures of F. sambucinum and thus are likely
to be products of potato enzymes. To develop trichothecene-resistant plants, we
need to understand much more about plant mechanisms for inhibiting trichothecene
biosynthesis, metabolizing trichothecenes, or otherwise altering their toxicity.
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Highlights:
• Studies with parsnips were the first demonstration that trichothecenes are
important for plant pathogenesis in Fusarium.
• The opposite outcomes of studies in parsnips and potatoes indicated that one
should be cautious in generalizing results from one plant species to another
when assessing the role of trichothecenes in plant disease.
• The humble parsnip and potato illustrate the potential complexity and
integration of chemical interactions between Fusarium species and their plant
hosts.
Further reading
A. E. Desjardins, R. D. Plattner, and G. F. Spencer. 1988. Inhibition of trichothecene toxin
biosynthesis by naturally occurring shikimate aromatics. Phytochemistry 27:767-771.
A. E. Desjardins, G. F. Spencer, R. D. Plattner, and M. N. Beremand. 1989.
Furanocoumarin phytoalexins, trichothecene toxins, and infection of Pastinaca sativa by
Fusarium sporotrichioides. Phytopathology 79:170-175.
G. F. Spencer, A. E. Desjardins, and R. D. Plattner. 1990. 5-(2-carboxyethyl)-6-hydroxy-7methoxybenzofuran, a fungal metabolite of xanthotoxin. Phytochemistry 29:2495-2497.
A. E. Desjardins, T. M. Hohn, and S. P. McCormick. 1992. Effect of gene disruption of
trichodiene synthase on the virulence of Gibberella pulicaris. Molecular Plant-Microbe
Interactions 5:214-222.

Chapter 8. Out Standing in Our Field
The trichothecene biosynthesis research group made remarkable progress during
our first decade. By 1993, the group had integrated trichothecene chemistry, genetics,
and biology into a multidisciplinary research program. We had elucidated much of the
trichothecene biosynthesis pathway, discovered a cluster of trichothecene biosynthesis
genes, developed a method for gene disruption in Fusarium and used it to produce
trichothecene-nonproducing mutants. By 1993, Bob Proctor, Susan McCormick, Tom
Hohn, and I had completed laboratory tests of trichothecene-nonproducing, TRI5
gene-disruption mutants of F. sambucinum using parsnip roots and potato tubers, and
of F. graminearum using wheat and maize seedlings and wheat heads. Evidence was
accumulating that production of trichothecenes could affect Fusarium-plant interactions,
although the outcome appeared to vary dramatically between experimental systems.
All of these experiments, however, had been conducted in controlled experimental
environments. Our next challenge was to test our hypothesis under realistic
agricultural conditions by taking our plant pathology research program from the
laboratory into the field.
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The spring and summer of 1993 brought months of rain and disastrous floods
to Illinois and much of the mid-western United States. Along with the rains
came epidemics of wheat and barley head blight and grain contamination with
deoxynivalenol so severe that farmers in some regions burned their crops in the field.
With evidence of the economic impact of Fusarium head blight all around us that
spring and summer, we became convinced of the need to validate the importance of
trichothecenes in wheat head blight by testing our trichothecene-nonproducing mutants
of F. graminearum under realistic field conditions. At the same time, we were concerned
that USDA environmental regulations might not allow field release of a genetically
modified plant pathogenic fungus. In a conversation with R. James Cook in 1993, I
recall telling him of our interest and concerns about field testing genetically modified
Fusarium. Beginning in 1987, Cook and his colleagues at the USDA Root Disease and
Biological Control Research Unit at Pullman, Washington, had successfully field-tested
a genetically modified bacterium as a biological control a gent for wheat root rot. He
encouraged us to submit an application for the necessary permit for field release of a
trichothecene-nonproducing mutant of F. graminearum.
In autumn 1993, Tom Hohn, Bob Proctor, Susan McCormick, and I submitted an
application to the authorized agency, the Biotechnology, Biologics, and Environmental
Protection Unit of the USDA Animal and Plant Health Inspection Service, for “Field
testing a genetically engineered strain of the fungus, Fusarium graminearum”. In that
agency, the environmental assessment of our permit was prepared by David Heron, a
former member of the Cook research group who, fortunately for us, was familiar with
genetically modified microorganisms, F. graminearum, and wheat field tests. With his
guidance, the permit was approved in May 1994 with a finding of no significant impact
to the quality of the environment.
Under the conditions of our first USDA biotechnology permit in 1994 we were
allowed to test only two strains of F. graminearum: a trichothecene-nonproducing, TRI5
gene-disruptant and the trichothecene-producing wild-type strain from which it was
derived. The test site was to be less than
one-half acre and to include nine 10 x 10
foot plots, three of which were to be treated
with the TRI5 disruption mutant [Figure 19].
We were required to monitor after harvest
for the persistence of the TRI5 disruption
mutant in adjacent, trap wheat plants and
in soil within and surrounding the test
site. We also were required to introduce
Figure 19: The wheat head blight field test in 1994.
fungal spores only by direct injection into
each wheat head [Figure 20]. In additional, we were required to cover each wheat head
after injection with a piece of transparent tubing, and to uproot and destroy the wheat
plants by autoclaving in the laboratory. Both of these additional, time-consuming
requirements were dropped from subsequent tests and the wheat plants were destroyed
by uprooting and burning at the test site. In later field tests, we also were allowed
to test additional genetically modified strains of F. graminearum. Over several years
of field tests, we surveyed soil within and surrounding the test site for the presence
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of F. graminearum and never saw significant movement of
genetically modified fungal strains into soil.
Under USDA biotechnology permits from 1994 through
2003, I coordinated seven field tests of trichothecene
mutants and various other genetically modified strains of
F. graminearum strain GZ3639 in Illinois. Field test team
member scientists included Ron Plattner, Bob Proctor,
Susan McCormick, Tom Hohn, and Daren Brown. All of the
Illinois field tests were conducted in the countryside several
Figure 20: Bob Proctor inoculates
miles west of Peoria at the family farm of Walter Christ, with
wheat in the field 1994.
whom I established cooperative research and development
agreements. Walter Christ and his son Kurt [Figure 7] were reliable and conscientious
in planting and managing our experimental wheat and maize plots under the exacting
conditions required of the USDA permits. Walter’s wife Doris often brought cold cider
from their apple press out to us on long, hot days in the field. The Christ family was
always interested in the research being done on their farm and with their help, through
droughts, floods and tornadoes, every field test was completed as planned.
In the field, F. graminearum diseases of wheat heads and maize ears are highly
influenced by the environment. Thus, experiments to evaluate virulence need to
repeated over several years and at multiple sites. Our efforts to recruit collaborators
for field tests outside of Illinois met with only limited success, due mainly to fears of
adverse publicity from field research with genetically modified fungi. Two successful
field tests of TRI5 mutants of F. graminearum GZ3639 were conducted outside of Illinois.
The first test was conducted on winter wheat in 1995 by Gregory Shaner, Guihua Bai,
and their colleagues at Purdue University in Indiana. In
1998, Dr. Guihua Bai joined our wheat head blight project as
a research associate and has remained with the USDA as a
plant molecular geneticist in Manhattan, Kansas [Figure 21].
A field test of TRI5 mutants of F. graminearum was conducted
on maize in 1996 by Linda Harris and her colleagues at
Agriculture & Agri-Food Canada in Ontario. Although by
USDA regulation the environmental assessments of our field
test permits were released to the public, we never received any
Figure 21: Guihua Bai 1998
objections to our tests in Illinois, Indiana, or Ontario.
In wheat field tests in Illinois in 1994, 1995, and 1998, and in Indiana in 1995,
virulence of TRI5 gene-disruption mutants was highly reduced when compared with
virulence of strain GZ3639 and mutants with a wild-type TRI5 gene. Trichothecenenonproducing strains colonized wheat heads, but the infected heads showed less
disease by several parameters tested, including head bleaching symptoms, and seed
quality, yield and viability. In maize ear rot [Figure 22] field tests in Illinois and Ontario
in 1996, virulence of TRI5 gene-disruption mutants also was reduced, but to a lesser
extent than on wheat. Harvested maize ears were analyzed for disease based on visible
ear rot and seed quality and yield. Fungal biomass in the seed was measured by
ergosterol quantitation by Christopher Young in Ontario, and by quantitative PCR by
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Paul Nicholson and Gillian Weston at the John Innes Centre in
the United Kingdom. The field test results consistently indicated
that trichothecene production plays a significant role in the
spread of F. graminearum, but is not necessary for initial infection
of wheat or maize.
As far as we are aware, the 1994 test was the first USDAapproved field test of a genetically modified plant pathogenic
fungus in the United States. With the successful completion of
this and subsequent field tests, we obtained conclusive evidence
for the importance of trichothecenes in wheat head blight and
maize ear rot under realistic agricultural conditions. Prior to
Figure 22: Fusarium graour work, mycotoxicology had not been a traditional field for
plant pathological research. Mycotoxin research had historically minearum ear rot of maize
been performed by natural product chemists, mycologists,
animal toxicologists, and human disease epidemiologists. Initially, the apparent lack
of specificity of mycotoxins hindered the acceptance of a role for mycotoxins in plant
pathogenesis. Our plant pathological research, in the laboratory and in the field, placed
trichothecenes firmly in the unique class of fungal metabolites that cause mycotoxicoses
in animals and are virulence factors in plant disease. Indeed, the trichothecenes remain
to date the only major class of mycotoxins that have been proven to play a role in plant
pathogenesis.
Highlights:
• The 1994 wheat field test of trichothecene-nonproducing mutants of Fusarium
graminearum was the first USDA-approved field test of a genetically modified
plant pathogenic fungus in the United States.
• The successful completion of several years of field tests provided conclusive
evidence for the importance of trichothecenes in wheat head blight and maize ear
rot under realistic agricultural conditions.
• Trichothecenes are, to date, the only major class of mycotoxins that have been
proven to play a role in plant pathogenesis.
Further reading
A. E. Desjardins and T. M. Hohn. 1997. Mycotoxins in plant pathogenesis. Molecular
Plant-Microbe Interactions 10:147-152.
R. H. Proctor, T. M. Hohn, and S. P. McCormick. 1995. Reduced virulence of Gibberella
zeae caused by disruption of a trichothecene toxin biosynthetic gene. Molecular PlantMicrobe Interactions 8:593-601.
A. E. Desjardins, R. H. Proctor, G. Bai, S. P. McCormick, G. Shaner, G. Buechley, and T.
M. Hohn. 1996. Reduced virulence of trichothecene-nonproducing mutants of Gibberella
zeae in wheat field tests. Molecular Plant-Microbe Interactions 9:775-781.
25

L. J. Harris, A. E. Desjardins, R. D. Plattner, P. Nicholson, G. Butler, J. Young, G. Weston,
R. H. Proctor, and T. M. Hohn. 1999. Possible role of trichothecene mycotoxins in
virulence of Fusarium graminearum on maize. Plant Disease 83:954-960.
G.-H. Bai, A. E. Desjardins, and R. D. Plattner. 2001. Deoxynivalenol-nonproducing
Fusarium graminearum causes initial infection, but does not cause disease spread in
wheat spikes. Mycopathologia 153:91-98.

Chapter 9. Travels with TRI101
The years 1996-1998 saw an extensive reorganization of the National Center for
Agricultural Utilization Research and of the Mycotoxin Research Unit. In 1996, I moved
to the Bioactive Agents Research Unit and focused on my work with Ron Plattner
on the biosynthesis of fumonisins, carcinogenic mycotoxins produced by Fusarium
verticillioides. At the same time, Nancy Alexander, who had been a microbiologist at
the Peoria laboratory since 1980, moved to the Mycotoxin Research Unit to work on
trichothecene biosynthesis [Figure 14]. Upon the retirement of John Richard in 1997,
Ron Plattner became Research Leader of a reorganized Mycotoxin Research Unit that
now contained two coordinated Fusarium mycotoxin biosynthesis research programsone for trichothecenes and one for fumonisins. In 1998, Tom Hohn left the USDA for
a position in the agricultural industry and the funding for his position was diverted to
fumonisin research. After 2000, more of the Fusarium mycotoxin biosynthesis research
effort in Peoria was diverted to fumonisins. Only Susan McCormick and Nancy
Alexander continued to work exclusively on trichothecene-related research, with an
increasing emphasis on resistance to trichothecenes and Fusarium head blight.
During the 1990s, epidemics of wheat and barley head blight caused by F.
graminearum became frequent and severe in the eastern and central United States. In
1996, in response to this emerging disease problem, USDA and university scientists
began to work closely with the agricultural industry to develop the U.S. Wheat and
Barley Scab Initiative to support research towards controlling Fusarium head blight
and deoxynivalenol contamination. Every year since 1998 the U. S. Congress has
appropriated federal funds to the USDA-Agricultural Research Service for dispersal
primarily as competitive research grants to scientists affiliated with the USDA,
universities, and other research institutes. For the past decade, the highest priority
of the U. S. Wheat and Barley Scab Initiative has been the development of wheat and
barley varieties resistant to F. graminearum and to deoxynivalenol contamination, either
through traditional plant breeding or through genetic engineering. Development
of trichothecene-resistant wheat also has become a priority of the trichothecene
biosynthesis research group in Peoria.
Knowledge of the biosynthesis and function of trichothecenes suggested new
strategies for controlling Fusarium head blight and mycotoxin contamination. In
particular, since trichothecene production is a virulence factor for wheat head blight,
then interfering with trichothecene biosynthesis or toxicity might decrease virulence
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and protect plants from infection. With this goal in mind, in 1996, Nancy Alexander,
Susan McCormick, and Tom Hohn began a search for trichothecene resistance genes.
Based on the logical assumption that trichothecene-producers would have genes for
resistance to their own toxins, they began their search with the T-2 toxin producing
F. sporotrichioides strain NRRL 3299. Nancy Alexander first determined that a strain
of the yeast S. cerevisiae that lacks a functional PDR5 (multi-drug transporter) gene is
sensitive to T-2 toxin and thus would be a suitable recipient. She transformed yeast
protoplasts with plasmid vectors that contained a cDNA library constructed with
mRNA from F. sporotrichioides and then selected yeast transformants that were able
to grow in the presence of T-2 toxin or diacetoxyscirpenol. Analysis of the fungal
cDNA and corresponding genomic sequence identified TRI101, a trichothecene 3acetyltransferease. This gene was cloned independently from F. graminearum and
named by Makota Kimura and colleagues in Japan in 1998. They proposed that
acetylation catalyzed by the TRI101 enzyme was the primary defense mechanism
against trichothecenes in Fusarium and that TRI101 gene disruption would be lethal.
To the contrary, Susan McCormick found that TRI101 gene disruption mutants
of F. sporotrichioides were viable but did not produce T-2 toxin. Instead, TRI101
mutants accumulated isotrichodermol, the first pathway intermediate with a tricyclic
trichothecene structure. She and her colleagues concluded that TRI101 acts as an
integral biosynthetic enzyme in the 3-acetylation of isotrichodermol and that the
T-2 toxin biosynthetic pathway proceeds from isotrichodermol via 3-acetylated
intermediates.
The TRI101 genes from F. graminearum and F. sporotrichioides were the first
trichothecene-resistance genes to be cloned. The first transgenic plants expressing
TRI101 were created in Peoria by plant biologist Dr. Michael Muhitch in collaboration
with Nancy Alexander, Susan McCormick, and Tom Hohn. In 2000, they reported that
transgenic expression of F. sporotrichioides TRI101 in the model plant tobacco increased
seed germination and growth in the presence of diacetoxyscirpenol. Wheat geneticists
Pat Okubara and Anne Blechl at the USDA Western Regional Research Center in
California and barley geneticist Lynn Dahleen and her colleagues at the USDA Cereal
Crops Research Center in North Dakota have been creating transgenic plants expressing
F. sporotrichioides TRI101. To date, the transgenic wheat and barley have had increased
resistance to Fusarium head blight under greenhouse conditions but have given mixed
results in field tests. TRI101 and genes for other enzymes that modify trichothecenes
continue to be the targets of efforts worldwide to develop plant resistance to
trichothecenes and to Fusarium head blight.
Highlights:
• Since trichothecene production can enhance Fusarium head blight, research was
initiated to identify genes for trichothecene-resistance and to investigate their
potential to enhance wheat resistance to trichothecenes and to head blight.
• The Fusarium TRI101 gene, which encodes an enzyme that acetylates many
trichothecenes to less toxic forms, was the first putative trichothecene-resistance
gene to be cloned.
27

• TRI101 and genes for other enzymes that modify trichothecenes continue to be
the targets of efforts to develop plants that are resistance to trichothecenes and to
Fusarium.
Further reading
S. P. McCormick, N. J. Alexander, S. E. Trapp, and T. M. Hohn. 1999. Disruption
of TRI101, the gene encoding trichothecene 3-O-acetyltransferase, from Fusarium
sporotrichioides. Applied and Environmental Microbiology 65:5252-5256.
M. J. Muhitch, S. P. McCormick, N. J. Alexander, and T. M. Hohn. 2000. Transgenic
expression of the TRI101 or PDR5 gene increases resistance of tobacco to the phytotoxic
effects of the trichothecene 4,15-diacetoxyscirpenol. Plant Science 157:201-207.
P. A. Okubara, A. E. Blechl, S. P. McCormick, N. J. Alexander, R. Dill-Macky, and T. M.
Hohn. 2002. Engineering deoxynivalenol metabolism in wheat through the expression
of a fungal trichothecene acetyltransferase gene. Theoretical and Applied Genetics
106:74-83.
M. Manoharan, L. S. Dahleen, T. M. Hohn, S. M. Neate, X. Yu, N. J. Alexander, S. P.
McCormick, P. Bregitzer, P. B. Schwarz, and R. D. Horsley. 2006. Expression of 3-OH
trichothecene acetyltransferase in barley and effects on Fusarium head blight. Plant
Science 171:699-706. *Discrepancy in title but publication info mattches: Expression
of 3-OH trichothecene acetyltransferase in barley (Hordeum vulgare L.) and effects on
deoxynivalenol

Epilogue
Our studies of trichothecene biosynthesis began in 1984 as a long-term research
program on an intractable agricultural problem, the kind of high-risk research that
often is supported only by the public funds of the USDA Agricultural Research
Service. At that time, we were perhaps the only group in the United States that
was doing genetic and biochemical research on trichothecene-producing Fusarium
species. Our trichothecene research program began in 1984 with a simple question:
how are trichothecenes made by Fusarium? Twenty-five years later, we had not only
answered that question but we had also begun to answer a second question: why are
trichothecenes made by Fusarium? Along the way, we integrated chemistry and genetics
with plant pathology in the laboratory and in the field to conduct groundbreaking
research on how and why Fusarium species make these very complex and highly toxic
metabolites.
Twenty-five years later, the field of trichothecene research has expanded enormously,
largely as a result of an influx of funds, from the USDA for the U. S. Wheat and Barley
Scab Initiative and from the USDA and the U. S. National Science Foundation for
sequencing the F. graminearum genome. As I write this history in 2009, research on
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Fusarium head blight and on trichothecene chemistry, genetics, plant pathology, and
resistance is being conducted at more than 40 university and USDA laboratories in the
United States and at even more institutions worldwide. It has been a great privilege to
be a part of this international research effort, which is producing new plant varieties,
crop protection agents, agronomic practices, and other strategies to reduce Fusarium
head blight and trichothecene contamination of human
foods and animal feeds worldwide. I thank Don Fraser
for scientific illustration
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Table. Structures of trichodiene and selected trichothecenes
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