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Mycotoxins are fungal secondary metabolites that contaminate global food supplies by
infecting pre- and post-harvest crops. Contaminated foods are highly hazardous to human
health and cause economic losses to agricultural and food industries. Control of
mycotoxin accumulation generally involves prevention such as use of chemical and
biological agents to inhibit growth of toxigenic fungal strains. Two well-known toxins,
patulin and aflatoxin, are among the most harmful compounds produced respectively by
the fungi Penicillium expansum and Aspergillus flavus. Using molecular and
computational methods, I investigated the biological mechanisms by which volatile 1octen-3-ol affects patulin production by P. expansum and how genetic differences among
non-aflatoxigenic A. flavus strains affect biocontrol effectiveness. My results demonstrate
that exogenous volatile 1-octen-3-ol increases patulin production on a medium that
normally suppresses biosynthesis of the mycotoxin. This increase correlates with an
increased expression of a glucose oxidase gene and differential expression of thirty other
genes involved in membrane transport, oxidation-reduction and carbohydrate
metabolism. I compared the genomes and transcriptomes of two non-aflatoxigenic strains
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that are good or poor at biocontrol against aflatoxins to other sequenced A. flavus strains.
The former contains an enriched number of genes predicted to be involved in oxidationreduction processes that were not found in other inspected A. flavus strains. The nonaflatoxigenic strain that is a poor biocontrol agent has increased relative expression of six
genes involved in stress response, which may help explain why the strain grows more
slowly than other tested strains. A common theme that emerged from my studies on the
genomes and transcriptomes of P. expansum and A. flavus was the identification of
putative oxidation-reduction genes, indicating an important role of redox reactions in
mycotoxin production. Overall, I obtained evidence for how 1-octen-3-ol induces patulin
production and how high expression of stress response genes might impede competitive
growth for aflatoxin biocontrol. It is my hope that this research will contribute to our
general understanding of how volatile signaling and gene expression influence mycotoxin
production and accumulation.
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Fungi in our lives
Within the domain Eukaryota is the peculiar but fascinating kingdom Fungi.
Though a true synapomorphy for fungi has not been identified (Richards et al. 2018),
these organisms can be broadly differentiated from members of other kingdoms by their
lifestyles (sessile heterotrophs that store energy in the form of glycogen and reproduce
via asexual and sexual spores), and the compositions of their cell walls (primarily chitin,
glucans and mannoproteins) and cell membranes (includes ergosterol). Morphologically,
fungal cells are usually either haploid hyphae (branching filaments with indeterminate
growth) or single-celled globular yeasts. Some animal and plant pathogenic fungi have an
in-between pseudohypal stage when converting from the nonpathogenic state to the
pathogenic one (Gauthier 2015). Most fungi are microscopic and evade visual
observation unless growing as colonies, especially when laboratory culture media are
insufficient for growth. Many others form macroscopic bodies when fruiting mushrooms,
developing flat colonies of molds or growing symbiotic lichens. Estimates of the number
of fungal species range from 2.3 to 5.1 million species (Blackwell 2011, Tedersoo et al.
2014, Hawksworth and Lucking 2017). However, only a small fraction of these estimates
comprises known and described species. The Barcode of Life Data (BOLD) Systems is a
public informatics workbench and database of DNA barcode records for all lifeforms.
BOLD currently lists fewer than 35,000 fungal species that have been formally described
(Ratnasingham and Hebert 2007). Most of the described species are in the phyla
Ascomycota or Basidiomycota. Metagenomics has the potential to reveal many more of
the elusive and cryptic species in different communities (Tedersoo et al. 2014).
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Fungi are vitally integrated in many ecosystems. The natural roles of fungi
include being beneficial, detrimental or neutral mycorrhizae, symbionts, pathogens,
decomposers, predators and prey. Most known fungi are saprophytes and contribute to
the recycling of organic materials. They release enzymes, likely via vesicles in the porous
growing hyphal tips (Wösten et al. 1991, Walker and White 2011), into the substrate on
which they grow. These proteins can attach to the cell wall or freely diffuse into the
environment (Walker and White 2011). Externally-digested nutrients are then absorbed.
A considerable amount of the digested substances may be available to support other
nearby organisms. Fungi are also sources of numerous natural and bioengineered
enzymes, dietary supplements, environmental remediation, fermented foods and drinks,
fertilizer ingredients, colorful dyes and powerful drugs (medicinal and recreational)
(Schardl et al. 2006, Dupont et al. 2017, Alori and Babalola 2018, Kim and Ku 2018,
Prigione et al. 2018, Vikrant et al. 2018).
Within the Ascomycota are two well-known genera of filamentous fungi:
Penicillium and Aspergillus. Species in both of these genera are important in regards to
health, agriculture, food production and scientific discovery. Penicillium expansum,
Penicillium marneffei, Penicillium sclerotiorum, Aspergillus flavus and Aspergillus
fumigatus are opportunistic, but devastating, animal and plant pathogens, particularly of
immunocompromised humans and fruits, nuts and grains (Cooper and Haycocks 2000,
Santos et al. 2006, de Lucca 2007, Amaike and Keller 2011, Mousavi et al. 2016).
Penicillium chrysogenum was recently used as a model organisms for studying toxicity of
methylglyoxal (Scheckhuber 2015). Aspergillus nidulans is an important model organism
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for eukaryotic genetics and cell biology (Nierman et al. 2005, Goldman and Osmani
2008). Camembert, Brie, Roquefort and blue cheese-making require incubation with
Penicillium camemberti and Penicillium roqueforti, while Aspergillus oryzae is used in
the production of heterologous proteins and many popular Asian fermented foods and
beverages (Goldman and Osmani 2008, Machida et al. 2008, Dupont et al. 2017). The
antibiotics penicillin and mycophenolic acid were first isolated from Penicillium fungi
(Bentley 2000, Gaynes 2017). Aspergillus niger and Aspergillus terreus are used for
industrial production of citric acid and lovastatin (Goldman and Osmani 2008, Machida
et al. 2008, Bennett 2010). Filamentous fungi also are prolific producers of diverse
enzymes. New extrolites of potential commercial interest are frequently reported. The
recent boom of genomic sequencing and analyses of fungal organisms advances our
ability to identify new potential pharmaceuticals and other natural products, even those
that are not produced under standard lab cultivation conditions (Cleveland et al. 2009,
Brakhage 2013, Nielsen et al. 2017).

Mycotoxins patulin and aflatoxin
There are about 15,600 fungal secondary metabolites which are classically
defined as biogenic compounds not essential for growth or survival of an organism
(Bérdy 2012). Though natural functions of most secondary metabolites have not been
elucidated in laboratory settings, their diverse chemistry among fungi may have promoted
the ubiquity of this kingdom in many different ecological niches (Bills and Gloer 2018).
Over 300 of these compounds are classified as mycotoxins (Dales and Miller 2002, Jarvis
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2002, Alshannaq and Yu 2017). The fungi that produce toxins contaminate global food
supplies by infecting pre- and post-harvest crops on a massive scale. Fewer than 10% of
fungi form parasitic relationships with plants, but they are the causative agents of the
majority of plant biotic diseases (Knogge 1996, Cooke et al. 2009, Schumann and D'Arcy
2010, Doehlemann et al. 2017). During infection and colonization, fungi release a myriad
of proteins and secondary metabolites that aid in the fungal attack and alert the host
(Schumann and D'Arcy 2010, de Wit et al. 2018). Most toxins from fungal
phytopathogens are general—they affect cellular aspects that are common across host
species and strains (Schumann and D'Arcy 2010). Rarer strain-specific ones like victorin
or T-toxin target cellular parts or functions that are often controlled by a single host gene
(Walton 1996, Wolpert et al. 2002).
Mycotoxin-contaminated foodstuffs are highly hazardous to human and animal
health when ingested (Jarvis 2002, Alshannaq and Yu 2017, Ioi et al. 2017). Mycotoxins
include aflatoxins, citrinin, ergot alkaloids, fumonisins, ochratoxin A, patulin,
trichothecenes and zearalenone, produced by fungal genera Alternaria, Aspergillus,
Claviceps, Fusarium, Myrothecium, Penicillium, Phomopsis, Stachybotrys, Trichoderma
and Trichothecium. These compounds are allergenic, carcinogenic, genotoxic,
hepatotoxic, immunotoxic, nephrotoxic and/or neurotoxic; they are not necessarily
destroyed by usual food cooking and processing techniques (Bennett and Klich 2003,
Milićević et al. 2010b, Alshannaq and Yu 2017). Their health effects are determined by
the identity and amount of the specific mycotoxin, duration of exposure, and
susceptibility of the affected individual (Bennett and Klich 2003, Hua et al. 2017). In the
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United States, mycotoxins cost cereal farmers alone an estimated $932 million annually
(Milićević et al. 2010a). Aflatoxins, fumonisins, trichothecenes, ochratoxin A, patulin
and zearalenone are regulated by many national governments (Puel et al. 2010).
Mold species in the genus Penicillium are among the most commonly found fungi
in many environments. The main threat of these fungi to human welfare is in the food
industry where toxic penicillia are prevalent around improperly stored and transported
crops (Lacey 1989, Pitt 1994). Named for the color of the spores, blue mold caused by P.
expansum causes up to 80% of decay in stored apples (Viñas et al. 1993) and was
estimated to cost the USA an estimated $4.5 million annually in the 1990s (Rosenberger
1997). There are at least 100 toxigenic Penicillium species (Sweeney and Dobson 1998),
producing various toxic secondary metabolites, of which the most important are
ochratoxin A and patulin (Figure 1.1A), which are regularly found in food products
globally (Alshannaq and Yu 2017). Patulin is primarily associated with P. expansum, but
it is also produced by fungi in the genera Alternaria, Aspergillus and Byssoclamys
(Morales et al. 2010, Ioi et al. 2017). It was first discovered in the 1940s as a potential
antibiotic due to its ability to inactivate sulfhydryl compounds, but was later found to be
toxic to plants and animals (Patulin Clinical Trials Committee 2004, Ioi et al. 2017).
Normally colorless, patulin can be detected by ultraviolet light detection during or after
chromatography, or by colorimetric reactions. It reduces Fehling’s reagent, solutions of
potassium permanganate (Baeyer’s reagent) and ammoniacal solutions of silver nitrate
(Tollen’s reagent), but does not react with ferric chloride unlike its biosynthetic
precursor, 6-methyl salicyclic acid (Korzybski et al. 1967).
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B.

Figure 1.1. Chemical structures of mycotoxins. Images depict (A) patulin and (B)
aflatoxin B1.

Patulin is of particular concern in apples and apple-derived products infected with
blue mold. It is detectable up to two centimeters into pomaceous fruits away from the
infection zone and throughout entire tomato fruits (Taniwaki et al. 1992, Laidou et al.
2001, Rychlik and Schieberle 2001, Barad et al. 2014). The United States Food and Drug
Administration (FDA) and the Canadian government have compliance policies limiting
patulin contamination to 50 μg/kg in products derived from apples (U.S. Food and Drug
Administration 2005, Government of Canada 2018). The European Union (EU) has
stricter standards as low as 10 μg/kg for food products that children are more likely to
consume, such as apple juice (European Union Commission Regulation 2006).
Patulin may cause negative effects on immune, nervous and digestive systems,
and may inhibit enzymes due to its strong affinity for thiol groups and lysine (Ashoor and
Chu 1973, Hayes et al. 1979, Hanson 2008b, Puel et al. 2010, Alshannaq and Yu 2017).
It is able to induce DNA lesions and DNA-DNA cross-links (Lee and Röschenthaler
1987, Schumacher et al. 2006), although patulin has not been found to be mutagenic
(Hradec and Vesely 1989, Würgler et al. 1991, Sakai et al. 1992). Many non-human
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animal studies link patulin toxicosis to gastrointestinal disorders (Hayes et al. 1979,
McKinely and Carlton 1980, McKinley et al. 1982, Puel et al. 2010). Moreover, patulin
affects reproduction—lowering sperm count and health in rats (Selmanoglu 2006), and
being teratogenic to chick embryos (Ciegler et al. 1976, Ciegler et al. 1977). In early
research, the mycotoxin was suspected to be carcinogenic due to an apparent increase in
sarcoma in mice that did not succumb to patulin toxicity (Dickens and Jones 1961).
However, this finding has not been confirmed in subsequent studies (Osswald et al. 1978,
Becci et al. 1981). There are conflicting views as to whether patulin and citrinin, another
P. expansum mycotoxin, are pathogenicity/virulence factors (Sanzani et al. 2012, Barad
et al. 2014, Ballester et al. 2015, Snini et al. 2016). Studies agree that the ability to
produce patulin does not significantly influence fungal growth, but mutants that do not
produce the toxin have increased susceptibility to the antioxidant quercetin (Sanzani et al.
2012) and may lack host cultivar-dependent aggressiveness (Snini et al. 2016).
Another set of very important mycotoxins are the aflatoxins. They were first
reported in the 1960s as the causative agent of “turkey X” disease (Nesbitt et al. 1962,
Chang et al. 1963, Diener et al. 1963, Goldblatt 1969, Hanson 2008b). The discovery of
these fungal toxins and their biological effects spurred scientific investigation of
mycotoxins, which were previously ignored (Goldblatt 1970). In humans, acute
aflatoxicosis leads to vomiting, abdominal pain, pulmonary oedema, liver necrosis, liver
cancer and death; chronic exposure also contributes to low birth weight and stunted
growth in children (Hsieh 1989, Eaton and Gallagher 1994, Wu et al. Wu F, Narrod C,
Tiongco M, Liu Y 2011, Wild et al. 2015). Aflatoxins are altered in the liver to a form
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that is reactive with DNA (Chang et al. 1963, Hanson 2008b). The term “aflatoxins”
refers to more than a dozen compounds, principally, B1, B2, G1 and G2 (named for their
respective blue or green fluorescence) (Wilson and Wilson 1964). Of these, the most
studied is aflatoxin B1 (Figure 1.1B) which is not only the most abundant member of the
aflatoxin family, but also is the most carcinogenic natural compound known (Squire
1981, Hanson 2008b) and a mutagen (Hradec and Vesely 1989, Sakai et al. 1992). As is
commonly done, I will use the singular “aflatoxin” to refer to the family of compounds.
A. flavus and Aspergillus parasiticus are the primary producers of aflatoxin,
contaminating many legume and cereal crops as well as spices, tree nuts, and other
commodities (Goldblatt 1969, Diener et al. 1987, Klich 2007, Probst et al. 2014). In
general, A. flavus isolates produce B forms of aflatoxin while Aspergillus parasiticus
isolates produce both B and G forms as A. flavus strains have a 1 or 1.5 kb deletion in the
intergenic region between aflF and alfU (Ehrlich et al. 2004). The FDA regulates
aflatoxin contamination in foods to limits of 0.5 - 300 μg/kg, depending on the type of
crop and food product (U.S. Food and Drug Administration 2000), whereas limitations
for the EU are much stricter at 0.10 to 15 μg/kg (European Union Commission
Regulation 2006). The latter refuses imports of edible nuts most frequently for
contamination with aflatoxin (International Nut and Dried Fruit 2017). Aflatoxigenic
strains release up to 800 micrograms of aflatoxin B1 per gram of host tissue in peanuts,
corn kernels and cotton bolls (Diener and Davis 1966, Mehl and Cotty 2010).
Unfortunately, detection and removal of aflatoxin in the global food supply are neither
perfect nor ubiquitously enforced; missed contaminated items cause significant costs to
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human health and farm animal productivity. It is estimated that over 55 million people
globally were exposed to aflatoxin in the early 2000s (Strosnider et al. 2006). This
estimate was more recently updated to about 4.5 billion people being chronically exposed
to aflatoxin in developing nations (Centers for Disease Control and Prevention 2012).
A second important mycotoxin produced by A. flavus is cyclopiazonic acid
(CPA), a selective inhibitor of calcium-dependent ATPase in skeletal muscle that affects
cellular calcium balance. Several short-term animal studies suggest that CPA has a
myriad of negative effects, including organ lesions, dilation and vesiculation of rough
endoplasmic reticulum, and increase mortality rates (Hinton et al. 1985, Chang et al.
2009, King et al. 2011). The effects of CPA in humans are not known (Chang et al.
2009), nor is CPA currently regulated by the FDA. While aflatoxin does not appear to
affect A. flavus pathogenicity or virulence on cottonseed or peanuts (Cotty 1989, Klich et
al. 2009), a recent publication suggests that CPA is a virulence factor in maize
(Chalivendra et al. 2017).
Most fungal secondary metabolites are modified polyketides or nonribosomal
peptides encoded by biosynthetic gene clusters harboring at least one multidomain
polyketide synthase (PKS) gene and/or non-ribosomal peptide synthetase (NRPS) gene;
some metabolites may also require a fatty acid synthase or a trans-prentyltransferase
(Brakhage 2013). Each domain of PKS and NRPS genes has a distinct function that
contributes to the establishment of unit molecules and elongation of polyketide or peptide
backbones. The bioinformatic identification of sequences homologous to PKS or NRPS
enzymes can lead to identification of putative secondary metabolite gene clusters (Khaldi
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et al. 2010, Priebe et al. 2011, Blin et al. 2013). Like other genomic segments, the
expressions of these clusters are controlled by global- and local-acting transcription
factors and chromatin-modifying elements that respond to different environmental
signals. Most PKS-containing gene clusters are regulated by local transcription factors in
the zinc cluster family (Brakhage 2013). There is widespread interest in identifying
exogenous factors that affect regulation of mycotoxin production and accumulation.
Patulin and aflatoxin are both synthesized via polyketide pathways (Hanson
2008a, Crawford and Townsend 2010). The compound 6-methlysalicyclic acid is the first
precursor for patulin (Bu'Lock and Ryan 1958, Tanenbaum and Bassett 1959).
Experiments with labelled precursors and mutants of Aspergillus and Penicillium species
A. flavus, A. parasiticus, A. versicolor, P. patulum and P. urticae revealed the
biochemical pathway and intermediate metabolites (Bennett and Goldblatt 1973, Lee et
al. 1975, Lee et al. 1976, Hsieh et al. 1978, Yabe et al. 2003, 2004, Hanson 2008a). The
PKS 6-MSA synthase (patK) is necessary for patulin production in Byssochlamys fulva
(Puel et al. 2007) and is known to be up-regulated in patulin permissive conditions in P.
expansum (White et al. 2006). However, disruption of the gene in the cluster does not
entirely prevent patulin production in P. expansum, indicating that there may be multiple
patK paralogs (Sanzani et al. 2012). The aflatoxin biosynthesis gene cluster in A. flavus is
similar to the sterigmatocystin (a penultimate precursor to aflatoxin) biosynthesis cluster
in A. nidulans (Yabe and Nakajima 2004). Bennett spearheaded the identification of the
gene cluster and elucidated the aflatoxin synthetic pathway utilizing A. parasiticus strains
with mutations in the gene cluster that accumulated colored intermediates (Lee et al.
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1971, Lee et al. 1975, Hsieh et al. 1976, Lee et al. 1976, Singh and Hsieh 1977, Bennett
1979, Bennett et al. 1980, Dutton et al. 1985, Henderberg et al. 1988). The patulin and
aflatoxin biosynthesis pathways and genes are well-reviewed elsewhere (Yu et al. 2004,
Hanson 2008b, Georgianna and Payne 2009, Puel et al. 2010). Tables 1.1 and 1.2
summarize the genes as relatively ordered in the clusters and their functions in P.
expansum and A. flavus discovered by sequence homologies and/or biochemical assays.

Table 1.1. Genes of the patulin biosynthesis gene cluster in P. expansum (Artigot et al.
2009, Puel et al. 2010).
Gene ID Protein product
Known or hypothetical function
m-cresol hydroxylase cytochrome
hydroxylates m-cresol to mpatH
P450 CYP619C3
hydroxybenzyl alcohol
decarboxylates 6-methylsalicylic
patG
amido hydroxylase (decarboxylase)
acid to m-cresol
patF
Unk.
Unk.
glucose-methanol-choline
oxidizes ascladiol to patulin
patE
oxidoreductase
patD
zinc-dependent alcohol dehydrogenase Unk.
major facilitator superfamily
Unk.
patC
transporter
patB
carboxylesterase
Unk.
patA
acetate transporter
Unk.
patM
ATP-binding cassette transporters
Unk.
interconverts isoepoxydon and
patN
isoepoxydon deshydrogenase
phyllostine
patO
isoepoxydon dehydrogenase
Unk.
patL
C6 transcription factor
regulates of patulin production
m-hydroxybenzyl alcohol hydroxylase converts m-hyrdoxybenzyl alcohol to
patI
cytochrome P450 CYP619C2
gentisyl alcohol
patJ
dioxygenase
Unk.
converts acetyl-CoA and 3 malonylpatK
6-methylsalicylic acid synthase
CoA to 6-methylsalicylic acid
Note: Unk. denotes unknown product or functions.
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Table 1.2. Genes of the aflatoxin biosynthesis gene cluster in A. flavus (Yu et al. 2004).
Gene ID
Protein product
Known or hypothetical function
(former ID)
alfF (norB) dehydrogenase
converts norsolorinic acid to averantin
alfU (cypA) P450 monooxygenase Unk.
alfT (alfT)
putative efflux protein Unk.
alfC (pksA) polyketide synthase
converts acetate to polyketide
aflD (nor-1) reductase
converts norsolorinic acid to averantin
aflB (fas-1) fatty acid synthase β
converts acetate to polyketide
aflA (fas-2) fatty acid synthase α
converts acetate to polyketide
aflR (aflR)
transcription regulator regulates transcription
aflS (aflJ)
transcription regulator regulates transcription
converts 5′-hydroxyaverantin to oxoaverantin,
aflH (adhA) alcohol dehydrogenase
averufanin or averufin
converts versiconal hemiacetal acetate to
aflJ (estA)
esterase
versiconal
aflE (norA) NOR-reductase
converts norsolorinic acid (NOR) to averantin
converts versicolorin A to
aflM (ver-1) dehydrogenase
demethylsterigmatocystin
helps converts versicolorin A to
aflN (verA)
monoxygenase
demethylsterigmatocystin
aflG (avnA) P450 monooxygenase converts averantin to 5′-hydroxyaverantin
aflL (verB)
desaturase
converts versicolorin B to versicolorin A
aflI (avfA,
converts averufin to versiconal hemiacetal
oxidase
ord-2)
acetate
converts demethylsterigmatocystin to
aflO (omtB,
sterigmatocystin and
o-methyltransferase B
dmtA)
dihydrodemethylsterigmatocystin to
dihydrosterigmatocystin
converts sterigmatocystin to omethylsterigmatocystin and
aflP (omtA) o-methyltransferase A
dihydrosterigmatocystin to dihydro-omethylsterigmatocystin
aflQ (ordA,
converts o-methylsterigmatocystin or dihydro-ooxidoreductase
ord-1)
methylsterigmatocystin to aflatoxin
converts versiconal hemiacetal acetate to
aflK (vbs)
VERB synthase
versicolorin B (VERB)
aflV (cypX) P450 monooxygenase Unk.
aflW (moxY) monooxygenase
Unk.
aflX (ordB) monooxygenase
Unk.
aflY (hypA) Unk.
Unk.
Note: Unk. denotes unknown product or function.
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Cellular communication and roles of fungal VOCs as airborne semiochemicals
Signals are the basis of communication, whereby one entity shares a meaningful
message with another. Communication is vital for growth, development and survival of
organisms. Signaling allows for perception and response to environmental cues and the
presence of other organisms. Signaling between cells (cell-cell) occurs via mechanical,
electrical or biochemical means. Neighboring cells communicate with each other through
touch, through porous connections in membranes or through recognition by membranebound receptors. When farther apart, cell-cell communication occurs via chemical or
electrical signals. Biochemical signals involve all classes of inorganic ions (such as Ca2+,
K+, and PO43-), small volatile organic compounds and biogenic macromolecules
including peptides, lipids, carbohydrates, nucleic acids and their derivatives. Chemical
signals may be detected at concentrations as low as 10-8 M by extra- and intracellular
receptors (Hancock 2010).
Study of cell-cell communication started in the 1800s with studies into
phototropism (Hancock 2010). It remains a dominant topic in molecular cell biology as
scientists investigate how particular signals or “vocabulary” are understood based on
“context” and “syntax”. Witzany provides an intriguing argument on the connection
between the rules of spoken human languages and how chemical signaling is discussed
(Witzany 2010). Almost two centuries of research repeatedly demonstrates that signaling
pathways usually have the same process: 1) A signal is perceived by a receptor. 2) The
meaning of the signal is transmitted via a signaling cascade. 3) At the final destination,
the meaning of the signal induces a change in cell appearance and/or behavior. Even for
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the Fungi, one of the lesser studied kingdoms, there is a great deal of interest into how
fungi communicate with themselves and others.
Fungi live, or at least survive in low metabolic states, in many different types of
ecological sites: subterranean, terrestrial, freshwater, marine and atmospheric. Like other
organisms, many fungal species have limited geographic ranges, especially those that
prefer tropical regions (Tedersoo et al. 2014). In particular, phytopathogenic and plantassociated fungi tend to grow in air-filled places, including soil, aerial plant parts and
inside wood (Wheatley 2002), where water is not necessarily always available to serve as
a medium for signal transport (Li et al. 2016). In such instances, fungi may have volatile
signals which can communicate information quickly to neighbors and over great
distances in both water and air (Wheatley 2002, Horswill et al. 2007). These volatile
signals have the added benefit of being fleeting, so a receiver cell can rapidly turn on and
off stimulated behavior.
Hutchinson postulates that one of the first published notes of the possibility of
biogenic volatiles was by Grew in his 1682 book The Anatomy of Plants in which he
states that the air is likely “impregnated with vegetable principles” (Hutchinson 1971).
Since then, volatile information-carrying chemicals have been discovered for many
bacteria, fungi, plants and animals. Microbial and plant volatiles that are inhibitory or
stimulatory to fungal hyphal growth have been discovered in soil, and herbaceous and
woody tissues (Dix and Webster 1995). Published reports on the biological effects of
fungal volatiles on fungi have been published as early as the 1950s with the discovery
that Agaricus spp. releases a volatile compound that stimulates spore germination (Staněk
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1959), identified by McTeague and Hutchinson as 2,3-dimethyl-1-pentene (McTeague
and Hutchinson 1959).
Volatile organic compounds (VOCs) are low molecular mass (< 300 g/mol)
carbon-containing molecules which vaporize easily (vapor pressure ≥ 10 Pa, polarity < 10
log Po/w at 20°C) and have relatively low water solubility (Herrmann 2010). This
category of molecules encompasses a wide variety of compounds from biological and
synthetic origins, with a huge range of physiological effects on organisms. The different
types of VOCs comprise chemical classifications including alcohols, esters, aromatics,
terpenes, thiols and fatty acids. They are produced by every living organism as
metabolites and by-products via specific enzymatic pathways or as incidental breakdown
products (Brodhun and Feussner 2011, Fischer and Keller 2016). In general, Monson
estimates that 1,300 to 1,500 Tg of biogenic VOCs are emitted annually (Monson 2010).
Humans have devised many uses for biogenic and synthetic VOCs (Herrmann
2010, Giannoukos et al. 2018). Notably, the compounds are used for flavoring of
processed foods and perfumery (Herrmann 2007, Bendahmane et al. 2013, Ferreira et al.
2018, Starowicz et al. 2018, Tietel and Masaphy 2018, Ulrich et al. 2018, de Melo
Pereira et al. 2019). A large body of research into VOCs originates from the food and
perfumery industries, delving into the specific chemical and enzymatic processes that
yield chemicals with desirable tastes and odors. Volatile compounds are also used to
induce general anesthesia, an induced state in which a person has lowered sensitivity to
pain, conscious awareness and memory of pain (Dastre 1890, Yuki and Eckenhoff 2016).
One of the lesser known applications of VOCs is “volatile fingerprinting”, distinguishing
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organisms or interactions between them using VOC profiles. Attempts to volatile
fingerprint fungal genera and species are usually limited in their success and, therefore,
have not seen wide implementation (Pennerman et al. 2016). Recently, more scientific
research has focused on the ecological functions of biogenic VOCs, specifically how they
might function for signaling and communication.
“Fungal volatiles” is a less informative term than it may appear as many such
compounds are produced by members of other kingdoms, where they have been studied
for their aromatic properties, links to food spoilage, taxonomic limitations, and uses for
biofuel and disease detection (Hung et al. 2015, Pennerman et al. 2016). Biosynthesis of
VOCs may occur intercellularly for fungi, as indicated by the requirement for ethyl
acetate extractions of A. nidulans to obtain volatile oxylipins (Herrero-Garcia et al.
2011). Eight-carbon oxylipins are more common in fungi compared to the six-carbon
ones in plants (Yin et al. 2015). The major volatile C8 compounds produced by fungi are
made from 10-oxo-trans-8-decenoic acid and 13-hydroperoxy-cis-9-trans-11octadecadienoic acid which form during oxidation of linoleic acid (Hanson 2008c). In
plants, enzymatic reactions (often driven by lipoxygenases or α-dioxygenase) or chemical
oxidation forms fatty acid hydroperoxides which are further transformed by different
pathways (Mosblech et al. 2009). Fungi have similar pathways involving lipoxygenases,
oleate delta-12 desaturases, psi-producing oxygenases and stearic acid desaturases.
Enzymatic pathways preferably yield R or S enantiomers of the product, but autooxidation will yield racemic mixtures (Tsitsigiannis and Keller 2007). Fungal
lipoxygenases can be split into two groups: one with a C-terminal isoleucine, the other

18
with a C-terminal valine. The latter tends to have a secretion signal and a manganese
cofactor in A. fumigatus (Heshof et al. 2014), Gäuamannomyces graminis (Su and Oliw
1998), Magnapothe salvinii (Wennman and Oliw 2013) and Fusarium oxysporum
(Wennman et al. 2015). Since fungi secrete extracellular enzymes, some fungal VOCs
are degradation products made outside of the cell. Fungi emit or cause the release of over
300 known distinct VOCs (Chiron and Michelot 2005, Korpi et al. 2009, Lemfack et al.
2018). The volatile profile of a species is notably dynamic and dependent on many
known and unknown factors including age, nutritional substrate, temperature, and
detection method (Korpi et al. 2009, Hung et al. 2015, Pennerman et al. 2016). Known
fungal VOCs can be searched in the online database mVOC (Lemfack et al. 2018).
Endogenous VOCs certainly have observable effects on the morphology of fungal
colonies. If odors that naturally evolve from a culture of P. expansum are removed using
activated charcoal, the colonies noticeably sporulate less (Figure 1.2). Volatiles produced
by fungal mycelia have long been known to delay spore germination within and among
different species. They may be contributing factors of mycostasis in soil, which has been
attributed to compounds produced by microorganisms. However, many studies are
performed in submerged liquid cultures whereas in environmental conditions, mycelia are
in contact with both liquids and air. In some cases, there is a significant difference in the
effect of a VOC in liquid phase versus in gas phase (Herrero-Garcia et al. 2011). It is not
known how the phase affects general recognition of, and response to, volatiles. I hazard
that some receptors may not be present in submerged cells and/or diffusion in an aqueous
solution may be less efficient. I will discuss published effects of compounds classified as
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VOCs on fungi. Most of the studies below use the compounds in the gaseous phase; I will
note the compounds' states of matter and concentrations if they are described in the
publication.

Figure 1.2. Reduced sporulation due to adsorption of endogenous odors. Colonies grown
from spores of P. expansum strain R19 were incubated at 24°C on potato dextrose agar in
the dark for three days with 0 grams (left) or 5 grams (right) of activated charcoal powder
in a glass jar sealed with Parafilm. Due to its microporsity, activated charcoal has
adsoption properties (Eltom and Sayigh 1994). Cultures incubated with charcoal did not
emit a detectable odor. Colony diameters were the same. Images were representative of
three replicates.

Many VOCs affect fungal growth, reproduction and metabolism. This
phenomenon is more often studied in cases where the volatile inhibits growth of fungi,
especially of fungal competitors (Werner et al. 2016). Collected volatiles from F.
oxysporum and Rhizopus stolonifer cultures delay germination of R. stolonifer
sporangiospores in a small volume of liquid. Acetaldehyde was found to be a main
inhibitory constituent of the volatiles. At concentrations as low as 5 ppm (v/v),
acetaldehyde and propionaldehyde delay germination of Cunninghamella elegans spores
and R. stolonifer sporangiospores. The inhibitory effects are dampened by increasing
glucose concentration in the medium (Robinson and Park 1966). Hexa-1,3,5-triyne from
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Fomes annosus—in a concentration that the authors claim to be comparable to natural
evolution from cultures—inhibits growth of A. niger and Chaetomium globosoum (Glen
et al. 1966). Gaseous compounds detected in Saccharomyces cerevisiae: acetaldehyde
(320 μg/L), 3-methyl-1-butanol (10 μg/L) and ethanol (1,000 μg/L) inhibit colony growth
of A. niger (Glen and Hutchinson 1969). However, earlier studies report no difference
with ethanol up to 2,500 ppm (v/v) (Robinson and Park 1966, Robinson et al. 1968). The
fungal inhibitor 2-nonanone is produced in solid co-cultures of Botryosphaeria obtuse
and Eutpa lata, but not in single cultures (Azzollini et al. 2018).
Both the appearance and the exometabolome of an A. oryzae strain are altered by
exposure to the volatiles of another strain (Singh and Lee 2018). While the authors were
not able to determine if one or both of the species produced the compound, 2-nonanone is
active against both of them and may serve as an interfungal defense measure. Some
Trichoderma virens isolates produce compounds that Dennis and Webster call “volatile
antibiotics” with growth-inhibiting effects against Rhizoctonia solani, F. annosus,
Pythium ultimum and Pythium domesticum (Dennis and Webster 1971). They note that
the inhibiting isolates smell like coconut and one of the inhibitory compounds may be
acetaldehyde. The coconut smell is likely due to 6-pentyl-α-pyrone (Collins and Halim
1972, Fadel et al. 2015).
VOCs are studied for their antifungal properties against the germination, growth
and conidiation of pathogenic fungi. With the addition of L-methionine to the medium,
Phomopsis viticola releases methanethiol. Up to 50 mg/day of added volatile
methanethiol causes P. viticola to produce sterile bodies in surface culture (Pezet and
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Pont 1980). Derived from Pichia pastoris, 2-phenylethanol inhibits conidia germination
and growth of Penicillium italicum (Liu et al. 2014) and Aspergillus flavus (Hua et al.
2014). P. italicum conidia exposed to 15 pL 2-phenylethanol in Petri dishes with 15 mL
of solid medium induces mitochondrial membrane abnormalities in P. italicum within
two hours (Liu et al. 2014). In liquid culture, 1 to 3 μL/mL 2-phenylethanol limits hyphal
growth. The compound additionally reduces aflatoxin biosynthesis by 96% at 1 μL/mL
(Hua et al. 2014) and may also be involved in yeast inhibition of ochratoxin A production
(Farbo et al. 2018).
Plant volatiles like E-2-hexenal and 1-hexenol may restrict fungal growth as a
defense mechanism. Benzaldehyde, 1-hexanol, E-2-hexanol, Z-3-hexen-1-ol and 2nonane strongly inhibit growth of Alternaria alternata, Botrytis cinera and
Colletrotryichum gloeosporioides on fruit at 0.1 μL/mL (Vaughn et al. 1993).
Benzaldehyde, E-2-hexanol (not A. alternata), 1-hexanol (not A. alternata) at 0.04
μL/mL completely inhibit growth of those fungi. In surface culture, growth reduces by at
least 10% (4% for C. gloeosporioides exposed to 2-nonanone) at 0.1 μL/mL of the
compounds. Various peach and plum volatiles discourage growth of Monilinia fructicola
and B. cinera in 50 x 9 mm Petri dishes with 3.5 mL solid medium (Wilson et al. 1987).
Ten microliters of evaporated 37 μL/L benzaldehyde (74 μL/L for M. fructicola), ethyl
benzoate and methyl salicylate reduce colony growth of M. fructicola and B. cinera. In a
similar set-up, benzyl acetate (1,250 μL/L), benzaldehyde (12 μL/L), ethyl benzoate
(1,250 μL/L), benzyl alcohol (12 μL/L), γ-caprolactone (125 μL/L), γ-decalactone (1,250
μL/L), δ-decalactone (1,250 μL/L), γ-octalactone (1,250 μL/L), methyl salicyclate (1,250
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μL/L) and γ-valerolactone (125 μL/L) significantly inhibit spore germination of M.
fructicola and B. cinera. Furfural from maize silk could also be a major volatile
fungicidal compound (Zeringue 2000). Another plant-derived inhibitory compound,
decanal, reduces colony size, hyphal growth, and formation of new sclerotia and conidia
when A. flavus sclerotia is exposed to 10 to 50 μL of the evaporated compound in 100 x
15 mm Petri dishes with 25 mL solid medium (Chang et al. 2014).
Several cotton volatiles (10 μL purified compound in 82 mm Petri dish) are
mostly toxic to A. flavus (Zeringue and McCormick 1990). In their report, the researchers
generalize that inhibition occurs with six- to nine-carbon alkenals while unbranched
eight- and twelve-carbon alkanals, five-carbon alkanones and pinene stimulate growth.
They also make special note that aflatoxin-promoting 3-methyl-1-butanol is one of the
dominant odors of A. flavus cultures; other tested aflatoxin-inducing volatiles include 3methyl-2-butanol, ocimene, cis-2-hexene-1-ol and 3-pentanone (Zeringue and
McCormick 1990). Along the same lines, isolated compounds of neem leaf volatiles have
mostly fungicidal effects. 1.8 to 7.0 μM 1-heptanol, increases radial growth of A.
parasiticus in Petri dishes while 4-pentenal (2.5 to 10.0 μM), trans-2-heptenal (1.8 to 7.6
μM), hexanal (2.0 to 8.3 μM) and octanal (1.7 to 6.5 μM) reduce it. All of these
compounds reduce or have little effect on aflatoxin production (Zeringue and Bhatnagar
1994). Volatile trans-2-hexenal reduces growth and aflatoxin production of A. flavus on
maize (de Lucca et al. 2011). Fifty microliters of decyl aldehyde, hexanal and octanal in
volatile phase on solid culture are growth inhibitory, but octanal increases aflatoxin
production (Wright et al. 2000). Jasmonic acid has opposing effects in Aspergillus
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species, inhibiting aflatoxin production on A. flavus but increasing it in A. parasiticus.
Spore germination of A. flavus is delayed by 6 hours by 10-4 M methyl jasmonate in
liquid and surface culture, and aflatoxin production is reduced by the compound at
concentrations as low as 10-8 M (Goodrich-Tanrikulu et al. 1995). Whether in liquid, air
or incorporated in solid medium, methyl jasmonate promotes aflatoxin production in A.
parasiticus (Vergopoulou et al. 2001). Whole volatile profiles of plants and
microorganisms are also known to reduce mycelial growth and aflatoxin production of
Aspergillus spp. (Roze et al. 2011, Mannaa et al. 2017).
Other VOCs increase the growth, spore germination and conidiation of fungi. As
mentioned before, 2,3-dimethyl-1-pentene stimulates spore germination of Agaricus
(McTeague and Hutchinson 1959). Iso-amyl alcohol (0.01 % v/v) and iso-valeric acid
(0.01 and 0.001% v/v) also increase germination of A. bisporus, whereas acetaldehyde
(0.01 % v/v), ethyl acetate (0.1 % v/v), acetone (0.01 % v/v), iso-amyl alcohol (0.1 %
v/v), iso-butanol (0.1 % v/v), ethanol (0.1 % v/v), iso-propanol (0.1 % v/v) and isovaleric acid (0.1 % v/v) decrease germination (Lösel 1964). Ascospores of Neurospora
tetrasperma incubated with an equal volume of ethyl acetate, acetone, n-amyl alcohol,
ethyl butyrate, 2-furfuryl-isobutyrate, 2-furfuryl-N-butyrate, ethanol, ethyl-2-furfuryl
ether, methyl 2-furoate, N-propyl furoate, furfuraldehyde diacetate, furfural, methanol or
2-furaldehyde semicarbazone in the liquid phase have higher germination rates (Sussman
et al. 1959). Ethyl acetate (4 to 16 μl), butyl acetate (4 μl) and hexyl acetate (8 μl)
increase conidial germination of B. cinerea in a headspace of 500 mL (Filonow 1999)
and in liquid culture (Brown 1922).
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Spore germination rates of Helminthosporium oryzae, Cercospora personata,
Cunninghamella blakesleeana, Colletotrichum capsici and Alternaria solani are
differentially affected by 2 mL of the following VOCs in Petri dishes: acetaldehyde,
ethylacetate, ethanol, iso-butanol, 2-methylbutanol, 3-methylbutanol, n-propanol, and
different mixtures of them (Saksena and Tripathi 1987). All of these VOCs reduce
germination rates for all fungal species tested except for C. blakesleeana, which is
stimulated to germinate by acetaldehyde, iso-butanol, 2-methylbutanol, 3-methylbutanol,
n-propanol, and most mixtures not containing ethyl acetate (Saksena and Tripathi 1987).
Growth and sporulation of Pestalotia rhododendri on solid media is also differentially
affected by many volatile compounds, including acetaldehyde, acetoin, iso-butanol,
butyraldehyde, furfuranl and propionaldehyde (Norrman 1968). Mycelial growth and
conidiation are significantly positively or negatively affected by acetoin, diacetyl,
furfural, glyoxal, linalool and various acids, alcohols, aldehydes and ketones.
The volatiles of plant hosts can stimulate growth and germination of pathogenic
fungi. Volatiles (identified as acetaldehyde, carbon dioxide, ethanol, ethylene, limonene,
β-myrcene, α-pinene and sabinene) from wounded oranges induce germination of
Penicillium digitatum conidia (Eckert and Ratnayake 1994). Acetaldehyde (0.025
μg/mL), ethanol (0.20 μg/mL) and limonene (4.25 μg/mL) increase spore germination by
30%. However, the tested synthetic mixes of these compounds fail to stimulate
germination (Eckert and Ratnayake 1994). Ten microliters of evaporated cotton volatiles
3-methyl-1-butanol, camphene and limonene increase growth of A. parasiticus on solid
culture, while the same volume of nonanol decreases it (Greene-McDowelle et al. 1999).
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A similar compound found in woody host species, nonanal, is a fungal growth stimulant.
A drop of 5% volatile nonanal in solid culture increases growth of Stereum
sanguinolentum, Daedalea unicolor and Polyporous spp. In Fries’s words, nonanal
induces a “particularly drastic” response in Polyporus applanatus which grows thickly
around the location of the drop (Fries 1960). Nonanal is also a growth stimulant for
Dipodascus aggregatus and Puccinia graminis, whereas other alkyl aldhydes, butanal,
pentanal, decanal and undecanal inhibit D. aggregatus (Nyman 1969).
Fungal VOCs also affect bacteria, animals and plants. Trimethylamine from S.
cerevisiae causes Streptomyces venezuelae bacteria to dramatically increase their
outgrowth and induce the new growth pattern in other Streptomyces species, apparently
raising the pH of the media (Jones et al 2017; Jones et al. 2019). Volatiles evolving from
A. fumigatus are possible pathogenicity factors, significantly delaying growth,
development and viability of the fruit fly Drosophila melanogaster (Al-Maliki et al.
2017). The fungus Esteya vermicola is a pathogen of the pine wood nematode. It emits αpinene, β-pinene and camphor, imitating a pine tree and tricking the nematode (Lin et al.
2013). VOCs from the genus Trichoderma improve the biomass and chlorophyll content
of Arabidopsis thaliana and tomato plants (Lee et al. 2016). These growth-promoting
strains usually have more complex terpenes. One compound, 6-pentyl-2H-pyran-2-one,
from Trichomderma spp. promotes plant growth and lateral root formation via auxin and
ethylene regulatory factors (Garnica-Vergara et al. 2016). A related compound, 6-pentylα-pyrone, also improves plant growth and induces defense-related genes and metabolites
(Kottb et al. 2015). The fungus Lasiodiplodia theobromae produces jasmonic acid,
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inhibiting salicylic acid-mediated defenses in plant hosts (Tsukada et al. 2010). Volatiles
from F. oxysporum and Verticillium dahliae increase A. thaliana tolerance to salt stress in
a manner potentially linked to auxin signaling (Li and Kang 2018, Li et al. 2018). The
effects of fungal VOCs on plants is further reviewed elsewhere (Li et al. 2016, Fincheira
and Quiroz 2018).

Mycotoxin control efforts and use of non-aflatoxigenic strains as biocontrol agents
Methods of reducing or preventing mycotoxin contamination in crops and
foodstuff have varying efficiencies and include filtration, fermentation, fumigation,
pasteurization and biocontrol. Such methods may be directed towards preventing fungal
growth, preventing mycotoxin production and release, or removal or degradation of the
compound after significant contamination. Mycotoxins are difficult to remove without
noticeably altering taste, texture and nutritional quality of a food item, which in turn
affects the commercial value of the treated product. Generally, sporulation inhibitors or
mutations that affect sporulation decrease production of mycotoxins, indicating a
relationship between sporulation and secondary metabolism (Bennett and Papa 1988).
Control efforts against patulin and aflatoxin tend to focus on preventing infection
and growth of the mycotoxigenic fungus. Limiting the prevalence of inocula in the field
and food storage areas via simple cleaning and preventing the spread of contaminated
materials is helpful (Hamilton 1975). Moth larvae increase transmission of spores and
aflatoxin contamination in the field (Palumbo et al. 2014, Picot et al. 2017), therefore
chemical control of these moths is expected to be helpful (Campbell et al. 2003). Harvest
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timing also plays a role, apples that are harvested later are less susceptible to blue mold
(Ingle and D’Souza 2000, Valiuškaitė et al. 2006).
Protection of pome fruits against P. expansum is usually achieved by ensuring
consistent proper storage conditions (Welke et al. 2011, Tannous et al. 2016). Apples can
be subjected to cold storage to prevent storage rots (Morales et al. 2007), though P.
expansum can grow and be a dominant species at low temperatures (Elhariry et al. 2011).
Applications of liquid sanitizing chemicals such as benzyimidazole, pyrimethanil and
thiabendazole are helpful though many resistant P. expansum strains exist (Rosenberger
et al. 1991, Viñas et al. 1993, Baraldi et al. 2003, Li and Xiao 2008, Salomão et al. 2008,
Cabañas et al. 2009, Venditti et al. 2013, Darolt et al. 2016). Food-grade VOCs such as
1-octen-3-ol could aid already considerable efforts to exclude and depress the fungal
growth. Other volatile compounds, such as trans-2-hexanal, have been found to be
effective fumigants against P. expansum and other fungi (Neri et al. 2006, de Lucca et al.
2011, Taguchi et al. 2013, Cheon et al. 2016, Padhi et al. 2018). Inorganic chemicals
such as potassium phosphite, sodium hypochlorite and copper sulfate are also effective
(Cerioni et al. 2013, Silici and Karaman 2013, Lai et al. 2017).
Patulin is stable in acidic conditions and resistant to pasteurization but is
susceptible to alcoholic fermentation (Stinson et al. 1978, Wheeler et al. 1987, Lovett
and Peeler 2006). Physical methods to remove patulin include treatment with activated
charcoal and germicidal UV irradiation (Sands et al. 1976, Dong et al. 2010, Assatarakul
et al. 2012, Tikekar et al. 2012). The organoleptic properties of treated juice may be
affected, and there is not much study on the safety of the degradation products (Kadakal
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and Nas 2002, Tannous et al. 2017). Natural propolis (bee glue) may be effective (Silici
and Karaman 2013, Matny et al. 2015). There is also interest in the use of biocontrol
agents to reduce growth of P. expansum or patulin accumulation (Moss and Long 2002,
Ricelli et al. 2007, Hatab et al. 2012, Bevardi et al. 2013, Zhu et al. 2015, Calvo et al.
2017, Carbo et al. 2017, Chen et al. 2017), but biocontrol methods to date have not been
widely used against P. expansum.
Methods to address aflatoxin contamination include inactivation or removal of the
toxin with defined chemicals (Viroben et al. 1978, Lee et al. 1979, Friedman et al. 1982,
Stahr and Obioha 1982, Sen et al. 1988, Frayssinet and Lafarge-Frayssinet 1990,
Raisuddin and Misra 1991, Samarajeewa et al. 1991, Huff et al. 1992, Kubena et al.
1993, Zeringue and Bhatnagar 1994, Goodrich-Tanrikulu et al. 1995, Méndez-Albores et
al. 2005, Jansen van Rensburg et al. 2006, Guarisco et al. 2008, de Lucca et al. 2011),
soils (Masimango et al. 1979, Madden and Stahr 1992), plant extracts (Qin et al. 1997,
Miyata et al. 2004, Choudhary and Verma 2005, Tulayakul et al. 2007, Mathuria and
Verma 2008) and sunlight/irradiation/microwaving (Shantha and Murthy 1981, Mutluer
and Erkoç 1987, Farag et al. 1996). Other methods involve growth inhibition of the
aflatoxin producers with plant oils (Alderman and Marth 1976), antibiotics (Khan et al.
1978, Yousef et al. 1980, Paster et al. 1999), other compounds (Montville and Goldstein
1987) and irradiation (Ogbadu 1980). Recently, separate teams report the successful use
of RNA interference in maize hosts to silence fungal aflC and amy1 (α-amylase) and
reduce detectable aflatoxin accumulation in the kernels (Thakare et al. 2017, Gilbert et al.
2018). Some success has been obtained in alleviating the symptoms of aflatoxicosis in
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non-human animals by increasing exercise (Randall and Bird 1979), supplementing diet
(Appleton and Campbell 1982, Bailey et al. 1982, Ademoyero and Dalvi 1983, Burguera
et al. 1983, Brucato et al. 1986, Mandel et al. 1987, Phillips et al. 1988, Harvey et al.
1989, Harvey et al. 1991a, Harvey et al. 1991b, Wang et al. 1991, Lindemann et al.
1993) and breeding tolerance in animals (Marks and Wyatt 1979, Pegram et al. 1986,
Wyatt et al. 1987, Manning et al. 1990).
As part of the arsenal against mycotoxin contamination, biological control agents
are touted as environmentally-friendly methods that effectively inhibit growth of
toxigenic pathogens (Chet and Inbar 1994, Hua et al. 2017). Currently, publications on
the control of aflatoxin focus heavily on use of biocontrol agents that are able to
minimize aflatoxin production and/or accumulation via biological or ecological
mechanisms that are still not known. Regardless, use of non-aflatoxigenic strains of A.
flavus has emerged as the top management practice for reducing field contamination of
aflatoxigenic strains of A. flavus, leading to several commercially-registered products
(Abbas et al. 2011b, King et al. 2011, Mehl et al. 2012). Various genetic deletions and
polymorphisms can yield strains with non-functional aflatoxin biosynthetic gene clusters.
However, the mechanisms and pressures behind the evolution of non-aflatoxigenic strains
are not clear (Chang and Ehrlich 2010). Many scientists believe that co-cultivation with
biocontrol strains reduces toxin production by simple displacement of the aflatoxigenic
strain (Ashworth et al. 1965, Boller and Schroeder 1973, Boller and Schroeder 1974,
Weckbach and Marth 1977, Wicklow et al. 1980, Ehrlich and Ciegler 1985, Wicklow et
al. 1988). About 30 to 80% of A. flavus strains in a typical field population may be non-
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aflatoxigenic (Diener and Davis 1966, Chang and Ehrlich 2010). Interestingly, the degree
to which a non-aflatoxigenic strain prevents aflatoxin accumulation varies based on the
strain (Figure 1.3). There are variations in patulin accumulation among different isolates
of patulin-producing fungi (Paster et al. 1999, McCallum et al. 2002, Neri et al. 2006,
Garcia et al. 2011, Welke et al. 2011, Ballester et al. 2015). However, natural nontoxigenic strains of other fungal phytopathogens are not as readily found as nonaflatoxigenic A. flavus, indicating that conserved mycotoxin production ability may be
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necessary for competition in other species (Cotty and Mellon 2006).

Co-inoculated non-afaltoxigenic strain

Figure 1.3. Example of variation in aflatoxin biocontrol. Data was visualized from a
study conducted by Probst and colleagues (Probst et al. 2014).

Biocontrol agents against aflatoxigenic A. flavus have been studied for decades.
As early as the late 1960s, it was acknowledged that prevention of the initial
contamination is the key to avoiding aflatoxin entering the food supply (Wogan 1968,
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Goldblatt 1970, 1971). Mostly non-aflatoxigenic A. flavus strains are utilized (Alberts et
al. 2006, Cotty and Mellon 2006, Palumbo et al. 2006, Chang and Hua 2007). However,
many studies have investigated the potential use of various bacteria. Initially, Ciegler and
colleagues report that only Flavobacterium aurantiacum out of almost 1,000 unnamed
microbes is able to degrade aflatoxin (Ciegler et al. 1966). However, within a few years,
Remacle and associates show that 26 bacteria and 40 actinomycetes isolated from
rhizospheres, soils and liquid manure may depress growth and development of A. flavus.
Several of the actinomycetes produce a thermostable (up to 80°C) product(s) that
prevents fungal development (Remacle et al. 1970).
An unidentified chain-forming Gram-positive bacillus bacterium from a
contaminated culture of an aflatoxigenic A. flavus degrades and adsorbs aflatoxin to its
cell walls (Remacle et al. 1970). Another bacterium, Rhodococcus corynebacteroides
(formerly Nocardia corynebacteroides and F. aurantiacum), also removes and degrades
aflatoxin (Hao and Brackett 1989, Smiley and Draughon 2000). Aflatoxin binds to the
cells walls of the bacterium (Lillehoj et al. 1967). Crude cell extracts that are not
subjected to proteinase K or heat treatment remove up to 60-80% of inoculated aflatoxin
within 24 h (Smiley and Draughon 2000). The major enzyme(s) responsible for aflatoxin
degradation is suspected to be within 20 to 50 kD (Smiley 1998).
Several bacterial species isolated from almonds have shown promise as biological
agents against aflatoxigenic A. flavus on almonds (Palumbo et al. 2006). Kong and
colleagues hypothesize that Bacillus megaterium releases metabolites that inhibit
transcription of aflF, aflT, aflS, aflJ and aflL (Kong et al. 2014). Teniola and colleagues
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identify four species of Mycobacteriumm, Norcardia, and Rhodoccus whose extracts are
able to degrade 50 to 100% of 2.5 ppm aflatoxin B1 within 25 hours (Teniola et al. 2005).
Extracts from Rhodococcus erthyropolis and Mycobacterium fluoranthenivorans are
especially efficient, reaching near 100% degradation within 240 minutes, though intact R.
erthyropolis cells remove aflatoxin B1 less quickly (Teniola et al. 2005, Alberts et al.
2006). Adebo and associates additionally report that the cell lysates of four other bacterial
species (Bacterium 7-II, Pontibacter sp., Pseudomonas anguilliseptica and Pseudomonas
flourescens) degrade 31.7 to 60.9% of 2.5 µg/mL aflatoxin within 48 hours. This
treatment increases to 100% detoxification within 12 hours if protease inhibitors are used
(Adebo et al. 2016). Palumbo and colleagues list 171 bacterial isolates from Californian
almond flowers and fruits that are antagonistic to A. flavus growth and/or accumulation of
norsolorinic acid, a precursor of aflatoxin (Palumbo et al. 2006). Other species that
degrade or bind aflatoxin include those under the genera Bacillus (Mannaa et al. 2017,
Gu et al. 2018, Shu et al. 2018), Lactobacillus (El-Nezami et al. 1998a, El-Nezami et al.
1998b, Khanafari et al. 2007, Liew et al. 2018), and Psudeomonas (Sangare et al. 2014,
Mannaa et al. 2017). Further, Strenotrophomonas species and two of its active inhibitory
diketopiperazine compounds reduce aflatoxin production without affecting fungal growth
(Jermnak et al. 2013). The use of bacteria to degrade aflatoxin is well-reviewed by Adebo
and colleagues (Adebo et al. 2017). Despite the number of proven bacterial antagonists,
Cole and Cotty have argued that bacterial control agents would be difficult to maintain in
hot and dry field conditions (Cole and Cotty 1990).
Fungi other than A. flavus are also effective in aflatoxin biocontrol. Aspergillus
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ochraceus, A. niger, Cunninghamella echirulata, Mucor ambiguous, P. chrysogenum,
Penicillium islandicum, Penicllium citreoviride, Paecilomyces carioti, Stachybotrys
lobulate and Trichoderma viride reduce aflatoxin B1 by 82.9% to 99.7% (Mann and
Rehm 1975). The yeast genus Pichia is also a potential biocontrol agent (Hua 2004, Hua
et al. 2014). As far as I am aware, the first report of a non-aflatoxigenic Aspergillus strain
reducing aflatoxin accumulation was published by Boller and Schroeder in 1973. They
describe a ten-fold decrease in aflatoxin production by A. parasiticus on rice after spores
were co-incubated with those of Aspergilus chevalieri at 25, 30 and 35°C (Boller and
Schroeder 1973). They hypothesize that A. chevalieri physically replaces A. parasiticus,
metabolizes aflatoxin or out-competes A. parasiticus for an essential nutrient. Later
studies support their findings. Co-inoculation of A. parasiticus and Aspergillus candidus
spores on harvested rice kernels result in a 94.7 to 100% reduction of aflatoxin B1 after
42 days (Boller and Schroeder 1974). Masimango and colleagues separately grew an
aflatoxigenic A. flavus strain with four non-aflatoxigenic strains and report reductions of
23.0% to 85.6% in the amount of detectable aflatoxin B1 (Masimango et al. 1979). The
authors suggest that aflatoxin adsorbs to the cell walls of the mycelia. Two days after
inoculation of the non-aflatoxigenic strain in liquid medium with 400 μg of aflatoxin B1,
136 to 295 μg aflatoxin B1 was recovered in the media. Some of the missing aflatoxin B1
was detected in cellular fractions containing the cell wall, but the strain also appears to
eliminate some of the toxin as the remaining amount “disappears” (Masimango et al.
1979).
Co-cultivation of non-aflatoxigenic mutants of A. parasiticus with a toxigenic
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wild-type strain results in much lower yields of aflatoxin, even when most of the spores
recovered from the mixed cultures were from the aflatoxigenic strain (Ehrlich 1987).
Isolated by Cotty, strain AF36 is able to reduce aflatoxin accumulation in cotton bolls by
an aflatoxigenic strain by 86 to 100% compared to other more variably effective strains
which reduce aflatoxin B1 accumulation by 0 to 100% (Cotty 1990, Cotty and Bhatnagar
1994). Strain AF36 is especially effective when pre-inoculated on cotton bolls rather than
co-inoculated with an aflatoxigenic strain (Cotty and Bhatnagar 1994). Subsequent
studies also show that non-aflatoxigenic A. flavus strains reduce aflatoxin accumulation
by at least 76 to 81% and are significantly more effective if inoculated before or with the
aflatoxigenic one instead of afterwards (Brown et al. 1991, Cotty 1994, Chang and Hua
2007).
Application of a biocontrol agent in agricultural fields reduces aflatoxin
contamination by up to 99% in maize (Dorner et al. 1999, Yin et al. 2008, Dorner 2010,
Abbas et al. 2011a) or as little as 6% (Alaniz Zanon et al. 2018). These applications
affect the identities within a fungal community for multiple years (Cotty and Mellon
2006). The first modern commercial A. flavus biocontrol agent deployed was the strain
AF36 for use on cotton bolls and cottonseed (Cotty 1994). It has been employed on
agricultural fields in Arizona, USA since 1996 (Cotty and Mellon 2006). Subsequently,
the non-toxigenic strain A. flavus K49 was registered for aflatoxin biocontrol in maize
fields (Abbas et al. 2006). Sygenta sells formulated spores of non-aflatoxigenic A. flavus
strain NRRL 21882 under the product name “Afla-Guard GR Biocontrol Agent” (Chang
et al. 2005, Horn and Dorner 2009, Adhikari et al. 2016). Another product for the African
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market, called “Aflasafe”, is a variable mixture of four non-aflatoxigenic A. flavus strains
native to the particular African country in which it is used (Atehnkeng et al. 2014,
Bandyopadhyay et al. 2016). Other non-aflatoxigenic strains are being studied for
potential use in their countries of origins (Alaniz Zanon et al. 2013, Alaniz Zanon et al.
2018, Mauro et al. 2018, Yin et al. 2018).

Research goals
The main objectives of my dissertation research are to combine bioinformatics
data with wet lab experiments to study exogenous and endogenous factors that may affect
mycotoxin accumulation. I aim to help decipher (1) how development and mycotoxin
production in P. expansum are affected by volatile phase 1-octen-3-ol, and (2) how
genetic variations among non-aflatoxigenic strains of A. flavus may affect their
effectiveness as biocontrol agents. In the long-term, I hope to contribute to our general
understanding of the molecular bases of volatile signaling by partially answering which
genes are responsive to 1-octen-3-ol and of the genetic markers that indicate high
aflatoxin biocontrol effectiveness. There were four defined goals:

1.

Catalog the macroscopic effects of volatile 1-octen-3-ol on Penicillium spp.

2.

Identify P. expansum genes potentially involved in response to 1-octen-3-ol

3.

Summarize genetically-encoded functional differences among A. flavus strains

4.

Identify A. flavus genes potentially involved in biocontrol effectiveness

36
Rational and significance
Many recent studies demonstrate that VOC signals emitted by many different
organisms have specific effects. Of particular interest is how these volatile signals are
important for fungal pathogens to coordinate virulence. Understanding such signaling
processes would help with design and implementation of new fumigant antifungals. As
described in chapters 2 and 3, exogenous volatile 1-octen-3-ol has non-damaging
reproducible effects on P. expansum metabolism.
Application of non-aflatoxigenic strains of A. flavus for biocontrol of aflatoxin is
a well-established method for limiting aflatoxin in crops in the field. The nonaflatoxigenic strains have been studied to verify the lack of a functional aflatoxin
biosynthesis gene cluster. However, fewer published studies have investigated genetic
factors outside of the gene cluster. Such investigations would help improve evaluation of
new non-aflatoxigenic A. flavus strains. Genetic factors associated with strong and weak
biocontrol strains are described in chapters 4 and 5.
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Abstract
The volatile organic compounds 1-octanol, 3-octanone and 1-octen-3-ol are fungal
signaling molecules that prevent spore germination and stimulate conidiation in various
genera of filamentous fungi. I screened the effects of these compounds on growth and
development on four strains of Penicillium expansum and Penicillium solitum. Spores
and nascent colonies on potato dextrose agar and apples were exposed to the oxylipins in
the gas phase at concentrations of 3, 30 and 300 μM. Despite the VOCs having very
similar structures, the compounds had some differing effects on different strains. At 300
μM, 1-octanol and 1-octen-3-ol inhibited spore germination. At 30 µM, the same
compounds slowed colony growth slightly. None of the compounds affected colony and
conidiophore development, virulence in apple or in vitro pectinase activity. However, 1octanol and 1-octen-3-ol had a noticeable effect on the extracellular accumulation of
reactive oxygen species (ROS) for the P. expansum strains. I compared the predicted
proteomes of the fungal strains to find that hypothetical proteins involved in
transcription, membrane structure, oxidation-reduction and DNA binding differed
between the P. expansum and P. solitum strains. These differences may help explain why
P. expansum and P. solitum differed in ROS accumulation in response to 1-octanol and 1octen-3-ol, and may be targets for further study of the molecular bases for fungal
responses to signaling VOCs
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Introduction
Volatile signals are useful for quickly delivering messages from one cell or
organism to another. For example, it is well-established that plant volatile organic
compounds (VOCs) jasmonic acid, salicylic acid and hexanoic acid regulate development
and prime defense mechanisms in neighboring plants (Baldwin et al. 2006, Heil and
Karban 2010, Wasternack and Kombrink 2010). Fungi also have VOC signals which can
quickly communicate information to neighbors (Wheatley 2002, Horswill et al. 2007).
Several volatile eight-carbon (C8) oxylipin (derived from oxygenated polysaturated fatty
acids; 1-octen-3-ol, 3-octanone, 3-octanol and 1-octanol) compounds are described as
fungal germination auto-inhibitors in published literature (Figure 2.1). These compounds
tend to increase conidiation in established colonies, but reversibly discourage spore
germination. 1-octen-3-ol, in particular, is suspected to be a self-inhibitor involved in the
“overcrowding” effect which prevents germinations of spores in dense concentrations
(Barrios-González et al. 1989, Chitarra 2003, Chitarra et al. 2004, Miyamoto et al. 2014).

1-octanol

1-octen-3-ol

3-octanone

Figure 2.1. Structures of three fungal volatile oxylipins.

In Penicillium chrysogenum and Aspergillus niger, volatile 1-octen-3-ol, E-2hexenal and 1-hexenol severely reduce spore germination and radial growth (Yin et al.
2015). Similarly, 4 mM volatile 1-octen-3-ol is a germination auto-inhibitor for
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Penicillium paneum, reducing germination by 80% while 3-octanone inhibits germination
by less than 10% (Chitarra et al. 2004). However, Miyamoto and colleagues observe that
1-octen-3-ol alone is not sufficient to self-inhibit germination as more than 170 times
more 1-octen-3-ol is needed to inhibit germination than is present in dense spore
suspensions (Miyamoto et al. 2014). The former compound also inhibits germination of
the mycoparasite Lecanicillium fungicola when exposed to 20 and 2 μmol of it, reducing
incidence of dry bubble disease in Agaricus bisporus (Berendsen et al. 2013). Penicillium
camemberti spore germination is completely inhibited by 3 mM 1-octanol, transiently by
100 μM 1-octanol (Gillot et al. 2016). Herrero-Garcia and colleagues find that
conidiation of Aspergillus nidulans is promoted by 1 mg 1-octen-3-ol, 3-octanone and 3octanol when growing on surface cultures (55 mm diameter Petri dish with 15 mL
media), but not in liquid cultures as these oxylipins are made after the hyphae are
exposed to the atmosphere. 3-Octanone and 3-octanol inhibit spore germination to a
lesser extent than 1-octen-3-ol. However, 1 mg 3-octanone significantly increases aerial
conidiation in the dark for a light-dependent strain, regardless of other conidiationinducing stresses such as potassium chloride and nutrient starvation (Herrero-Garcia et al.
2011). Gas phase 3-octanol (10 μM), 3-octanone (500 μM) and 1-octen-3-ol (100 μM)
stimulate conidiation of Trichoderma spp., whereas increased amounts reduce
conidiation; the compounds are produced by conidiating Trichoderma spp. and can
induce neighboring cultures to conidiate (Nemčovič et al. 2008). Separately, I have
shown high concentrations of R-1-octen-3-ol and S-1-octen-3-ol reduce growth and
germination of various Penicillium strains (Yin et al. in press). However, fungi likely do

65
not naturally produce such high, self-inhibitory concentrations.
As mentioned in chapter 1, Penicillium species have been long-studied for their
ability to produce various compounds such as antibiotics, sugars, acids and sterols. They
are also important for industrial production of cheeses, and as pathogens of post-harvest
crops and immunocompromised humans. Despite this, we have a poor understanding of
how Penicillium species communicate with one another to control their own growth and
metabolite production. Deeper study into Penicillium signaling might allow
manufacturing and agricultural industries to take advantage of fungal physiology to
improve production of desirable products and depress pathogenic behavior.
I screened the effects of exogenous volatile oxylipins on strains of Penicillium
expansum and Penicillium solitum species at lower concentrations: 3, 30 and 300 µM.
The main goals of this exploration were to (1) define a useful methodology for VOC
exposure and (2) to identify observable changes in fungal morphology and/or physiology
related to virulence resulting from application of relatively low concentrations of added
1-octanol, 3-octanone or 1-octen-3-ol. After collecting information on differential effects
of the VOCs on the Penicillium strains, I performed comparisons of the predicted
proteomes to hypothesize about the types of genes that may be involved in differential
effects of exogenous C8 oxylipins.

Materials and Methods
Fungal strains, chemical compounds and statistical analyses
P. expansum R19 (Yu et al. 2014), P. expansum R21 (Yin et al. 2017), P. solitum
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NJ1 (Yin et al. 2016) and P. solitum RS1 (Yu et al. 2016) were originally received from
Dr. Jiujiang Yu (U.S. Department of Agriculture, Beltsville Agricultural Research) and
maintained in the Bennett Laboratory at Rutgers University. The fungi were stored as
spores in 25% v/v glycerol at -20°C. Cultures were grown in vitro on 10 mL of potato
dextrose agar (PDA) in 88 x 15 mm Petri dishes with an estimated internal volume of
about 91 mL based on the theoretical volume of cylinders with those measurements or on
5 mL PDA in an uncovered Petri dish (51 x 15 mm) placed in a sterile 800 x 1,000 mm
borosilicate glass jar with a glass lid that fits over 25 mm of the side of jar (Figure 2.2).
The added gaseous oxylipins vaporized to fit the entire volume of a plate or jar (including
into the porous solid medium). The liquid phase chemical standards of the VOCs 1octanol, 3-octanone and 1-octen-3-ol (Sigma-Aldrich) were diluted with dimethyl
sulfoxide (DMSO; Sigma-Aldrich) in 2 mL dark amber glass vials to yield desired
concentrations. DMSO was used for negative controls. All experiments described below
were repeated three times. Two-tailed Student's t-tests with α-level set to 0.05 were
performed to find significant differences from the respective controls. Statistical analyses
and generation of graphs were performed with Microsoft Excel or R.

67

Figure 2.2. Volatile exposure approach. The exposure method is described in the main
text. The average measured volumes of five randomly-selected jars was 500 mL.

Observation of morphological changes in response to VOCs in vitro
Fungal inoculum was grown on PDA for one week before harvesting spores in 10
mL spore suspension liquid (10% v/v glycerol, 1% v/v Tween 80 in water) from three
plates. The pooled spores were filtered through eight layers of sterile cheesecloth to
remove hyphae and the filtrates were stored at 4°C for a maximum of two weeks.
Concentrations of filtered spores were determined by hemacytometer use. Six different
germination and growth assays were compared to identify a method that yielded
reproducible results:

Procedure 1A- Spores (5 µL of 106 spores/mL) were inoculated in one distinct spot on the
medium. Enough of the VOC stock was added onto a small glass microscope slide
coverslip on the lid of the Petri dish to yield 3, 30 or 300 μM in the sealed dish, and the
culture was incubated upside down at 24°C, shaking at 150 rpm in a New Brunswick
Innova 44 incubator for 24 hours. The negative control had DMSO added at the largest
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volume used for the experimental treatment. Each plate or jar was immediately wrapped
with two layers of Parafilm M.
Procedure 1B- Procedure 1A was followed except the VOCs or DMSO was added after
spores germinated and colonies grew for 24 hours.
Procedure 1C- Procedure 1A was followed except the VOCs or DMSO was added after
spores germinated and colonies grew for 48 hours.
Procedure 2A- Procedure 1A was followed except Petri dishes in glass jars were used.
Procedure 2B- Procedure 1B was followed except Petri dishes in glass jars were used.
Procedure 2C- Procedure 1C was followed except Petri dishes in glass jars were used.

Germination was defined here to mean emergence of a germ tube visible at 40X
magnification. Delays in germination caused by VOCs in procedure 1A were observed by
inspecting cultures using a light microscope (Zeiss Axioskop 50) every hour after
inoculation for 12 hours. For procedure 2A, the glass jar prevented use of a microscope.
Instead, inoculated spores were visually checked once at 6, 7, 8, 9 or 10 hours. Effect of
spore concentration on germination was tested by inoculating PDA with 5 µL of 108 or
109 spores/mL without added VOC or DMSO. For assaying VOC effects on growth by
procedures 1B, 1C, 2B and 2C, maximum radial growth was measured using the longest
diameter of the colonies. Colonies were inspected respective to the negative controls to
determine if the VOCs influenced pigmentation, aerial growth or sporulation.
Slide cultures in 88 x 15 mm Petri dishes with 10 mL water agar or in 51 x 15 mm
Petri dishes with 5 mL water agar in glass jars were prepared to examine changes in
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hyphal and conidiophore morphology as accurately as possible according to Harris's
modified method (Harris 1986) with PDA as the nutrient medium. The media were
inoculated with 50 μL of 105 spores/mL. After 24 hours, the cultures were incubated with
30 μM VOC, shaking at 150 rpm at 24°C. After 36 hours, samples were mounted with
1% v/v aniline blue in lactic acid without wetting with ethanol. Using a light microscope,
visible differences from the negative control were noted.
Assay of VOC effects on in vivo growth in apple
Medium-sized (advertised minimum diameter of 6.35 cm) Granny Smith apples
purchased from a local supermarket were visually and tactilely inspected to ensure there
was no macroscopically detectable damage to or microbial growth on the fruits. Apples
were washed with warm water and antimicrobial soap (1% w/v chloroxylenol), then
wiped down with 70% v/v ethanol. After air-drying, sterile push pins were used to make
four evenly-spaced punctures (11 mm in depth) near the top or bottom of the apples. Just
inside the holes, 5 μL of 108 spores/mL were pipetted. Negative control apples were
mock-inoculated with sterile spore suspension liquid. Twenty minutes after inoculation,
each apple was placed into a separate sterile glass jar with 1 mL sterile distilled water to
maintain humidity. Enough VOC diluted in DMSO was added to yield 3, 30 or 300 μM.
The positive and negative controls had 24 μL DMSO added. The jars were immediately
sealed with two layers of Parafilm M and left shaking at 150 rpm at 24°C. After seven
days, the diameters of the zones of necrotic tissues radiating from the inoculation points
were measured.
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Assays of VOC effects on pectinase activity and ROS
Two colorimetric assays following procedure 2C were performed to estimate
changes in pectinase activity and extracellular accumulation of reactive oxygen species
(ROS). Pectinase activity was visualized according to a published assay for
actinomycetes (Jacob et al. 2008). Briefly, cultures were exposed to VOC or DMSO for
24 hours. Instead of PDA, the culture medium contained 5 g/L citrus pectin (SigmaAldrich), 5 g/L yeast extract and 16 g/L agar, leaving pectin as the sole carbon source.
After VOC treatment, the culture medium was flooded with 1% w/v cetrimide for 30
minutes. Cetrimide reacts with pectin to form a white precipitate. Rings of clear zones
around fungal colonies indicated pectinase activity.
3,3’-Diaminobenzidine tetrahydrochloride (DAB) SigmaFast 10 mg tablets
(Sigma-Aldrich) were dissolved in 15 mL of distilled water per tablet or MaxTag DAB
tablets (3,3’-diaminobenzidine; VWR) were dissolved in 10 mL of distilled water per
tablet. Two milliliters of the solution was used to flood each Petri dish. Cultures were
incubated with the DAB solution upright in the dark at room temperature overnight. DAB
reacts with hydrogen peroxide to yield a brown precipitate. The following day, 1 mL
samples were taken and subjected to absorbance readings with a Beckman-Coulter Du
800 spectrometer at 465 nm, which provided optimal distinction between oxidized and
non-oxidized DAB, to estimate relative abundance of extracellular ROS. Distilled water
was used as the blank.
qPCRs of conidiation and patulin biosynthesis genes
P. expansum R19 was grown on PDA as described for procedure 2C, except
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single sterile hydrophilic PVDF filters with diameters of 47 mm and pore sizes of 0.45
µM (Millipore Sigma) were dipped in potato dextrose broth and placed on the solid
medium before spore inoculation. Only exposure to 30 μM 1-octen-3-ol was tested. For
RNA extraction, three colonies were scrapped off the filters and ground in liquid
nitrogen. Total RNA was extracted from each set of ground samples using the Zymo
Research Quick-RNA Fungal/Bacterial MiniPrep Kit (Integrated Sciences) as instructed
by the manufacturer. RNA was immediately converted to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) as directed and the PCR
products were stored at -20°C. Housekeeping genes for β-tubulin, GAPDH, two citrinin
biosynthesis genes (citA and citE), two patulin biosynthesis genes (patI and patL) and
two conidiation genes (abaA and wetA) were targeted for qPCR using the SYBR Green
real-time PCR master mix (Thermo Fisher) and the StepOne real-time PCR System as
instructed by the manufacturers (Table 2.1). qPCRs were repeated once. Average fold
change in gene expression were calculated using the 2-ΔΔCt method.
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Table 2.1. Primers used for qPCR.
Target
Sequences
β-tubulin
F- TGAACGTCTACTTCAACCATGCC
R- TCCAAATCGACGAGAACGG
GAPDH
F- ACCGTCGATGCTCCTTCCT
R- AATGTTCTGGGCCGCAGTAC
citA
F- ATGCAAAATACCACGGTCCG
R- GTTGTACTTCAGCGGAACCC
citE
F- GAGTTAGCGTCGAGATTGCC
R- ATCAACTCTGCCACATCCCA
patI
F- GGAAGTTCAGGCCAAAGCA
R-TTATGGCCGATAATGGAGTCG
patL
F-ACTGGTGTAGGCTCAATCGTGTC
R-ATTTCTTAATCGTTGCATTTCTCGG
abaA
F- ACCTTCACACAGTTGACCCA
R- CGCTGTGACCTTGGTATTGG
wetA
F- AATGAGTGGTCCCTGCAGAA
R- GATGGCGGATAGACTTGGGA

Comparison of predicted Penicillium spp. proteomes
Program and function settings were used at default settings. Files were written
and edited as necessary using in-house Python and Linux scripts. The genomic sequences
for P. expansum R19 (assembly GCA_000688875.1v1), P. expansum R21 (assembly
GCA_001750045.2 ASM175004v2), P. solitum NJ1 (assembly GCA_001750005.1
ASM175000v1) and P. solitum RS1 (assembly GCA_000952775.2 ASM95277v2) were
retrieved from the NCBI Genome database (O'Leary et al. 2016), and GeneMark-ES for
fungal genomes was used to predict protein-coding genes (Ter-Hovhannisyan et al.
2008). Gene nucleotide sequences were then translated into amino acid sequences
according to the NCBI genetic code 4 (Elzanowski and Ostell 2016). I identified protein
sequences with high similarities using HMMER 3.1b2 phmmer (Johnson et al. 2010)
searches against the proteomes with an E-value cutoff of 10-50. Non-homologous proteins
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between P. expansum and P. solitum were noted. Gene Ontology (GO) annotation (The
Gene Ontology Consortium 2018) was performed using Interproscan version 5.31-70.0
(Jones et al. 2014).

Results
Normal appearance of strains
Despite being closely related, the four selected strains had distinguishable colony
morphologies that could be used to identify differential effects of the volatile oxylipins
(Figure 2.3). P. expansum strains R19 and R21 and P. solitum NJ1 all sporulated heavily
on PDA. The reverse sides of R19 colonies were whiter than those of R21, which had a
yellow tinge. Strain NJ1 had flatter colonies and irregular colony circumferences. This
strain grew the fastest while P. solitum RS1 was the slowest grower. RS1 also did not
normally conidiate when growing in distinct colonies but would if growing as a lawn.

A.
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B.

C.

D.

Figure 2.3. Colony morphologies of P. expansum and P. solitum strains. Front (left) and
backs (right) of culture of strains (A) R19, (B) R21, (C) NJ1 and (D) RS1 are shown.
Images were representative of cultures four days after spore inoculation on PDA.

300 μM 1-octanol and 1-octen-3-ol delayed germination and growth
Both P. expansum (R19 and R21) and P. solitum (NJ1 and RS1) spores normally
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germinated within seven (R19, R21 and NJ1) or nine (RS1) hours after inoculation on
PDA and incubation at 24°C. At the tested concentrations (3, 30, and 300 µM), only 300
μM 1-octanol and 1-octen-3-ol prevented spore swelling and germination of strains R19,
R21 and RS1 for at least 13 hours. The spores of all strains eventually germinated by 24 h
after inoculation. In contrast, NJ1 spores swelled and began to germinate within two
hours after the negative control did when exposed to 300 µM 1-octanol or 1-octen-3-ol
(Figure 2.4). A slight tolerance to the “overcrowding” effect by P. solitum NJ1 was
observed as it was the only strain to germinate at the same time when inoculated on PDA
with 5 µL of 108 or 109 spores/mL. The increase in spore concentration caused the other
strains to germinate within an hour after their respective controls. The same results were
obtained using procedure 1A and 2A.

A.

B.

Figure 2.4. Spore germination delayed by 300 μM 1-octanol and 1-octen-3-ol. (A) R19
spores exposed to 300 μM 1-octen-3-ol for 8 hours. (B) NJ1 exposed to 300 μM 1-octen3-ol for 8 hours. Images were taken at 40X after staining with 1% aniline blue on PDA
and were representative of five replicates.

76
After germination, 3-octanone and VOC concentrations 3 and 30 μM did not
significantly affect growth rates for procedures 1B or 1C (Figures 2.5A and B).
Depending on the method, exposure to 300 μM 1-octanol and 1-octen-3-ol reduced
nascent growth by 40% to 100% for strain RS1 (Figures 2.5A and C). The results from
procedures utilizing glass jars (2B and 2C; Figures 2.5C and D) were less variable as
colony diameters had smaller standard deviations. The effects of the VOCs at lower
concentrations also appeared to be more significant, except for RS1 which was less
responsive to the compounds in procedure 2C compared to procedure 1C. However, 300
μM of the VOCs was less harsh on mature growth (Figure 2.5D).
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Figure 2.5. Radial growth decreased by 300 µM 1-octanol and 1-octen-3-ol. Data from
procedures (A) 1B, (B) 1C, (C) 2B and (D) 2C are shown. Cultures were exposed to
exogenous VOCs for 24 hours. Error bars represent one standard deviation above the
mean. Asterisks indicate significant differences from the negative control for all strains
except for RS1 exposed to 30 μM 1-octanol in Figure 2.5C and all RS1 data in Figure
2.5D (p-value < 0.05).

30 μM 1-octanol and 1-octen-3-ol affected ROS
I consistently observed an increase in colony sporulation for P. solitum strain RS1
(Figure 2.6) using both procedures 1C and 2C, while changes in sporulation amount in
other strains were not seen. However, slide cultures did not show any reproducible
changes in hyphal or conidiophore morphology (Figure 2.7). Often, but not always,
yellow pigmentation around R21 colonies and brown pigmentation around RS1 did not
form after exposures to 30 µM of any VOC. The identities of the pigments are unknown.
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A.

B.

Figure 2.6. Conidiation and pigmentation affected by 30 μM 1-octen-3-ol. (A) Normal
appearance of RS1 colonies after two days growth. (B) Increased green conidiation of
RS1 after exposure to 1-octen-3-ol. Images were representative of five replicates.

A.

B.

Figure 2.7. Normal appearance of conidiophores. Images depict P. expansum (left) and
P. solitum (right). 30 μM of any VOC did not reliably change the morphology of mature
conidiophores.

The VOCs also did not significantly affect virulence of the four strains in apple
hosts (Figure 2.8). 1-Octanol appeared to decrease necrosis by R19 and R21 at different
concentrations. However, this could have been the result of the VOC directly damaging
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the apples; the highest concentration of 1-octanol caused very noticeable browning and
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Figure 2.8. Effects of VOCs on apple post-harvest decay. Error bars represent one
standard deviation above the mean.

Related to the infection process, pectinase activity and ROS, were also tested.
Pectinase activity was not affected (Figure 2.9A). Extracellular ROS accumulation for P.
expansum strains R19 and R21 fell in response to 15 and 30 µM 1-octen-3-ol (used
SigmaFast tablets; Figure 2.9B) and 30 µM VOC (used MaxTag tablets; Figure 2.9C).
Gene expression of conidiation and mycotoxin biosynthesis genes did not change in
strain R19 due to 30 μM 1-octen-3-ol (Figure 2.10).
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Figure 2.9. VOC effects on two Penicillium factors related to virulence. Graphs depict
relative (A) pectinase activity and (B and C) ROS accumulation. Two different DAB
tablets were used for the ROS assays because the tablets from Sigma were not available
for purchase. The (C) MaxTag tablets had lower absorbance readings. Error bars
represent one standard deviation above the mean.
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Figure 2.10. Unchanged expression of citrinin, patulin and conidiation genes. Genes in
P. expansum R19 were assayed by qPCR. Calculated fold changes were relative to that of
β-tubulin, which was chosen to serve as a negative control.
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Predicted proteomic differences among the strains
10,610, 11,708, 10,377 and 10,879 protein sequences were derived from the
genomes of strains R19, R21, NJ1 and RS1, respectively. Of these, 2.16% of the
sequences were dissimilar to those in all other strains; 90.7% shared high similarity
among all strains (Figure 2.11A). 821 (3.68% of R19 and R21 sequences) of the
sequences from P. expansum strains were non-homologous to those in P. solitum strains.
508 (2.39% of NJ1 and RS1 sequences) of the sequences from P. solitum strains were
likewise non-homologous to anything in the P. expansum strains. The most frequent GO
annotations for these non-homologs were related to oxidation-reduction processes, the
nucleus and zinc ion binding (Figure 2.11B).

A.
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Figure 2.11. Proteomic comparisons and annotations. (A) Number of highly similar
putative protein sequences among the P. expansum (R19 and R21) and P. solitum (NJ1
and RS1) strains. A total of 43,574 sequences were compared. (B) Most populous Gene
Ontology (GO) annotations of the predicted protein-coding genes that differ between P.
expansum and P. solitum. Only GO terms with at least two annotations total were
included. GO parent terms were abbreviated as: BP, biological process; CC, cellular
component; MF, molecular function.

Discussion
The VOCs 1-octanol, 3-octanone and 1-octen-3-ol are fungal signaling molecules
which prevent spore germination and stimulate conidiation in various genera of
filamentous fungi. I screened the effects of 10-fold concentrations of these compounds on
growth and development on four strains of two species, Penicillium expansum and
Penicillium solitum. Spores and hyphae grown on PDA or apples were exposed to gas
phase oxylipins at 3, 30 and 300 μM. Experiments were performed in Petri dishes or
borosilicate glass jars. I initially used only Petri dishes but noted an unexpected lack of
reproducibility in the results. Additionally, these Petri dishes are composed of polystyrene
which is susceptible to dissolving in organic solvents like the liquid phase oxylipins.
Using glass jars for procedures 2B and 2C increased reproducibility. Anecdotally, I also
noted that less of the compounds seemed to be escaping from the jars compared to the
Petri dishes by odor intensity.
Despite the VOCs having very similar structures and the genetic relatedness of the
fungi, the oxylipins had some differing effects on different strains. 1-Octen-3-ol visibly
increased sporulation in P. solitum RS1 and reduced release of an agar-diffusible pigment
from R21 and RS1. Assays of conidiophore morphology, apple virulence and pectinase
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yielded no differences between strains. Moreover, the extracellular accumulation of
hydrogen peroxide significantly decreased for P. expansum strains. This decrease in ROS
accumulation could be due to increased production of mycotoxins that are made by P.
expansum, but not P. solitum. Mycotoxin production is hypothesized to play roles in
competition, defense and oxidative stress tolerance (Reverberi et al. 2010, Grintzalis et
al. 2014, Fountain et al. 2015, Roze et al. 2015, Fountain et al. 2016). I further report on
this possibility in chapter 3.
The differences in ROS accumulation demonstrated that there is a difference in
how two related Penicillium species may respond to the same stimulus. I hypothesize the
reasons for such differences were at least partially determined by the genetic differences.
As signaling molecules, there may be specific receptor molecules and signaling pathways
that allow for recognition and response to certain oxylipin compounds. Having observed
that some effects are particular to 1-octen-3-ol and not 1-octanol or 3-octanone, I further
speculate that the recognition macromolecules in the Penicillium strains might be specific
enough to distinguish among the different functional groups in the three compounds.
Specific membrane VOC receptors have been characterized for plant volatiles including
camphor (Fesenko et al. 1979), the green pepper odorant 2-isobutyl-3-methoxypyrazine
(Pelosi et al. 1982) and ethylene (Lacey and Binder 2014). In animals, odorous VOCs
may be detected by olfactory membrane receptors. These bind a range of volatiles of
different structures and initiate signal transduction via G proteins (Gaillard et al. 2004).
To my knowledge, no fungal VOC receptors have been identified. Tying comparative
genomic analyses to experimental results could be a method for identification of gene
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candidates involved in VOC recognition and signaling pathways.
For an initial look into what may be the genetic bases for these different effects of
1-octen-3-ol on the Penicillium strains and to look for potential targets for further study
of the molecular bases for fungal responses to signaling VOCs, I grouped the strains by
species and annotated non-homologous predicted protein-coding genes. Most of the
annotated genes had putative functions in oxidative-reduction processes, energy
metabolism, transcription, transmembrane transport and mycotoxin biosynthesis. As
described in chapter 3, transcriptomic analyses of P. expansum R19 exposed to 1-octen3-ol also demonstrated increased expression of genes with similar functional annotations.
Two previous gene expression studies have found differential expression of fungal genes
with similar functions after exposure to VOCs: A flavus genes involved in transcription,
oxidation-reduction processes, and membrane structure and transport are up-regulated
after exposure to decanal (Chang et al. 2014); and A. bisphorus genes encoding
cytochrome P450, an amino acid transporter, hydrophobin, glutathione transferase, and
amino acid and ion transporters are up-regulated by exposure to 1-octen-3-ol (Eastwood
et al. 2013). Candidate genes identified in this study can lead to future experimental work
to see if they are involved in fungal perception and intracellular message relays.
Signaling compounds are often bioactive in the micromolar range and bound by
receptors with high affinities for them (Hancock 2010). Concentrations that are too low
may not come in contact with receptor cells often enough. Concentrations that are too
high may result in non-specific damage to target cells, especially amphiphilic and
hydrophobic compounds that might partially dissolve target cell membranes (Uesono et
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al. 2016). Due to their hydrophobicity, volatile molecules can be surfactants, eliciting
changes in membrane structure and composition. Alternatively, they may also be general
non-competitive protein inhibitors, appearing to specifically affect certain cellular
functions, especially those involving transmembrane transport of enzymes, nutrients and
other metabolites. Membrane changes induced by 1-octen-3-ol have been noted in P.
paneum (Chitarra et al. 2005, Liu et al. 2014). In chapter 3, I provide transcriptomic
evidence of membrane changes in P. expansum due to 1-octen-3-ol exposure.
Many publications report biological effects of VOCs at both higher and lower
concentrations than those used in this study. My screen of Penicillium strains against the
three orders of magnitude concentrations (ranging 3 – 300 μM; 0.385 – 39.1 mg/L) of 1occtanol, 3-octanone and 1-octen-3-ol yielded observable effects of the VOCs on colony
growth, morphology and physiology. However, it is important to acknowledge the
possibility that these effects are non-specific chemical reactions. It is not known how
those concentrations relate to amounts of VOCs naturally present. The natural
concentrations of 1-octanol and 1-octen-3-ol are probably lower than 30 µM since adding
that amount reduced the fungal growth rate.
The volatile profile of a species is notably dynamic and dependent on many
known and unknown factors including age, nutritional substrate, temperature, neighbors
and detection method and instrumentation (Hynes et al. 2007, Korpi et al. 2009, Hung et
al. 2015, Pennerman et al. 2016). Even changes in medium phase are known to be
important as A. nidulans only produces conidiating-promoting VOCs and is responsive to
them when hyphae are exposed to the atmosphere, not in liquid culture (Herrero-Garcia et
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al. 2011). It is unwieldly to list volatile profiles for different fungi in different conditions.
Even ranges of usual headspace concentrations of particular fungal volatiles is difficult to
assemble as most research groups report only relative amounts. Penicillium
aurantiogriseum emits ethanol (200 to over 18,000 ng/hr), 1-propanol (0.1 to 22 ng/hr),
2-methyl-1-propanol (0.1 to 25 ng/hr), 3-methyl-1-butanol (0.1 to 29 ng/hr),
sesquiterpenes (0.2 to 170 ng/hr) and carbon dioxide (30 to 870 ng/hr) in the noted
concentrations (Börjesson et al. 1990). Six filamentous fungi emit 30 to 2800 ng/L
VOCs, consisting of up to 2,220 ng/L of the most abundant compound, 3-methyl-1butanol (Zhao et al. 2017). In some fungal cultures, 1-octen-3-ol is present in the
headspace in the range of 0 to 20 ng/L after seven days of growth, and 1.5 to 2 ng/L of 3octanone at seven and eighteen days of growth (Zhao et al. 2017). However, the relative
concentration of 1-octen-3-ol from this study may be much lower than normal as 1-octen3-ol is a one of the most common major fungal VOCs. It constitutes up to 70% of the
volatiles produces by A. bisporus (Hanson 2008) and dominates gas chromatographymass spectrometry results of the headspace of Penicillum and Aspergillus (Chitarra et al.
2004, Miyamoto et al. 2014).
Most research into the effects of fungal VOCs focus on the descriptive macro and
microscopic influences on overall growth, health, appearance and behaviors of the
targets. It is hoped that future studies will investigate molecular mechanisms underlying
the observable phenotypic effects, thereby providing greater understanding into how
VOCs affect the organisms and how best to exploit those effects in agriculture and
biotechnology. Limited VOC applications are already present in several industries. For
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example, 1-Methylcyclopropene is a synthetic volatile commercially used to prevent fruit
ripening during storage and shipping (Blankenship and Dole 2003). Volatile-based
quorum-sensing ecosystems can be developed to control gene expression (Weber et al.
2007). Learning more about the molecular bases for fungal volatile signaling will also
improve our ability to direct the growth and development of important industrial fungi.
The work described here is an early step into the molecular biology of fungal volatile
signaling.
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Abstract
1-Octen-3-ol is one of the most abundant volatile compounds associated with fungi and
functions as a germination and growth inhibitor in several species. I investigated its effect
on the biosynthesis of patulin, a mycotoxin made by Penicillium expansum, finding that a
sub-inhibitory level of volatile 1-octen-3-ol increased accumulation of patulin on a
medium that normally suppressed the mycotoxin. Transcriptomic sequencing and
comparisons of control and treated P. expansum grown on potato dextrose agar (PDA;
patulin permissive) or secondary medium agar (SMA; patulin suppressive) revealed that
the expression of gox2, a gene encoding a glucose oxidase, is significantly affected,
decreasing 10-fold on PDA and increasing 85-fold on SMA. Thirty other genes, mostly
involved in membrane transport, oxidation-reduction and carbohydrate metabolism were
also differently expressed on the two media. Transcription factors previously found to be
involved in regulation of patulin biosynthesis: creA, laeA, pacC and veA were not
significantly affected. Further study is needed to determine the relationship between the
up-regulation of patulin biosynthesis genes and gox2 on SMA, and to identify the
molecular mechanism by which 1-octen-3-ol induced this effect.
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Introduction
As reviewed in chapter 2, 1-octen-3-ol is a common and abundant fungal oxylipin
volatile organic compound (VOC). It affects germination and conidiation in several
filamentous fungi and may serve as a signaling compound. However, few studies have
investigated fungal molecular responses to VOCs. Across kingdoms, gene expression
studies of synthetic and biogenic VOCs show an underlying pattern of genes involved in
signal transduction, oxidation-reduction processes, membrane transport, stress response
and degradation. For example, methyl jasmonate-challenged tea leaves change expression
of stress response genes and pathways of amino acid metabolism, terpenoid and
flavonoid biosyntheses, degradation of xenobiotics, and cell growth and death (Shi et al.
2015). In maize, gas phase Z-3-hexenol induces defense, signal transduction,
transcriptional regulation and binding of xenobiotics (Engelberth et al. 2013).
Escherichia coli exposed to several VOCs has differential expression of genes involved
in iron-sulfur assembly systems, stress response, flagella biosynthesis and motility, and
transporters of inorganic ions, amino acids, carbohydrate nutrients, toxins and
osmoprotectants, suggesting that tolerance in E. coli seems to be supported by various
membrane transporters, regulatory elements and central metabolic processes; all of which
help prokaryotes export or degrade xenobiotics (Yung et al. 2016). For another
bacterium, Rhodococcus sp., isoprene induces expression of glutathione transferases and
isoprene degrading enzymes (Crombie et al. 2015).
Proteomic, transcriptomic and lipidomic analyses in Saccharomyces cerevisiae
suggest that yeast defense against inhibition by liquid furfural represses carbohydrate
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metabolism (Lin et al. 2009a, Lin et al. 2009b) and changes in the lengths of hydrocarbon
chains of membrane lipids (Xia and Yuan 2009). Changes in gene expression are noted
within 20 minutes of exposure to furfural with a differential accumulation of genes
related to protein synthesis (generally less abundant in furfural-treated yeast), sulfur
amino acid biosynthesis (less abundant), and central carbon metabolism (more abundant)
(Liu et al. 2008, Lin et al. 2009a). Other growth-inhibitory compounds, including 1octen-3-ol and 1-octanol, seem to involve multiple genes related to amino acid transport,
retromer complex and ubiquitin degradation, according to a screen of knock-out S.
cereviseae strains (Pu 2012). Single and double nonfunctional mutants of two genes
involved in ubiquitin-mediated protein degradation confer resistance the growth
inhibitory effects of several volatile anesthetic agents (Keil et al. 1996, Wolfe et al.
1999). Extra copies of genes involved in transcription regulation, signaling pathways,
amino acid transport increase tolerance to anesthetics (Palmer et al. 2002, Palmer et al.
2005, Palmer et al. 2009).
Phenylethanol in liquid culture promotes filamentous growth in S. cerevisiae by
inducing expression of a cell surface glycoprotein that is regulated by two signal
transduction pathways (Rupp et al. 1999, Chen and Fink 2006). This effect is not
reproducible in Canidida albicans (Chen and Fink 2006). In various yeast genera, volatile
ammonia (a gas phase non-organic compound) signaling prevents colonies on solid
media from growing into one another (Palková et al. 1997). S. cerevisiae with a mutation
in a gene that helps localize membrane amino acid permeases does not respond normally
to ammonia, leading to the hypothesis that production of the signal is probably related to
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uptake and degradation of amino acids (Palková et al. 1997, Palková et al. 2002).
For filamentous fungi, exposure to VOCs also significantly affects expression of
similar types of genes. Decanal treatment and recovery from it primarily affects
oxidation-reduction processes, and membrane structure and transport in A. flavus (Chang
et al. 2014). 2-Phenylethanol in liquid culture up-regulates genes involved in signaling,
gene expression, amino acid biosynthesis, cell growth and death, protein and fatty acid
metabolism, and detoxification while reducing growth of P. italicum (Liu et al. 2014). A
transcriptomic study on the effect of 1-octen-3-ol on P. chrysogenum in liquid culture
showed that many of the differentially-expressed genes function in transcriptional
regulation, oxidative stress response, carbon metabolism, membrane transport (especially
of amino acids) and detoxification of xenobiotics (Yin et al. in press). A. bisphorus
exposed to 1-octen-3-ol has differential expression of genes encoding hydrophobins,
glutathione transferase, an amino acid transporter, a mechanosensitive ion channel
protein and several proteins with no putative functions (Eastwood et al. 2013).
In chapter 2, I showed that exposure of Penicillium expansum to 30 μM of 1octen-3-ol decreased accumulation of extracellular reactive oxygen species (ROS). In this
chapter, I attempted to use transcriptomics to connect this change in ROS accumulation
to changes in patulin (Figure 1.1A). P. expansum R19 (Yu et al. 2014) grown on two
different media was exposed to a non-growth inhibitory concentration of 1-octen-3-ol. I
focused on the effect of 1-octen-3-ol as it is the dominant volatile compound found in
fungal headspaces (Chitarra et al. 2004, Hanson 2008, Miyamoto et al. 2014, Antoine et
al. 2016). Moreover, it had the strongest effect on ROS accumulation (Figure 2.9C).
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Materials and Methods
Growth of fungal cultures and exposure to volatile 1-octen-3-ol
Cultures of P. expansum strain R19 were grown according to the procedure 2C as
described in the Materials and Methods section of chapter 2, except cultures were grown
on 5 mL potato dextrose agar (PDA; Difco) or secondary medium agar (SMA; 60 g
sucrose, 7 g NaNO3, 3 g ryptone (Millipore Sigma), 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.5
g KCl, 15 g bacto-agar (Millipore Sigma) per liter) (Barad et al. 2012) for three days
before exposure to 15 µM 1-octen-3-ol or DMSO. The chemical standard of racemic 1octen-3-ol (Millipore Sigma) in liquid phase was diluted 1:10 with DMSO. Eight
microliters of the diluted 1-octen-3-ol or DMSO were added to each glass jar, yielding a
gaseous concentration of 15 µM.
Patulin extraction, TLC and GC-MS
Patulin was extracted and detected by thin-layer chromatography (TLC)
according to methods outlined by Welke and associates with minor modifications (Welke
et al. 2011). Briefly, whole fungal colonies and media from three Petri dishes were
roughly chopped, then vigorously extracted with 20 mL ethyl acetate for one minute,
twice. Ten milliliters of 1.5% (w/v) sodium bicarbonate was added to the 40 mL extract,
and the two layers were mixed by shaking. The organic layer was removed, and another
10 mL of ethyl acetate was mixed with the aqueous solution and removed. The organic
extracts were pooled and the solvent evaporated. Dried extracts were re-suspended in 200
µL of chloroform, 50 µL of which was loaded onto 4 x 8 cm TLC silica gel 60 F254
plates (Millipore Sigma) along with 10 drops of a 100 µg/mL analytical patulin standard
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in chloroform (Millipore Sigma). The plates were developed with 5:4:1 toulene:ethyl
acetate:formic acid. Dried plates were sprayed with 0.05% (w/v) 3-methyl-2benzothiazolinone hydrazone hydrochloride hydrate indicator (Ricca Chemical) and
heated at 130°C for 15 min to cause patulin to turn yellow. Patulin TLC assays were
replicated four times.
For gas chromatography-mass spectrometry (GC-MS), the patulin extraction
process was followed except all of the dried extract was resuspended and loaded on the
TLC plates. The plates were developed without formic acid and dried. Silica from the
developed plates were scrapped off into freshly cleaned glass beakers. The silica
scrappings were expected to include patulin based on the retention factor of the
compound. The scrapped-off silica was mixed with 10 mL ethyl acetate that was
transferred to new glass containers. Two biological replicates of extracts from control and
experimental cultures grown on SMA were subjected to GC-MS by Joseph B. Scarsella
(Department of Food Science, Rutgers University) on a Varian 3400 gas chromatograph
fitted with a Guardian-ZB-5MS capillary column (length- 30 m, diameter- 0.32 mm, film
thickness- 0.25 μM; Phenomonex) and directly interfaced to a Finnigan TSQ-7000 triple
quadrapole mass spectrometer equipped with a Thermo Xcalibur data system. The carrier
gas was helium at a head pressure of 10 psi. The initial gas chromatograph temperature
was held at 50°C for 4 min then increased at a rate of 10°C per min to 320°C. The mass
spectrometer was operated in the positive ionization mode (70 eV) scanning masses 35 to
750 once per second. The ion source temperature was 185°C. The resulting
chromatograms and mass spectra were compared to that of the patulin standard and to the
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published spectrum in the National Institute of Standards and Technology mass spectral
database to identify the patulin elution (NIST Mass Spectrometry Data Center 2017).
RT-PCR and transcriptomics
P. expansum was grown on PDA and SMA as previously described, except single
sterile hydrophilic PVDF filters with diameters of 47 mm and pore sizes of 0.45 µM
(Millipore Sigma) were dipped in liquid (without agar) potato dextrose broth or
secondary medium broth and placed on the respective solid medium before spore
inoculation. For RNA extraction, three colonies from both the PDA and SMA treatment
groups were scraped off the filters and ground in liquid nitrogen. Total RNA was
extracted from each set of ground samples using the Zymo Research Quick-RNA
Fungal/Bacterial MiniPrep Kit (Integrated Sciences) as instructed by the manufacturer.
RNA was immediately converted to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) as directed, and the PCR products were
stored at -20°C. β-tubulin and three genes in the patulin biosynthesis gene cluster (patJ,
patK and patN) were targeted for RT-PCR (Table 3.1) using the Thermo Scientific
DreamTaq Green PCR Master Mix (Thermo Fisher Scientific) as instructed by the
manufacturer with PCR conditions denaturation at 95°C for 1 min, annealing at 50°C for
30 s and extension at 72°C for 1 min, cycling 30 times. Three microliters of β-tubulin and
10 µL of the patulin biosynthesis gene PCR products were subjected to gel
electrophoresis on a 2% agarose gel. RT-PCRs were repeated three times.

103
Table 3.1. Primers used for RT-PCR.
Target
Sequences
β-tubulin
F- TGAACGTCTACTTCAACCATGCC
R- TCCAAATCGACGAGAACGG
patJ
F- GGATCCAGTTCCTCGCGATT
R- CGGGAGCAGGTGTATAGGCA
patK
F- ACTCCTGGTACTGAGTACAGTGAATATGAA
R- CTCTGGAATCTCACCCACTGC
patN
F- CTAGCAAAGATTCCCTCGTCAAGT
R- ATATGCATCGGCGAGGCATT

Amplicon (bp)
135
53
149
93

RNA of fungi grown on PDA or SMA exposed to 1-octen-3-ol or just DMSO
(three replicates each of four treatment groups) were flash frozen with liquid nitrogen
immediately after extraction. Samples were stored at -70°C until submission to
GENEWIZ (South Plainfield, New Jersey, USA) where RNA sequencing was performed
on an Illumina HiSeq 2500 platform after poly(A) selection and library generation.
Paired-end 2 x 150 bp sequencing reads without adaptors were returned. The raw data
was deposited in the NCBI Sequence Read Archive under accession number
PRJNA507851. Unless otherwise noted, the following softwares were used with default
options. FastQC version 0.11.5 was used to check the quality of the sequencing reads
before aligning them to the genome of P. expansum d1 retrieved from Ensembl (assembly
GCA_000769735) using STAR version 2.6 guided by the respective annotation GFF3 file
(Andrews 2010, Dobin et al. 2013, Ballester et al. 2015, Cunningham et al. 2018). The
option --sjdbOverhang was set to 300 during the genome generation step. The output
SAM files were converted to sorted BAM files using Samtools version 1.7 (Li et al.
2009). Stringtie version 1.3.5 was used to generate transcript count matrices for principal
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component analysis (PCA) plot generation with the R libraries ggbiplot version 0.55 and
factoextra version 1.05, and for differential gene expression analysis with DESeq2
version 1.22.1 (Vu 2011, Love et al. 2014, Pertea et al. 2015, Kassambara and Mundy
2017). For comparisons between treatment groups, an adjusted p-value < 0.005 was
considered statistically significant. Venn diagrams and a heatmap were generated using
the R libraries VennDiagram version 1.6.20 and ggplot2 version 3.1.0 (Chen and Boutros
2011, Vu 2011). Differentially-expressed genes were annotated with GO terms using
InterProScan version 5.32-71.0 (Jones et al. 2014, The Gene Ontology Consortium
2018). An in-house Python script was used to conduct enrichment analyses with Fisher’s
exact test with α-level set to 1-5 (Python Software Foundation).

Results
1-Octen-3-ol increased patulin accumulation on a repressive medium
P. expansum grown on PDA and SMA yielded two distinct colony morphologies
(Figure 3.1). On PDA, the fungus profusely conidiates and has flat colonies. On SMA,
colonies consist of erect lanose hyphae with no to very sparse green conidiation. The two
media affected how P. expansum responded to 1-octen-3-ol. Exposure to 15 µM volatile
1-octen-3-ol for 24 hours did not visibly affect colony growth or appearance on either
medium. However, RT-PCRs of the patulin biosynthesis genes patJ, patK and patN, and
TLC assays of patulin indicated that there was an increased production and accumulation
of the mycotoxin in SMA cultures exposed to 1-octen-3-ol (Figures 3.2A and 3.2B). The
increased accumulation was confirmed and quantified by GC-MS (Figure 3.2C).
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Figure 3.1. Different colony morphologies on PDA and SMA. Four days after spore
inoculation and incubation at 24°C, on PDA (left), P. expansum sporulates heavily
whereas P. expansum on SMA (right) sporulates much less.

106

A.

B.

C.

107
Figure 3.2. Patulin gene expression and accumulation. (A)RT-PCR, (B) TLC and (C)
GC-MS results indicated that patulin production in P. expansum cultures grown on SMA
increased after 24 hours of exposure to 15 µM 1-octen-3-ol but was not noticeably
affected on PDA. Treatment group is indicated on images. Patulin is yellow on the TLC
plates; other colors are irrelevant. GC-MS was only performed with samples from the
SMA treatment groups. Images were representative of at least two replicates.

The detected relative abundance of patulin in the SMA cultures increased 10-fold
after 1-octen-3-ol exposure. PDA and treated SMA cultures seemed to accumulate
comparable levels of patulin according to the TLC and RT-PCR results. Interestingly, a
colored compound(s), possibly a phenol, became visible in the aqueous layer when the
sodium bicarbonate solution was added to ethyl acetate extracts of fungal cultures on
SMA, but not on PDA (Figure 3.3A). The compound was most visible in the SMA
control group (Figure 3.3B). Addition of HCl changed the color to yellow and the color
change was reversible with NaOH, similar to how a phenol red pH indicator behaves.

A.
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SMA control

SMA experimental
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Figure 3.3. Differential accumulation of a red-colored compound(s) on SMA. (A) The
difference in color intensity among the aqueous layers of patulin extractions were
striking. (B) One milliliter samples were taken and subjected to absorbance readings with
a Beckman-Coulter Du 800 spectrometer. The compound had a max absorbance around
465 nm.

1-Octen-3-ol affected different genes on different media
I performed a transcriptomic experiment to identify genes that may be involved in
differential patulin accumulation among the treatments. Over 390,000,000 high-quality
raw sequencing reads were obtained, about 80% of which were mapped to the genome of
P. expansum d1 (Table 3.2). A PCA of the transcript counts showed that the replicates
within treatment groups clustered with each other (Figure 3.4).
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Table 3.2. General information about RNA-Seq reads.
Treatment
PDA control
PDA control
PDA control
PDA experimental
PDA experimental
PDA experimental
SMA control
SMA control
SMA control
SMA experimental
SMA experimental
SMA experimental

A.

Replicate
1
2
3
1
2
3
1
2
3
1
2
3

No. reads
28,858,045
30,295,757
33,731,078
31,607,017
33,307,011
34,389,289
30,405,299
32,501,026
31,786,066
31,389,046
36,042,879
39,618,292

No. Mbases
8,657
9,089
10,119
9,482
9,992
10,317
9,122
9,750
9,536
9,417
10,813
11,885

Mean quality score
37.64
37.70
37.74
37.62
37.70
37.75
38.11
37.75
37.64
37.71
37.88
37.62

% Bases ≥ Q30
89.70
89.92
90.04
89.62
89.91
90.11
91.36
90.10
89.70
89.92
90.58
89.62

% Mapped
79.36
80.93
80.69
79.43
80.87
80.49
76.85
79.89
79.84
79.32
79.22
77.95
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Figure 3.4. Grouping of replicates by transcript counts. The (A) PCA and (B) Scree plots
show that replicates within treatment groups clustered by principal components 1 and 2,
which constituted most of the variation among the treatment groups.

Hundreds of significantly differentially-expressed genes were identified among
comparisons between fungi grown on PDA vs SMA, and those exposed to 1-octen-3-ol or
not (Figure 3.5). Of the genes that were assigned Gene Ontology (GO) terms, the top four
GO biological process terms for genes commonly affected by medium composition were
“transmembrane transport” (23 genes), “oxidation-reduction process” (7 genes),
“carbohydrate metabolic process” (6 genes) and “transcription, DNA-templated” (4
genes). For genes affected by exposure to exogenous 1-octen-3-ol on both media, the top
four GO biological process terms were “transmembrane transport” (5 genes), “oxidationreduction process” (4 genes), “mycotoxin biosynthetic process” (2 genes) and
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“carbohydrate metabolic process” (2 genes). The most common GO terms assigned to the
503 genes affected by 1-octen-3-ol exposure on SMA were “transmembrane transport”
(21 up-regulated, 21 down-regulated), “oxidation-reduction process” (31 up-regulated, 1
down-regulated), “carbohydrate metabolic process” (12 up-regulated, 2 down-regulated)
and “proteolysis” (4 up-regulated, 2 down-regulated). The terms “transmembrane
transport”, “oxidation-reduction process” and “carbohydrate metabolic process” were
significantly enriched in all four comparisons. On SMA, genes involved in oxidationreduction and carbohydrate metabolic processes were mostly up-regulated (Figure 3.6).

A.

B.

Figure 3.5. Counts of shared differentially-expressed genes. Among comparisons of
different treatment groups: PDA control (Pc), PDA experimental (Pv), SMA control (Sc)
and SMA experimental (Sv), comparisons were made between (A) media and (B) volatile
1-octen-3-ol exposure.
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Figure 3.6. Frequency of GO annotations for differentially-expressed genes. Several GO
terms were commonly assigned to up- and down-regulated genes identified in the (A)
comparison between the PDA control and experimental groups, and (B) that for between
the SMA control and experimental groups. Parent terms were abbreviated as BP
(biological process), CC (cellular component) and MF (molecular function).
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Most of the transcripts of the 15 genes in the patulin biosynthesis cluster (gene
IDs PEXP_094320 to PEXP_094460) had increased accumulation in P. expansum grown
on SMA and exposed to 15 µM 1-octen-3-ol (Figure 3.7A). The only patulin genes that
were not significantly affected were patB, patC, patL and patM. As expected, 1-octen-3ol did not affect expression of any patulin genes when the fungus was grown on PDA. I
also compared gene expression levels of six non-biosynthesis genes known to affect
patulin accumulation: creA (PEXP_011320), gox1 (PEXP_041960), gox2
(PEXP_018170), laeA (PEXP_042660), pacC (PEXP_050400) and veaA
(PEXP_092360). For both comparisons of control and treated fungi on respective media,
gox2 was significantly affected (Figure 3.7B). Exposure to volatile 1-octen-3-ol resulted
in transcripts of gox2 decreasing 10-fold on PDA but increasing 85-fold on SMA. Of the
38 shared differentially-expressed genes between comparisons of control and
experimental groups on the same medium, 31 out of 38 (including gox2), had opposite
expression trends (Figure 3.7C; Table 3.3). Of the 38 commonly differentially-expressed
genes, PEXP_005530 (serine hydrolase FSH), PEXP_005580 (short-chain
dehydrogenase/reductase SDR), PEXP_038390 (hypothetical protein), PEXP_043250
(hypothetical protein), PEXP_045960 (major facilitator superfamily domain, general
substrate transporter), PEXP_068110 (glycoside hydrolase), PEXP_099370 (succinate
CoA transferase) and PEXP_099450 (major facilitator superfamily domain, general
substrate transporter) were most highly expressed on PDA. The expression levels of these
genes were much lower on SMA (Figure 3.8).
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Figure 3.7. Differential expressions of genes of interest. Graphs depict expressions of
(A) patulin biosynthesis genes, (B) other genes involved in regulation of patulin
production and (C) genes other than gox2 that are commonly significantly up- or downregulated due to 1-octen-3-ol exposure on both media. Gene expression is represented in
fragments per kilobase of transcript per million mapped reads (FPKM). Error bars
represent one standard deviation above the mean. Log2 fold changes are relative to the
respective control and are calculated from average FPKM values of different treatment
groups: PDA control (Pc), PDA experimental (Pv), SMA control (Sc) and SMA
experimental (Sv). See Tables 1.1 and 3.3 for predicted functions of genes.
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Table 3.3. Predicted functions of genes significantly affected by 1-octen-3-ol.
Gene ID
PEXP_001130
PEXP_005270
PEXP_005530
PEXP_005580
PEXP_009370
PEXP_015870
PEXP_018170
PEXP_018180
PEXP_022750
PEXP_024430
PEXP_024450
PEXP_029790
PEXP_030090
PEXP_038390
PEXP_043250
PEXP_045950
PEXP_045960
PEXP_051350
PEXP_057080

Description
glyceraldehyde/erythrose
phosphate dehydrogenase family
major facilitator superfamily
domain, sugar transporter

Gene ID

Description

PEXP_061280

hypothetical protein

serine hydrolase FSH

PEXP_066760

short-chain
dehydrogenase/reductase SDR
indoleamine 2,3-dioxygenase
glucose-methanol-choline
oxidoreductase
glucose-methanol choline
oxidoreductase
6-phosphogluconolactonase
major facilitator superfamily
domain, general substrate
transporter
transcriptional
coactivator/pterin dehydratase
hypothetical protein
protein of unknown function
DUF3328
protein of unknown function
DUF4009
hypothetical protein
hypothetical protein
major facilitator superfamily
domain, general substrate
transporter
hypothetical protein
ABC-2 type transporter
major facilitator superfamily
domain, general substrate
transporter

PEXP_065260

DNA mismatch repair protein
MutS, core
major facilitator superfamily
domain, general substrate
transporter

PEXP_067890

aldo/keto reductase

PEXP_068110

glycoside hydrolase

PEXP_077020

hypothetical protein

PEXP_095390

DNA polymerase III, clamp loader
complex, gamma/delta/delta
subunit, C-terminal
phospholipid methyltransferase
major facilitator superfamily
domain, general substrate
transporter
glycoside hydrolase, family 2, Nterminal
transcription factor, fungi

PEXP_098520

hypothetical protein

PEXP_099370

succinate CoA transferase

PEXP_099440
PEXP_099450

α-amylase
six-hairpin glycosidase

PEXP_101270

AMP-dependent synthetase/ligase

PEXP_103230
PEXP_108450

cytochrome P450
peptidase S28
ATPase, P-type,
K/Mg/Cd/Cu/Zn/Na/Ca/Na/Htransporter

PEXP_080650
PEXP_085900
PEXP_090450
PEXP_092190

PEXP_110420

Notes: Gene IDs are from the annotation of Ensembl assembly GCA_000769735.
Descriptions are based on the genome annotation and NCBI BLAST results. Genes with
similar gene expression trends on both PDA and SMA media are bolded.
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Figure 3.8. Relative expression levels of the common differentially-expressed genes.
fragments per kilobase of transcript per million mapped reads (FPKM) values were
normalized to that of PEXP_038390 in the PDA control group. See Tables 1.1 and 3.3 for
predicted functions of genes.
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Discussion
PDA and SMA were respectively permissive and repressive of patulin production.
1-Octen-3-ol increased accumulation of the mycotoxin on the repressive medium,
countering the patulin-suppressive effect of the high sucrose concentration in SMA
(Kumar et al. 2017). From the transcriptomes of the treatment groups, I associated this
increase in mycotoxin production to an increase in gox2 expression. Other genes that
were also highly up-regulated on either medium were PEXP_015870 (up-regulated on
PDA; flavin adenine dinucleotide binding flavoprotein oxidoreductase), PEXP_018180
(up-regulated on SMA; cytochrome cd1 subunit, plays a role in bacterial denitrification
(Li et al. 2013)), PEXP_029790 (up-regulated on SMA; in the hypothetical protein
family Domain of Unknown Function 3233 family which is involved in bacterial
membrane transport (Prakash et al. 2011)), PEXP_099440 (up-regulated on both media;
α-amylase) and PEXP_108450 (up-regulated on SMA; serine peptidase). The genes were
all predicted to be involved in membrane transport, oxidation-reduction and carbohydrate
metabolism, a finding consistent with other transcriptomic studies of the effects of VOCs
on different organisms described in the Introduction.
Very little work has been done on the effect of volatile organic compounds on
patulin production. Although in liquid phase, aliphatic aldehydes have an effect on
patulin production in apple juice (Taguchi et al. 2013). Eight- to ten-carbon compounds
octanal, E-2-octenal, nonanal, E-2-nonenal, decanal and E-2-decenal at 100 µg/mL
increase patulin production up to 8.6 times more than the control without significantly
affecting fungal growth. Octanal and E-2-2-octenal are particularly effective, increasing
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patulin accumulation at 10-100 µg/mL. At 300 µg/mL, octanal increases patK (6methylsalicyclic acid synthase; the enzyme catalyzes first step of the patulin biosynthetic
pathway) expression about 4-fold and patN (isoepoxydon dehydrogenase; the protein
catalyzes one of the last steps in the pathway) about 1.5-fold after 3.5 days of incubation.
I found a similar effect of the eight-carbon 1-octen-3-ol in the gas phase at 15 µM (13.4
µg/mL) on SMA. Expression of patulin genes increased 2- to 16-fold; both patK and
patN by about 5 times. By fold change, the most greatly affected genes were patO, patJ
and patF; by absolute transcript read count, patN, patJ and patG. The effects of volatile
organic compounds on accumulation of the mycotoxin aflatoxin are better studied, as
reviewed in chapter 1. Currently, there does not seem to be a clear pattern by which
compounds are likely to induce mycotoxin production. The effects may be dependent on
the compound’s identity and concentration, and the fungal species. I report here that the
environment (nutrient medium composition) also may play a role. I hypothesize that the
differential effects of 1-octen-3-ol on the PDA and SMA media may be due to differences
in the resulting base physiology or colony morphology.
Patulin biosynthesis is only indicated to be regulated at the transcriptional level
(White et al. 2006, Tannous et al. 2014, Zong et al. 2015, de Clercq et al. 2016). As
shown here and in previous studies, an increase in expression of the genes in the patulin
biosynthesis gene cluster (other than patL, a putative transcriptional regulator) is directly
related to an increase accumulation of patulin. Unexpectedly, I did not observe an
increase in expression of genes patB (carboxylesterase), patC (major facilitator
superfamily transporter) or patM (ATP-binding cassette transporter). Significant changes
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in gene expression of transcription factors laeA (global secondary metabolism regulator),
veA (global secondary metabolism regulator), pacC (global pH modulator) and creA
(global carbon catabolite regulator) are directly related to patulin accumulation (Barad et
al. 2014, Barad et al. 2016, Kumar et al. 2017, Chen et al. 2018, El Hajj Assaf et al.
2018). However, they did not appear to be involved in the increased patulin accumulation
induced by 1-octen-3-ol in the present study. Increased sucrose content lowers expression
of laeA and increases that of creA (Barad et al. 2016, Kumar et al. 2017). That was not
observed here when comparing transcript accumulation between PDA and SMA control
groups.
Instead, a glucose oxidase gene, gox2, was significantly up- or down-regulated
depending on the medium. This enzyme catalyzes the conversion of glucose and oxygen
to D-glucono-δ-lactone and hydrogen peroxide. In different Penicillium species, glucose
oxidases are involved in antibiosis against Candida albicans (Leiter et al. 2004),
virulence on apples and oranges (Hadas et al. 2007, Barad et al. 2012), and promotion of
patulin production (Barad et al. 2014). Increased expression of gox2 suggests increased
carbon catabolism, which may permit cells to spend more energy on producing secondary
metabolites (Betina 1984). It could also suggest increased production of hydrogen
peroxide by the protein GOX2, which might stimulate mycotoxin production to help
alleviate oxidative stress (Reverberi et al. 2010, Grintzalis et al. 2014, Fountain et al.
2015, Roze et al. 2015, Fountain et al. 2016). The increase in gene expression of genes
functioning in membrane transport, oxidation-reduction and carbohydrate metabolism are
observations that support both hypotheses. I noticed that, in the present study, decreased
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gox2 expression did not correlate with decreased expression of patulin genes. This
observation contradicts a previous study that shows gox2-RNAi P. expansum mutants
accumulate less patulin on SMA (Barad et al. 2014). However, I have not attempted to
quantify accumulation of the mycotoxin on PDA or GOX protein on either medium. To
my knowledge, an increase in gox2 expression has not been previously reported to
stimulate patulin production. The relationship between gox2 and patulin biosynthesis is
intriguing and requires further study.
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Abstract
Non-aflatoxigenic strains of Aspergillus flavus are commonly used for biocontrol
of aflatoxigenic strains to reduce aflatoxin contamination in corn, cotton, peanuts and tree
nuts. The genome of a non-aflatoxigenic A. flavus strain from tree nuts, WRRL 1519, was
sequenced. This strain did not produce aflatoxin or cyclopiazonic acid (CPA) as over half
of the aflatoxin synthesis gene cluster was missing and none of the components of the
CPA gene cluster were identified. The strain appeared to maintain functional sequences of
several genes thought to be required for high infectivity. Since the ability to grow on
target crops is an important attribute for a successful biocontrol agent, these results could
indicate that the non-aflatoxigenic A. flavus strain WRRL 1519 would be a good
candidate for biocontrol of aflatoxin and CPA in high value nut crops. Comparisons of
strain WRRL 1519 and non-aflatoxigenic commercial biocontrol strains to the
aflatoxigenic strain NRRL 3357 revealed that strain WRRL 1519 had a noticeably
different proteome ordering. Additionally, there was a marked overrepresentation of
repetitive sequences in WRRL 1519 compared to other inspected A. flavus strains.
However, the transposons were not non-randomly associated with the proteomic
differences. Future experimentation and continued bioinformatics analyses will
potentially illuminate the safety and effectiveness of strain WRRL 1519 as a biocontrol
agent, and may reveal whether transposon activity in A. flavus can lead to random natural
occurrences of non-aflatoxigenic strains.
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Introduction
As reviewed in chapter 1, fungi of the genus Aspergillus are greatly important in
health, agriculture and food production. Aspergillus flavus is a cosmopolitan saprophyte
and opportunistic pathogen that is a common producer of aflatoxin (Figure 1.1B), potent
hepatotoxins and carcinogens (Richard and Payne 2003). Due to food safety implications,
there is significant interest in measuring the diversity of this species in different
populations and identifying stable non-aflatoxigenic strains (Cotty 1990, 1994, Cotty and
Bhatnagar 1994, Cotty and Mellon 2006, Moore et al. 2009), which are reported to
comprise 15.8%-78.9% of natural fungal isolates across the world (Hua et al. 2012,
Jamali et al. 2012, Solorzano et al. 2014, Divakara et al. 2015).
Most biocontrol A. flavus strains have aberrant aflatoxin biosynthetic gene
clusters. For example, strain NRRL 21882 (“Afla-Guard”) does not produce aflatoxin,
because of a large deletion of the aflatoxin biosynthesis gene cluster and part of the
adjacent sugar utilization cluster (Chang et al. 2005). Strain NRRL 30797 (“K49”) has a
premature TGA stop codon in the polyketide synthase gene aflC (Chang et al. 2012), and
strain NRRL 18543 (“Af36”) has deletions of 17 to 61 bp in genes aflU, aflC, aflR and
aflaV (Adhikari et al. 2016). The evolutionary processes responsible for the occurrence of
non-aflatoxigenic A. flavus strains are not known. Recombination events cause genetic
variability (Geiser et al. 1998, Olarte et al. 2012, Moore 2014). Moore and colleagues
propose that lineage-specific recombination events among the late aflatoxin synthesis
pathway genes (aflE to aflP, but especially aflW and aflX) lead to gene losses and the
resulting phylogenetic clades by which non-aflatoxigenic strains can be grouped.
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Similarly, later generations can regain toxicity by recombination with chromosome III of
an aflatoxigenic parent (Moore et al. 2009). Along those same lines, Chang and
colleagues claim that an ancestral recombination event between two morphotypes
resulted in the progenitors of NRRL 18543 and NRRL 30797 (Chang et al. 2012).
The boom in genomic sequencing of filamentous fungi in the past decade not only
permits comparisons of different species, it also allows us to delve into the genomic
differences among strains within a species (Nierman et al. 2005a). Thereby, one can link
genotypes to desirable phenotypes, such as improved industrial metabolite production,
lignocellulose degradation and biological control of mycotoxigenic strains (Emtiazi et al.
2001, Richard and Payne 2003, Raulo et al. 2016). Sources of genotypic differences
include mutations, polyploidy, homologous recombination, transposable elements (TEs)
and individual migration in and out of populations. TEs are of special interest because of
their contributions to gene regulation and genome structural variation (Argueso et al.
2008, Feschotte 2008, Bourque 2009, Klein and O'Neill 2018). Transposons are often
over-represented in heterochromatic areas such as in and near centromeres (Pimpinelli et
al. 1995, Round et al. 1997, Peterson-Burch et al. 2004, Tsukahara et al. 2012, Klein and
O'Neill 2018). Their high copy numbers can cause them to comprise 0.02-29.8% of
fungal genomes, 3-45% of metazoan genomes and up to 80% of plant genomes (Daboussi
and Capy 2003, Bennetzen 2005, Hua-Van et al. 2005, Castanera et al. 2016).
I aimed to identify genetic variations in addition to aberrant aflatoxin biosynthesis
clusters that may distinguish effective biocontrol A. flavus strains. Knowledge of the
genetic defects in the aflatoxin biosynthesis gene clusters improves confidence in the use
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of biocontrol agents. However, other genetic factors may be at play that can influence
biocontrol efficacy. In this study, the genome of WRRL 1519 was compared to those of
both aflatoxigenic and non-aflatoxigenic strains. The predicted proteome organization of
strain WRRL 1519 differed from than that observed in other inspected A. flavus strains.
Some of these differences may indicate different evolutionary paths for the nonaflatoxigenic strains.

Materials and Methods
Protein prediction and gene annotation
Culture growth, nucleic acid extraction, and genomic and transcriptomic
sequencing were performed by Dr. Sui-Sheng T. Hua at the United States Department of
Agriculture Western Regional Research Lab in Albany, California and the lab of Dr.
Dibyendu Kumar at Rutgers University. Genome assembly was performed by Dr. GuoHua Yin of Pebble Labs at the New Mexico Consortium. Methods for that work are
described elsewhere (Yin et al. 2018). For the present study, all programs were used with
default settings unless otherwise stated. Images were edited as needed using Inkscape
version 0.91 (Available at: https://inkscape.org/en/). Files were written and edited as
necessary using in-house Python and Linux scripts. Hypothetical proteins were predicted
using MAKER2 version 2.31.10 (Cantarel et al. 2008). Putative protein-coding genes
were annotated with Gene Ontology (GO) terms (latest release July 2018) using
Interproscan version 5.31-70.0 (Jones et al. 2014, The Gene Ontology Consortium 2018).
Enriched GO terms were identified by Fisher’s exact test with the α-level set to 1x10-6.
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Proteomic similarity comparisons between strains
The genomes for nine aflatoxigenic A. flavus strains (3-2, 40-5, 61-4, 72-5, 79-2,
206-4, AF70, JAU2 and NRRL 3357), six non-aflatoxigenic A. flavus strains (26-3, 54-2,
78-6, NRRL 21882, NRRL 30797 and NRRL 18543) and nine A. oryzae strains (RIB 40,
3.042, AS 3.951, AS 3.863, RIB 326, 100-8, BCC 7051, SRCM 101975, SRCM 101989
and ATCC 12892), and the annotated proteomes of strains AF70 and NRRL 3357 were
retrieved from the National Center for Biotechnology Information (NCBI) Genome
database in June 2017 or January 2018. Genomes of NRRL 21882, NRRL 30797 and
NRRL 18543 were more recently published, prompting re-performance of all previously
published analyses (Yin et al. 2018). From genomes, putative protein-coding genes were
automatically predicted using GeneMark-ES version 4.33 for fungal genomes (TerHovhannisyan et al. 2008). The GTF files were converted to multiple FASTA nucleotide
sequences using the function gffread version 0.9.8c from the Cufflinks version 2.2.1 tool
suite (Trapnell et al. 2010). Gene nucleotide sequences were translated into amino acid
sequences according to the NCBI genetic code 4 (Elzanowski and Ostell 2016). Protein
homology between strain WRRL 1519 and other A. flavus strains (as indicated by high
sequence similarities), and between strain NRRL 3357 and select non-aflatoxigenic
strains were determined by searching against the proteomes using the HMMER version
3.1b2 phmmer function (Johnson et al. 2010) with an E-value cutoff of 10-50. Venn
diagrams were generated using R packages ‘VennDiagram’ (Chen and Boutros 2011) and
‘venn’ (Dusa 2018).
Several other proteins encoded by genes outside of the aflatoxin synthesis gene
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cluster were individually identified by phmmer shared identity searches with amino acid
sequences retrieved from the NCBI database (mating-type protein MATα1:
ACA51902.1; mating-type HMG-box protein MAT1-2: ACA51904.1; polyketide
synthase-nonribosomal peptide synthetase hybrid CpaS: XP_002379959.2;
dimethylallyltransferase CpaD: XP_002379958.1; β-cyclopiazonate dehydrogenase
CpaO: XP_002379957.1; global secondary metabolism regulator LaeA:
XP_002374839.1; bZIP transcription factor MeaB: XP_002374689.1; C2H2 finger
domain protein MtfA: XP_002380969.1; endopolygalacturonase PecA:
XP_002376463.1; endopolygalacturonase PecB: XP_002376687.1; stress response
transcription factor SrrA/Skn7: XP_002374964.1). The top matches were collected and
aligned using Clustal Omega (last modified May 2018) (Sievers et al. 2011) to detect
variations and deletions. A lack of any significant match to predicted proteins
corresponding to adjacent cpaS, cpaO and cpaD-like genes indicated that the queried
cyclopiazonic acid (CPA) biosynthesis genes/cluster was either not present or too varied
to be reliably found.
Mapping of proteome organizations
Using the annotated NRRL 3357 proteome, predicted protein sequences of the
non-aflatoxigenic strains NRRL 21882, NRRL 30797, NRRL 18543 and WRRL 1519
were assigned homologies. These assignments were then used to map the relative
locations and directions of the scaffolds along the eight putative chromosomes of NRRL
3357. Scaffolds with at least 20 homologous genes in agreement were visualized using
Circos version 0.69 (Krzywinski et al. 2009). Circos was also used to visualize genomic
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densities and loci of interest. MUMmer version 4.0.0 (Marçais et al. 2018) was
additionally used to verify nucleotide macrosynteny between aflatoxigenic NRRL3357
and the selected non-aflatoxigenic A. flavus strains.
Identification of other genetic elements of interest
Since the aflatoxigenic cluster is partially missing in strain WRRL 1519, I
searched for other differences in putative secondary metabolite gene clusters predicted by
antiSMASH version 3.0 (Weber et al. 2015). Clusters of interest were visualized using
Easyfig version 2.2.2 (Sullivan et al. 2011). Regulatory sequences (upstream a maximum
of 3 kbp and not overlapping an open-reading frame) and secreted proteins were
predicted using the RSAT server (last updated March 2018) (Nguyen et al. 2018) for
fungi with the JASPAR 2018 core non-redundant transcription factor DNA-binding
preferences matrix (Khan et al. 2018) and TargetP version 1.1 set to the non-plant option
(Emanuelsson et al. 2007).
Reverse transcriptases and retrotransposons identified from Aspergillus sequences
and deposited in NCBI GenBank (accessions AFLA_063980, AFLA_001110,
AFLA_018200, AFLA_053840 and AFLA_114250, AFLA_063980 and AY485786.2)
were queried against the genomic sequences of inspected strains using HMMER with an
E-value cut-off of 10-200. I searched for additional long terminal repeat (LTRs) sequences
with a 10-50 E-value threshold. Sequence similarities of retrieved homologous sequences
were visualized using MUSCLE version 3.8.31 (Edgar 2004) and BOXSHADE version
3.21 (Available at: https://embnet.vital-it.ch/software/BOX_form.html). Candidates were
queried against the NCBI non-redundant protein database (accessed March 2018)
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(O'Leary et al. 2016) using NCBI BLAST (Altschul et al. 1990). The gene environment
of the eleven AFLAV retrotransposon-like sequences in WRRL 1519 was characterized
based on homology to annotated NRRL 3357 genes.
RepeatMasker version 4.0.7 (Smit) was used to identified all repetitive elements
using the fungal-specific repetitive sequences database from RepBase volume 23, issue 5
(available at: https://www.girinst.org/). Lower-scoring sequences in the same loci as
another higher-scoring one were considered redundant and removed. I modeled random
placement of all repetitive sequences in the WRRL 1519 genome using a custom Python
script: weighted by scaffold size, the script randomly assigned the repetitive sequences of
WRRL 1519 to genomic locations on a scaffold at least one nucleotide larger in size. I
then counted the number of randomized loci within a specified range of nucleotides
bordering other repetitive elements, extrachromosomal mismatches, predicted proteincoding genes, regulatory sequences and secretory protein-coding genes. Ten thousand
permutations were performed for each instance. The randomized model was compared to
the actual counts of repetitive sequences within the borders of the sequences of interest.

Results
Genome of A. flavus WRRL 1519
A total of 30,593,410 raw genomic sequencing reads were assembled into 127
scaffolds by Dr. Yin. The size (38.0 Mb), GC content (47.2%) and predicted number of
secondary metabolite clusters (46) of the WRRL 1519 genome were comparable to those
of other published genomes of Aspergillus species (Table 4.1). I did not attempt to
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characterize the non-coding DNA. The raw genomic and transcriptomic data were
deposited to NCBI SRA under the accession numbers SRR5906257 and SRR5907168,
respectively. The assembled genome sequence of A. flavus WRRL 1519 was deposited at
DDBJ/ENA/GenBank under the accession NPKL00000000.

Table 4.1. Summary of the genomes of A. flavus and closely related species.
Strains

Size
(Mb)

GC
(%)

No. gene
clusters

Aflatoxigenic
(+|-)

Publication or NCBI
Genome assembly

A. flavus 3-2
A. flavus 40-5
A. flavus 61-4
A. flavus 72-5
A. flavus 79-2
A. flavus 206-4
A. flavus AF70
A. flavus JAU2
A. flavus NRRL 3357
A. flavus 26-3
A. flavus 54-2
A. flavus 78-6
A. flavus NRRL 21882
A. flavus NRRL 30797
A. flavus NRRL 18543
A. flavus WRRL 1519
A. fumigatus Af293
A. nidulans FGSC A4
A. niger ATCC 1015
A. oryzae RIB 40
A. parasiticus SU-1

35.8
36.4
36.3
36.0
35.8
36.1
37.0
40.3
36.9
36.3
36.6
36.2
37.0
38.8
37.2
38.0
29.4
30.2
34.9
37.1
39.5

48.4
48.3
48.3
48.3
48.3
48.4
48.3
47.0
48.3
48.2
48.3
48.3
47.9
47.7
48.0
47.2
49.8
50.3
50.3
48.3
48.1

39
57
60
61
62
62
79
42
79
55
59
56
39
47
44
46
31
54
86
58
75

+
+
+
+
+
+
+
+
+
+

GCA_001695535.1
(Faustinelli et al. 2016)
(Faustinelli et al. 2016)
(Faustinelli et al. 2016)
(Faustinelli et al. 2016)
(Faustinelli et al. 2016)
GCA_000952835.1
(Faustinelli et al. 2016)
(Nierman et al. 2015)
(Faustinelli et al. 2016)
(Faustinelli et al. 2016)
(Faustinelli et al. 2016)
(Weaver et al. 2017)
(Weaver et al. 2017)
(Weaver et al. 2017)
(Yin et al. 2018)
(Nierman et al. 2005b)
(Galagan et al. 2005)
(Machida et al. 2005a)
(Andersen et al. 2011)
(Linz et al. 2014)

Overall proteomic differences between strain WRRL 1519 and other strains
From the genome sequence of A. flavus strain WRRL 1519, 12,121 proteins were
predicted. These were compared to the predicted proteomes of 15 other A. flavus strains
(Table 4.2). For each separate comparison, 8,764 to 10,160 proteins of WRRL 1519 were
found to be homologous. Many more homologous proteins were exclusively present in
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the other non-aflatoxigenic strains than were present in the nine aflatoxigenic strains
(Figure 4.1A). Combining all comparisons, 1,502 predicted proteins were unique to
WRRL 1519 (Figure 4.1B). The other 87.4% of the predicted proteins shared high
sequence identity with at least one other protein in another strain.

Table 4.2. Homology of WRRL 1519 proteins to those of other A. flavus strains.
No. predicted
No. WRRL 1519
No. WRRL 1519
Strain
proteins
homologs
non-homologs
3-2
11,844
8,764
3,357
40-5
13,003
10,074
2,047
61-4
13,046
10,067
2,054
72-5
12,917
9,991
2,130
79-2
13,096
9,989
2,132
206-4
12,845
9,974
2,147
AF70
13,196
10,118
2,003
JAU2
15,314
10,160
1,961
NRRL 3357
13,485
9,909
2,212
26-3
12,844
9,952
2,169
54-2
13,127
10,130
1,991
78-6
12,871
9,998
2,123
13,337
NRRL 21882
9,893
2,228
13,661
NRRL 30797
9,960
2,161
13,777
NRRL 18543
10,012
2,109
Note: Strains were grouped by as aflatoxigenic (above divider) or non-aflatoxigenic
(below divider).

Fifty-six of the 1,525 universally non-homologous proteins could be annotated
with GO terms, the most common of which indicated importance in signal transduction,
transcription, translation and oxidation-reduction processes (Figure 4.1C). Among the
groups of WRRL 1519 genes homologous only to the non-aflatoxigenic strains, there was
an enrichment of similar GO terms, particularly of those involved in translation,
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membrane transport, and hydrolysis and redox reactions (Table 4.3).

A.

C.

B.
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Figure 4.1. Count and annotations of WRRL 1519 predicted proteins. Number of WRRL
1519 proteins (A) homologous and (B) non-homologous to other A. flavus proteins from
non-aflatoxigenic and aflatoxigenic strains. (C) Gene Ontology (GO) annotations of
WRRL 1519 proteins found to be unique to the strain. Only GO terms used at least twice
are shown

Table 4.3. Enrichment of GO terms in WRRL 1519 genes.
GO term (Parent term)
regulation of transcription,
DNA-templated
(biological process)
translation (biological
process)
transmembrane transport
(biological process)
membrane (cellular
component)
structural constituent of
ribosome (cellular
component)
hydrolase activity
(molecular function)
oxidoreductase activity
(molecular function)

No. annotations for a set of genes (p-value by Fisher’s exact test)
H-Toxi
N-Toxi
H-Atoxi
N-Atoxi
Unique
1 (0.0623)

-

5 (2.11x10-4)

2 (2.07x10-4)

5 (7.54x10-8)

1 (0.342)

-

11 (4.28x10-7)

-

3 (0.0118)

1 (0.0919)

-

9 (2.34x10-7)

1 (0.0430)

-

1 (0.251)

-

12 (1.42x10-9)

1 (0.124)

-

1 (0.342)

-

11 (4.28x10-7)

-

3 (0.0118)

1 (0.320)

-

13 (2.60x10-10)

-

1 (0.543)

4 (2.53x10-3)

-

10 (7.94x10-4)

1 (0.244)

9 (8.76x10-9)

Notes: Counts of genes only homologous (H-) or non-homologous (N-) to aflatoxigenic
(Toxi), non-aflatoxigenic (Atoxi) or neither (Unique) strains are shown. Bolded font
indicates enrichment. “-” indicates that the GO term was not present in the annotation of
a group of terms and Fisher’s exact test was not performed.

Sequence variation among specific proteins involved in mating, toxicity and decay
Seven aflatoxigenic strains 40-5, 61-4, 72-5, 79-2, 206-4, AF70, NRRL 3357 and
three non-aflatoxigenic strains NRRL 30797, NRRL 18543 and WRRL 1519 had the
protein mating-type MATα1; only aflatoxigenic JAU2 and non-aflatoxigenic NRRL
21882 had the opposite mating type, MAT1-2. Aflatoxigenic strain 3-2, and nonaflatoxigenic strains 26-3, 54-2 and 78-6 did not yield confident matches of proteins
sequences corresponding to either mating type.

141
I inspected the similarities among the 29 aflatoxin biosynthesis proteins, the three
CPA biosynthesis proteins and seven proteins involved in severity of host decay and
secondary metabolite regulation. Protein sequences from non-aflatoxigenic A. flavus
strains had severe deviations or deletions in the aflatoxin biosynthesis proteins. In
contrast, aflatoxigenic strains 40-5, 61-4, 72-5, 79-2, 206-4, 3-2, AF70 and NRRL 3357
had high (> 89%) shared identity for all tested aflatoxin synthesis genes. Nonaflatoxigenic strains 54-2 and 78-6 had dissimilar aflM genes (< 60%). WRRL 1519 was
very different from aflatoxigenic strains at genes aflA-aflE, aflH, aflJ and aflR-aflT
(Figure 4.2), while 26-3 had strong deviations from all analyzed aflatoxin genes. The
aflatoxin gene cluster was not identified in strain NRRL 21882.

Figure 4.2. Wide deletion of aflatoxin biosynthesis genes in WRRL 1519. An 86,400 bp
region including the gene cluster of aflatoxigenic strain NRRL 3357 (top) is compared to
the corresponding locus on scaffold 66 of the WRRL 1519 genome assembly (bottom).
Automated annotation resulted in the apparent combination of certain genes. Percent
identity by tblastx between subsequences is shown as indicated by the key. The aflatoxin
biosynthesis and sugar utilization genes are highlighted in two different colors. Unrelated
genes are blue. Functions of the genes are shown in Table 1.2.
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For most A. flavus strains I analyzed, there is no published record of CPA
production; however NRRL 3357 and AF70 are known to produce the toxin (Chang et al.
2009). Therefore, I assumed that the CPA clusters in those strains were functional and
compared CPA biosynthetic sequences to those of NRRL 3357. Severe deviations from
the CPA cluster genes were observed in aflatoxigenic and non-aflatoxigenic strains, 61-4,
72-5, 206-4, 78-6, NRRL 21882 and WRRL 1519. No complete CPA gene cluster was
found in WRRL 1519. In strains 61-4, 72-5, 206-4 and 78-6, the protein encoded by a
cpaS gene adjacent to cpaD and cpaO could not be identified by phmmer searches,
though proteins from cpaD and cpaO were found. Many single amino acid variations
were identified in cpaD-like encoded proteins in different strains (variations involving a
considerable change in side chain polarity or size are indicated in underlined and/or
bolded font): 40-5 (aflatoxigenic) substitution- T116I; 206-4 (aflatoxigenic) substitutionT116I; AF70 (aflatoxigenic) substitutions- G48D, E118D, G135A, N141D, R163L,
D164G, A214S, C221Y, K232E, N381D; 78-6 (non-aflatoxigenic) substitutions- S46T,
G48D, E118D, G135A, N141D, R163L, D164G, I167T, A214S, G222A, I224V, T225A,
A226T, K232E, T376S. Fewer variations were detected in cpaO alignments: 78-6
substitutions- S16C, P26S, T159P, I168S, L270I, P389A; AF70 substitutions- T3I,
V25G, T159P, I168S, I208V; NRRL 30797 (non-aflatoxigenic) substitutions- V25G;
NRRL 18543 (non-aflatoxigenic) substitutions- V25G. None of the CPA gene cluster
proteins could be identified in the predicted proteomes of 26-3, NRRL 21882 and WRRL
1519.
For genes involved in infectivity and metabolite regulation, the identified encoded

143
proteins global secondary metabolism regulator LaeA (Kumar et al. 2017), bZIP
transcription factor MeaB (Amaike et al. 2013), C2H2 finger domain protein MtfA
(Zhuang et al. 2016), endopolygalatcturonases PecA and PecB (Mellon 2015), and stress
response transcription factor SrrA/Skn7 (Zhang et al. 2016) were found to have high
similarities among all A. flavus strains according to Clustal Omega (> 95% identity). The
predicted LaeA proteins were the same in all strains. For MeaB, aflatoxigenic strain 79-2
(deletion at alignment positions V216-K223) and non-aflatoxigenic strain 26-3 (variation
S214P) were different. Only the MtfA sequence of aflatoxigenic strain 206-4 had a
deletion at position 3 and the following variations: D2T, A4Y, S5I, L6S, T8L, P9Q. The
PecA proteins in non-aflatoxigenic strains 26-3, 78-6 and NRRL 21882 had deletions of
at least 12 amino acids between alignment positions 72 to 99 that were present in other
strains. The respective genomic sequences differed in intronic regions. Aflatoxigenic
strains 40-5 and JAU2 both had variations N303S and K314N; non-aflatoxigenic strain
54-2 had A11T and E274K variations which differed from all other strains. All PecB
predicted sequences were the same. For SrrA/Skn7, variations were noted in strains 3-2
(aflatoxigenic; deletion V20 to E49), 72-5 (aflatoxigenic; S17K, D18Y, F19Y, deletion
Q227 to I253), NRRL 3357 (aflatoxigenic; deletion M1 to K25) and 206-4 (nonaflatoxigenic; A307T).
Proteome ordering between NRRL 3357 and selected non-aflatoxigenic strains
Most of the predicted genes in non-aflatoxigenic strains NRRL 21882, NRRL
30797, NRRL 18543 and WRRL 1519 were assigned homology to at least one NRRL
3357 protein-coding gene (Table 4.4). However, 512 predicted NRRL 3357 genes were
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not assigned homology to any of the non-aflatoxigenic strains (Figure 4.3). The latter all
corresponded to short sequences, 50 to 91 amino acids in length, that were mostly
annotated as “conserved” and/or “hypothetical”. All could be identified as homologous to
something if the E-value threshold was lowered to 1-10. There were 1,902 NRRL 3357
protein-coding genes in the aflatoxigenic NRRL 3357 strain that were not homologous to
anything in the proteomes of the biocontrol strains, mostly consisting of conserved and
hypothetical proteins, as well as some transcription factors, transmembrane transporters,
kinases, enzymes and domain consensus motifs.
The relative orders of predicted protein-coding genes between NRRL 3357 and
non-aflatoxigenic strains were examined to map the respective scaffolds to the
chromosomal arms of NRRL 3357. The method was validated by homology matching
strain NRRL 3357 to itself (Figure 4.4A). The 16 largest scaffolds of the A. flavus NRRL
3357 genome assembly comprised the 16 arms of the eight chromosomes of A. flavus.
The largest 16 or 17 scaffolds of strains NRRL 21882, NRRL 30797 and NRRL 18543
were homologous to these chromosomal arms (Figure 4.4B-D). Only non-aflatoxigenic
strain NRRL 21882 did not have a clear match to the p arm of chromosome VII (NRRL
3357 scaffold EQ963487.1). The 17th or 18th largest scaffold of the genomes matched to
scaffold EQ963488.1.
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Table 4.4. General information about selected A. flavus strains.
A. flavus
strain
NRRL 3357b
NRRL 21882
NRRL 30797
NRRL 18543c
WRRL 1519

Alternative
popular
namea
N/A
Afla-Guard
K49
AF36
N/A

Host plant
isolated
from
peanut
peanut
wheat
cotton
almond

No. genes with
assigned homology
to NRRL 3357
12,973
10,675
10,976
11,008
10,982

No.
extrachromosomal
differences
1
178
178
187
955

Total size of
aligned scaffolds
(Mbp)
36.5
36.1
36.5
36.5
37.0

a

N/A denotes that no other name is popularly used in published literature.
NRRL 3357 was the aflatoxigenic strain. The other four were non-aflatoxigenic.
c
Strain NRRL 18543 may also be referred to as NRRL 118543.
b

Figure 4.3. Most common non-homologous NRRL 3357 genes. Most of NRRL 3357
genes were homologous to another predicted gene in the other strain. The other 3,580
genes did not share sequence similarity with at least one gene in at least one strain.
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Figure 4.4. Scaffold matching of non-aflatoxigenic strains to those of NRRL 3357.
Images depict scaffold matching of NRRL 3357 to (A) itself, (B) NRRL 21882, (C)
NRRL 30797 and (D) NRRL 18543. Chromosomes of NRRL 3357 are drawn in 16
different colors on the left side of each diagram. The outer track enumerates chromosome
nucleotide length in kilobase pairs. Protein-coding gene density is shown by a histogram
on the inner track. Scaffolds and chromosomes are connected to the NRRL 3357
chromosomes by lines representing high sequence similarity between two protein-coding
genes. There is one extrachromosomal mismatch between NRRL 3357 chromosomes
EQ963477.1 to EQ963476.1 due to a match to an apparent paralog. Many of the
mismatches between NRRL 3357 and a non-aflatoxigenic strain are the same for different
strains.
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The genome sequence of WRRL 1519 had 127 scaffolds, of which I was able to
align 84 to the nuclear genome of NRRL 3357 (Figure 4.5). Scaffold 98 was the
mitochondrial genome. Scaffolds 59, 72, 73, 82, 84, 88, 90-92 and 94-127 could not be
placed confidently as they had too few homologous genes or unclear alignments.
Predicted protein-coding genes from nucleotide 37,001 to 51,632 of scaffold 65 from
WRRL 1519 mapped to EQ963488.1. However, the gene sequences from 57,085 to
134,489 mapped to EQ963475.1, so this scaffold was assigned to chromosome III.
Similarly, one 2,636 nucleotide gene in scaffold 0 was homologous to a gene in
extrachromosomal scaffold EQ965297.1, but most of the WRRL 1519 sequences aligned
with NRRL chromosomal scaffolds EQ963473.1 and EQ963481.1. Results from the
protein similarity searches between NRRL 3357 and WRRL 1519 are shown in
Supplementary Table 1 of a publication on this work (Pennerman et al. 2018).
Nucleotide-based similarity searches using MUMmer were in accordance in that the
strains NRRL 21882, NRRL 30797 and NRRL 18543 were noticeably more similar in
genome organization to NRRL 3357 than WRRL 1519 was (Figure 4.6).
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Figure 4.5. Scaffold ordering of strain WRRL 1519 to NRRL 3357. Scaffolds comprising
the chromosomal arms of NRRL 3357 are drawn in 16 different colors on the right and
are labeled as in the genome assembly. The outer track enumerates chromosome
nucleotide length in kilobase pairs, and protein-coding gene density is shown by a gray
histogram on the inner track. On the left, scaffolds of WRRL 1519 are connected to the
chromosomes by lines representing high sequence similarity between two predicted
protein-coding genes. Used scaffolds have at least 20 genes homologous to one NRRL
3357 scaffold. Beige scaffolds have deposited nucleotide sequences that run in the same
direction as the deposited sequence of the aligned NRRL 3357 chromosomal arm; black
ones run in the opposite direction.
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Figure 4.6. Macrosynteny of A. flavus strains. Images depict (A) NRRL 21882, (B)
NRRL 30797, (C) NRRL 18543 and (D) WRRL 1519 scaffold similarity to NRRL 3357
chromosomes. Scaffolds of the strains are listed in the same relative orders as in Figures
4.4 and 4.5.
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I defined extrachromosomal differences as instances where a gene in a particular
non-aflatoxigenic scaffold has best homology to a gene in a NRRL 3357 chromosomal
arm to which the scaffold is not aligned (Table 4.4). For example, scaffold 30 of strain
WRRL 1519 was homologous to a large region of chromosomal arm EQ963477.1.
However, the best overall match for this scaffold was to a sequence on EQ963472.1.
These differences could be the results of lower E-value assignment to non-homologous
genes by coincidence, to true extrachromosomal paralogs or to true homologs with
different relative chromosomal placements. For most of these extrachromosomal
differences, the assigned NRRL 3357 homolog was the only hit retrieved from the
phmmer searches. Strains NRRL 21882, NRRL 30797 and NRRL 18543 had 134
common extrachromosomal mismatches. Strain WRRL 1519 shared 122 of these
mismatches. The mismatched genes were most frequently annotated as transcription
factors, transporters/permeases, non-ribosomal peptide synthetases and polyketide
synthases.
There were five large sections of extrachromosomal differences between WRRL
1519 and NRRL 3357 clearly visible in both Figures 4.5 and 4.6: between WRRL 1519
scaffold 3 and NRRL 3357 scaffold EQ963484.1 (chromosome VI, p arm), scaffold 30
and scaffold EQ963477.1 (chromosome V, q arm), scaffold 15 and scaffold EQ963482.1
(chromosome IV, p arm), scaffold 40 and scaffold EQ963479.1 (chromosome VI, q arm),
and scaffold 13 and scaffold EQ963477.1 (chromosome V, q arm). The mismatches were
not associated with significant differences in the counts or structures of most predicted
secondary metabolite gene clusters (Table 4.5).
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Table 4.5. Counts of predicted secondary metabolite gene clusters by product.
A. flavus
strain

Polyketidea

Indole

Terpene

Siderophore

Other

Total

NRRL 3357

20

4

9

1

9

43

NRRL 21882

22

3

7

1

6

39

NRRL 30797

22

4

9

1

11

47

NRRL 18543

20

4

9

0

11

44

WRRL 1519

25

3

9

0

9

46

a

Some gene clusters were classed as hybrids between polyketide and a second type. These
were preferentially grouped as the second type.

Two WRRL 1519 gene clusters aligned to NRRL 3357 chromosomes
EQ963476.1 (chromosome VII, q arm) and EQ963486.1 (chromosome VIII, p arm) had
large deletions (Figure 4.7). The former was predicted to yield a terpenoid non-ribosomal
peptide product; the latter, a non-ribosomal peptide product. These two clusters in strains
NRRL 21882, NRRL 30797 and NRRL 18543 were similar in appearance to those in
NRRL 3357.

A.
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Figure 4.7. Alignments of predicted secondary metabolite gene clusters. Images depict
gene cluster similarity between strains NRRL 3357 (top) and WRRL 1519 (bottom) from
(A) chromosome EQ963476.1 and scaffold 11 and (B) chromosome EQ963486.1 and
scaffold 7. Percent identity by tblastx between subsequences is shown as indicated by the
key. Genes with predicted functions in the NRRL 3357 proteome are green; others are
purple. Automatic gene annotation of WRRL 1519 may have resulted in incorrect start
and stop positions.

Strain WRRL 1519 had an increased number of repetitive elements
Repetitive elements may affect genome structure, so I searched for such
sequences using RepeatMasker and HMMER. RepeatMasker revealed that strain WRRL
1519 (886 elements comprising 1.54% of the genome) had an increased number of
fungal-specific repetitive elements relative to the other strains (NRRL 3357- 603
elements, 0.43% of the genome; NRRL 21882- 477 elements, 0.28% of the genome;
NRRL 30797- 533 elements, 0.36% of the genome; NRRL 18543- 533 elements, 0.34%
of the genome) (Figure 4.8). Gypsy and Mariner/Tc1-like sequences were the most
populous in all strains. Among the repetitive sequences in the Gypsy superfamily,
AFLAV-like repeats were detected nearly 6 times more frequently in the WRRL 1519 (59
occurrences as opposed to 6-10 in other A. flavus strains).
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Figure 4.8. Frequency of repetitive sequence elements in A. flavus strains. A total of 603,
477, 533, 533 and 886 non-redundant repetitive sequences were detected in strains NRRL
3357, NRRL 21882, NRRL 30797, NRRL 18543 and WRRL 1519, respectively.

I identified putative reverse transcriptase and retrotransposon nucleotide
sequences by querying specific sequences against the genomes. Eleven candidate
retrotransposons and six reverse transcriptases were found in WRRL 1519. In contrast,
strains NRRL 3357, NRRL 21882, NRRL 30797 and NRRL 18543 had only one detected
retrotransposon (NCBI GenBank accession AFLA_063980) and/or five reverse
transcriptases (accessions AFLA_001110, AFLA_018200, AFLA_053840 and
AFLA_114250). Genomic sequences from non-aflatoxigenic strains NRRL 21882, NRRL
30797, NRRL 18543 and WRRL 1519 did not share homology with the one queried
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LINE-1 retrotransposon (accession AFLA_063980). Only WRRL 1519 had sequences
homologous to AFLAV (accession AY485786.2). The length of this query sequence was
7,779 bp; most of the candidate retrotransposons were at least 6,000 bp (Table 4.6).

Table 4.6. Candidate AFLAV-like retrotransposons in WRRL 1519.
Candidate ID
scaffold_1
scaffold_22
scaffold_8a
scaffold_8b
scaffold_34
scaffold_113
scaffold_0
scaffold_89
scaffold_18a
scaffold_18b
scaffold_18c

WRRL 1519
scaffold
scaffold 1
scaffold 22
scaffold 8
scaffold 8
scaffold 34
scaffold 113
scaffold 0
scaffold 89
scaffold 18
scaffold 18
scaffold 18

NRRL 3357
chromosomea
III, p
I, p
II, q
II, q
I, q
N/A
II, p
VII, q
I, q
I, q
I, q

Start position

End position

Length (bp)

96,686
360,292
296,726
324,651
117,423
2
1,439,813
88,239
58,048
74,469
76,343

89,218
352,918
289,362
332,015
110,134
6,901
1,433,131
81,567
64,188
69,746
74,477

7,468
7,374
7,364
7,364
7,289
6,899
6,682
6,672
6,140
4,723
1,866

a

The chromosomal (chromosome number, p|q arm) arm to which the scaffold is aligned is
given. N/A denotes that the WRRL 1519 scaffold was not aligned to a NRRL 3357
chromosome.

The sequences of the candidate retrotransposons in strain WRRL 1519 most
similar to AFLAV were scaffold_113, scaffold_8b and scaffold_18a, suggesting that most
of the candidates were derived from other non-AFLAV-like TEs, or the insertions were
considerably older and had accumulated more mutations. Additionally, five of the eleven
candidates were located in putatively pericentromeric scaffolds; most of the AFLAV
sequences detected by RepeatMasker or HMMER were located on scaffolds predicted to
be near the centromeres or the telomeres. Three of the candidates had canonical open
reading frames at least 300 bp long: scaffold_8b (303 bp), scaffold_1 (390 bp) and
scaffold_113 (6,000 bp). According to NCBI BLAST results, the latter two open reading
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frames contained sequences likely to be related to Gag-Pol polyproteins. Moreover,
BLAST results against the NCBI database indicated that most of the candidates were
highly similar to subsequences on scaffolds SC005 and SC009 of A. oryzae RIB40 (Evalue < 10-247), corresponding to the 6,000 bp retrotransposon AoLTR. Separate from the
LTRs reported in Table 4.6, several sequences similar to both the 5’ and 3’ LTRs of
AFLAV were identified in WRRL 1519 scaffolds 1 (two instances), 8 (four instances), 18,
and 38. None were found in the other A. flavus strains. Among all A. flavus and A. oryzae
strains available from NCBI, strain WRRL 1519 contained more sequences similar to
transposons reported in Aspergillus (Figure 4.9). This was on par with the frequency of
these transposon-like sequences in A. oryzae strains.
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Figure 4.9. Frequencies of transposon-like sequences in A. flavus strains. Identified
sequences previously reported in Aspergillus are more frequently found in A. oryzae and
A. flavus WRRL 1519. Aflatoxigenic strains are indicated with an asterisk (*).

Repetitive sequences were associated each other, but not other loci of interest
The genetic neighborhood of the candidate retrotransposons included genes that
were largely unannotated, except for candidate scaffold_22 which was surrounded by
genes annotated as a citrate synthase, a transcription factor, a sugar transporter and an
ABC multidrug transporter. Candidate retrotransposons on scaffolds 0, 1, 8 and 89 were
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in areas with chromosomal mismatches and genes that did not have homology to NRRL
3357 genes. Candidate scaffold_0 was located at the interface of where scaffold 0 stops
matching to mostly proteins in chromosome EQ963481.1 (chromosome II, p arm) and
begins matching those in EQ963473.1 (chromosome II, q arm). Candidate scaffold_1
neighbors a single extrachromosomal mismatch to EQ963480.1 (chromosome V, p arm)
by a scaffold that mostly matches EQ963478.1 (chromosome II, q arm). This mismatch
was an added paralog of a kinesin family protein-like coding gene. AFLAV-like
sequences on scaffold 8 were located in a region (nucleotides 155,663 to 341,186) where
only 10 out of 44 predicted genes had homology to those in NRRL 3357. The AFLAV
candidate on scaffold 89 was located at the end of a mismatch to a region of EQ963481.1
(chromosome II, p arm) NRRL 3357 that is not represented in other WRRL 1519
scaffolds.
Noting that five of the AFLAV candidates were within 100,000 bp of apparent
extrachromosomal mismatches, I hypothesized that TE activity may be responsible for
chromosomal shifts. I inspected the genomic loci of all extrachromosomal predicted
protein-coding genes, regulatory sequences, repetitive elements and secretory genes and
investigated whether or not the repetitive elements were generally associated with any of
these sequences of interest. Over half of the WRRL 1519 repeat sequences were clearly
clustered with one another within 10,000 bp (Figure 4.10 and 4.11A). However,
significant associations between the sequences of interest and the repetitive elements
were not detected (Figure 4.11B).
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Figure 4.10. Genomic densities of genes of interest. Images depict locations of genes,
regulatory and repetitive sequences and secondary metabolite gene clusters on NRRL
3357 (left) and WRRL 1519 (right) scaffolds constituting chromosomes (A) I-III and (B)
IV-VIII. Densities of predicted protein-coding genes (gray, max height = 19), regulatory
sequences (green, max height=231), repetitive sequences (red, max height=14) and
secretory protein-coding genes (purple, max height=9) are represented by histograms. Bin
size (25,000 bp) is the same for all histograms. The innermost layer depicts genomic
locations of secondary metabolite gene clusters colored by product type (pink: polyketide
/non-ribosomal peptide; orange: siderophore; yellow: terpene; blue: indole; black: other).
Scaffold length is tracked in kilobase pairs.
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Figure 4.11. Association of repetitive sequences with sequences of interest. Graphs
depict frequency of association of repetitive sequences with (A) other repetitive
sequences and (B) extrachromosomal mismatches. The percentage of total repeats for a
strain within a specified range of the base pairs of any repetitive sequences or
extrachromosomal mismatch in a strain’s genome detected from the proteomic
alignments is shown. Percentage of repeats from the strains and the randomized model
are indicated by colored shapes. (A) The noticeable deviation of the A. flavus strains from
the randomized pattern indicates that the repetitive elements were non-randomly
associated with one another. (B) Repeat sequences were randomly associated with
extrachromosomal mismatches. Repeats similarly appeared randomly associated with
protein-coding genes, regulatory sequences and secondary metabolite gene clusters (data
not shown).

Discussion
Naturally-occurring, non-aflatoxigenic A. flavus strains have been reported for
decades (Schroeder and Boller 1973, Klich and Pitt 1988) and can suppress growth of
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toxigenic ones by out-competing them in fields growing cotton, maize and peanuts
(Brown et al. 1991, Cotty and Bayman 1993, Cotty 1994, Cotty and Bhatnagar 1994,
Garber and Cotty 1997, Dorner et al. 1999, Dorner and Cole 2002, Abbas et al. 2006,
Atehnkeng et al. 2008, Horn and Dorner 2009, Abbas et al. 2011, Alaniz Zanon et al.
2013, Hruska et al. 2014). Nevertheless, for agricultural release of non-aflatoxigenic A.
flavus strains for aflatoxin control, it is important to have genetic data verifying that the
aflatoxin pathway is nonfunctional. In addition, for the non-aflatoxigenic isolate to be a
good candidate for use as a biocontrol agent, it should demonstrate the potential to be
competitively infectious in the field and in susceptible host plants.
In this study, I report the genomic comparisons of a non-aflatoxigenic strain of A.
flavus which was distinct from other strains with sequenced genomes. Strain WRRL 1519
was predicted to have 12,121 proteins, of which 87.4% shared significant similarity with
predicted proteins from other sequenced A. flavus strains. Other publications report
higher overall percent identities between Aspergillus spp. genomes (Payne et al. 2006,
Zeng et al. 2010, Rank et al. 2012). My method to determine overall homology was fairly
stringent and identified proteins with relatively high percent identities. Using this
stringent approach, the predicted proteome included 1,502 proteins that appeared to be
unique to this strain. In addition, WRRL 1519 shared 1,314 proteins with other nonaflatoxigenic strains that are not found in any of the aflatoxigenic strains. These proteins
might reflect shared ancestry among non-aflatoxigenic strains and/or play some role in
compensating for lack of aflatoxin production. Interestingly, a significant number of the
protein annotations were related to oxidation-reduction processes. This may indicate a
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protective measure common to non-aflatoxigenic strains that are no longer able to cope
with oxidative stress via biosynthesis of aflatoxin (Grintzalis et al. 2014, Fountain et al.
2015, Roze et al. 2015, Fountain et al. 2016).
The aflatoxin biosynthesis gene clusters have been elucidated in A. flavus and A.
parasiticus (Yu et al. 2004a, Yu et al. 2004b). These gene clusters provide molecular
signatures for the ability to produce aflatoxin. For example, the non-aflatoxigenic
Aspergillus oryzae and Aspergillus sojae strains used in food fermentation contain
mutations and deletions in the aflatoxin gene cluster, particularly in the transcription
regulator aflR (Chang et al. 1995, Takahashi et al. 2002, Tominaga et al. 2006, Kim et al.
2014). Principally, genomic data are useful for the identification of the specific toxicity
and pathogenicity genes for obvious deviations from highly toxic and virulent A. flavus
strains AF70 and NRRL 3357. I screened the aflatoxin and CPA biosynthesis gene
clusters and several other genes involved in virulence. The failure of A. flavus strain
WRRL 1519 to produce aflatoxin is due to the lack of aflatoxin genes aflF, aflU, aflT,
aflC, aflD, aflA, aflB, aflR, aflS, aflH, aflJ and aflE. These genes constitute nearly 42 kb
of the 75 kb cluster and function early in the synthesis pathway. Such a wide deletion
protects against reversion to an aflatoxigenic state due to sexual recombination (Chang et
al. 2005). Though large, the deletion of the toxin gene cluster in WRRL 1519 was smaller
than that observed in the commercially used biocontrol strain NRRL 21882, which has a
deletion of the entire aflatoxin gene cluster and the adjacent sugar utilization genes aflYa
and aflYb. Chang and colleagues identified the deletion in NRRL 21882 through
sequencing PCR products; I confirmed the same deletion via bioinformatics with public
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genomic data.
The aflatoxin and CPA genes are adjacent on chromosome 3 of strain NRRL 3357
(Chang et al. 2009). I was unable to confidently identify the CPA clusters in NRRL
21882 and WRRL 1519 through tblastn, phmmer or antiSMASH, indicating that the
cluster is missing or modified beyond recognition and explaining why NRRL 21882 and
WRRL 1519 are non-toxigenic. Non-aflatoxigenic strain 26-3 is also unlikely to produce
CPA. The CPA genes were readily identified in strains AF70 and NRRL 3357, which are
known to produce the mycotoxin (Chang et al. 2009). I am not aware of published reports
on whether or not the other tested strains produce CPA. Only the cpaS gene appeared to
be missing in strains 61-4, 72-5, 206-4 and 78-6. For all four of these strains, I identified
several proteins with high amino acid sequence similarities to CpaS predicted from genes
located elsewhere in the genome that may compensate for lack of cpaS. However,
truncation of the cpaS gene in RIB40 prevents CPA synthesis (Shinohara et al. 2011).
This may indicate that the gene has to be present within the cluster for CPA production. I
have no reason to doubt that strains 3-2, 79-2, 40-5, NRRL 30797 and NRRL 18543
would be able to produce CPA as these strains had full CPA gene clusters. However, I
did not perform wet lab assays for CPA accumulation with these strains. Additionally, 46
secondary metabolite gene clusters in WRRL 1519 were identified. Most of the products
of such clusters in Aspergillus flavus are unknown. Transcriptomic data for the strain
could be used as a basis to determine if the gene clusters are expressed (Yin et al. 2018).
Further wet lab study would reveal the expression patterns of the gene clusters.
To be a successful biocontrol agent, a non-aflatoxigenic strain must be able to
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compete in the environment in which the undesired pathogen is found, including inside
the host crop (Mellon 2015, Bandyopadhyay et al. 2016). A. flavus WRRL 1519 was
initially isolated from infected almond nuts. I examined the sequenced similarities of
putative proteins involved in pathogenicity among the sequenced A. flavus strains. Tested
proteins in non-aflatoxigenic strains NRRL 21882, NRRL 30797, NRRL 118543 and
WRRL 1519 were very similar to those of virulent AF70 and NRRL 3357. A noted
difference was that PecA of NRRL 21882 contained a deletion that may be due to two
nucleotide mutations to adenines, which could affect the length of the spliced region in
RNA transcripts (Gao et al. 2008). Pectinases hydrolyze apoplastic pectin that hold plant
cells together, improving the ability of a pathogen to macerate and move throughout a
potential host (Whitehead et al. 1995). The PecA protein is active in virulent strains
(Cleveland and Cotty 1991, Whitehead et al. 1995, Shieh et al. 1997). Strain NRRL
21882 has relatively low pectinolytic activity that may hamper its infectivity (Mellon
2015); the PecA variation in NRRL 21882 might explain this observation. PecA in
WRRL 1519 is similar to that of toxigenic strains NRRL 3357 and AF70. I additionally
identified WRRL 1519 RNA transcripts for PecA, but not for PecB (Yin et al. 2018).
This was consistent with previous findings that PecA is constitutively expressed, but
PecB is repressed by glucose (Whitehead et al. 1995). The strain was grown in potato
dextrose broth before RNA extraction.
The first published genome of A. oryzae was sequenced to 9X coverage depth,
initially yielding six scaffolds and ten contigs (24 contigs total) organized into eight
chromosomes by Southern hybridization to chromosomal probes and fingerprinting; the
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assembly was validated by cloning and optical mapping (Machida et al. 2005b). A. flavus
and A. parasiticus are closely related to A. oryzae. Therefore, when aflatoxigenic A.
flavus NRRL 3357 was sequenced, the 16 largest scaffolds (out of 79 scaffolds) were
organized into eight chromosomes by sequence comparison with the A. oryzae
chromosome map. The overall genomic organizations between the species were similar
except for a large translocation between chromosomes II and VI (Payne et al. 2006,
Payne et al. 2008). In turn, the genome of Aspergillus parasiticus SU-1 was also mapped
to the 16 scaffolds of A. flavus by sequence similarity (Linz et al. 2014).
Thus, using the alignment of aflatoxigenic A. flavus NRRL 3357, I was able to
organize the genomic scaffolds of the selected four non-aflatoxigenic strains into
hypothetical chromosomes. Most of the genome assemblies of the non-aflatoxigenic
strains had at least one scaffold matched to a putative NRRL 3357 chromosomal arm.
However, the p arm of the chromosome VII was not found in the genome assembly of
NRRL 21882. None of the scaffolds had a similar size to the arm (~350 kbp) and the only
four matched protein-coding genes were on four different scaffolds. However, this
chromosomal arm was found be represented by scaffold NKQQ01000002.1 in an older
genome assembly of NRRL 21882 (NCBI genome assembly ID GCA_002217635.1), so
the newer assembly simply may be incomplete. I was able to align most of the WRRL
1519 genome assembly to that of NRRL 3357, providing a guide to future improvement
of the current genome assembly. Our current results are purely computational and the
scaffold ordering should be verified by deep sequencing.
A notably higher number of extrachromosomal mismatches was found between
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NRRL 3357 and WRRL 1519 than between NRRL 3357 and any other tested nonaflatoxigenic strains. The biological significance, if any, of these apparent chromosomal
rearrangements is not clear. None of the secondary metabolite biosynthesis gene clusters
at those locations were noticeably different between strains. However, undetected single
genes or regulatory sequences may be missing or disrupted due to the difference in
genome organization. The apparent deletions in two predicted biosynthetic gene clusters
of WRRL 1519 were not associated with extrachromosomal mismatches, and likely
indicate a difference in the secondary metabolite repertoires of NRRL 3357 and WRRL
1519.
The cause of the extrachromosomal mismatches is also not clear. There was a
marked increase in transposon-like sequences in WRRL 1519, a few of which neighbored
mismatches. In fungi, the effects of TEs on strain differentiation and speciation are not
well-defined. However, they are suspected to have effects on the chromosomal
rearrangements and duplications via transposon activity or recombination in Fusarium
oxysporum (Hua-Van et al. 2000, Davière et al. 2001), Magnaporthe grisea (Thon et al.
2006), Phanerochaete chrysosporium (Larrondo et al. 2007) and Aspergillus spp.
(Clutterbuck et al. 2008, Lind et al. 2017). TEs also can serve as a “fossil record” of
genome differentiation. For example, the strain-specific distributions of transposons
Vader and ANiTa1 in industrial strains of A. niger indicate they were active during
domestication, yielding different genome organizations (Braumann et al. 2007,
Braumann et al. 2008). On the other hand, TEs are not always a clear cause of genomic
rearrangements (Davière et al. 2001).
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There are two categories of TEs: class I retrotransposons that have a “copy and
paste” mechanism in which the TE is replicated and integrated in different locations of
the genome via an RNA intermediate, and class II DNA transposons that “cut and paste”
themselves throughout a genome. Retrotransposons can be further classed as having long
terminal repeats (LTRs), long interspersed nuclear elements or short interspersed nuclear
elements. Codon usage of retrotransposons in some fungal hosts is noted to be atypical of
the organism, indicating horizontal gene transfer origins (Hansen et al. 1988, Oliver
1992). The Gypsy superfamily of LTR retrotransposons is commonly found in all
eukaryotic phyla (Wicker et al. 2007), but the subfamily Tf1/sushi is only reported in
fungi and a few vertebrates, suggesting limited horizontal transfer from fungi to
vertebrates (Miller et al. 1999, Butler et al. 2001).
Several TE families are detectable in Aspergillus, totaling 1.2 to 2.5% of the
genomes of A. nidulans, A. fumigatus and A. oryzae (Clutterbuck et al. 2008). Three
Aspergillus Tf1/sushi subfamily TEs are known: Afut in A. fumigatus (Neuveglise et al.
1996), AFLAV in non-aflatoxigenic A. flavus NRRL 6541 (Okubara et al. 2003, Hua et al.
2007) and AoLTR in A. oryzae RIB40 (Jie Jin et al. 2014). All of these TEs are 6,000 to
7,799 bp sequences flanked by two 282-669 bp repeat sequences; have two open reading
frames (ORF1 and ORF2) staggered by a -1 frameshift; and encode a putative Gag-Pol
polyprotein with domains for Gag capsid protein, aspartic proteinase, reverse
transcriptase, RNase H and integrase, which are universal structural features of active
Gypsy retrotransposons (Wicker et al. 2007). A screen of over 50 A. flavus field isolates
reveals that about half had incomplete gag and pol regions; none had a full AFLAV-like
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sequence (Hua et al. 2007). A. oryzae additionally has Crawler, a Mariner/Tc1-type
transposon (Ogasawara et al. 2009). Uncharacterized degenerate retrotransposons dane1
and dane2 are also found in A. nidulans (NCBI GenBank accessions AF295689.1 and
AF295688.1, respectively).
TEs can cause insertional mutations in open reading frames or regulatory
sequences, and induce differences in genome structure among strains, driving evolution
(Nishimura et al. 2000, Braumann et al. 2008, Lind et al. 2017). Their activity may be
actively repressed by host-directed repeat-induced point mutations and such mutations
may “leak” over to neighboring genes (Irelan et al. 1994, Fudal et al. 2009). Generally,
TEs may cluster preferentially near genes encoding effectors (secreted cysteine-rich
proteins that modulate host-pathogen interactions), increasing the evolutionary speed of
genes involved in pathogenicity; likewise TEs cluster near the immune genes of plants
(Raffaele and Kamoun 2012, Dong et al. 2015, Seidl and Thomma 2017). In Aspergillus,
some TEs are associated with gene clusters (Lind et al. 2017).
Transposon insertion and activity can potentially affect virulence of
phytopathogenic fungi. The location of a class I Mariner/Tc1 transposon in the promotor
or coding sequence of an avirulence gene allows M. oryzae to overcome gene-for-gene
resistance (Kang et al. 2001, Zhou et al. 2007). Xu and colleagues propose that frequent
transposon activity is responsible for the evolution of a pathogenic M. oryzae ancestor to
the non-virulent endophytic Harpophora oryzae (Xu et al. 2014). Active and inactive
transposons from several plant pathogenic fungi including F. oxysporum (Anaya and
Roncero 1996, Daboussi 1997, Mes et al. 2000, Rep et al. 2005), Verticillium dahlia
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(Amyotte et al. 2012), M. oryzae (Ikeda et al. 2001, Chadha and Sharma 2014) and
Pseudocercospora fijiensis (Chang et al. 2016) are associated with increased genome
size, genome instability and disease aggressiveness. Still active transposons can often be
stimulated by stress conditions (Anaya and Roncero 1996, Ikeda et al. 2001, Ogasawara
et al. 2009, Amyotte et al. 2012, Chadha and Sharma 2014).
Published reports make special note of their frequent appearances near effectors,
virulence genes, and gene clusters (Nishimura et al. 2000, Braumann et al. 2008, Raffaele
and Kamoun 2012, Dong et al. 2015, Lind et al. 2017, Seidl and Thomma 2017). Here, I
have shown that repetitive sequences are significantly likely to be within 10,000 bp of
one another and that a few may be associated with chromosomal differences. However,
genome-wide associations with extrachromosomal mismatches and other sequences of
interest are not obviously different from what could be randomly expected, even in
biocontrol strain WRRL 1519 which exhibited a noticeably different genome
organization. Payne and colleagues note that the frequencies of three types of TEs are
consistently greater in the atoxigenic (does not produce any known toxins) A. oryzae than
in A. flavus, implying that TEs may explain how some non-aflatoxigenic strains arise and
differentiate from their aflatoxigenic ancestors (Payne et al. 2006, Payne et al. 2008).
Chang and Ehrlich, reporting that NRRL 3357 has low copy numbers of elements Tao1,
Crawler and AFLAV, further state that the mobile elements may have contributed to the
differentiation of A. oryzae from A. flavus (Chang and Ehrlich 2010). In light of my
results, I also hypothesize that transposons may play some role in shaping the genomes of
some non-aflatoxigenic A. flavus strains that can be used for biocontrol of aflatoxin.
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Whether transposons may lead to the nonrandom natural evolution of fungal strains in
nature is an intriguing question.
Overall, the results described here demonstrate that A. flavus WRRL 1519 is a
relatively unique non-aflatoxigenic strain. Computational analyses of the genomic data of
A. flavus strain WRRL 1519 indicated that the strain would be a good addition to the
suite of aflatoxin and CPA biocontrol agents. Given that A. flavus WRRL 1519 comes
from a natural, indigenous population found in a California nut orchard, it is suited for
application as a biocontrol agent in high value nut crops. The strain has large deletions of
key toxin synthesis genes, which are unlikely to revert. Moreover, the data demonstrate
the efficacy of sequencing data for determining genetic differences among strains and
link these differences to predictions about the toxicity and pathogenicity, thereby guiding
future experimental investigations to elucidate the genetic bases of effective biocontrol
agents. As they become available, continued computational analyses of different A. flavus
genomes will be useful for the identification of the relevant metabolic capabilities of nonaflatoxigenic A. flavus strains that promote biocontrol-related management of toxin
contamination. These studies help identify and define the most effective mycotoxin
biocontrol agents. The genomic uniqueness of this strain may be leveraged in future
studies to isolate and characterize the genetic factors that influence biocontrol
effectiveness as I attempt to do in chapter 5.
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CHAPTER 5. ASPERGILLUS FLAVUS NRRL 35739 HAD SLOWER GROWTH
AND INCREASED RELATIVE EXPRESSION OF STRESS RESPONSE GENES

The author is preparing to publish portions of this chapter.
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Abstract
Non-aflatoxigenic strains of Aspergillus flavus are used for biocontrol of the mycotoxin
aflatoxin with variable successes as biocontrol agents. I sequenced the genome and
transcriptome of the non-aflatoxigenic A. flavus strain NRRL 35739, which is a poor
biocontrol agent. The strain had a pattern E deletion of the aflatoxin biosynthesis gene
cluster and grew more slowly than the aflatoxigenic strains NRRL 3357 and NRRL 6513
in solid cultures and on peanut kernels. I aligned the RNA-Seq reads of aflatoxigenic
strains AF70 and NRRL 3357, and non-aflatoxigenic NRRL 18543, NRRL 35739 and
WRRL 1519 to the genomes of AF70 and NRRL 3357. Strain NRRL 35739 had an
increased relative expression of six heat shock and stress response proteins, with the
genes having relative fragments per kilobase of transcript per million mapped reads
counts in NRRL 35739 25 to 410 times more than in the other four strains. RT-PCR
validated the comparative transcriptomic results for one gene, a heat shock protein
Hsp90. These preliminary findings tracked with current thought that aflatoxin biocontrol
efficacy is related to a non-aflatoxigenic strain’s ability to out-compete aflatoxigenic
ones. Strain NRRL 35739 might have grown more slowly because it was more easily
stressed than the other tested strains or because it comparatively spent more energy on
overexpressing stress response(s). Further study of NRRL 35739 under normal laboratory
and field conditions are needed to refine our understanding of the genetic basis of
competitiveness among A. flavus strains.
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Introduction
Aflatoxins are highly carcinogenic mycotoxins that present major worldwide
economic and health challenges (Liu and Wu 2010, Kumar et al. 2016, Mitchell et al.
2016, Alshannaq and Yu 2017). As stated in chapters 1 and 4, the filamentous fungus
Aspergillus flavus is the most common cause of aflatoxin contamination of foodstuffs and
animal feeds. Application of a non-aflatoxigenic strain of A. flavus is often used to reduce
aflatoxin accumulation (Abbas et al. 2017, Ojiambo et al. 2018). These non-aflatoxigenic
strains lack the ability to produce aflatoxins due to disruptions in the aflatoxin
biosynthesis gene cluster (Chang et al. 2005, Moore et al. 2009, Adhikari et al. 2016).
Before a non-aflatoxigenic strain is used as a biocontrol agent, it is helpful to verify that
the strain does not have or express genes required for aflatoxin production. Most nonaflatoxigenic strains have deletions that fall into one of eight patterns, named A to H,
which can be easily determined with traditional PCR or genomic sequencing (Chang et
al. 2005). For example, WRRL 1519, a newly reported non-aflatoxigenic strain, exhibits
pattern E deletion, lacking the first half of the gene cluster (genes aflF to aflE) (Yin et al.
2018). NRRL 21882 (Afla-Guard) has the largest deletion pattern, H (Chang et al. 2005).
However, not every non-aflatoxigenic strain shares one of these deletion patterns.
Commercial biocontrol agents NRRL 30797 and NRRL 18543, for example, have a
relatively few substitutions and/or smaller deletions as described in chapter 4 (Chang et
al. 2005, Chang et al. 2012).
Non-aflatoxigenic A. flavus strains vary in how effective they are in preventing
aflatoxin accumulation when grown in the presence of toxigenic strains. Commercially-
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available strains tend to be strong biocontrol agents, but other, less effective strains also
exist (Cotty and Bhatnagar 1994, Dorner 2010, Abbas et al. 2017). Most reports of new
non-aflatoxigenic strains skew towards identifying and studying the stronger potential
biocontrol agents. Many researchers believe that the stronger biocontrol agents prevent
aflatoxin accumulation by out-competing aflatoxigenic strains (Hruska et al. 2014,
Fountain et al. 2015, Fountain et al. 2016). Assayed visually, fluorescently-labeled
aflatoxigenic A. flavus AF70 grown in corn kernels is suppressed over 80% when coinoculated with non-aflatoxigenic NRRL 18543 (Hruska et al. 2014).
Another relevant hypothesis states that mycotoxin production is a mechanism to
help alleviate oxidative stress (Grintzalis et al. 2014, Fountain et al. 2015, Roze et al.
2015, Fountain et al. 2016). The stronger biocontrol agents may be particularly good at
enduring oxidative stress (Fountain et al. 2015). In chapter 4, I report that the
investigated non-aflatoxigenic strains shared 10 genes predicted to be involved in
oxidation-reduction processes that were not found in the aflatoxigenic strains, suggesting
that non-aflatoxigenic strains developed additional mechanisms to combat oxidative
stress.
Omics technologies help decrypt the natural variation of these biocontrol agents
(Mehl and Cotty 2010, Horn and Dorner 2011, Probst et al. 2014, Alaniz Zanon et al.
2018, Eshelli et al. 2018). However, use of these methods can yield many, but ambiguous
results as I experienced in my initial foray into the genomic comparisons of A. flavus
strains. Investigating a weak A. flavus biocontrol agent would help reduce background
noise in data and help pinpoint stronger signals that contribute to biocontrol efficacy. One
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strain in the published literature is an exceptionally poor biocontrol agent with pattern E
deletion, A. flavus NRRL 35739 (also known as strain NPL TX13-5) (Chang et al. 2005,
Horn and Dorner 2011). Despite being non-aflatoxigenic, this strain does not
significantly reduce aflatoxin accumulation when co-inoculated one of several
aflatoxigenic strain on peanuts. In one instance, the strain even increases toxin production
(Horn and Dorner 2011). Perhaps, NRRL 35739 is a poor biocontrol agent due to a lack
of reduced expression of important redox mechanisms. In this chapter, I report the use of
comparative transcriptomics to identify a few genes related to stress response which may
be key factors in determining the strength of an A. flavus biocontrol agent.

Materials and Methods
Fungal strains and PCRs
Freeze-dried samples of strains NRRL 3357 (aflatoxigenic), NRRL 6513
(aflatoxigenic) and NRRL 35739 (non-aflatoxigenic) were received from the NRRL
Culture Collection (https://nrrl.ncaur.usda.gov/). Spores of the fungi grown on potato
dextrose agar (PDA; Difco) for one week in the dark at 32°C were gently harvested and
diluted to 106 spores/mL in a sterile aqueous solution of 10% v/v glycerol and 1% v/v
Tween 80 (spore suspension liquid). Spores were stored at -20°C until use. Before each
experiment, spores for each strain were inoculated and grown on three plates of PDA at
32°C for one week. The new spores were gently harvested in 10 mL spore suspension
liquid and filtered through eight layers of sterile cheesecloth. Collected spores were
stored at 4°C for a maximum of two weeks.
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For PCRs, the fungal strains were separately grown on PDA for two to four days
to avoid excessive sporulation. A crude DNA extract was performed following a
published protocol, except sodium acetate was used to precipitate proteins instead of
potassium acetate (Liu et al. 2000). The quantity and quality of extracted DNA was
checked with a NanoDrop ND-1000 spectrometer (Thermo Scientific). PCRs were
performed with primers designed by Chang and associates to target three genes of the
aflatoxigenic biosynthesis gene cluster (Table 5.1) and the DreamTaq Green PCR Master
Mix (Thermo Scientific) as instructed by the manufacturer (Chang et al. 2005). PCR
conditions were denaturation at 95°C for 1 min, annealing at 48°C for 90 s and extension
at 72°C for 2 min, cycling 30 times. Ten microliters of the PCR products were subjected
to gel electrophoresis on a 1% agarose gel. PCRs were repeated once.
Two replicates of the three fungal strains were grown on potato dextrose broth for
ten days at 32°C in the dark. Total RNA was extracted and converted to cDNA as
described in chapter 2. Primers targeting GAPDH and six putative A. flavus NRRL 3357
stress response genes (AFLA_006960, AFLA_019230, AFLA_022380, AFLA_037820,
AFLA_060260, AFLA_079830) were used with the DreamTaq Green PCR Master Mix
under the same PCR conditions as above except the annealing was set to 50°C and the
different temperatures were cycled 25 times (Table 5.1). Ten microliters of the PCR
products were subjected to gel electrophoresis on 2% agarose gels. I assumed that the
three strains expressed GAPDH at similar levels and used the GAPDH PCR products as
an internal control for amount of cDNA template used in PCR.
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Table 5.1. Primers used for PCR and RT-PCR.
Target
Sequences
aflK
F- AACGAGCAGCGTAAGGGTCT
R- TCAGCCAGAGCATACACAGTG
aflM
F- CATCGGTGCTGCCATCGC
R- CCTCGTCTACCTGCTCATCG
aflR
F- ATGGTCGTCCTTATCGTTCTC
R- CCATGACAAAGACGGATCC
GAPDH
F- CACCTACGAGGACATCAAGAAG
R- GATCAGGTCAGTGGAGACAATG
AFLA_006960 F- CAGACCGACTACCTCAACGA
R- GCCTTCCTCTTCCTTGGTCT
AFLA_019230 F- AGGGTGGTCTTGGAAAGGTC
R- TCTGCTTAACCTTGCCCTCA
AFLA_022380 F- CAAGCGCAACACCACAATTC
R- CACGTTCACCCTCGTAAACC
AFLA_037820 F- CATCAAGCATACCGCCCAAA
R- GCTTGGTTAACGCCAGGTAG
AFLA_060260 F- GAGGGTGAGAGCAAGGAAGT
R- AGGATGCCGTTCTTAAGGCT
AFLA_079830 F- CGGTGCTGATCTCCTCATCA
R- ACAGAGCGTGAATGATACCAG

Amplicon (bp)
629
591
627
104
147
93
101
122
152
71

Aflatoxin biocontrol and growth assays
To determine if NRRL 35739 was capable of decreasing aflatoxin accumulation,
100 µL of 104 NRRL 35739 spores/mL was co-inoculated with the same amount of either
aflatoxigenic strains NRRL 3357 and NRRL 6513 in three flasks containing 50 mL YES
medium (20 g yeast extract, 150 g sucrose per liter). Cultures were grown at 32°C,
shaking at 150 rpm on an Innova 2000 platform shaker (New Brunswick Scientific) for
six days in the dark. Aflatoxin was extracted from the spent media following a published
method with some exceptions (Fountain et al. 2015). Briefly, 3 mL from each culture
flask was centrifuged at 10,000 x g for 5 min to pellet hyphae. Two 0.5 mL samples of
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the supernatant were each quickly mixed with 1 mL methyl chloride and centrifuged at
10,000 x g for 2 min. The organic bottom layers were transferred to a glass vial and
allowed to evaporate. Dried extracts were gently dissolved in 100 µL methyl chloride; 30
µL of the solutions were loaded onto 4 x 8 cm TLC silica gel 60 F254 plates (Millipore
Sigma) along with 15 drops of an aflatoxin mix with an unspecified concentration in 98:2
benzene:acetonitrile (Millipore Sigma). The plates were developed with 8:1 ethyl
acetate:toulene. Aflatoxin fluoresced under ultraviolet light. The experiment was
replicated three times.
For the abiotic stress assays, 5 µL of 106 spores of each A. flavus strain were
three-point inoculated on three solid YES media (with 15 g bacto-agar per liter) and
incubated for two days in the dark at 32°C. After incubation, the diameters of the
colonies were measured. Stresses were introduced by amending the sterile medium to
contain 5 mM, 10 mM or 15 mM hydrogen peroxide; 2%, 4% or 8% (w/v) sodium
chloride; 5%, 10% or 15% (v/v) glycerol; or by growing cultures at 22°C, 27°C, 37°C or
42°C. The experiment was replicated four times. Two-tailed Student's t-tests with α-level
set to 10-5 were performed to find significant differences from the respective control
group for each strain.
Growth on a peanut host was tested. Raw peanuts were purchased from a local
supermarket, shelled, and the seed coats were removed. Five kernels were halved, rinsed
vigorously with sterile water and submerged in sterile water or a 107 A. flavus strain spore
per milliliter suspension for 30 minutes. Kernels were dried and placed on a filter paper
in a Petri dish with 1 mL of sterile water. Plates were sealed with Parafilm and incubated
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for four days in the dark at 32°C. The experiment was performed a total of three times.
Genome and transcriptome sequencing, and comparative transcriptomics
Fifty milliliters of potato dextrose broth (Difco) in two 250 mL Erlenmeyer flasks
were inoculated with 50 µL 104 NRRL 35739 spores/mL and incubated for 10 days at
32°C in the dark without shaking. Hyphae of one culture were washed three times with
sterile phosphate buffered saline at pH 7.2 (Rockland Immunochemicals) and pelleted.
Total RNA was extracted from the other culture using a Zymo Research Quick-RNA
Fungal/Bacterial kit according to the manufacturer’s instructions. The washed hyphae
and extracted RNA were submitted to GENEWIZ (South Plainfield, New Jersey) where
DNA was extracted from the hyphal sample and then sequenced on an Illumina MiSeq
platform. After determining that the RNA sample had a RIN value of 10.0, the sample
was subjected to poly(A) selection and then sequenced on an Illumina HiSeq 2500
platform to yield 2 x 150 bp reads. Read quality was checked with FastQC version 0.11.7
(Andrews 2010). A draft genome assembly was generated using SPAdes version 3.13.0 at
default settings (Bankevich et al. 2012). Scaffolds less than 450 bp were removed.
QUAST version 5 was used to assess the genome assembly (Mikheenko et al. 2018). I
used nhmmer to search for sequences homologous to NCBI accessions AFLA_139100 to
AFLA_139440 to look for the aflatoxin biosynthesis genes in the draft assembly
(Wheeler and Eddy 2013, Benson et al. 2018). The identified aflatoxin gene cluster was
compared with that of NRRL 3357 using Easyfig version 2.2.2 (Sullivan et al. 2011).
RNA-Seq reads from aflatoxigenic (AF70 and NRRL 3357) and biocontrol
(NRRL 18543 and WRRL 1519) strains were retrieved from the NCBI SRA database
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(Table 5.2) and assessed with FastQC. All the reads were aligned to the genomes of
AF70 and NRRL 3357 as these two were the best annotated and represented A. flavus S
and L morphotypes, which have different gene content and organization (Chang et al.
2006, Gilbert et al. 2018, Ohkura et al. 2018). For this, I used STAR version 2.6 with the
accompanying GFF files from NCBI (assemblies GCA_000952835.1 and
GCA_000006275.2) (Dobin et al. 2013). The output SAM files were converted to sorted
BAM files using Samtools version 1.7 (Li et al. 2009a). Stringtie version 1.3.5 and
Python were used to generate fragments per kilobase of transcript per million mapped
reads (FPKM) matrices for PCA with the R libraries ggbiplot version 0.55 and factoextra
version 1.05 (Vu 2011, Love et al. 2014, Pertea et al. 2015, Kassambara and Mundy
2017). For each strain, FPKMs were normalized on a scale of 0 to 100 by dividing each
number by one-hundredth of the highest FPKM value for that strain. Normalized FPKMs
were then compared. I identified genes for which (1) the absolute difference in relative
FPKM for NRRL 18543 and WRRL 1519 was within 0.5 units, and (2) the fold changes
in relative expression in NRRL 35739 were at least 10-fold in difference to that in NRRL
18543 and WRRL 1519. I graphed bar plots of relative gene expression along the 16
chromosomal arms of A. flavus NRRL 3357 using R. The numbers of genes that were
commonly expressed or not expressed among the strains were visualized with a Venn
Diagram generated using R package ‘venn’ (Dusa 2018) and Inkscape version 0.91
(available at: https://inkscape.org/en/). Annotations of genes of interest were verified
using NCBI BLAST and InterProScan version 5.32 (Altschul et al. 1990, Jones et al.
2014). Sequences 500 bp upstream of genes of interest were collected and aligned to one
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another using Clustal Omega (Sievers et al. 2011).

Table 5.2. General information about RNA-Seq reads from other studies.
SRA
Read
Growth
Strain
No. reads
Reference
Accession
length
conditiona
50 mL PDB,
(Espindola et
AF70
SRR7962692 20,657,024 1 x 99 bp
31°C, 10 days
al. 2018)
NRRL
50 mL PDB,
(Espindola et
SRR7962690 22,495,368 1 x 99 bp
18543
31°C, 10 days
al. 2018)
100 mL PDB,
NRRL
(Lin et al.
SRR544871 13,919,842 2 x 115 bp 30°C, shaking
3357
2013)
200 rpm
20 mL PDB,
WRRL
(Yin et al.
SRR5907168 36,768,097 1 x 150 bp 28°C, shaking
1519
2018)
150 rpm, 48 h
a
As much information as available is provided; PDB = potato dextrose broth. All cultures
were grown in the dark.

Results
Strain NRRL 35739 was non-aflatoxigenic and poor at biocontrol
To verify strain identification, I performed PCRs targeting three aflatoxin
synthesis genes that were placed within the absent (aflR) and present (aflM and aflK)
sections of the gene cluster within NRRL 35739. The results were as expected (Figure
5.1). The aflM primers did not work well for strain NRRL 6513, but a faint PCR product
of the expected size was present. The primer set differentiated the strains. Strains also
differed in phenotype on PDA and YES media. NRRL 3357 produced more hyphal
growth, while NRRL 6513 and NRRL 35759 were more likely to conidiate prolifically
(Figure 5.2).

aflK

aflM

aflR

aflK

aflM

aflR

aflK

aflM

aflR

198

10 kb
2 kb
0.5 kb
______________________ _______________________ _______________________

NRRL 3357

NRRL 6513

NRRL 35739

Figure 5.1. PCR verification of the aflatoxin biosynthesis clusters. Results indicated that
aflR was absent or notably different in NRRL 35739. The fainter 2 kb product in that lane
may be caused by an insertion in aflR or by primer binding to less optimal places in the
genome.

A.

B.
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Figure 5.2. Phenotypes of A. flavus strain in solid culture. Strains (A) NRRL 3357, (B)
NRRL 6513 and (C) NRRL 35739 were grown on PDA (left) or YES (right) for one
week at 32°C. Images were representative of three replicates.

Both NRRL 3357 and NRRL 6513 produced aflatoxin that was detectable
regardless of co-inoculation with NRRL 35739 (Figure 5.3). For both aflatoxigenic
strains, co-inoculation with the non-aflatoxigenic strain did not visibly affect toxin
accumulation or only caused an unquantified slight decrease in aflatoxin fluorescence.
Media in which only NRRL 35739 was inoculated did not have aflatoxin.

NRRL 35739 only

Co-inoculation

NRRL 6513 only

NRRL 35739 only

Co-inoculation

NRRL 3357 only

Aflatoxin standard
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Figure 5.3. Weak biocontrol ability of NRRL 35739. The strain was tested against NRRL
3357 (middle) and NRRL 6513 (right). Co-inoculation of an aflatoxigenic strain with
NRRL 35739 did not greatly affect aflatoxin accumulation in the media. The retention
factors of the aflatoxin extracts were similar to that of the aflatoxin standard (left).
Images were representative of three replicates.

NRRL 35739 grew more slowly
I tested the three strains’ abilities to withstand oxidative, salinity, dehydration,
cold, and heat stresses. All of the stressors significantly (p < 10-5) reduced growth except
for 2% sodium chloride (Figure 5.4). NRRL 35739 generally had smaller colony sizes
than NRRL 3357 and NRRL 6513 for most treatment groups. However, the fold changes
by which the growths of the strains were affected by each stress remained largely
consistent. NRRL 6513 was slightly more tolerant of the highest used concentration of
hydrogen peroxide and slightly less tolerant of incubation at 42°C than the other two
strains. NRRL 35739 also formed less thick hyphal coatings on raw peanuts (Figure 5.5)

Average colony diameter (cm)
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Figure 5.4. Abiotic stress tolerance of NRRL 3357, NRRL 6513 and NRRL 35739.
Cultures were grown on solid YES media and exposed to the indicated stress for two
days. Error bars represent one standard deviation above the mean of four experimental
replicates.

Figure 5.5. Growth on raw peanuts. Growths of NRRL 35739 on the hosts were less
thick than the fluffy or heavily sporulating growths of aflatoxigenic strains NRRL 3357
and NRRL 6513. Clockwise from the top left: negative control, NRRL 3357, NRRL 6513
and NRRL 35739. Images were representative of three replicates.
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RNA-Seq data revealed differences in the transcriptomes of A. flavus strains
High-quality 2 x 150 bp paired-end DNA and RNA reads without adapter
sequences were obtained (Table 5.3). The draft genome assembly comprised 37.3 Mbp
organized in 723 scaffolds, 596 of which had at least 1,000 bp and 225 of which had at a
least 50,000 bp. The N50, L50 and GC content were 142,939, 81 and 48.11%,
respectively. 89.4% of the RNA-Seq reads were uniquely mapped to the draft assembly
using STAR version 2.6 without a genome annotation guide. Aflatoxin biosynthesis
genes aflM to aflY were identified on a single scaffold, scaffold_308 (Figure 5.6). Genes
aflF to aflE, except for apparent paralogs of aflA, aflB and aflC, were not identified,
confirming pattern E deletion. The sugar utilization genes were identified on
scaffold_208. The raw sequencing reads in FASTQ format were submitted to the NCBI
SRA database under the accession number PRJNA520841. The draft genome assembly
was trimmed according to NCBI GenBank instructions and deposited as accession
number SESK00000000.

Table 5.3. General information on raw NRRL 35739 sequencing reads.
Sequenced
No. reads
Yield (Mbp)
Mean quality
nucleotide
score
DNA
10,626,937 3,188
37.04
RNA
283,801,877 85,141
37.2

% bases ≥ Q30
96.29
88.24
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Figure 5.6. Pattern E deletion of the NRRL 35739 aflatoxin biosynthesis gene cluster.
The top cluster is found in NRRL 3357. The bottom cluster is from scaffold_308 of the
NRRL 35739 genome assembly. Lack of identifiable aflF to aflE is consistent with
pattern E deletion.

I compared the relative gene expressions of NRRL 35739 to that of four other A.
flavus aflatoxigenic (AF70 and NRRL 3357) and non-aflatoxigenic (NRRL 18543 and
WRRL 1519) strains grown in similar conditions by other scientists. The majority of
RNA-Seq reads were aligned to the genomes of AF70 and NRRL 3357 (Table 5.4). For
strains AF70 and NRRL 18543, many more of the reads were uniquely mapped to the
AF70 genome than to the NRRL 3357 genome. Most of the expressed genes were
expressed by all of the strains, regardless of which genome was used for read alignment
(Figure 5.7).

Table 5.4. Mapping of A. flavus RNA-Seq reads.
Strain
AF70
NRRL 18543
NRRL 3357
NRRL 35739
WRRL 1519
a

Reads aligned to
AF70 genome (%)
98.04
97.86
65.98
84.24
95.32

No. genes
expresseda
11,932
11,324
11,708
12,512
11,941

Reads aligned to NRRL
3357 genome (%)
76.81
54.55
65.79
78.54
89.84

Expressed genes are those with FPKMs greater than 0.

No. genes
expressed
11,730
11,511
12,180
12,911
12,291
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Figure 5.7. Venn diagrams of commonly expressed genes. Genes that had FPKMs
greater than 0 were counted according to RNA sequence read alignment to the genomes
of (A) AF70 or (B) NRRL 3357. 222 AF70 genes and 221 NRRL 3357 genes were
commonly not expressed by the strains. The total number of annotated genes in the AF70
and NRRL 3357 genomes were 13,196 and 13,485, respectively.

Following read alignment to either genome, genes with FPKMs greater than 0
were considered to be expressed by a particular strain. Genes that were uniquely
expressed by the non-aflatoxigenic strains NRRL 18543, WRRL 1519 or NRRL 35739
were mostly annotated as hypothetical proteins and had low relative expressions
(normalized FPKM < 0.2). Three of the few functionally annotated genes expressed by
NRRL 18543 or WRRL 1519 were membrane transporters, oxidoreductases and
polyketide synthetases. None of the genes exclusively expressed by both had functional
annotations. Among the genes that were uniquely expressed by NRRL 35739, the genes
were mostly hypothetical, transporters/permeases or dehydrogenases. The genes only
expressed by AF70 and NRRL 3357 included genes in the aflatoxin biosynthesis gene
cluster, those for a glucose dehydrogenase and a multidrug resistance protein.
As expected, the aflatoxigenic strains expressed most of the aflatoxin biosynthesis
genes, regardless to which genome the RNA reads were aligned. AF70 did not express
aflLa, aflI or aflQ, and NRRL 3357 did not express aflV. In alignment AF70 (RNA reads
aligned to the genome of AF70), NRRL 3357 additionally did not express aflLa. The
non-aflatoxigenic strains also expressed some of the genes that were present in their
respective genomes (Figure 5.8). For both alignments, strain NRRL 18543 expressed aflT
to aflS, aflMa, aflNa and aflX to aflYe. WRRL 1519 expressed aflN to aflL, aflQ, aflW
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and aflYb to aflYe. NRRL 35739 expressed aflM to aflG, aflP to aflW and aflYa to aflYe;
it was the only one of the non-aflatoxigenic strains to express aflM, aflP, aflK and aflV.
According to alignment AF70, NRRL 18543 expressed aflF and aflU, and NRRL 35739
expressed aflI, aflO, aflX and aflY. There were no aflatoxin biosynthesis genes which the
strong biocontrol agents both expressed, but NRRL 35739 did not.

Figure 5.8. Aflatoxin biosynthesis genes expressed in non-aflatoxigenic strains. The
genes aflF to aflY in the cluster are shown. Dots colored by strain (NRRL 18543-brown,
NRRL 35739-pink, WRRL 1519-yellow) indicate expression by that strain according to
the read alignments to the genomes of AF70 and NRRL 3357.

For both alignments, the highest expressed annotated genes for AF70 and NRRL
118543 were similar: a glutamine synthetase, three conidiation genes, an extracellular 3ketosteroid 1-dehydrogenase and a heat shock protein. NRRL 3357 highly expressed two
allergens, a pyruvate decarboxylase, a translation elongation factor, an ADP/ATP carrier
protein and a manganese superoxide dismutase. WRRL 1519 most highly expressed a
glyceraldehyde 3-phosphate dehydrogenase, a 60S ribosomal protein, and the same
manganese superoxide dismutase and an ADP/ATP carrier protein as NRRL 3357. The
top genes expressed by NRRL 35739 included a heat shock protein, one of the two
allergens highly expressed by NRRL 3357, a mismatched base pair and cruciform DNA
recognition protein, a translation elongation factor and a high expression lethality protein.
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PCA plots of the transcript read counts revealed a large amount of overall variation in
gene relative FPKMs among the strains (Figure 5.9). The poor biocontrol agent NRRL
35739 was clearly separated from the strong biocontrol agents by the first principal
components. No useful patterns were observed for principal components 3 and 4.
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Figure 5.9. PCA and Scree plots of relative gene FPKM values. Plots A, B and E were
derived from read alignment to the genome of AF70. Plots C, D and F were derived from
read alignments to the genome of NRRL 3357.

NRRL 35739 had higher relative expression of six stress-related genes
Relative gene expressions were used to identify genes which had large differences
between the strong biocontrol strains and NRRL 35739. A total of 26 genes from the
AF70 and NRRL 3357 alignments had relative gene expressions which were similar
between strains NRRL 18543 and WRRL 1519, but different for NRRL 35739 (Tables
5.5 and 5.6). Coincidentally, all the identified genes had higher relative expression in
NRRL 35739. Some of the genes (AFLA70_502g000700, AFLA70_560g000680,
AFLA70_73g004291, AFLA70_89g003151, AFLA_037820 and AFLA_060260) were
involved in stress response.
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Table 5.5. Genes with differential relative expression in the AF70 alignment.
Gene name

Putative description

AFLA70_147g002360
AFLA70_21g004231
AFLA70_263g001160

alternative oxidase
isocitrate lyase AcuD
phosphoenolpyruvate carboxykinase AcuF
chitin synthesis regulation RCR
superfamily
membrane associated proteins in
eicosanoid and glutathione metabolism
family protein
4-carboxymuconolactone decarboxylase
heat shock protein, Hsp20-like
domain of unknown function superfamily
DUF1857
molecular chaperone Hsp70
heat shock protein, Hsp20-like
domain of unknown function superfamily
DUF4436; metal-dependent hydrolase
hypothetical protein AFLA70_6g007820
mitochondrial hypoxia responsive domain
protein
CsbD-like general stress response protein

AFLA70_286g001550
AFLA70_30g004530
AFLA70_338g001370
AFLA70_502g000700
AFLA70_52g003980
AFLA70_535g000630
AFLA70_560g000680
AFLA70_570g000531
AFLA70_6g007820
AFLA70_73g004291
AFLA70_89g003151
a

NRRL 35739
relative FPKM
27.149
34.680
13.803

Average fold
difference
202.6616
63.6396
37.67871

16.171

40.28843

11.108
33.133
11.689

17.39327
407.5274
619.1417

15.118
14.793
100

39.21661
10.5585
280.6234

13.841
13.815

58.80168
36.35727

15.567
39.713

16.22587
274.726

Genes in red had their annotations modified based on NCBI BLAST results

Table 5.6. Genes with differential relative expression in the NRRL 3357 alignment.
Gene name
AFLA_006100
AFLA_019230
AFLA_035070
AFLA_036370
AFLA_037820
AFLA_050290
AFLA_052400
AFLA_057980
AFLA_060260
AFLA_097370
AFLA_097530
AFLA_124980
a

Putative descriptiona
domain of unknown function superfamily
DUF4243
CsbD-like general stress response protein
alternative oxidase
phosphoenolpyruvate carboxykinase AcuF
heat shock protein Hsp20 or Hsp30-like
amidohydrolase family protein
isocitrate lyase AcuD
conserved hypothetical protein
heat shock protein Hsp20 or Hsp30
chitin synthesis regulation RCR superfamily
domain of unknown function superfamily
DUF1857
4-carboxymuconolactone decarboxylase

NRRL 35739
relative FPKM

Average fold
difference

6.649
28.388
15.800
8.633
6.800
5.981
20.248
11.966
57.830
9.384
8.606
23.902

Genes in red had their annotations modified based on NCBI BLAST results

19.750
143.928
113.088
16.961
299.912
36.282
29.758
15.842
129.981
17.232
18.884
165.718
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The most highly expressed functionally annotated genes in either alignment were
heat shock protein homologs AFLA70_560g000680 and AFLA_060260. The only other
gene with higher relative expression in the NRRL 3357 alignment of NRRL 35739 reads
was the hypothetical gene AFLA_099070. The relative transcriptome landscapes of the
strains were visualized (Figure 5.10).
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Figure 5.10. Relative gene expression based on read alignment to NRRL 3357. FPKM
values were normalized to a 0 to 100 scale. Images were grouped by chromosomal arm.
Genes which had notably higher relative expression in NRRL 35739 compared to NRRL
18543 and WRRL 1519 (Table 5.6) were indicated.
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The higher relative expression of two heat shock proteins in both alignments
prompted me to look more closely at the relative expressions of other genes annotated as
being involved in heat shock and stress responses (Table 5.7 and Figure 5.11). One pair
of homologous AF70 and NRRL 3357 heat shock proteins (AFLA70_71g003911 and
AFLA_052860) were relatively more expressed in AF70 and NRRL 18543. For several
other genes (AFLA70_166g001980, AFLA70_502g000700, AFLA70_535g000630,
AFLA70_560g000680, AFLA70_793g000140, AFLA_006960, AFLA_022380,
AFLA_037820, AFLA_060260 and AFLA_079830), NRRL 35739 had higher relative
expressions. Only the higher relative expression of molecular chaperone Hsp90
(AFLA70_166g001980 and AFLA_006960) was validated by RT-PCR (Figure 5.12).

Table 5.7. Putative descriptions of stress-related AF70 and NRRL 3357 genes.
Annotationa
heat shock protein
stress responsive A/B
barrel domain protein
ATP-dependent
chaperone
molecular chaperone
and allergen ModE/Hsp90/Hsp1
Ca-activated chloride
channel; membrane stress
response protein
Hsp70 chaperone
BiP/Kar2
Hsp70 nucleotide
exchange factor (Fes1)

NRRL 3357 ID
AFLA_005950

AFLA70_26g004611

Hsp70 chaperone (BiP)

AFLA_026660

AFLA70_275g001630

Hsp40 co-chaperone Jid1
stress response RCI
peptide
stress response RCI
peptide
Hsp90 co-chaperone

AFLA_031070

stress responsive A/B barrel
domain protein
Hsp40 co-chaperone Jid1

AFLA_035620

Hsp70 chaperone BiP/Kar2

AF70 ID
AFLA70_128g002760
AFLA70_132g002240
AFLA70_135g002041
AFLA70_166g001980

AFLA70_211g002041
AFLA70_23g004591
AFLA70_264g001290

AFLA70_29g004401
AFLA70_2g008980
AFLA70_302g001550

AFLA_006960
AFLA_007740

Annotation
stress response RCI peptide
molecular chaperone and
allergen Mod-E/Hsp90/Hsp1
heat shock protein
Hsp20/Hsp26

AFLA_012200

Hsp70 chaperone (HscA)

AFLA_019230

CsbD-like general stress
response protein

AFLA_022380

molecular chaperone Hsp70

AFLA_025980

Hsp90 co-chaperone Cdc37

AFLA_037820
AFLA_043390

heat shock protein Hsp20 or
Hsp30-like
Hsp70 chaperone
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Cdc37
AFLA70_312g001481
AFLA70_33g004191
AFLA70_367g000950
AFLA70_46g003420
AFLA70_502g000700
AFLA70_535g000630
AFLA70_560g000680
AFLA70_57g003661
AFLA70_640g000430
AFLA70_71g003911
AFLA70_793g000140
AFLA70_80g002640
AFLA70_83g002970
AFLA70_89g003151
AFLA70_9g006590
a

Hsp70 chaperone (HscA)
stress responsive A/B
barrel domain protein
oxidative stress protein
Svf1
mitochondrial Hsp70
chaperone (Ssc70)
heat shock protein,
Hsp20-like
molecular chaperone
Hsp70
heat shock protein,
Hsp20-like
domain of unknown
function superfamily 3759
heat shock protein
Hsp20/Hsp26
chaperone, heat shock
protein Hsp9/12
stress response RCI
peptide
ATP-dependent
chaperone ClipB
Hsp70 family protein
CsbD-like general stress
response protein
heat shock protein,
Hsp20-like

AFLA_044620

mitochondrial Hsp70
chaperone (Ssc70)

AFLA_045750

GroEL_like type I chaperonin

AFLA_052860
AFLA_055220
AFLA_060260

chaperone/heat shock protein
Hsp9/Hsp12
Hsp70 nucleotide exchange
factor (Fes1)
heat shock protein Hsp20 or
Hsp30

AFLA_068370

ATP-dependent chaperone

AFLA_071010

heat shock protein (Sti1)

AFLA_079830

stress response RCI peptide

AFLA_084380

Hsp70 family protein

AFLA_084460

heat shock protein
Hsp98/Hsp104/ClpA

AFLA_092900

oxidative stress protein Svf1

AFLA_095590
AFLA_095970
AFLA_117640
AFLA_119610

Hsp90 binding co-chaperone
(Sba1)
Hsp70 chaperone
domain of unknown function
superfamily 3759
stress response RCI peptide

Bolded genes were observed to have higher relative expression in NRRL 35739 by the
RNA-Seq data. Genes in red had their annotations modified based on NCBI BLAST
results
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Figure 5.11. Relative expressions of heat shock and other stress-related genes. Graphs
are based on (A) AF70 and (B) NRRL 3357 alignments. Genes with total relative FPKMs
less than 1 were excluded.
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Figure 5.12. Transcript accumulation of selected genes by RT-PCR. GAPDH served as a
control for template loading. Intensities of bands were visually compared among strains
(A) NRRL 3357, (B) NRRL 6513 and (C) NRRL 35739.
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Discussion
I hypothesized that NRRL 35739 would have a lower tolerance for oxidative
stress than aflatoxigenic strains and reduced expression of redox genes compared to
stronger biocontrol agents. However, my results showed that the strain generally grew
slower regardless of the tested abiotic stress. To my surprise, such genes were mostly
expressed at similar relative levels. Instead, genes for heat shock proteins
(AFLA70_166g001980, AFLA70_502g000700, AFLA70_535g000630,
AFLA70_560g000680, AFLA_006960, AFLA_022380, AFLA_037820 and
AFLA_060260), a CsbD-like protein (AFLA70_89g003151/AFLA_019230) and an RCI
stress response peptide (AFLA70_793g000140/AFLA_079830) were relatively more
highly expressed in NRRL 35739 compared to the other A. flavus strains. An RT-PCR
experiment validated higher expression of Hsp90 in NRRL 35739 than in NRRL 3357.
However, it would be more interesting to test the relative expressions of these genes
between NRRL 35739 and a strong biocontrol strain.
Heat shock proteins are a ubiquitous family of proteins involved in responses to
many abiotic stresses including heat, salinity and oxidative stresses (Whitley et al. 1999,
Yin et al. 2009, Gao et al. 2012, Singh et al. 2012, Wang et al. 2017). They are named by
their molecular weight in kildodaltons and often serve as molecular chaperones, helping
nascent and denatured peptides fold properly or be tagged for degradation. Aspergillus
heat shock protein 90, an antigen in allergic bronchopulmonary aspergillosis by
Aspergillus fumigatus, promotes drug resistance, conidiation and is involved in signal
transduction (Burnie and Matthews 1991, Kumar et al. 1993, Pratt 1998, Cowen and
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Lindquist 2005, Cowen et al. 2009, Robbins et al. 2011, Lamoth et al. 2012, Blum et al.
2013, Lamoth et al. 2014). Hsp70 facilitates protein folding and plays a role in resistance
to antifungal drugs (Blatzer et al. 2015, Lamoth et al. 2015). Hsp42 suppresses
aggregation of cytosolic proteins (Haslbeck et al. 2004). Hsp40 is a co-factor for Hsp70
and facilitates protein folding (Whitley et al. 1999, Li et al. 2009b). Hsp30 interacts with
Hsp80 and Hsp70 to help fold polypeptides and helps conserve energy by inhibiting
ATPase (Piper et al. 1997, Seymour and Piper 1999, Tiwari et al. 2015). Heat shock
proteins in the 20-30 kD range facilitate protection against heat and oxidative stresses,
nuclear import of a protein kinase in human cardiac cells and cellular motility (Amorós
and Estruch 2001, Mayer et al. 2012, Montagna et al. 2012, Sin et al. 2015). Hsp12 is upregulated during heat, oxidative and cold stresses, increasing membrane stability and
causing morphological changes (Varela et al. 1995, Welker et al. 2010, Tiwari et al.
2015). Homologous to Hsp12, Hsp9 is involved in passing the G2-M checkpoint of the
cell cycle and is induced by heat shock, glucose deprivation, and stationary growth in the
yeast Schizosaccharomyces pombe (Orlandi et al. 1996, Ahn et al. 2012).
CsbD is a gene of unknown function that is induced during stress in bacteria
(Akbar et al. 1999, Prágai and Harwood 2002, Gourion et al. 2008, Han et al. 2017).
AFLA70_89g003151 and AFLA_019230 were originally described as mismatched base
pair and cruciform DNA recognition proteins. However, both contain the conserved
CsbD superfamily domain in the middle of the predicted protein and no other known
domains. The RCI (rare cold inducible) stress peptide responds to several abiotic stresses
in plants and Saccharomyces cerevisiae and localizes to yeast membranes (Navarre and
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Goffeau 2000, Morsy et al. 2005, Medina et al. 2007). All genes of interest are upregulated by hydrogen peroxide and resveratrol in NRRL 3357, except for
AFLA_019230 when the strain is exposed to oxidative stress by hydrogen peroxide
(Wang et al. 2015, Fountain et al. 2016). AFLA_060260 is additionally significantly upregulated in A. flavus NRRL 3357 at 37°C compared to 28°C in YES medium (Bai et al.
2015).
It was not clear why NRRL 35739 would have increased relative expression of
stress proteins. If NRRL 35739 was reacting to heat stress, I would have expected to see
accompanying high expressions of oxidative stress responses (Sugiyama et al. 2000,
Abrashev et al. 2008, Albrecht et al. 2010). The strain was grown at 32°C unlike the
other strains, which were grown at 28-31°C. However, the differences in temperature
were minor and within a non-detrimental temperature range for A. flavus growth
(Ogundero 1987, Scheidegger and Payne 2003, Lahouar et al. 2016). High relative
expressions of an Hsp9/12 gene, AFLA70_71g003911/AFLA_052860, for strains AF70
and NRRL 18543 were also noted and likewise remain unexplained. The transcriptomic
data for the strains were collected during the same experiment, so the results may have
been particular to certain experimental conditions that I did not replicate here.
While the results described in this chapter were very interesting and might point
to reasons why strain NRRL 35739 is a poor biocontrol agent, there were several
drawbacks to my chosen experimental and analytical methods. I saved time and money
by accessing data from other published studies. However, this meant that the cell culture
conditions were not uniform. Due to the inconsistencies among these studies, the
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magnitudes of RNA read and transcript counts were very different. I converted the
FPKMs into relative FPKMs to permit fairer comparisons. This and the high thresholds I
enforced when identifying genes that had large differences in relative expression among
strains likely resulted in type II errors. Without replicates, I was unable to perform
statistical testing, so I intentionally searched for genes that may have larger effects. RTPCR results did not show the expected large differences in transcript accumulation of the
six stress response genes in strains NRRL 3357, NRRL 6513 and NRRL 35739. This may
have indicated fault(s) with the bioinformatics analysis or the RT-PCR experiment, or
that the relative differences did not necessarily translate into large differences in absolute
RNA transcript accumulation.
While incomplete, this work provides an opening into the study of genetic factors
that influence A. flavus biocontrol effectiveness. To my knowledge, there are no
published studies into the genetics of weak biocontrol agents. I personally found it
difficult to identify such a strain that I would be able to obtain. Most relevant studies
focus on identifying strong biocontrol agents. NRRL 35739 is the only strain for which I
have seen a researcher note that the strain sometimes increases aflatoxin accumulation.
The findings reported in this chapter provide other scientists with a starting point for how
abiotic stresses tolerance may influence competitive growth by non-aflatoxigenic strains
of A. flavus, and future studies with this strain may improve upon my work. Being poor at
reducing aflatoxin accumulation, NRRL 35739 serves as a useful control for research into
the largely uninvestigated factors that influence aflatoxin biocontrol.

237
References
Abbas HK, Accinelli C, Shier WT (2017) Biological control of aflatoxin contamination
in U.S. crops and the use of bioplastic formulations of Aspergillus flavus
biocontrol strains to optimize application strategies. J Agric Food Chem
65(33):7081-7. doi: 10.1021/acs.jafc.7b01452.
Abrashev RI, Pashova SB, Stefanova LN, Vassilev SV, Dolashka-Angelova PA,
Angelova MB (2008) Heat-shock-induced oxidative stress and antioxidant
response in Aspergillus niger 26. Can J Microbiol 54(12):977-83. doi:
10.1139/w08-091.
Adhikari BN, Bandyopadhyay R, Cotty PJ (2016) Degeneration of aflatoxin gene
clusters in Aspergillus flavus from Africa and North America. AMB Express
6(1):62.
Ahn J, Won M, Choi JH, Kyun ML, Cho HS, Park HM, Kang CM, Chung KS
(2012) Small heat-shock protein Hsp9 has dual functions in stress adaptation and
stress-induced G2-M checkpoint regulation via Cdc25 inactivation in
Schizosaccharomyces pombe. Biochem Biophys Res Commun 417(1):613-8. doi:
10.1016/j.bbrc.2011.12.017.
Akbar S, Lee SY, Boylan SA, Price CW (1999) Two genes from Bacillus subtilis under
the sole control of the general stress transcription factor σB. Microbiology 145 ( Pt
5):1069-78. doi: 10.1099/13500872-145-5-1069.
Alaniz Zanon MS, Clemente MP, Chulze SN (2018) Characterization and competitive
ability of non-aflatoxigenic Aspergillus flavus isolated from the maize agroecosystem in Argentina as potential aflatoxin biocontrol agents. Int J Food
Microbiol 277:58-63. doi: 10.1016/j.ijfoodmicro.2018.04.020.
Albrecht D, Guthke R, Brakhage AA, Kniemeyer O (2010) Integrative analysis of the
heat shock response in Aspergillus fumigatus. BMC Genomics 11:32. doi:
10.1186/1471-2164-11-32.
Alshannaq A, Yu J-H (2017) Occurrence, toxicity, and analysis of major mycotoxins in
food. Int J Environ Res Public Health 14(6):632.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment
search tool. J Mol Biol 215(3):403-10. doi: 10.1016/s0022-2836(05)80360-2.
Amorós M, Estruch F (2001) Hsf1p and Msn2/4p cooperate in the expression of
Saccharomyces cerevisiae genes HSP26 and HSP104 in a gene- and stress typedependent manner. Mol Microbiol 39(6):1523-32.
Andrews S (2010) FastQC: A quality control tool for high throughput sequence data.
Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.
Bai Y, Wang S, Zhong H, Yang Q, Zhang F, Zhuang Z, Yuan J, Nie X, Wang S
(2015) Integrative analyses reveal transcriptome-proteome correlation in
biological pathways and secondary metabolism clusters in A. flavus in response to
temperature. Sci Rep 5:14582. doi: 10.1038/srep14582.
Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM,
Nikolenko SI, Pham S, Prjibelski AD (2012) SPAdes: A new genome assembly
algorithm and its applications to single-cell sequencing. J Comput Biol 19(5):455-

238
77.
Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Ostell J, Pruitt KD, Sayers
EW (2018) GenBank. Nucleic Acids Res 46(D1):D41-d7. doi:
10.1093/nar/gkx1094.
Blatzer M, Blum G, Jukic E, Posch W, Gruber P, Nagl M, Binder U, Maurer E,
Sarg B, Lindner H, Lass-Florl C, Wilflingseder D (2015) Blocking Hsp70
enhances the efficiency of amphotericin B treatment against resistant Aspergillus
terreus strains. Antimicrob Agents Chemother 59(7):3778-88. doi:
10.1128/aac.05164-14.
Blum G, Kainzner B, Grif K, Dietrich H, Zeiger B, Sonnweber T, Lass-Florl C
(2013) In vitro and in vivo role of heat shock protein 90 in amphotericin B
resistance of Aspergillus terreus. Clin Microbiol Infect 19(1):50-5. doi:
10.1111/j.1469-0691.2012.03848.x.
Burnie JP, Matthews RC (1991) Heat shock protein 88 and Aspergillus infection. J Clin
Microbiol 29(10):2099-106.
Chang P-K, Abbas HK, Weaver MA, Ehrlich KC, Scharfenstein LL, Cotty PJ
(2012) Identification of genetic defects in the atoxigenic biocontrol strain
Aspergillus flavus K49 reveals the presence of a competitive recombinant group
in field populations. Int J Food Microbiol 154(3):192-6. doi:
10.1016/j.ijfoodmicro.2012.01.005.
Chang P-K, Ehrlich KC, Hua SS (2006) Cladal relatedness among Aspergillus oryzae
isolates and Aspergillus flavus S and L morphotype isolates. Int J Food Microbiol
108(2):172-7. doi: 10.1016/j.ijfoodmicro.2005.11.008.
Chang P-K, Horn BW, Dorner JW (2005) Sequence breakpoints in the aflatoxin
biosynthesis gene cluster and flanking regions in nonaflatoxigenic Aspergillus
flavus isolates. Fungal Genet Biol 42(11):914-23. doi: 10.1016/j.fgb.2005.07.004.
Cotty PJ, Bhatnagar D (1994) Variability among atoxigenic Aspergillus flavus strains in
ability to prevent aflatoxin contamination and production of aflatoxin biosynthetic
pathway enzymes. Appl Environ Microbiol 60(7):2248-51.
Cowen LE, Lindquist S (2005) Hsp90 potentiates the rapid evolution of new traits: Drug
resistance in diverse fungi. Science 309(5744):2185-9. doi:
10.1126/science.1118370.
Cowen LE, Singh SD, Kohler JR, Collins C, Zaas AK, Schell WA, Aziz H,
Mylonakis E, Perfect JR, Whitesell L, Lindquist S (2009) Harnessing Hsp90
function as a powerful, broadly effective therapeutic strategy for fungal infectious
disease. Proc Natl Acad Sci U S A 106(8):2818-23. doi:
10.1073/pnas.0813394106.
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson
M, Gingeras TR (2013) STAR: Ultrafast universal RNA-seq aligner.
Bioinformatics 29(1):15-21. doi: 10.1093/bioinformatics/bts635.
Dorner JW (2010) Efficacy of a biopesticide for control of aflatoxins in corn. J Food
Prot 73(3):495-9.
Dusa A (2018) Package 'venn'. Available at: https://cran.rproject.org/web/packages/venn/venn.pdf.

239
Eshelli M, Qader MM, Jambi EJ, Hursthouse AS, Rateb ME (2018) Current status
and future opportunities of omics tools in mycotoxin research. Toxins (Basel)
10(11) doi: 10.3390/toxins10110433.
Espindola AS, Schneider W, Cardwell KF, Carrillo Y, Hoyt PR, Marek SM, Melouk
HA, Garzon CD (2018) Inferring the presence of aflatoxin-producing Aspergillus
flavus strains using RNA sequencing and electronic probes as a transcriptomic
screening tool. PLOS ONE 13(10):e0198575. doi: 10.1371/journal.pone.0198575.
Fountain JC, Bajaj P, Pandey M, Nayak SN, Yang L, Kumar V, Jayale AS,
Chitikineni A, Zhuang W, Scully BT, Lee RD, Kemerait RC, Varshney RK,
Guo B (2016) Oxidative stress and carbon metabolism influence Aspergillus
flavus transcriptome composition and secondary metabolite production. Sci Rep
6:38747. doi: 10.1038/srep38747.
Fountain JC, Scully BT, Chen ZY, Gold SE, Glenn AE, Abbas HK, Lee RD,
Kemerait RC, Guo B (2015) Effects of hydrogen peroxide on different toxigenic
and atoxigenic isolates of Aspergillus flavus. Toxins (Basel) 7(8):2985-99. doi:
10.3390/toxins7082985.
Gao C, Jiang B, Wang Y, Liu G, Yang C (2012) Overexpression of a heat shock
protein (ThHSP18.3) from Tamarix hispida confers stress tolerance to yeast. Mol
Biol Rep 39(4):4889-97. doi: 10.1007/s11033-011-1284-2.
Gilbert MK, Mack BM, Moore GG, Downey DL, Lebar MD, Joardar V, Losada L,
Yu J, Nierman WC, Bhatnagar D (2018) Whole genome comparison of
Aspergillus flavus L-morphotype strain NRRL 3357 (type) and S-morphotype
strain AF70. PLOS ONE 13(7):e0199169. doi: 10.1371/journal.pone.0199169.
Gourion B, Francez-Charlot A, Vorholt JA (2008) PhyR is involved in the general
stress response of Methylobacterium extorquens AM1. J Bacteriol 190(3):102735. doi: 10.1128/jb.01483-07.
Grintzalis K, Vernardis SI, Klapa MI, Georgiou CD (2014) Role of oxidative stress in
sclerotial differentiation and aflatoxin B1 biosynthesis in Aspergillus flavus. Appl
Environ Microbiol 80(18):5561-71. doi: 10.1128/aem.01282-14.
Han D, Link H, Liesack W (2017) Response of Methylocystis sp. strain SC2 to salt
stress: Physiology, global transcriptome, and amino acid profiles. Appl Environ
Microbiol doi: 10.1128/aem.00866-17.
Haslbeck M, Braun N, Stromer T, Richter B, Model N, Weinkauf S, Buchner J
(2004) Hsp42 is the general small heat shock protein in the cytosol of
Saccharomyces cerevisiae. Embo j 23(3):638-49. doi: 10.1038/sj.emboj.7600080.
Horn B, Dorner J (2011) Evaluation of different genotypes of nontoxigenic Aspergillus
flavus for their ability to reduce aflatoxin contamination in peanuts. Biocontrol
Sci Technol 21(7):865-76. doi: 10.1080/09583157.2011.559308.
Hruska Z, Rajasekaran K, Yao H, Kincaid R, Darlington D, Brown RL, Bhatnagar
D, Cleveland TE (2014) Co-inoculation of aflatoxigenic and non-aflatoxigenic
strains of Aspergillus flavus to study fungal invasion, colonization, and
competition in maize kernels. Front Microbiol 5:122. doi:
10.3389/fmicb.2014.00122.
Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, McWilliam H, Maslen

240
J, Mitchell A, Nuka G, Pesseat S, Quinn AF, Sangrador-Vegas A,
Scheremetjew M, Yong SY, Lopez R, Hunter S (2014) InterProScan 5:
Genome-scale protein function classification. Bioinformatics 30(9):1236-40. doi:
10.1093/bioinformatics/btu031.
Kassambara A, Mundy F (2017) Extract and visualize the results of multivariate data
analyses. Available at: https://github.com/kassambara/factoextra.
Kumar A, Reddy LV, Sochanik A, Kurup VP (1993) Isolation and characterization of
a recombinant heat shock protein of Aspergillus fumigatus. J Allergy Clin
Immunol 91(5):1024-30.
Kumar P, Mahato DK, Kamle M, Mohanta TK, Kang SG (2016) Aflatoxins: A global
concern for food safety, human health and their management. Front Microbiol
7:2170. doi: 10.3389/fmicb.2016.02170.
Lahouar A, Marin S, Crespo-Sempere A, Said S, Sanchis V (2016) Effects of
temperature, water activity and incubation time on fungal growth and aflatoxin B1
production by toxinogenic Aspergillus flavus isolates on sorghum seeds. Rev
Argent Microbiol 48(1):78-85. doi: 10.1016/j.ram.2015.10.001.
Lamoth F, Juvvadi PR, Fortwendel JR, Steinbach WJ (2012) Heat shock protein 90 is
required for conidiation and cell wall integrity in Aspergillus fumigatus. Eukaryot
Cell 11(11):1324-32. doi: 10.1128/ec.00032-12.
Lamoth F, Juvvadi PR, Soderblom EJ, Moseley MA, Asfaw YG, Steinbach WJ
(2014) Identification of a key lysine residue in heat shock protein 90 required for
azole and echinocandin resistance in Aspergillus fumigatus. Antimicrob Agents
Chemother 58(4):1889-96. doi: 10.1128/aac.02286-13.
Lamoth F, Juvvadi PR, Soderblom EJ, Moseley MA, Steinbach WJ (2015) Hsp70
and the cochaperone StiA (Hop) orchestrate Hsp90-mediated caspofungin
tolerance in Aspergillus fumigatus. Antimicrob Agents Chemother 59(8):4727-33.
doi: 10.1128/aac.00946-15.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G,
Durbin R (2009a) The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25(16):2078-9. doi: 10.1093/bioinformatics/btp352.
Li J, Qian X, Sha B (2009b) Heat shock protein 40: Structural studies and their
functional implications. Protein Pept Lett 16(6):606-12.
Lin JQ, Zhao XX, Zhi QQ, Zhao M, He ZM (2013) Transcriptomic profiling of
Aspergillus flavus in response to 5-azacytidine. Fungal Genet Biol 56:78-86. doi:
10.1016/j.fgb.2013.04.007.
Liu D, Coloe S, Baird R, Pederson J (2000) Rapid mini-preparation of fungal DNA for
PCR. J Clin Microbiol 38(1):471.
Liu Y, Wu F (2010) Global burden of aflatoxin-induced hepatocellular carcinoma: A
risk assessment. Environ Health Perspect 118(6):818-24. doi:
10.1289/ehp.0901388.
Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 15(12):550. doi:
10.1186/s13059-014-0550-8.
Mayer FL, Wilson D, Jacobsen ID, Miramon P, Slesiona S, Bohovych IM, Brown

241
AJ, Hube B (2012) Small but crucial: The novel small heat shock protein Hsp21
mediates stress adaptation and virulence in Candida albicans. PLOS ONE
7(6):e38584. doi: 10.1371/journal.pone.0038584.
Medina J, Ballesteros ML, Salinas J (2007) Phylogenetic and functional analysis of
Arabidopsis RCI2 genes. J Exp Bot 58(15-16):4333-46. doi: 10.1093/jxb/erm285.
Mehl HL, Cotty PJ (2010) Variation in competitive ability among isolates of
Aspergillus flavus from different vegetative compatibility groups during maize
infection. Phytopathol 100(2):150-9. doi: 10.1094/phyto-100-2-0150.
Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A (2018) Versatile
genome assembly evaluation with QUAST-LG. Bioinformatics 34(13):i142-i50.
doi: 10.1093/bioinformatics/bty266.
Mitchell NJ, Bowers E, Hurburgh C, Wu F (2016) Potential economic losses to the US
corn industry from aflatoxin contamination. Food Addit Contam Part A Chem
Anal Control Expo Risk Assess 33(3):540-50. doi:
10.1080/19440049.2016.1138545.
Montagna GN, Buscaglia CA, Münter S, Goosmann C, Frischknecht F, Brinkmann
V, Matuschewski K (2012) Critical role for heat shock protein 20 (HSP20) in
migration of malarial sporozoites. J Biol Chem 287(4):2410-22. doi:
10.1074/jbc.M111.302109.
Moore GG, Singh R, Horn BW, Carbone I (2009) Recombination and lineage-specific
gene loss in the aflatoxin gene cluster of Aspergillus flavus. Mol Ecol
18(23):4870-87. doi: 10.1111/j.1365-294X.2009.04414.x.
Morsy MR, Almutairi AM, Gibbons J, Yun SJ, de Los Reyes BG (2005) The OsLti6
genes encoding low-molecular-weight membrane proteins are differentially
expressed in rice cultivars with contrasting sensitivity to low temperature. Gene
344:171-80. doi: 10.1016/j.gene.2004.09.033.
Navarre C, Goffeau A (2000) Membrane hyperpolarization and salt sensitivity induced
by deletion of PMP3, a highly conserved small protein of yeast plasma
membrane. Embo j 19(11):2515-24. doi: 10.1093/emboj/19.11.2515.
Ogundero VW (1987) Temperature and aflatoxin production by Aspergillus flavus and
A. parasiticus strains from Nigerian groundnuts. J Basic Microbiol 27(9):511-4.
Ohkura M, Cotty PJ, Orbach MJ (2018) Comparative genomics of Aspergillus flavus
S and L morphotypes yield insights into niche adaptation. G3 (Bethesda)
8(12):3915-30. doi: 10.1534/g3.118.200553.
Ojiambo PS, Battilani P, Cary JW, Blum BH, Carbone I (2018) Cultural and genetic
approaches to manage aflatoxin contamination: Recent insights provide
opportunities for improved control. Phytopathology 108(9):1024-37. doi:
10.1094/phyto-04-18-0134-rvw.
Orlandi I, Cavadini P, Popolo L, Vai M (1996) Cloning, sequencing and regulation of a
cDNA encoding a small heat-shock protein from Schizosaccharomyces pombe.
Biochim Biophys Acta 1307(2):129-31.
Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL (2015)
StringTie enables improved reconstruction of a transcriptome from RNA-seq
reads. Nat Biotechnol 33(3):290-5. doi: 10.1038/nbt.3122.

242
Piper PW, Ortiz-Calderon C, Holyoak C, Coote P, Cole M (1997) Hsp30, the integral
plasma membrane heat shock protein of Saccharomyces cerevisiae, is a stressinducible regulator of plasma membrane H(+)-ATPase. Cell Stress Chaperones
2(1):12-24.
Prágai Z, Harwood CR (2002) Regulatory interactions between the Pho and σBdependent general stress regulons of Bacillus subtilis. Microbiology 148(Pt
5):1593-602. doi: 10.1099/00221287-148-5-1593.
Pratt WB (1998) The hsp90-based chaperone system: Involvement in signal transduction
from a variety of hormone and growth factor receptors. Proc Soc Exp Biol Med
217(4):420-34.
Probst C, Bandyopadhyay R, Cotty PJ (2014) Diversity of aflatoxin-producing fungi
and their impact on food safety in sub-Saharan Africa. Int J Food Microbiol
174:113-22. doi: 10.1016/j.ijfoodmicro.2013.12.010.
Robbins N, Uppuluri P, Nett J, Rajendran R, Ramage G, Lopez-Ribot JL, Andes D,
Cowen LE (2011) Hsp90 governs dispersion and drug resistance of fungal
biofilms. PLOS Pathog 7(9):e1002257. doi: 10.1371/journal.ppat.1002257.
Roze LV, Laivenieks M, Hong SY, Wee J, Wong SS, Vanos B, Awad D, Ehrlich KC,
Linz JE (2015) Aflatoxin biosynthesis is a novel source of reactive oxygen
species—a potential redox signal to initiate resistance to oxidative stress? Toxins
(Basel) 7(5):1411-30. doi: 10.3390/toxins7051411.
Scheidegger K, Payne GA (2003) Unlocking the secrets behind secondary metabolism:
A review of Aspergillus flavus from pathogenicity to functional genomics J
Toxicology 22(2-3):423-59. doi: 10.1081/TXR-120024100.
Seymour IJ, Piper PW (1999) Stress induction of HSP30, the plasma membrane heat
shock protein gene of Saccharomyces cerevisiae, appears not to use known stressregulated transcription factors. Microbiology 145 ( Pt 1):231-9. doi:
10.1099/13500872-145-1-231.
Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H,
Remmert M, Söding J (2011) Fast, scalable generation of high-quality protein
multiple sequence alignments using Clustal Omega. Mol Syst Biol 7(1):539.
Sin YY, Martin TP, Wills L, Currie S, Baillie GS (2015) Small heat shock protein 20
(Hsp20) facilitates nuclear import of protein kinase D 1 (PKD1) during cardiac
hypertrophy. Cell Commun Signal 13:16. doi: 10.1186/s12964-015-0094-x.
Singh K, Nizam S, Sinha M, Verma PK (2012) Comparative transcriptome analysis of
the necrotrophic fungus Ascochyta rabiei during oxidative stress: Insight for
fungal survival in the host plant. PLOS ONE 7(3):e33128. doi:
10.1371/journal.pone.0033128.
Sugiyama K, Izawa S, Inoue Y (2000) The Yap1p-dependent induction of glutathione
synthesis in heat shock response of Saccharomyces cerevisiae. J Biol Chem
275(20):15535-40.
Sullivan MJ, Petty NK, Beatson SA (2011) Easyfig: A genome comparison visualizer.
Bioinformatics 27(7):1009-10. doi: 10.1093/bioinformatics/btr039.
Tiwari S, Thakur R, Shankar J (2015) Role of heat-shock proteins in cellular function
and in the biology of fungi. Biotechnol Res Int 2015:132635. doi:

243
10.1155/2015/132635.
Varela JC, Praekelt UM, Meacock PA, Planta RJ, Mager WH (1995) The
Saccharomyces cerevisiae Hsp12 gene is activated by the high-osmolarity
glycerol pathway and negatively regulated by protein kinase A. Mol Cell Biol
15(11):6232-45.
Vu V (2011) ggbiplot: A ggplot2 based biplot. Available at:
http://github.com/vqv/ggbiplot.
Wang H, Lei Y, Yan L, Cheng K, Dai X, Wan L, Guo W, Cheng L, Liao B (2015)
Deep sequencing analysis of transcriptomes in Aspergillus flavus in response to
resveratrol. BMC Microbiol 15:182. doi: 10.1186/s12866-015-0513-6.
Wang S, Zhou H, Wu J, Han J, Li S, Shao S (2017) Transcriptomic analysis reveals
genes mediating salt tolerance through calcineurin/cchA-independent signaling in
Aspergillus nidulans. Biomed Res Int 2017:4378627. doi: 10.1155/2017/4378627.
Welker S, Rudolph B, Frenzel E, Hagn F, Liebisch G, Schmitz G, Scheuring J,
Kerth A, Blume A, Weinkauf S, Haslbeck M, Kessler H, Buchner J (2010)
Hsp12 is an intrinsically unstructured stress protein that folds upon membrane
association and modulates membrane function. Mol Cell 39(4):507-20. doi:
10.1016/j.molcel.2010.08.001.
Wheeler TJ, Eddy SR (2013) nhmmer: DNA homology search with profile HMMs.
Bioinformatics 29(19):2487-9. doi: 10.1093/bioinformatics/btt403.
Whitley D, Goldberg SP, Jordan WD (1999) Heat shock proteins: A review of the
molecular chaperones. J Vasc Surg 29(4):748-51.
Yin G, Hua S, Pennerman KK, Yu J, Bu L, Sayre RT, Bennett JW (2018) Genome
sequence and comparative analyses of atoxigenic Aspergillus flavus WRRL 1519.
Mycologia 110(3):482-93. doi: 10.1080/00275514.2018.1468201.
Yin Z, Stead D, Walker J, Selway L, Smith DA, Brown AJ, Quinn J (2009) A
proteomic analysis of the salt, cadmium and peroxide stress responses in Candida
albicans and the role of the Hog1 stress-activated MAPK in regulating the stressinduced proteome. Proteomics 9(20):4686-703. doi: 10.1002/pmic.200800958.

244

CHAPTER 6. CONCLUDING REMARKS

The author is preparing to publish portions of this chapter.

245
Summary of findings
The Bennett Lab at Rutgers University focuses on the genetics and physiology of
volatile organic compounds (VOCs) from and on fungi. After studying how some
common fungal eight-carbon VOCs affected growth and morphology of different
Penicillium strains, Dr. James F. White advised me to assay for accumulation of reactive
oxygen species (ROS) in the media. Those assays indicated a significant drop in ROS due
to 1-octen-3-ol for toxigenic strains of Penicillium expansum, but not for the non-patulin
producing Penicillium solitum strains. Hypothesizing patulin production to be involved in
redox biological processes, I designed experiments to determine if patulin production and
accumulation was affected by a concentration of 1-octen-3-ol that did not inhibit growth.
My results showed that volatile 1-octen-3-ol increased patulin accumulation by P.
expansum on a normally restrictive medium.
My work on the genetics of non-aflatoxigenic strains of Aspergillus flavus began
under the supervision of Drs. Joan W. Bennett and Sui Sheng T. Hua. Our goal was to
use nucleotide sequences from these strains to determine if there were genetic factors that
influenced biocontrol effectiveness. Dr. Hua found that strain WRRL 1519, isolated from
a Californian almond, was a fairly strong biocontrol agent for aflatoxin (unpublished
data). Within its genome, the strain had a relatively large number of repetitive elements—
including transposons that may or may not still be active—and redox genes unique to
WRRL 1519 compared to other sequenced strains of A. flavus. On the other hand,
comparative transcriptomics with NRRL 35739, a poor biocontrol agent, revealed that the
strain’s slower growth rate may be connected to an increased expression of a few stress
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response genes.
My overall goal for this dissertation was to identify exogenous and endogenous
factors that affect mycotoxin accumulation. I focused on the toxins patulin from P.
expansum and aflatoxin from A. flavus. Through experimental and computational
methods, I obtained evidence for how 1-octen-3-ol might induce patulin production and
how expression of stress response genes might impede competitive growth for a
biocontrol agent for aflatoxin. I also found indications that oxidation-reduction processes
play important roles in both projects. There are still many questions remaining, a few of
which are discussed below.

How do VOCs induce specific fungal responses?
It is unclear how VOCs enter and exit intact cells. Presumably, when in the
cytosol or near the membrane, these compounds dissolve and pass through the same
channels as other metabolites. Vesicles might also play roles in transporting VOCs in
either liquid or gaseous phases. The fungal cellular envelope is relatively porous to
molecules averaging 300 g/mol, capping around 700 g/mol; this allows for passive
diffusion of lipid-soluble compounds, which is how organic acids, short-chain alkanes
and long-chain fatty acids are transported (Walker and White 2011). However, diffusion
may not be a sufficient explanation. Widhalm and colleagues calculate that, in simple
diffusion, methylbenzoate and nerolidol favorable partitioning to the plasma and
subcellular membranes would be so high that the compounds would be detrimental to
membrane integrity (Widhalm et al. 2015). They hypothesize that, in addition to
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diffusion, there must be vesicles, transfer proteins and/or VOC membrane transporters to
facilitate uptake and release of volatiles, similar as for other substances that do not
readily pass through a lipid membrane. Matsui agrees that diffusion is too inefficient,
explaining that diffusion would be too slow a process due to the low concentration of
VOCs in the atmosphere (Matsui 2016). For plants, he proposes that VOCs enter the
intercellular spaces of leaves via stomata, then partition between the gas and liquid
phases in order to diffuse through the cell wall and plasma membrane to the cytosol.
Detoxification and other means of altering the compounds reduce the intracellular
concentration of specific compounds, driving the net movement of the VOC from the
environment to inside the cells.
Alternatively, VOC signals might not have to enter the cell. Most canonical
signaling compounds convey information by interacting with extracellular membrane or
cell wall proteins (Hancock 2010). Specific membrane receptors have been characterized
for volatiles including camphor (Fesenko et al. 1979), the green pepper odorant 2isobutyl-3-methoxypyrazine (Pelosi et al. 1982) and ethylene (Lacey and Binder 2014).
In animals, odorous VOCs are detected by olfactory membrane receptors. These bind a
range of volatiles of different structures and initiate signal transduction via G proteins
(Gaillard et al. 2004). Odorant-binding proteins in insects increase the water solubility of
VOCs to improve the ability of the olfactory receptors to come in contact with potential
agonists (Fan et al. 2011). How signaling VOCs interact with cells probably differs for
different compounds and encompasses all three possibilities: diffusion, transport, or via
receptors.
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Although some compounds, such as 1-octen-3-ol, are commonly referred to as
signaling compounds, fungal receptors for volatile compounds are not known. VOCs
have replicable effects on fungal targets, but my and others’ research do not address if the
VOCs target specific signaling receptors or induce any signal transduction processes. We
do know that the VOCs can cause non-specific damage to cells. Due to their
hydrophobicity, volatile molecules can be surfactants, eliciting changes in membrane
structure and composition. They may be general non-competitive protein inhibitors,
confusingly appearing to specifically affect certain cellular functions. For example, in
Saccharomyces cerevisiae, anesthetics interact with the membrane in non-specific
manners like amphiphilic compounds. They might dissolve the membranes rather than
directly interact with membrane proteins or inhibit membrane transporters by physically
impeding structural conformation changes (Uesono et al. 2016). Membrane changes
induced by 1-octen-3-ol have also been noted in Penicillium paneum (Chitarra et al.
2005). Membrane aberrations can change the transmembrane transport of enzymes,
nutrients and other metabolites. Assuming that 1-octen-3-ol is a true signaling molecule, I
propose that the compound is an indicator of membrane stress (Figure 6.1).
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Figure 6.1. 1-octen-3-ol as a signaling molecule of membrane damage. The compound is
an oxidation breakdown product of linoleic acid in the membrane (Hanson 2008) and
may serve as an indicator for membrane damage. Increased detection of 1-octen-3-ol via
an unknown receptor (green) or diffusion through the membrane would induce
expression of membrane repair genes and/or stress responses.

What affects fungal competitiveness?
Biocontrol fungal organisms may also discourage growth of other species through
the use of inhibitory secondary metabolites (Hajji-Hedfi et al. 2018, Kälvö et al. 2018,
Sarrocco et al. 2019). Another suggested mechanism is to attack directly with chitinases
(Mamarabadi et al. 2008a, Mamarabadi et al. 2008b). There is a positive correlation
between the growth rate of a fungal strain and its ability to function as a biocontrol agent
(Harrison and Stewart 1988, Li et al. 2014, Lange et al. 2016, Valero-Jiménez et al.
2017). For example, two strains of Trichoderma cf. atroviride that have disparate growth
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rates differ in biocontrol ability against phytopathogens; the faster-growing strain is a
more successful competitor. Genomic comparisons between the two strains suggest that
there are factors other than gene similarities that cause the different growth rates (Lange
et al. 2016).
A prevailing hypothesis about aflatoxin biocontrol is that stronger biocontrol A.
flavus out-compete aflatoxigenic strains (Hruska et al. 2014, Fountain et al. 2015,
Fountain et al. 2016). Simple competition is sufficient to reduce aflatoxin accumulation.
This can be seen when growing two aflatoxigenic strains together, suggesting that
preventing aflatoxigenic strains’ ability to create a mycelial network contributes to
biocontrol (Wicklow et al. 2003). This prevention requires some physical interaction
(Huang et al. 2011). A similar effect is seen in apples inoculated with two strains of
toxigenic P. expansum in the same wound; the resulting levels of patulin decrease
(Morales et al. 2008).
Depending on the species and the life cycle stage, fungal ecological behavior
emphasizes growth (ruderal), stress tolerance and/or competition antagonism (Pugh and
Boddy 1988, Boddy and Hiscox 2018). These three life history strategies—mostly
studied in wood decay basidiomycetes—are characterized by different growth and
metabolic behaviors (Boddy and Hiscox 2018). Ruderal fungi are fast-growing and
reproduce earlier. Experiencing stress or competition causes fungi to grow and reproduce
more slowly; these slow-growing fungi exhibit a wider range of enzymatic abilities and
are less easily replaced by competitors. Organisms in the same area compete for
resources they need to grow, survive and reproduce. The ability to be a better competitor
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relies on the ability to better utilize available resources and/or be better able to tolerate
less than optimal conditions (Staves and Knell 2010). A. flavus biocontrol strains differ
from most other fungal biocontrol agents in that A. flavus strains are used to reduce
growth of other strains of the same species. Generally, intraspecific competition has
stronger negative effects on organisms than interspecific competition because members
of the same species are more likely to occupy the same ecological niche (Adler et al.
2018). In laboratory media, the most important factors likely at play are declining
nutrient availabilities and increasing build-up of waste compounds. The generally slower
growth of A. flavus NRRL 35739 fits into the hypothesis that poor biocontrol strains are
less able to out-grow toxigenic strains (Figure 6.2).

Figure 6.2. Relation of growth to a strain’s ability to act as a biocontrol agent. Stronger
biocontrol strains are better able to out-grow aflatoxigenic strains than weaker biocontrol
strains. Faster growth rate is a component of successful competition.
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How do the results fit into known regulators mycotoxin production?
Production of mycotoxins is regulated by different environmental factors. Simple
sugars and acidic conditions often encourage mycotoxin production (Joffe and Lisker
1969, Buchanan and Ayres 1975, Prusky et al. 2004, Guo et al. 2008, Zong et al. 2015).
Stress also induces toxin production in Aspergillus, Fusarium and Penicillium. Both A.
flavus and Penicillium nordicum have increased biosynthesis of aflatoxin and ochratoxin
under water stress (Hill et al. 1983, Abbas et al. 2002, Kebede et al. 2012, Medina et al.
2015). Higher temperatures also generally induce expression of mycotoxin biosynthesis
genes (Schmidt-Heydt et al. 2008). Warmer climates favor growth of patulin-producing
fungi over non-toxigenic strains (Gokmen and Acar 1998, Saxena et al. 2008, Tannous et
al. 2018). A. flavus aflatoxin production generally increases with temperature from 25°C
up to 30-37°C, and toxigenic fungi are more prevalent in warm and tropical regions
(Schroeder and Hein 1967, West et al. 1973, Bennett et al. 1981, Gqaleni et al. 1997,
Alaniz Zanon et al. 2013, Medina et al. 2015, Lahouar et al. 2016, Gilbert et al. 2017,
Aldars-Garcia et al. 2018, Mamo et al. 2018). In fact, global warming is thought to
contribute to an increasing frequency of mycotoxigenic fungi and host susceptibility to
them (Cotty and Jaime-Garcia 2007, Medina et al. 2014a, Moore 2014, Battilani et al.
2016, Miller 2016, Paterson and Lima 2017, Paterson et al. 2018). Prediction models
suggest the higher temperatures, higher CO2 concentrations and lower water availabilities
associated with climate change will increase aflatoxin B1 production while not
significantly impacting fungal growth (Baert et al. 2007, Samapundo et al. 2007, AbdelHadi et al. 2012, Astoreca et al. 2012, Baert et al. 2012, Marín et al. 2012, Garcia et al.
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2013, Mousa et al. 2013, Zhu et al. 2013, Medina et al. 2014a, Medina et al. 2014b,
Aldars-García et al. 2015, Peromingo et al. 2016, Tannous et al. 2016, Yogendrarajah et
al. 2016, Gilbert et al. 2017, Kosegarten et al. 2017, Medina et al. 2017, Nguyen Van
Long et al. 2017).
Known genetic factors are limited to the presence, expression and functionality of
toxin biosynthesis genes and transcription regulators. Both local and various global
transcription regulators correlate with patulin and aflatoxin production (Cary et al. 2006,
Roze et al. 2011, Barad et al. 2014, Barad et al. 2016, Kumar et al. 2017, Wu et al. 2017,
Chen et al. 2018, El Hajj Assaf et al. 2018, Lv et al. 2018, Cary et al. 2019). Chromatin
structure additionally correlates with activation of the aflatoxin biosynthesis gene cluster
(Zutz et al. 2013, Liang et al. 2017, Pfannenstiel et al. 2018). My work adds to the set of
known factors, indicating that 1-octen-3-ol and several stress response genes also play
roles in regulation of mycotoxin production. Other VOCs and stress response genes are
shown to be involved in toxin regulation are discussed in chapters 1, 3 and 5.

How could the research be applied?
The overarching question asked in this dissertation is: how do external and
genetic factors affect mycotoxin production? If answered, the application for such
research is obvious: to improve upon current methods of preventing mycotoxin
contaminations in foods and food products. For example, study of volatile-mediated
signaling systems led to the fascinating development of synthetic quorum-sensing simple
ecosystems which use transgenic human, S. cerevisiae, Escherichia coli and Lepidium
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sativum cells that detect the acetaldehyde-producing cells and induce expression of
specific genes under an Aspergillus nidulans-derived regulatory system (Weber et al.
2007). Better understanding of the molecular targets and effects of VOCs will lead to
future innovative and useful applications. Non-aflatoxigenic strains of A. flavus are
generally identified as non-toxigenic by PCR validation of an incomplete aflatoxin
biosynthesis gene cluster and/or lack of aflatoxin detection by chromatography (Ramos
Catharino et al. 2005, Mylroie et al. 2016). Identification of genetic factors that influence
biocontrol strength may help develop more efficient screening processes or even identify
targets for genetic engineering. In sum, I hope my dissertation will help lay the
foundation for larger future endeavors to protect our food supply.
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