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ABSTRACT
THE FUNCTION AND EXPRESSION OF THE VER -1 GENE AND
LOCALIZATION OF THE VER-1 PROTEIN INVOLVED IN AFLATOXIN B,
BIOSYNTHESIS IN ASPERGILLUS PARASITICUS
By

Shun-Hsin Liang

The ultimate goal of the present research is the elimination of preharvest aflatoxin
contamination. One approach to accomplish this goal is to develop an understanding of the
molecular mechanisms regulating aflatoxin biosynthesis in toxigenic aspergilli. This study
focused on the ver-1 gene associated with the aflatoxin biosynthetic pathway. This gene was
cloned and its nucleotide sequence was determined as part of a previous study on aflatoxin
B, (AFB,) biosynthesis in Aspergillus parasiticus NRRL 5862. Two copies of the ver-1
gene, ver-1A and ver-1B, were tentatively identified in this fungal strain by Southern
hybridization analysis. Genetic complementation and nucleotide sequence data suggested that
the ver-1 gene is involved in the conversion of versicolorin A (VA) to sterigmatocystin (ST).

To clearly establish the function of the ver-I gene, I proposed to test three
hypotheses: (1) the ver-I gene encodes a protein which has enzymatic activity associated with
the conversion of VA to ST, (2) the pattern of Ver-1 protein accumulation parallels AFB,
synthesis; and (3) the Ver-1 protein is closely associated with other proteins involved in AFB,
biosynthesis allowing the pathway to function in an efficient way. To address these
hypotheses, studies were designed to achieve the following specific aims : (1) identify ver-/

gene function by nucleotide sequence and gene disruption analyses; (2) identify the



accumulation pattern of the Ver-1 protein in fungal cells grown in liquid or solid media; and
(3) identify the intracellular location of the Ver-1 protein.

In specific aim 1, the methods consisted of gene disruption and nucleotide sequence
analysis. The methods used in specific aim 2 included generation of polyclonal antibodies
against the Ver-1 protein, batch fermentation analysis, nutritional shift assay, and analysis of
ver-1 promoter activity using the GUS reporter strain. In specific aim 3, the subcellular
localization of the Ver-1 protein was performed by differential centrifugation and
immunofluorescence microscopy. The major findings of this research are : (1) ver-14 but not
ver-1B is directly involved in aflatoxin biosynthesis; (2) the timing of Ver-1 protein
accumulation is positively correlated to aflatoxin accumulation; (3) expression of the ver-1/
gene in a fungal colony is subject to temporal and spatial regulation; (4) although the ver-1/
gene is expressed in both vegetative hyphae and conidiophores, there is significantly more
Ver-1 protein in the structures involved in asexual reproduction; and (5) the Ver-1 protein

appears to be located in or tightly bound to a membrane-bound organelle in fungal cells.
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INTRODUCTION AND RESEARCH RATIONALE

Aflatoxin contamination of agricultural commodities and dietary staples such as corn,
peanuts, and cottonseed has caused worldwide economic and food safety problems (Jelinek
etal., 1989). Its impact on the agricultural economy and potential impact on human health
has drawn scientists' efforts in an attempt to prevent aflatoxin contamination. The long term
goal of this research is the elimination of preharvest aflatoxin contamination from the food
chain. An elucidation of the molecular mechanisms which regulate aflatoxin biosynthesis in
toxigenic aspergilli may be the best approach to achieve the ultimate goal. For this purpose,
it is very important to study aflatoxin biosynthesis at the molecular level and to identify the
control points in the aflatoxin biosynthetic pathway. The information derived from these
analyses will help in development of strategies to inhibit aflatoxin production in the field.

In order to effectively understand the regulation of expression of genes involved in
aflatoxin biosynthesis, it is necessary to clone several of these genes and to clearly establish
their function. Two pathway genes, nor-1 and ver-1, have been cloned in our laboratory by
genetic complementation of Aspergillus parasiticus mutants blocked at unique steps in
aflatoxin B, (AFB,) biosynthesis (Chang et al., 1992; Skory et al., 1992). The present
research is mainly focused on the structural and functional characterization of the two copies
of the ver-1 gene (ver-14 and ver-1B) and of the Ver-1 protein in A. parasiticus. The

objective of this study is to understand aflatoxin biosynthesis at the genetic and cellular levels
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using the ver-1 gene as the model system. To achieve this aim, an initial effort was made to
establish the function of two ver-1 gene copies by recombinational inactivation and genetic
complementation experiments. The function of the ver-1 gene was further examined by
studying the relationship between Ver-1 protein accumulation and aflatoxin biosynthesis using
batch fermentation analysis and nutritional shift assay (liquid media systems). After the ver-1
gene was confirmed to be directly involved in AFB, biosynthesis, the regulation of its
expression was studied during growth on solid media. Finally, the location of the Ver-1
protein in fungal cells was analyzed by subcellular fractionation and immunofluorescence
microscopy.

This research represents the first analysis to study the regulation of aflatoxin gene
expression and the location of aflatoxin-associated enzymes in the fungal cells using solid
growth media. The resulting data will help in understanding the function of aflatoxin
biosynthesis in fungi and may provide a potential approach to develop an efficient way to

prevent aflatoxin contamination.



CHAPTER 1

LITERATURE REVIEW

L. Natural occurrence of aflatoxins

Aflatoxins are biologically active mycotoxins produced by certain strains of the
imperfect fungi Aspergillus parasiticus, A. flavus, and A. nomius (Bennett, 1979; Cotty et
al., 1994). A. nomius, however, is less important to the contamination of foods and feeds by
aflatoxins. The major aflatoxins of concern include aflatoxin B,, B,, G,, and G, (Figure 1).
When resolved by thin-layer chromatography (TLC), these aflatoxins separate into individual
fluorescent compounds in the order given above. Aflatoxins are freely soluble in moderately
polar solvents such as chloroform, methanol, and dimethylsulphoxide, and also have some
water solubility (McLean and Dutton, 1995). These mycotoxins are usually found together
in contaminated foods and feeds. Aflatoxin B, (AFB,), however, is the most abundant and
toxic. Aflatoxin M, is the major metabolic product of AFB, in animals and is usually found
in the milk and urine of diary cattle and other mammalian species that have consumed
aflatoxin-contaminated foods or feeds (Allcroft e al., 1966).

Although both species can produce aflatoxins, 4. parasiticus and A. flavus have
different abilities in toxin production. First, A. parasiticus produces the aflatoxin B and G
groups but 4. flavus only produces the aflatoxin B group. Second, most A. parasiticus

isolates (> 90 %) produce aflatoxin whereas up to 35% of the 4. flavus isolates may not

3
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Figure 1. Chemical structures of naturally occurring aflatoxins.
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produce aflatoxin (Bennett and Papa, 1988; Trail et al., 1995). The contamination of tree
nuts, peanuts, and other oilseeds such as corn and cottonseed by aflatoxins occurs under
certain environmental conditions when these crops are infected with toxigenic strains of the
fungus (Jelinek et al., 1989). Although the fungus may be killed or removed during
processing, aflatoxins often remain in the final product and thus contribute to the main point
of entry of aflatoxins into the food chain (Smith and Moss, 1985). For this reason, the
elimination of aflatoxin contamination at the preharvest stage is very important. An
alternative route of aflatoxin contamination is the postharvest infection of food or feed with
toxigenic fungi and the subsequent formation of toxin at some stage during processing,
transport, and storage.

A variety of factors which contribute to the contamination of aflatoxins in the food
chain include biological and environmental factors (Pestka and Casale, 1990). The biological
factors consist of substrate availability for toxigenic fungi, competing microflora (Ellis et al.,
1991), and susceptibility of the crops. The environmental factors include temperature,
moisture, insect/bird damage, and mechanical injury of the crops. Warm temperatures and
drought conditions favor fungal growth and aflatoxin production in the field. Climatic
patterns thus could determine which regions are more prone to aflatoxin contamination. For
example, corn in the southeastern regions of the United States is frequently contaminated with
aflatoxins. Other areas of the country are occasionally susceptible. For example, due to
severe drought, widespread aflatoxin contamination in corn occurred in the midwestern
regions of the United States in 1983 and 1988 (Chu, 1991). In the postharvest stage,

aflatoxin contamination may result from warm temperatures and high humidity during storage.



II. The aflatoxin problem

Worldwide, aflatoxins are considered a public health and economic problem because
of their potent toxic effects on humans and animals (Chu, 1991; Eaton and Gallagher, 1994)
and the huge cost incurred by farmers or producers due to the loss of crops, animals and the
need for more careful agronomic practices (Shane, 1994).
A. Aflatoxins and public health

The threat of aflatoxins to human health was initially realized after they were directly
linked to acute hepatotoxicity in poultry (Turkey X disease) in 1960 (Blount, 1961) and later
their association with fatal human aflatoxicoses in India (Krishnamachari ez al., 1975) and
West Africa (Ngindu ef al., 1982). In the outbreak of aflatoxicosis in northwest India, 108
persons died among 397 persons affected due to consumption of contaminated corn with
aflatoxin at levels of 0.25 to 15 mg/kg. The daily AFB, intake was about 55 pg/kg body
weight. The symptoms of affected individuals in this outbreak included vomiting, high fever,
rapid progressive jaundice, edema of the limbs, and swollen livers. Histopathological
examination showed extensive periportal fibrosis and bile duct proliferation of the liver and
gastrointestinal hemorrhages. In studies on animals, it was found that no species is resistant
to the acute toxic effects of aflatoxins (Newberne and Butler, 1969). The first signs of
aflatoxicosis in animals are the lack of appetite and the loss of weight. Liver centrilobular
necrosis, fatty degeneration, and bile duct proliferation are the most common pathological
findings. For most of the animals tested, the LD, for a single dose of AFB, is in the range
of 0.5 to 10 mg/kg of body weight. Although interspecific variation has been recognized for
acute effects, many factors, such as age, sex, nutritional status of diet, and mode of

application, affect the degree of toxicoses. In general, aflatoxin is more toxic to young
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animals and males than females (Cullen and Newberne, 1994). Besides the liver, many other
organs such as pulmonary (Wieder e? al., 1968), gastrointestinal (Bulter, 1964; Deger, 1976),
renal (Epstein et al., 1969), nervous (Egbunike and Ikeguonu, 1984), reproductive (Ottinger
and Doerr, 1980), and immune systems (Kadian et al., 1988; Pestka and Bondy, 1990) are
more or less severely affected with high doses of AFB,.

In well-developed countries, aflatoxin contamination in foods rarely reaches the level
that causes acute aflatoxicosis in humans. Hence, studies of aflatoxin toxicity on humans have
been focusing on its carcinogenic potential. The carcinogenic properties of aflatoxins have
been studied extensively, and much information has been produced concerning various aspects
of their mechanisms of action and their putative importance as risk factors for primary
hepatocellular carcinoma (PHC) in humans (Busby and Wogan, 1984). Primary liver tumors
have been induced by experimental administration of AFB, to animals of many species,
including fish (rainbow trout, salmon, and guppy), birds (duck), rodents (5 strains of rats, the
B6C3F1 mouse, tree shrew, and hamster), a carnivore (ferret), and subhuman primates
(rhesus, cynomolgus, and African green monkeys) (Wogan, 1991). Each of these species has
been shown to be susceptible to induction of PHC by AFB, administration. However, in
relating this information to putative effects in humans, it is important to note that wide species
differences exist with respect to the carcinogenic potency of aflatoxins. The estimated
potency of AFBI in inducing liver tumors in animals showed that rats are highly susceptible,
mice are highly resistant, and primates are of intermediate susceptibility (Eaton and Gallagher,
1994). In utilizing information derived from these experimental systems for assessing cancer
nisks for humans resulting from aflatoxin exposures, it is of particular importance to compare

the animal data with estimates of human susceptibility derived from epidemiological
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observations. The consolidated data have been collected from studies in Africa and Asia
(Hsieh, 1989; van Rensburg et al., 1985; Yu et al., 1898), where aflatoxin intake was
measured in populations in which PHC incidence was variable, as determined from cancer
registry information. In general, aflatoxin intake values increase in parallel with cancer
incidence. Although the causative role for aflatoxins in human liver cancer has not been
universally accepted because of the presence of endemic hepatitis B virus in high risk
populations (Stoloff, 1989), the International Agency for Research on Cancer has determined
that the combined experimental and epidemiological evidence was sufficient to designate
aflatoxins as human carcinogens (IARC, 1993).

Studies of the metabolism of AFB, have revealed that the compound is activated to
its toxic form predominantly by liver-specific, cytochrome P450 IIIA4 monooxygenases in
mammals (Coros et al., 1990). Metabolic activation of AFB, to AFB,-8,9-epoxide (Figure
2) is believed to result in its toxicity, mutagenicity, and carcinogenicity (Campbell and Hayes,
1976; Gurtoo and Dave, 1975). The aflatoxins listed in order of terms of acute and chronic
toxicity are AFB, > AFG, > AFB, > AFG, suggesting that epoxidation of the 8,9-double
bond and also the presence of the cyclopentenone ring of the B compounds (when compared
with the six-membered lactone ring of the G compounds) may play a major role in the harmful
effects (McLean and Dutton, 1995). The AFB,-8,9-epoxide and its hydration product, the
dihydrodiol form of AFB, (Figure 2) are highly reactive and can covalently bind to cellular
macromolecules. The epoxide specifically binds to the N’ position of guanine of DNA and
RNA (Cory and Wogan, 1981), while the dihydrodiol links to proteins by the formation of
a Schiff base structure (Hsieh, 1987). The major DNA adduct formed in vivo and in vitro

after depurination is 8,9-dihydro-8-(N’-guanyl)-9-hydroxy AFB, (AFB,-guanine), which can
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thus be used as a biomarker in urine for aflatoxin exposure (Groopman, 1994). Depurination
at guanine residues could lead to a GC — TA transversion during replication. Evidence has
been collected which suggests that AFB, induces a mutation of the p53 tumor-suppressor
gene in codon 249 (Hsu et al., 1991; Bressac et al., 1991) and may result in the development
of human hepatocellular carcinoma. It has also been reported that the activated form of AFB,
induces virus expression and tumor formation associated with ras (McMahon et al., 1980)
and myc (Larson et al., 1980) oncogenes.
B. Aflatoxins and economic losses

While considerable research has been directed to the prevalence, chemical
characterization, and biochemical action of aflatoxins, less attention has been paid toward
calculating the economic impact of aflatoxins on society. This is because hidden or indirect
factors may result in the significant financial losses which are difficult to evaluate. Instead of
considering aflatoxins only, people generally take all mycotoxins into account when
evaluating economic losses. Nevertheless, it is believed that aflatoxin-associated losses play
a major part because of the widespread contamination of aflatoxins in the world and their
extremely toxic effects. It was estimated that billions of dollars are lost annually in direct and
indirect costs which result from the fact that approximately 25% of the world’s crops are
affected by mycotoxins (CAST, 1989). This huge loss encompassed a broad category of crop
and animal industries, and extends through the food chain from producers to the consumer
(Shane, 1994).

Because of the threat of aflatoxins to public health, the U.S. Food and Drug
Administration has set action levels of 20 ppb for aflatoxins in human food, 0.5 ppb for AFM,

in milk and dairy products, and 20 to 300 ppb in most animal feeds (CAST, 1989). In some



11

European countries the action level is even more restrictive. The cost to the agronomic
sector is thus increased due to efforts to meet these guidelines.

The preharvest mycotoxin contamination of corn was recognized in the mid-1970s
(Lisker and Lillehoj, 1991). Since then, significant costs have been associated with mainly
two approaches to reduce preharvest aflatoxin contamination, namely the development of
resistant cultivars and the improvement of farming practices. For example, significant costs
arise from implementation of breeding programs which are utilized to select cultivars resistant
to insect damage, drought, and fungal infection. Financial losses also may arise from the
reduced yield of the resistant crops. The costs associated with improved farming practices
include irrigation to prevent desiccation, the use of insecticides or fungicides to prevent
infection, the use of additional fertilizers to reduce environmental stress, and the use of
modified harvesting methods to avoid crop damage. Costs canalso result from improvements
in postharvest handling of grains and other ingredients. These include modified transport and
mechanization to reduce damage, intensified drying of grain to achieve desirable moisture
levels, improved storage control to prevent fungal contamination, and proper quality control
procedures to monitor toxin levels. If, at last, the contamination level is too high, it is
necessary to reduce the toxin content by physical or chemical treatment or the contaminated
grain must be either destroyed or downgraded and hence reduce the revenue for producers.

Aflatoxin contamination is also responsible for financial losses in domestic animal
production, including ruminant, monogastric, and aquatic species (Nelson and Christensen,
1978). The major economic impact consists of aflatoxin-induced death (Smith and Hamilton,
1970), a depression in growth rate and feed conversion efficiency (Dalvi, 1986), and an

increase in plant condemnation (Shane, 1991). In the poultry industry, ducklings are the most
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susceptible species to aflatoxicosis. Turkey poults are more resistant than ducklings but are
ten times more sensitive than four-week-old chickens.

In summary, aflatoxin contamination causes huge financial losses to food processors,
and producers of commodities and domestic animals. The costs ultimately are borne by

consumers or the national economy.

II1. Control of aflatoxins

Because of the public health and economic problems caused by aflatoxins, it is very
important and urgent to find ways to efficiently control their occurrence. Ideally, any method
should be technically and economically feasible if it is to be applied practically. Some other
factors should also be considered including safety, retention of nutritional elements, and the
lack of harmful effects to the environment. To date numerous methods have been tested
although they still do not meet all of the control criteria. In general, the control of aflatoxins
can be divided into three principal categories : prevention, decontamination or detoxification,
and reduction of aflatoxin bioavailability.
A. Prevention

The prevention of aflatoxin formation in agricultural products and other foodstuffs can
occur at the pre- and post-harvest level by regulating the environmental factors influencing
fungal growth and toxin production. Many environmental conditions have been identified
which can promote aflatoxin formation in growing crops including : insect infestation,
drought conditions, mechanical damage, nutritional deficiencies, and unseasonable
temperatures and rainfall (Smith and Moss, 1985a). Conventional on-farm preventative

techniques such as methods of cultivating to improve plant vigor, the use of insecticides and



13

fungicides to reduce insect and fungal infestation, irrigation to avoid drought conditions, and
the use of resistant varieties (Darrah and Barry, 1991; Scott and Zummo, 1988) have been
utilized to help overcome these environmental stress although these are often too costly or
are ineffective. Post-harvest (during processing, storage, and shipment) control of aflatoxin
contamination prevents or delays toxigenic mold growth through manipulation of moisture
levels, temperature, aeration, and mold spore density (Darrah and Barry, 1991).
Biocontrol using nontoxigenic strains of A. parasiticus and A. flavus is another
potential approach for the preharvest prevention of aflatoxin contamination. It has been
demonstrated that this strategy can significantly reduce aflatoxin contamination in peanuts
and cottonseed (Cotty, 1990; Dorner et al., 1992; Ehrlich, 1987). Biocompetitive control,
however, has to be evaluated for its feasibility regarding the stability of the non-aflatoxin
producing strains and the environmental impact. The potential for naturally occurring
nontoxigenic strains to produce aflatoxins may be a major concern (Rarick et al., 1994) of
this technology. Additional studies are needed to address the microbial ecological changes
after releasing the biocontrol agent in the field.
B. Decontamination or detoxification
Once a product is contaminated with aflatoxins, there are only two options if it is to
be used for human or animal consumption : to remove aflatoxins or to degrade them into non-
toxic compounds. Practical methods are being investigated for removal and detoxification
of aflatoxins from foods and feeds.
1. Removal of aflatoxins
(a) Physical separation. In large particle size agricultural products such as the peanut,

Brazil nut or almonds, aflatoxin contamination, when it occurs, is normally confined in any



14

batch to a small number of contaminated seeds or kernels (Smith and Moss, 1985a). It has
been shown that the level of aflatoxin in peanuts can be correlated with the proportion of
loose-shelled or discolored kernels. When these are discarded the remaining kernels are
relatively free of aflatoxins. Off-colored kernels can be separated either by hand or by passing
through color sorters (Cole, 1898). Density segregation by flotation in water or a salt
solution is another way to separate toxic kernels from sound, nontoxic kernels (Hagler, 1991,
Huff, 1980; Huff and Hagler, 1985; Kirksey ef al., 1989). Physical separation, however,
causes some loss of raw materials.

(b) Chemical separation. Numerous solvent extraction systems have been developed
to remove aflatoxins from contaminated materials with minimal effects on protein content or
nutritional quality (Rayner, 1977). These systems include 95% ethanol, 90% aqueous
acetone, 80% isopropanol, hexane-methanol, and hexane-acetone-water mixtures. Although
solvent extraction can be highly successful in removing aflatoxins, the cost of the additional
processing and the need for special solvent-removing equipment, etc., have made these
processes of questionable economic value. Besides, residues of solvent in food and feed
would cause additional safety problems.

2. Degradation or detoxification

(a) Physical methods. Of these methods, irradiation and thermal inactivation are
considered here. Aflatoxins are sensitive to ultraviolet light. However, the degradation of
aflatoxin in contaminated products is dependent on the nature of the solvent, the toxin
concentration and the length of exposure to UV light (Shantha, 1986). Aflatoxins are
resistant to thermal inactivation and are not destroyed completely by boiling water,

autoclaving, or a variety of food and feed processing procedures (Phillips, 1994). With dry
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heat such as roasting, temperatures approaching the melting point (250°C) of aflatoxin must
be used to effectively degrade the toxin. Increasing the moisture content and/or time of
heating increases the rate of aflatoxin degradation (Mann, 1967). However, the adverse
effects of heat treatment on the appearance and nutritional value of the product makes the
practical application of these methods highly doubtful.

(b) Chemical methods. Several chemicals have been tested for the destruction of
aflatoxins including acids, aldehydes, oxidizing agents and gases. The treatment of grain with
ammonia appears to be a valuable approach to the detoxification of aflatoxins. Ammonia
used as an anhydrous gas at elevated temperatures and pressures can cause a 95-98%
reduction in total aflatoxin concentration in peanuts, cottonseed meal and corn (Brekke et al.,
1977, Gardner et al., 1971, Park et al., 1984). This method is legal and is being used on a
commercial scale in certain states of the US (Alabama, Arizona, California, Georgia, North
Carolina and Texas) for animal feeds. Ammoniation is also used routinely in Mexico, France,
South Africa, Senegal, Brazil, and India (Piva et al., 1995, Phillips et al., 1994). The
drawback of ammonia treatment is the need to build special plants because ammonia corrodes
metal and becomes explosive in the air. This would result in a substantial increase in costs
which cannot be afforded by most farmers. Besides, ammonia treatment may lead to an
undesirable brown color in the feed and the diminished content of specific amino acids such
as cystine, methionine and lysine (Piva et al., 1995).

Oxidizing agents such as sodium bisulfite have been shown to degrade aflatoxins in
naturally contaminated grain (Doyle and Marth, 1978). When compared with ammonia
treatment, bisulfite treatment is less efficient in detoxification of aflatoxins. Bisulfite

treatment, however, is much less costly than ammonia treatment. In addition, sodium bisulfite
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is commonly added to food and drinks where it acts as antioxidant, enzyme inhibitor, and
bacteriostatic agent. It therefore may be competitive with the ammoniation process.

Calcium hydroxide is another chemical which has been shown to be able to reduce
aflatoxin levels (Codifer et al., 1976). The advantages of using sodium hydroxide are its low
cost and easy application because it is the cheapest alkali and can be readily mixed with the
feed to be detoxified. However, the low efficiency (less than 45 %) in the destruction of
AFB, is a big concern (Piva et al., 1995).

(c)Biological methods. Many microorganisms including bacteria, actinomycetes, yeast,
molds, and algae show varying abilities to degrade aflatoxin. The most active organism so
far discovered is Flavobacterium aurantiacum (NRRL B-184) which in aqueous solution can
take up and metabolize aflatoxin B,, G, and M, (Ciegler et al., 1966). As yet no commercial
application has been developed because the safe and practical use of Flavobacterium
aurantiacum in feed or food has not been established.

C. Reduction of aflatoxin bioavailability
1. Selective chemisorption

Numerous studies have demonstrated that the use of clays in contaminated feeds can
reduce aflatoxin absorption in the intestine of animals. Tests in vitro showed that absorbents
such as aluminas, silicas, and aluminosilicates are capable of binding aflatoxin in solution
(Phillips et al., 1988). It was observed that hydrated sodium calcium aluminosilicates
(HSCAS) were the most efficient in binding aflatoxins. HSCAS are currently used as
anticaking agents for animal feeds and were found to prevent aflatoxicosis in domestic animals
(Davidson e? al., 1987, Kubena ef al., 1990) and to decrease the level of AFM, in the milk

of dairy cattle (Harvey et al., 1991).
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2. Chemoprotection against aflatoxin toxicity

Methods have been suggested for the protection of animals and humans against the
effects of aflatoxins by prior treatment with chemicals or drugs that induce protective
detoxifying liver enzymes (Kensler ef al., 1991). A dithiolethione compound, oltipraz, has
been demonstrated to be a potent inhibitor of AFB,-induced hepatocarcinogenesis in rats. It
is believed that this drug induces phase II enzymes, including the glutathione S-transferase,
and thus could enhance the detoxification of AFB, (Ansher ef al., 1986; Bueding et al.,
1982).

In summary, since no practical method is currently available for preharvest prevention
of aflatoxin contamination of foods and feeds, all potential methods for postharvest aflatoxin
detoxification must be considered as important at this point in time. Nevertheless, the
prevention of aflatoxin contamination before harvest is the best long-term approach because
the technology would eliminate or reduce the need for handling aflatoxin-contaminated

commodities by growers or processors.

IV. Biosynthesis of aflatoxins
A. Chemical and biochemical aspects

Because of the extreme toxicity of aflatoxins, elucidation of the biosynthetic pathway
has become a very popular topic since their discovery in 1960. To date aflatoxin biosynthesis
is the best characterized biosynthetic pathway of fungal secondary metabolism. Studies using
blocked mutants, metabolic inhibitors, and radiolabeled precursors in bioconversion
experiments have lead to a relatively clear picture of the biochemical pathway utilized for

synthesis of AFB, (Bennett e al., 1980; Bhatnagar ef al., 1987; Hsieh et al., 1973, 1976; Lee
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etal., 1976; McCormick et al., 1987, Shroeder et al., 1974, Steyn et al., 1980). Data on the
biosynthetic intermediates and enzymes in the AFB, pathway have been collected (Bhatnagar
et al., 1992; Dutton, 1988) and the putative biosynthetic scheme is shown in Figure 3. AFB,
is a polyketide-derived secondary metabolite which is synthesized from acetate and malonate
in a process analogous to fatty acid synthesis. As described by Bennett and Christensen
(1983), the precursors in biosynthetic pathway include one acetyl CoA and 9 malonyl CoA.
The early steps of AFB, biosynthesis are the same as those in fatty acid biosynthesis with
condensation of acetyl CoA and 2 Malonyl CoA molecules in the presence of NADPH to
form a hexanoate starter unit (Towsend ez al., 1984). Condensation of this starter unit with
7 malonyl CoA molecules then proceeds to form a C,, polyketide chain without further
ketoreduction. Cyclization and oxidation then occur to form the first stable anthraquinone
intermediate, norsolorinic acid (NA), which is then converted to (sequentially) averantin
(AVN), averufanin (AVNN), averufin (AVF), versiconal hemiacetal acetate (VHA),
versiconal (VHOH), versicolorin B (VB), versicolorin A (VA), sterigmatocystin (ST), O-
methylsterigmatocystin (OMST), and the final product AFB,.

Mutants blocked in aflatoxin biosynthesis played an important role in elucidating this
pathway. In this regard, the pathway blocked mutants of A. parasiticus were more useful
than those of 4. flavus. This is because mutants isolated from A. parasiticus accumulate
pigmented pathway intermediates. Most of the mutants of A. flavus, on the other hand, do
not accumulate pigments. For example, the pigments NA, AVN, AVF, and VA were
identified from A. parasiticus non-aflatoxin producing mutants. These four pigments were
then isolated from fungal mycelia and their chemical structures identified. Radiolabelled

pigments were used in feeding studies to demonstrate that they could be converted to AFB,
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by toxigenic fungi. The sequential order of these intermediates was determined according to
their efficiencies of conversion to AFB, and their relative chemical structures. AVNN, a
metabolite of A. parasiticus was then demonstrated to be incorporated into AFB, and was
placed between AVN and AVF based on a logical organic conversion mechanism
(McCommick et al., 1987). VHA was identified because it accumulated after inhibition of an
esterase activity by the insecticide dichlorvos (Yao and Hsieh, 1974). The intermediates after
VA are not pigmented. ST and OMST isolated from A. versicolor and A. parasiticus,
respectively, were placed downstream from VA by a bioconversion assay (Hsieh ef al., 1973,
Bhatnagar et al., 1987).

It is estimated that at least 17 enzymatic activities are associated with this complex
pathway (Bhatnagar et al., 1992; Dutton, 1988). Several pathway enzymes have been
purified to homogeneity including two NA reductases (NA~AVN; Bhatnagar and Cleveland,
1990; Chuturgoon et al., 1990), two VHA reductases (VHA-versiconol acetate[VOACc];
Matsushima et al., 1994), one versiconal cyclase (VHOH-VB; Lin and Anderson, 1992;
Townsend et al., 1991), and two O-methyltransferases (ST~OMST; Bhatnagar ez al., 1988;
Keller et al., 1992). Those enzymes which have been identified or partially purified are the
esterase (VHA-~VHOH; Yabe and Hamaski, 1993), the desaturase (VB-VA; Yabe ef al.,
1991), and the oxidoreductase (OMST-AFBI1; Bhatnagar et al., 1989). Nevertheless, many
other enzymes involved in the biosynthetic pathway have not been identified.

B. Genetic and molecular aspects
1. Classical genetic analysis
Conventional genetic analysis of aflatoxin biosynthesis was hampered because neither

A. flavus nor A. parasiticus has a sexual reproductive stage. However, genetic linkage of
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genes for aflatoxin biosynthesis in both fungi was studied using the parasexual cycle (Bennett,
1979; Papa, 1973). The genetic markers in genetic linkage analysis included auxotrophic
mutants, spore color mutants, and aflatoxin pathway mutants. The genetics of A. flavus,
however, is better understood than that of A. parasiticus. Over 30 genes including 11
aflatoxin genes have been mapped to 8 linkage groups (Bennett and Papa, 1988). Ofthe 11
aflatoxin loci mapped, 1 is on linkage group II, 9 are on linkage group VII, and 1 is on
linkage group VIII. The aflatoxin loci are nonallelic and recessive in diploids, with the
exception of the mutant containing the afl-/ allele.

The generation of physical mapping data of the aflatoxin genes was enhanced by the
development of the electrophoretic karyotype analysis. Using pulsed-field gel electrophoresis,
the genomes of A. flavus and A. parasiticus have been separated into 6 to 8 chromosomes
with sizes ranging from 3 to 7 Mb (Keller et al., 1992). In an attempt to assign the linkage
groups identified from genetic linkage studies to these separated chromosomes, Foutz ef al.
(1995) have cloned seven previously mapped auxotrophic genes which hybridized to 7
individual chromosomes. These specific probes could help in future studies to determine the
karyotypic map of aflatoxin genes.

2. Molecular genetics

A logical approach to prevent aflatoxin contamination is to block their production in
the field at the preharvest stage. The development of a thorough understanding of aflatoxin
biosynthesis at the molecular level may aid in this approach. Cloning of genes associated with
aflatoxin biosynthesis is the first step to effectively understand the regulation of gene
expression. The cloned genes can be used as targets for gene disruption to generate

genetically stable nontoxigenic strains of Aspergillus spp. which can be utilized in the field
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as biocontrol agents. On the other hand, cloning of aflatoxin pathway genes and subsequent
identification of regulatory genes will provide molecular probes for investigating the specific
molecular regulation of aflatoxin biosynthesis in fungal culture and in host plant tissue in
which aflatoxin contamination occurs. This could lead to the identification of candidate
compounds which are able to block aflatoxin biosynthesis in fungi. It may be possible to
directly use these compounds in the field or to construct resistant plants which naturally
produce these compounds.

Three different strategies have been used to isolate genes involved in aflatoxin
biosynthesis. Differential screening of a cDNA library, a relatively nonspecific approach, has
been used to identify genes in A. parasiticus (Feng et al., 1992) and A. flavus (Woloshuk and
Payne, 1994) that may be associated with aflatoxin biosynthesis. This method is based on the
principle that aflatoxin associated genes are transcribed under the conditions supporting
aflatoxin production. These genes, on the contrary, are not transcribed or are transcribed in
much lower amounts under non-aflatoxin supporting conditions. Therefore toxin specific
cDNA clones theoretically could be isolated by hybridization to RNA extracted from
aflatoxin-producing cultures but not to RNA from non-aflatoxin-producing cultures. The
major disadvantage of this approach is that many nonspecific cDNA clones may be obtained
and cause difficulties in the selection and study of their exact functions.

A second approach is reverse genetics. In this method, it is necessary to identify and
purify pathway proteins which can be used to generate antibodies for use as immunoscreening
probes. Alternatively, protein sequence data should allow the design of oligonucleotide
probes to isolate the specific genes. Using a reverse genetics approach, a 1.5-kb genomic

DNA clone (pF9-1) from A. flavus NRRL 3357 was identified with an oligonucleotide based
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on the amino acid sequence of the N-terminus of the purified methyltransferase which
converts ST to OMST (Keller et al., 1992). This omtA gene also has been cloned from A.
parasiticus by using antibodies (raised to the purified methyltransferase) to screen a cDNA
expression library (Yu et al., 1993). Recently, an A. parasiticus dehydrogenase gene, nor4,
was cloned by the same strategy using a monoclonal antibody raised against a purified
norsolorinic acid reductase involved in the conversion of NA to AVN.

A third approach involves genetic complementation of fungal mutants deficient in
aflatoxin biosynthesis followed by rescuing genes associated with aflatoxin production.
Genetic transformation systems have been developed for A. parasiticus (Horng et al., 1990;
Skory et al., 1990) and A. flavus (Woloshuk et al., 1989). Using these transformation
systems, the nor-1 gene, associated with the conversion of NA to AVN (Chang et al., 1992),
the ver-1 gene, associated with the conversion of VA to ST (Skory ef al., 1992), and the fas-
14 gene, encoding a putative fatty acid synthetase involved in polyketide backbone synthesis
(Mabhanti et al., 1996), were cloned by genetic complementation of A. parasiticus mutants
blocked at unique steps in AFB, synthesis. Complementation was performed by
transformation of a cosmid DNA library constructed using genomic DNA from a wild-type
aflatoxin-producing strain A. parasiticus NRRL 5862 (SU-1). A regulatory gene, afIR, was
first isolated from A. flavus by genetic complementation (Payne ez al., 1993). The homologue
of A. flavus afIR was later identified in A. parasiticus based on its ability to upregulate
aflatoxin biosynthesis when it was transformed into a wild-type toxigenic strain (Chang et al.,
1993).

The isolation of these pathway genes made it possible to elucidate a detailed physical

map of the genes involved in aflatoxin biosynthesis. In the process of cloning the nor-1 and
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ver-1 genes from A. parasiticus, it was found that these two genes are located within a 35-kb
genomic DNA fragment contained in cosmid NorA and on a single chromosome. The
aflatoxin gene cluster was further confirmed by mapping the position of fas-14, afIR, and
omtA in the genomic DNA of both A. flavus and A. parasiticus. Transcriptional mapping
studies have shown that this cluster may extend up to 60-kb (Trail ez a.I., 1995; Yu et al,,
1995). Taking advantage of transcripts identified in this cluster, it was possible to elucidate
the function of originally non-identified genes by gene disruption analysis. For example, a
PksA gene encoding a putative polyketide synthase was identified adjacent to nor-1 by gene
disruption analysis (Chang et al., 1995; Trail et al., 1995). The order of aflatoxin genes in the
clusters is similar in the two aflatoxin-producing Aspergillus. The spacing between these

genes, however, is different (Yu et al., 1995).

V. Regulation of aflatoxin biosynthesis

As a secondary metabolite, aflatoxins are produced when the fungus reaches the end
of active growth phase during batch fermentation. Because the precursor (i.e. acetate) of
aflatoxin biosynthesis is the product of the primary metabolism, the factors which regulate
primary metabolism could influence aflatoxin biosynthesis. Carbohydrate metabolism has
been shown to affect the production of aflatoxins. Several simple carbon sources, especially
glucose, sucrose, and maltose, have been shown to support and stimulate aflatoxin production
(Luchese and Harrigan, 1993). Glucose can be catabolized by aspergilli either by way of the
Embden-Meyerhoff or the hexose monophosphate pathways simultaneously (Zaika and
Buchanan, 1987). Aerobic conditions favor utilization of the hexose monophosphate pathway

and anaerobic conditions favor the Embden-Meyerhoff pathway. It has been reported that
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the amount of aflatoxin production depends on the pathway by which glucose is catabolized
by the fungi (Shih and Marth, 1974). The study showed that less aflatoxins were produced
in extensively aerated cultures of A. parasiticus and the efficiency of [1-'*C]glucose
incorporation was less than that in stationary cultures. Shih and Marth (1974) concluded that
in less aerobic conditions oxidation of acetate (via the citric acid cycle) would be decreased
and more acetate would be available for synthesis of aflatoxins. It has also been proposed
that a low NADPH/NADRP ratio favors aflatoxin production (Niehaus and Dilts, 1984). The
increased aflatoxin production observed in a less aerobic environment could therefore result
from the decreased formation of NADPH via the hexose monophosphate pathway. An
alcohol dehydrogenase gene, adhl, has been cloned from A. flavus (Woloshuk and Payne,
1994). The transcription of this gene is induced during aflatoxin production. Although the
exact role of adhl in aflatoxin biosynthesis in not known, it is hypothesized that alcoholic
fermentation may be important for the use of glucose through the glycolytic pathway under
less aerobic conditions and may be associated with aflatoxin biosynthesis.

Instead of relying solely on the regulation of primary metabolism, aflatoxin
biosynthesis could also be regulated at the level of secondary metabolism. Skory et al. (1993)
have reported that the regulated expression of the aflatoxin pathway genes, nor-1 and ver-1,
is in part at the level of transcription. The accumulation of the RNA transcripts from other
aflatoxin associated genes was shown to follow a similar pattern as nor-1 and ver-1 (Trail et
al., 1995). This suggested that aflatoxin genes may be regulated by a common regulatory
factor or some specific factors activated at the same time for aflatoxin synthesis. The genetic
evidence suggests that afIR is a specific regulatory gene in aflatoxin biosynthesis. Metabolite

feeding studies demonstrated that afIR is required for the conversion of several different
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pathway intermediates to aflatoxins (Payne et al., 1993). Moreover, the afIR gene is capable
of inducing transcription of several aflatoxin pathway genes and expression of several
aflatoxin pathway enzymatic activities simultaneously in cell extracts (Chang et al., 1995;
Payne et al., 1993). Analysis of the predicted amino acid sequence of afIR showed that there
is a cysteine-rich binuclear zinc cluster DNA-binding motif, Cys-Xaa2-Cys-Xaa6-Cys-Xaa6-
Cys-Xaa2-Cys-Xaa6-Cys, which has been found in several fungal transcriptional regulatory
proteins (Woloshuk ef al., 1994).

In addition to afIR, a putative regulatory locus, afl-1, was identified in 4. flavus
(Bennett and Papa, 1988). Recently, it was demonstrated that a heterozygous diploid strain
with both mutant (afl-7) and wild-type (afl-1") alleles lost its ability to produce aflatoxin and
to transcribe the nor-1, ver-1, and omtA genes. However, expression of the afIR gene was
not suppressed (Woloshuk ez al., 1995) which suggests that afIR is not the only regulator of
AFB, biosynthesis. The real function of afl-1 in regulation of aflatoxin biosynthesis will not
be clear until the afl-1 gene can be isolated in the future study.

Since several aflatoxin pathway genes have been cloned, it is now possible to elucidate
the cis-acting DNA elements and frans-acting proteins that regulate aflatoxin synthesis. One
approach to accomplish this task is to fuse the aflatoxin gene promoter to a reporter gene
such as the GUS gene (uidA gene; encodes -glucuronidase). Fungal strains containing these
reporter constructs could be used to identify the cis-acting elements (Trail ef al., 1994; Wu
and Linz, 1994). After identification of the cis-acting elements, promoter fragments can be
used in mobility shift assays to identify and thereafter purify the specific frans-acting proteins

which regulate aflatoxin biosynthesis.



CHAPTER 2

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION
OF THE VER-1 GENE

I. INTRODUCTION

In a previous study (Skory et al., 1992), the ver-1 gene was cloned based on its ability
to complement the versicolorin A (VA) accumulating strain, A. parasiticus CS10 (ver-1, wh-
1, pyrG; derived from ATCC 36537; Lee et al., 1975), to produce aflatoxins. The nucleotide
sequence of a genomic DNA fragment and cDNA fragment covering the entire ver-/ coding
region has been determined (Skory ef al., 1992). The predicted amino acid sequence,
deduced from the ver-1 nucleotide sequence, was compared with the EMBL and GenBank
data bases. The search revealed striking similarity with Streptomyces ketoreductases involved
in polyketide biosynthesis. This observation resulted in the prediction that the ver-/ gene
encodes a protein that has enzymatic activity associated with AFB, biosynthesis.

Southern hybridization analysis using the cloned ver-1 gene as a probe indicated that
there are two copies of the ver-1 gene in A. parasiticus SU-1 (Skory, 1992). By in situ
colony hybridization of the genomic DNA library constructed by Skory et al (1992), two
cosmid vectors, NorA and Ver2, were found to contain the ver-1 gene. The location of the
ver-1 gene on the two cosmid vectors is shown in Figure 4. The gene copy located on a 2.1-

kb EcoRI fragment of the cosmid NorA was named ver-/4. The other ver-1 gene copy

27
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Figure 4. Schematic representation of the location of ver-14 and ver-1B on cosmids NorA
and Ver2, respectively. The number in parentheses is the size of the restriction fragment in

kilobase pairs. The arrow indicates the duplicated region. B, BamHI; E, EcoRlI; S, Sall.
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located on a 5.1-kb EcoRI fragment of the cosmid Ver2 was designated ver-1B. The flanking
regions (3.2-kb EcoRI fragments; see Figure 4) of ver-14 and ver-1B genes were found to
hybridize to each other in Southern hybridization analysis. This indicated that there is a
duplicated region around the ver-1 gene in the chromosomal DNA.

Based on the complementation analysis and nucleotide sequence data, it was
hypothesized that the cloned ver-/ gene encodes a protein involved in the conversion of the
AFB, pathway intermediate VA to sterigmatocystin (ST). To address this hypothesis, the
following experiments were designed and accomplished in this study. First, restriction
fragment length polymorphism (RFLP) analysis of ver-/A4, ver-1B, and the cloned ver-/ gene
confirmed that the gene previously cloned is ver-/4. Second, a duplicated chromosomal
region (approximately 12-kb) was identified upstream from ver-14 and ver-1B by Southern
hybridization analysis. Third, the nucleotide sequence of ver-I/B was determined. A
translational stop codon, found in the ver-/B coding region, indicated that it encodes a
truncated polypeptide with no function. Fourth, recombinational inactivation and genetic
complementation experiments confirmed that ver-14 is the only functional copy of ver-1 in
A. parasiticus SU-1 and that its gene product is directly involved in the conversion of VA to

ST.

II. MATERIALS AND METHODS
A. Strains and plasmids

Escherichia coli DHSa F' © [F'/endA1 hsdR17 (1, my ) supE44 thi-1 recAl gyrA
(Nal) reld1A(lacZYA-argF), ¢(m80lacZAM15))(Gibco BRL, Life Technologies, Inc.

Gaithersburg, MD) was used to propagate plasmid DNA. A. parasiticus NRRL5862 (SU-1,
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ATCC 56775, Bennett, 1979), a wild-type aflatoxin-producing strain, was used as the control
strain. The nitrate reductase (niaD) deficient strain, NR-1, derived from A. parasiticus SU-1,
was used as the recipient strain for ver-1 gene disruption analysis. VA, used as a standard in
thin-layer chromatography (TLC) assays, was purified from 4. parasiticus ATCC 36537 (ver-
1, wh-1) according to the procedure of Lee et al. (1975).

Plasmid pDV-VA (Figure 5A) was constructed for ver-/ gene disruption. A 4.4-kb Psil
genomic DNA fragment containing ver-/4 was inserted into pBluescriptIl SK(-) to generate
pVer-AP. This plasmid was cut near the middle of the ver-/4 coding region (St«I) and blunt-
end ligated to a 6.2-kb Pvull fragment containing the functional niaD gene. For ver-1
complementation experiments, plasmid pVer-Ben (Figure SB) was constructed. A 4.1-kb
Xbal/Xhol DNA fragment containing ver-/4 was subcloned into pBluescriptIl SK (-) to
generate pVer-AX. Then, a 7.0-kb Xbal fragment containing the ben’ gene (confers
resistance to benomyl) from pYT1 (Wu et al., 1996) was inserted into pVer-AX to generate
pVer-Ben. pSL82 (Horng et al., 1990), a plasmid containing a complete copy of niaD, and
pYT1, containing ben’, were used as positive controls in recombinational inactivation and
genetic complementation experiments, respectively.

B. Bacterial cell transformation and plasmid purification

The preparation and transformation of competent cells were conducted by a calcium
chloride method (Ausubel e al., 1993). Recombinant cells were screened on MacConkey
agar (Difco) or selected by standard colony hybridization techniques (Maniatis et al., 1989).
Minipreparation of plasmid DNA using alkaline lysis and large scale preparation of plasmid
DNA by CsCl/ethidium bromide equilibrium centrifugation were conducted using standard

methods described by Ausubel et al.(1993).
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Figure S. Plasmids used for functional analysis of the ver-/ gene in recombinational
inactivation and complementation experiments. (A) The plasmid pDV-VA used for
recombinational inactivation of the ver-/ gene. The white block region is a 6.2-kb Pvull
fragment containing the niaD gene. The black blocks represent the coding region of ver-/4
split by the niaD containing fragment. The hashed regions are the 5' and 3' flanking regions
of ver-14. The single black line represents pBluescriptll SK(-). (B) The plasmid pVer-Ben
used for complementation of A. parasiticus VAD-102. The white block is a 7.0-kb Xbal
fragment containing the ben” gene. The black block is the coding region of ver-14. The
hashed blocks are the 5' and 3' flanking regions of ver-/4. The single black line represents

pBluescriptIl SK(-).



33

Figure S.
A.
Secl2 $
BemHI13.0
pDV-VA
13.5kb
Secld 2
mu
B.

14.0kb




34

C. Transformation of fungal protoplasts

Fungal protoplasts were transformed using a polyethylene glycol procedure (Oakley
et al., 1987) with minor modifications as described by Skory ef al. (1990). Approximately
10® conidia of A. parasiticus NR-1 were incubated in yeast extract-sucrose liquid medium
(YES; 2% yeast extract, 6% sucrose, pH 5.8) for 15 hr at 29°C with shaking (150 rpm) in the
dark. The mycelia were harvested and digested with Novozyme 234 (Novo Industries,
Danbury, Conn.) to generate protoplasts. To 100 pl protoplast suspension, 5 - 10 ug DNA
in 10 pl TE buffer (10mM Tris-HCI, 1mM EDTA, pH 8.0) and 50 ul PEG solution (25%
polyethylene glycol 3350, SOmM CaCl,, 10mM Tris-HCI, pH 7.5) were added. The mixture
was incubated on ice for 20 min. 1 ml PEG solution was added and the mixture was further
incubated at room temperature for 30 min. Finally, the protoplasts were spread onto selective
agar media. Cells transformed with plasmid pSL82 and pDV-VA were screened for their
ability to utilize nitrate on Czapek-Dox agar (CZ agar, Difco), a defined medium containing
20% sucrose as the osmotic stabilizer. When transformed with pYT1 or pVer-Ben, benomyl
resistant transformants were selected on CZ containing benomyl (2 pg/ml). Transformant
colonies were then transferred to coconut agar medium (CAM) for screening aflatoxin
production by visualization of blue fluorescence under UV light (Davis et al., 1987).
D. Preparation and analysis of genomic DNA from fungal cells

YES broth was used to grow fungal mycelia for preparation of genomic DNA. 100
ml of YES in a 250 ml Erlenmeyer flask was inoculated with 2x10° spores of individual fungal
isolates and incubated on a rotary shaker at 150 rpm at 30°C in the dark. Cultures were
grown for 48 h and a phenol-chloroform protocol previously described (Skory ef al., 1990)

was used to isolate genomic DNA from mycelia. Restriction enzymes were purchased from
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Boehringer Mannheim Biochemicals (Indianapolis, IN) and used according to the
manufacturer's instructions. Enzyme digestion, agarose gel electrophoresis, and Southern
hybridization analyses were performed according to standard procedures (Ausubel ef al.,
1993). Radiolabeled DNA probes were generated with a Random-Primed DNA Labeling kit
(Boehringer Mannheim Biochemicals) by incorporation of [e¢-*?P]JdCTP (DuPont).
E. Analysis of versicolorin A and aflatoxin production

To qualitatively determine the metabolites which accumulated in transformant
colonies, TLC analysis was performed on activated silica TLC plates (10 by 10 cm) using
chloroform-acetone (95:5) as a solvent system. A mixture of aflatoxin B,, B,, G, and G,
(Sigma) and semipurified VA were resolved on the same plate as reference standards. To
identify the production of VA in ver-/ gene disrupted transformants, TLC analysis was
performed using benzene-acetic acid (95:5) as a solvent system. The yellow pigment that
comigrated with the VA standard was scraped from the plates and dissolved in methanol or
ethanol and the absorbance spectrum from 200 to 600 nm was determined. The spectrum was
compared to previously published spectrum data for pure VA (Hamasaki et al., 1967).
F. Nucleotide sequence analysis

A 1.7-kb EcoRI/HindIl DNA fragment containing the ver-1B gene was sequenced
using eight overlapping subclones which were inserted into pBluescriptll SK(-) (Figure 6).
DNA sequence analysis was performed on both strands with T3 and T7 primers by the
dideoxy-chain termination method (Sanger ef al., 1977) with an automated nucleotide
sequencer (ABI robotic catalyst and 373 A DNA sequencer) at the Plant Research Laboratory
at Michigan State University. Nucleotide sequence data were analyzed with the Wisconsin

Genetics Computer Group (GCG) package. A comparison between the predicted amino acid
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Figure 6. Strategy for nucleotide sequence analysis of the 1.7-kb EcoRI-Hindll fragment
which contains the ver-/B gene. Several subclones were cloned into the plasmid
pBluescriptll SK(-) and T3 and T7 primers were used for double-stranded sequencing. The
arrows indicate the direction and extent of sequencing. The black region represents the open

reading frame. B, BamH]I; E, EcoRI; H, Hindll; K, Kpnl, M, Mscl; S, Smal.
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sequences of ver-14, ver-1B, the Streptomyces coelicolor actlll gene, and the Magnaporthe

grisea ThnR gene was made with Gap and aligned with Pileup software (GCG).

III.RESULTS
A. Restriction fragment length polymorphism (RFLP) analysis

During the isolation of the ver-1 gene, several DNA fragments containing the ver-/
gene were obtained by marker rescue from an A. parasiticus CS-10 aflatoxin-producing
transformant (Skory et al., 1992). In the current study, several DNA fragments were
subcloned from cosmid NorA and Ver2. The DNA fragments subcloned from cosmid NorA
included a 2.1-kb EcoRI fragment (containing ver-/4), a 3.2-kb EcoRI fragment (5' flanking
region of the ver-14), and a 2.5-kb Sall fragment (3' flanking region of the ver-14). The
DNA fragments subcloned from cosmid Ver2 included a S.1-kb EcoRI fragment (containing
ver-1B), and a 3.2-kb EcoRI fragment (5' flanking region of the ver-1B) (see Figure 4 for
relative location of these DNA fragments). Restriction enzyme mapping was conducted on
these subcloned DNA fragments and the restriction patterns were compared with restriction
maps of the DNA fragments containing the cloned ver-/ gene. The results indicated that the
cloned ver-1 gene is ver-14.
B. Identification of a duplicated chromosomal region containing the ver-1 gene

The 5' flanking region of ver-14 (3.2-kb EcoRlI fragment) hybridized to a similar sized
DNA fragment upstream from ver-/B indicating that there is a duplicated region flanking the
ver-1 gene in the chromosomal DNA. To determine the extent of this duplication, Southern
hybridization analysis of A. parasiticus genomic DNA was performed using DNA fragments

adjacent to ver-14 (isolated from cosmid NorA) as probes (see schematic in Figure 4). At
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least two DNA fragments hybridized with the 1.4-kb, 3.2-kb, and 2.1-kb EcoRI probes in
genomic DNA digests but only one fragment was detected with the 1.9-kb EcoRI and 1.5-kb
BamHL/Sall probes (Figure 7). Since only one of the restriction enzymes utilized in the
analysis cut within any of the fragments used as probes (Smal cut within the 2.1-kb EcoRI
fragment), the data suggested that the region of duplication extended approximately 12-kb
upstream from the ver-1A4 and ver-1B genes.
C. Nucleotide sequence analysis of ver-1B

Nucleotide sequence analysis of a 1.7-kb EcoRI/HindII DNA fragment containing ver-
1B was conducted on both DNA strands. The alignment of the nucleotide and predicted
amino acid sequences of ver-14 and ver-1B is shown in Figure 8. The data demonstrated that
these two genes share 93% identity in nucleotide sequence. The deduced amino acid
sequences of the products of ver-14 and ver-1B share 97% similarity and 95% identity. A
translational stop codon was identified in the coding region of ver-1B (see asterisk in Figure
8) indicating that ver-/B may encode a truncated and nonfunctional polypeptide.
D. Functional analysis of the ver-I genes via recombinational inactivation and

complementation

To confirm gene function, plasmid pDV-VA (Figure SA) was designed to disrupt
either copy of the ver-1 gene by homologous recombination (gene replacement). pDV-VA
was linearized with Xbal and Xhol and transformed into an AFB, producing strain A.
parasiticus NR-1(afl’, niaD"), in order to disrupt the ver-1 gene by gene replacement through
double cross-over recombination at homologous sites flanking the ver-1 gene (Figure 9).
Because of the similarity between the flanking regions of ver-14 and ver-1B, this disruption

vector could in theory be used to disrupt both ver-/ genes. In two separate experiments, a
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Figure 7. Identification of a duplicated chrc I region ining the ver-1 genes by
Southern hybridization analysis. The genomic DNA from A. parasiticus SU-1 was digested
with several restriction endonucleases. Digested DNA was electrophoresed in a 0.8%
agarose gel, transferred to Nytran membranes and probed with DNA fragments subcloned
from cosmid NorA. The location of probes indicated above the blots is shown in Figure 4.

B, BamHI, Bg, Bg/l1; E, EcoRl, P, Pstl; S, Sall, Sm, Smal; X, Xbal; Xh, Xhol.
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Figure 8. An alignment of the nucleotide sequences and the deduced amino acid sequences
of ver-14 and ver-1B. A stop codon within the coding region of ver-/B gene is indicated by

an asterisk.
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Figure 9. Schematic representation of the disruption of ver-/4 by plasmid pDV-VA (gene
replacement). The black boxes located below the restriction map of a putative recombinant
clone are the predicted DNA fragments which would be observed using probe 1 and probe
2 in Southern hybridization analysis. B, BamHI, H, HindIII; P, Psfl; Sa, Sacl; S, Sphl; Xb,

Xbal;, X, Xhol.
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total of 250 transformant colonies were generated. One clone, A. parasiticus VAD-102, was
identified which lost the ability to produce aflatoxin but did accumulate a yellow pigment
(presumptive VA) based on an initial screen on CAM. TLC analysis of cell extracts
confirmed that VAD-102 did not produce AFB, or G, but instead accumulated VA (Figure
10).

In an attempt to identify the genetic recombination events which occurred in VAD-
102, Southern blot analysis was conducted by cutting genomic DNA extracted from single
spore isolates of VAD-102 with four different combinations of restriction enzymes : (1)
BamH1, (2) Pstl, (3) Pst1 plus Sacl, or (4) HindIII plus Sphl. The Southern blots were
probed separately with radiolabelled probes 1 or 2 shown in Figure 9. Based on the schematic
(Figure 9) indicating the disruption of ver-14, when genomic DNA was cut with BamHI and
probed with probe 1, the wild-type 2.9-kb BamHI fragment would shift to a 3.6-kb BamHI
fragment. If PsfI was used to cut the genomic DNA and probed with probe 1, the wild-type
4.4-kb Pstl fragment would be replaced by a 6.2-kb Ps/I fragment. In the same way, if the
genomic DNA was digested with PstI plus Sacl and probed with probe 2, the wild-type 4.4-
kb Psil fragment would be replaced by a 2.4-kb Ps#I-Sacl fragment. The wild-type 3.3-kb
Sphl-HindlII fragment would be replaced by a 2.8-kb fragment when genomic DNA was
digested with Sphl and HindIII and probed with probe 2. The Southern blots demonstrated
that the wild type ver-14 gene fragment was replaced by the predicted disrupted DNA
fragment with all restriction enzymes used in the analysis (Figure 11). These data indicated
that the ver-14 but not ver-1B gene was disrupted by gene replacement in VAD-102.
However, additional DNA fragments not predicted for a simple disruption event also

hybridized to the probes (Figure 11). The stronger hybridization signal (according to the
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Figure 10. TLC analysis of the metabolites of 4. parasiticus VAD-102. Aflatoxin B and G
mixture (lane A) and VA purified from A. parasiticus ATCC 36537 (lane V) were used as
standards. The chloroform-extract of mycelia and growth media from 4. parasiticus VAD-
102 (lane 2) was compared with that from the AFB, producing strain A. parasiticus NR-

1(lane 1). Solvent system : chloroform-acetone (95:5).
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Figure 11.  Southern hybridization analysis to confirm disruption of the ver-/ gene.
Genomic DNAs isolated from 4. parasiticus NR-1 (lane N), A. parasiticus VAD-102 (lane
1), and a transformant which still produced aflatoxins (lane 2) were digested with BamHI
(blot a), PsI (blot b), Pstl plus Sacl (blot c), or HindIII plus Sphl (blot d) and analyzed using
standard procedures. Blot a and b were hybridized with probe 1 as indicated in Figure 9.
Blot ¢ and d were hybridized with probe 2. DNA fragments designated A, the DNA fragment
containing ver-/4; B, the DNA fragment containing ver-/B. Stars indicate DNA fragments

that are derived from gene replacement disruption of ver-14. DNA size standards are

HindIlI-digested lambda DNA in kilobases.
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intensity) of these additional fragments suggested that multiple integration of the disruption
vector may have occurred in the genomic DNA. Southern hybridization analysis of these
same DNAs using the niaD gene as a probe showed that the illegitimate recombination did
not occur at the niaD gene locus (data not shown). Because multiple integrations of pDV-
VA occurred, we could not rule out the possibility that loss of AFB, synthesis in VAD-102
was due to an event other than disruption of ver-14. To solve this problem, an alternative
hypothesis was proposed : if the accumulation of VA in strain VAD-102 is caused by
disruption of the ver-14 gene, aflatoxin production will be restored after the functional ver-/4
gene is put back into the genomic DNA.

In order to transform the ver-/4 gene back into strain VAD-102, another selectable
marker, ben, was used in fungal transformation to avoid generation of auxotrophic mutations
in the VAD-102 strain. The ben’ gene is a mutated allele of the normal B-tubulin gene and
confers resistance to the fungicide benomyl. The gene has been cloned in our lab from a
benomyl resistant mutant of A. parasiticus (Wu et al., 1996). Strain VAD-102 was
transformed with pVer-Ben (Figure SB) containing ver-/4 and ben’. Nine benomyl resistant
transformants were obtained. TLC analysis of cell extracts of 5 transformants (4. parasiticus
VAD-BV 1 to 5) demonstrated that they were able to produce aflatoxin although they still
accumulated VA (Figure 12). Based on Southern hybridization analysis of their genomic
DNAEs, the five aflatoxin-producing transformants all contained at least one copy of the wild-
type ver-1A4 gene (2.1-kb EcoRI fragment; see Figure 13). It was difficult to identify the site
of integration of pVer-Ben in these transformants because the recipient strain already
harbored multiple truncated ver-/4 sequences. The different location and copy number of

the wild-type ver-14 gene in the aflatoxin-producing transformants may explain different
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Figure 12. TLC analysis of the metabolites of transformants obtained by transformation of
A. parasiticus VAD-102 with pVer-Ben. The chloroform-extract from A. parasiticus NR-1
(lane N) and A. parasiticus VAD-102 (lane V) were resolved on the same plate with those
of the transformants A. parasiticus VAD-BV 1 to 9 (lanes 1 to 9). Aflatoxin B and G
mixture (lane AF) and VA purified from 4. parasiticus ATCC 36537 (lane VA) are used as

standards. Solvent system : chloroform-acetone (95:5).
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Figure 13. Southern hybridizati lysis of A. parasiticus VAD-102 transformed with

pVer-Ben. Genomic DNAs isolated from A. parasiticus NR-1 (lane N), A. parasiticus VAD-

102 (lane V), and transformants (lanes 1 to 9) were digested with £coRI and probed with a

0.8-kb Smal/EcoRI DNA frag containing ver-/4 and analyzed by standard procedures.
DNA fragments designated A, the DNA fragment containing ver-/4; B, the DNA fragment

containing ver-/B. DNA size standards are HindIII-digested lambda DNA in kilobases.
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levels of AFB, and VA observed. The remaining four benomyl resistant transformants (VAD-
BV 6 to 9) did not produce detectable AFB, (Figure 12) nor did they contain wild type copies
of ver-14 (Figure 13). These data suggested that disruption of ver-I14 in VAD-102
accounted for the accumulation of the pathway intermediate VA and that a wild type ver-14

gene could complement this genetic block in the disruptant strain.

IV.DISCUSSION

The data confirm that ver-14 is directly involved in the conversion of VA to ST in
AFB, biosynthesis in 4. parasiticus SU-1. Of the two copies of ver-/ present in this strain,
only ver-14 is functional. A nonsense mutation occurred in the coding region of ver-1B
which likely resulted in synthesis of a truncated polypeptide with no function. The direct
involvement of a homolog of ver-14 in ST biosynthesis in A. nidulans was also confirmed by
disruption of the stcU gene which was cloned based on sequence homology to ver-14 (Keller
et al., 1994). Disruption of stcU led to a block in ST production and accumulation of VA.

In this study, a linearized plasmid was used to disrupt ver-14 by gene replacement.
A study performed by Tatebayashi et al. (1994), which analyzed the DNA fragments
generated by illegitimate recombination in Schizosaccharomyces pombe, demonstrated that
linearized DNA can recircularize and integrate into multiple sites in genomic DNA through
homologous or nonhomologous recombination. These data may help explain the fact that not
only was ver-14 disrupted by gene replacement but also the disruption plasmid recircularized
and integrated (apparently multiple copies based on hybridization signal intensity) at one or
several loci.

Recently, transcript mapping together with gene complementation and inactivation
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experiments in A. parasiticus showed that the aflatoxin pathway genes pksA, fas-1A4, nor-1,
aflR, norA, ver-1A, and omtA are clustered in one linkage group (Trail et al., 1995; Yu et al.,
1995). Based on the results obtained in this study, it appears that part of the gene cluster is
duplicated in 4. parasiticus SU-1. At least three previously identified genes, ver-14, norA,
and afIR, are located in this duplicated region. To date the presence of only one copy of any
of these genes has been demonstrated in 4. flavus (Skory, 1992). The duplication of a
portion of the gene cluster in A. parasiticus (especially the duplication of one of the pathway
regulators) but not in 4. flavus may help explain the observation that nearly all A. parasiticus
strains isolated produce high levels of aflatoxins, whereas many A4. flavus isolates (up to 40%
or more) produce no aflatoxins (Bennett and Papa, 1988; Cleveland and Bhatnagar, 1991).

The conversion of VA to ST in Aspergillus is a complex reaction which contains at
least 5 enzymatic steps including deoxygenation, Baeyer-Villiger oxidation, lactone cleavage
and rearrangement, oxidative decarboxylation, and methylation (Bhatnagar et al., 1992;
Dutton, 1988, see Figure 14). The enzymes that catalyze the conversion of VA to ST have
not yet been identified. The lack of purified enzyme activities together with the absence of
identified intermediates between VA and ST make it difficult to elucidate the exact function
of the ver-1 gene. Nucleotide sequence analysis of the ver-/ gene suggested that it may
encode a ketoreductase (Skory ef al., 1992). A comparison of the predicted amino acid
sequence of ver-/ with the published polypeptide sequence for the Streptomyces coelicolor
actlll gene (Hallam et al., 1988), which encodes a ketoreductase associated with biosynthesis
of the polyketide actinorhodin, demonstrated a significant level of identity (~30%) between
these proteins (Figure 15). Based on this result, the Ver-1 protein was proposed to be

responsible for a deoxygenation reaction. Unfortunately, the timing of deoxygenation in



53

OH O OH

w8
deoxysenan“o-/ ° %xidation

OH O OH OH O OH
e s w < O SN
(o] o
H,0
j B.V. oxidation lactone cleavage and
rearrangement

H>0O

deoxygenation

lactone cleavage and oxidative
rearrangement decarboxylation
CO,

(DMST)

(ST

Figure 14. Proposed schemes for the enzymatic conversion of versicolorin A (VA)
to sterigmatocystin (ST). 6-deoxy VA, 6-deoxyversicolorin A; DMST, demethyl-

sterigmatocystin.
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Figure 15. A comparison of the deduced amino acid sequences of ver-I4, ver-1B,
Streptomyces coelicolor actlll (actlll; Hallam et al., 1988), and Magnaporthe grisea ThnR
(ThnR; Vidal-Cros et al., 1994). The in-frame stop codon within the ver-1B polypeptide is
indicated by an asterisk. Black squares represent amino acid identity. White squares represent

amino acid similarity.
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conversion of VA to ST is still ambiguous because no putative intermediates have been
isolated from aflatoxin producing strains. 6-deoxyversicolorin A (6-deoxy VA), however, has
been identified to be a metabolite of Aspergillus versicolor which produces ST (Elsworthy
et al., 1970). This prompted us to propose that the Ver-1 protein is involved in the
deoxygenation of VA to form 6-deoxy VA. In support of this proposed scheme, a
polyhydroxynaphthalene reductase (T,HN reductase) involved in melanin biosynthesis in
Magnaporthe grisea was recently purified to homogeneity (Vidal-Cros e? al., 1994). This
reductase displays 66% identity and 82% similarity with the deduced amino acid sequence of
the ver-14 gene product (Figure 15). The dehydroxylation reaction in part catalyzed by M.
grisea T ,HN reductase is entirely analogous to the proposed deoxygenation of VA (Figure
16). The other analogous reaction is the reduction of emodin to chrysophanol at an early
stage of the biosynthesis of ergochromes, fungal pigments produced by Claviceps purpurea.
This conversion, mediated by NADPH, is believed to consist of two steps, reduction and
dehydration (Ichinose et al., 1993). Based on these observations, we hypothesize that VA
is processed by two successively operating enzymes, the product of the ver-1 gene and a
dehydratase, to form 6-deoxy VA (Figure 16). Before completely understanding the
conversion of VA to ST, however, it is necessary to clone several other genes involved in this
complex reaction. Keller et al. (1995) have isolated a second gene, stcS, involved in the
conversion of VA to ST in A. nidulans. stcS is located within 2-kb of stcU (ver-14 homolog)
in the ST gene cluster. The close spatial relationship between these VA associated genes
could lead to future studies focused on the isolation and characterization of other genes

involved in the conversion of VA to ST in order to more clearly understand this process.
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Figure 16. Proposed Ver-1 protein activity in a two-step dehydroxylation reaction
(reaction 3) derived from analogous reactions in melanin (reaction 1; Vidal-Cros e al.,
1994) and cynodontin (reaction 2; Ichinose ef al., 1993) biosynthesis. T,HN : 1,3,6,8-

tetrahydroxynathalene; T,HN :1,3,8-trihydroxynaphthalene.



CHAPTER 3

REGULATION OF VER-1 GENE EXPRESSION IN
FUNGAL CELLS

I. INTRODUCTION

Understanding the process of aflatoxin gene expression is one essential step toward
elucidation of the molecular mechanisms which regulate aflatoxin biosynthesis. Two useful
indicators for gene expression are the pattern of accumulation of the transcripts (nRNA) and
proteins encoded by aflatoxin genes. Previous studies demonstrated that the appearance of
several aflatoxin metabolic enzymes (Anderson and Green, 1994; Cleveland ef al., 1987; Lin
and Anderson, 1992) and the accumulation of nor-1, ver-1, and omtA transcripts (Skory et
al., 1993; Yu et al., 1993) coincide with the cessation of exponential growth of the fungus
and the onset of aflatoxin production. In the current study, the expression of the ver-1 gene
was monitored by detection of the gene product, the Ver-1 protein. Since ver-1 is directly
involved in aflatoxin biosynthesis, it was hypothesized that the accumulation of the Ver-1
protein should parallel AFB, accumulation. Two complementary methods, batch
fermentation analysis and nutritional shift assay, were performed to address this hypothesis.
Because an enzyme activity assay of the Ver-1 protein was unavailable, a polyclonal antibody
was generated for Western blot detection of the native Ver-1 protein in A. parasiticus. To

generate the anti-Ver-1 antibody, a ver-14 cDNA was expressed in Escherichia coli using
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the vector pMAL-c2. The maltose-binding protein/Ver-1 fusion protein produced by E. coli
was used to generate polyclonal antibodies against the Ver-1 protein. After immunoaffinity
purification, an anti-Ver-1 antibody was obtained to specifically recognize the Ver-1 protein
(~28-kDa) in fungi by Western blot analysis.

The specific anti-Ver-1 antibody was also used to study the regulation of Ver-1
protein accumulation in fungal colonies grown on solid media. A temporal and spatial pattern
of Ver-1 protein accumulation was observed using Western blot analysis of proteins extracted
from different areas of the fungal colony. This observation was confirmed using the ver-
1/GUS reporter strain (Wu, 1995) by monitoring GUS activity (f-glucuronidase). The ver-
1/GUS reporter strains were also applied to study the expression of the ver-/ gene in fungal

mycelia using chromogenic and fluorescent substrates.

II. MATERIALS AND METHODS
A. Strains and plasmids

A. parasiticus NRRL 5862 (SU-1; ATCC 56775) was used as a wild-type aflatoxin-
producing strain in the investigation of Ver-1 protein accumulation. A. parasiticus VAD-102,
in which the ver-/4 gene was disrupted, was used as a negative control for Ver-1 protein
detection in Western blot analyses. A. parasiticus VAD-BV 1 to §, five isolates of 4.
parasiticus VAD-102 which were transformed with a wild-type ver-/4 gene, served as
positive controls for Ver-1 protein detection. Several ver-//GUS reporter strains were used
in the analysis of Ver-1 protein accumulation in fungal colonies and mycelia. A. parasiticus
pHDG6-6 No. 1 and No. 4, in which the functional ver-1 promoter/GUS fusion construct was

integrated at the ver-/ locus, were used as positive reporter strains. A. parasiticus pHD4-4



60

No. 3, in which a GUS construct without the ver-/ promoter was integrated at the niaD gene
locus, was used as a negative reporter strain (Wu, 1995). The pMAL-c2 vector (New
England Biolabs) was used for expression of the maltose-binding protein (MBP)/Ver-1 fusion
protein in Escherichia coli BL21 (Novagen Inc. Madison, Wisconsin).
B. Generation of polyclonal antibodies against the Ver-1 protein

The pMAL protein fusion and purification system (New England Biolabs) was used
for Ver-1 protein production. The EcoRI/Xhol ver-1A cDNA fragment (kindly supplied by
Dr. Jeff Cary, USDA-ARS, New Orleans, LA) was inserted between the EcoRI and Sall sites
in the polylinker of the pMAL-c2. This vector was then cut with EcoRI, treated with Klenow
enzyme, and religated to generate the correct reading frame fused with malE which encodes
the MBP. Expression of the MBP/Ver-1 fusion protein in E. coli was induced by adding
IPTG (isopropyl B-D-thiogalactopyranoside) during active growth. The MBP/Ver-1 fusion
protein was purified from the E. coli crude extracts using an amylose-resin column according
to the manufacturer's instructions. The purified MBP/Ver-1 fusion protein [400 pg in 200
ul phosphate-buffered saline (PBS), pH 7.2] was mixed with 200 pl TiterMax adjuvant
(Sigma) and used to immunize two rabbits to generate polyclonal antibodies. The rabbits
were boosted with the same preparation of antigen at 28 days after the first injection. Sera
were collected at 28, 58, and 65 days and the antibody titer was determined by ELISA using
preimmune sera as controls. Microtiter wells were coated with MBP/Ver-1 proteins and then
blocked with 3% BSA in PBS. After washing the plates with PBS containing 0.2% (v/v)
tween 20 (PBS-Tween), the diluted serum was added and incubated for 60 min at 37°C. The
plate was washed 6 times with PBS-Tween and the alkaline phosphatase conjugated goat anti-

rabbit IgG was added to each well. After incubation for 60 min at 37°C, the plate was washed
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6 times with PBS-Tween and the bound phosphatase activity was determined by adding 50
ul substrate solution consisting of 0.4 mM p-nitrophenyl phosphate, 10 mM diethanolamine,
and 0.5 mM MgCl, in H,O (pH 9.5). The reaction was stopped by adding 50 ul stopping
solution containing 0.1 M EDTA in H,0. Absorbance was read at 405 nm. Titers were
defined as the highest dilution of serum resulting in absorbance greater than the control.

The IgG antibody fraction was purified by precipitation of the antiserum with 33%
ammonium sulfate. After redissolving in PBS, the antibodies were passed through an affinity
column in which the MBP and E. coli proteins were conjugated to a CNBr-activated
Sepharose gel (Sigma). The antibodies which passed through the column were referred to
as anti-Ver-1 antibodies.
C. Batch fermentation analysis

Conidia (2x10°) of 4. parasiticus SU-1 were inoculated in 250 ml Erlenmeyer flasks
containing 100 ml YES broth (2% yeast extract, 6% sucrose; pH 5.8). The cultures were
incubated at 30°C (in the dark) in an orbital shaker (150 rpm). Flasks were removed at
appropriate time points after inoculation for the analysis of mycelial dry weight, aflatoxin
concentration, and protein extraction.
D. Nutritional shift assay

The nutritional shift assay was performed as previously described (Skory et al., 1993).
Glucose-mineral salts medium (GMS), which is able to induce aflatoxin production, and
peptone-mineral salts med