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ABSTRACT

MOLECULAR ANALYSIS OF HC-TOXIN BIOSYNTHESIS
IN COCHLIOBOLUS CARBONUM

By

Yi-Qiang Cheng

HC-toxin is the molecular determinant in the interaction between the
fungal pathogen Cochliobolus carbonum race 1 and its host plant, Zea mays L.
(genotype hm1/hm1). HC-toxin exists as a small family of cyclic tetrapeptides.
The major component of HC-toxin, HC-toxin |, has the structure cyclo(D-Pro-L-
Ala-D-Ala-L-Aeo), where Aeo stands for 2-amino-9,10-epoxi-8-oxo-decanoic
acid. The biosynthesis of HC-toxin is controlled by a genetic locus, TOX2, that is
complex at the molecular level. Previous studies have identified four genes
(HTS1, TOXA, TOXC, and TOXE; collectively called TOX2). These known TOX2
genes each exist as two or three functional copies per genome and are present
only in HC-toxin-producing isolates (Tox2*) of C. carbonum. The TOX2 genes are
distributed over ~540 kb on a special chromosome in a standard lab strain
SB111 (one copy of TOXE is located on a different chromosome). When all
copies of any individual gene are mutated, the fungus loses the capability to
produce HC-toxin and thus pathogenicity.

In this thesis research, two additional TOX2 genes, TOXF and TOXG,

have been cloned by using bacterial artificial chromosomes (BACs). TOXF and



TOXG are two tightly linked genes. Both have three copies in SB111, and two
functional copies in isolate 164R10, both are exclusively present in Tox2" isolates
of C. carbonum, both map to the TOX2 locus, and both are regulated by TOXE.
TOXF encodes a putative branched-chain amino acid aminotransferase that we
hypothesize to aminate an a-keto acid in the pathway to make Aeo. A null mutant
of TOXF failed to produce HC-toxin and lost the ability to causes severe leaf spot
disease on maize. Therefore, TOXF can be regarded as a pathogenicity gene.
TOXG encodes a novel alanine racemase that catalyzes the interconversion
between L-alanine and D-alanine. D-alanine is a critical constituent in HC-toxin |,
lll and IV, but not HC-toxin Il, which has glycine in place of D-alanine. A null
mutant of TOXG failed to make HC-toxin I, Ill and IV, but still made HC-toxin II.
Feeding the TOXG null mutant with D-alanine restored the normal HC-toxin
production profile. Compared to wild type, the TOXG mutant caused a delayed
disease phenotype that eventually resulted in full symptoms due to the presence
of HC-toxin |l. Therefore, TOXG can only be classified as a virulence factor.
Genetic and biochemical experiments were successfully adopted to confirm that
TOXG gene product functions as alanine racemase.

Another TOX2 candidate gene, TOXD, was cloned based on its linkage to
TOXC. TOXD shares similarities with other known TOX2 genes, including
physical linkage, copy number, gene distribution, and regulation by TOXE.
However, HC-toxin production and fungal pathogenicity were unchanged in a
TOXD null mutant. It appears that TOXD has no apparent role in HC-toxin

production or fungal pathogenicity.
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CHAPTER 1

SECONDARY METABOLISM AND FUNGAL TOXINS



Introduction

It has been estimated that the Mycota, the Fifth Kingdom, has about one
and a half million species existing in almost every ecological niche on earth;
nearly 70,000 of them have been described (Hawksworth, 1991; Kendrick, 1992).
This vast pool of biological and genetic resources represents a considerable
portion of all living things on the planet and has a profound effect on human life in
many different ways. Since ancient times, human beings have been eating
mushrooms and consuming yeast-fermented food and drinks. Ergotism, resulted
from the consumption of grain contaminated with ergot alkaloids of Claviceps
purpurea, has been responsible for numerous epidemics throughout human
history (Beardle and Miller, 1994). In 1970, a widespread plant disease called
Southern corn leaf blight, caused by Cochliobolus heterostrophus race T, which
produces a highly specific phytotoxin known as T-toxin, resulted in substantial
crop losses in the U.S. (Ulistrup, 1970). The most noteworthy event in
contemporary fungal research has been the discovery of pharmaceutically active
compounds. Nobel laureate Alexander Fleming observed that Penicillium
notatum can inhibit the growth of the human pathogenic bacterium
Staphylococcus aureus and subsequently discovered the first and still very
important antibiotic, penicillin (Fleming, 1929; 1946). Later research showed that
penicillins are also produced by P. chrysogenum and a variety of other
organisms (Lechevalier, 1975). The immunosuppressant drug cyclosporin was
first discovered as an antifungal agent produced by Tolypocladium inflatums and

Cylindrocarpon lucidum (Dreyfus et al., 1976). It was later found to have



excellent immunosuppressive activity and has been widely used during organ
transplantation to suppress immune rejection (Goodman Gilman et al., 1985).
Since its initial discovery, cyclosporin has been reported from many strains of
Tolypocladium inflatum, T. geodes, and T. niveum, as well as from species of
Acremonium, Beauvaria, Fusarium, Paecillomyces, and Verticillium (Sanglier et
al., 1990). Among the most successful drugs derived from fungal sources are the
cholesterol biosynthesis inhibitors related to lovastatin, which were initially
reported by researchers at Merck & Co. from Aspergillus terreus (Vagelos, 1991).
Related compounds were also reported from Penicillium brevicompactum and P.

citrinum (Brown et al., 1976; Endo et al., 1976).

Concepts of secondary metabolism and secondary metabolite

Collectively, the above examples of fungal products with beneficial or
hazardous biological activities are called secondary metabolites, which are
generally unique to the producing strains but have no confirmed roles in growth
and development. Secondary metabolite was first termed by plant natural product
chemists in 1891 to describe the materials that were relatively unimportant in the
overall physiology of plants (Czapek, 1921). It was not until 1961 that secondary
metabolite was applied to microbial products (Bu'Lock, 1961). Many scientists
had defined secondary metabolite and secondary metabolism in subtly different
ways. Martin and Demain (1978) stated that “Secondary metabolites are those
metabolites which are often produced in a phase subsequent to growth, have no

function in growth (although they may have a survival function), are produced by



certain restricted taxonomic groups of microorganisms, have unusual chemical
structures, and are often formed as mixtures of closely related members of a
chemical family”. Campbell (1983) paraphrased that “materials that occur
uniquely in a single strain or species, that are found in two or more closely
related members of a single genus, or that are found sporadically in a limited
number of evolutionarily unrelated species in different genera, families, orders,
classes, phyla or kihngdoms” should be called secondary metabolites (other terms
are shunt metabolite, “special’ metabolite, or idiolyte). Bennett and Bentley
(1989) proposed a definition for secondary metabolite: “A metabolic intermediate
or product, found as a differentiation product in restricted taxonomic groups, not
essential to growth and life of the producing organism, and biosynthesized from
one or more general metabolites by a wider variety of pathways than is available
in general metabolism™. Lately, Vining (1992) summarized three criteria of
secondary metabolites: “1. Secondary metabolites are not essential for growth
and tend to be strain specific, 2. They have a wide range of chemical structures
and biological activities; 3. They are derived by unique biosynthetic pathways

from primary intermediates and metabolites”.

Characteristics of fungal secondary metabolites and their biological
activities

With few exceptions, secondary metabolites are small molecules with
diverse structures. They can be as simple as aliphatic acids (e.g., itaconic acid,

CsHeO4), or as complex as alkaloid toxins (e.g., palytoxin, Ci29H223N30s4)



(Bentley, 1999). Because secondary metabolites are deeply implicated in human
life as antibacterial, antifungal, and antitumor compounds, antihelmintics,
immunosuppressants, cholesterol-lowering agents, carcinogenic and tumorgenic

chemicals, food contaminants, etc. (Table 1), they have a major impact on

health, nutrition and economics.

Table 1. Biological activities of selected fungal secondary metabolites.
Data adapted from Monagnan and Tkacz (1990), Vining (1990), Walton (1996),

and Pearce (1997).

Name of metabolite

Biological activity

Producing genus

Aflatoxin Carcinogen Aspergillus
Apicidin Antiprotozoal Fusanum
Auvericin Insecticidal Beauveria
Calphostins Antineoplastic Cladosporium
Cephalosporin Antibacterial Cephalosporium
Cornexistin Herbicidal Paecilomyces
Cyclosporin Immunosuppressant Tolypocladium
Ergotrate Vasosuppressant Claviceps
Fusarielin Antimitotic Fusarium
Gibberellic acid Plant growth stimulating Gibberella
HC-toxin Phytotoxic Cochliobolus
Ibotenic acid Narcotizing Amanita
Lachnumon Antinematode Lachnum
Lovastatin Antihypercholesterol Aspergillus
Paraherquamide Antihelmintic Penicillium
Penicillin Antibacterial Penicillium
Viridiofungin Antitumor Trichoderma
Zaragozic acid Antifungal Leptodontidium
Zearalenone Estrogenic Fusarium




Biosynthesis of fungal secondary metabolites

Fungi are prolific producers of secondary metabolites. Early compendia
recorded a total of about 5000 fungal metabolites (Shibata et al., 1964; Turner
1971; Turner and Aldridge, 1983). The accelerating pace of new discoveries
nowadays has simply made such encyclopedia works practically impossible.

Secondary metabolism utilizes a limited number of metabolites from
primary metabolism in novel ways. The structural diversity of fungal secondary
metabolites reflects the complexity of their biosynthetic routes. In summary, there
are four major pathways in secondary metabolite biosynthesis (Figure 1-1)
(Adapted from Bentley, 1999).

The “isoprene pathway” starts with mevalonic acid derived from acetyl-
CoA. The subsequent steps occur by head-to-tail condensation of the “isoprene”
unit -C-C(C)-C-C-, often with further biochemical modifications. Trichothecenes
(discussed later in this Chapter), which share a trichodiene core made of three
isoprene units (called sesquiterpene), are examples of fungal secondary
metabolites derived from this pathway.

The “polyketide pathway” typically uses acetyl-CoA as starter unit, and the
Co-A forms of lower fatty acids and their carboxylated derivatives, such as
malonyl-CoA,  propionyl-CoA,  methylmalonyl-CoA,  butyryl-CoA, and
ethylmalonyl-CoA, as extender units. Polyketides vary from each other in the
length of backbone, degree of reduction, and numbers of modifications. The

polyketide family is the largest known group of secondary metabolic compounds
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in fungi. Aflatoxins/sterigmatocystins, fumonisin and T-toxin (discussed in the
later part of this Chapter) are polyketides produced by fungi.

The “shikimate pathway” uses shikimic acid itself as the starter material, or
an intermediate involved in shikimate formation, or a primary metabolite derived
from shikimate (e.g., isochorismate). Many plant aromatic products originate in
this way, as well as some nonaromatic, cyclohexane structures. Fungal toxins
derived from this pathway, however, are not common.

The fourth “polypeptide pathway” includes secondary metabolites
synthesized from amino acids and amino acid derivatives in a non-ribosomal
fashion. This class of compounds is synthesized by multifunctional (cyclic)-
peptide synthetases. HC-toxin and victorin (discussed later in this Chapter) are
examples of this pathway.

While these four pathways are the major biosynthetic routes to secondary
metabolites, there are still other possibilities, such as compounds derived directly
from carbohydrates without cleavage of the carbon chain and those derived from
intermediates of the tricarboxylic acid cycle. Moreover, many secondary
metabolites are biosynthesized by a mixed process involving a combination of
two or more of these major pathways. A classic example is ergot alkaloids, which

consist of both amino acid units and isoprene units (Bentley, 1999).

Functions of fungal secondary metabolites
Why do fungi produce secondary metabolites? Alternatively, what are the

biological functions of secondary metabolites to the producing fungi? There is yet



no definitive answer to this question. On the one hand, as defined, metabolites
produced through secondary metabolic pathways are not essential for the growth
and development of the producing organisms. Early hypotheses favored the
conclusion that the secondary metabolism was merely an overflow of energy and
intermediates (Bu'Lock, 1961; Woodruff, 1966). On the other hand, from the
Darwinian point of view, the presence in an organism of the genetic information
and biosynthetic machinery to camy out a complex synthesis implies positive
selection. Not only does the process require energy and therefore introduce a
growth disadvantage, but also the occurrence of deleterious mutations in a multi-
step pathway would be expected to eventually terminate the normal functions,
unless the metabolic processes or its products were somehow beneficial to the
organism (Vining, 1990). Many putative functions for secondary metabolites have
been proposed. The simplest idea is that they dispose of metabolic waste to
ease the toxic effects of shunt primary metabolites that are formed in abnormal
amounts under nutritional stress (Dhar and Khan, 1971). Use of the biochemical
machinery of secondary metabolism was postulated to keep the primary
pathways, which supply energy and precursors, functional during times when
they would otherwise be brought to a standstill and deteriorate. By maintaining its
system in an idling mode, the organism would be in readiness to resume growth
when the opportunity arose (Woodruff, 1980). Secondary metabolites functioning
as chemical signals or sex hormones are generally thought to play roles in
modulating cellular differentiation such as mating, sporulation, and dormant

spore formation (Demain, 1984; Beppu, 1992). As to those that produce



antibiotics, the secretion of such compounds may promote their own survival by
inhibiting other antagonistic organisms in a competing environment (Vining,
1990). Secondary metabolites owe their antibiotic activities to their ability to
inhibit essential primary metabolic processes. As a classical example, penicillin
inhibits the synthesis of bacterial cell walls (Monaghan and Tkacz, 1990).
Zaragozic acid is a strong inhibitor of squalene synthase of all yeasts and fungi,
while the producer Leptodontidium elatius itself possesses a self-resistance
mechanism (Pearce, 1997). Some symbiotic fungi associated with grasses
produce neurotoxic compounds which serve to deter consumption by worms,
birds, or animals (Clay and Cheplick, 1989; Rowan, 1993). Phytotoxins,
especially host-selective toxins, produced by plant fungal pathogens, allow the
colonization of healthy plant tissue and therefore confer an ecological advantage

to the producers (Walton, 1996; Desjardins and Hohn, 1997).

Origin/evolution of secondary metabolism

It is argued that microorganisms have evolved the ability to produce
secondary metabolites because of the selective advantages thereby acquired
(Vining, 1992). In general, only those organisms that lack an immune system are
prolific producers of secondary metabolites, which are proposed to act as an
alternative defense mechanism (Stone and Williams, 1992). Genetically, it is a
widely accepted hypothesis that genes involved in secondary metabolism
evolved from those of primary metabolism though gene-duplication, random

mutation, and horizontal-gene-transfer. Zahner et al. (1983) described the

10



biochemical arena in which secondary metabolic pathways arise as a “trial and
error” mode in which a reasonable level of low-cost inventive evolution is
tolerated. As useful products appear, the genes for their synthesis are adopted
into the genotype and the process is re-examined by selection. Pathways that
prove to have no value are eventually discarded. Genes for the pathways that
prove advantageous may be further transferred horizontally and thereby placed
in a different, less confining regulatory setting (Hutter, 1986). Molecular genetic
data obtained though gene sequence analysis supports the concept that
secondary metabolism has arisen by modification of existing primary metabolic
reactions. Although amino acid sequence identity deduced from nucleotide
sequences of genes from related primary and secondary metabolic pathways is
often sufficient to indicate a common ancestry, the match is often better when
genes in different rather than in the same species are compared. The information
so far available suggests that gene transfer between organisms has been an
important factor in the evolution of secondary metabolism. This notion has been
exemplified by the discovery of a striking similarity in gene organization, protein
structure, and enzymatic functions between polyketide synthases of the
secondary metabolic pathways and fatty acid synthases of the primary metabolic

pathways (Hopwood and Sherman, 1990; Vining, 1992).
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The existence of gene clusters for fungal secondary metabolite
biosynthesis

Gene clustering can be broadly defined as the close linkage of two or
more genes that participate in a common metabolic pathway (Keller and Hohn,
1997). Studies have shown that genes involved in fungal secondary metabolic
pathways are, in most cases, clustered. The discovery of clustered genes for a
secondary metabolic pathway in fungi was first demonstrated in the penicillin
biosynthesis pathway (Diez et al., 1990; MacCabe et al., 1990). It was the
clustering of pathway genes, coupled with the high level of sequence similarity
between unrelated organisms, that facilitated the rapid isolation and cloning of
genes in the cephalosporin pathway (Skatrud, 1991; Turner, 1992). The most
striking examples of clustered genes for fungal secondary metabolism are those
of aflatoxins/sterigmatocystins. Brown et al. (1996) identified 25 transcripts within
a 60-kb region of the sterigmatocystin gene cluster in Aspergillus nidulans. The
majority of genes could be assigned to the biochemically-defined metabolic
pathway. Comparative analysis of the aflatoxin gene cluster in A. parasiticus and
A. flavus has revealed many genes that are functionally and structurally similar to
homologs in A. nidulans (Trail et al., 1995; Yu et al., 1995). Gene clusters for
fungal secondary metabolism have also been identified in Alternaria alternata for
the biosynthesis of melanin (Kimura and Tsuge, 1993), in Fusanum
sporotrichioides and Myrothecium roridum for trichothecenes (Hohn et al., 1995;
Trapp et al., 1998), in Gibberella fujikuroi for gibberellin (Tudzynski and Hdlter,

1998), and in Aspergillus terreus for lovastatin (Kennedy et al., 1999). Slightly

12



distant from this “doctrine” is that, in Cochliobulus carbonum, genes involved in
HC-toxin biosynthesis, export, and regulation are not tightly clustered; instead,
they are scattered over a region of at least 540 kb on a single chromosome (Ahn
and Walton, 1996, 1998).

Three functional categories of genes are commonly found in secondary
metabolic pathway gene clusters. These are genes encoding enzymes and
transporters, regulatory genes, and genes conferring self-resistance. The
clustering of functionally related genes on a chromosome implies that at least
part of their evolution has occurred as a unit. Stone and Williams (1992)
rationalized that, “if the genes had occurred initially at distant positions on the
chromosome, then the production of a secondary metabolite would be favored if
the genes were moved closer together, since this would increase the probability
for them being passed on as a unit to subsequent generations, or to other
species via horizontal gene transfer, and would facilitate mechanisms for their
simultaneous or perhaps coordinated expression. Such a clustering of genes
would only be selected for if the product conferred a selective advantage to the
organism”. Therefore the occurrence of gene clusters is evidence that the

products have been advantageous to the producers.

Selected fungal toxins: Molecular biosynthesis and roles in pathogenesis
Among the secondary metabolites produced by fungi, there is a class of
compounds that are notoriously toxic to animals (mycotoxins) or/and to plants

(phytotoxins). Since the discovery of aflatoxins and their causal role in Turkey X
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disease in 1960 in England, over 100 toxigenic fungi and more than 300
mycotoxins have been identified from various sources (Wang and Groopman,
1999). These toxins are mainly produced by five genera of fungi: Aspergillus,
Penicillium, Fusanum, Alternana, and Claviceps. The major mycotoxins are:
aflatoxins, sterigmatocystins, ochratoxin, and cyclopiazonic acid made by
Aspergillus; patulin, ochratoxin, citrinin, penitrem, and cyclopiazonic acid made
by Penicillium, deoxynivalenol, nivalenol, zearalenone, T-2 toxin,
diacetoxyscirpenol, fumonisins, moniliformin, and trichothecenes by Fusanum;
tenuazonic acid, alternariol, and alternariol methyl ether by Alternaria; and ergot
alkaloids by Clavieps (Steyn, 1995). Dozen§ of phytotoxins including nearly 20
host-specific toxins (HSTs) have also been purified from fungal cultures
(reviewed by Scheffer and Livingston, 1984; Kohmoto and Otani, 1991; Walton,
1996). HSTs are produced mainly by two genera of fungi, Cochliobolus
(Helminthosporium) and Alternarnia. The best known HSTs are: HC-toxin from C.
carbonum, T-toxin from C. heterostrophus, victorin from C. victoriae, AM-toxin
from A. alternata Apple pathotype, AAL-toxin from A. alternata Tomato
pathotype, AF-toxin from A. alternata Strawberry pathotype, AK-toxin from A.
alternata Japanese pear pathotype, ACR-toxin from Rough lemon pathotype,
ACT-toxin from A. alternata Tangerine pathotype, and AT-toxin from A. alternata
Tobacco pathotype.

The studies of fungal toxin toxicity, biogenesis, and mode of action not
only have significance for crop protection, post-harvest storage, and food-

process decontamination, but also have implications in carcinogenic and
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medicinal biochemistry research. The remaining part of this Chapter will be
devoted to several of the most important fungal toxins, with an emphasis on the
molecular genetics of their biosynthesis, mechanisms of toxicity, and roles in

phytopathogenesis.

1. Aflatoxins/sterigmatocystins

Aflatoxins and sterigmatocystins are a group of polyketide mycotoxins
produced by several genera of fungi, mainly the genus Aspergillus. They are
derived from highly homologous metabolic pathways (Keller and Hohn, 1997).
Aflatoxins are the end products in A. flavus and A. parasiticus, whereas
sterigmatocystins are the end products in A. nidulans. The four naturally
occurring aflatoxins are By, Bz, Gy and Gz, with By (Figure 1-2) usually being
found at the highest concentration in contaminated food and feed (Sweeney and
Dobson, 1998). Aflatoxins are potent teratogenic, mutagenic, and carcinogenic
agents. Aflatoxin By is by far the most toxic form of the family and the most
studied in mammalian toxicity. Upon entering the mammalian liver, the
unsaturated terminal furan ring of aflatoxins is converted into an epoxide group
by a cytochrome P450. Covalent binding of this epoxide to DNA bases to form a
drug-DNA adduct is the nature of aflatoxin tocixity (Wang and Groopman, 1999).

Aflatoxins/sterigmatocystins are synthesized by condensation of acetate
units, a typical polyketide-forming process. It is estimated that at least 19 gene
products are required for aflatoxin biosynthesis, and at least 17 for

sterigmatocystins (Brown et al., 1999). The sterigmatocystin biosynthetic
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pathway in A. nidulans is one of the best-studied pathways of fungal secondary
metabolism. A sequencing and transcript mapping study of the 60-kb region of
the gene cluster revealed 25 coordinately regulated genes (Brown et al., 1996).
Most of those genes are predicted to encode enzymes with roles in
sterigmatocystin biosynthesis. Among them, one gene encodes a polyketide
synthase, two encode a pair of fatty acid synthase o and B subunits, five encode
P450 monooxygenases, several encode oxido-reductases and dehydrogenases,
one encodes a methyltransferase and another an esterase. Specially, one gene
(aflR) encodes a transcription factor that regulates the expression of the most, if
not all, of the genes in the cluster. There are still a number of genes having no
significant homology to sequences in the database. Comprehensive reviews of
the biochemistry, genetics, molecular biology and physiology of
aflatoxin/sterigmatocystin biosynthesis are available (Minto and Townsend, 1997,
Payne and Brown, 1998; Woloshuk and Prieto, 1998; Brown et al., 1999).
Aflatoxin production occurs on maize kernels, nuts, and cotton bolls when
infected with Aspergillus, mainly A. flavus. However, aflatoxins do not increase
fungal virulence to crops because both toxigenic and atoxigenic strains of the
fungus colonize plant tissues equally well (Cotty et al., 1994). Therefore,

aflatoxins seem to have no role in pathogenesis.

2. Fumonisins

Fumonisins are amino polyalcohol mycotoxins produced by several

species of the genus Fusarium. Among the most common and highest producing
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species are F. moniliforme (teleomorph Gibberella fujikuroi mating population A)
and F. proliferatum, both of which are frequently found on maize (Ross et al.,
1990). Fumonisin B4 (Figure 1-2) was first isolated from cultures of F. moniliforme
by Gelderblom et al. (1988) and structurally characterized by Benzuidenhout et
al. (1988). Fumonisin By is the most prevalent component of fumonisins in
naturally contaminated maize. Fumonisins B, B3, and B4 were later identified as
minor forms (Plattner et al., 1992; Marasas, 1996). Fumonisins induce a wide
range of adverse effects in experimental animals. Among the observed
toxicological symptoms are equine leucoencephalomalacia (Kellerman et al.,
1990), porcine pulmonary edema (Colvin and Harrison, 1992), and hepatic
cancer in rats (Gelderblom et al., 1993). Epidemiological study has suggested a
linkage between high rate of esophageal cancer in humans and high levels of
consumption of fumonisins in maize products (Marasas, 1995). The mechanism
of action of fumonisins appears to involve binding to proteins, probably thereby
causing the conversion of an amino acid side chain to the anhydride followed by
covalent coupling to other proteins (Shier et al., 1997).

Fumonisins are structurally similar to the long-chain backbones of
sphingolipids. Studies have found that fumonisins inhibit the activity of
sphingosine N-acetyltransferase, which results in the accumulation of toxic
sphingoid bases. Sphingolipids are essential components of biological
membranes. Sphingosine, the backbone of sphingolipids, acts as an intracellular
regulator and second messenger mediating normal cellular development (Shiel et

al., 1997). Therefore, the comelation between fumonisin toxicity and
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tumorogenesis is rationalized, but more study is nee;ied to verify the current
working model.

The biosynthesis of fumonisins is poorly understood. The structural
similarity between fumonisins and sphingosine prompted the idea that they may
be biosynthetically related (Plattner and Shackelford, 1992). Sphingosine
biosynthesis begins with the condensation of palmitoyl-CoA with serine.
Fumonisin By has an alanine instead of serine, and an 18-carbon fatty acid
instead of 16-carbon fatty acid. Isotope-feeding studies demonstrated that
alanine is indeed a biosynthetic precursor of fumonisin By, and that the
polyalcohol moiety is derived from acetate (Blackwell et al., 1996). Genetic
studies indicated that at least some of the genes involved in fumonisin production
are closely linked to form a putative gene cluster on chromosome 1 of G. fujikuroi
(Desjardins et al., 1996; Xu and Leslie, 1996). Very recently, Proctor et al. (1999)
cloned a polyketide synthase gene (FUMS) by degenerate PCR approach, and
showed that the new gene is involved in fumonisin biosynthesis in Gibberella
fujikuroi mating population A. FUM5 has an ORF of 7.8 kb. The predicted gene
product is highly similar to bacterial and fungal Type | polyketide synthases.
Transformation of a cosmid clone carrying FUMS into G. fujikuroi enhanced
production in three strains and restored wild-type production in a fumonisin non-
producing mutant. Disruption of FUMS reduced fumonisin production by over
99%. FUMS is the first fumonisin biosynthetic gene obtained.

Fumonisin-producing Fusarnium species are routinely found in maize

tissues, such as root, stalks, kernels, and seeds. Species of Fusarium have also
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been found in sorghum, millet, rice, wheat, cotton, etc. The high frequency of
fumonisin contamination in maize suggests the possibility that fumonisins play a
role in pathogenesis (Desjardins and Hohn, 1997). Low concentrations (1-100
uM) of pure fumonisins have been shown to cause necrosis and other disease
symptoms in maize and other plant seedlings (Lamprecht et al., 1994). Genetic
analysis has also shown an association between production of fumonisin and
high levels of virulence on maize seedlings (Desjardins et al., 1995). Additionally,
the structural similarity of fumonisins to AAL-toxin, the host-specific toxin of
Alternaria alternata Tomato pathotype, suggests a role for fumonisins in
pathogenesis (Winter et al., 1994). The future cloning of the fumonisin
biosynthesis genes and creation of null mutants will unambiguously define the

role of fumonisins in this regard.

3. Trichothecenes

Trichothecenes are a large family of sesquiterpenoids produced by
several genera of fungi, mainly Fusarium and Myrothecium, and by at least two
species of the plant genus Baccharis (Jarvis, 1991; Desjardins et al., 1993). All
trichothecenes contain a tricyclic nucleus named trichothecene (Figure 1-2) and
usually have an epoxide at C-12 and C-13 that is essential for toxicity. The total
number of naturally occurring trichothecenes known today exceeds 60
(Desjardins et al., 1993). Structurally, trichothecenes can be classified into two
distinct categories. Linear trichothecenes, such as T-2 toxins, diacetoxyscirpenol

and deoxynivalenol, are produced by Fusarium species and are the major source
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of trichothecene contamination in agricultural products. Macrocyclic
trichothecenes, such as verrucarin A and baccharinoid B7, are produced by
Myrothecium species and the plant species Baccharis (Trapp et al., 1998). The
discovery that some higher plant species make highly similar trichothecenes
prompted the hypothesis that plants originally obtained the genes for
trichothecene biosynthesis though horizontal-gene-transfer from a trichothecene-
producing fungus (Jarvis, 1991).

Trichothecenes are potent inhibitors of protein synthesis in eukaryotic cells
(McLaughlin et al., 1977). They bind to the peptidyl transferase active site within
the 60S subunit of the ribosome, thereby inhibiting the initiation, elongation and
termination reactions (Feinberg and McLaughlin, 1989). Macrocyclic
trichothecenes are about 10-fold more toxic than the Fusarium trichothecenes. In
general, trichothecenes induce toxic effects in animals, such as vomiting, oral
lesions, dermatitis, and hemorrhaging, and they have been implicated in
mycotoxicosis in both humans and animals (Sharma and Kim, 1991).

Trichothecene biosynthesis starts with the cyclization of the isoprenoid
biosynthetic intermediate farnesyl pyrophosphate to trichodiene, catalyzed by the
central enzyme trichodiene synthase. Subsequent steps involve a variety of
oxygenations, isomerizations, cyclizations, and esterifications (Desjardins et al.,
1993). Genes for trichothecene biosynthesis in F. sporotrichioides and M.
roridum are clustered. A total of 10 clustered trichothecene biosynthesis geﬁes
have been identified within a 25-kb region in F. sporotrichioides. Among them,

eight are predicted to encode biosynthetic enzymes (but only three have been
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biochemically studied), one gene encodes a pathway transcription factor, and
another encodes a transport protein. Apparent homologs of several Fusanum
pathway genes have been found within a 40-kb region in M. roridum. However,
the distances between genes in M. roridum are greater, compared to F.
sporotrichioides. The gene order in M. roridum is also different from that in F.
sporotrichioides (Hohn et al., 1993; Keller and Hohn, 1997; Trapp et al., 1998).
Trichothecenes appear to contribute to the virulence of certain
phytopathogenic Fusarium species on some host plants (Desjardins et al., 1989,
1992). At very low concentrations (1 uM to 1 mM), trichothecenes cause wilting,
chlorosis, necrosis, and other disease symptoms in a wide variety of plants
(Cutler, 1988). For example, simple trichothecenes such as T-2 toxin and
deoxynivalenol inhibit protein synthesis in maize leaf disks and kernel sections
and the growth of wheat coleoptiles (Casale and Hart, 1988; Wang and Miller,
1988). Complex macrocyclic trichothecenes of M. roridum induce chlorotic and
necrotic lesions on muskmelon leaves (Kuti et al., 1992). UV-induced mutants of
F. sporotrichioides that lost trichothecene production were much less virulent
than the wild type strain on parsnip root (Desjardins et al., 1989). However,
molecular genetic studies generated unexpected results. When a critical gene
(Tox5) encoding trichodiene synthase was disrupted in F. sporotrichioides, the
virulence of toxin-nonproducing mutants on parsnip roots was significantly
reduced when compared with the virulence of the parental strain; on potato
tubers, in contrast, the virulence of mutants was unchanged (Desjardins et al.,

1992). A plausible explanation for these results is that protein synthesis or some
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other trichothecene target sites in parsnip and potato cells have different degree

of sensitivity to trichothecenes.

4. T-toxin

T-toxin is a group of linear long-chain (Cas to C4) (Figure 1-2) polyketide
molecules produced exclusively by Cochliobolus heterostrophus race T. Race O
of C. heterostrophus does not produce T-toxin. Along the methylene backbone in
T-toxin, there are repeated B-oxydioxo groups that are regularly spaced (Kono
and Daly, 1979; Kono et al., 1981).

Cochliobolus heterostrophus was first described in 1925 as a weak fungal
pathogen of maize (Drechsler, 1925). An extremely virulent race (named race T,
in contrast to the original race O) first appeared in the USA in 1969 and
subsequently caused a severe epidemic on Texas male sterile (T) cytoplasm
maize that resulted in a 15% crop loss in 1970 (Ullstrup, 1970). T-toxin is the
disease determinant of race T and is regarded as a host-specific toxin (HST) due
to its specific toxicity toward T-cytoplasm maize, not to other cytoplasmic types of
maize.

Extensive studies have demonstrated that T-toxin binds to a protein (URF-
13) unique to the inner mitochondrial membrane of T-cytoplasm maize (Dewey,
et al., 1987, 1988). Expression of URF-13 in Escherichia coli, yeast, tobacco, or
insect cells causes the cells to become sensitive to T-toxin, providing definitive
evidence that URF-13 is responsible for T-toxin sensitivity (Dewey et al., 1988,

Glab et al., 1990; von Alimen et al., 1991; Korth and Levings, 1993). Physical
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biochemical studies and modeling indicate that URF-13 forms oligomeric pores in
mitochondrial membranes in the presence of T-toxin (Korth et al., 1991; Levings
et al., 1995). After 1971, T-cytoplasm maize was replaced by normal (N)
cytoplasm maize, and C. heterostrophus race T virtually disappeared as a severe
plant pathogen in the field.

Classical genetic analysis showed that progeny from a cross between
race T and race O of C. heterostrophus segregate in a 1:1 ratio with regard to T-
toxin production and hence high virulence toward T-cytoplasm maize (Yoder and
Gracen, 1975). The conclusion was then drawn that a single genetic locus
(named TOX1) controls the production of T-toxin (Leach et al., 1982; Bronson,
1992). However, recent studies revealed that T-toxin production is actually
governed by two loci (named TOX71A and TOX1B) that reside on two different
chromosomes (Turgeon et al., 1995; Kodama et al., 1999). Additional genetic
mapping indicated that a total of ~1.2 Mb of extra DNA is present in race T but
not in race O. This stretch of DNA is likely present at both the TOX7A and
TOX1B loci (Rose, 1996). To clone the T-toxin biosynthesis genes, restriction
enzyme mediated integration (REMI) was used to randomly mutagenize C.
heterostrophus. Among approximately 1300 transformants recovered from the
procedure, two no longer produced T-toxin (Lu et al., 1994). Subsequently,
plasmid rescue was used to clone two genes that were mutated by insertions and
were shown to be involved in T-toxin biosynthesis. The gene PKS1 (TOX1A)
encodes a polyketide synthase and is thought to synthesize the backbone of T-

toxin (Yang et al., 1996) and a second gene DEC1 (TOX1B) encodes a putative
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decarboxylase that probably decarboxylates the product of the polyketide
synthase (Rose et al., 1996). Targeted inactivation of either gene resulted in loss
of T-toxin production and reduced virulence on T-cytoplasm maize. PKS1 and
DEC1, and a putative reductase-encoding gene (RED1) that is linked to DEC1
but has no apparent role in T-toxin biosynthesis, appear to be single-copy genes
and are all found only in race T, but not in race O, of C. heterostrophus. It is likely

that these genes locate within the ~1.2 Mb of extra DNA (Kodama et al., 1999).

5. Victorin

Victorin is a collection of closely related cyclic pentapeptides produced by
Cochliobolus victoriae, which causes Victoria blight of oats (Meehan and Murphy,
1946, 1947). The amino acids in victorin are extensively modified. The most
abundant form of victorin is victorin C (Figure 1-2), which consists of 5,5-
dichloroleucine, 3-hydroxylysine, chloroacrylic acid, and a cyclic alpha-amino
acid derivative called victalanine. Additional minor forms of victorin have been
identified and named as victorin B, D, E, and victoricine; they differ from victorin
C in the degree of chlorination and hydroxylation of various side chains (Macko
et al., 1985; Wolpert et al., 1985, 1986).

The toxicity of victorin is host-specific. Only oat lines containing Victoria-
type resistance to crown rust (caused by Puccinia coronata) are susceptible to C.
victoriae and sensitive to the toxin. Sensitivity to victorin and susceptibility to C.
victoriae cosegregate and are controlled by a single dominant nuclear gene (Vb)

(Litzenberger, 1949). Vb has been postulated to encode a receptor for victorin
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(Scheffer and Livingston, 1984), but definitive proof of this hypothesis is still
lacking. Great progress in elucidation of the mode of action of victorin has been
achieved during the past decade. An in vivo assay identified a 100-kD protein
that binds to '?I-labeled victorin C in a ligand-specific manner, and only protein
extracts from oats carrying the Vb gene bind (Wolpert and Macko, 1989). This in
vivo binding is competitive, covalent, and appears to be correlated with the
biological activity of victorin. The gene encoding this 100-kD protein was cloned
and the deduced protein sequence indicated that it encodes the P-protein
component of the glycine decarboxylase complex (GDC), which is located in the
mitochondrial matrix (Wolpert et al., 1994). Victorin also binds to the 15-kD H-
protein component of GDC in both susceptible and resistant oat protein extracts.
The binding of victorin to two components of GDC inhibits the normal function of
GDC during the photorespiratory cycle in susceptible oat tissues, which results in
a series of senescence-like responses, such as the site-specific proteolytic
cleavage of the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), loss of chiorophyll, and DNA laddering
(Navarre and Wolpert, 1995, 1999). These results suggest that GDC is the target
of victorin toxicity, but whether P- or H-protein or neither component of GDC is
the product of the Vb gene still remains unclear.

Genetic analysis indicated that victorin production in C. victoriae is
controlled by a single genetic locus, TOX3 (Scheffer et al., 1967; Bronson, 1992).
Considering that victorin is a cyclic pentapeptide, it is likely to be synthesized by

a muiltifunctional cyclic peptide synthetase and many other enzymes responsible
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for the chemical modifications. However, no protein has been purified or gene

cloned for the biosynthesis of victorin.

6. HC-toxin

HC-toxin is a small family of cyclic tetrapeptides produced by Cochliobilus
carbonum race 1, the causal pathogen of Northern com leaf spot. The major and
most toxic component of HC-toxin, HC-toxin | (Figure 1-2), has the structure
cyclo(D-Pro-L-Ala-D-Ala-L-Aeo), where Aeo stands for 2-amino-9,10-epoxi-8-
oxo-decanoic acid (Pringle and Scheffer, 1967, 1971; Gross et al., 1982; Walton
et al.,, 1982; Pope et al., 1983; Kawai et al., 1983). The biogenesis of the Aeo
backbone as a fatty acid has been proved by '*C-acetate labeling and NMR
analysis (Cheng et al., 1999; See Appendix). Three minor components (HC-toxin
I, I, and IV) differ slightly in amino acid composition and have significant
differences in toxicity (Rasmussen, 1987; Rasmussen and Scheffer, 1988). HC-
toxin Il is about 50% as toxic as HC-toxin | and has glycine in place of D-alanine;
HC-toxin lll has about 10% relative activity and contains trans-3-hydroxyproline
instead of proline; HC-toxin IV has only 1% relative activity and has a hydroxyl
group instead of a carbonyl group at position C8 in Aeo. Those HC-toxin
components can be separated by TLC or reverse phase HPLC due to their
differences in polarity.

Northern comn leaf spot disease was first reported in 1938 on an inbred
maize line, Pr, in Indiana. Disease symptoms include grayish tan necrotic spots

with concentric rings on the leaves and ears. Longer development often resulits in
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complete desiccation of leaves and plant death (Ulistrup 1941; Multani et al.,
1998). Among four described races of C. carbonum that can be distinguished on
the basis of their host range and lesion morphology, only race 1 produces HC-
toxin and only race 1 is exceptionally virulent on maize lines that are
homozygous recessive at the nuclear Hm1 locus (hm1/hm1). HC-toxin appears
to be the sole determinant of fungal pathogenicity, although the various cell-wall-
degrading enzymes secreted by the fungus might play a complementary role in
fungal virulence. Genetic variants that do not produce HC-toxin are unable to
colonize much beyond the site of initial penetration and, therefore, cause only
small necrotic flecks on leaves (Comstock and Scheffer, 1973). The correlation
between HC-toxin production and high virulence has been proved by gene-
knockout experiments (Ahn and Walton, 1997, 1998; Panaccione et al., 1992,
Chapfers 3 and 4 in this dissertation).

Physiologically, HC-toxin inhibits maize root growth and chlorophyll
biosynthesis (Rasmussen and Scheffer, 1988), but does not inhibit protein, RNA,
or DNA synthesis (Ciuffetti et al., 1995). Biochemically, HC-toxin inhibits histone
deacetylase, perhaps thereby suppressing host defense responses. Acetylated
isoforms of histone H4 and H3 (but not H2A and H2B) accumulate in HC-toxin-
treated maize tissues in a host-specific manner (Brosch et al., 1995; Ransom
and Walton, 1997). Both the 8-carbonyl and the 9,10-epoxide groups are
necessary for toxicity (Walton and Earle, 1983; Kim et al., 1987). HC-toxin IV with
the carbonyl group hydrolyzed has only 1% toxicity compared with HC-toxin |

(Rasmussen, 1987).
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Although race 1 can be extremely virulent, it is normally not a serious
economic problem because modern maize breeding programs have nearly
eliminated the recessive allele hm1. Hm1 encodes HC-toxin reductase (HCTR),
which reduces the 8-carbonyl group of Aeo to the alcohol (i.e., 8-hydroxyl as in
HC-toxin IV) thereby detoxifies HC-toxin (Meeley and Walton, 1991; Meeley et
al., 1992; Johal and Briggs, 1992). Homologs of Hm1 are present in many other
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