
ABSTRACT 

 

SMITH, CARRIE A.  New Perspectives on the Biosynthesis and Regulation of Aflatoxin in 

Aspergillus flavus.  (Under the direction of Gary A. Payne and Dominique Robertson.) 

 

 My studies of fungal secondary metabolites focused on aflatoxin (AF), a mycotoxin 

contaminate produced in seeds of cotton, corn, peanuts, and nut trees by several species of 

Aspergillus, including Aspergillus flavus and Aspergillus parasiticus.  Aflatoxin biosynthetic 

genes reside in a 70-kb gene cluster, and are transcriptionally regulated by AflR.  The 

majority of the enzymatic steps in AF biosynthesis are defined, however, the biochemistry 

and genetics of co-factors in the pathway have not been completely elucidated.  One of 

fourteen FAD/FMN oxidoreductase genes in the genome is adjacent to the AF gene cluster 

and is controlled by AflR.  We found a deletion in this gene, nadA, which causes a frameshift 

mutation in the open reading frame, resulting in a truncated NadA protein in A. flavus.  The 

same nadA gene is not mutated in A. parasiticus.  This deletion may explain why A. flavus, 

but not A. parasiticus, has lost the ability to produce G forms of AF.   

Aflatoxin regulation is complex and many levels of control remain unknown.  I 

studied a previously characterized mutant defective in AF biosynthesis to understand the 

molecular basis of the only dominant mutation recovered to date.  Using the genomic 

sequence of A. flavus, I showed that the mutant strain was missing a 317-kb region of DNA 

that included the 70-kb AF gene cluster, and contained a 939-kb duplication from another 

chromosome in its place.  I showed that the silencing effect in the mutant diploid was 

specific to the single-copy AF gene cluster, not the flanking single-copy genes, and 

hypothesized that the chromatin structure of the cluster was epigenetically altered.  



I identified 344 putative Natural Antisense Transcripts (NATs) in A. flavus by 

comparing EST data and the recently sequenced genome.  Using A. flavus Affymetrix 

GeneChip® microarrays, I determined that transcript levels of 32 NATs were significantly 

different at two temperatures: one conducive for AF biosynthesis (28ºC) and one non-

conducive (37ºC).  One of these NATs was antisense to aflD (nor-1), an AF biosynthetic 

gene, and was upregulated at the nonconducive temperature for AF production.  This is the 

first insight into possible functions of NAT expression in A. flavus.   
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INTRODUCTION 

 

Some species of the genus Aspergillus produce aflatoxin (AF), a secondary 

metabolite that is the most potent naturally occurring carcinogen known (Squire, 1989).  This 

extensively studied mycotoxin is of agronomic importance because it contaminates seeds of 

several important crops such as corn, peanuts, cotton, and tree nuts.  Aflatoxin biosynthesis 

has primarily been investigated in two closely related species, Aspergillus flavus and 

Aspergillus parasiticus.  A careful analysis of the pathway in these two species, along with 

the closely related sterigmatocystin (ST) pathway in A. nidulans, has led to the elucidation of 

most of the biosynthetic enzymes for AF (for review see Brown et al., 1996; Yu et al., 

2004b; Yabe and Nakajima, 2004).  The biosynthetic genes reside within a 70-kb gene 

cluster (for review see Cary and Ehrlich, 2006; Bhatnagar et al., 2006) and are 

transcriptionally regulated by AflR, a zinc cluster DNA binding protein (Bhatnagar et al., 

2003).  Because of its regulatory role, aflR is tightly controlled on both a transcriptional and 

posttranscriptional level (Hicks et al., 1997; Shimizu and Keller, 2001; Shimizu et al., 2003; 

Roze et al., 2004).  This dissertation examines some of the mechanisms of aflR control and 

this introduction serves as a necessary background to these studies. 

Negative regulation of aflR and asexual sporulation in Aspergillus species is achieved 

by control of fadA, a gene that encodes the alpha subunit of a heterotrimeric G protein.  FadA 

inhibits expression of aflR (Hicks et al., 1997; Roze et al., 2004) and brlA (Yu et al., 1996), a 

transcription factor involved in the switch from vegetative growth to sporulation (Adams et 

al., 1988).  Other components of signaling pathways that affect both asexual development 

and secondary metabolism include PkaA, a cAMP-dependent protein kinase catalytic 

subunit, RasA, a small GTP binding protein, and FlbA, a protein containing a regulator of G-

protein signaling domain (Hicks et al., 1997; Shimizu and Keller, 2001; Shimizu et al., 2003; 

Roze et al., 2004).  Two other transcription factors controlling development, brlA and abaA, 

also may exert transcriptional control on aflR, based on the location of their consensus 

binding sites within the aflR promoter in species of Aspergillus (Ehrlich et al., 2003). 

Aflatoxin biosynthesis is also controlled by environmental and nutritional factors 

(Luchese and Harrigan, 1993; Payne and Brown, 1998; Price et al., 2005).  In most cases, 
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this control remains poorly understood.  Unlike most secondary metabolites, AF production 

is stimulated by simple sugars and ammonium, and inhibited by complex sugars and 

inorganic nitrogen sources (Davis and Diener, 1968; Kachholz and Demain, 1983; Buchanan 

and Stahl, 1984; Price et al., 2005).  There is some evidence that nitrogen control may occur 

through the global regulator of nitrogen metabolism, AreA, as GATA binding sites are 

present in the promoter of aflR (Chang et al., 2000; Ehrlich and Cotty, 2002).  pH regulation 

of AF production, which increases at low pH, occurs through an ambient signaling pathway 

controlled by the transcription factor, PacC (Cotty, 1988; Keller et al., 1997; Price et al., 

2005)  

The optimum temperature for AF production is between 28-30°C and as temperatures 

approach 37°C, AF production is inhibited (Feng and Leonard, 1998; OBrian et al., 2007).  

Based upon recent microarray experiments, elevated temperatures do not inhibit transcription 

of aflR  (OBrian et al., 2007).  Instead, it has been suggested that translation of aflR mRNA 

may be blocked at 37°C  (Liu and Chu, 1998).  Another possibility is that at 37°C, the AflR 

protein may remain phosphorylated, preventing transport into the nucleus to activate 

transcription (Shimizu et al., 2003).  The ability of AflR and AflJ to interact may also be 

inhibited at the nonconducive temperature (OBrian et al., 2007).  AflJ is thought to be a co-

activator of aflatoxin biosynthetic genes and its interaction with AflR has been shown to be 

required for transcription of the AF biosynthetic genes (Chang, 2003).  Interestingly, 

temperature regulation of ST differs from AF in that low temperatures decrease 

accumulation; more ST is produced at 37°C than at 27°C (Feng and Leonard, 1998).  The 

reason for this dramatic difference in temperature regulation of AF and ST remains a 

mystery. 

 The regulation of AF biosynthesis is complex, and additional components of its 

regulation are still likely to be discovered.  This review focuses on three emerging areas in 

AF regulation for which our knowledge will likely expand in the near future.  Several Natural 

Antisense Transcripts (NATs) are transcribed from the AF gene cluster.  The NAT antisense 

to aflR was the first to be discovered (Woloshuk et al., 1994) while the other seven were 

identified in this work (Chapter Two).  Although roles for the AF NATs have yet to be 

established, studies in filamentous fungi and other organisms have demonstrated that NATs 
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can have regulatory functions.  The abundance of NATs in several organisms, as well as their 

regulatory roles, is presented as the first topic.  Recently, chromatin structure has been shown 

to be yet another layer of regulation of the AF/ST gene cluster (Bok and Keller, 2004; Shwab 

et al., 2007).  This is the focus of the second section in which chromatin regulation is 

discussed in the context of genomic location of the AF gene cluster and putative histone 

modifiers that affect AF/ST production.  Finally, the correlation between oxidative stress and 

AF production is the last topic of this review.  The effects of different oxidants and 

antioxidants on AF biosynthesis, as well as the levels of oxidative stress amongst AF 

deficient mutants, are presented.    

 

NATURAL ANTISENSE TRANSCRIPTS (NATS) 

 

Definition and characteristics of NATs:  Molecular biologists have traditionally 

focused their studies on DNA and proteins, paying little attention to intermediate RNA 

molecules.  However, recent research is bringing to light RNA that can have a regulatory role 

of its own.  Classes of regulatory RNA molecules include short, interfering RNAs (siRNAs), 

involved in post-transcriptional gene silencing or RNAi; microRNAs (miRNAs), which 

inhibit translation or degrade mRNA; small nucleolar RNAs (snoRNAs), which guide 

modification of other noncoding RNAs, and others.  Natural antisense transcripts (NATs) are 

an emerging group of regulatory RNAs.  They are defined as any RNA transcript that is 

complementary to another endogenous RNA transcript (Lavorgna et al., 2004).   Although 

specific NATs have been reported previously, their abundance has only recently been 

appreciated at the genome scale (Lehner et al., 2002).  Sequenced genomes have given 

researchers bioinformatic tools to predict the number of NATs in many organisms. 

All NATs by definition must be complementary to another transcript; however, this is 

their only unifying characteristic.  Some NATs are likely to function in the cytoplasm; a 

prediction based on the presence of their polyadenylated tails.  These NATs can be further 

subdivided into those that are predicted to encode a protein and those that are thought to be 

non-coding RNAs.   Other non-coding NATs lack polyadenylated tails and may have 

regulatory roles in the nucleus.  NATs can also be classified by the location from which they 
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are transcribed; cis encoded NATs are transcribed at the same genetic locus from the 

complementary strand and trans encoded NATs are transcribed from a different region in the 

genome. The region of sequence overlap between cis encoded sense and antisense transcripts 

is identical whereas the similarity between trans encoded transcripts can vary.  Finally, 

NATs can also differ in regions of overlap with sense transcripts:  they can be nested within 

the sense sequence, they can have complete overlap with sense transcripts, or the transcripts 

can partially overlap each other at their 5’ ends (tail-to-tail overlap) or 3’ ends (head-to-head 

overlap) (Makalowska et al., 2005).  Even though NATs can be divided into different groups, 

these classifications are not sufficient to determine their specific mode of action. 

Genomic analysis of NATs:  Numerous individual NATs have previously been 

detected with the first in viruses (Barrell et al., 1976), then in prokaryotes (Tomizawa et al., 

1981), and finally in eukaryotes (Williams and Fried, 1986).  However, the first genome-

wide analysis of their abundance in an organism was only recently reported in Drosophila 

melanogaster, in which NATs were found to be complementary to 15% of the total genes 

(Misra et al., 2002).  Since this initial study, several other genomic sequences have been 

analyzed including Homo sapiens (Chen et al., 2004; Sun et al., 2006), Oryza sativa (Osato 

et al., 2003), Mus musculus (Kiyosawa et al., 2003; Katayama et al., 2005), Drosophila 

melanogaster (Sun et al., 2006), Caenorhabditis elegans (Sun et al., 2006), and Arabidopsis 

thaliana (Wang et al., 2005).  A few fungal species have also been analyzed for the presence 

of NATs using several different approaches.  The first report of a genome-wide analysis of 

NATs in fungi compared cDNA and genome sequence data in the basidiomycetous yeast 

Cryptococcus neoformans; a total of 53 cis NATs were found (Loftus et al., 2005).  Only 

NATs containing introns and those that overlapped at least 800 nucleotides or 40% of the 

sense open reading frame were considered in this study.  Although this method reduced the 

number of false positives, it likely missed a large number of NATs. 

A genome-wide analysis of open reading frames (ORFs) was used to identify cis and 

trans NATs in two different species of yeast: Saccharomyces cerevisiae and 

Schizosaccharomyces pombe, as well as two species of filamentous fungi: Ashbya gossypii 

and Neurospora crassa (Steigele and Nieselt, 2005).  This was the first genome-wide 

analysis of NATs in a species of filamentous fungi.  A number of ORFs were found to have 
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cis and trans NATs respectively: S. cerevisiae 708 and 295, A. gossypii 91 and 29, S. pombe 

40 and 9, and N. crassa 87 and 561.  Because this study considered only overlapping ORFs 

and many NATs do not encode a predicted protein, the estimates are likely to be low.  In fact, 

another report that only studied noncoding RNAs found an additional 1309 NATs in S. 

cerevisiae (Steigele et al., 2007).  

 The genus Aspergillus has more species with genomes being sequenced than any 

other fungal genus (Galagan et al., 2005; Machida et al., 2005; Nierman et al., 2005; Baker 

et al., 2006; Payne et al., 2006; Wortman et al., 2006).  Despite the availability of genomic 

data, to date no Aspergillus species has been analyzed for the presence of NATs on a 

genome-wide scale.  Using EST data (OBrian et al., 2003; Yu et al., 2004c) and the genome 

sequence (Payne et al., 2006), 352 cis NATs were identified in A. flavus and are presented in 

Chapter Two.  To get a true picture of the abundance of cis NATs, both non-coding and 

coding antisense transcripts were considered as well as those with or without introns.  This 

work lays the foundation for comparative studies with other Aspergillus species to identify 

NATs that are evolutionarily conserved.  Few studies have compared the evolution of NATs 

between different organisms (Veeramachaneni et al., 2004; Dahary et al., 2005; Steigele et 

al., 2007) and therefore the conservation of NATs within a well-defined genus such as 

Aspergillus would be of great interest to the RNA community.  Furthermore, probes for the 

A. flavus cis NATs are included in the recently available A. flavus Affymetrix GeneChip®  

microarrays.  This has allowed a genome-wide transcription analysis of NATs produced 

under two biologically significant temperatures (Chapter Two). These data describe the first 

report of a global NAT expression study under different environmental conditions in a fungal 

species. 

The N. crassa community has made NATs a priority of a functional genomics project, 

demonstrating the importance of documenting more NATs to understand the complexity of 

these transcripts (Dunlap et al., 2007).  A challenge for NAT research is to develop better 

methods and tools for accurate identification.  A number of current methods rely on ESTs to 

identify NATs.  A proportion of the NATs identified are most likely false positives because 

EST libraries often contain artifacts (Sorek and Safer, 2003).  Another problem is that 

analysis relies on the assumption of correct orientation of ESTs.  If ESTs are thought to be 
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transcribed from the antisense strand when in fact they are truly transcribed from the sense 

strand, this can be another source of false positives.  Despite ambiguous notation, it is clear 

that NATs are a common feature in many diverse organisms.  As more and more NATs are 

identified, the need to understand their biological significance increases. 

Functions of NATs:  Most of the characterized NATs fall into three distinct 

regulatory categories: transcriptional interference, RNA masking, and double stranded RNA 

(dsRNA) dependent mechanisms.  In cases of transcriptional interference, sense and 

antisense transcripts cannot be transcribed at the same time from the same genetic locus.  

This mechanism has been verified using an artificial system in which two genes were 

rearranged in Saccharomyces cerevisiae so that they overlapped at their 3’ ends (Prescott and 

Proudfoot, 2002).  Transcriptional elongation was restricted by interference with 

transcription from the other strand and, therefore, neither transcript accumulated (Prescott 

and Proudfoot, 2002). This experiment demonstrated that when the antisense transcript is 

actively transcribed, it inhibits the expression of the sense transcript.  A few examples of 

sense/antisense transcripts that have reciprocal expression are: eIF2 alpha in humans 

(Silverman et al., 1992; Noguchi et al., 1994), Igf2r/Air in mice (Wutz et al., 1997), and 

alpha1I in chickens (Farrell and Lukens, 1995).  

NATs that have RNA masking functions are able to regulate sense transcripts by 

interfering with RNA-protein interactions.  These interactions include mRNA splicing, 

transport, polyadenylation, translation, and degradation (Lavorgna et al., 2004).   

Antisense transcripts can inhibit alternative splicing of the sense transcript, most likely by 

blocking the accessibility of cis regulatory elements (Hastings et al., 1997).  Most NATs that 

cause translational repression in prokaryotes are trans encoded and function to block the 

ribosome by binding to the start codon of mRNA (Andersen et al., 1989; Morfeldt et al., 

1995; Delihas and Forst, 2001; Masse and Gottesman, 2002; Moller et al., 2002).  This form 

of regulation also occurs in eukaryotes, however most of the antisense RNAs repress 

translation by binding sequences within the 3’ untranslated region, a region also targeted by 

miRNAs (Lee et al., 1993; Kubota et al., 1999; MacDonald and Ladisch, 2001).   

Finally, NATs can regulate sense transcripts through dsRNA mechanisms.  These 

mechanisms include post-transcriptional gene silencing (PTGS) and RNA editing.  Post-
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transcriptional gene silencing is conserved across several kingdoms and is referred to as 

RNAi in animals (Fire et al., 1998), PTGS or co-suppression in plants (Napoli et al., 1990), 

and quelling in fungi (Romano and Macino, 1992).  Originally thought to be a genome 

defense mechanism, it is clear that the gene silencing pathway also regulates gene expression 

through NATs (Aravin et al., 2004).  Endogenous antisense transcripts can even use the 

silencing machinery to cause heterochromatin formation (Volpe et al., 2002).  In another 

dsRNA mechanism called RNA editing, mRNA is not degraded; instead its sequence is 

altered by adenosine deamination.  Adenosine deaminases act on dsRNA (ADARs), 

recognizing dsRNA and catalyzing the conversion of adenosines to inosines.  These changes 

in sequence can result in a modification of amino acid sequence since inosines are recognized 

as guanines during translation.  Inosines also alter the secondary structure of the mRNA, 

targeting it for degradation (Kimelman and Kirschner, 1989; Kumar and Carmichael, 1997; 

Peters et al., 2003).  Although NATs can function through transcriptional interference, RNA 

masking, and dsRNA mechanisms, it is likely that alternative modes of action also exist.  

A NAT in a filamentous fungus has biological significance:  Although many NATs 

have been identified, few have been studied in detail to determine their functional role.  One 

individual NAT that has been studied in detail is in the ascomycete species N. crassa 

(Kramer et al., 2003).  This NAT is complementary to the frq gene and similar NATs were 

also detected in another filamentous fungus, Chromocrea spinulosa (unpublished results C. 

Kramer and S.K. Crosthwaite).  A lot is already known about frq as it plays an important role 

in regulating the circadian clock not only in N. crassa, but also in many other ascomycete 

fungi (Merrow and Dunlap, 1994; Lewis and Feldman, 1996; Lewis et al., 1997).  Antisense 

frq and sense frq are transcribed from the same genetic locus and are thought to completely 

overlap one another.  Both transcripts are produced in a rhythmic cycle but they accumulate 

out of phase with each other (Kramer et al., 2003).  Although it is not understood how 

antisense frq functions, it is known that the rhythmic phase of the clock is disrupted when 

antisense frq expression is lost.  It is thought that antisense frq might allow the clock to keep 

accurate time by preventing sense frq from responding to extremes in the environment.  This 

example demonstrates that NATs can be found in filamentous fungi that have biological 

significance. 
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NATs in the aflatoxin gene cluster:  The first NAT observed in A. flavus was 

identified in a cDNA library (Woloshuk et al., 1994).  This NAT is complementary to aflR, 

the transcriptional regulator of the AF biosynthesis pathway, and was therefore named 

aflRas.  aflRas overlaps with the 5’ end of aflR, extending through the promoter region of 

aflR, and into the intergenic region towards aflJ, another gene thought to be involved in the 

transcriptional regulation of the AF biosynthetic genes (Meyers et al., 1998).  The aflRas 

transcript overlaps with the AflR binding site within the aflR promoter and therefore has the 

potential to interfere with aflR transcription (Ehrlich et al., 1999).  It is also possible that 

aflRas could prevent proper translation of aflR.  Expression of this transcript has been studied 

in detail (Appendix A), but the function of aflRas remains elusive.   

In addition to aflRas, a bioinformatics analysis has identified eight other genes within 

the AF biosynthesis cluster that contain putative NATs: nor-1, omtA, aflT, ordB, moxY, avnA, 

ver-1, and estA (Chapter Two).  These data suggest that antisense transcripts are important in 

the regulation of AF biosynthesis because nine of the twenty-eight genes currently 

considered to be within the AF gene cluster (Cary and Ehrlich, 2006) have putative NATs.  

Interestingly, overlapping transcripts have also been found in the sporulation gene cluster in 

A. nidulans (Gwynne et al., 1984) and in the HOX gene cluster in human and mouse (Sessa et 

al., 2007).    In the aforementioned experiment comparing A. flavus gene expression at two 

biologically significant temperatures, differentially expressed NATs were identified and 

these NATs corresponded to genes of various processes.  Two of the significant NATs were 

antisense to the AF biosynthetic genes aflX (ordB) and (aflD) nor-1.  Possible roles of the AF 

NATs are discussed in Chapter Two. 

 

GENOMIC LOCATION AND EPIGENETIC REGULATION OF THE AFLATOXIN 

GENE CLUSTER 

 

Secondary metabolite biosynthetic genes are clustered:  The majority of loci 

required for AF production were found to be genetically linked by Papa (1973; 1979; 1984).  

This was later confirmed and demonstrated by sequencing overlapping cosmids that the AF 

biosynthetic genes in fact formed a gene cluster (Skory et al., 1992; Trail et al., 1995; Yu et 
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al., 1995).  The genes for many other secondary metabolites are clustered in the genome and 

examples of these include ST and penicillin (PN) in A. nidulans (Keller and Adams, 1995; 

MacCabe et al., 1990), lovastatin in A. terreus (Kennedy et al., 1999), an ergopeptine in 

Claviceps purpurea (Correia et al., 2003), gliotoxin in A. fumigatus (Gardiner and Howlett, 

2005), fumonisin and trichothecenes in Fusarium species (Desjardins et al., 1993; Desjardins 

et al., 1996), and many others.  Why the secondary metabolite genes are clustered remains 

unresolved, but a few hypotheses have been suggested.  There has been some speculation that 

the genes are clustered as a result of horizontal gene transfer from bacteria (Walton, 2000).  

However the fact that genes within the AF gene cluster contain introns (bacterial genes do 

not) and that the codon usage is similar to the rest of the genome, suggest that horizontal 

gene transfer of the cluster is unlikely (Kroken et al., 2003; Carbone et al., 2007; Shwab et 

al., 2007).   Another theory for keeping genes clustered together is that they may require a 

common regulatory mechanism (for review see Sproul et al., 2005).  This is likely why the 

AF genes are clustered, because they are transcriptionally regulated by AflR (for review see 

Yu et al., 2004b) and there is evidence that they are under epigenetic regulation mediated by 

changes in chromatin structure (Bok and Keller, 2004; Shwab et al., 2007).  Epigenetic 

regulation of the aflatoxin gene cluster is presented in the next section. 

The location of genes within the AF and ST gene clusters has not been evolutionarily 

conserved as the gene order of homologs differs between different Aspergillus species 

(Brown et al., 1996; Carbone et al., 2007).  However, the genomic location of the AF/ST 

gene clusters themselves is consistently subtelomeric amongst species of Aspergillus (Chang 

et al., 2005; Payne et al., 2006).  Now that genomic sequences are available for several 

Aspergillus species, it is becoming clear that a number of secondary metabolite gene clusters 

reside close to telomeres (Nierman et al., 2005).  In A. fumigatus it was found that 8 out of 24 

predicted secondary metabolite gene clusters are within 100 kb of the telomere (Galagan et 

al., 2005).  There are 11 secondary metabolite gene clusters in A. nidulans that are 

subtelomeric, in addition to the ST gene cluster, including the PN gene cluster (Galagan et 

al., 2005).  This trend for secondary metabolite gene clusters to be near telomeres may 

extend to other species of filamentous fungi as well.  For example, Magnaporthe oryzae, has 
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at least two secondary metabolite gene clusters within 40 kb of a telomere (Rehmeyer et al., 

2006).   

The subtelomeric location of a number of secondary metabolite gene clusters in 

filamentous fungi is thought to be significant.  In yeast, regions near the telomere are more 

subject to duplication and rearrangement (Liti and Louis, 2005; Kellis et al., 2003).  The 

DNA flanking the AF gene cluster proximal to the telomere was shown to be more variable 

than flanking DNA on the other side of the cluster, supporting the idea that regions near the 

telomere are more dynamic (Ehrlich et al., 2005).  The comparison of atoxigenic strains of A. 

flavus, A. parasiticus, and A. nomius identified a number of large chromosomal breaks within 

the AF gene cluster, again showing that the subtelomeric region is prone to rearrangement 

(Chang et al., 2005).   The subtelomeric regions may have aided in the creation of secondary 

metabolite clusters by allowing fungi to shuffle their genes.  This strategy has made it 

possible for filamentous fungi to create different compounds important for pathogenicity and 

adaptation (Bok et al., 2005; Johnson et al., 2007; Lee et al., 2005).  

Genomic location of aflatoxin biosynthetic genes is important for expression:  

Often when genes are moved from their native genomic position to an ectopic location, their 

regulation is altered.  Genes within the Hox gene cluster in mammals lose temporal 

regulation when they are inserted at ectopic locations (Kmita and Duboule et al., 2003).  The 

expression of genes in the A. nidulans SpoC1 gene cluster is altered when the genes are 

moved outside of the cluster (Timberlake and Barnard, 1981; Miller et al., 1987).   

A position effect has also been observed for AF biosynthetic genes.  To determine 

whether the AF biosynthetic genes were transcriptionally regulated, Liang et al. (1997) 

utilized a GUS (uidA; encodes a "-glucoronidase) reporter system.  The promoter and 

polyadenylation signal of ver-1, an AF biosynthetic gene, were fused to the GUS gene and 

the wild type strain of A. parasiticus was transformed with the construct.  Transformants 

were obtained in which a single copy of the construct had integrated at the 3’ end of the 

chromosomal copy of ver-1 as well as transformants containing a single copy of the construct 

integrated at the niaD locus.  For each of these transformants, GUS expression correlated 

with the production of AF.  Interestingly, the transformants that contained the construct at the 

niaD locus had 500 to 1,000-fold lower levels of GUS activity when compared to the  
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transformants that contained the construct at the native locus.  These data suggested that the 

chromosomal location of the AF biosynthetic gene ver-1 was important for full expression 

but not for timing of expression.  This study could not rule out, however, that the niaD locus 

itself, rather than position outside of the AF locus, may have caused lower levels of GUS 

expression.   

A more extensive study looking at chromosomal position of AF biosynthetic genes 

was carried out (Chiou et al., 2002).  A GUS reporter system was also used for this study, but 

this time, the promoter of nor-1, an early AF biosynthetic gene, was fused to the GUS gene.  

When the construct integrated at the nor-1 locus, GUS activity indicated that the transgene 

was regulated similarly to the native nor-1 gene.  However when the construct integrated at 

the niaD or pyrG locus, no GUS activity was detected.  This supported the earlier findings 

that it was important for AF biosynthetic genes to be in their native genomic location for 

proper expression.  To further confirm this hypothesis, the A. parasiticus RHN1 strain was 

transformed with an AF biosynthetic gene late in the pathway, ordA, to complement the 

OMST-accumulating mutant and restore AF production (Yu et al., 2004a).  Transformants in 

which the construct integrated at the niaD locus, or ectopically, did not produce AF whereas 

integration at the native locus restored AF biosynthesis.  Conversely, when argB, a gene that 

is not involved in ST production and is normally located outside the ST gene cluster, was 

moved within the ST gene cluster, the timing of its expression coincided with the expression 

of the ST biosynthetic genes (Bok et al. 2006b). 

 Different results, however, have been found when aflR is ectopically expressed.  In 

aflR over-expression studies in an atoxigenic strain with a mutated aflR locus, the ectopically 

expressed aflR restored AF production (Flaherty and Payne, 1997).  In strains of A. nidulans 

with deletions of the putative protein methyltransferase LaeA, which positively regulates 

AF/ST and is discussed in the next section, the ST biosynthetic genes were turned on only if 

aflR was ectopically expressed (Bok et al., 2006b).  Studies presented in Chapter Three 

(Smith et al., 2007) show that AF was restored when aflR was ectopically expressed in a 

nontoxigenic mutant diploid strain of A. flavus that is thought to be defective in the 

regulation of AF.  Interestingly, when aflJ, a gene that encodes a protein thought to work in 

concert with AflR to regulate at least some of the AF biosynthetic genes, was over-expressed 
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in a wild-type strain, elevated levels of AF were found (Du et al., 2007).  These studies 

suggested that the ectopic expression of aflR and aflJ is regulated differently than the ectopic 

expression of AF biosynthetic genes.  Despite the discrepancy, it is clear that the 

chromosomal location of AF genes is important for their proper regulation and the data 

strongly suggest that the gene cluster is under chromatin regulation. The AF/ST gene cluster 

may require chromatin remodeling factors in combination with insulators to escape telomeric 

silencing in order to be transcribed (for review of telomeric silencing see Perrod and Gasser, 

2003).  

Methyltransferase activity affects aflatoxin gene expression:  Through 

complementation of an A. nidulans mutant lacking both ST accumulation and aflR 

transcription, a gene outside of the ST gene cluster was found to be required for ST 

biosynthesis (Bok and Keller, 2004).  This gene was named laeA, for lack of aflR expression, 

and had homology to nuclear protein methyltransferases.  LaeA positively regulates many 

secondary metabolic gene clusters (Table 1.) 

 

 

Table 1. – Secondary metabolite gene clusters regulated by the protein methyltransferase 

LaeA. 

 
Secondary metabolite/gene 

cluster 
Organism Reference 

sterigmatocystin A. nidulans Bok and Keller, 2004 

gliotoxin A. fumigatus Bok and Keller, 2004 

penicillin A. nidulans Bok and Keller, 2004 

lovastatin 

A. nidulans 

(cluster from 

A. terreus) 

Bok and Keller, 2004 

hyphal pigments A. nidulans Bok and Keller, 2004 

terrequinone A. nidulans Bok et al., 2006a 

aflatoxin A. flavus 
Keller unpublished 

data 

gene cluster containing an atypical 

NRPS, Afpes1 
A. fumigatus Perrin et al., 2007 

gene cluster that produces a clavine 

ergot alkaloid 
A. fumigatus Perrin et al., 2007 

1,8-dihydroxynapthalene-melanin A. fumigatus  Perrin et al., 2007 

gene cluster that is likely to 

produce multiple compounds 

including fumitremorgin B 

A. fumigatus Perrin et al., 2007 
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As mentioned in the previous section, LaeA is thought to be required for aflR transcription 

only when aflR is located within the gene cluster (Bok et al., 2006b).   

The regulation of laeA is complex.  Two proteins, PkaA and RasA, that were 

previously shown to inhibit aflR transcription, were shown to negatively affect aflR through 

the regulation of laeA (Bok and Keller, 2004).  The inhibition of laeA by PkaA is indirect and 

it is likely that there is an intermediate protein (Bok and Keller, 2004).  Over-expression of 

laeA increases the amounts of some secondary metabolites but not ST (Bok and Keller, 

2004).  This is due to the fact that AflR negatively regulates laeA transcription, presumably 

by binding to the putative AflR recognition site within 1kb of the laeA coding region (Bok 

and Keller, 2004).  ST over-expression reduces fungal growth and it has been hypothesized 

that AflR negatively regulates laeA to maintain fitness (Bok and Keller, 2004). 

A protein methyltransferase in S. cerevisiae, Set1p, causes di- and tri-methylation of 

lysine residue 4 of histone 3 (Santos-Rosa et al., 2004).  This modification then recruits 

chromatin remodeling factors and thus promotes transcription.  Methyltransferase activity 

has been demonstrated for LaeA through mutation of the AdoMet binding motif required for 

protein methyltransferase function (Bok et al., 2006b). However, it has not been clearly 

demonstrated at the molecular level how this activity affects the AF/ST gene cluster.  

Whether or not LaeA directly or indirectly affects chromatin status, it remains clear that 

chromatin regulation is an important component in the control of the ST/AF gene cluster.   

Characterization of a dominant AF mutant in A. flavus has suggested that additional 

chromatin regulators control the AF gene cluster, and these data are presented in Chapter 

Three (Smith et al., 2007).  Recent work with a sec- (secondary metabolism negative) strain 

of A. parasiticus has provided evidence of either a regulatory element downstream of laeA or 

additional pathways not influenced by laeA that are involved in the regulation of the AF gene 

cluster (Kale et al., 2007).  Furthermore, Keller has also hypothesized that there are 

additional components of the epigenetic regulation of the cluster (unpublished data).  In 

addition to methylation, histones can be acetylated, phosphorylated, and ubiquinated (for 
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review see Lam et al., 2005) and it is likely that these other modifications also play a role in 

AF/ST regulation. 

A histone deacetylase involved in the regulation of secondary metabolites:  

Another way in which the N termini of histones can be modified is through acetylation.  

When histones are hyperacetylated their positive charge is neutralized, allowing the 

associated chromatin to take on a more relaxed state (for review see Grewal and Jia, 2007; 

Kouzarides, 2007). This modification is therefore more conducive for transcription.  

Conversely, histone deacetylation causes histones to interact with DNA of neighboring 

nucleosomes and thus the DNA becomes more compact and transcription is less likely to 

occur (for review see Grewal and Jia, 2007; Kouzarides, 2007).  Because experiments 

involving LaeA suggested that there were additional components of chromatin control of the 

AF/ST cluster, and histone acetylation is the most studied form of histone modification in A. 

nidulans (Graessle et al., 2000; Tribus et al., 2005; Trojer et al., 2003), involvement of 

histone deacetylases (HDAC) in AF/ST control was investigated.  The activity of three 

HDACs were studied: hdaA, a class II HDAC that has been shown to be responsible for the 

majority of HDAC activity in A. nidulans (Tribus et al., 2005), hosB, a HOS3-like 

subcategory of HDACs that is unique to fungi (Trojer et al., 2003), and hstA, an HDAC with 

homology to the NAD+-dependent sirtuin class (Shwab et al., 2007).  In !hdaA strains, ST 

production, as well as PN production, occurs earlier and more of the compounds are 

produced (Shwab et al., 2007).  The transcription of the ST genes aflR and stcU (verA) and 

the PN genes ipnA and penDE is turned on early; demonstrating that hdaA transcriptionally 

regulates both gene clusters (Shwab et al., 2007).  

No effect on terrequinone production was observed in the !hdaA strain suggesting 

that hdaA only affects subtelomeric clusters such as ST and PN (Shwab et al., 2007).  

Deletions in either hstA or hosB alone did not affect ST, however a triple mutant 

(!hdaA!hstA!hosB) did have an effect and ST was stimulated more than the !hdaA mutant 

alone (Shwab et al., 2007).  HDAC activity may play a role in secondary metabolite gene 

cluster regulation since trichostatin A (TSA), a class I and II HDAC inhibitor, causes 

increased production of unidentified secondary metabolites in Alternaria alternata and 

Magnaporthe oryzae (Shwab et al., 2007).  Subtelomeric regions important for pathogenicity 
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are also regulated by HDAC activity in Plasmodium falciparum (Freitas-Junior et al., 2005) 

and Candida globrata (De Las Penas et al., 2003). 

 In a separate experiment, HdaA was found to affect the ability of A. nidulans to 

respond to oxidative stress (Tribus et al., 2005). !hdaA mutants have reduced vegetative 

growth in the presence of menadione and H2O2, two forms of reactive oxygen species (ROS) 

(Tribus et al., 2005).  There is precedence for fungal sensitivity to H2O2.  For example, a 

nonribosomal peptide synthase from Cochliobolus heterostrophus involved in virulence on 

maize is also needed for H2O2 defense (Lee et al., 2005).  The hypersensitivity to oxidants is 

caused by a reduction of catB (encoding catalase B) transcription, an enzyme involved in 

antioxidation of H2O2 (Tribus et al., 2005).  Addition of H2O2 by itself, however, does not 

have an effect on ST production in A. nidulans (Shwab et al., 2007).  This suggests that the 

effect of HdaA on ST production is not mediated through increased levels of H2O2 under the 

conditions tested.  It is possible that HdaA has an effect on ST production through a different 

type of reactive oxygen species (ROS), which was not tested.  In support of this, a microarray 

study revealed that aflR is induced by superoxide in A. nidulans (Pocsi et al., 2005).  Because 

CatB expression is similar in wild-type strains and !hdaA mutants under “non-stress” 

conditions, Tribus et al. (2007) hypothesized that other unidentified targets of HdaA that 

confer protection against oxidative stress might exist.  One of these unidentified targets of 

HdaA may have a direct relationship with ST.  Although a direct connection between 

oxidative stress and ST was not found, it is interesting that HdaA serves as a link between the 

oxidative stress response and production of the secondary metabolite.  Several studies have 

demonstrated a correlation between oxidative stress and AF production in A. flavus and A. 

parasiticus, which is discussed in detail in the next section.  

Chromatin remodeling factors such as histone methyltransferases and histone 

deactylases are often part of a protein complex.  It would therefore be of interest to perform 

yeast-2-hybrid experiments using LaeA and HdaA as bait to identify interacting proteins 

involved in the chromatin remodeling complexes.  Another way to identify additional 

components of chromatin regulation of the AF/ST gene cluster would be to revisit some of 

the original AF mutants identified by K.E. Papa.  Mutant strains such as 241 are thought to 

be defective in the regulation of the AF gene cluster because the mutation is not genetically 
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linked to the AF gene cluster itself (Papa, 1979).  Complementation of such mutant strains 

using a cosmid library could identify additional proteins that regulate the AF gene cluster, 

possibly through chromatin regulation.   

 

OXIDATIVE STRESS AND AFLATOXIN 

 

Sources of oxidative stress for Aspergillus flavus:  A. flavus is subjected to many 

different forms of stress including oxidative stress, for which there are several sources.  As 

an opportunistic pathogen on corn, cotton, peanut, and tree nut, A. flavus comes in contact 

with reactive oxygen species (ROS) produced by plants as part of their defense mechanism.  

When A. flavus infects plants, and when it is present in the soil as a saprophyte, it may be 

exposed to ROS produced by other microbes competing for nutrient sources.  Finally, A. 

flavus itself can be a source of oxidative stress because ROS are produced as byproducts of 

metabolism.  ROS are harmful to cells because they cause damage to sugars, amino acids, 

phospholipids (causing lipid peroxidation), purines and pyrimidines, and organic acids 

(Shashidhar et al., 2005).  Forms of ROS include hydrogen peroxide (H2O2), superoxide 

anion (•O2
-
), hydroxyl radical (•OH), and hydroxyl ion (OH

-
).  Organisms have detoxifying 

enzymes that process and scavenge ROS in order to protect the cell (Ikner and Shiozaki, 

2005).  The activity of antioxidant enzymes such as superoxide dismutase, catalase, and 

glutathione peroxidase, is often studied to determine the oxidative status of the cell, as well 

as ROS and lipoperoxide accumulation.  GSH is reduced glutathione while GSSG is oxidized 

glutathione, and the ratio between the two forms is another good way to assess the oxidative 

status of the cell.  A problem with this method, however, is that cellular compartments may 

have different redox states, but they are disrupted during the measurement of the ratios. 

Several studies have correlated AF production in A. flavus and A. parasiticus with higher 

levels of oxidative stress, more ROS, and greater antioxidant enzyme activity (Jayashree and 

Subramanyam, 2000; Mahoney and Molyneux, 2004; Narasaiah et al., 2006).  Oxidative 

stress may even be a prerequisite for AF production according to Jayashree and 

Subramanyam (2000).  What is known about the correlation between AF production and 
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oxidative stress in A. flavus and A. parasiticus is presented in this section, as well as what 

kinds of studies are needed in the future to understand the correlation on a molecular level. 

Oxidants stimulate aflatoxin production:  Oxidizing agents, or oxidants, induce 

oxidative stress in the cell.  In experiments in which an oxidant is added to a growing culture 

of Aspergillus, AF production is often increased.  Examples of oxidants that stimulate AF 

accumulation include phenobarbitone (Bhatnagar et al., 1982), hydrogen peroxide (Narasiah 

et al., 2006), cumene hydroperoxide (DeLuca et al., 1995), and carbon tetrachloride (Fanelli 

et al., 1983).  Compounds with epoxide rings such as lipoperoxides can also cause oxidative 

stress and stimulate AF production (Fabbri et al., 1983; Fanelli et al., 1983; Fanelli et al., 

1984; Fanelli and Fabbri, 1989).  Finally, free iron can also act as an AF stimulating oxidant.  

The iron contained in yeast extract sucrose (YES) medium was able to increase ROS and 

induce AF production in A. parasiticus strain SRRC 255, a previously reported nontoxigenic 

strain (Shashidhar et al., 2005).  These reports demonstrate a general correlation between AF 

production and oxidative stress in A. flavus and A. parasiticus. 

Antioxidants have inhibitory effects on aflatoxin production:  Antioxidants help 

to protect the cell by detoxifying or scavenging ROS.  Several studies have shown that 

antioxidants can have inhibitory effects on AF production in A. parasiticus and A. flavus.  

Examples of these antioxidants include eugenol, a compound found in cloves and other 

plants (Bullerman et al., 1977; Karapinar, 1990; Mansour et al., 1996; Jayashree and 

Subramanyam, 1999), gallic acid, formed from hydrolysable tannins (Mahoney and 

Molyneux, 2004; Kim et al., 2005), caffeic acid (Kim et al., 2005), methyl gallate (Kim et 

al., 2005), ellagic acid (Mahoney and Molyneux, 2004), cysteamine (Fanelli and Fabbri, 

1989), buthylated hydoxytoluene (BHT) (Fanelli et al., 1985), buthylated hydroxyanisole 

(Fanelli et al., 1985), antioxidants from the mushroom Lentinula edodes (Fanelli et al., 2000; 

Reverberi et al., 2005), and antioxidants from the mushroom Trametes versicolor (Zjalic et 

al., 2006).  The concentration of antioxidants is important because there are reports of some 

antioxidants actually stimulating AF production at low concentrations (Jayashree and 

Subramanyam, 2000; Mahoney and Molyneux, 2004).  It was also noted that the L. edodes 

isolate that caused the most dramatic reduction in AF production did not have the highest 

antioxidant enzyme activity (Reverberi et al., 2005).  The balance of oxidants and 
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antioxidants may instead be important for AF production and may explain why higher levels 

of antioxidants are inhibitory whereas low levels of antioxidants stimulate AF biosynthesis. 

 The specific mode of action is not known for antioxidants that have inhibitory effects 

on AF production.  However, the effects of some antioxidants have been studied in more 

detail.  Extracts of Trametes versicolor and Lentinula edodes with greater AF inhibitory 

ability were shown to correlate with higher levels of "-glucans, which are free radical 

scavengers found in the extracts of the basidiomycete species (Slamenova et al., 2003).  

Eugenol was shown to inhibit different forms of lipid peroxidation including Cu
2+

-H2O2 

catalyzed lipid peroxidation (Nagashima, 1989), nonenzymatic lipid peroxidation (Nagababu 

and Lakshmaiah, 1992), and microsomal lipid peroxidation (Nagababu and Lakshmaiah, 

1994).  Furthermore, it decreased the activity of xanthine oxidase, an enzyme involved in 

lipid peroxidation as well as the activity of the ROS scavenging enzymes superoxide 

dismutase and glutathione peroxidase (Jayashree and Subramanyam, 1999).  These findings 

agree with studies that show oxylipins (oxidized fatty acids) stimulate mycotoxin production 

in A. nidulans, A. flavus, and A. parasiticus (Burow et al., 1997; Calvo et al., 1999; 

Tsitsigiannis and Keller, 2006). 

The expression of AF biosynthetic genes was studied in experiments in which gallic 

acid and antioxidants from the two mushroom species were used to inhibit AF production in 

A. flavus.  Expression of the early and late pathway genes, nor-1 and ver-1 respectively, was 

disrupted when gallic acid was used but the transcriptional regulator aflR was unaffected 

(Mahoney and Molyneux, 2004).  In addition, there were no pigments resulting from AF 

intermediates suggesting that the block in AF production occurred early in the pathway 

(Mahoney and Molyneux, 2004).  Similarly, Zjalic et al. (2006) found that norA, an AF 

biosynthetic gene, was not transcribed in A. parasiticus in the presence of Trametes 

versicolor antioxidant extracts while aflR was expressed.  Although aflR is still transcribed 

when these antioxidants are added, it is possible that AflR is not properly translated or 

modified.  None of these studies analyzed AflR protein accumulation.  Even if it did 

accumulate, if AflR was unable to be dephosphorylated, it would not be localized in the 

nucleus and could not induce transcription of the AF biosynthetic genes (Shimizu et al., 

2003).  Contrary to results reported with gallic acid and antioxidants from Trametes 
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versicolor, antioxidants produced by Lentinula edodes were shown to delay the transcription 

of aflR in A. parasiticus (Reverberi et al., 2005).  This again demonstrates that different 

antioxidants are likely to have distinct ways in which they inhibit AF production. 

Antioxidation in A. parasiticus strains with different capabilities of producing 

aflatoxin:  To study the correlation between oxidative stress and AF more directly, 

researchers used mutant strains of A. parasiticus that were unable to synthesize AF. 

Continuous subculturing of the wild-type strain NRRL 2999 created an atoxigenic strain of 

A. parasiticus, SRRC 255.  In a direct comparison of the wild type strain and the atoxigenic 

strain, the wild type strain had a greater demand for oxygen, and therefore oxidative stress 

was higher in the wild type strain than the SRRC 255 strain (Jayashree and Subramanyam, 

2000).  The toxigenic strain also had enhanced lipid peroxidation and free radical metabolism 

(Jayashree and Subramanyam, 2000).  These data support earlier findings that strain NRRL 

2999 had greater antioxidation in the form of higher GSH (reduced glutathione), and #-

glutamyl transpeptidase activity, than an atoxigenic strain (Gopa et al., 1989).   In addition, 

correlations between glutathione S-transferase activity, a detoxifying enzyme, and AF in A. 

flavus are also supported (Saxena et al., 1988).  It is important to note that the enhanced lipid 

peroxidation and free radical metabolism occurs before AF production is stimulated, 

suggesting that oxidative stress is a prerequisite for AF biosynthesis (Jayashree and 

Subramanyam, 2000).   

Narasaiah et al. (2006) also studied AF and oxidative stress by comparing A. 

parasiticus mutants blocked at different steps in AF biosynthesis with the wild type and 

atoxigenic strains.  The three mutants in this study accumulated different intermediates in the 

AF biosynthetic pathway:  an early intermediate in the pathway, norsolonic acid (SRRC 

162), an intermediate in the middle of the pathway, versicolorin (NRRL 6196), and an 

intermediate late compound in the pathway, O-methylsterigmatocystin (SRRC 2043) 

(Narasaiah et al., 2006).  When comparing the wild type strain to the nontoxigenic strain, the 

results were similar to the study by Jayashree and Subramanyam (2000) (Narasaiah et al., 

2006).  The further along in AF production each strain was able to reach, the more oxygen 

was required, the greater the oxidative stress that could be measured, the more ROS that were 

detected, and the higher the levels of lipid peroxidation that could be observed.  For each of 
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these measurements, the following relationship was seen in the different strains: NRRL 

2999> SRRC 2043> NRRL 6196> SRRC 162> SRRC 255.  These studies directly 

demonstrate the correlation of higher oxidative stress with increasing steps of AF production.  

Gene expression studies link secondary metabolites and antioxidation:  An EST 

library was generated using A. flavus mycelia grown under eight different conditions, of 

which only one was nonconducive for AF production (Yu et al., 2004c).  Along with ESTs 

corresponding to the AF biosynthetic genes, a number of genes putatively involved in 

antioxidation were found.  Examples of putative proteins predicted from these genes are Cu, 

Zn superoxide dismutase, Mn superoxide dismutase, glutathione disulfide reductase, catalase 

C, and an oxidative stress resistance protein.  In another study, Pocsi et al. performed cDNA 

microarray experiments to determine genes in A. nidulans that were induced by diamide, 

H2O2, and menadione (2005).  A number of secondary metabolite genes were significantly 

induced under all three treatments.  Furthermore, secondary metabolite genes including stcI 

and stcS of the ST gene cluster were responsive to a glutathione/glutathione disulphide 

(GSH/GSSH) redox imbalance suggesting that expression of ST genes coincides with 

oxidative stress.  These experiments demonstrate the potential for gene expression analyses 

to reveal more about the connection between AF and oxidative stress on a molecular level. 

Establishing a molecular link between aflatoxin and oxidative stress:  A 

molecular link between AF and oxidative stress has yet to be identified.  First, more needs to 

be known about how A. flavus responds to oxidative stress.  The oxidative stress response has 

been studied in detail in several yeast species and three signaling pathways in the response to 

oxidative stress are conserved: the stress-activated protein kinase (SAPK) cascade, the 

phosphorelay system, and genes activated by the AP-1 like transcription factor (Ikner and 

Shiozaki, 2005).  Some components of the yeast signaling pathways have also been found in 

A. nidulans (Pósci et al., 2005) A. fumigatus (Chauhan et al., 2006), and A. parasiticus 

(Reverberi et al., 2007) suggesting that information regarding the oxidative stress response in 

yeast can be used to understand the response in A. flavus.  

Putative genes involved in the oxidative stress response in A. flavus were identified in 

an A. flavus EST database by comparison to what is already known in yeast (Kim et al., 

2005).  This approach was validated when it was demonstrated that the A. flavus superoxide 
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dismutase sodA could functionally complement the yeast sod2 deletion strain (Kim et al., 

2005).  It was also shown that the A. flavus alkyl hydroperoxide reductase ahpA could 

complement the yeast AHP1 deletion strain by partially restoring protection against tert-

butyl-hydroperoxide (TBHP) (Schwartzburg unpublished data).  Information from yeast will 

likely continue to give clues as to how antioxidation occurs in Aspergillus.  As more is 

learned about the oxidative response in Aspergillus, perhaps common signaling pathways 

will be found for AF production and antioxidation.   

In Chapter Four, it is hypothesized that nadA is a link between AF production and the 

oxidative response.   This hypothesis is supported by the facts that the nadA gene encodes a 

NADH oxidase, which is an enzyme often associated with oxidative stress, AflR 

transcriptionally regulates nadA, and nadA is located adjacent to the AF gene cluster.  A 

battery of antioxidation enzyme activities were tested in the !nadA and nadA over-

expressing strains, but the results were inconclusive.  These results are presented in 

Appendix B along with conflicting AF production results in the nadA over-expression 

strains.  Subsequent experiments, in which nadA was deleted in A. parasiticus, demonstrated 

that nadA is involved in the production of G forms of AF, forms that the wild-type strain 

3357 and other L strains of A. flavus do not produce (Geiser et al., 2000).  Further 

investigation of nadA in A. flavus showed that a deletion within the coding region causes a 

frameshift and results in a truncated NadA protein (Chapter Four).  More work is needed to 

determine if the truncated NadA in A. flavus affects the process of antioxidation. 

 

CONCLUSION 

 

 Although AF is the most studied secondary metabolite in filamentous fungi, there is 

still a lot to be learned about its biosynthesis and regulation.  Currently twenty genes within 

the AF gene cluster have been shown to encode proteins required for a biochemical reaction 

in AF biosynthesis (for review see Ehrlich et al., 2004; Yabe et al., 2004; Yu et al., 2004b; 

Chang et al., 2007).  However, there are still steps for which a specific enzyme has not been 

discovered (Ehrlich et al., 2004).  Furthermore there are a number of genes within the cluster 

(norA (aflE), norB (aflF), aflT, hypB1, nadA, and hypB2) that have not been assigned a role 
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in AF biosynthesis (Chang et al., 2007).  Additional studies are needed to completely identify 

all of components required for AF biosynthesis.  Not only are there additional open reading 

frames (ORFs) being discovered within the AF gene cluster, a number of EST sequences that 

are antisense to known AF genes have also been discovered.  With the exception of aflRas 

(Appendix A), the possible roles of NATs in the regulation of genes within the AF cluster 

have not been explored.  Other forms of regulation of the AF gene cluster, such as the 

signaling pathways that regulate environmental responses, also require further investigation.  

For example, despite evidence for the correlation of oxidative stress and AF production, a 

genetic link between the two processes has not been established.    

 Thus this dissertation project had several goals. The first goal of this dissertation 

project was to determine if nadA, an uncharacterized gene now placed within the AF gene 

cluster, plays a role in AF biosynthesis and/or is a molecular link between AF and oxidative 

stress.  The second was to characterize the mutation in A. flavus strain 649, which previous 

studies suggested is epigenetic.  The third was to examine the role of NATs in A. flavus and 

particularly those found in the AF gene cluster.  Several tools developed specifically for A. 

flavus research have made these studies possible.  The transformation procedure developed 

by Woloshuk et al. (1989) has made A. flavus amenable to genetic manipulation, allowing 

the deletion and over-expression of nadA experiments to be carried out (Chapter Four and 

Appendix B) as well as the ectopic expression of aflR (Chapter Three) (Smith et al., 2007).  

The sequencing of a large number of ESTs (OBrian et al., 2003; Yu et al., 2004c) made it 

possible to identify cis NATs in A. flavus (Chapter Two).  The genomic sequence of A. flavus 

was an invaluable tool that was used in all experiments and was especially helpful in 

characterizing the addition and deletion of DNA in strain 649 (Chapter Three) (Smith et al., 

2007).  Finally, the A. flavus Affymetrix GeneChip® microarrays provided the opportunity to 

study genome-wide cis NAT expression (Chapter Two).  Without these important resources, 

the work presented in this dissertation would not have been possible. The results of these 

experiments have provided new insights into the regulation and biosynthesis of AF. 
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ABSTRACT 

 

Naturally occurring Antisense Transcripts or NATs compose an emerging group of 

regulatory RNAs.  These regulatory elements appear in all organisms examined, but little is 

known about global expression of NATs in fungi.  Analysis of currently available EST 

sequences suggests that 352 cis Naturally occurring Antisense Transcripts (NATs) are 

present in Aspergillus flavus.   An Affymetrix GeneChip® microarray containing probes for 

these cis NATs, as well as all predicted genes in A. flavus, allowed a whole genome 

expression analysis of these elements in response to two ecologically important temperatures 

for the fungus.  RNA expression analysis showed that 32 NATs and 2709 genes were 

differentially expressed between 37°C, the optimum temperature for growth, and 28°C, the 

conducive temperature for the biosynthesis of aflatoxin (AF) and many other secondary 

metabolites. These NATs corresponded to sense genes with diverse functions including 

transcription initiation, carbohydrate processing and binding, and temperature sensitive 

morphogenesis.   

The NAT corresponding to heat shock HSP30 protein in A. flavus is upregulated at 

37°C and appears to be conserved in A. oryzae, and A. nidulans suggesting that this antisense 

may play a key role in the regulation of the protein.  Nine antisense transcripts were found 

within the AF gene cluster, but only one showed higher expression at 37°C.  This NAT 

overlaps with the promoter and 5’ end of aflD (nor-1), a gene involved in an early step of AF 

biosynthesis that is correspondingly more highly expressed at 28°C.  This is the first report of 

a whole genome transcriptional analysis of NAT expression in a fungus and shows that 

although less than 10% of putative NATs are differentially expressed in response to 

temperature, some of the NAT-cis gene interactions are likely to be important. 

 

 

INTRODUCTION 

 

The full impact of RNA molecules on gene expression is only now becoming clear.   

The major classes of regulatory RNA include short interfering RNAs (siRNAs), which are 
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involved in post-transcriptional gene silencing or RNAi, microRNAs (miRNAs), which 

inhibit translation or cause degradation of mRNA primarily in developmental processes, and 

small nucleolar RNAs (snoRNAs), which guide modification of noncoding RNAs.  One 

emerging group of regulatory RNAs is Naturally occurring Antisense Transcripts or NATs.  

These are defined as any RNA transcript that is complementary to another endogenous RNA 

transcript (Lavorgna et al., 2004).  Some NATs code for proteins while others are non-coding 

RNAs.  When both strands of DNA are transcribed from a single locus, there are 

complementary regions between the sense RNA and the NAT.  These NATs are considered 

to be cis encoded (Lavorgna et al., 2004).  NATs can also be transcribed elsewhere in the 

genome, or trans encoded, and have regions complementary to other sense transcripts 

(Lavorgna et al., 2004).  NATs can also differ in regions of overlap with sense transcripts:  

they can be nested or embedded within the sense sequence, they can have complete overlap 

with sense transcripts, or the sense and antisense transcripts can partially overlap each other 

at their 5’ ends (tail-to-tail overlap) or their 3’ ends (head-to-head overlap) (Makalowska et 

al., 2005).  Even though NATs can be divided into different subgroups, their specific mode 

of action can vary. 

A defined function has been assigned to only a fraction of the NATs for which 

molecular evidence exists.  These functions fall into three distinct categories: transcriptional 

interference, RNA masking, and double stranded RNA (dsRNA) dependent mechanisms. 

Often NATs that cause transcriptional interference do not accumulate at the same time or 

within the same tissue as the corresponding sense transcript (Silverman et al., 1992; Noguchi 

et al., 1994; Wutz et al., 1997; Farrell and Lukens, 1995).  NATs that have RNA masking 

function are able to regulate sense transcripts by interfering with any RNA-protein 

interactions, including mRNA splicing (Hastings et al., 1997), transport, polyadenylation, 

translation and degradation (Andersen et al., 1989; Morfeldt et al., 1995; Delihas and Forst, 

2001; Masse and Gottesman, 2002; Moller et al., 2002; Lavorgna et al., 2004).  Finally 

NATs can regulate sense transcripts through dsRNA mechanisms.  These mechanisms 

include post-transcriptional gene silencing (PTGS) (Volpe et al., 2002; Aravin et al., 2004) 

and RNA editing (Kimelman and Kirschner, 1989; Kumar and Carmichael, 1997; Peters et 

al., 2003).  It is likely that alternative modes of action are also possible.  
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Genome-wide predictions of NATs have been made for mammals (Kiyosawa et al., 

2003; Chen et al., 2004; Engstrom et al., 2006), insects (Misra et al., 2002), worms (Chen 

and Stein, 2006), and plants (Osato et al., 2003; Wang et al., 2005).  These studies utilized 

available cDNA and EST data to identify overlapping transcripts.  Most recently a 

computational pipeline was developed to identify NATs in human, mouse, fly, worm, sea 

squirt, chicken, rat, frog, zebrafish, cow, and dog (Zhang et al., 2007).  This study used a 

more stringent quality control filter on EST-to-genome mapping and more evidence to 

determine the transcript orientiation of ESTs.  A few fungal species also have been analyzed 

for NATs.  By comparing sense and antisense cDNAs, fifty-three cis NATs were found in the 

basidiomycete Cryptococcus neoformans (Loftus et al., 2005).  A genome-wide analysis of 

open reading frames (ORFs) was used to identify cis and trans NATs in Saccharomyces 

cerevisiae, Ashbya gossypii, Schizosaccharomyces pombe, and Neurospora crassa (Steigele 

and Nieselt, 2005).  Because this study considered only overlapping ORFs, and many NATs 

do not encode a predicted protein, the estimates are likely low.   

A specific example of a biologically relevant NAT has been identified in Neurospora 

crassa (Kramer et al., 2003).  This NAT corresponds to the frq (frequency) gene involved in 

circadian rhythms, and is conserved in another filamentous fungus, Chromocrea spinulosa 

(unpublished results C. Kramer and S.K. Crosthwaite).  Although it is not understood how 

the antisense frq transcript functions, absence of the frq antisense disrupts the rhythm of the 

clock in mutant strains (Kramer et al., 2003). 

Using the genomic sequence and EST databases for Aspergilllus flavus, 352 putative 

NATs were identified.  To begin to look at global NAT regulation in A. flavus, recently 

available Affymetrix GeneChip® DNA microarrays were used to observe gene expression at 

two different temperatures, 28°C and 37°C.   Temperature was chosen as a variable in this 

study because it is an important environmental factor that regulates many developmental 

processes and secondary metabolite production in a variety of fungi (Gqaleni et al., 1997; 

Feng and Leonard, 1998; Belkacemi et al., 1999; Nemecek et al., 2006; Klein and Tebbets, 

2007).  More specifically in A. flavus, temperature tightly regulates the production of AF, the 

most potent naturally occurring carcinogen known.  The most conducive temperatures for AF 

production in A. flavus range from 28-30°C, and at 37°C, which is the optimal temperature 
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for growth, little to no AF is synthesized (Schindler et al., 1967; Feng and Leonard, 1998; 

Price et al., 2005; OBrian et al. 2007).  Reported here is an analysis of gene and NAT 

expression in A. flavus grown on detached maize kernels at these two temperatures.  

Approximately 20% of the A. flavus transcripts and 32 NATs were differentially expressed at 

the two temperatures tested.  A number of the differentially expressed NATs corresponded to 

sense genes previously shown to be affected by temperature in other organisms.  One of the 

NATs more highly expressed at 37°C is antisense to aflD (nor-1), a gene that encodes an AF 

biosynthetic protein expressed at 28°C.  This inversely correlated expression suggests that 

the aflD antisense may play a role in regulation of AF biosynthesis under nonconducive 

temperatures.  Finally, evidence is presented that the antisense RNA that overlaps a gene 

encoding the putative heat shock protein HSP30 may be conserved in other species of 

Aspergillus and therefore may have an important regulatory role. 

 

MATERIALS AND METHODS 

 

Bioinformatic identification of cis NATs:  ESTs generated from A. flavus grown on 

eight different types of media (Yu et al., 2004), along with an earlier set of ESTs from A. 

flavus (OBrian et al., 2003), were aligned to the genomic sequence of strain NRRL 3357 with 

the aid of the A. flavus genome browser (www.aspergillusflavus.org).  ESTs that were 

antisense to either another EST or a predicted gene were identified as cis NATs.  Genes were 

predicted using the TIGR gene models associated with the genome browser.  If neither 

transcript of a sense and antisense pair were predicted to encode a protein, one transcript was 

designated the NAT, and the other, the sense transcript at random.  False positive cis NATs 

were identified and removed if their introns completely aligned with the introns of the cis 

gene.  This was done because boundaries of introns and exons of a sense transcript cannot be 

at the same location of the complementary antisense transcript due to the nature of intron 

recognition sequences.  Most introns contain the donor sequence GT and the acceptor 

dinucleotide AG.  The complementary antisense sequence would therefore have a CT and a 

CA as the supposed donor and acceptor sites and although noncanonical splice sites have 
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been observed, CT and CA have not been shown to be signals for spliceosomes (Burset et al., 

2000).  Also cis NATs that aligned to multiple regions of the genome were removed.  

Aspergillus flavus chromosome map:  The optical chromosomal map of A. oryzae 

was used to infer which scaffolds made up the 8 chromosomes in A. flavus.  The genomic 

sequences of A. flavus and A. oryzae were aligned using BLAT (Kent, 2002). 

Maize kernel assay:  Inbred Line B73 was grown in the field at Clayton, NC.  Ears 

containing kernels at the late milk to early dough stage of development (Ritchie et al., 1997) 

were harvested, placed on ice, and taken to the laboratory. Once in the laboratory, intact 

kernels were plucked from each ear.  Only sound, intact kernels with no visible injury were 

chosen.  Kernels were surface disinfested using the following protocol: kernels were dipped 

in 95% ethanol, transferred to a 10% bleach solution containing 0.1% Tween and soaked for 

4 minutes, transferred to autoclaved diH2O and soaked for 4 minutes, and transferred again to 

autoclaved diH2O and soaked for 4 minutes.  The kernels were then placed on sterile paper 

towels in a laminar flow hood and allowed to dry for 10-15 minutes.  Conidia from the wild-

type A. flavus strain NRRL 3357, obtained from the National Center for Agricultural 

Utilization Research in Peoria, IL, were collected with 0.05% Triton-X100 from PDA plates 

incubated at 28ºC for 10 days.  Conidia were counted using a hemacytometer and a diluted 

conidial suspension of 1x10
6
/ml was created using 0.05% TritonX-100.  A sterilized stainless 

steel pin was dipped into the conidial suspension and inserted once through the top of each 

kernel to a depth of approximately 5 mm.  Eight inoculated kernels from a single ear were 

placed in a scintillation vial.  The lids of each vial were tightened and then loosened by 

rotating the cap lid 360º.  This procedure provided uniform air exchange in the vials.  The 

vials were incubated at 37ºC in the dark for 4 days.  Each day, the vials were briefly shaken 

to prevent moisture from collecting on the bottom of the vials.  After 4 days, half of the vials 

were moved to a 28ºC incubator.  The vials were incubated for one additional day (24 hours) 

at the respective temperatures.  After 5 days of incubation, the kernels were flash frozen in 

liquid nitrogen and stored at -80ºC until RNA extraction. 

RNA extraction: The eight kernels from each vial were ground into a fine powder 

using a pestle in a mortar containing liquid nitrogen and glass beads (Sigma, St. Louis, MO). 

A 0.1g sample was set aside for AF analysis and the rest was used for RNA extraction.  The 
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ground kernel/mycelia tissue was immediately transferred to an Oak Ridge centrifuge tube 

containing 5 ml phenol.  The tube was vortexed, 5 ml of Tris buffer solution 2M pH 7 (Acros 

Organics, Geel, Belgium) was added, and the tube was vortexed again.  The tubes were spun 

in a centrifuge at 10K rpm for 10 minutes at 4°C.  The supernatant was transferred to another 

Oak Ridge centrifuge tube containing 5 ml of 5:1 Phenol: Chloroform at pH 4.5 (Ambion, 

Foster City, CA).  The tubes were vortexed and spun in the centrifuge at 10K rpm for 10 

minutes at 4°C.  The supernatants were transferred to an additional Oak Ridge centrifuge 

tube and the Phenol: Chloroform extraction was repeated.  The supernatant was transferred to 

another Oak Ridge centrifuge tube and two volumes of ice cold 95% ethanol were added.  

The tubes were incubated at -20ºC for 1 hour and then spun at 10K rpm for 30 minutes at 

4°C.  The liquid was decanted and the pellets were dried.  450 µl of buffer RLT was added as 

per the RNeasy RNA isolation kit instructions (Qiagen, Valencia, CA) and the rest of the 

protocol was performed, including DNase treatment.  RNA was quantified using the 

Nanodrop-1000 (Wilmington, DE).  RNA was sent to the Purdue Genomics Core Facility 

where the quality of the RNA was checked and then prepared for array hybridization. 

Microarray procedures and analysis:  The A. flavus Affymetrix GeneChip® Array 

was used for this study.  This chip contains probes for 13,548 A. flavus elements as well as 

probes for maize and other species unrelated to these experiments.  Standard Affymetrix 

methodology was used to perform the microarray experiments and details can be found at: 

http://www.affymetrix.com/support/technical/manual/expression_manual.affx.  To extract 

perfect match values without mismatch probe data, dChip software was used (Li and Wong, 

2001).  The raw intensity values were imported into JMP Genomics (SAS, Cary, NC) and 

log2 transformed.  To determine if the expression of any NATs were affected by the change 

in temperatures, the 352 NATs were analyzed separately.  The NAT log2 values were 

normalized across the six arrays using Loess normalization procedures (Colantuoni et al., 

2002).  Analysis of variance (ANOVA) was performed and a false discovery rate of (0.05) 

was applied (Benjamini and Hochberg, 1995) using normalized log2 values. Temperature was 

the class variable, fixed effect, and LSmeans effect.  To determine if expression of the sense 

transcripts corresponding to the NATs was affected by the temperature shift, the sense 

transcripts were analyzed separately using the same methods.  To determine the global effect 
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of the temperature change on transcription, the 13,548 A. flavus elements were analyzed 

using the same methods.  The false discovery rate determines a p-value cut off for significant 

genes specific to each test: for the whole genome analysis a p-value cut off of 0.01 was used, 

for the antisense-only analysis a p-value cut off of 0.003343 was used, and for the sense-only 

analysis a p-value cut off of 0.012298 was used. 

Conservation of antisense analysis:  To determine if NATs were conserved in A. 

oryzae and A. nidulans, the protein sequence of the corresponding sense transcript was used.  

Blastp analysis determined the homologs in A. oryzae and A. nidulans. The genome browsers 

for each organism were then used to determine if the sense gene contained any antisense 

ESTs. 

 

RESULTS 

 

352 putative NATs identified in A. flavus:  Aspergillus flavus appears to have a rich 

array of NATs.  An examination of ESTs obtained from cultures grown under several 

conditions identified 463 putative cis NATs.  In the initial analysis we selected any EST that 

was complementary to a predicted gene or to another EST and was transcribed in cis.  

Further analysis of these putative NATs (as described in the Materials and Methods section) 

removed false positives and resulted in a list of 352 putative cis NATs that were examined 

for their transcription at two temperatures.  These NATs are included in Table 1 along with 

their chromosomal location, the corresponding sense strand ID, the gene predictions for the 

sense strand, the type of overlap between the sense and antisense pair, the antisense strand 

ID, the gene prediction of the antisense strand if applicable, and whether or not the NAT 

contained introns. 
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Table 1. – Putative cis NATs identified in A. flavus. Listed are the 352 NATs examined in this study along with their 

chromosomal location, the corresponding sense strand ID, the gene predictions for the sense strand, the type of overlap between the 

sense and antisense pair, the antisense strand ID, the gene prediction of the antisense strand if applicable, whether or not the NAT 

contained introns and the average raw intensity values for NAT expression at 28°C and 37°C.  The average intensity value was 

determined from three biological replicates. 

 

Chrom-

osome 

Sense Strand 

ID Sense Strand Gene Predictions 

Type of 

overlap 

Antisense Strand 

Affy ID 

Antisense Strand 

Gene Predictions 

Con-

tains 

in-

trons 

Avg 

Raw 

Intensity 

Value 

28°C  

Avg 

Raw 

Intensity 

Value 

37°C  

1 2091.m00107 hypothetical protein 

tail-to-

tail CO137751_at N/A no 682.61 615.16 

1 2091.m00246 glutamine synthetase, putative Nested NAGFC26TV_at N/A no 55.17 56.24 

1 2091.m00353 

cytosolic small ribosomal subunit 

protein S12, putative 

tail-to-

tail 

NAGEL78TV_s_

at hypothetical protein yes 892.25 1357.30 

1 2091.m00354 hypothetical protein Nested NAFCD48TV_at N/A yes 51.27 60.29 

1 2091.m00356 LOC495973 protein-related 

sense is 

nested TC10924_at N/A no 1088.60 490.77 

1 2091.m00362 

mitochondrial ADP,ATP carrier 

protein (Ant), putative Nested CO148889_at N/A no 75.18 70.23 

1 2091.m00383 DUF852 domain protein, putative 

head-to-

head NAFFN79TV_at N/A no 143.25 96.67 

1 2091.m00390 CG2839-PA-related 

tail-to-

tail 2091.m00389_at 

Mitochondrial carrier 

protein no 141.01 129.11 

1 CO135004 N/A 

tail-to-

tail TC9023_s_at N/A no 49.04 68.58 
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Table 1 (continued). 

 
1 TC9242 N/A Nested CO133487_s_at N/A no 21.17 28.58 

1 CO133487 N/A Nested TC9242_s_at N/A no 216.86 198.59 

1 2091.m00542 hypothetical protein 

tail-to-

tail CO141053_at N/A yes 661.56 648.19 

1 2091.m00584 TPR Domain containing protein Nested CO145510_at N/A no 415.42 493.37 

 

1 2091.m00593 hypothetical protein 

tail-to-

tail 2091.m00594_at 

conserved hypothetical 

protein yes 605.58 621.56 

1 2091.m00608 

non-canonical purine NTP 

pyrophosphatase, rdgB HAM1 

family, putative 

tail-to-

tail TC11829_at N/A yes 942.24 1178.07 

1 2091.m00615 RAB GTPase Ypt1, putative 

tail-to-

tail CO147853_s_at N/A yes 266.23 252.08 

1 2504.m01571 conserved hypothetical protein Nested CO139405_at N/A no 90.73 113.30 

1 2504.m01566 conserved hypothetical protein 

head-to-

head TC12022_at N/A no 86.44 101.31 

1 2504.m01554 SNF7 family protein Nested CO133909_at N/A no 47.64 55.67 

1 2504.m01531 

Transcription initiation factor IID, 

18kD subunit family protein 

tail-to-

tail CO133153_at N/A yes 38.83 41.69 

1 2504.m01520 

Streptomyces cyclase dehydrase 

family protein 

tail-to-

tail 2504.m01521_at 

Fe superoxide 

dismutase, putative no 570.10 702.08 

1 2504.m01486 hypothetical protein 

tail-to-

tail CO134396_at N/A no 99.59 103.58 

1 2504.m01479 GPR1 FUN34 yaaH family protein 

tail-to-

tail CO133298_s_at N/A yes 112.34 239.64 

1 CO145483 N/A Nested TC8579_s_at N/A no 221.98 147.72 
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 Table 1 (continued). 

 

1 CO144798 N/A 

tail-to-

tail CO148377_s_at N/A no 141.73 133.43 

1 TC11255 N/A 

head-to-

head CA747791_s_at N/A no 1636.58 1680.21 

1 CO145619 N/A Nested TC10028_s_at N/A no 194.03 270.44 

1 2504.m01335 conserved hypothetical protein 

tail-to-

tail TC9035_at hypothetical protein no 98.31 114.56 

1 2504.m01262 

cytosolic hydroxymethyltransferase, 

putative 

tail-to-

tail CO152656_s_at 

prenylcysteine lyase 

family protein yes 1135.28 1236.49 

1 2504.m01219 conserved hypothetical protein 

tail-to-

tail 

NAGDJ07TV_s_a

t N/A no 62.44 60.57 

1 2504.m01211 hypothetical protein Nested CO148562_s_at N/A no 258.98 327.01 

1 2504.m01189 

acyl CoA ligase-like protein, 

putative 

tail-to-

tail CO148290_s_at N/A no 86.62 102.11 

1 TC9699 N/A Nested CO151685_s_at N/A no 231.91 322.79 

1 2504.m01171 KE2 family protein 

tail-to-

tail CO146208_s_at 

Fungal specific 

transcription factor 

domain containing 

protein no 377.03 557.73 

1 2504.m01112 conserved hypothetical protein 

tail-to-

tail NAFFF62TV_at N/A yes 179.78 157.96 

1 2504.m01069 

Fungal specific transcription factor 

domain containing protein 

tail-to-

tail CO133426_at N/A no 40.02 46.65 

1 2504.m01021 hypothetical protein 

tail-to-

tail CO133285_at N/A no 111.71 118.69 

1 2504.m00887 conserved hypothetical protein 

tail-to-

tail TC9721_at N/A no 81.73 109.19 
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 Table 1 (continued). 

 

1 TC11358 N/A 

tail-to-

tail TC12072_s_at N/A no 142.79 116.97 

1 2504.m00811 

hydrolase, alpha beta fold family 

protein 

tail-to-

tail CO133468_at N/A no 54.58 62.96 

1 2504.m00798 hypothetical protein 

tail-to-

tail TC11625_at 

conserved hypothetical 

protein no 52.88 59.63 

1 2504.m00782 hypothetical protein 

head-to-

head NAFBC52TV_at N/A no 133.50 240.18 

1 2504.m00773 conserved hypothetical protein 

tail-to-

tail CO133115_at N/A no 64.94 75.11 

1 2504.m00674 conserved hypothetical protein 

tail-to-

tail NAFDF25TV_at 

24 kDa intrinsinc 

membrane protein, 

putative yes 775.31 565.70 

1 2504.m00587 myosin I heavy chain, putative 

tail-to-

tail TC8402_s_at N/A yes 3951.27 3299.18 

1 2504.m00461 

5-formyltetrahydrofolate cyclo-

ligase family protein 

tail-to-

tail TC8541_at N/A yes 1860.20 2321.02 

1 2504.m00454 

tearic acid desaturase (SdeA), 

putative 

head-to-

head CO135171_at N/A no 165.94 137.20 

1 2504.m00426 

mRNA-nucleus export ATPase 

(Elf1), putative nested CO133493_at N/A no 35.54 38.42 

1 2504.m00416 

To nucleosome remodeling complex 

subunit RSC8, putative 

tail-to-

tail CO144205_at N/A no 97.61 99.63 

1 2504.m00407 MIF4G domain containing protein nested CO139159_at N/A no 260.46 225.21 

1 2504.m00357 hypothetical protein 

head-to-

head TC10120_at N/A no 85.59 92.04 

1 2504.m00287 hypothetical protein nested CO144193_at N/A no 62.86 52.57 
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 Table 1 (continued). 

 

1 2504.m00251 hypothetical protein 

head-to-

head NAGAC68TV_at N/A yes 67.09 74.54 

1 2504.m00223 alpha-galactosidase, putative 

tail-to-

tail CO133108_at N/A no 46.48 58.82 

1 2504.m00192 hypothetical protein nested CO145243_at N/A no 119.35 125.35 

1 2504.m00123 tropomyosin 1, putative 

tail-to-

tail 2504.m00124_at 

conserved hypothetical 

protein no 83.95 105.37 

1 2504.m00117 CGI-136 protein, putative 

tail-to-

tail CO133462_at N/A yes 47.04 51.48 

2 2856.m00142 

Glycosyl hydrolase family 71 

protein nested NAGEH40TV_at N/A yes 1399.30 348.39 

2 2856.m00285 hypothetical protein nested CO142907_at N/A no 21.87 25.16 

2 2856.m00397 CAP20-like protein-related 

tail-to-

tail CO133521_at N/A no 176.99 209.85 

2 CO137357 N/A nested CO149272_s_at N/A no 265.91 348.58 

2 2856.m00435 

Rickettsia 17 kDa surface antigen 

family protein nested CA748132_x_at N/A no 57.68 70.80 

2 2856.m00456 

alcohol dehydrogenase, iron-

containing family protein nested TC8706_at N/A no 42.14 41.79 

2 2856.m00461 conserved hypothetical protein nested TC11463_at N/A no 61.82 61.27 

2 2856.m00499 

Peptidase family M3 containing 

protein nested CO150432_at N/A no 500.16 868.32 

2 2856.m00547 hypothetical protein 

tail-to-

tail CA747553_at N/A no 122.32 118.35 
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 Table 1 (continued). 

 

2 2856.m00570 

Autophagy protein Apg12 

containing protein 

tail-to-

tail 2856.m00571_at 

3-methyl-2-

oxobutanoate 

hydroxymethyltransfera

se, putative yes 106.06 84.73 

2 2856.m00634 

DNA-directed RNA polymerase I 

13.1 kDa polypeptide, putative 

tail-to-

tail 2856.m00635_at 

PBS lyase HEAT-like 

repeat family protein no 620.44 712.74 

2 NAFEF78TV N/A 

tail-to-

tail 

NAGEO04TV_s_

at N/A no 105.09 100.38 

2 2856.m00656 hypothetical protein 

tail-to-

tail CO136220_at N/A no 59.03 54.17 

2 2856.m00660 

MFS siderophore transporter, 

putative 

tail-to-

tail CA748023_at N/A no 60.47 71.70 

2 2856.m00675 conserved hypothetical protein nested NAGFC57TV_at N/A yes 371.28 198.84 

2 2856.m00676 

transcriptional regulator, Sir2 family 

protein nested CO152393_at N/A yes 109.88 111.00 

2 2856.m00680 

nRNP and snoRNP protein (Snu13), 

putative nested CO137017_at N/A no 59.08 71.89 

2 2856.m00687 conserved hypothetical protein 

tail-to-

tail CO138897_s_at N/A no 42.58 46.78 

2 2856.m00709 ThiF family protein 

tail-to-

tail CO150664_at 

FtsJ-like 

methyltransferase 

family protein yes 220.74 245.13 

2 2856.m00713 

eukaryotic translation initiation 

factor eIF4A, putative 

tail-to-

tail NAGFM22TV_at N/A yes 273.12 336.06 
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 Table 1 (continued). 

 

2 2856.m00717 hypothetical protein 

sense 

nested NAFCC82TV_at 

Ubiquitin carboxyl-

terminal hydrolase 

family protein yes 3895.83 3173.66 

2 1918.m00035 conserved hypothetical protein nested NAFDF59TV_at N/A no 59.61 57.93 

2 TC9354 N/A 

tail-to-

tail CO133543_s_at N/A yes 317.46 372.05 

2 CO146175 N/A 

head-to-

head TC11619_s_at N/A no 126.39 134.60 

2 1918.m00079 

Ppx GppA phosphatase family 

protein nested CO150886_at N/A yes 112.21 153.64 

2 1918.m00094 

m-phase inducer phosphatase, 

putative 

head-to-

head TC11820_s_at N/A no 72.96 69.60 

2 1918.m00108 hypothetical protein 

tail-to-

tail NAFAW35TV_at 

DNA lyase, 

endonuclease, putative no 246.31 297.86 

2 NAFDJ43TV N/A 

tail-to-

tail TC9567_s_at N/A no 34.74 50.82 

2 1918.m00249 hypothetical protein 

head-to-

head TC11763_at N/A yes 101.35 135.75 

2 1918.m00264 hypothetical protein nested CO133427_at N/A no 75.24 81.85 

2 1918.m00319 

Peptidase family M28 containing 

protein 

tail-to-

tail TC8416_at N/A yes 1463.72 1667.96 

2 1918.m00325 

Fungal specific transcription factor 

domain containing protein 

tail-to-

tail CO147851_at N/A yes 68.17 106.43 

2 1918.m00333  hypothetical protein 

tail-to-

tail NAFEK58TV_at N/A yes 19.25 18.73 
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 Table 1 (continued). 

 

2 1918.m00342 hypothetical protein nested CO133180_at N/A no 25.05 26.90 

2 1918.m00354 

ribosomal protein S14p S29e 

containing protein nested CA747479_at N/A yes 139.91 162.20 

2 

NAFEM04T

V N/A nested CA747594_s_at N/A yes 1351.86 1129.98 

2 1918.m00397 

magnesium-dependent phosphatase-

1 family protein 

head-to-

head TC8949_at N/A no 45.29 49.01 

2 1918.m00413 Fox2 protein, putative 

tail-to-

tail TC11145_at N/A yes 82.93 72.68 

2 1918.m00438 

Mn superoxide dismutase MnSOD, 

putative 

tail-to-

tail CA748049_at hypothetical protein yes 98.12 95.93 

2 1918.m00439 hypothetical protein nested CA747672_at N/A yes 85.08 82.31 

2 1918.m00458 

Transcription factor IIA, alpha beta 

subunit family protein 

head-to-

head CO146918_at N/A yes 290.18 270.08 

2 1918.m00460 

B-cell receptor-associated protein 

31-like containing protein 

tail-to-

tail NAFBA93TV_at N/A yes 30.08 32.31 

2 1918.m00482 conserved hypothetical protein 

tail-to-

tail CO133556_at N/A no 120.38 131.48 

2 1918.m00508 conserved hypothetical protein nested NAGCY90TV_at N/A yes 25.04 21.74 

2 1918.m00538 

dolichol-phosphate 

mannosyltransferase, putative 

tail-to-

tail 1918.m00537_at 

conserved hypothetical 

protein no 1035.20 1037.48 

2 1918.m00561 conserved hypothetical protein nested CO147489_at N/A no 86.00 96.40 

2 1918.m00586 

ATP-dependent RNA helicase , 

putative 

tail-to-

tail CO133809_s_at N/A no 75.62 90.31 
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 Table 1 (continued). 

 

2 1918.m00588 

telomere and ribosome associated 

protein Stm1, putative nested CO138487_at N/A no 59.50 68.41 

2 1918.m00612 RINT-1   TIP-1 family protein 

tail-to-

tail 

NAFDP07TV_s_a

t 

pyridoxal-dependent 

decarboxylase 

conserved domain 

containing protein no 160.14 148.34 

2 1918.m00614 hypothetical protein 

head-to-

head TC9427_at N/A no 36.92 46.27 

2 1918.m00622 ubiquitin (UbiC), putative 

tail-to-

tail TC10197_s_at 

class V chitinase, 

putative no 3079.52 2062.36 

2 CO133541 N/A nested TC10588_s_at N/A no 70.88 49.26 

2 1918.m00651 

Late embryogenesis abundant 

protein nested CO135549_at N/A no 200.01 201.99 

2 TC11216 N/A nested CO133567_s_at N/A no 191.85 190.36 

2 1918.m00697 PHD-finger family protein 

tail-to-

tail 1918.m00696_at 

conserved hypothetical 

protein yes 1019.89 650.03 

2 1918.m00739 

uroporphyrinogen decarboxylase, 

putative 

tail-to-

tail CO139066_at 

cytosine deaminase, 

putative yes 677.05 717.67 

2 1918.m00766 

Glutathione S-transferase, C-

terminal domain containing protein nested TC8574_at N/A no 246.98 267.12 

2 1918.m00770 cystein rich protein, putative nested CO133897_at N/A no 55.67 63.50 

2 1918.m00773 

SAM domain (Sterile alpha motif) 

protein, putative nested CO139881_s_at N/A no 212.98 231.52 
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 Table 1 (continued). 

 

2 1918.m00776 

Patatin-like phospholipase family 

protein nested CO133144_at N/A no 17.10 16.13 

2 CO146775 N/A 

head-to-

head TC11561_s_at N/A no 226.87 290.83 

2 1918.m00804 

lysyl-tRNA synthetase family 

protein 

tail-to-

tail CO146321_at 

conserved hypothetical 

protein no 67.99 69.25 

2 1918.m00827 Ribosomal L15 family protein 

head-to-

head TC8666_at N/A no 102.67 96.22 

2 1918.m00843 hypothetical protein 

tail-to-

tail CO133511_at N/A no 56.92 51.13 

2 1918.m00859 

Probable tartrate dehydrogenase 

decarboxylase ttuC , putative nested CO135552_at N/A no 48.88 55.64 

2 1918.m00871 hypothetical protein 

head-to-

head CO133574_at N/A no 224.74 238.41 

2 1918.m00883 

Rhodanese-like domain containing 

protein 

tail-to-

tail TC9692_s_at 

Elongation factor Tu 

GTP binding domain 

containing protein no 2069.52 2233.87 

2 1918.m00916 hypothetical protein 

tail-to-

tail 

NAFCQ67TV_s_

at N/A no 82.44 96.93 

2 1918.m00941 

DNA directed RNA polymerase, 7 

kDa subunit family protein 

tail-to-

tail CO146533_s_at 

anthranilate 

phosphoribosyltransfera

se family protein no 2106.51 2050.31 

2 1918.m00963 hypothetical protein 

tail-to-

tail CO151152_at N/A no 90.02 140.79 

2 1918.m00972 

HAD-superfamily subfamily IIA 

hydrolase, TIGR01456, CECR5 

containing protein 

head-to-

head NAGDH25TV_at N/A no 47.77 48.01 
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2 1918.m00989 glycerol kinase family protein 

head-to-

head TC9096_at N/A no 1158.93 1716.68 

2 1918.m01016 Carbonic anhydrase family protein 

head-to-

head CO143116_at N/A no 1453.85 1644.07 

2 1918.m01112 

To SIGNAL RECOGNITION 

PARTICLE 72 KDA PROTEIN 

tail-to-

tail CO143678_at N/A no 41.90 38.34 

2 1918.m01118 hypothetical protein nested  TC8421_at N/A yes 146.37 203.55 

2 1918.m01136 hypothetical protein nested CO133451_at N/A no 46.47 50.25 

2 1918.m01138 hypothetical protein 

head-to-

head NAFEU24TV_at N/A no 29.97 37.31 

2 1918.m01145 conserved hypothetical protein 

tail-to-

tail CO145831_at 

conserved hypothetical 

protein yes 492.53 613.40 

2 1918.m01151 

Ribosomal protein L7 L12 C-

terminal domain containing protein 

tail-to-

tail CO147170_at N/A no 46.23 44.54 

2 1918.m01172 hypothetical protein nested CO133440_at N/A no 136.06 127.85 

2 1918.m01182 hypothetical protein nested TC9883_at N/A yes 72.01 58.01 

2 1918.m01206 

dephospho-CoA kinase family 

protein 

head-to-

head CO133060_at N/A no 86.24 104.24 

2 1918.m01208 Histone deacetylase family protein 

tail-to-

tail NAGFF58TV_at N/A yes 54.10 69.56 

2 1918.m01211 hypothetical protein nested CO134733_at N/A no 67.28 75.83 

2 1918.m01212 hypothetical protein nested CO152294_at N/A no 81.86 81.44 
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2 1918.m01233 deoxyhypusine synthase, putative nested NAFFK09TV_at N/A yes 178.62 193.15 

2 1918.m01354 F-box domain containing protein nested CO151237_at N/A no 24.61 32.00 

2 1918.m01363 

extracellular conserved serine-rich 

protein, putative nested CO140426_at N/A no 84.11 85.64 

3 CO133140 hypothetical protein nested TC10528_s_at N/A no 446.74 281.96 

3 2689.m00543 

polytopic membrane protein, 

putative 

tail-to-

tail TC8700_at 

hydrolase, alpha beta 

fold family protein no 319.38 293.45 

3 2689.m00537 hydrolase, NUDIX family protein 

tail-to-

tail CO133545_at N/A no 38.28 43.84 

3 2689.m00536 hypothetical protein nested CO146285_s_at N/A no 182.13 206.70 

3 2689.m00474 conserved hypothetical protein nested CO133104_at N/A no 33.44 35.54 

3 2689.m00464 

isopentenyl-diphosphate delta-

isomerase, putative 

tail-to-

tail 

2689.m00463_s_a

t hypothetical protein yes 863.48 954.84 

3 2689.m00355 hypothetical protein 

head-to-

head CO144892_at N/A no 128.82 192.71 

3 TC10647 N/A 

tail-to-

tail CO138607_s_at N/A no 91.74 128.02 

3 2689.m00233 

Hypoxia induced protein conserved 

region containing protein 

tail-to-

tail CO136580_s_at hypothetical protein yes 240.32 330.59 

3 CO143803 N/A 

tail-to-

tail CO150982_s_at N/A yes 83.40 191.51 

3 2689.m00127 To nuclear envelope protein Cut11p 

tail-to-

tail CO147979_s_at N/A no 867.38 1137.19 

3 2689.m00101 Des-1 protein, putative 

head-to-

head CO133042_at N/A no 81.53 83.32 
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3 2689.m00094 coenzyme a synthetase, putative 

tail-to-

tail CA748167_at 

conserved hypothetical 

protein yes 5923.75 4766.06 

3 2689.m00090 To sporulation-specific gene SPS2 nested CA747940_s_at N/A no 143.36 177.18 

3 2689.m00068 conserved hypothetical protein 

head-to-

head TC9226_at N/A no 38.34 53.87 

3 

NAGEH93T

V N/A 

head-to-

head TC9564_s_at N/A yes 15.04 16.24 

3 2689.m00004 

4-hydroxybenzoate polyprenyl 

transferase family protein 

tail-to-

tail 

2689.m00003_s_a

t 

Cytidylyltransferase 

family protein yes 1814.01 1657.30 

3 2911.m00012 YT521-B-like family protein 

tail-to-

tail CO139643_at N/A no 80.16 89.47 

3 2911.m00119 

tRNA intron endonuclease, catalytic 

C-terminal domain containing 

protein 

tail-to-

tail CO143662_s_at 

ribonuclease P protein 

subunit p29, putative yes 263.08 402.00 

3 2911.m00165 hypothetical protein 

tail-to-

tail TC10853_s_at 

ribosomal protein S5, 

C-terminal domain 

containing protein yes 405.27 564.00 

3 2911.m00175 hypothetical protein 

tail-to-

tail TC9028_at CRO1 protein, putative no 738.06 740.87 

3 2911.m00189 

Myb-like DNA-binding domain 

containing protein 

tail-to-

tail TC10150_at N/A no 83.64 225.77 

3 2911.m00190 

Cytochrome c oxidase polypeptide 

IV, mitochondrial precursor, 

putative 

head-to-

head TC10150_at N/A no 83.64 225.77 

3 2911.m00196 

probable translation factor pelota 

family protein 

tail-to-

tail TC8805_at N/A no 27.25 31.34 
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3 2911.m00211 hypothetical protein nested TC11855_at N/A no 45.54 49.17 

3 2911.m00253 PA domain protein, putative 

tail-to-

tail CO133148_at N/A no 42.18 39.90 

3 2911.m00266 

To S-

adenosylmethionine:diacylglycerol 

3-amino-3-carboxypropyl 

transferase btaA, putative nested NAGEP27TV_at N/A yes 71.00 71.16 

3 2911.m00271 

chromatin remodeling complex 

subunit (Arp8), putative 

head-to-

head CO141402_at N/A no 39.95 49.08 

3 TC9063 N/A 

head-to-

head CO139153_s_at N/A yes 52.67 100.52 

3 2911.m00331 conserved hypothetical protein 

tail-to-

tail NAFBM96TV_at N/A no 50.58 46.78 

3 2911.m00339 hypothetical protein 

tail-to-

tail NAFAM79TV_at N/A yes 178.34 215.26 

3 CO149026 N/A nested TC11528_s_at N/A no 58.96 65.71 

3 TC10063 N/A 

head-to-

head CO144522_s_at N/A no 127.34 98.05 

3 2911.m00408 hypothetical protein nested  TC10401_at N/A no 83.55 87.61 

3 2911.m00409 hypothetical protein 

tail-to-

tail NAGDH43TV_at N/A no 173.35 194.20 

3 2911.m00439 allergen Asp F13, putative nested CO133163_at N/A no 65.04 83.59 

3 2911.m00460 hypothetical protein 

tail-to-

tail CO147579_at 

glycine-rich RNA-

binding protein, 

putative yes 194.59 210.52 

3 2911.m00615 hypothetical protein 

head-to-

head TC10779_at N/A no 104.15 79.14 
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3 2911.m00724 Amino acid permease family protein nested CO133422_at N/A no 135.36 156.02 

3 2911.m00752 

Fungal specific transcription factor 

domain containing protein 

tail-to-

tail 

2911.m00751_s_a

t 

Flavin-binding 

monooxygenase-like 

family protein yes 86.22 75.23 

3 2911.m00776 aflX/ordB/monooxygenase/oxidase 

tail-to-

tail TC10310_at 

toxin biosynthesis 

monooxygenase MoxY-

like, putative yes 161.97 75.56 

3 2911.m00786 

aflG/avnA/ord-1/cytochrome P450 

monooxygenase 

tail-to-

tail TC10256_at hypothetical protein no 53.62 41.96 

3 2911.m00789 

aflM/ver-

1/dehydrogenase/ketoreductase 

tail-to-

tail CA747496_at N/A no 80.43 75.53 

3 2911.m00791 aflJ/estA/esterase nested CO133485_at N/A no 43.45 29.22 

3 2911.m00792 

aflH/adhA/short chain alcohol 

dehydrogenase 

tail-to-

tail CA747822_at N/A yes 9.43 7.39 

3 2911.m00794 

aflR/apa-2/afl-2/transcription 

activator 

head-to-

head CO140791_at N/A no 331.41 335.32 

3 2911.m00797 aflD/nor-1/reductase 

head-to-

head CA747996_at N/A no 79.70 119.74 

3 2911.m00798 aflCa/hypC/hypothetical protein 

tail-to-

tail CA747996_at N/A no 79.70 119.74 

3 CO133046 N/A nested TC9252_s_at N/A no 55.42 35.16 

4 1866.m00038 

Flavin-binding monooxygenase-like 

family protein 

tail-to-

tail NAGDO23TV_at N/A no 102.51 117.01 

4 1866.m00077 hypothetical protein 

head-to-

head CO141070_at N/A no 45.86 45.48 
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4 TC10627 N/A nested CO136252_s_at N/A no 214.05 283.34 

4 1866.m00384 glutaredoxin-related protein 

tail-to-

tail CO138057_s_at 

gamma-butyrobetaine 

hydroxylase family 

protein no 1197.38 1119.75 

4 1866.m00398 

enoyl-CoA hydratase isomerase 

family protein 

tail-to-

tail CO142518_at N/A no 104.51 95.28 

4 1866.m00404 possible epimerase, putative 

head-to-

head CO145861_at N/A no 49.66 80.19 

4 1866.m00442 diphthine synthase, putative 

tail-to-

tail 

1866.m00441_s_a

t hypothetical protein yes 623.84 710.44 

4 1866.m00444 

Pyridoxamine 5 -phosphate oxidase 

family protein 

head-to-

head CO133614_at N/A no 64.50 85.13 

4 CO142827 N/A 

head-to-

head TC10361_s_at N/A yes 97.61 94.82 

4 1866.m00485 hypothetical protein nested CO133142_s_at N/A no 77.35 52.14 

4 1866.m00528 

geranylgeranyl diphosphate 

synthase, putative 

tail-to-

tail 1866.m00529_at 

Smr domain containing 

protein yes 288.21 305.02 

4 1866.m00614 

To mismatched base pair and 

cruciform dna recognition protein, 

putative nested CO133084_at N/A no 52.07 27.97 

4 1866.m00619 allergen Asp F3, putative nested TC10000_at N/A yes 52.31 55.49 

4 1866.m00652 hypothetical protein 

tail-to-

tail CO141761_at N/A no 201.68 191.42 

4 CO133098 N/A nested TC9099_s_at N/A no 412.49 242.10 

4 1866.m00658 conserved hypothetical protein 

tail-to-

tail NAFFF68TV_at N/A yes 41.37 28.89 
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4 1866.m00690 conserved hypothetical protein 

tail-to-

tail 

1866.m00689_s_a

t hypothetical protein yes 786.08 2410.60 

4 1866.m00738 

Helicase conserved C-terminal 

domain containing protein 

tail-to-

tail CO133129_at N/A no 38.54 47.32 

4 1866.m00800 PAP2 superfamily protein 

tail-to-

tail TC10900_at N/A no 226.98 248.86 

4 1866.m00827 

Ataxin-2 N-terminal region family 

protein nested CO133720_s_at N/A no 198.33 252.52 

4 1866.m00850 

ribosomal protein S23 (S12), 

putative nested CA747531_at N/A yes 17.65 19.66 

4 1866.m00875 S4 domain containing protein 

head-to-

head NAFES71TV_at N/A yes 25.54 30.67 

4 1866.m00905 

Major Facilitator Superfamily 

protein 

tail-to-

tail CO139361_s_at N/A no 723.13 788.02 

4 1569.m00003 

cytokinesis regulator (Byr4), 

putative nested CO133547_at N/A no 93.45 120.16 

4 1569.m00008 

Peptidase family M1 containing 

protein nested CO133048_at N/A no 73.11 82.29 

4 CO137042 New cDNA-based gene 

tail-to-

tail TC10666_s_at New cDNA-based gene no 10228.52 12500.72 

4 1569.m00026 hypothetical protein 

head-to-

head TC10996_at N/A yes 161.37 223.87 

4 1569.m00051 conserved hypothetical protein 

tail-to-

tail TC10106_at 

2Fe-2S iron-sulfur 

cluster binding domain 

containing protein yes 14.06 17.73 

4 1569.m00106 HypA-related 

tail-to-

tail NAFFE74TV_at N/A yes 369.70 889.24 

4 1569.m00109 hypothetical protein 

tail-to-

tail 

NAFAS01TV_s_a

t N/A yes 5418.16 4491.43 
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4 1569.m00221 hypothetical protein nested CO144368_at N/A no 69.92 67.58 

4 TC10013 N/A nested  CO133128_s_at N/A no 22.85 20.87 

4 1569.m00355 hypothetical protein 

tail-to-

tail CO147332_at N/A no 52.47 57.16 

4 1569.m00467 

GDSL-like Lipase Acylhydrolase 

family protein 

tail-to-

tail CO133119_at N/A no 116.63 80.54 

4 CO143845 N/A nested TC8438_at N/A no 672.86 971.07 

5 2258.m00045 hypothetical protein 

tail-to-

tail CO152332_at N/A no 118.79 119.58 

5 2258.m00055 Amino acid permease family protein 

tail-to-

tail CO148435_s_at 

conserved hypothetical 

protein no 1216.21 1753.38 

5 TC9761 N/A 

head-to-

head CO144547_s_at N/A no 125.91 127.90 

5 2258.m00254 extracellular lipase, putative nested CO133126_at N/A no 178.61 196.09 

5 2258.m00334 heat shock protein HSP30, putative 

tail-to-

tail TC11007_s_at N/A no 15.09 43.92 

5 2258.m00334 heat shock protein HSP30, putative 

tail-to-

tail CA748139_at N/A no 94.77 135.05 

5 2258.m00345 hypothetical protein nested CO135461_s_at N/A no 122.04 129.73 

5 CO133122 N/A 

sense 

nessted TC8956_s_at N/A no 408.16 460.77 

5 2258.m00609 transcription factor-related nested CO133100_at N/A no 69.44 55.96 

5 2258.m00669 

GTP binding protein (Gtp1), 

putative 

tail-to-

tail TC8918_at N/A no 46.50 43.92 

5 2258.m00715 NAC domain containing protein 

head-to-

head CO140957_at N/A no 227.57 201.49 
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5 2258.m00757 

enoyl-CoA hydratase isomerase 

family protein 

tail-to-

tail CO133172_at D123 family protein no 32.81 35.83 

5 2258.m00763 

Type I phosphodiesterase   

nucleotide pyrophosphatase family 

protein 

head-to-

head TC11422_s_at N/A no 26.21 28.37 

5 2258.m00779 

maintaining mitochondrial 

morphology protein MMM1, 

putative 

tail-to-

tail CO137803_at ARD  family protein yes 147.45 148.88 

5 CO133476 N/A nested TC9020_s_at N/A no 528.74 408.05 

5 2258.m00813 conserved hypothetical protein nested CO150551_at N/A no 90.72 99.01 

5 2258.m00833 homoaconitase LysF, putative nested CO138378_at N/A no 65.21 84.45 

5 2258.m00855 Aycl012-related nested CO147836_at N/A no 34.63 43.29 

5 2258.m00856 

Ribosomal L28e protein family 

protein 

head-to-

head TC11534_at N/A no 194.40 155.36 

5 2258.m00862 conserved hypothetical protein 

tail-to-

tail TC11457_at 

purine nucleoside 

phosphorylase I, 

inosine and guanosine-

specific family protein yes 1520.30 2016.45 

5 2541.m00695 Sodium calcium exchanger protein 

tail-to-

tail TC10917_at 

sodium/calcium 

exchanger protein yes  320.63 344.93 

5 2541.m00661  Secretory lipase family protein nested CO133062_at N/A no 64.71 72.04 

5 2541.m00642 allergen, putative nested CO133151_at N/A no 101.06 108.53 
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5 2541.m00580 hypothetical protein 

tail-to-

tail TC11180_at N/A no 227.40 273.99 

5 2541.m00553 PTAC beta, putative nested TC10866_at N/A no 56.03 57.56 

5 2541.m00483 hypothetical protein 

tail-to-

tail CO147310_at 

Protein kinase domain 

containing protein yes 72.49 114.15 

5 2541.m00470 hypothetical protein 

tail-to-

tail CO144842_s_at N/A no 636.02 754.34 

5 2541.m00433 beta-lactamase family protein 

tail-to-

tail TC11631_at 

methionine 

aminopeptidase, type II, 

putative yes 1367.55 998.54 

5 2541.m00374 

ribosomal protein L11 containing 

protein 

tail-to-

tail CO150407_at N/A no 77.11 88.70 

5 

NAGEE78T

V N/A 

head-to-

head 

NAFAI40TV_s_a

t N/A no 108.01 53.45 

5 2541.m00330 hypothetical protein 

tail-to-

tail CO133491_at N/A yes 98.94 99.19 

5 2541.m00290 DAK1 domain containing protein nested CO133532_at N/A no 73.86 82.77 

5 2541.m00236 

glycosyl transferase, group 1 family 

protein nested CO133560_at N/A no 71.09 73.97 

5 2541.m00206 

Mitochondrial ribosomal protein 

L51   S25   CI-B8 domain 

containing protein 

tail-to-

tail CO136430_s_at N/A yes 774.76 866.26 

5 2541.m00111 DUF652 domain protein, putative nested NAFED16TV_at N/A no 80.04 60.26 

6 2634.m00018 hypothetical protein 

tail-to-

tail CO133178_at N/A yes 37.62 35.17 
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6 2634.m00053 Sugar transporter family protein nested CO133112_at N/A no 38.26 31.47 

6 2634.m00123 bll3143, putative 

head-to-

head NAFBA29TV_at N/A yes 81.75 107.33 

6 2634.m00127 hypothetical protein 

head-to-

head CO150738_at N/A no 28.94 28.32 

6 2634.m00174 

Uncharacterized protein family 

UPF0005 containing protein 

tail-to-

tail CO134977_s_at N/A no 112.99 149.03 

6 2634.m00208 

oxidoreductase, short chain 

dehydrogenase reductase family 

protein nested CO150475_s_at N/A no 92.54 96.04 

6 TC10056 N/A 

sense 

nested NAFEH58TV_at N/A yes 429.85 420.90 

6 2634.m00295 conserved hypothetical protein 

tail-to-

tail 2634.m00296_at 

phosphoribosylaminoi

midazole-

succinocarboxamide 

synthase, putative yes 1341.97 1477.87 

6 2634.m00347 

phosphoserine phosphatase SerB 

family protein 

tail-to-

tail CO146069_s_at 

lipoic acid synthetase 

precursor, putative no 491.79 836.36 

6 2634.m00425 hypothetical protein 

sense 

nested NAFCY74TV_at N/A no 49.31 58.47 

6 2634.m00557 

identical to translation initiation 

factor SUI1 

tail-to-

tail CA748074_at N/A no 38.63 35.27 

6 2634.m00558 hypothetical protein nested NAGAO78TV_at N/A no 63.10 73.81 

6 2634.m00590 hypothetical protein nested TC10460_at N/A no 16.96 16.90 
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6 2634.m00620 hypothetical protein 

head-to-

head CO150617_s_at N/A no 289.49 272.69 

6 2634.m00628 Ras family protein nested CO151669_at N/A no 71.83 81.60 

6 2634.m00661 DnaJ domain containing protein 

tail-to-

tail TC8589_at New cDNA-based gene no 99.57 103.67 

6 2368.m00023 conserved hypothetical protein nested TC9415_at N/A no 57.07 92.84 

6 2368.m00047 conserved hypothetical protein nested CO141483_at N/A yes 85.40 98.17 

6 2368.m00050 F-box domain containing protein 

tail-to-

tail CO133090_at N/A no 36.83 39.23 

6 2368.m00062 PHD-finger family protein nested TC9420_at N/A yes 29.64 33.13 

6 TC11049 N/A nested CO133044_s_at N/A no 823.83 923.74 

6 2368.m00164 GTP-binding protein YchF, putative nested CO133080_at N/A no 104.54 98.38 

6 2368.m00178 conserved hypothetical protein 

tail-to-

tail TC9758_at N/A no 47.89 54.88 

6 2368.m00208 hypothetical protein 

tail-to-

tail CO133049_at N/A yes 42.37 71.90 

6 2368.m00215 Mpv17   PMP22 family protein 

tail-to-

tail NAGAQ95TV_at N/A no 95.61 92.89 

6 2368.m00251 

S-adenosylmethionine synthetase, 

putative nested CO152065_s_at N/A no 119.35 143.84 

6 2368.m00256 V-ATPase subunit H family protein nested CO135833_at N/A no 48.62 52.93 

6 2368.m00261 hypothetical protein nested TC10568_at N/A yes 217.36 209.59 

6 2368.m00303 hypothetical protein nested CO135109_at N/A no 43.62 48.08 
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6 2368.m00306 conserved hypothetical protein nested CO141094_at N/A no 166.16 182.04 

6 2368.m00313 hypothetical protein 

tail-to-

tail CO142082_s_at N/A no 337.05 339.49 

6 2368.m00319 

Glycosyl hydrolases family 17 

protein nested CA747776_at N/A no 63.38 56.66 

6 2368.m00401 

ribosomal protein S6 containing 

protein nested CO148341_at N/A no 103.25 94.67 

6 2368.m00436 

Hypoxia induced protein conserved 

region containing protein nested CO144648_at N/A no 123.01 141.21 

6 2368.m00441 Acyl CoA binding protein nested CO146920_at N/A no 34.76 37.32 

6 2368.m00511 Fatty acid desaturase family protein 

head-to-

head CO152247_at N/A no 124.46 128.04 

6 2368.m00539 

bZIP transcription factor family 

protein nested TC10580_at N/A no 43.45 54.47 

6 2368.m00545 glyoxalase family protein nested TC10408_at N/A no 71.13 70.71 

6 2368.m00641 TspO MBR family protein nested CO133472_at N/A no 92.89 92.14 

7 2043.m00001 

FtsJ-like methyltransferase family 

protein nested NAFBI32TVB_at N/A yes 134.54 132.96 

7 2043.m00177 GPI anchored protein, putative 

tail-to-

tail CO142218_at N/A no 143.19 142.88 

7 2043.m00180 Major intrinsic protein nested CO134335_at N/A no 236.28 250.93 

7 TC8820 N/A 

tail-to-

tail CO134364_s_at N/A no 234.34 547.93 

7 2043.m00214 hypothetical protein 

sense 

nested TC8470_at N/A yes 479.10 1234.59 
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7 2043.m00265 hypothetical protein nested CO133479_at N/A no 67.17 57.45 

7 2043.m00315 hypothetical protein nested CO152571_at N/A no 57.36 58.00 

7 2043.m00494 hypothetical protein 

tail-to-

tail TC10662_at N/A no 67.94 67.04 

7 2043.m00549 hypothetical protein 

sense 

nested TC11241_s_at N/A yes 281.21 147.71 

7 2043.m00550 hypothetical protein 

tail-to-

tail TC10367_at N/A no 51.26 44.45 

7 2043.m00575 kynureninase, putative 

tail-to-

tail 

2043.m00576_s_a

t 

ER membrane 

DUF1077 domain 

protein, putative yes 718.96 836.56 

7 2043.m00604 hypothetical protein nested CO133474_at N/A no 54.56 67.70 

7 2043.m00627 hypothetical protein 

tail-to-

tail 

2043.m00626_s_a

t hypothetical protein no 427.83 463.10 

7 2043.m00671 hypothetical protein 

head-to-

head CO136071_at N/A no 34.67 51.54 

7 2043.m00704 

acetyltransferase, GNAT family 

protein 

head-to-

head CO133495_at N/A no 67.28 97.68 

7 2043.m00706 hypothetical protein 

head-to-

head CO151035_at N/A no 857.37 1126.38 

7 2043.m00707 C6 finger domain protein, putative 

head-to-

head CO145536_at N/A no 752.80 524.10 

7 2043.m00715 

cytosolic large ribosomal subunit 

protein L30, putative nested CO151145_at N/A no 50.73 69.53 
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 Table 1 (continued). 

 

7 2043.m00720 conserved hypothetical protein nested CO139513_at N/A no 69.51 82.90 

7 2043.m00777 

mall subunit of nuclear cap-binding 

protein complex, putative 

tail-to-

tail TC10273_s_at 

glutamine 

amidotransferase, SNO 

family protein no 325.64 582.95 

7 2043.m00790 

prenyl cysteine carboxyl 

methyltransferase Ste14 

tail-to-

tail 2043.m00791_at hypothetical protein no 451.80 529.30 

7 2043.m00813 hypothetical protein 

tail-to-

tail TC10267_at 

conserved hypothetical 

protein yes 148.41 138.83 

7 2043.m00828 ribosomal protein L19, putative nested 

NAFDQ51TV_x_

at N/A no 392.69 522.85 

7 2043.m00839 

GPI-anchored serine-threonine rich 

protein, putative 

tail-to-

tail CO136520_at N/A no 72.22 60.60 

7 2043.m00864 hypothetical protein nested CO146691_at N/A no 97.84 110.13 

7 2043.m00869 fimbrin, putative 

tail-to-

tail CO137778_s_at N/A no 1044.72 1406.41 

7 2043.m00870 hypothetical protein nested CO144277_s_at N/A no 75.52 80.44 

7 2043.m00872 

Eukaryotic ribosomal protein L18, 

putative 

tail-to-

tail CO143096_at 

gamma-glutamyl 

phosphate reductase, 

putative no 2021.80 1704.59 

7 CO133061 N/A nested TC11306_at N/A no 4439.98 5983.79 

7 2802.m00110 conserved hypothetical protein 

tail-to-

tail CO139039_at N/A no 55.68 61.40 

7 2802.m00103 hypothetical protein 

tail-to-

tail TC10221_at hypothetical protein yes 718.78 793.64 
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 Table 1 (continued). 

 

7 2802.m00085 hypothetical protein 

sense 

nested CO142265_at N/A no 51.29 56.85 

7 2802.m00084 

IBR domain protein, putative; 

hypothetical protein 

head-to-

head CO142265_at N/A no 74.62 82.74 

7 2802.m00070 thymidylate synthase, putative 

tail-to-

tail TC8596_at 

An1-like Zinc finger 

family protein no 20.65 23.51 

8 1739.m00156 carboxypeptidase Y, putative nested CO133094_at N/A no 121.62 146.74 

8 1739.m00198 hypothetical protein 

tail-to-

tail CA747457_at 

expressed protein-

related yes 28.17 31.78 

8 1739.m00454 NDT80_PhoG domain protein PcaG nested CO133571_at N/A no 88.10 115.28 

8 1739.m00461 

translation elongation factor EF-2 

subunit, putative nested TC10347_at N/A no 485.26 549.64 

8 1739.m00464 hypothetical protein 

tail-to-

tail 1739.m00465_at 

molecular chaperone 

Hsp70, putative yes 429.33 452.88 

8 1739.m00471 

peptidyl prolyl cis-trans isomerase 

(CypC), putative 

tail-to-

tail CO139673_s_at N/A yes 2504.58 2583.78 

8 TC9014 N/A nested CA747963_at N/A no 31.36 35.38 

8 2842.m00365 hypothetical protein 

head-to-

head NAFAX94TV_at N/A no 109.70 169.09 

8 2842.m00341 hypothetical protein 

tail-to-

tail 2842.m00342_at 

6-phosphofructokinase 

alpha subunit, putative no 3223.91 2858.78 

8 2842.m00255 hypothetical protein 

head-to-

head CO139516_at N/A yes 87.72 91.86 

8 2842.m00149 

cytochrome P450 monooxygenase 

AvnA-like, putative 

head-to-

head NAFCU63TV_at N/A yes 122.78 89.56 
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 Table 1 (continued). 

 
 

8 2842.m00019 hypothetical protein 

tail-to-

tail CO151758_at N/A no 246.33 233.04 

8 2842.m00015 hypothetical protein 

sense 

nested CO150436_at N/A no 43.01 38.22 
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Four classes of NATs were identified based on the type of overlap with the sense 

strand (Table 1.)  The tail-to-tail relationship representing 161 NATs was the most common 

followed by NATs nested within the sense (129) and a head-to-head overlap with the 

corresponding sense transcript (55).  Additionally, seven sense transcripts were nested within 

the antisense transcript.  Most of the 352 putative NATs appear to be noncoding RNAs as 

only 50 were predicted to encode a protein.  All of the putative coding NATs have a tail-to-

tail overlap with the corresponding sense transcript. 

Because of the close similarity between the genomes of A. flavus and A. oryzae, it 

was possible to construct a physical map of A. flavus based on an optical map of A. oryzae 

(Payne et al., 2006).  To determine if any genomic regions were hot spots for NAT 

expression, the 352 putative NATs were mapped onto the 16 major A. flavus scaffolds that 

make up 8 chromosomes (Figure 1). 

 

 

 

 

Figure 1. – Chromosomal location of putative A. flavus cis NATs.  Two genomic 

scaffolds represent each chromosome and are listed below each chromosome.  The putative 

telomeres are either along the y-axis or labeled as“-”. 
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The mapping showed that NATs were transcribed from nearly all regions, but the distribution 

was not uniform across the eight chromosomes (Figure 1).  As an example, there is a 

concentration of NATs transcribed from the telomeric end of scaffold 2911, which is part of 

chromosome 3.  This region contains the AF gene cluster and ten genes within the AF gene 

cluster are associated with a cis NAT.  This region appears to have a higher concentration of 

NATs than any other telomeric region in the genome.  In contrast, a large region of scaffold 

2689, which is also part of chromosome 3, appears to be void of any NAT transcription.  

Both arms of chromosome 8 showed a low density of NATs but each of the other 

chromosomes had regions with high densities.  The significance of these variations in 

distribution is not clear, but the high number of NATs in the AF gene cluster is notable, 

especially because of its location near the telomere. 

A shift from 37°C to 28°C causes significant changes in A. flavus:  Aspergillus 

flavus occurs most commonly in the subtropical to warm temperate zones, and has an 

optimum temperature for growth at 37°C (Klich, 2002).  Interestingly, AF and many other 

secondary metabolites are not produced at 37°C but at temperatures near 28°C.  To determine 

if these two ecologically important temperatures for the fungus affect the transcription of 

NATs, we examined NAT expression in the fungus growing on detached maize kernels at 

37°C or 28°C.  Maize kernels taken from the field were inoculated with A. flavus and 

incubated at 37°C for 4 days.  For the next 24 hours, half of the kernels were maintained at 

28°C and half were incubated at 37°C.  Based on previous research (Feng and Leonard, 

1998; Schindler et al., 1967; Price et al., 2005; OBrian et al., 2007), we predicted that AF 

would be produced at 28°C but not at 37°C.  As expected, the samples that remained at 37°C 

contained little to no AF while kernels incubated for 24 hours at 28°C contained high 

concentrations of AF (Table 2).  This result verified that the samples were biologically 

different, as predicted.  
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Table 2. – Aflatoxin production in the maize kernel assay.  Maize kernels were 

inoculated with A. flavus and incubated at 37°C for 4 days. For the next 24 hours the kernels 

were incubated at either 28°C or 37°C.  Aflatoxin concentrations were determined at day five 

by LC-MS analysis. 

 

Temperature Rep Aflatoxin ng/g 

28 3 7362 

28 4 6373 

28 5 6912 

37 3 25 

37 4 22 

37 5 0 

 

 

Because of the observed differences in metabolite production between 28°C and 37°C, we 

hypothesized that temperature would also affect gene transcription and possibly the 

expression of NATs.  RNA extracted from infected maize kernels inoculated at the two 

temperatures was hybridized to Affymetrix GeneChip®  microarrays containing the DNA 

elements for the predicted genes in A. flavus and the 352 NATs. 

Validation of arrays:  The perfect match probe values were analyzed without 

mismatch probe subtraction to reduce the amount of variance and inaccurate intensity values 

associated with mismatch probes (Li and Wong, 2001; Naef et al., 2002; Irizarry et al., 2003; 

Wang et al., 2007).  The data were analyzed first without normalization procedures.  

However, the box plot and parallel plot analyses indicated that there was variation between 

the three 28°C arrays (Figure 2A and 2B).  Therefore the data were normalized (Figure 2C 

and 2D) so that a more accurate comparison between the two temperatures could be made. 
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Figure 2. – Box plot and parallel plot analyses before and after normalization.  (A) 

Box plot analysis without normalization. (B) Parallel plot analysis without normalization. (C) 

Box plot analysis with normalization. (D) Parallel plot analysis with normalization. 
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D 

 

 

 

The results obtained from normalization were similar for the antisense-alone and 

sense-alone analyses (data not shown).  Based on an ANOVA analysis, changes in the 

transcription of 2709 genes were significant (p = 0.01).  Twenty-three of the 30 genes within 

the AF biosynthetic gene cluster were significantly more highly expressed at 28°C compared 

to 37°C.  Two of the genes that were not differentially expressed were aflR and aflS (aflJ), 

genes that encode transcriptional regulators of the AF biosynthetic genes (Chang et al, 1993; 

Woloshuk et al., 1994; Meyers et al., 1998).  Previous studies have shown that temperature 

does not greatly affect the transcription of these lowly expressed genes (Price et al., 2005; 

OBrian et al., 2007).  The associated differential expression of these 23 biosynthetic genes 

with AF production at 28°C is consistent with several molecular and genomic studies (Feng 

and Leonard, 1995; Liu and Chu, 1998; Price et al., 2005; OBrian et al., 2007) and supports 

the robustness of our data analysis in these experiments. 

Global changes in gene expression are seen in A. flavus due to the change in 

temperature:  The perfect match probe values for the 13,548 A. flavus elements were 

analyzed to see how the temperature shift affected transcription across the genome.  A larger 

proportion (60%) of the 2709 differentially expressed genes, identified by ANOVA analysis, 

were upregulated at 37°C than at 28°C.  Forty-five percent of the 2709 differentially 

expressed genes were able to be grouped into categories based on their homology to known 

functional proteins.  The largest changes in expression were seen in the following categories: 

transcription, posttranslational modification/protein turnover/chaperones, transcriptional 



 80 

regulators, DNA replication/recombination/repair, and carbohydrate transport/metabolism.  

All of these categories contained a greater number of genes upregulated at 37°C with the 

exception of carbohydrate transport/metabolism, which had more genes upregulated at 28°C. 

32 putative NATs are differentially expressed between 37°C and 28°C:  In 

addition to the 2709 genes that were differentially expressed between the two temperatures, 

32 of the putative NATs were also differentially expressed.  A list of the significantly 

expressed antisense transcripts sorted by the difference in LSmeans is shown in Table 3.  

Those NATs with a negative LSmeans value were more highly expressed at 37°C and those 

with a positive value were more highly expressed at 28°C.    
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 Table 3. – Differentially expressed NATs.  The table includes the raw intensity values for both temperatures, the difference in 

LSmeans, fold change, p value, type of overlap, and the sense ID and annotation.  The table is sorted by the difference in LSmeans. 

 

Antisense 

Affy ID 

Avg raw 

intensity 

28°C 

Avg raw 

intensity 

37°C 

 LS-

means 

28°C -

37°C 
Fold 

Change P value 

Type of 

overlap Sense ID 

Sense 

annotation 

TC11007_s_at 15.09 43.92 -1.45676 2.74 0.00182880 tail-to-tail 2258.m00334 

heat shock 

protein 

HSP30, 

putative 

TC10150_at 83.64 225.77 -1.24708 2.37 1.30094E-05 

tail-to-

tail/head-

to-head 

2911.m00189 

2911.m00190 

Myb-like DNA-

binding 

domain 

containing 

protein, 

Cytochrome c 

oxidase 

polypeptide 

IV, 

mitochondrial 

precursor, 

putative 

TC8470_at 479.10 1234.59 -1.19814 2.29 0.00127863 

sense 

nested 2043.m00214 hypothetical 

NAFFE74TV_at 369.70 889.24 -1.11987 2.17 0.00066391 tail-to-tail 1569.m00106 HypA-related 

CO134364_s_

at 234.34 547.93 -1.05711 2.08 0.00191993 tail-to-tail TC8820 N/A 

CO150982_s_

at 83.40 191.51 -1.04203 2.06 0.00121419 tail-to-tail CO143803 N/A 
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 Table 3 (continued). 

 
NAFBC52TV_a

t 133.50 240.18 -0.71488 1.64 0.00115609 

head-to-

head 2504.m00782 Hypothetical 

TC10273_s_at 325.64 582.95 -0.66646 1.59 0.00150260 tail-to-tail 2043.m00777 

small subunit 

of nuclear 

cap-binding 

protein 

complex, 

putative 

CO133049_at 42.37 71.90 -0.65695 1.58 0.00062730 tail-to-tail 2368.m00208 hypothetical 

CO150432_at 500.16 868.32 -0.65121 1.57 0.00035655 nested 2856.m00499 

Peptidase 

family M3 

containing 

protein 

CO146069_s_

at 491.79 836.36 -0.62251 1.54 0.00125178 tail-to-tail 2634.m00347 

phosphoserine 

phosphatase 

SerB family 

protein 

CO145861_at 49.66 80.19 -0.60787 1.52 0.00015039 

head-to-

head 1866.m00404 

possible 

epimerase, 

putative 

TC9415_at 57.07 92.84 -0.60106 1.52 0.00153904 nested 2368.m00023 

conserved 

hypothetical 

protein 
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 Table 3 (continued). 

 

CO147851_at 68.17 106.43 -0.51127 1.43 0.00140676 tail-to-tail 1918.m00325 

Fungal specific 

transcription 

factor domain 

containing 

protein 

 

CA747996_at 79.70 119.74 -0.49693 1.41 0.00254205 

head-to-

head 2911.m00797 

aflatoxin 

biosynthesis 

norsolorinic 

acid 

ketoreductase 

Nor-1 

NAGEL78TV_s

_at 892.25 1357.30 -0.46489 1.38 0.00197436 tail-to-tail 2091.m00353 

cytosolic small 

ribosomal 

subunit 

protein S12, 

putative 

TC10666_s_at 10228.52 12500.72 -0.40577 1.32 0.00046111 tail-to-tail CO137042 N/A 

TC10996_at 161.37 223.87 -0.35309 1.28 0.00087034 

head-to-

head 1569.m00026 hypothetical 

CO136252_s_

at 214.05 283.34 -0.30724 1.24 0.00261903 nested TC10627 N/A 

CO137778_s_

at 1044.72 1406.41 -0.29004 1.22 0.00046800 tail-to-tail 2043.m00869 

fimbrin, 

putative 

CO146918_at 290.18 270.08 0.21416 1.16 0.00023157 

head-to-

head 1918.m00458 

Transcription 

factor IIA, 

alpha beta 

subunit family 

protein 
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 Table 3 (continued). 

 

2091.m00389

_at 141.01 129.11 0.30268 1.23 0.00071693 tail-to-tail 2091.m00390 

CG2839-PA-

related 

CO135171_at 165.94 137.20 0.43883 1.36 0.00041174 

head-to-

head 2504.m00454 

stearic acid 

desaturase 

(SdeA), 

putative 

TC10779_at 104.15 79.14 0.51548 1.43 0.00047100 

head-to-

head 2911.m00615 hypothetical 

CO145536_at 752.80 524.10 0.66360 1.58 0.00078745 

head-to-

head 2043.m00707 

C6 finger 

domain 

protein, 

putative 

TC8579_s_at 221.98 147.72 

0.71331

1 1.64 

0.00012562

2 nested CO145483 N/A 

TC10528_s_at 446.74 281.96 

0.82314

1 1.77 

0.00018656

4 nested CO133140 N/A 

NAGFC57TV_a

t 371.28 198.84 1.00907 2.01 

0.00306648

6 nested 

2856.m00675

_at 

conserved 

hypothetical 

protein 

TC11241_s_at 281.21 147.71 1.01322 2.02 0.00218816 

sense 

nested 2043.m00549 hypothetical 

TC10310_at 161.97 75.56 1.20592 2.31 0.00334285 tail-to-tail 2911.m00776 

toxin 

biosynthesis 

protein, 

putative 

(ordB) 

TC10924_at 1088.60 490.77 1.25933 2.39 0.00292222 

sense 

nested 2091.m00356 

LOC495973 

protein-

related 
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 Table 3 (continued). 

 

NAGEH40TV_a

t 1399.30 348.39 2.17291 4.51 0.00103546 nested 2856.m00142 

Glycosyl 

hydrolase 

family 71 

protein 
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All four types of sense-antisense overlap were found in the differentially expressed NATs 

with similar frequencies as the overall population of putative NATs (Table 1).  Of the 32 

significantly different expressed antisense transcripts, six of the complementary sense 

transcripts do not encode a protein and eight are complementary to hypothetical or conserved 

hypothetical proteins.  More NATs showed higher expression at 37°C  (20 or 62.5%) than at 

28°C.  

Ten of the corresponding sense genes also show significantly different 

expression:  To further examine the relationship between sense transcripts and NATs, their 

expression relative to one another was examined at 28°C and 37°C.  An ANOVA analysis 

revealed that expression from 86 of the sense genes (Table 1) was significantly different with 

10 of these having antisense partners that also showed significantly different expression 

(Table 4).  Within these 10 sense/antisense pairs, the expression of 6 pairs changed together, 

i.e. when the antisense was more highly expressed at 28°C, the sense was also more highly 

expressed at 28°C.  The expression of the other four significantly expressed antisense/sense 

pairs was inversely correlated, i.e. when the antisense was more highly expressed at 28°C, 

the sense was more highly expressed at 37°C. 

 

 

Table 4. – Differentially expressed sense transcripts with differentially expressed 

NATs.  The difference in LSmeans, fold change and P value is listed.  The table is sorted by 

the difference in LSmeans. 

Sense ID 

Difference 

LSmeans 

28°C-37°C Fold Change P value 

2258.m00334 -1.65292 3.14 3.17607E-11 

2043.m00214 -1.37027 2.59 0.003044094 

2043.m00777 -0.57798 1.49 0.006291541 

CO143803 -0.31804 1.25 0.001836035 

2091.m00356 -0.21578 1.16 0.005492613 

2043.m00869 0.291852 1.22 0.00077354 

1569.m00026 0.616309 1.53 0.003850987 

2856.m00142 0.668893 1.59 0.009131119 

2911.m00615 0.704987 1.63 0.000606093 

2911.m00797 3.081422 8.46 0.000119895 
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The two genes with the greatest fold change are aflD (nor-1) (2911.m00797) and the gene 

encoding HSP30 (2258.m00334). 

Evidence for conservation of an antisense to a gene encoding a putative heat 

shock protein HSP30 in other Aspergillus spp.:  If A. flavus NATs were evolutionarily 

conserved, it would suggest that the antisense has a biological function.  The 33 genes with 

NATs that showed significantly different temperature-related expression levels were 

analyzed in Aspergillus oryzae and Aspergillus nidulans to see if the NATs were conserved.  

There is evidence that two NATs may be conserved in A. oryzae based on EST data: 

CO146069 and TC11007.  These NATs correspond to 2634.m00347, encoding a 

phosphoserine phosphatase SerB family protein and 2258.m00334, encoding a putative heat 

shock protein HSP30.  A higher proportion of genes with putative NATs in A. flavus retain 

their NATs in A. nidulans compared to A. oryzae.  Genes with corresponding antisense 

transcripts in A. nidulans include homologs for 2043.m00777, encoding the small subunit of 

nuclear cap-binding protein complex, 2091.m00390, encoding a CG2839-PA-related protein, 

2504.m00454, encoding a stearic acid desaturase (SdeA), 2258.m00334, encoding a putative 

heat shock protein HSP30, and 2043.m00549, encoding a hypothetical protein.  However, 

although some of the same genes have predicted antisense transcripts in both A. flavus and A. 

nidulans, the putative NATs are not always in the same orientation.  The NAT with the best 

evidence for being evolutionarily conserved is TC11007, which represents ESTs CO135660, 

CO137970, and CO138229, and is associated with HSP30 (Figure 3).  The HSP30 homolog 

in A. oryzae has 100% identity and the homolog in A. nidulans has 63% identity to A. flavus 

HSP30. 
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Figure 3. – Possible conservation of a NAT in A. oryzae and A. nidulans.  (A) Gene 

for the putative heat shock protein HSP30, 2258.m00334, in A. flavus.  The TIGR gene 

prediction is in black and ESTs are in gray. (B) The homolog in A. oryzae, 20205.m00554.  

The gene prediction is shown in purple and the ESTs are in green with the putative NAT 

highlighted in yellow.  (C) The homolog in A. nidulans, AN2530.3.  The gene prediction is in 

blue and the ESTs are in orange. 

 

 

DISCUSSION 

 

An available genome sequence for A. flavus has opened many doors for further 

research on this economically important fungus.  The genomic sequence, along with an 



 89 

extensive EST database, has enabled us to create A. flavus Affymetrix GeneChip® 

microarrays for more sophisticated gene expression studies on much higher numbers of 

genes.  Previous large-scale gene expression studies in A. flavus utilized cDNA array 

technology, which spots small amounts of DNA onto a grid.  The double stranded DNA 

target precludes attempts to discriminate between sense and antisense transcripts.  Affymetrix 

technology, on the other hand, can differentiate between sense and antisense transcripts 

because it uses photolithography coupled with in vitro DNA synthesis to simultaneously 

synthesize thousands of single-stranded 25 nt oligonucleotides according to predetermined 

template instructions (http://www.affymetrix.com/technology/manufacturing/index.affx). 

GeneChip® microarrays have been designed for other organisms with sequenced genomes 

and have been used to study NAT expression in many of these organisms (Yelin et al., 2003; 

Chen et al., 2004; Gyorffy et al., 2006; Henz et al., 2007; Oeder et al., 2007).  The design of 

the A. flavus GeneChip® specifically incorporated information from predicted NATs in order 

to study their expression.  To our knowledge, this is the first report of a genome-wide NAT 

expression study in fungi comparing two environmental conditions.  

Compared to other fungi, Aspergillus flavus has a relatively high optimum 

temperature for growth.  The ability to optimally grow at 37ºC allows it to out compete many 

plant pathogens during hot weather and gives it an advantage in its pathogenicity on animals 

and humans.  Aspergillus flavus is an aggressive pathogen of immunocompromised patients 

and the second leading cause of aspergillosis (Stevens et al., 2000).  Interestingly, the fungus 

is also of economic concern because it contaminates food and feed with the potent 

carcinogen AF, which is optimally produced at 28°C.  For these reasons the two temperatures 

of 28°C and 37ºC were chosen to study the expression of NATs.  To eliminate any bias that 

may result from the selection of an artificial medium, we chose a natural substrate, maize 

kernels, for these studies.  

The change in temperature imposed in this study lead to the differential expression of 

2709 of the 13,548 genes represented on the Affymetrix GeneChip® microarray.  This 

represents a change in expression of approximately 20% of the fungal genes.  Several of 

these genes had corresponding NATs and are associated with diverse genetic and metabolic 

functions.  Four genes coded for different types of transcription factors, including a myb-like 
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DNA-binding domain containing protein and a putative C6 finger domain protein.  Three of 

the genes encode proteins associated with carbohydrate processing or binding: a CG2839-

PA-related protein, involved in sugar binding in Drosophila melanogaster (FlyBase, 

http://flybase.bio.indiana.edu/), a putative epimerase protein, predicted to be involved in 

nucleotide-sugar metabolism, and a glycosyl hydrolase family 71 protein, an !-1,3-

glucanases that hydrolyses the glycosidic bond between two or more carbohydrates 

(Takehara et al., 1981). 

 Of the 4 types of overlap categories for sense and antisense pairs, the tail-to-tail group 

contained the largest number of NATs (46%).  The majority of studies of cis NATs in other 

genomes have also reported the tail-to-tail orientation to be the most prevalent (Misra et al., 

2002, Osato et al., 2003; Chen et al., 2004; Wang et al., 2005; David et al., 2006; Sun et al., 

2006).  Interestingly, all of the NATs with predicted coding capability overlapped in a tail-to-

tail orientation with the corresponding sense transcript.  This type of arrangement, in which 

3’UTR regions overlap, has the potential to create alternative polyadenylation sites and 

therefore transcript variants (Lapidot and Pilpel, 2006).  The tail-to-tail orientation can also 

help to keep the sense and antisense pair together as a unit.  In a synteny study comparing 

Homo sapiens to Fugu, it was demonstrated that gene pairs with overlapping 3’UTR regions 

in H. sapiens were more likely to remain together in Fugu than pairs of genes with no 

overlap (Dahary et al., 2005).  A similar experiment could be performed using the tail-to-tail 

NATs identified in this study.  This group of NATs is also the most attractive for gene 

replacement experiments because the promoter and the majority of the transcript can be 

altered or eliminated without removing any of the corresponding sense genes.  These kinds of 

experiments are critical for understanding the function of NATs. 

 Some chromosomes had higher densities of NATs than others.  Although 

chromosome 7 and 8 are roughly the same size, the density of NATs was much higher on 

chromosome 7 than chromosome 8.  Even the majority of chromosome 2, which is 

approximately twice as long as chromosome 8, had high densities of NATs.  In general, 

regions near the putative centromeres had high densities of NATs while telomeric regions 

had few associated NATs.  The one exception to this generalization is the telomeric region 

containing the AF gene cluster, at the end of scaffold 2911, chromosome three.  The unequal 
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distribution of NATs could reflect an uneven density of genes.  Telomeric regions are 

typically less transcriptionally active than other parts of the chromosome (Hansen et al., 

2005), which could help to explain the low concentration of NATs at the telomeric ends of 

most of the scaffolds.  However, until more landmarks are added to the chromosomes, such 

as gene density, siRNA density, heterochromatin boundaries, and methylated DNA regions, 

it is not possible to understand why NAT density varies.  Because the distribution of NATS 

in some regions does appear to be non-random, it will be interesting to determine whether 

NATs in A flavus correlate with tight gene regulation or chromatin structure or even both. 

The NAT with the highest fold change in expression between 28ºC and 37°C was 

complementary to a glycosyl hydrolase family 71 protein.  At 37°C, !-1,3-glucans increase 

in the cell wall in many dimorphic fungi, such as Blastomyces dermatitidis, Histoplasma 

capsulatum, and Paracoccidioides brasiliensis, and are involved in virulence to humans 

(San-Blas and San-Blas, 1984; Hogan and Klein, 1994; Rappleye et al., 2004).  These 

dimorphic fungi are known to switch from a nonpathogenic filamentous form to a pathogenic 

yeast form when temperature is increased from 28ºC to 37ºC (Medoff et al., 1987; Ghormade 

and Deshpande, 2000; Canovas and Andrianopoulos, 2006).  However in this study, the NAT 

corresponding to a homologous gene in A. flavus showed increased expression at 28ºC 

compared to 37°C.  Nevertheless, the glycosyl hydrolase gene did not have elevated 

transcription at 37ºC, which was seen in the dimorphic fungi, and instead had higher levels of 

expression at 28ºC and was directly correlated with NAT expression.  The NAT is nested 

within the gene encoding glycosyl hydrolase family 71 protein and therefore it would be 

difficult to delete the NAT for functional studies without affecting the function of the sense 

transcript. 

 In addition to the glycosyl hydrolase family 71 protein, other genes with differentially 

expressed NATs belong to protein families that have been shown to be required for proper 

morphogenesis and are affected by temperature.  The HypA protein has been characterized in 

A. nidulans and is known to promote hyphal tip growth while restraining growth of basal 

cells (Kaminskyj and Hamer, 1998; Momany et al., 1999; Kaminskyj, 2000).  At 28ºC, the 

phenotype of hypA mutants is similar to wild-type but as temperatures increase towards 42ºC, 

the mutants have restricted growth and wider hyphae, due to a lack of proper polarized 
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growth and a reduction in actin and cytoplasmic microtubules (Harris et al., 1999; Momany 

et al., 1999; Shi et al., 2004).  The hypA mutants also have inefficient secretion at higher 

temperatures (Shi et al., 2003).  Therefore, in wild type A. nidulans, hypA is required for 

polarized growth and secretion at higher temperatures.  The antisense to the HypA-related 

protein in this study had higher expression at 37ºC whereas the sense was not differentially 

expressed. 

Another gene with a differentially expressed NAT identified in this study encodes 

fimbrin, which is also associated with morphological changes.   Studies in Saccharomyces 

cerevisiae have shown that fimbrin binds to and bundles actin filaments (Bretscher, 1981; 

Adams et al., 1991).  The gene that encodes fimbrin in S. cerevisiae, sac6, is required for 

proper growth at 36ºC but not at 25ºC (Goodman et al., 2003).  Because Sac6 localizes to 

cortical actin patches, deletion of the gene results in unorganized and reduced polarized 

growth at 36°C (Drubin et al., 1988; Adams et al., 1991; Kubler and Riezman, 1993).  The 

cytoskeleton is also important for polarized hyphal growth and morphology in filamentous 

fungi (for review see Harris, 2006).  In this study, the 2043.m00869 gene encoding fimbrin is 

significantly more highly expressed at 28ºC, whereas the corresponding NAT is more highly 

expressed at 37ºC.  It is possible that fimbrin is needed at different temperatures in A. flavus 

compared to yeast because unlike yeast, A. flavus has a high optimum growth temperature of 

37ºC.  Because of the tail-to-tail overlap, the fimbrin NAT could be knocked out for further 

investigation.   

The final sense gene belonging to a family with temperature sensitive morphological 

roles encodes a putative stearic acid desaturase (SdeA).  Stearic acid desaturases function to 

convert stearic acid, an unsaturated fatty acid, to oleic acid.  Studies in Aspergillus have 

demonstrated that unsaturated fatty acids and their derivates are essential for the production 

of multicellular developmental structures such as conidiophores, cleistothecia, and sclerotia 

(Calvo et al., 1999).  Wilson et al. (2004) have demonstrated that sdeA mutants in A. 

nidulans have decreased fatty acid production, impaired radial growth, and defective 

conidiation and ascospore formation at both 22ºC and 37ºC.  Mutants in a closely related 

gene sdeB have similar phenotypes but only at the lower temperature (Wilson et al., 2004).  

This suggests that only SdeA is required at 37ºC.  The NAT that is complementary to the 
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SdeA homolog in A. flavus is upregulated at 28ºC, while the sdeA gene itself is not 

differentially expressed.  It is possible that lower expression levels of the NAT at 37ºC 

allows for more SdeA translation at 37ºC.  The higher expression of the NAT at 28ºC may 

decrease the level of SdeA protein via RNA masking because SdeB is also required at lower 

temperatures. 

Interestingly, two genes within the AF gene cluster are associated with antisense 

transcripts that show significantly different expression at different temperatures.  The 

TC10310 antisense transcript, which is cis to the aflW (moxY) gene, is more highly expressed 

at 28°C than at 37°C.  The aflW (moxY) gene encodes a hydroxyversicolorone 

monooxygenase, which is involved in catalyzing a reaction from hydroxyversicolorone to 

versiconal hemiacetal acetate, an intermediate step in AF biosynthesis (Wen et al., 2005).  It 

is therefore logical that the aflW (moxY) transcript is upregulated at 28ºC.  EST evidence 

demonstrated that the 3’UTR of aflW (moxY) overlaps with the 3’UTR and a portion of the 

coding region of aflX (ordB), which has been characterized as a gene, not a NAT.  The aflX 

(ordB) gene is also involved in AF biosynthesis and is therefore more highly expressed at 

28ºC (Cary et al., 2006).  The role of this tail-to-tail overlap is currently unclear.  The overlap 

has not kept the aflW and aflX genes together in other Aspergillus spp. and they are separated 

by at least five other genes in A. nidulans (Carbone et al., 2007).  Again, the tail-to-tail 

overlap means that deletion/replacement studies can be done.  According to the 

transcriptional interference model, accumulation of aflX and/or aflW transcripts should 

increase if the genes are separated. 

One of the most exciting findings in this study was the significantly different 

expression of a cis aflD (nor-1) NAT.  This NAT is upregulated at 37°C and is the first 

example of a transcript within the AF gene cluster that shows higher expression at a 

nonconducive temperature.  Lapidot and Pilpel (2006) suggest that when an antisense is 

expressed and the rest of the genes in the surrounding cluster are not, that the antisense may 

be involved in silencing the cluster via chromatin remodeling.  It is thought that this kind of  

silencing is achieved by recruitment of histone-modifying enzymes.  Interestingly, when 

laeA, a gene encoding a putative histone methyltransferase, is deleted in A. nidulans, there is 

a shift in the nucleosome positioning for genes stcC, stcD, and stcE (the aflD/nor-1 homolog) 
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(N. P. Keller, unpublished data).  It is possible that the nor-1 NAT may be involved in or a 

result of chromatin remodeling of the AF gene cluster during nonconducive conditions.  

Unfortunately, because the nor-1 NAT has a head-to-head overlap with nor-1, it would be 

difficult to knock out.  If the transcriptional start site was identified and mutated in such a 

way that it did not affect the coding capacity of nor-1, it would be possible to eliminate or 

greatly reduce NAT transcription.  However, it would also be of interest to see if the nor-1 

NAT was upregulated during growth at other nonconducive conditions such as on media with 

high pH 8, complex carbons such as lactose, and inorganic sources of nitrogen. 

 Finally, this study has revealed putative evidence for conservation of the NAT 

corresponding to the gene encoding the heat shock protein HSP30 in different Aspergillus 

species.  Deletions of Hsp30 in Neurospora crassa result in strains that can survive heat 

stress of 45ºC but are impaired when both heat stress and carbohydrate stress are combined 

(Plesofsky and Brambl, 1999).  In this study, both the NAT and the cis-encoded gene were 

upregulated at 37ºC.  It would be of interest to study this antisense/sense pair at higher 

temperatures.  If the antisense transcript were required to keep transcription of the sense “in-

check”, at 45ºC the expression level of the NAT would be predicted to decrease at 45°C to 

allow for more production of the HSP30 protein.  Because this pair has a tail-to-tail overlap 

and the fact that they appear to be conserved within Aspergillus, it would be worthwhile to 

explore their relationship further using knockout studies.   
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ABSTRACT 

 

Aflatoxins are toxic secondary metabolites produced by a 70 kb cluster of genes in 

Aspergillus flavus.  The cluster genes are coordinately regulated and reside as a single copy 

within the genome.  Diploids between a wild-type strain and a mutant (649) lacking the 

aflatoxin gene cluster fail to produce aflatoxin or transcripts of the aflatoxin pathway genes.  

This dominant phenotype is rescued in diploids between a wild-type strain and a 

transformant of the mutant containing an ectopic copy of aflR, the transcriptional regulator of 

the aflatoxin biosynthetic gene cluster.  Further characterization of the mutant showed that it 

is missing 317 kb of chromosome III, including the known genes for aflatoxin biosynthesis.  

In addition, 939 kb of chromosome II is present as a duplication on chromosome III in the 

region previously containing the aflatoxin gene cluster.  The lack of aflatoxin production in 

the diploid was not due to a unique or a mis-expressed repressor of aflR.  Instead a form of 

reversible silencing based on the position of aflR is likely preventing the aflatoxin genes from 

being expressed in 649 x wild-type diploids.  Gene expression analysis revealed the silencing 

effect is specific to the aflatoxin gene cluster.   

 

INTRODUCTION 

 

Aspergillus flavus is an asexual filamentous fungus with one of the best-characterized 

pathways of secondary metabolism in fungi.  This pathway, resulting in the production of the 

carcinogenic polyketide aflatoxin, has been studied extensively through the use of genetic 

analysis and chemistry (Bennet and Klich, 2003; Yu et al., 2004; Keller et al., 2005; Yu et 

al., 2005).  Genetic analysis of aflatoxin biosynthesis was pioneered by K.E. Papa, who 

generated a large collection of mutants by UV and chemical methods using a single isolate 

from pecan (PC-7) (Leaich and Papa, 1974; Papa, 1979; Papa, 1984).  Papa described the 

parasexual cycle in A. flavus in 1973, a genetic event originally discovered by Pontecorvo 

and Roper (1952) in Aspergillus nidulans.  Parasexual crosses involve the pairing of two 

haploid strains to form a synthetic or somatic diploid.  Through this cycle, mutations can be 

assessed for dominance and loci can be mapped as linkage groups.  Papa performed 

parasexual crosses between wild-type PC-7 and mutant strains derived from PC-7, and was 
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able to assign 36 loci to 8 linkage groups (Papa, 1973; Papa, 1979; Papa, 1980; Papa, 1982; 

Papa, 1986). The loci included genes for spore color, nutrient utilization, and aflatoxin 

biosynthesis.  

Most of the mutations for aflatoxin biosynthesis mapped to genes in linkage group 

VII, which we now know represents chromosome III (www.aspergillusflavus.org).  The 

functions of most of the genes required for aflatoxin production have been identified by 

genetic complementation (Chang et al., 1992; Skory et al., 1992; Payne et al., 1993; Yu et 

al., 1993; Chang et al., 1995; Mahanti et al., 1996; McGuire et al., 1996; Silva and 

Townsend, 1997; Silva et al., 1996; Kelkar et al., 1997; Yu et al., 1997; Meyers et al., 1998; 

Yu et al., 1998; Motomura et al., 1999; Chang et al., 2000; Yu et al., 2000; Yu et al., 2003).  

One mutation however has remained uncharacterized.  This mutation, identified in strain 649 

as afl-1 by Papa, has continued to intrigue aflatoxin researchers because it remains the only 

dominant mutation known for aflatoxin biosynthesis.  When strain 649 was paired with 

several wild-type strains, aflatoxin levels were reduced by an average of 87% in the diploids 

(Papa, 1980).  More recently, a molecular characterization of strain 649 revealed a deletion 

of the entire aflatoxin biosynthetic gene cluster (Woloshuk et al., 1995; Prieto et al., 1996).  

CHEF gel analysis also indicated that strain 649 contains additional DNA as a result from a 

possible rearrangement during the original mutagenesis of PC-7 (Woloshuk et al., 1995).  

Furthermore, expression of genes that are involved in aflatoxin biosynthesis are repressed in 

diploids derived from 649 (Woloshuk et al., 1995). 

While these studies provided evidence as to why strain 649 does not make aflatoxin, 

they did not explain why diploids made between 649 and 86 (wild-type for aflatoxin 

production) did not produce significant amounts of aflatoxin.  Papa (1980) entertained the 

idea that a mutation in 649 enabled the strain to degrade aflatoxin, but this was disproved.  

Two other hypotheses were suggested by Woloshuk et al. (1995).  One hypothesis states that 

a repressor of aflatoxin gene expression is produced by strain 649.  The repressor would 

likely affect aflR, which is the transcriptional regulator of the aflatoxin biosynthetic genes.  

Diploids derived from a wild-type strain and transformants of 649 that contain multiple-copy 

insertions of aflR produce wild-type levels of aflatoxin, suggesting that more copies of aflR 

can suppress the effects of this hypothetical repressor.  The second hypothesis of Woloshuk 

et al. (1995) suggests that a trans-sensing mechanism may be responsible for the lack of 
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aflatoxin production in 649 derived diploids.  Trans-sensing, which was identified in 

Drosophila melanogaster and referred to as transvection, results in changes in gene 

expression when alleles are unpaired as a result of genomic translocations (Tartof and 

Henikoff, 1991).  This process has also been shown to be responsible for an ascus-dominant 

mutation in Neurospora crassa (Aramayo and Metzenberg, 1996).  

Without the complete characterization of the mutation in 649, it has been difficult to 

explain the dominant effect of afl-1.  New approaches for addressing this question are now 

possible as the whole genome sequence of A. flavus is available (www.aspergillusflavus.org).   

The high degree of correspondence between A. flavus and Aspergillus oryzae, which has 

chromosome structure based on an optical map, also provides a physical map of A. flavus 

(Payne et al., 2006).  These resources allowed us to determine the size of the deletion in 649 

and to determine if other rearrangements occurred in the genome.  We were able to analyze 

transcription of genes adjacent to the aflatoxin gene cluster that were also single copy in the 

649 x 86 diploid.  Here we also show evidence that the ectopic insertion of a single copy of 

aflR into the genome of strain 649 activates transcription of the aflatoxin pathway genes and 

alleviates the repression of aflatoxin biosynthesis in diploids.  Our results show that silencing 

was restricted to the aflatoxin gene cluster in 649 x wild-type diploids.  The results of this 

study provide a better understanding of the molecular genetics surrounding the novel 

phenotype of a secondary metabolite pathway in an asexual fungus.   

 

MATERIALS AND METHODS 

Fungal strains: A. flavus strains 649 (tan leu-7 afl-1) and 86 (whi arg-7) were 

obtained from USDA National Center for Agricultural Utilization Research Peoria, IL. Strain 

649 WAF2 (tan leu-7 afl-1 pyr), referred to as 649 pyr, was backcrossed twice to strain 86 

(Prieto et al., 1996).  Strain 29-10D (whi arg-7 pyr) referred to as 86 pyr is a UV 

mutagenized strain of 86 (Meyers et al., 1998).  The wild-type strain NRRL 3357 was 

obtained from the National Center for Agricultural Utilization Research in Peoria, IL.  

Diploid 86 x 649 was previously described (Woloshuk et al., 1995). 3357 is the sequenced 

strain of A. flavus and it is not derived from PC-7.  Cultures were maintained on potato 

dextrose agar (PDA) and when needed 10 mM uracil was added to the medium. Cultures 

were incubated at 37˚. 
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Fungal growth conditions: 400ml mother cultures containing A&M medium and 

0.4% agar were inoculated with 1x10^6 conidia/ml of 649 x 86 and 86.  After 16 hours of 

growth at 28°, 20ml of the mother cultures were used to seed 200ml daughter cultures.  The 

daughter cultures were grown at 28° for 24 hours.  The tissue was harvested and lyophilized. 

RNA isolation and cDNA synthesis: RNA was extracted using the RNeasy Plant 

Mini Kit by Qiagen.  The samples were DNase treated using the RNase-Free DNase set by 

Qiagen.  1µg of RNA was used for reverse transcriptase reactions using Stratascript Reverse 

Transcriptase by Stratagene.  

DNA isolation and analysis: Genomic DNA was isolated from fungal cultures 

grown as previously described (Flaherty et al., 1995). Southern analysis was performed as 

previously described (Woloshuk et al., 1989). DNA probes were 
32

P-labelled with Prime-It II 

random primer labeling kit (Stratagene). The Universal Genome Walker Kit by Clontech was 

used to identify the break point and the addition in strain 649.  PCR products were visualized 

on 1% agarose gels stained with ethidium bromide.  Secondary Genome Walker PCR 

products were gel extracted using the QIAquick Gel Extraction Kit by Qiagen.  Gel purified 

products were cloned into a plasmid using the TOPO TA cloning kit by Invitrogen.  Plasmid 

and cosmid DNA from E. coli were isolated following the protocol described by Sambrook 

and Russell (2001).  Plasmid DNA from E. coli was isolated using the Wizard Midi Prep kit 

by Promega.  Sequencing was performed on both DNA strands at the DNA Sequencing 

Facilities at Purdue University, Ohio State University, and Iowa State University.  DNA 

sequences were analyzed with the MacDNAsis program (Hitachi Software Engineering Co., 

San Bruno, CA) and Vector NTI software (Invitrogen).  The blastn program from the A. 

flavus BLAST server (www.aspergillusflavus.org) was used to identify the genomic location 

of DNA sequences.  Correspondence between the A. flavus and A. oryzae chromosomes was 

determined by blastn processing of the two genomes as performed by the HPC 

GridRdbBlast.pl program with the complexity filtering turned off (D.E. Brown, unpublished 

data).  The resulting relational database was processed with the GenomicDNAmappingV2.pl 

program (D.E. Brown, unpublished data).  Genes were predicted using the TIGR gene 

models associated with the genome browser www.aspergillusflavus.org. 

PCR Reactions: Primers were designed using Primer3 from the Whitehead Institute 

for Biomedical Research (Rozen and Skaletsky 2000) and the genomic sequence of A. flavus 
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strain NRRL 3357 (www.aspergillusflavus.org).  The Advantage Genomic Polymerase Mix 

by Clontech was used in Genome Walker PCR reactions.  The sequences of all primers used 

in this study are listed in Table 1 and supplemental Table S1 at 

http://www.genetics.org/supplemental/.   

 

 

Table 1. –  Primer sequences used in this study. 

 

Primer Name Primer Sequence 

GSP1-649 GTACATGTAATAGGTGCGTTTCCTAGA 

GSP2-649 CCATTAGTCCCCAGTATAGCTTTTATC 

5'add649 TAAGCAGGACGCAGTGTGAC 

3'nat&add GTTGGAGGCTGTTTGTTGGT 

5'nat649 GGAGCTGGTTCAGAGACTGG 

5’gpdA TCTGTTGTCGACCTCACCTG 

3’gpdA GTCAATTTCAAGGGGTGGTG 

5’aflD GCACTAACCGTCGCTGAAG 

3’aflD CGTGAGCCATTTGTTCTCAA 

5’27TV TTGGGGATTGTCCTGAATGT 

3’27TV GCCCCGAGTAAATCCTCCTA 

5’nest27TV CCTTCAACAGTCTGGTCTCC 

3’nest27TV AAACGAGCGAGAAGACATTC 

5’16TV CCCTCTGATTTGGCATCGTA 

3’16TV GTGGCCATCACGACACATAG 

5’nest16TV CGAGCCACAGATCTATTTCC 

3’nest16TV GAAAGCTTCGAAGGTATGGA 

5’laeA ATGGGGTGTGGAAGTGTGAT 

3’laeA GCAACCTTTCTTTCGTGCTC 

 

 

Transformation of A. flavus: A reporter cassette in pGAP13 (Flaherty et al., 1995) 

containing the promoter of aflM (ver-1) fused to the beta-glucuronidase (GUS) gene (uidA) 

from E. coli (Jefferson et al., 1987) was inserted into the SspI site in pGAP3BB-pAF (Payne 
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et al., 1993; Woloshuk et al., 1994).  This plasmid also contains aflR from A. flavus and pyr-

4 from Neurospora crassa, each driven by its native promoter.  The resulting vector, WE64 

(Figure 3A), was linearized by ScaI prior to transformation into strain 649 pyr by the method 

of Woloshuk et al. (1989).   Genomic DNA (5 !g) was screened by dot-blot analysis to 

identify transformants containing low copy numbers of WE64 (Sambrook and Russell, 

2001).  Dot blots were probed with radiolabeled aflR and amy1, the single copy !-amylase 

gene (Fakhoury and Woloshuk, 1999).  Copy numbers of aflR were determined by Southern 

analysis with PstI digested genomic DNA and an aflR probe (Sambrook and Russell, 2001). 

Aflatoxin analysis: Aflatoxin production on coconut agar medium was detectable as 

blue fluorescence around the fungal colony when observed under UV irradiation (Davis et 

al., 1987). Aflatoxin was extracted from the culture medium by soaking ten mycelial plugs 

(0.6 mm diameter) overnight in 5 ml of chloroform.  Extracts were spotted onto thin-layer 

chromatography (TLC) plates (K5 silica gel; Whatman, Clifton, NJ), and the plates were 

developed in ether/methanol/water (96:3:1).   Aflatoxin B1 was visualized under UV and 

compared to an aflatoxin standard provided by Sigma.  

Histochemical analysis: Histochemical staining for GUS activity was performed as 

described by Jefferson et al. (1987). Fungal tissue was immersed into a histochemical 

substrate solution containing 1 mM 5-bromo-4-chloro-3-indoly "–D- glucuronic acid, 50mM 

phosphate, pH 7.0, 10 mM EDTA, 0.1 % Triton X-100, 0.1% sodium lauryl sarcosine and 10 

mM "–mercaptoethanol and incubated at 37°.  GUS expression in fungal tissue resulted in 

the production of a blue product.  Tissue from a non-transformed strain of A. flavus was used 

as a control. 

Parasexual mating: Diploids were formed between transformant T25, containing a 

single ectopic copy of aflR, and strain 86 by the method described previously (Papa, 1973; 

Woloshuk et al., 1989). Stable diploids were prototrophs with green conidial heads. 

Haploidization of diploids was induced by the addition of 1!g/ml of benomyl to the growth 

medium (Woloshuk et al., 1989).  Both parental phenotypes were recovered from the 

resulting haploid sectors. 
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RESULTS 

 

Identifying the extent of the deletion in strain 649: Utilizing the parasexual cycle 

in A. flavus, Papa mapped the relative position of several loci on linkage group VII, including 

the loci arg-7 and leu-7 as well as nor, afl-1, afl-15, and afl-17, which are defective in 

aflatoxin biosynthesis.  We were able to locate three of the loci on linkage group VII to 

chromosome III using the newly available genome sequence of A. flavus (Figure 1A).  The 

nor-1 locus, which was identified because of a mutation in aflD (nor-1) within the aflatoxin 

gene cluster, is approximately 101 kb away from the telomeric end of scaffold 

1047283863273.  This scaffold together with scaffold 1047283863270 represents 

chromosome III.  Cosmid 1911-A was shown to complement the arg-7 mutation in strain 796 

(ATCC 60042) (Bennett and Papa, 1988; Foutz et al., 1995).  The genomic position of arg-7 

was located on scaffold 1047283863273 approximately 1Mb away from the aflatoxin gene 

cluster.  Cosmid 1812-B was found to complement the leu-7 mutation in strain 650 (ATCC 

62633) (Papa, 1979; Foutz et al., 1995) and was used as a probe on chromosome blots (Foutz 

et al., 1995; Woloshuk et al., 1995).  The genomic position of leu-7 was located on scaffold 

1047283863273 and is approximately 1352 kb away from the aflatoxin gene cluster.  The 

arg-7 and leu-7 gene order differs from Papa’s findings (1984), but it is possible that 

rearrangements may have occurred in either NRRL 3357 (sequenced strain) or PC-7 (strain 

Papa worked with) to alter the gene order. 

Papa showed that the afl-1 locus in strain 649 was closely linked to the nor locus.  

Subsequent studies by Woloshuk et al. (1995) and Prieto et al. (1996) showed that strain 649 

had a large deletion that included the entire aflatoxin biosynthetic gene cluster. Previously we 

attempted to locate the break in the genome of strain 649 by the amplified fragment length 

polymorphism technique, in which AFLP#12 was identified 

(5’CAAATCGAATCAAATCCAACRGCCCTCAGAGTAATCGACGTAATCTGCAGCC

MTCTCGAAAATCATTCGGATCGTGCCATATATTGCGCCAGTACTTTTC3’) (M. 

RAMESH, G.-H. HUH, and C. P. WOLOSHUK, unpublished data). This marker was located 

83 kb upstream of the aflatoxin gene cluster and is also included in the deleted region of 

strain 649 (Figure 1A).  Therefore the deletion break point must be between arg-7 and 

AFLP#12, which is a 917 kb region.  To identify the break point, a series of PCR primers 
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were designed using the available genomic sequence of strain 3357.  Even though 649 is 

derived from PC-7 and not 3357, these primers were used to amplify segments within the 917 

kb region between arg-7 and AFLP#12 from strain 649.  The final round of PCR indicated 

that the break point was within a 3.3 kb region. To identify the exact break point, specific 

primers were designed within the 3.3 kb region to amplify a product from the Genome 

Walker libraries for both NRRL 3357 wild-type and strain 649.  Sequence analysis of the 

PCR product from the wild-type library indicated an alignment with scaffold 

1047283863273; the point in which this alignment ends indicates the break point and the end 

of the deletion in strain 649 (Figure 1B). To determine if the deletion in strain 649 extended 

to the telomeric end of scaffold 1047283863273, PCR primers AAU1F and AAU1R were 

designed to amplify a region that is approximately 2kb away from the end of the scaffold.  

The primers amplified a product of predicted size from wild-type (NRRL 3357) genomic 

DNA (Figure 1C).  No product was obtained with 649 genomic DNA, indicating that the 

deletion in strain 649 extends from the aflatoxin gene cluster to the telomere.   
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Figure 1.- Identification and characterization of the deletion in strain 649.  A) 
Schematic of linkage group VII located on chromosome III in the wild-type strain NRRL 

3357. B) The exact break point is determined.  A region of sequence obtained using Genome 

Walker is shown.  Horizontal lines represent the region of 649 DNA that aligns with 

chromosome III in NRRL 3357.  The arrow indicates where the 649 DNA no longer aligns 
with chromosome III and begins to align with chromosome II in NRRL 3357. C) The region 

of DNA near the telomere of chromosome III has been deleted in strain 649.  PCR primers 
AAU1F and AAU1R amplify a region that is ~2 kb away from the end of the 

1047283863273 scaffold. These primers amplify a 936 bp product from wild-type 86 
genomic DNA.  Ethidium bromide-stained agarose gel [1% w/v] is shown.  The 1kb ladder 

from Promega was used as a size standard. 
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Based on these analyses, the deletion in strain 649 appears to encompass a 317 kb region.  

Within this region there are a total of 114 predicted genes.  A list of these deleted genes can 

be found in Table 2. 

 

 

 Table 2. – Deleted genes in strain 649. 

 

Protein ID TIGR Gene Prediction 

2911.m00707 Cytochrome P450 family protein 

2911.m00708 Fungal specific transcription factor domain containing protein   

2911.m00709 glnA4-related 

2911.m00710 Glutamine synthetase, catalytic domain containing protein 

2911.m00711 Hypothetical protein 

2911.m00712 Hypothetical protein 

2911.m00713 Hypothetical protein 

2911.m00714 Hypothetical protein 

2911.m00715 Hypothetical protein 

2911.m00716 Emopamil binding protein 

2911.m00717 alkaline serine protease AorO, putative 

2911.m00718 G protein-coupled receptor alpha-related 

2911.m00719 cysteine-type peptidase,  ,putative 

2911.m00720 enoyl-CoA hydratase/isomerase family protein 

2911.m00721 Hypothetical protein 

2911.m00722 Hypothetical protein 

2911.m00723 Major Facilitator Superfamily protein 

2911.m00724 Amino acid permease family protein 

2911.m00725 Hypothetical protein 

2911.m00726 Hypothetical protein 

2911.m00727 MIP family channel proteins containing protein 

2911.m00728 FAD dependent oxidoreductase family protein 

2911.m00729 Hypothetical protein 

2911.m00730 Hypothetical protein 
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 Table 2 (continued). 
 
2911.m00731 Amino acid permease family protein 

2911.m00732 AMP-binding enzyme family protein 

2911.m00733 GMC oxidoreductase family protein 

2911.m00734 Hydantoinase/oxoprolinase N-terminal region family protein   

2911.m00735 Thioredoxin family protein 

2911.m00736 permease, cytosine/purines, uracil, thiamine, allantoin family protein   

2911.m00737 C6 transcription factor, putative 

2911.m00738 Sterigmatocystin biosynthesis peroxidase stcC precursor-related   

2911.m00739 hypothetical protein 

2911.m00740 hypothetical protein 

2911.m00741 hypothetical protein 

2911.m00742 hypothetical protein 

2911.m00743 hypothetical protein 

2911.m00744 sugar transporter,  ,putative 

2911.m00745 Glycosyl hydrolases family 16 protein 

2911.m00746 conserved hypothetical protein 

2911.m00747 Protein kinase domain containing protein 

2911.m00748 hypothetical protein 

2911.m00749 Major Facilitator Superfamily protein 

2911.m00750 metallo-beta-lactamase superfamily protein 

2911.m00751 Flavin-binding monooxygenase-like family protein 

2911.m00752 Fungal specific transcription factor domain containing protein   

2911.m00753 Flavin-binding monooxygenase-like family protein 

2911.m00754 oxidoreductase, zinc-binding dehydrogenase family protein 

2911.m00755 oxidoreductase, short chain dehydrogenase/reductase family protein   

2911.m00756 hypothetical protein 

2911.m00757 oxidoreductase, FAD/FMN-binding family protein 

2911.m00759 hypothetical protein 

2911.m00760 sterol 4-alpha-methyl-oxidase-related 

2911.m00761 hypothetical protein 

2911.m00762 Major Facilitator Superfamily protein 

2911.m00763 hypothetical protein 
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 Table 2 (continued). 
 
2911.m00764 hypothetical protein 

2911.m00765 ATPase, AAA family protein 

2911.m00766 hypothetical protein 

2911.m00767 ATPase, AAA family protein 

2911.m00768 major facilitator superfamily protein 

2911.m00769 Ser/Thr protein phosphatase family protein 

2911.m00770 transcriptional regulator, putative 

2911.m00771 alpha-glucosidase/alpha-amylase, putative 

2911.m00772 hexose transporter, putative 

2911.m00774 oxidoreductase, FAD/FMN-binding family protein 

2911.m00775 aflY HypA, identical 

2911.m00776 aflX toxin biosynthesis protein, putative 

2911.m00777 aflW toxin biosynthesis monooxygenase MoxY-like, putative 

2911.m00778 aflV aflatoxin biosynthesis cytochrome P450 monooxygenase CypX 

2911.m00779 

aflK aflatoxin biosynthesis versicolorin B synthase/GMC 

oxidoreductase Vbs   

2911.m00780 

aflatoxin biosynthesis cytochrome P450 O-methylsterigmatocystin 

oxidoreductase aflQ OrdA  

2911.m00781 aflP aflatoxin biosynthesis O-methyltransferase OmtA 

2911.m00782 aflO aflatoxin biosynthesis O-methyltransferase OmtB 

2911.m00783 aflI aflatoxin biosynthesis averufin dehydrogenase AvfA 

2911.m00784 hypothetical protein 

2911.m00785 aflL aflatoxin biosynthesis P450 monooxygenase VerB 

2911.m00786 aflG aflatoxin biosynthesis P450 monooxygenase AvnA 

2911.m00787 hypothetical protein 

2911.m00788 aflN sterigmatocystin biosynthesis P450 monooxygenase VerA 

2911.m00789 

aflatoxin biosyntheses short-chain alcohol dehydrogenase/versicolorin 

reductase aflM Ver1   

2911.m00790 aflE aflatoxin biosynthesis norsolorinic acid reductase NorA 

2911.m00791 aflJ esterase, EstA 

2911.m00792 aflH aflatoxin biosyntheses short-chain alcohol dehydrogenases AdhA  

2911.m00793 aflS AflJ, identical 
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 Table 2 (continued). 
 
2911.m00794 aflR C6 transcription factor AFLR 

2911.m00795 

aflB aflatoxin biosynthesis hexanoate synthase/fatty acid synthase 

HexB   

2911.m00796 

aflA aflatoxin biosynthesis hexanoate synthase/fatty acid synthase 

HexA   

2911.m00797 aflD aflatoxin biosynthesis norsolorinic acid ketoreductase Nor-1  

2911.m00798 hypothetical protein 

2911.m00800 aflC polyketide synthetase PksP, putative 

2911.m00801 aflT aflatoxin MFS-type transporter AflT 

2911.m00804 aflF aflatoxin biosynthesis oxidoreductase NorB 

2911.m00805 major facilitator superfamily protein 

2911.m00806 hypothetical protein 

2911.m00807 dimethylallyl tryptophan synthase, putative 

2911.m00808 NAD dependent epimerase/dehydratase family protein 

2911.m00809 Fungal specific transcription factor domain containing protein   

2911.m00810 hypothetical protein 

2911.m00811 serine protease prots-related 

2911.m00812 Amidohydrolase family protein 

2911.m00813 hypothetical protein 

2911.m00814 lignostilbene dioxygenase family protein 

2911.m00815 Fungal specific transcription factor domain containing protein   

2911.m00816 hypothetical protein 

2911.m00817 gluconolactone oxidase, putative 

2911.m00818 hypothetical protein 

2911.m00819 hypothetical protein 

2911.m00820 conserved hypothetical protein 

2911.m00821 Amino acid permease family protein 

2911.m00822 ABC multidrug transporter, putative 

2911.m00823 hypothetical protein 

2911.m00825 hypothetical protein 

2911.m00826 nonribosomal peptide synthase, putative 
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Strain 649 also contains an addition: Previous studies showed that the wild-type A. 

flavus linkage group VII is located on a 4.9 Mb chromosome (Foutz et al., 1995).  Strain 649 

lacks a chromosome of this size, but contains instead a unique ~6 Mb chromosome, which 

contains the leu-7 locus (Woloshuk et al., 1995). These data suggest that strain 649 also 

carries an addition of DNA as well as a deletion.  These data were confirmed by the Genome 

Walker results, which identified a 672 bp region adjacent to the break point that did not align 

with scaffold 1047283863273 (Figure 1B).  Blastn analysis with this sequence against A. 

flavus genomic DNA identified a region of alignment on scaffold 1047283863271, which is 

part of chromosome II.  Since the deletion in 649 included the region adjacent to the 

telomere, it is probable that the telomere was lost during a rearrangement that created the 

mutation.  In order to maintain structural stability, chromosomes require telomeres.  It is 

therefore highly likely that the addition in strain 649 includes the sequence obtained from 

Genome Walker and extends to the telomeric end of chromosome II, represented in scaffold 

1047283863271.  This would result in an addition of 939 kb of DNA (Figure 2A), which 

agrees with previous reports regarding the chromosome sizes in strain 649 (Woloshuk et al., 

1995).  There are 320 predicted genes within the 939 kb region (supplemental Table S2 at 

http://www.genetics.org/supplemental/).  To determine if the rearranged DNA in strain 649 

was the result of a duplication or a translocation event, two sets of primers were designed 

(Figure 2B).  Since both sets of primers amplified a product from 649 genomic DNA, it 

indicates that the additional DNA in strain 649 also resides in its native genomic location 

(Figure 2C).   
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Figure 2.- Identification and characterization of the addition in strain 649.  A) 

Schematic of deletion and addition in strain 649.  The dotted line represents the DNA 
duplicated in 649.  Chromosomes II and III from the wild-type strain NRRL 3357 are shown.  

Chromosome III in 649 contains a region from the wild-type chromosome II.  Chromosome 
size is indicated on the right in Mb.  B) The rearrangement of DNA in strain 649 is the result 

of an addition and not a translocation.  5’add, 3’nad&add, and 5’nat are DNA oligos used to 
amplify the PCR products.  The primers 5’add and 3’nat&add were designed to amplify a 

1200 bp fragment spanning the chromosome II/chromosome III unique junction sequence in 

649 to confirm the Genome Walker results.  Primers 5’nat and 3’nat&add were designed to 

amplify a 1159 bp fragment from chromosome II in the wild-type strain, which contains a 
portion of the sequence obtained by genome walker and extends towards the centromere.  

This region of DNA would not be present if a translocation event had occurred.  C) Ethidium 
bromide-stained agarose gel [1% w/v] is shown.  The 1kb ladder from Promega was used as 

a size standard.  
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Therefore, the genome of strain 649 appears to have undergone a deletion of 317 kb of DNA 

from the end of chromosome III.  The subsequent attachment of 939 kb of DNA, duplicated 

from chromosome II, resulted in a 5.58 Mb chromosome.  

An ectopic copy of aflR in strain 649 pyr restores aflatoxin production in a T25 x 

86 diploid: To further investigate the mechanism of repression of aflatoxin biosynthesis 

observed in diploids derived from strain 649 and aflatoxin producing strains, we addressed 

the hypothesis that strain 649 produces a repressor of AflR activity.  Previous studies 

indicated that expression of aflR is reduced in these diploids using Northern Blot analysis.  

One hundred and ten stable colonies were recovered after transforming strain 649 pyr with 

WE64, a vector containing aflR and a aflM:GUS reporter fusion (Figure 3A).  Because AflR 

transcriptionally controls aflM, GUS will only be expressed in transformants in which aflR is 

transcribed and translated properly.  All transformants were positive for GUS histochemical 

staining when grown on medium that supports aflatoxin production (data not shown).  Dot-

blots of genomic DNA from the transformants were probed with aflR to identify those 

containing low copy numbers of WE64 (data not shown).  From the initial screen, four 

appeared to have low copies of aflR.  Southern blot indicated that three of the transformants 

(T6, T11, and T29) had multiple tandem copies of aflR whereas T25 contains a single copy 

insertion as indicated by the 7 kb band that had similar intensity to the band in strain 86 

(Figure 3B).  Because it is single copy, T25 was used in further crosses. 
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Figure 3.- Transformation of 649 pyr with a single copy of aflR. A) WE64 carrying 

aflM::GUS and aflR was linearized with ScaI within the ampicillin resistance gene and 
transformed into strain 649 pyr.  B) Southern blot of genomic DNA from transformants (T6, 

T11, T25, and T29), strain 649, and strain 86 probed with radiolabeled aflR.  Transformants 
containing multiple copies in tandem resulted in a 7.5 kb PstI band of hybridization (T6, T11, 

and T29).  Transformants containing more than one copy of WE64 at different locations in 
the genome produce multiple bands on the blot (T11 and T29).  T25 contains a single copy of 

aflR and the intensity of the band is similar to the band produced with strain 86. 

 

 

Two diploids were obtained from a parasexual cross between T25 and strain 86, 

designated T25x86A and T25x86B.  Both diploids retained GUS activity indicating that the 



! "+#!

ectopically expressed AflR was still able to function in the diploid background (Figure 4B).  

Surprisingly, these diploids produced aflatoxin when grown on coconut medium (Figure 4A).   

 

 

 

 

Figure 4.- The effects of the dominant mutation in strain 649 are relieved when an 
ectopic copy of aflR is expressed. A) Aflatoxin production is restored in 86 x T25 diploids.  

Chloroform extractions from transformant T25, strains 86 and 649, 86 x 649 and two 
independent diploids of 86 x T25 (A and B) grown on coconut medium separated by thin-

layer chromatography (TLC).  The dark circles indicate the presence of aflatoxin B1 when 
exposed to UV light. B) GUS histochemical activity indicates a functional ectopic AflR.  “+” 

represents positive GUS staining; “-” represents no detectable GUS staining. 

 

 

A 649 x 86 diploid described previously (Woloshuk et al., 1995), did not produce aflatoxin 

under these same conditions.  Together, these data demonstrate that strain 649 does not 

synthesize a repressor that interferes with the activity of AflR. 

The silencing phenomenon in 649 x 86 diploids does not affect genes outside of 

the aflatoxin gene cluster:  To determine if the other genes deleted in 649 were expressed in 

the 649 x 86 diploid, two genes outside of the aflatoxin gene cluster were selected for 

investigation (Fig 5A).  Genes 27TV and 16TV were selected because they were expressed 

under aflatoxin conducive conditions in a separate microarray study (data not shown);  27TV 
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encodes an amino acid permease family protein and 16TV encodes a putative 

dimethylallyltryptophan synthase.  The gene with homology to the A. nidulans 

glyceraldehyde 3-phosphate dehydrogenase (gpdA) was used as a positive control and the 

aflatoxin biosynthetic gene aflD was used as a negative control for gene expression in 649 x 

86.  3µl of a cDNA reaction was used for each PCR reaction with 30 cycles.  To ensure 

complete removal of any genomic DNA contamination, cDNA reactions that did not contain 

reverse transcriptase were also used for PCR reactions (data not shown).  Because expression 

of 27TV and 16TV was too low to see in our experiment, nested PCR primers were designed 

to be able to detect expression.  1µl of the primary PCR reaction was used with the nested 

primers for an additional 10 cycles (Fig 5B).  Genes gpdA, 27TV, and 16TV are expressed in 

both 86 and 649 x 86, while aflD is only expressed in the wild-type 86.  
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Figure 5.- Genes that are outside of the aflatoxin gene cluster in the 649 deletion are 

not silenced in 649 x 86 diploids.  A)  Gene locations in 649 and 86 chromosomes.  27TV 

and 16TV are located outside of the aflatoxin gene cluster; 27TV is located between the 
aflatoxin gene cluster and the break point and 16TV is located between the aflatoxin gene 

cluster and the telomere.  B) The gpdA gene was used as a positive control.  aflD is a gene 

within the aflatoxin gene cluster and is silenced in the 649 x 86 diploid while genes outside 

of the aflatoxin gene cluster are expressed at equivalent levels in both the 649 x 86 diploid 
and the wild-type 86.  C) The gpdA gene was used as a positive control.  laeA is expressed at 

equivalent levels in the 649 x 86 diploid and the two parental strains 649 and 86. 
 

 

When laeA, a methyltransferase that may be involved in remodeling the chromatin 

state of several secondary metabolite clusters in Aspergillus species, is deleted there is a loss 

of sterigmatocystin production in A. nidulans (Bok and Keller, 2004).  With the addition of a 
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single ectopic copy of aflR, sterigmatocystin is restored in the mutant background (Bok et al., 

2006).  Expression of laeA was tested in 86, 649, and 649 x 86.    The gpdA gene was used as 

a positive control and 3µl of a cDNA reaction was used for each PCR reaction with 30 

cycles.  laeA expression is not altered in 649 x 86 or in 649.  

 

DISCUSSION 

 

The aflatoxin biosynthetic pathway is well characterized and is a model for 

understanding the regulation of secondary metabolism in filamentous fungi.  Our current 

understanding of the pathway and its regulation is largely the result of mutant 

complementation.  K.E. Papa generated over 23 mutants for aflatoxin biosynthesis and 

complementation of these mutants was used to identify biosynthetic as well as regulatory 

genes.  Thus complementation and characterization of these mutants have aided our 

understanding of aflatoxin biosynthesis as well as secondary metabolism in general. 

Our labs have focused on characterizing the afl-1 mutation.  This mutation is of 

interest because it is the only dominant mutation for aflatoxin biosynthesis known.  In an 

earlier study (Woloshuk et al., 1995), we showed that the entire aflatoxin gene cluster was 

absent in strain 649, which carries the afl-1 mutation.  While this defect explains the inability 

of this strain to produce aflatoxin, it does not provide insight into the dominant effect 

observed in diploids.  The focus of this paper was to use newly available genomic sequence 

as well as genetic reporter constructs to better characterize this mutant.  By comparing the 

mutant sequence to the wild type sequence of the NRRL 3357 strain, we determined that 

317kb of chromosome III was deleted and replaced by 939kb of chromosome II.  This 

explained the null phenotype for aflatoxin production but did not explain why the aflatoxin 

production was still inhibited in diploids containing a wild type gene cluster for aflatoxin. 

One hypothesis for the dominant effect of afl-1 in diploids was that the genomic 

rearrangement in strain 649 created a novel or altered open reading frame (ORF) at the 

deletion/addition junction.  This could lead to the production of a new repressor or the 

activation of an existing repressor of AflR.  We showed that this hypothesis is unlikely for 

two reasons.  First, examination of the genomic sequence of 649 around the break junction 

did not reveal sequence for a predicted repressor.  Second, we ruled out the possibility of an 
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AflR repressor by transforming strain 649 with an additional copy of aflR on a cassette 

containing the aflM::GUS reporter.  AflM is an aflatoxin pathway gene that is regulated by 

the binding of AflR to its promoter.  The transformed strain expressed aflM::GUS, indicating 

that AflR activity was not inhibited in the 649 genetic background.  Based upon these results, 

the hypothesis that a trans-sensing mechanism is responsible for the silencing of the aflatoxin 

gene cluster in 649 x 86 diploids is more likely. 

Many forms of silencing exist in filamentous fungi.  The best-characterized 

mechanism is Repeat Induced Point mutations (RIP), which has been studied in the model 

fungus Neurospora crassa.  RIP is a mechanism that causes C:G to T:A mutations within 

duplicated sequences during the sexual cycle (Selker, 1990; Galagan et al., 2003).  The 

mutations accumulate and become associated with DNA methylation, which results in the 

inactivation of the duplicated genes (Rountree and Selker, 1997; Freitag et al., 2002).  To 

date there have been no reports of the RIP mechanism in Aspergillus.  Even if RIP were 

active in A. flavus the aflatoxin gene cluster could not be silenced by this mechanism because 

it is only present in one copy.  Furthermore, the DNA alterations caused by RIP are 

irreversible and therefore are not likely to be responsible for the silencing seen in 649x86 

diploids since the silencing phenotype can be reversed. 

Likewise, silencing of the aflatoxin gene cluster cannot be easily explained by 

Quelling.  Also known as RNAi, quelling is a form of post-transcriptional gene silencing that 

operates in many species including A. flavus (Pickford et al., 2002; McDonald et al., 2005).  

Often when too many copies of a gene are present in an organism post-transcriptional gene 

silencing is triggered.  In Quelling, small interfering RNAs (siRNAs) homologous to the 

duplicated genes are produced and all copies of the duplicated genes are silenced 

(Catalanotto et al., 2002).  This mechanism could silence the duplicated genes, but it could 

not be responsible for silencing of the aflatoxin gene cluster, which is only present in one 

copy in the diploid. 

Another form of silencing, originally known as transvection, was first discovered in 

fungi while observing the ascus dominant mutation Asm-1
-
 (Aramayo and Metzenburg, 

1996).  Now referred to as Meiotic Silencing, this mechanism silences genes that are not 

paired with a homolog in prophase I of meiosis (Shiu et al., 2001).  The genome is scanned 

by a trans-sensing mechanism that requires communication or interaction between 
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chromosomal homologues to detect unpaired alleles.  Once a misalignment is detected the 

meiotic silencing pathway is triggered and the unpaired alleles are silenced.  Despite the lack 

of a sexual stage, chromosomes can still interact in diploids of A. flavus during mitosis as 

seen by cross over events during the parasexual cycle (Papa, 1973).  This provides evidence 

that the duplicated region from strain 649 and the aflatoxin cluster from wild-type strain 86 

could physically interact in the somatic diploid based upon their relative location. However, 

if a similar mechanism was responsible for the silencing of the aflatoxin gene cluster in 649 x 

wild-type diploids, then other genes in the 649 deletion should also be silenced in the 

diploids and this was not the case (Fig 5).   Still it is possible that the aflatoxin gene cluster is 

regulated differently and is more sensitive to chromosomal misalignment. 

The silencing of the wild-type aflatoxin gene cluster in the 649 x 86 diploid is a 

phenotype that can be reversed with the addition of an ectopic copy of aflR into strain 649 as 

seen in the T25 x 86 diploids. Thus, a single ectopic copy of the transcriptional regulator in 

the mutant strain prevented the dominant action of the afl-1 mutation in the diploid and the 

expression of the formerly silenced genes required for aflatoxin biosynthesis in a 649 x 86 

diploid is restored.   Bok et al. (2006). obtained similar results in a "laeA strain of A. 

nidulans with the addition of a single ectopic copy of aflR.  Thus our data supports an altered 

regulation of the aflatoxin gene cluster upstream of aflR in a 649 x 86 diploid.  However, 

laeA is expressed at similar levels in strains 86, 649, and 649 x 86, which suggests that the 

silencing mechanism in the diploid is not caused by a lack of laeA expression.  It remains 

unclear as to why the large deletion and addition in strain 649 can cause such an effect.  The 

importance of this silencing mechanism in natural populations of A. flavus is not known.  It is 

clear, however, that large deletions in the aflatoxin gene cluster occur in native strains of 

fungus (Chang et al., 2005). 

This work has successfully characterized the complete structure of the afl-1 mutation 

in strain 649, which has remained unresolved for a number of years.  With a large deletion 

and duplication, 649 is a unique strain with a readily scorable phenotype that can provide 

information in several different areas.  In addition to the aflatoxin gene cluster, 87 putative 

genes are missing, suggesting that 649 could be used for studies of a number of gene 

products.  The restoration of aflatoxin production in the T25 x 86 diploid may allow us to 

further characterize the activity of the transcriptional regulator AflR and its ability to activate 
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silenced genes.  Future studies examining the silencing phenomenon observed in the 649 x 

86 diploids may provide insight as to how the aflatoxin gene cluster is regulated and why it 

shows a unique silencing response compared to other deleted genes in 649. 
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ABSTRACT 

 

 Aflatoxins are secondary metabolites produced by several species of Aspergillus.  

Genes required for aflatoxin (AF) biosynthesis form a 70-kb gene cluster and are 

transcriptionally controlled by AflR.  This transcription factor also controls the transcription 

of nadA, a gene that is adjacent to the AF gene cluster and was considered to be part of a 

putative sugar utilization gene cluster.  Because of its regulation by AflR and the prediction 

for nadA to encode a NADH oxidase, we hypothesized that NadA was required to supply 

NAD+ for a dehydrogenase(s) in the AF biosynthetic pathway.  Deletion of this gene in 

Aspergillus flavus however, did not affect the synthesis of B forms of AF under a variety of 

AF-conducive conditions.  Deletion strains of nadA were also created for the closely related 

species Aspergillus parasiticus.  Interestingly, these !nadA strains failed to produce G forms 

of AF.  Aspergillus flavus has lost the ability to produce G forms of AF, explaining the lack 

of an observed phenotype in !nadA strains of A. flavus.  Sequencing of A. flavus nadA 

cDNAs showed that a 17-bp deletion occurred, resulting in a frameshift mutation and 

premature termination of the NadA protein.  The deletion in nadA is the second mutation 

identified in A. flavus in a gene required for AF G1 and G2 production.  We discuss which 

mutation leads to the loss of G forms of AF and the subsequent effect of genetic drift on 

other components of the pathway.  Our studies strongly suggest that nadA is part of the AF 

cluster, not the putative sugar utilization gene cluster.  A revised model for the AF 

biosynthetic pathway is presented. 

      

INTRODUCTION 

 

Several species of Aspergillus produce the secondary metabolite aflatoxin (AF), the 

most potent naturally occurring carcinogen known (Squire, 1981).  AF contamination is a 

problem in several important crops including corn, peanut, cotton, and tree nuts.  Aspergillus 

flavus and Aspergillus parasiticus are the predominant species found to cause AF 

contamination of corn (Pitt, 2000; Pacin et al., 2003; Gao et al., 2007; Giorni et al., 2007).  

Typically A. flavus produces B1 and B2 forms of AF whereas A. parasiticus makes B1, B2, 
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G1, and G2 forms of AF.  The genes encoding proteins involved in AF biosynthesis reside in 

a 70-kb gene cluster (Trail et al., 1995; Yu et al., 2004a).  Although much is known about the 

genes within the AF gene cluster, new genes involved in AF biosynthesis continue to be 

discovered (Chang et al., 2004; Ehrlich et al., 2004; Ehrlich et al., 2005a; Wen et al., 2005; 

Cary et al., 2006b).    

Recently a new group of genes adjacent to the AF gene cluster was discovered in the 

A. parasiticus wild-type strain SRRC 143 (Yu et al., 2000).  These genes form a putative 

sugar utilization gene cluster and are present in A. parasiticus, A. flavus, Aspergillus oryzae, 

and Aspergillus nomius (Ehrlich et al., 2005b).  The sugar utilization gene cluster was 

thought to consist of four genes: hxtA, glcA, sugR, and nadA.  However, in a cDNA 

microarray study, it was shown that the transcriptional regulator of the AF biosynthesis 

pathway, AflR, also controls nadA expression (Price et al., 2006).  Although hxtA was shown 

to have correlated expression with AF biosynthetic genes (Yu et al., 2000), there was no 

evidence that AflR controlled hxtA or the other sugar utilization genes (Price et al., 2006).  

There is a putative AflR binding site within the nadA promoter, also supporting the idea that 

it is transcriptionally controlled by AflR (Price et al., 2006).  The NadA protein is capable of 

oxidizing NADH to form NAD+.  Several studies have shown that NAD+ may be required 

for dehydrogenases involved in AF biosynthesis (Yabe et al., 1991; Yabe et al., 1993; Chang 

et al., 2000; Sakuno et al., 2003).  These data taken together suggest that nadA may play a 

role in AF biosynthesis.  There is also evidence that NADH oxidases may be involved in 

other polyketide-derived secondary metabolites.  A NadA homologue has been identified in 

Pseudomonas fluorescens and it resides within the mupirocin biosynthetic gene cluster 

(Cooper et al., 2005).  However, its involvement in the biosynthesis of mupirocin has not 

been confirmed. 

 The role of nadA in AF biosynthesis in A. flavus was investigated in the present 

study. Surprisingly, AF production was unaltered in !nadA strains of A. flavus using several 

different AF-conducive carbon sources. To verify the nadA sequence in A. flavus, several 

cDNAs were made, sequenced, and compared to genomic sequence information. We found a 

17-bp deletion that is predicted to result in protein truncated at 159 aa instead of 444 aa. In A. 

parasiticus, deletion of nadA inhibits the production of the G1 and G2 forms of AF; forms 
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that are not produced by A. flavus. The significance of the 17-bp deletion on the biosynthesis 

and evolution of the AF pathway is discussed. 

 

MATERIALS AND METHODS 

  

Fungal strains and culture conditions:  The wild-type A. flavus strain NRRL 3357 

was obtained from the National Center for Agricultural Utilization Research in Peoria, IL.  

Strain 3357-5 (pyr) is a uracil-requiring mutant of 3357 obtained after mutagenesis with 4-

nitroquinolone oxide and selection on media containing 5-fluoroorotic acid (He and Payne, 

unpublished data, NC State University, Raleigh, NC).  A PEG-based transformation protocol 

(Woloshuk et al., 1989) was used to generate !nadA strains in 3357-5.  The 3357-5+pyr 

strain was created by transforming strain 3357-5 with the pBSKpyr vector and the resulting 

strain was used as a control strain.  The A. parasiticus BN009E strain was obtained from 

Petty Cotty (University of Arizona, Tucson, AZ) and used in transformation studies.  For the 

!nadA AF test, A&M broth (Adye and Mateles, 1964) was used and the glucose was 

replaced with equal concentrations of fructose and sucrose for the different carbon tests.  200 

ml of medium was placed in a 500-ml flask and inoculated with 1x10
6
 conidia of the 

appropriate strain.  The flasks were incubated at 28°C for 48 hours shaking at 200 rpm.  To 

determine fungal growth for the different strains, Potato Dextrose Agar (PDA) and Czapek 

Dox Agar (CDA) were used.  A 1x10
6
 / ml spore suspension was made for each strain and 

0.5 !l of the solution was spotted in the center of each plate.  The plates were then incubated 

at 37°C or 28°C.  For each test, the diameter of the colony was measured twice for two plates 

after 5 days of growth and four measurements were averaged. 

nadA knockout construct design:  An overlap PCR strategy was used to design the 

knockout construct for A. flavus following the protocol outlined by Davidson et al. (2002) 

with the exception that the construct was designed to replace nadA instead of disrupting it .  

The nadA gene was replaced with the selectable marker pyr4, a gene from Neurospora 

crassa required for uracil production (Balance and Turner, 1985).  Six primers were used to 

build the knockout construct: nadAKO1 5’-TAGGAATGGCTGTTGAAACT-3’, nadAKO2 

5’-CCACTTTTCACTCCACCTAATTGGACCACACGAGTCAAG-3’, nadAKO3 5’-
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CTTGACTCGTGTGGTCCAATTAGGTGGAGTGAAAAGTGG-3’, nadAKO4 5’-

GGCGGAGGATATTTCGTTTTCGACCTCATGGTATACTGTTGC-3’, nadAKO5 5’-

GCAACAGTATACCATGAGGTCGAAAACGAAATATCCTCCGCC-3’, and nadAKO6 

5’-TTGTCCCTAGGTGTCATTTC-3’.  The following PCR program was used for the 

primary PCR reaction:  96°C for 4 min., {96°C for 10 sec., 55°C for 10 sec., 72°C for 2 

min.} x 30 cycles and 72°C for 5 min.  The PCR products were run on a 1% agarose gel and 

the bands were gel purified using QIAquick Gel Extraction Kit (Qiagen, Valencia, CA).  100 

ng of the 3’ flanking region and equal molar amounts of pyr4 and 5’ flanking region were 

used for secondary PCR reactions using primers nadAKO1 and nadAKO 6.  The following 

program was used for the secondary PCR reaction:  96°C for 4 min., {96°C for 10 sec., 55°C 

for 10 sec., 72°C 7 min.} x 30 cycles and 72°C for 5 min.  Two sets of primers were designed 

to verify !nadA strains in which one primer was outside of the flanking region used in the 

knockout construct and the other was inside the pyr4 gene:  5’hypAnadAKO 5’-

AGTCATGTGTGCCAGTGTTA-3’, 3’hypAnadAKO 5’-GTGGGGTTGTTGAAGTCTAA-

3’, 5’hxtAnadAKO 5’-GTACACATGGGAGTGTGTCA-3’, and 3’hxtAnadAKO 5’-

CAGTCGTCCATAAGAGTGGT-3’. 

To create  nadA disruption mutants in A. parasiticus, the nadA gene was amplified 

from genomic DNA using the following primers:  AP70392 5’-

AATGGTACCTGTACCGATCACTTGTACCTAC-3’ and AP71890 5’-

TGATTATTGCCGTGCACCAGAGAT-3’.    The resulting nadA fragment was cloned in an 

XbaI minus pUC19 vector.  The nadA fragment contains two XbaI restriction enzyme sites 

within the coding region. The pUC19+nadA vector was digested with XbaI and 

dephosphorylated using Antarctic phosphatase (New England BioLabs, Ipswich, MA).  The 

pSL82 plasmid, which contains the selectable marker niaD, was also digested with XbaI.  

The two fragments were ligated together.  The resulting construct was linearized with XhoI 

and SphI to generate the disruption construct. 

RNA preparation and cDNA synthesis:  Mycelia were harvested from strain NRRL 

3557 grown in A&M medium, lyophilized, and stored at -80°C until use.  The tissue was 

ground with a pestle in a mortar containing liquid nitrogen.  RNA was extracted from the 

ground tissue using Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA) following 
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manufacturer’s instructions.  In addition three chloroform extractions and an overnight 

precipitation in 6M LiCl was used.  In the nadA cDNA sequencing experiment, RNA was 

extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA).  The RNA was 

quantified using the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, 

Wilmington, DE).  The RNA was DNase treated using RQ1 RNase-Free DNase (Promega 

Corporation, Madison, WI) to remove genomic DNA contamination.  1 µg of DNase treated 

RNA was used for reverse transcriptase reactions using Superscript III Reverse Transcriptase 

(Invitrogen Corporation, Carlsbad, CA) for the nadA cDNA sequencing experiment. The 

following primers were used to amplify the cDNA:  5’nadAcDNA: 5’-

GGTCAACCCTTGGAGTTTCA-3’ with 3’nadAcDNA: 5’-ATGCCGTCAACGGTCTGTA-

3’, 5’RT1stnadA: 5’-TCAACCCTTGGAGTTTCACT-3’, with 3’RT1stnadA 5’-

TTGTGAGAGAAACTGGCTCA-3’, 5’RT2ndnadA 5’-TTCTTTCTCGATGTTGCTGA-3’ 

with 3’RT2ndnadA 5’-GCATGTCCAGGTAAGAATGG-3’, and 5’nadA ex-in: 5’-

AATTACGGGATTTGCTCACG-3’ with 3’nadA ex-in: 3’-

AATGGCTCCTGACAGAATGG-3’.  

DNA isolation and analysis:  DNA was run on a 1% agarose gel and stained with 

ethidium bromide.  DNA was gel purified using the QIAquick Gel Extraction Kit (Qiagen, 

Valencia, CA).  The Wizard" Plus Midipreps DNA Purification System (Promega 

Corporation, Madison, WI) was used to isolate bacterial DNA.  (Insert method used for 

fungal genomic DNA extraction).  DNA was cloned into the pCR"2.1-TOPO vector as part 

of the TOPO" TA Cloning" Kit (Clontech, Mountain View, CA).  The DNA was sent to 

The DNA Facility of the Iowa State University Office of Biotechnology for sequencing using 

the Universal (21M13) Primer and the Reverse (M13) Primer.  The PCR DIG Probe 

Synthesis Kit was used to create a pyr4 probe for Southern Blot analysis (Roche Applied 

Science, Indianapolis, IN).  The following materials were also used for the Southern Blot 

analysis: filter paper backing (Bio-Rad, Hercules, CA), N+transfer membrane (Hybond, 

Escondido, CA), and BioMax XAR film (Kodak, Rochester, NY).  ClustalW was used to 

align DNA sequences (EBI, Cambridgeshire, England).   

Corn assays:  Detached corn ears were placed in individual incubation containers 

and were inoculated with strains of A. flavus.  A pin bar was dipped into a 1x10
6
/ml conidial 
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suspension and used to puncture three rows of kernels for each ear of corn.  The containers 

were incubated at 28°C for 4 days and inoculated kernels were extracted for AF analysis. 

Aflatoxin analysis:  0.5X (V/V) chloroform was added to 1 ml of liquid medium at 

half of the volume to extract AF.  The tubes containing chloroform and liquid medium were 

vortexed and spun at 12,000 rpm for 10 mins.  The organic phase was transferred to a new 

tube and dried down.  For resuspension, 10 µl of chloroform was added to each tube and 

spotted on a thin chromatography (TLC) plate (Whatman).  Developing solvent containing 

80% toluene, 15% methanol, and 5% acetic acid was added to the tank and the plate was 

developed for 45 minutes.  The plates were removed and exposed to long wavelength UV for 

imaging.  Aflatoxin concentration were also quantified by LC-MS as previously described 

(OBrian et al., 2007). 

 

RESULTS 

 

Deletion of nadA does not affect growth or aflatoxin production in A. flavus:  A 

linear gene replacement was constructed to knockout the nadA gene.  Primers nadAKO2, 

nadAKO3, nadAKO4, and nadAKO5 contained 21-bp corresponding to the flanking regions 

of nadA as well as 18 to 21-bp corresponding to the pyr4 gene from Neurospora crassa.   For 

the primary PCR reactions, primers nadAKO1 and nadAKO3 amplified a 1148-bp PCR 

product of the 5’ flanking region of nadA; primers nadAKO2 and nadAKO5 amplified a 

1477-bp PCR product of the pyr4 gene; primers nadAKO4 and nadAKO6 amplified a 1044-

bp PCR product of the 3’ flanking region of nadA (Figure 1A).  Secondary PCR reactions 

used nadAKO1 and nadAKO6 primers and equal molar amounts of the 3 primary PCR 

products (Figure 1B). A final 3562-bp product was obtained for pyr4 to replace nadA.  Strain 

3357-5 was transformed with the construct and transformants were screened for the presence 

of a homologous recombination event (Figure 1C).  
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Figure 1. – nadA knockout construct.  (A) Primer design for the gene replacement 

construct.  Primers 1 & 3 were used to PCR the 5’ flanking region of nadA, primers 2 &5 

were used to PCR the pyr4 gene, and primers 4 & 6 were used to PCR the 3’ flanking region 

of nadA in the primary PCR reactions.  (B) The resulting PCR fragments from the primary 

PCR reactions.  The pyr4 fragment contained sequence that overlapped the 5’ flanking and 3’ 

flanking fragments.  Primers 1 & 6 were used to PCR the final linear construct in the 

secondary PCR reactions.  (C) Homologous recombination between the knockout construct 

and the nadA locus.  The 1-kb 5’ and 3’ flanking regions allow for homologous 

recombination events following transformation of the knockout construct.   
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Three !nadA strains were confirmed using 5’&3’ hxtAnadAKO and 5’&3’ 

hypAnadAKO primers, which verified the presence of pyr4 at the nadA locus.  Southern blot 

analysis was used to determine the copy number of the knockout construct. !nadA146 

contained at least three copies, !nadA216 contained two copies, and !nadA235 had a single 

insertion of the knockout construct (Figure 2). 

 

 

 

Figure 2. – Southern blot analysis to determine copy number of the knockout 

construct in !nadA strains.  Lane 1: !nadA146, lane 2: !nadA235, and lane 3: !nadA216. 

 

 

Colony radial growth was observed for 3357, 3357-5+pyr, !nadA146, !nadA216, 

and !nadA235 in several different media at 28°C and 37°C.  There were no significant 

differences in radial growth between the control strains and the !nadA strains (data not 

shown). The !nadA strains and the wild-type strain 3357 were grown in three different 

carbon sources that are conducive for AF production.  The filtrates were analyzed for the 

presence of AFB1 and AFB2 using TLC analysis and LC-MS analysis.  Aflatoxin 

concentrations produced by !nadA strains were not significantly different from those 

produced by 3357 when fructose, sucrose, or glucose was the carbon source (data not 

shown).  The three !nadA strains were also compared to 3357 for their ability to infect corn 

and for their ability to produce AF during infection.  No significant differences in growth or 

AF production on corn were observed compared to the control strains (Figure 3). 
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 Figure 3. – Corn kernels inoculated with strains of A. flavus. (A) & (B) 3357 (C) & 

(D) !nadA235. 

 

A 

B 

 D 

C 
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nadA is involved in the biosynthesis of G forms of aflatoxin in A. parasiticus:  

nadA knockouts were obtained in the closely related species A. parasiticus (Ehrlich, 

unpublished data).  These !nadA strains were evaluated for AF production using TLC 

analysis.  While the production of B1 and B2 forms of AF was unaffected, neither G1 or G2 

forms of AF were produced by the Ap!nadA strain (data not shown).  Using the predicted 

activity of enzymes encoded by genes in the AF gene cluster and current knowledge about 

the formation of G aflatoxin, a putative biosynthetic scheme was created to show the 

hypothesized biochemical steps (Figure 4).  The enzymatic reactions depicted in the diagram 

have not been chemically demonstrated. 

 

 

 

Figure 4. – Predicted biochemistry of the latter steps of aflatoxin biosynthesis.  NadA 

is hypothesized to work with NorB, an aryl alcohol dehydrogenase, to form AFG1. 

 

 

The NadA protein is truncated in A. flavus:  The majority of A. flavus isolates have 

lost the ability to produce G forms of AF.  This inability may be the result of a deletion 

within the norB and cypA genes in  A. flavus (Ehrlich et al., 2004).  Without selection 
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pressure, the function of other genes, such as nadA, now known to be involved in the 

biosynthesis of G forms of AF, may also have been lost through evolution in A. flavus.  To 

evaluate whether nadA encodes a functional protein in A. flavus, the cDNA was sequenced 

and compared to the cDNA of nadA in A. parasiticus SU-1.  Several PCR primer pairs were 

used to amplify different regions of nadA from two different cDNA preps.  Two clones 

resulting from each primer pair were sequenced.  The resulting A. flavus nadA sequences 

were combined and compared to the sequence of A. parasiticus nadA.  Alignment of the 

sequences shows that a full length cDNA is produced in A. flavus, but there has been a 17-bp 

deletion in the nadA open reading frame corresponding to nucleotides 383-399 of A. 

parasiticus nadA  (Figure 5A).  Other A. flavus isolates such as AF70 and AF13 are also 

missing the 17-bp fragment.  This deletion causes a frameshift in the open reading frame 

resulting in a predicted protein sequence that is truncated in A. flavus (Figure 5B). 
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Figure 5. – A deletion in the coding region of NadA results in a truncated protein in 

A. flavus.  A)  nadA cDNA alignment.  The 17-bp deletion in A. flavus causes a frameshift 

resulting in a premature stop codon.  B)  Protein sequence of NadA in A. flavus and A. 

parasiticus.  The NadA protein in A. flavus consists of 159 amino acids while the NadA 

protein in A. parasiticus consists of 444 amino acids.  The amino acids in bold highlight the 

area in which the protein has altered amino acids due to the frameshift mutation in A. flavus. 
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A 
Aspergillus_parasiticus_nadA      ATGGCTCGAGCTGGACAAGCTGTCGACCCTTCTCCACTGGGTCAACCCTT 50 
Aspergillus_flavus_nadA           ATGGCTCGAGCCGGACAAGGTGTCGACCCTTCGCCACTGGGTCAACCCTT 50 
                                  *********** ******* ************ ***************** 
 
Aspergillus_parasiticus_nadA      GGAGTTTCACTTCGCCCGTCGCTCCGCCCCAAATCGTTTCCTCAAGGCCG 100 
Aspergillus_flavus_nadA           GGAGTTTCACTTCGCCCGTCGCTCCGCCCCAAATCGTTTCCTCAAGGCCG 100 
                                  ************************************************** 
 
Aspergillus_parasiticus_nadA      GCATGAGTGAGCGGATGTGTTCGTGGACGGAAGAGAACCCTTCTGCTCGT 150 
Aspergillus_flavus_nadA           CCATGAGTGAGCGGATGTGTTCGTGGACGGAAGACAATTCTTTTGCTCGC 150 
                                   ********************************* **  *** ******  
 
Aspergillus_parasiticus_nadA      GGGATACCAAGCCGTGAGTTGATAGAGACCTATCGTACCTGGGGACGAGG 200 
Aspergillus_flavus_nadA           GGGATACCAAGCAGTGAGTTAATAGAGACCTATCGTACCTGGGGACGGGG 200 
                                  ************ ******* ************************** ** 
 
Aspergillus_parasiticus_nadA      CAACATAGGAGCAATTGTGACTGGGAATGTCATGATCGACCCCAACCATA 250 
Aspergillus_flavus_nadA           CAACATAGGCGCAATTGTGACTGGGAATGTCATGATCGATCCCAACCACA 250 
                                  ********* ***************************** ******** * 
 
Aspergillus_parasiticus_nadA      TCGAAGCAGAGGGAAACCCGACAATTCCGCCTAACGCTCTATTTTCTGGA 300 
Aspergillus_flavus_nadA           TCGAAGTAGAGGGAAACCCGATAATCCCGCCTAGCGCTCCATTCTCAGGA 300 
                                  ****** ************** *** ******* ***** *** ** *** 
 
Aspergillus_parasiticus_nadA      GAACGGTTTGATCAGTTCGCGAATCTAGCTGCTGCTGCCCGTGCAAATGG 350 
Aspergillus_flavus_nadA           GAACGGTTTGGTCAGTTCACGAATCTAGCTGCTGCTGCCCGTGCAAATGG 350 
                                  ********** ******* ******************************* 
 
Aspergillus_parasiticus_nadA      ATCCTTAATATTGGCACAGATTAGCCATCCAGGGCGACAGACCCCATCCC 400 
Aspergillus_flavus_nadA           ATCCTTAATACTGGCACAAATCAGCCATCCAG-----------------C 383 
                                  ********** ******* ** **********                 * 
 
Aspergillus_parasiticus_nadA      ACCGTCAACCGGAACCGATCAGTGCCAGCGATGTGCCATTGGATACCGAA 450 
Aspergillus_flavus_nadA           ACTGTCAACCGAAACCGATCAGTGTCAGCGATGTGCCACTGGATACCAAG 433 
                                  ** ******** ************ ************* ******** *  
 
Aspergillus_parasiticus_nadA      AATATGGGGAACACCTTTGCCGTTCCTCGGGCTGCTACCGAGAACGAGAT 500 
Aspergillus_flavus_nadA           AATATGGGGAACACCTTTGCCGTTCCTCGGGCTGCTACCGAGGATGAGAT 483 
                                  ****************************************** * ***** 
 
Aspergillus_parasiticus_nadA      TAAAAATATAATTACGGGATTTGCTCACGCGGCCGAGTTTCTAGATCGAG 550 
Aspergillus_flavus_nadA           CAAAAATATAATTACGGGATTTGCTCACGCGGCCGAGTTTCTAGATAGAG 533 
                                   ********************************************* *** 
 
Aspergillus_parasiticus_nadA      CCGGATACGATGGGGTAGAACTGCATGCAGCGCACGGCTATCTACTCAAC 600 
Aspergillus_flavus_nadA           CCGGATACGATGGGATCGAATTGCATGCAGCGCACGGCTATCTGCTGAGC 583 
                                  ************** * *** ********************** ** * * 
 
Aspergillus_parasiticus_nadA      CAGTTTCTCTCACGAGCGACGAATCTCCGAACGGACAAGTACGGAGGCAC 650 
Aspergillus_flavus_nadA           CAGTTTCTCTCACAAGCGACGAATCTCCGAAGAGATAAATACGGAGGCAG 633 
                                  ************* *****************  ** ** **********  
 
Aspergillus_parasiticus_nadA      TCTTACCAATCGCATGCGTTTGATTCTAGAGATCCGTGCAGCAATTACGG 700 
Aspergillus_flavus_nadA           TCCTACCAATCGCATGCGTTTGATTCTAGAGATCCGTGCAGCAATCACGG 683 
                                  ** ****************************************** **** 
 
Aspergillus_parasiticus_nadA      AGAAAGTTCGTCCGGGATTTATAGTTGGGATCAAAATCAACAGTGTCGAG 750 
Aspergillus_flavus_nadA           AGAAGGTCCGTCCGGGATTTATAGTTGG-ATCAAAATTAACAGTGTCGAG 732 
                                  **** ** ******************** ******** ************ 
 
Aspergillus_parasiticus_nadA      TTTCAGCCAAATGGCATTGTTCCTGACGAGGCCTGCGAGCTGTGTTGTGC 800 
Aspergillus_flavus_nadA           TTTGAGCCAAACGGGATTGTTCGTGACGAGGCCTGGGAACTGTGTCGTGC 782 
                                  *** ******* ** ******* ************ ** ****** **** 

 

 
 



 146 

Aspergillus_parasiticus_nadA      GCTTGAAGAGCACCGATTCGACTTTGTTGAATTATCTGGGGGGAAATATA 850 
Aspergillus_flavus_nadA           GCGTGAGGAGCACGAATTCGACTTTGTGGAATTATCTGGAGGGAAATATA 832 
                                  ** *** ******  ************ *********** ********** 
 
Aspergillus_parasiticus_nadA      AGAACTTGGAGGAGGATGATAATGCAAAGCATATCATATCGAAGAGACAT 900 
Aspergillus_flavus_nadA           AGAACTTGGACGAGAATGATACTGCAAAGCATGTCATATCGAAGAAACAC 882 
                                  ********** *** ****** ********** ************ ***  
 
Aspergillus_parasiticus_nadA      GAGGCTTTTTTTCTCGACGTTGCTCAAAAAGTTGTTTCTTCCCTGACCAA 950 
Aspergillus_flavus_nadA           GAGGCTTTCTTTCTCGATGTTGCTGAAAAAGTTGTTTCTTCCCTGACCAA 932 
                                  ******** ******** ****** ************************* 
 
Aspergillus_parasiticus_nadA      GATGAAGTCTTACCTTACAGGAGGATTCCGCTCCACGGCTGGAATGGTTG 1000 
Aspergillus_flavus_nadA           GATGAAGTTTTACCTTACAGGAGGATTCCGCTCCACGGCTGGAATGGTTG 982 
                                  ******** ***************************************** 
 
Aspergillus_parasiticus_nadA      ATGGCCTACAGACCGTTGACGGCATTGGACTTGCGCGTCCATTCTGTCAG 1050 
Aspergillus_flavus_nadA           ATGGCATACAGACCGTTGACGGCATTGGGCTTGCGCGTCCATTCTGTCAG 1032 
                                  ***** ********************** ********************* 
 
Aspergillus_parasiticus_nadA      GAACCATACCTTTGCCACGACATATTGAGGGGCAAGATACCTGGCGCTAT 1100 
Aspergillus_flavus_nadA           GAGCCATTCCTTTGCCACGACATATTGAGTGGCAAGATACCTGGCGCCAT 1082 
                                  ** **** ********************* ***************** ** 
 
Aspergillus_parasiticus_nadA      AATTCCGGTAATGGATCAGCTCAATTATCAGCTCACTGTTGCAGCAGCAT 1150 
Aspergillus_flavus_nadA           AATTCCGGTTATGGATCTGCTCAATTATCAGCTCACTGTTGCAGCCGCAT 1132 
                                  ********* ******* *************************** **** 
 
Aspergillus_parasiticus_nadA      GCATTCAAATGAGGCAAATTGGTAACAAGGTGCAGCCGGTGGATCTGAGC 1200 
Aspergillus_flavus_nadA           GCATTCAAATGAGACAAATTGGAAACAAGGTGCAGCCGGTGGATTTGAGC 1182 
                                  ************* ******** ********************* ***** 
 
Aspergillus_parasiticus_nadA      TCCCAGGACGCGGTAGATGCAATCACTGCAGCGGCTGAGGGTTGGTTGAA 1250 
Aspergillus_flavus_nadA           TCCCAGGACGCGGTAGATGCTGTCACTGCAGCGGTTAAGGGTTGGTTGGA 1232 
                                  ********************  ************ * *********** * 
 
Aspergillus_parasiticus_nadA      GCGAAAGGCGATTGACCGTTCTGAAGAGGCTTTCAAGCCCCCACTTTTGT 1300 
Aspergillus_flavus_nadA           GCAAAAGACGATTGACCGGTCTGAAGAGGCGTTCAAGCCCCCATTCTTAC 1282 
                                  ** **** ********** *********** ************ * **   
 
Aspergillus_parasiticus_nadA      CTGGAGATGCGGCTCCCTTATCAGTCGAAGCTTAG 1335 
Aspergillus_flavus_nadA           CTGGACATGCGGATCGCTTATGA------------ 1305 
                                  ***** ****** ** ***** *             

 

B 

A. flavus NadA 

MARAGQGVDPSPLGQPLEFHFARRSAPNRFLKAAMSERMCSWTEDNSFARGIPSSELIETYRTWGRGNIGAIVTGNVMIDPNHIEVEGNPIIP

PSAPFSGERFGQFTNLAAAARANGSLILAQISHPALSTETDQCQRCATGYQEYGEHLCRSSGCYRG- 

A. parasiticus NadA 

MARAGQAVDPSPLGQPLEFHFARRSAPNRFLKAGMSERMCSWTEENPSARGIPSRELIETYRTWGRGNIGAIVTGNVMIDPNHIEAEGNPTIP

PNALFSGERFDQFANLAAAARANGSLILAQISHPGRQTPSHRQPEPISASDVPLDTENMGNTFAVPRAATENEIKNIITGFAHAAEFLDRAGY

DGVELHAAHGYLLNQFLSRATNLRTDKYGGTLTNRMRLILEIRAAITEKVRPGFIVGIKINSVEFQPNGIVPDEACELCCALEEHRFDFVELS

GGKYKNLEEDDNAKHIISKRHEAFFLDVAQKVVSSLTKMKSYLTGGFRSTAGMVDGLQTVDGIGLARPFCQEPYLCHDILRGKIPGAIIPVMD

QLNYQLTVAAACIQMRQIGNKVQPVDLSSQDAVDAITAAAEGWLKRKAIDRSEEAFKPPLLSGDAAPLSVEA- 
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DISCUSSION 

 

 The genomic location of nadA and its transcriptional regulation by AflR suggested a 

role for nadA in AF biosynthesis.  Deletion of nadA however did not affect the production of 

aflatoxin B1 or B2, the only forms of AF in A. flavus.  cDNA sequencing showed that a 17-

bp deletion occurred in nadA, resulting in a full-length mRNA with a frameshift in the open 

reading frame that resulted in premature termination of the protein.  Because the A. 

parasiticus nadA gene contained the 17-bp segment missing in A. flavus, it was hypothesized 

that its NadA protein was functional.  When a nadA knockout was created in A. parasiticus, 

the ability to produce the two G forms of AF was lost as a result of the nadA deletion.  

Because A. flavus does not produce G1 and G2 aflatoxin, deletion of nadA did not have 

observable an effect on AF biosynthesis in A. flavus. 

 Initially, the lack of a phenotype for A. flavus nadA knockouts was unexpected but the 

deletions of several other genes within the AF cluster have also failed to show a negative 

effect on AF production including aflT (Chang et al., 2004), aflV (cypX) (Keller et al., 2000), 

and aflW (moxY) (Kelkar et al. 1997).  It is possible that these genes with unassigned 

functions play supportive roles in AF biosynthesis and that their expression is required for 

the regulation or modulation of AF biosynthesis under certain environmental conditions.   

The nadA gene is transcribed in A. flavus despite a 400-bp deletion in the promoter 

region of nadA and the adjacent hypA promoter region (Ehrlich et al., 2005).  The putative 

AflR binding site is still present in the 465-bp region (personal inspection) and is likely why 

nadA is still regulated in A. flavus.  It was originally thought that the A. flavus nadA encoded 

a functional protein.  The two gene prediction software programs associated with the A. 

flavus genome browser predicted the A. flavus nadA gene would have more than one intron 

with SNAP predicting three introns and TIGR predicting two introns 

(www.aspergillusflavus.org). The additional introns predicted in A. flavus would have 

generated a cDNA without a premature stop codon.  Although the annotated genomic 

sequence can be helpful, it is not always accurate.  Not only do splice sites have to be 

present, but they must be in the right context in order for spliceosomes to recognize the 

sequence as an intron.  Misannotation of gene structure is a current problem with all of the 
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Aspergillus genomic sequences (Jones, 2007). Because a single band was amplified from 

nadA cDNA with a number of different primer sets, it is unlikely that nadA transcripts are 

alternatively spliced in A. flavus and therefore all detected transcripts would encode a 

truncated NadA.  It is unlikely that the truncated NadA retains any NADH oxidase function 

because so much of the protein has been deleted.  

The origin of the 17-bp deletion in nadA is unknown.  It is possible that a weak 

hairpin structure could have formed between the 3 G nucleotides on the left of the deletion 

and the 3 C nucleotides on the right of the deletion.  This could cause the DNA polymerase 

to slip during DNA replication; however this is usually caused by runs of the same nucleotide 

4-5 nucleotides in a row (Streisinger et al., 1966).  It is also possible that the deletion was 

caused by an environmental mutagen.  Although it is likely that the 17-bp deletion was the 

cause of a nonfunctional NadA protein in A. flavus, it is possible that another mutation in a 

crucial amino acid occurred first.  Looking at the cDNA alignment in Figure 5A, if the 17-bp 

deletion had not occurred, and NadA was fully translated in A. flavus, the resulting protein 

would still be missing the last 4 amino acids contained in A. parasiticus NadA because of a 

mutation.  The last 4 amino acids could be important for protein localization.  For example, 

proteins localized to the peroxisome often contain the amino acids SKL at the C-terminus.  If 

the difference in the C-terminal amino acids prevented NadA from localizing properly, it 

could prevent it from functioning as well.  Still other nucleotide changes have occurred in A. 

flavus resulting in a change in amino acids compared to the A. parasiticus NadA (Fig. 5).   It 

is possible that one of these changes could result in a nonfunctional NadA in A. flavus, and 

these changes could have occurred first.  These changes, and the 400-bp promoter deletion, 

suggest that nadA is becoming a psuedogene in A. flavus.  

 A. parasiticus can produce aflatoxins AFB1, AFB2, AFG1, and AFG2.  It was 

originally thought that G-group aflatoxins formed directly from B-group aflatoxins (Dutton, 

1988; Heathcote et al. 1976, Maggon and Venkitasubramainan, 1973; Watanabe and 

Townsend, 1996).  More recently it has been found that the different forms of AF share a 

common pathway that later branches to form AFB1, AFB2, AFG1, and AFG2.  Yabe et al. 

first demonstrated that B and G forms of AF are independently synthesized and that G1 and 

G2 synthesis share common enzymes (1999).  A P450 monoxygenase was predicted to be 
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involved in biosynthesis of G forms of AF (Yabe et al., 1999).  This was confirmed by 

Ehrlich et al. and the enzyme was named cypA (2004).  Comparative analysis showed that 

there was a large deletion in A. flavus isolates at the 5’ ends of the cypA and norB genes 

(Ehrlich et al., 2004).  This deletion was thought to be the reason why A. flavus isolates do 

not produce AFG1 or AFG2.  However, with the discovery that nadA is required for G-group 

AF formation in A. parasiticus and that nadA is defective in A. flavus, it is not clear which 

mutation occurred first to prevent G aflatoxins from being produced in A. flavus.  The cypA-

norB deletion is estimated to have occurred 5 Mya after A. flavus and A. parasiticus diverged 

(Cary and Ehrlich, 2006).  The ratio of nonsynonymous to synonymous nucleotide 

substitutions was studied for genes in the AF gene cluster (Ehrlich et al., 2005b), but did not 

include nadA.  This approach of studying the nadA sequence divergence in different 

Aspergillus spp. could decipher which mutation occurred first, the nadA or the cypA-norB.  It 

is possible that the cypA-norB deletion occurred before mutation of nadA because the cypA-

norB is closer to the telomere where there is more genetic flux (Maciaszczyk, 2004).  

However, more than one mutation has affected nadA expression.  Until more is known about 

the possible impact of amino acid changes (see Figure 5A) on NadA function, it may be 

difficult to accurately determine which event led to the loss of the secondary metabolites 

AFG1 and AFG2.        

 To date, the only two genes confirmed to be involved in the biosynthesis of G forms 

of AF are cypA and nadA.  It is interesting to note that these two genes are located at each 

end of what is currently thought to be the AF gene cluster.  There is a theory that the cluster 

started as a basal cluster that included: pksA (aflC), aflR, aflJ (aflS), fas-1 (aflA, hexA), fas-2 

(aflB, hexB), and  nor-1 (aflD) (Cary and Ehrlich, 2006).  Phylogenetic analysis suggests that 

the rest of the cluster was formed by gene duplication and gene recruitment (Ehrlich et al., 

2005; Carbone et al., 2007; N. Khaldi personal communication).  This suggests that over 

time the cluster was built up in the ancestral strain of A. parasiticus and A. flavus.  However, 

after the divergence of A. flavus and A. parasiticus, the ends of the cluster began to 

disassemble, or mutate, in A. flavus.  It may be that AFG1 and AFG2 are no longer needed in 

the ecological niche of A. flavus while they are still advantageous for A. parasiticus.     
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 Further work could also be done on the role of NadA in AF biosynthesis in A. 

parasiticus.  An over-expression construct has been built to over-express A. parasiticus 

NadA in A. flavus.  By adding back combinations of A. parasiticus nadA, cypA, and norB to 

A. flavus, it will be determined exactly which genes are needed for G forms of AF.  This kind 

of experiment will help to determine if genetic drift has occurred, further altering regulatory 

factors or sites or proteins required for proper orchestration of AF G biosynthesis. 

 Because NadA is thought to be involved in the last enzymatic step to form cytotoxic 

G aflatoxins, it would be interesting to know where NadA is located in the cell.  There is 

evidence that AF may be produced within peroxisomes in order to not have toxic effects on 

the fungus.  Norsolorinic acid, an intermediate in AF and sterigmatocystin biosynthesis, is 

localized to peroxisomes in A. flavus, A. parasiticus, and A. nidulans (Maggio-Hall et al., 

2005).  Some of the enzymes that act earlier in the biosynthesis of AF such as Nor-1, Ver-1, 

and VBS may be localized to the cytosol while later enzymes such as OmtA may be localized 

to peroxisomes (Lee et al., 2002; Chiou et al., 2004; Lee et al., 2004).  The protein 

localization software pTARGET predicts that A. parasiticus NadA is localized to the 

peroxisome with an 87.6% confidence level, even though it does not contain the amino acids 

SKL at the C-terminus (Guda and Subramaniam, 2005).  Constructs for GFP-NadA fusion 

proteins have been built and A. parasiticus will be transformed with the constructs to 

visualize NadA and to help determine if it does in fact localize to some type of peroxisomal 

vesicle.   
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ABSTRACT 

 

An antisense transcript, aflRas, has been identified in Aspergillus flavus that is 

complementary to the gene encoding the transcriptional regulator of the aflatoxin (AF) 

biosynthesis pathway, aflR.  aflRas belongs to a class of RNAs called Naturally occurring 

Antisense Transcripts (NATs), which can impact gene expression and have been observed in 

many different eukaryotic organisms.  The transcription factor aflR is tightly controlled both 

transcriptionally and posttrancriptionally and the NAT aflRas may be another layer of its 

complex regulation that occurs in cis.  To examine this possibility, expression analysis of 

both aflR and aflRas was used to analyze transcription under AF-conducive conditions prior 

to and during AF production.  As AF accumulated, the transcript levels of aflRas decreased 

in relation to transcript levels of aflR.   However, in A. flavus transformants containing a 

construct designed to over-express aflRas, there was no correlation of aflR transcript or AF 

accumulation with transcript levels of aflRas.  

 

INTRODUCTION 

 

The first A. flavus NAT was identified in a cDNA library (Woloshuk et al., 1994).  

This cis NAT is complementary to aflR, the transcriptional regulator of the AF biosynthesis 

pathway, and was therefore named aflRas.  Five aflRas transcripts were identified and 

provided evidence that aflRas was real and not an artifact.  There are several different types 

of regulatory mechanisms involved in the control of AF biosynthesis.  In particular aflR, the 

transcriptional regulator of the pathway, is tightly controlled.  Several environmental 

conditions such as temperature (Feng and Leonard, 1998), carbon source (Davis and Diener, 

1968; Buchanan and Lewis, 1984), pH (Ehrlich et al., 1999; Denison, 2000), and nitrogen 

source (Bhatnagar et al., 1986; Chang et al., 2000) have an effect on AF production and 

likely aflR.  Proteins involved in asexual sporulation have been shown to control aflR 

transcriptionally and posttranscriptionally (Shimizu et al., 2003; Hicks et al., 1997).  The AF 

biosynthetic pathway is thought to be controlled at the chromatin level by laeA (Bok and 

Keller, 2004).  Deletions in this gene result in a loss of aflR expression and therefore a loss of 

AF production.  These examples demonstrate that the regulation of aflR is complex and that 



 157 

there is a large body of knowledge concerning the control of aflR.  In addition, the cis NAT 

aflRas suggests that aflR may be controlled by antisense regulation. 

 This work analyzed the expression of aflRas in comparison to transcript levels of aflR 

in a wild-type strain of A. flavus.  Over time, aflRas transcript levels decreased in comparison 

to aflR levels in AF conducive conditions.  Over-expression of ectopic copies of aflRas does 

not result in consistent changes of aflR transcript levels or AF production.  Finally, in the 

Affymetrix microarray experiment (Chapter Two) that compared an AF conducive 

temperature (28ºC) and an AF nonconducive temperature (37ºC), neither aflR nor aflRas was 

differentially expressed.  

 

MATERIALS AND METHODS 

 

 Fungal strains and culture conditions:  The wild-type A. flavus strain NRRL 3357 

was obtained from the National Center for Agricultural Utilization Research in Peoria, IL. 

Strain 3357-5 (pyr) is a uracil-requiring mutant of 3357 obtained after mutagenesis with 4-

nitroquinolone oxide and selection on media containing 5-fluoroorotic acid (He and Payne, 

unpublished data, NC State University, Raleigh, NC).  The pGAP40 construct was 

transformed into 3357-5 to obtain aflRas over-expressing strains (as250-as350) using a PEG-

based protocol previously described (Woloshuk et al., 1989).  For the time course study, a 2L 

flask containing 400 ml of YES broth (2% yeast extract, 5% sucrose, pH 4.5) plus 0.4% agar 

was inoculated with 1 x 10
6
 conidia/ml of NRRL 3357.  This mother culture was grown at 

28°C for 16 hours shaking at 200 rpm.  A 20 ml aliquot was used to inoculate one 500 ml 

flask containing 200 ml YES broth for each time point.  These daughter cultures were grown 

under the same conditions and mycelia were harvested at 12, 18, and 24 hours after 

inoculation.  For the over-expression study, each 500-ml flask containing 200 ml of potato 

dextrose broth (PDB) was inoculated with 1 x 10
6
 conidia/ml of either 3357-5 or one of 

twenty-nine strains containing pGAP40.  These cultures were grown at 28°C for 24 hours 

shaking at 200 rpm.  Aflatoxin concentrations for each culture were determined by LC-MS as 

previously described (OBrian et al., 2007). 
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 RNA preparation and cDNA synthesis:  Harvested mycelia were lyophilized and 

stored at -80°C until use.  The tissue was ground with a pestle in a mortar containing liquid 

nitrogen.  RNA was extracted from the ground tissue using Trizol reagent (Invitrogen Life 

Technologies, Carlsbad, CA) following manufacturer’s instructions.  In addition three 

chloroform extractions and an overnight precipitation in 6M LiCl was used.  The RNA was 

quantified using the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, 

Wilmington, DE).  The RNA was DNase treated using RQ1 RNase-Free DNase (Promega 

Corporation, Madison, WI) to remove genomic DNA contamination, and 1µg of DNase 

treated RNA was used for reverse transcriptase reactions using Stratascript Reverse 

Transcriptase (Stratagene, La Jolla, CA). 

 Over-expression construct design:  Primers 5’OE aflRas 5’-

CCATGGCGTCAGCCGTAGTTGACAG-3’ and 3’OE aflRas 5’-

GGATCCGCCAAGCTAGCTGAACATTACTTG-3’ were used to amplify aflRas from 

genomic DNA of 3357.  NcoI and BamHI restriction enzyme sites were added to the 5’ end 

of the 5’ and 3’ primers respectively.  Extaq (Takara Bio Inc., Shiga, Japan) was used for the 

PCR amplification.  The PCR product was run on an agarose gel and the 1071-bp band was 

gel purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA).  The band was 

cloned into the pCR"2.1-TOPO vector as part of the TOPO" TA Cloning" Kit (Clontech, 

Mountain View, CA).  DNA was harvested from colonies containing the aflRas insert using 

the Wizard" Plus Midipreps DNA Purification System (Promega Corporation, Madison, 

WI).  TOPO+aflRas was digested with the restriction enzymes NcoI and BamHI (Promega 

Corporation, Madison, WI). The pNOM102 (Roberts et al., 1989) vector was also digested 

with NcoI and BamHI to remove the uidA gene.  The restriction enzyme reaction products 

were run on an agarose gel and the 1071-bp aflRas band and 5788-bp pNOM102 band were 

gel purified.  The resulting DNA was quantified using the Nanodrop.  A 100ng aliquot of the 

digested pNOM102 vector was used in a ligase reaction with 1:1 and 3:1 ratios of the aflRas 

insert with T4 DNA Ligase (Promega Corporation, Madison, WI).  The resulting construct 

containing the gpdA::aflRas::trpC cassette was named pGAP40.     

Real-time quantitative PCR:  Real-time quantitative PCR analysis was used to 

measure gene expression.  The following primers were used for amplification: For_aflR 5’-
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GGATGGCTACTTGCTGAGCAT-3’, Rev_aflR 5’-GCTGCCGCAGCATACCA-3’, 

For_overlap 5’-TCTAAGTGCGAGGCAACGAA-3’, Rev_overlap 5’-

AAGAAACACACAATGTGAAGGCTTT-3’, For_aflRas 5’-

TCTGGTCACCCGGTTTCAG-3’, Rev_aflRas 5’-GACTTGGCCCAAGGATTGTC-3’, 

For_aflJ 5’-ACCTCTCCTACGTGTCAAGTTCAA-3’, and Rev_aflJ 5’-

TTGCCAGTTCATCCGAGTGA-3’. SYBR Green (Applied Biosystems, Foster City, CA) 

was used for PCR quantification.  The DNA Engine Opticon 2 Continuous Fluorescence 

Detector (Bio-Rad Laboratories, Hercules, CA) was used with the following PCR program: 

95°C for 10 min., {95°C for 15 sec., 60°C for 1 min., plate read} x 40 cycles.  The 2
-!!CT

 

method was used to analyze the real time quantitative PCR data (Livak and Schmittgen, 

2001). Control values (18S) were subtracted from raw CT values to normalize the data for 

each strain or time point.  For the aflRas experiment, gene expression was compared to the 

expression of aflR.  The !!CT value was calculated by taking the normalized CT values of all 

the genes and subtracting the aflR CT values.  For the aflRas over-expression experiment, 

gene expression was compared to the expression of aflR and aflRas in the control strain 

3357-5. The !!CT value was calculated by taking the normalized CT values of aflR and 

aflRas in the over-expression strains and subtracting the CT values for 3357-5.  The fold 

change was calculated by raising 2 to the power represented by the -!!CT value.  

 

RESULTS 

 

 Expression of aflRas:  The aflRas transcript was first detected in a cDNA library 

made by Woloshuk et al. (1994).  Two shorter aflRas transcripts were also detected in a 

separate library created by Yu et al. (2004), providing more support that aflRas was not an 

artifact of the cDNA library construction. Quantitative RT-PCR was utilized to determine if 

aflRas was transcribed.  Primers for aflRas and aflR were designed to amplify regions in 

which there was no overlap between the two transcripts.  Primers were also designed for aflJ, 

a gene that resides next to aflR and is transcribed from the opposite strand, to ensure that 

aflRas is not a part of the 5’UTR of the aflJ transcript (Figure 1A).  The wild-type strain 

NRRL 3357 was grown under conditions conducive for AF production.  Three time points 
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were chosen for analysis at different stages of AF production: 12 hours (0 ng/ml), 18 hours 

(29 ng/ml), and 24 hours (86 ng/ml). The mean of three -!!CT values (see methods for 

calculations) was plotted on a log scale for each sample with the error bars representing the 

standard deviation for each sample (Figure 1B-D). 

 

   

 

 

 

 

Figure 1. – Genomic arrangement and quantitative RT-PCR of aflJ, aflR, and aflRas 

over time.  (A) Quantitative RT-PCR targets.  aflRas and aflR have a 779 bp overlap at their 

5’ ends.  The 68-70bp regions amplified by quantitative RT-PCR are represented by the 

small lines above or below the genes.  (B) Relative gene expression at 12 hours. (C) Relative 

gene expression at 18 hours. (D) Relative gene expression at 24 hours.   
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The aflRas transcript was observed at each of the time points analyzed.  The 

expression of aflRas and aflJ was different for each of the three time points. At 12 hours, 

aflR and aflRas were expressed at similar levels, while expression of aflRas at 18 hours was 

slightly less, but not significantly different from expression of aflR. At 24 hours, however, 

expression of aflRas was 2 fold less than that of aflR. 

Over-expression of aflRas:  To understand the role of aflRas in AF biosynthesis, an 

over-expression construct for aflRas was built and was named pGAP40.  The construct 

contains the gpdA promoter, a constitutive promoter from Aspergillus nidulans (Punt et al., 

1990), genomic DNA from NRRL 3357 corresponding to the full length aflRas transcript, 

and the trpC terminator from A. nidulans (Mullaney et al., 1985) (Figure 2).  

 

 

 

 

 

 

 

          

 

 

 

 

 

Figure 2. – The aflRas over-expression construct pGAP40.   

 

 

Strain 3357-5 was cotransformed with the pGAP40 vector and a vector containing the pyr4 

gene from Neurospora crassa to complement the uracil requiring mutation in 3357-5.  

Twenty-nine independent transformants were found to contain both vectors.  These twenty-
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nine strains and the parental strain 3357-5 were grown in PDB medium and analyzed for AF 

production.  Five representative transformants were selected for further analysis (Figure 3).   

 

 

 

Figure 3. – Aflatoxin B1 production in 3357-5 and strains containing the pGAP40 construct.  

The strains were grown for 24 hours in PDB medium. 

 

 

 There was a wide range of AF production amongst the transformants.  To determine 

if there was a correlation between aflRas transcript levels, aflR transcript levels, and AF 

production, expression levels of aflR and aflRas were analyzed in the five transformants and 

3357-5 using quantitative RT-PCR (Figure 4A-B). 
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Figure 4. – Expression of aflR and aflRas in 3357-5 and strains containing the pGAP40 

construct.  (A) aflR expression.  aflR transcript levels after 24 hours growth in PDB. (B) 

aflRas expression. aflR transcript levels after 24 hours growth in PDB. 

 

 

Three transformants: as252, as328, and as349 had less aflR expression compared to 

the 3357-5 control while two transformants: as344 and as335 had more.  Comparing aflRas 

expression amongst strains, the three transformants: as252, as344, and as328 had more 

aflRas expression and the two transformants: as349 and as335 had less compared to the 

3357-5 control.  The ratio of aflRas/aflR for each strain was also determined to see if there 

was a correlation with AF production and no correlation was found. 
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aflRas is not differentially expressed between 28ºC and 37ºC:  In an Affymetrix 

microarray experiment (Chapter Two) that compared an AF conducive temperature (28ºC) 

and an AF nonconducive temperature (37ºC), neither aflR nor aflRas was differentially 

expressed.  These results agree with a previous quantitative PCR study (OBrian et al., 2007)  

 

DISCUSSION 

 

 Although few NATs have been characterized, genomic analyses have revealed that 

they are a common form of RNA in many plants, animals, and fungi.  Some argue that NATs 

are “transcriptional noise” (Cawley et al., 2004) but there is growing evidence demonstrating 

that NATs have biological significance.  The newly available genomic sequence of A. flavus 

has made it possible to identify NATs in the filamentous fungus.  This study focused on the 

cis NAT aflRas in A. flavus because much is known about the regulation of aflR, the 

transcriptional regulator of the AF gene cluster and aflRas was identified in two independent 

cDNA libraries.  Quantitative RT-PCR analysis confirmed the presence of the aflRas 

transcript and demonstrated that the expression of aflRas was significantly different than the 

expression of aflJ, which indicated that aflRas is a separate entity.  Because both aflR and 

aflRas transcripts were detected for each time point, it is clear that the presence of aflRas 

transcripts cannot completely prevent transcription of aflR.  It is important to note however 

that it is possible that aflR and aflRas are not transcribed in the same cells.  Prescott and 

Proudfoot demonstrate that sense and antisense transcripts cannot be transcribed at the same 

time due to polymerase collision (2002).   

aflRas transcripts were detected prior and during AF production.  In comparison to 

aflR transcript levels, aflRas levels decreased as AF accumulated.  This correlation suggests 

that the ratio of aflR to aflRas may be important for AF production.  To further understand 

the relationship between aflR, aflRas, and AF production transcript levels should be 

measured over a fine time course.  Although aflRas was not differentially expressed between 

28ºC and 37ºC, a comparison of transcript levels between other conditions conducive and 

nonconducive for AF production may give more insight. 
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 An over-expression construct was built to determine if higher levels of aflRas 

transcript could perturb the expression of aflR and affect AF production.  No correlation 

could be seen between aflR, aflRas, and AF production in the aflRas over-expression 

experiment.  aflRas levels were highest in transformant as344 with a 43.7 fold increase 

compared to the 3357-5 control strain.  This large increase of aflRas transcript did not 

decrease aflR levels and toxin production was not reduced.  Transformants as252 and as328 

did not have as dramatic increases of aflRas expression with a fold increase of 4.7 and 3.7 

respectively.  Although these two transformants had reduced levels of aflR compared to the 

control strain, as252 did not produce any AF while as328 produced nearly 5 times that of 

3357-5.  Thus, elevated levels of aflRas did not consistently reduce aflR levels or AF 

production.  It is possible that the way in which aflRas was over-expressed does not 

accurately reflect the relationship of aflRas and aflR transcription.  Because aflRas is a cis 

NAT, it is transcribed from the same locus as aflR.  In the over-expression study, ectopic 

copies of aflRas are expressed regardless of what is happening with aflR transcription at the 

native locus.  If the role of aflRas is to physically block aflR transcription by collision, then 

the ectopic copies would not have an effect on the transcription of aflR.   

 The best way to determine the function of aflRas is to observe aflR transcript levels 

and AF production in the absence of aflRas.  However, the DNA encoding the aflRas 

transcript could not be simply removed because a large portion of aflR would also be 

eliminated.  Instead, the transcriptional start site of aflRas would have to be identified and 

altered in such a way that aflRas transcription was turned off.  This alteration however could 

not alter the amino acid sequence of the aflR coding region. 
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ABSTRACT 

 

The transcriptional regulator of aflatoxin biosynthesis, AflR, controls the 

transcription of nadA, a gene that is adjacent to the AF gene cluster and upstream of a 

putative sugar utilization gene cluster.  Prior to the discovery that the nadA gene was a 

pseudogene in A. flavus (see Chapter Four), over-expression and antioxidation experiments 

were performed to determine the role of NadA in A. flavus.  In the first nadA over-expression 

experiment, three out of three nadA over-expressors were defective for aflatoxin (AF) 

production with or without the addition of oxidants to the growth medium.  In the second 

experiment, three out of three nadA over-expressors continued to produce AF.  RNA analysis 

of pseudogene expression showed that nadA levels were greatly increased in each of the six 

transformants from both experiments when compared to expression in a wild-type strain.  

The same construct and the same transformation technique were used in both experiments.  

The lack of correlation between the two sets of transformants suggests that some other factor 

must have inhibited AF in transformants from the first experiment.  Initial antioxidative 

experiments suggested that deletions of nadA caused a delay in antioxidant activities and 

prevented increases in AF when strains were exposed to the oxidant CCl4 compared to the 

wild type strain.  However, these results were not reproducible in subsequent experiments.  

Further studies will be needed to resolve these conflicting data. 

 

INTRODUCTION 

 

The conversion of NADH to NAD+ by NADH oxidases can have broad effects on 

metabolism due to changes in the redox status of the cell.  When NADH oxidases from 

anaerobic bacteria were over-expressed in Saccharomyces cerevisiae, intracellular levels of 

NADH decreased, resulting in a metabolic shift (Heux et al., 2006a; Heux et al., 2006b; 

Vemuri et al., 2007).   NADH oxidases also have the ability to create reactive oxygen species 

(ROS).  Some NADH oxidases in anaerobic bacteria are able to take oxygen and form the 
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ROS hydrogen peroxide (Saeki et al., 1985; Higuchi et al., 1993; Niimura et al., 2000; 

Nishiyama et al., 2001; Moy et al., 2004; Yang and Ma, 2007).  Studies in mice and humans 

have characterized the mitochondrial NADH oxidase AIF (apoptosis inducing factor) that 

oxidizes O2 to form O2
-
 as part of the apoptosis process (Miramar et al., 2001).   Plants and 

animals have a family of cell surface NADH oxidases referred to as ECTO-NOX (Morré, 

1995). ECTO-NOX genes have been characterized and shown to produce ROS at the cell 

surface.  In animals, this activity has an effect on the aging process (Morré et al., 2000; 

Morré and Morré, 2006).  These examples support a role for NADH oxidases in oxidative 

stress. 

There have been several studies that show a correlation between AF biosynthesis and 

oxidative stress.  A number of genes involved in antioxidation are expressed when A. flavus 

is grown under AF conducive conditions (Yu et al., 2004).  Antioxidative compounds have 

been shown to inhibit AF biosynthesis in A. parasiticus and A. flavus (Jayashree and 

Subramanyam, 1999; Mahoney and Molyneux, 2004; Kim et al., 2005; Reverberi et al. 2005; 

Zjalic et al. 2006) while oxidants can stimulate AF production in A. parasiticus and A. flavus 

(Bhatnagar et al., 1982; Fanelli et al., 1983; Fabbri et al., 1983; Fanelli et al., 1984; Fanelli 

and Fabbri, 1989; DeLuca et al., 1995; Narasiah et al., 2006).  Jayashree and Subramanyam 

demonstrated that an aflatoxigenic strain of A. parasiticus had significantly higher 

antioxidant activity compared to a non-toxigenic strain (2000).  Furthermore, using mutants 

in A. parasiticus blocked at different steps of AF biosynthesis, there is evidence that ROS 

accumulate with each step of AF biosynthesis (Narasaiah et al., 2006).  

 The role of nadA in AF biosynthesis and oxidative stress in A. flavus was investigated 

in the present study.  At the time of this study, the sequence of nadA was presumed to encode 

a full-length protein, but we now know that nadA is a pseudogene.  Nevertheless, we studied 

the effects of !nadA strains and the effects of constitutive over-expression of A. flavus nadA 

on AF biosynthesis and oxidative stress.  Because the gene is actively transcribed, and the 

deletion is at the 3’ end of the gene, it was important to determine if the pseudogene 

interfered or had an effect on oxidative stress in general.  Here we report variability in these 

assays and conflicting results.  The variation between and within experiments is reported as a 

caveat to attempts to alter AF production by perturbing redox status when AF biosynthesis is 
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known to be controlled by temperature, pH, carbon source, nitrogen source, and many other 

external variables. 

 

MATERIALS AND METHODS 

  

Fungal strains and culture conditions:  The wild-type A. flavus strain NRRL 3357 

was obtained from the National Center for Agricultural Utilization Research in Peoria, IL. 

Strain 3357-5 (pyr) is a uracil-requiring mutant of 3357 obtained after mutagenesis with 4-

nitroquinolone oxide and selection on media containing 5-fluoroorotic acid (He and Payne, 

unpublished data, NC State University, Raleigh, NC).  A PEG-based transformation protocol 

(Woloshuk et al., 1989) was used to generate !nadA strains and nadA over-expressing strains 

in 3357-5.  The 3357-5+pyr strain was created by transforming strain 3357-5 with the 

pBSKpyr vector and it was used as a control strain.  For the nadA over-expression test, PDB 

medium was used and the conditions were the same as the sugar test.  For the initial 

antioxidant enzyme assays, a 100-ml flask containing 50-ml of PDB medium was inoculated 

with 1 x10
6
 total conidia.  The cultures were kept stationary and after 4 days of growth the 

cultures were harvested at 24 hrs, 48 hrs, 72 hrs, 96 hrs, and 168 hrs.  For the remaining 

antioxidant enzyme assays, a 100-ml flask containing 50-ml of Czapek Dox Broth (CDB) 

was inoculated with 1x10
6
 total conidia.  The stationary cultures were grown for 4 days.  

Carbon tetrachloride (CCl4) was added to the flask for a final concentration of 0.5% after 4 

days of growth and the cultures were harvested at 24 hrs, 36 hrs, 48 hrs, 60 hrs, 72 hrs, 96 

hrs, and 168 hrs.   

Over-expression construct design:  Primers 5’NcoI nadA 5’-

CCATGGTATCGAAGCAATTCGTGCTG-3’ and 3’NcoI nadA 5’- 

CCATGGGCATATGCTATGTCGAGATGGTT -3’ were used to amplify nadA from gDNA 

of 3357.  A NcoI restriction enzyme site was added to the 5’ end of both primers.  Extaq 

(Takara Bio Inc., Shiga, Japan) was used for the PCR amplification.  The PCR product was 

run in a 1% agarose gel and the 1518-bp band was gel purified using the QIAquick Gel 

Extraction Kit (Qiagen, Valencia, CA).  The band was cloned in the pCR"2.1-TOPO vector 

as part of the TOPO" TA Cloning" Kit (Clontech, Mountain View, CA).  DNA was 
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harvested from colonies containing the nadA insert using the Wizard" Plus Midipreps DNA 

Purification System (Promega Corporation, Madison, WI).  TOPO+nadA was digested with 

the restriction enzyme NcoI  (Promega Corporation, Madison, WI). The pNOM102 (Roberts 

et al., 1989) vector was also digested with NcoI to remove the uidA gene.  The restriction 

enzyme reactions were run on a 1% agarose gel and the 1518-bp nadA band and 5788-bp 

pNOM102 band were gel purified.  The resulting DNA was quantified using the Nanodrop 

ND-100 spectrophotometer (Nanodrop Technologies, Wilmington, DE).  100 ng of the 

digested vector was used in a ligase reaction with 1:1 and 3:1 ratios of the nadA insert with 

T4 DNA Ligase (Promega Corporation, Madison, WI).  The resulting construct containing 

the gpdA::nada::trpC cassette was named pCOEnadA for constitutive over-expression of 

nadA.  Fungal transformants  were screened with the primers 5’pNOM102 5’-

TCCCACTTCATCGCAGCTTG-3’ and 3’NcoInadA (mentioned above). 

RNA preparation and cDNA synthesis:  Harvested mycelia were lyophilized and 

stored at -80°C until use.  The tissue was ground with liquid nitrogen using a mortar and 

pestle.  RNA was extracted from the ground tissue using Trizol reagent (Invitrogen Life 

Technologies, Carlsbad, CA) following manufacturer’s instructions.  In addition, three 

chloroform extractions and an overnight precipitation in 6M LiCl was used. RNA was 

quantified using the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, 

Wilmington, DE).  The RNA was DNase treated using RQ1 RNase-Free DNase (Promega 

Corporation, Madison, WI) to remove genomic DNA contamination.  One µg of DNase 

treated RNA was used for reverse transcriptase reactions using Stratascript Reverse 

Transcriptase (Stratagene, La Jolla, CA) or Superscript III Reverse Transcriptase (Invitrogen 

Corporation, Carlsbad, CA) for the nadA cDNA sequencing experiment. The following 

primers were used for semi-quantitative RT-PCR in the nadA over-expression experiment:  

5’RT2ndnadA 5’-TTCTTTCTCGATGTTGCTGA-3’ with 3’RT2ndnadA 5’-

GCATGTCCAGGTAAGAATGG-3’and 5’RTg3p 5’-TCTGTTGTCGACCTCACCTG-3’ 

with 3’RTg3p 5’-GTCAATTTCAAGGGGTGGTG-3’. 

DNA isolation and analysis:  DNA was run on a 1% agarose gel and stained with 

ethidium bromide.  DNA was gel purified using the QIAquick Gel Extraction Kit (Qiagen, 

Valencia, CA).  The Wizard" Plus Midipreps DNA Purification System (Promega 
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Corporation, Madison, WI) was used to isolate bacterial DNA.  For fungal genomic DNA 

isolation, lyophilized tissue was ground using a mortar, pestle, and liquid nitrogen. The tissue 

was suspended in 0.4 ml phenol and 0.8 ml H-Buffer ( 0.1M LiCl, 0.1M EDTA, 0.01M Tris 

buffer pH 7.5, 0.1% SDS).  The suspension was incubated at 60°C for 5 minutes.  The 

samples were cooled on ice and 0.4 ml chloroform:isoamyl alcohol (24:1 v/v) was added.  

The tubes were spun at 13K rpm for 1 minute.  The aqueous layer (0.7 ml) was transferred to 

another tube and 0.7 ml chloroform:isoamyl alcohol (24:1 v/v) was added.  The tubes were 

spun at 13K rpm for 1 minute.  The aqueous layer (0.5 ml) was transferred to another tube 

and 50 µl 3M NaOAC and 1 ml 95% EtOH was added.  The DNA was precipitated at -20°C 

for 45 minutes and then spun at 13K rpm for 10 minutes.  The pellets were washed with 0.5 

ml 70% cold EtOH and spun at 13K for 5 minutes.  The EtOH was decanted and the pellets 

were dried.  The DNA was resuspended in 50 µl TE buffer pH 8.  DNA was cloned in the 

pCR"2.1-TOPO vector as part of the TOPO" TA Cloning" Kit (Clontech, Mountain View, 

CA).  The DNA was sent to The DNA Facility of the Iowa State University Office of 

Biotechnology for sequencing using the Universal (21M13) Primer and the Reverse (M13) 

Primer.  

Antioxidant enzyme assays:  Activity of catalase, glutathione peroxidase, and 

superoxide dismutase at pH 7.8 and pH 10 was measured with spectrophotometric assays 

following the protocols used by Reverberi et al. (2005). 

Aflatoxin analysis:  Chloroform (0.5X, v/v) was added to 1 ml of liquid medium to 

extract AF.  The tubes containing chloroform and liquid medium were vortexed and spun at 

12,000 rpm for 10 mins.  The organic phase was transferred to a new tube and dried down.  

For resuspension, 10 µl of chloroform was added to each tube and spotted on a thin 

chromatography (TLC) plate (Whatman).  Developing solvent, containing 80% toluene, 15% 

methanol, and 5% acetic acid, was added to the tank. After 45 minutes, the plates were 

removed and exposed to UV for imaging. 
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RESULTS 

 

Over-expression of nadA does not result in a reproducible phenotype:  An over-

expression construct was designed to constitutively over-express nadA to learn more about its 

function.  Strain 3357-5 was cotransformed with the pCOEnadA plasmid and with pBSKpyr.  

The transformants were screened using primers 5’pNOM102 and 3’NcoInadA to identify 

transformants containing the pCOEnadA construct.  Seventeen positive transformants along 

with 3357 were grown in PDB medium and the filtrate was tested for AF using TLC analysis.  

The mycelia and filtrates of fifteen of the transformants containing the pCOEnadA construct 

were white in color compared to the wild-type 3357 strain and vector control strains that did 

not contain the pCOEnadA construct.  Three randomly selected transformants containing the 

pCOEnadA construct are shown (C9, C12, and C14) (Figure 1A).  The positive transformants 

produced little if any aflatoxin B1 (Figure 1B).  Expression levels of nadA were determined 

for the 3 randomly selected transformants and the 3357 strain.  Using semi quantitative RT-

PCR, nadA was shown to have higher expression in the three selected transformants 

compared to the wild-type strain, with C9 having the highest expression level (Figure 1C).   
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Figure 1. – Strains with nadA over-expression. (A) Cultures grown at 28°C for 48 

hours in PDB medium.  C9, C12, and C14 contain the pCOEnadA construct, 3357 is the 

wild-type strain, and C1, C5, and C8 are pyr4 transformants that do not contain the 

pCOEnadA construct.  The strains with pCOEnadA have light colored mycelia and nearly 

colorless filtrate. (B) TLC analysis of AF production in the cultures.  The aflatoxin B1 

“standard” was used as a marker for migration.  The strains with pCOEnadA have reduced 

AF production. (C) Semi-quantitative RT-PCR analysis of nadA expression.  PCR products 

resulting from 30 cycles were run on a 1% agarose gel stained with EtBr.  The gpdA gene 

was used as a control to determine the efficiency of the cDNA reactions. 
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However, when an additional transformation was performed, the ten transformants 

containing the pCOEnadA construct did not display the same phenotype as the original 

transformants.   This second set of transformants was able to produce AF and did not look 

like the first set of transformants when grown on PDA plates at 37°C.  Three randomly 

selected transformants containing the pCOEnadA construct from the second transformation 

are shown (C52, C57, C58)  (Figure 2 and Figure 3). 
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Figure 2. – The underside of PDA plates containing pCOEnadA transformants and a 

control strain.   There is a difference in phenotype between the first and second sets of 

transformants.  A) C9, B) C12, C) C14, D) 3357, E), C52, F) C57, and G) C59.  

 

 

The mycelia and media underneath the growing colonies appears white in color for the first 

set of transformants (A-C).  The second set of transformants (E-G) are pale yellow in 

comparison and look like the wild-type culture (D). 

 

 

 

Figure 3. – The top of PDA plates containing pCOEnadA transformants and a control 

strain.  There is a difference in phenotype between the first and second sets of transformants.  

A) C9, B) C12, C) C14, D) 3357, E), C52, F) C57, and G) C59.  

 

 

The green and yellow-green colors seen in Figure 3 are a result of conidial pigmentation.  As 

A. flavus conidia develop, the pigmentation changes from a yellow-green to green.  The 

second set of transformants grew more like the wild-type strain with a more unorganized 
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pattern of developing conidia than the first set of transformants.  The first set of 

transformants has a smaller margin of yellow-green developing conidia than the wild-type 

and second set of transformants.  Furthermore the first set of transformants tends to have 

more aerial hyphae in the center of the colony giving it a “fluffy” appearance whereas the 

others do not.  Semi-quantitative PCR was used to ensure that the second set of transformants 

was truly over-expressing the nadA transcript (Figure 4).  

 

 

 

 

Figure 4. – nadA expression in control strains and strains containing pCOEnadA.  1) 

3357, 2) 3357-5+pyr, 3) C9, 4) C12, 5) C14, 6) C52, 7) C57, and 8) C58. 

 

 

All of the transformants tested containing the pCOEnadA construct had higher expression of 

nadA than the control strains.  The expression of nadA in the first set of transformants is 

comparable to the expression in the second set of transformants. 

The effects of deletion and over-expression of nadA on antioxidant activity: 

Antioxidant enzyme assays were used to determine if nadA was involved in the response to 

oxidative stress.  The following enzyme activities were measured in the assay: catalase 

(CAT), superoxide dismutase (SOD) at pH 7.8 (cytosolic activity), superoxide dismutase 

(SOD) at pH 10 (mitochondrial activity), and glutathione peroxidase (GPX).  Catalase and 

glutathione peroxidase are able to reduce hydrogen peroxide (H2O2) to form H2O while the 

superoxide dismutases reduce superoxide anion (O2
-
) to form H2O2.  Flasks containing PDB 

medium were inoculated with the wild type strain 3357 and the nadA knockout strain with 

the single insertion of the knockout construct !nadA235 and growth was established after 4 

days (time 0).  The activity of the four enzymes was measured during a time course to see if 
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the activity of !nadA235 was different than the wild type strain activity as the cultures aged.  

If the NADH oxidase encoded by nadA generated ROS, then you would expect to see a 

decrease in antioxidant enzyme activity in the !nadA strains.  The initial peak activity for all 

four enzymes was delayed in the !nadA235 strain compared to 3357 (Figure 5).  The wild 

type strain had initial peak activity at 48 hours for all four enzymes, while the !nadA235 

strain had peak activity at 72 hours for CAT and SOD pH 10, and 96 hours for SOD pH 7.8 

and GPX. 

 

 

  

  

 

Figure 5. – Antioxidant enzyme activities for 3357 and !nadA235 grown in PDB 

medium. 
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Antioxidant enzyme activities were also measured in a time course in which CDB 

medium was used with or without the addition of the oxidant CCl4.  The CDB medium is less 

conducive than PDB medium for AF production; thus CDB medium was used so that the 

addition of CCl4 would have a more dramatic effect on AF production.  Two nadA knockout 

strains !nadA216 and !nadA235, a nadA over-expression strain C9, and the wild type strain 

3357 were used in the experiment.  The level of enzyme activity could not be correlated with 

a lack of nadA expression or additional nadA expression (data not shown).  Furthermore, the 

!nadA235 did not have delayed enzyme activity as seen in the previous PDB experiment 

(data not shown).   In addition to antioxidant enzyme activities, AF production was also 

measured in the experiment.  Aflatoxin levels increased with the addition of CCl4 in the wild 

type strain as much as 28x the amount in the -CCl4 control, while the nadA knockout strains 

!nadA216 and !nadA235 tended to produce lower amounts of AF when CCl4 was added 

(Table 1).  The ratio of AF in ng/ml in the CDB control to AF in ng/ml in the CDB + CCl4 

treatment is shown. 

 

 

Table 1. – The effect of CCl4 on aflatoxin production 

  3357 !nadA216 !nadA235 

24 hrs 28.43 0.77 0.41 

36 hrs 12.69 0.89 0.65 

48 hrs 5.37 0.46 4.22 

60 hrs 3.22 0.64 0.88 

72 hrs 6.54 0.98 1.13 

96 hrs 3.69 0.53 0.97 

168 hrs 3.05 0.68 1.3 

 

 

However when the experiment was repeated, the nadA knockout strains produced more AF in 

the presence of CCl4 in some cases (data not shown).  Therefore the absence of AF induction 

in !nadA strains was not reproducible. 

 

A highly conserved region in NadA orthologous proteins is absent in the 

truncated NadA:  Theoretically, a truncated protein could result in defects by interfering 
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with wild type protein function.  Because A. flavus is haploid, no competition with protein 

from a second allele was possible.  To determine other possible interactions, the A. 

parasiticus NadA protein sequence was used in a blastp analysis to identify orthologs in A. 

flavus.  Fourteen oxidoreductase, FAD/FMN-binding family proteins were identified with e 

values ranging from e
-103

 to 3e
-11

.  The fourteen protein sequences were aligned using 

ClustalW to identify conserved residues.  While some amino acids were conserved 

throughout the protein, a conserved region was identified (Figure 6) that was likely to be 

important for function.  This region was not present in the truncated NadA in A. flavus.  

 

 

2504.m01477      DYAQAAKNAI-AAGFDGVEIHGANGYLIDQFTQDTVNQRTDSWGG-SVENRARFALEVTK 207 

2842.m00548      LYAQAARNAV-MAGFDGVELHGGNGYLVDQFTQDTCNRRTDSWGG-SIPNRSRFAVEVTR 207 

2504.m00676      DFATAAKNAI-AAGFDGVEVHGANGYLVDQFLQDVSNQRTDQWGG-SIESRARFGVEVAK 208 

2258.m00019      EYAAAAKRAM-EAGFDGVEIHGANGYLLDQFLHDNVNNRADDYGG-SIEKRSRIVLEVLK 221 

2368.m00537      DYCQAAESAM-KIGFDGVELHGGNGYLPEQFLSSNINKRTDEYGG-SPEKRCKFVLELMD 243 

1918.m00217      AFAHAARLAVGIAGFDGVEIHGANGYLLDSFVHDNINTRNDEYGGPAIEARLKFPLEVVD 218 

1866.m00618      AFAKSAELAV-KAGVDVIEIHAAHGYLLNQFLSPATNKRTDEYGG-SFENRVRIVREVAT 275 

2911.m00757      DWAKTAKRAV-QAGADVIEIHAAHGYLIHQFLSPVSNHRTDSYGG-SFENRTRLLLEIIE 276 

1918.m00189      AWVSAVKRAV-KAGADFVEIHNAHGYLLMSFLSPAVNKRTDEYGG-SFENRIRLSMEIAK 257 

2504.m00492      AWAAACKRAI-AAGADFIEIHNAHGYLLSSFLSPASNNRTDEYGG-SFENRIRLPLEIAQ 253 

2689.m00525      DWAEAAKRAV-RANFDAIEIHAAHGYLLHQFLSPVSNRRTDKYGG-SFENRVRILLEICE 249 

1866.m00336      QFVNSARFLA-ECGFAGVELHAAHGYLLSQFLSPKSNIRHDKYGG-SPEARARIVLEIIK 225 

2043.m00808      KFVDTARLMA-DSGFSGVELHGAHGYLIDQFLNPKTNLRTDVYGG-TLEKRAKFVLDIIT 204 

2842.m00605      RWTHAAVYLH-KAGFDGIQLHGAHGYLLAQFLSQTTNKRTDEYGG-SLENRARLIVEVAR 232 

                  :  :        .   :::* .:***  .*     * * * :** :   * ::  :: 

Figure 6. – Portion of an alignment of the A. parasiticus NadA orthologs in A. flavus.  

*=100% conserved, :=strongly conserved, .=weakly conserved. 

 

 

DISCUSSION 

  

NADH oxidases are often associated with reactive oxygen species.  Because of the 

correlation between AF production and oxidative stress, it was hypothesized that nadA may 

provide a molecular link between the two processes.  Oxidative stress appears to modulate 

AF production rather than exhibit a strict control on its biosynthesis, and its effect is often 

more difficult to quantify. To more carefully examine the effect NadA may have on AF 

biosynthesis we compared the activity of several antioxidant enzymes in the wild type and 

deletion strain.  The activity of catalase, glutathione peroxidase, mitochondrial superoxide 

dismutase, and cytosolic superoxide dismutase indicates the oxidative status of the cell and 



 182 

these enzymes are commonly used in assays (for review see: Henkle-Dührsen and 

Kampkötter, 2001; Bebianno et al., 2004; Loscalzo et al., 2005; Vives-Bauza et al., 2007).  

We observed a subtle but consistent effect on these enzymes in our initial experiments with 

!nadA235.  This strain had delayed peak enzyme activity compared to the wild-type strain 

(Figure 5).  However, when an additional deletion strain, !nadA216, and !nadA235 were 

grown in a less rich medium, we could not reproduce these differences. The only apparent 

difference between the two knockout strains was that !nadA216 contains two copies of the 

knockout construct whereas !nadA235 contains only one.  These data argue against a role for 

NadA in modulating the oxidative status of the cell. With the recent evidence that nadA 

encodes a truncated protein in A. flavus, it is unlikely that the differences in antioxidant 

enzyme activity are biologically significant between the !nadA strains and the wild type. 

 It is more difficult to explain the observed phenotypes for the nadA over-expression 

strains.  After characterization of the initial nadA over-expressing strains, it was hypothesized 

that over-expression of the NADH oxidase may cause changes in the overall production of 

metabolites.  This was seen in two studies in which a NADH oxidase from anaerobic bacteria 

was highly expressed in yeast (Heux et al., 2006; Vemuri et al., 2007). In both cases, there 

was an increase in the conversion of acetaldehyde to acetate.  If a similar response occurred 

in A. flavus, an increase in acetate should lead to increased AF synthesis.  Acetate is a 

substrate required for the two fatty acid synthases, aflA (fas-2) and aflB (fas-1), and the 

polyketide synthase aflC (pksA) to produce norsolorinic acid (NOR), which is the first stable 

intermediate in AF biosynthesis (Biollaz et al., 1968; Donkersloot et al., 1968).   

However, if the NadA protein is truncated in A. flavus, how does over-expression of a 

nonfunctional protein in three separate transformants lead to inhibition of AF production and 

a similar culture phenotype?  Sometimes when A. flavus is digested with enzymes to produce 

protoplasts as part of the transformation procedure, it seems as though some batches of 

protoplasts become altered.  In this study, the three transformants in the original pCOEnadA 

transformation did not produce AF.  It is possible that the protoplasts were unusually 

sensitive or there was an impurity in the enzyme digestion mixture.  This could induce 

epigenetic alterations that may lead to dramatic changes such as inhibition of AF and other 

pigment producing compounds.  Both of these phenotypes have been observed in unusually 
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high numbers of transformants from single batches of protoplasts (Smith and Payne, 

unpublished data).  The role of epigenetics in many processes, including human disease is 

just beginning to be understood, and epigenetic changes can be caused by simple copy 

number changes due to deletions or changes in gene number (Cohen, 2007). 

More studies are needed to determine if the truncated NadA protein is stable and 

whether it is capable of affecting AF and antioxidation.  It is possible that the truncated 

NadA may interfere with functional NADH oxidases and instead of increasing NAD+, it may 

decrease the levels of NAD+.  Additional antioxidation studies on the three !nadA would 

clarify whether or not this is possible.  Although nadA does not seem to be a molecular link 

between AF and oxidative stress, there are other likely genes responsible for the correlation.  

Microarray studies comparing A. flavus gene expression when different oxidant and 

antioxidant compounds are added to cultures could elucidate the connections between AF 

and oxidative stress on a molecular level.  
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