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ABSTRACT 

 

This dissertation consists of three manuscripts for publication:  Appendix A presents a 

genomic comparison of Aspergillus flavus isolates with different morphologies, and 

Appendices B and C present the identification and systematics of an emerging snake 

pathogen, Ophidiomyces ophiodiicola.  The comparative genomics project of A. flavus 

tests the hypothesis that isolates with different morphologies within the species are 

adapted to different niches.  Our results reveal differences in genome structure and 

protein content that are implicated in niche adaptation to the soil and phyllosphere.  The 

systematics project of O. ophiodiicola was initiated to resolve the frequent 

misidentification of emerging reptilian diseases that is occuring in the literature.  One of 

these emerging pathogens, O. ophiodiicola, was incorrectly described in the genus 

Chrysosporium due to its resemblance in spore morphology; therefore, the taxonomy of 

the genus was revised.  We hope the review will aid in accurate identification and 

tracking of emerging reptilian diseases to better understand their epidemiology. 
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INTRODUCTION 

Aspergillus flavus and aflatoxins 

The saprotrophic fungus, Aspergillus flavus, was described in 1809 by Link 

mainly based on its cottony colony, yellow-colored conidial heads, and association with 

dry plant matter (Link 1809).  It was not until 1960, however, that the fungus gained 

significant attention when it was identified as the causative agent responsible for killing 

more than 100,000 turkeys in England by contaminating their peanut feed with a highly 

carcinogenic mycotoxin (Blount, 1961; Sargeant et al., 1961).  The toxin, named 

aflatoxin, can cause health problems in both humans and animals.  Depending on the 

level of contamination, these toxins can cause cancer, immune suppression, and in acute 

cases, death (Goldblatt, 1969; Bennett and Klich, 2003; Probst et al., 2007).  This is a 

serious problem in developing countries where aflatoxin contamination is not regulated; 

aflatoxin-contaminated food and feed not only cause economic losses but also both acute 

and chronic health problems (Richard et al., 2003; Williams et al., 2004).  Repeated 

aflatoxicosis outbreaks have occurred in Kenya, and in 2004, one of the largest 

documented aflatoxicosis outbreaks occurred with a total of 317 cases being reported, 

including 125 deaths (CDC, 2004; Probst et al., 2007).  In developed countries, 

regulations for aflatoxin levels in food protect consumers from aflatoxin poisoning.  To 

meet regulations, contaminated food must be destroyed, or de-contaminated, both at great 

costs (Richard et al., 2003; Mitchell et al., 2016).  Despite these efforts, in 2005 more 

than 100 dogs died and many more were poisoned in the United States from eating 

aflatoxin-contaminated dog food (Stenske et al., 2006), indicating the difficulty of 

managing aflatoxin contamination.  
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Aspergillus flavus colonizes organic debris, and primarily resides in the soil in the 

form of mycelia, mitotic spores known as conidia, or melanized durable structures known 

as sclerotia (Diener et al., 1987; Horn, 2003).  Infections of susceptible crops, such as 

corn, cotton, and tree nuts primarily occur by aerial and insect dispersal of conidia 

(Lussenhop and Wicklow, 1990; Horn, 2003).  In contrast, in susceptible subterranean 

crops such as peanuts, infections occur by hyphal penetration of the pods or through 

wounds caused by insect damage (Horn, 2003).  Hot and dry conditions are known to 

favor infection by A. flavus, and accordingly, A. flavus is more commonly found in 

temperate and warm desert environments (Dorner et al., 1989; Horn et al., 1995; Klich, 

2002; Horn, 2003; Mehl et al., 2012).  The fungus can contaminate crops with aflatoxins 

prior to harvest, and if improper storage procedures are practiced, it can cause major post-

harvest damage as well (Diener et al., 1987; Williams et al., 2004; Mitchell et al., 2016).  

Under unfavorable conditions such as extreme drought or cold, the production of 

sclerotia allows the fungus to survive and remain quiescent for long periods (Coley-Smith 

and Cooke, 1971; Wicklow et al., 1982).  Sclerotia formed by A. flavus have been shown 

to be viable in the soil for at least three years and when conditions are favorable, they can 

resume active growth by germinating to produce mycelia or conidia (Wicklow and 

Donahue, 1984; Wicklow et al., 1993). 

Several Aspergillus species can produce aflatoxins, but with its ubiquity in the 

environment, worldwide distribution, and ability to colonize a diversity of crops, A. 

flavus is the primary causal agent of aflatoxin contamination (Schroeder and Boller, 

1973; Klich, 2002; Klich, 2007; Mehl et al., 2012).  Aflatoxins are genotoxic secondary 

metabolites produced by enzymes encoded in a polyketide synthase gene cluster 
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involving as many as 30 genes (Yu et al., 1995; Yu and Ehrlich, 2011; Yu, 2012).  

Amongst A. flavus isolates, however, there is variability in levels of aflatoxin production 

and atoxigenic isolates are not uncommon.  Mechanisms of atoxigenicity within A. flavus 

include mutations within the aflatoxin gene cluster, such as various deletions or a 

premature stop codon within the polyketide synthase-encoding gene (Woloshuk et al., 

1995; Ehrlich and Cotty, 2004; Chang et al., 2005; Houshyarfard et al., 2014).   

There are four aflatoxins that are produced by Aspergillus species, namely 

aflatoxin B1, B2, G1, and G2.  These aflatoxins are characterized by their blue (B toxins) 

or green fluorescence (G toxins) under ultraviolet light, and their different mobilities 

during thin layer chromatography (Van der Zijden et al., 1962; Hartley et al., 1963; Yu, 

2012).  Amongst these, aflatoxin B1 is the most toxic, followed by G1; B2 and G2 show 

much lower toxicity (Wogan et al., 1971; Roebuck et al., 1993; Kensler et al., 2011).  

Genotoxicity occurs when aflatoxins B1 and G1 are converted to their epoxide 

derivatives by a host’s cytochrome P450 enzyme. These structural modifications allow 

binding to guanine residues in DNA, leading to mutations that can cause cancer 

(Baertschi et al., 1989).  Amongst aflatoxin-producing Aspergillus species, there is 

variability in which aflatoxins they produce.  Aspergillus flavus only produces aflatoxins 

B1 and B2, whereas other species such as A. parasiticus, the major causal agent of 

aflatoxin contamination on peanuts, are able to produce aflatoxins B1, B2, G1, and G2 

(Ehrlich et al., 2004).  Aspergillus flavus does not make G1 because portions of cypA, a 

gene encoding cytochrome P450 monooxygenase within the aflatoxin gene cluster, is 

deleted, preventing the conversion of a putative A-ring-opened intermediate molecule 

common to both aflatoxins B1 and G1 to aflatoxin G1 (Ehrlich et al., 2004).  Additional 
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aflatoxin derivatives are produced both in vivo and in vitro by the bioconversion of the 

four Aspergillus-derived aflatoxins in various hosts and host cells (Eaton et al., 1993).  

For example, in lactating animals that consume aflatoxin-contaminated feed, aflatoxin B1 

can be hydroxylated to produce aflatoxin M1, which is secreted into the milk (Holzapfel 

et al., 1966).  Although aflatoxin M1 is less toxic than B1, it is a particular problem for 

infants who consume a lot of milk and are especially vulnerable to mycotoxins due to 

their less developed metabolism (Wogan and Paglialunga, 1974; Sherif et al., 2009).   

 

Characteristics and adaptation of S and L morphotypes of Aspergillus flavus  

When Aspergillus flavus was recognized as the causal agent of the first 

aflatoxicosis outbreak that caused Turkey ‘X’ disease (Blount, 1961; Sargeant et al., 

1961); the fungus was typically characterized by the production of abundant yellow-

green conidia and in many isolates, the production of dark brown to near black sclerotia 

ranging from 400 – 700 m in size (Raper and Fennell, 1965).  In 1970, however, 

Hesseltine et al. (1970) recovered three aflatoxin-producing isolates that produced similar 

conidial heads to A. flavus, but sporulated poorly and produced smaller (roughly 300 m 

in diameter) and more abundant sclerotia compared to typical A. flavus isolates.  Since 

the finding of Hesseltine et al. (1970), atypical A. flavus isolates have been recovered 

from diverse geographical locations and crops (Tsuruta et al., 1986; Cotty, 1989; Saito et 

al., 1989; Novas and Cabral, 2002; Ehrlich et al., 2007; Giorni et al., 2007; Jamali et al., 

2012). 

Although molecular phylogenetics have placed several of the atypical isolates in 

taxa closely related to, but outside of A. flavus (e.g. A. parvisclerotigenus, A. 
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minisclerotigenes) (Frisvad et al., 2005; Pildain et al., 2008; Probst et al., 2014), A. flavus 

still consists of isolates with two distinct morphologies, called the S (small sclerotia) and 

L (large sclerotia) morphotypes (Cotty, 1989).  Isolates of the S morphotype produce 

numerous small sclerotia and conidiate poorly, whereas isolates of the L morphotype 

produce relatively fewer large sclerotia and abundant conidia (Cotty, 1989).  

Interestingly, in addition to the morphological differences, S isolates are found to be 

consistently toxigenic, whereas L isolates vary greatly in toxin production ranging from 

atoxigenic to highly toxigenic isolates (Saito et al., 1986; Cotty, 1989).  On average, S 

isolates produce higher levels of aflatoxin than L isolates (Cotty, 1989; Cotty, 1997; 

Probst et al., 2010).  Furthermore, isolates of taxa outside of A. flavus that exhibit 

morphology similar to A. flavus S isolates, such as A. parvisclerotigenus and A. 

minisclerotigenes, are also consistently toxigenic (Pildain et al., 2008), suggesting a 

correlation between production of numerous small sclerotia and maintenance of 

toxigenicity.  

Morphological differences between A. flavus S and L isolates suggest they may be 

adapted to different niches:  the production of abundant sclerotia in S isolates is 

advantageous for long-term survival in the soil, whereas the production of abundant 

conidia in the L isolates is advantageous for aerial dispersal to the phyllosphere (Mehl et 

al., 2012).  A study by Sweany et al. (2011) provides support for this idea.  They report 

that more than 95% of isolates recovered from corn kernels in a study in Louisiana were 

L isolates, whereas only 44% of soil isolates were L isolates with the remainder 

consisting of S isolates. A similar pattern was observed when comparing the frequency of 

L isolates and S isolates recovered from corn kernels and groundnut in Malawi 
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(Ching’anda et al., 2016).  In the study of Sweany et al. (2011), most vegetative 

compatibility groups (VCGs) that were recovered predominantly from corn kernels 

produced higher amounts of conidia relative to VCGs recovered predominantly from the 

soil.  In contrast, most VCGs that were predominantly recovered from the soil produced 

higher numbers of sclerotia relative to VCGs recovered predominantly from the soil 

(Sweany et al., 2016).  In addition to spatial variation, seasonal variation is also observed:  

when sampling the air of agricultural fields in Arizona, S isolates were dominant during 

the summer and L isolates were dominant during the rest of the year (Bock et al., 2004), 

suggesting the production of abundant sclerotia may be advantageous for survival in 

hotter climates as well.   

Aflatoxin production is energy intensive, since it involves the concerted 

expression of as many as 30 genes and requires the metabolic activity to produce the 

toxins (Yu et al., 2004).  Thus, aflatoxin production likely imparts a fitness cost if it does 

not benefit the organism (Waterman, 1996) leading to the evolution of atoxigenic 

isolates.  The differences in toxigenicity observed between the two morphotypes suggests 

that selection pressure to maintain aflatoxin production varies in their respective niches:  

the selection pressure may be higher in the soil compared to the phyllosphere, leading to 

the retention of consistently toxigenic S isolates in the soil.  In contrast, the selection 

pressure may be lower in the phyllosphere, allowing the survival of atoxigenic or low 

toxin-producing L isolates in that niche (Mehl et al., 2012).  Studies have provided 

evidence for this idea by showing that the proportion of atoxigenic isolates recovered 

from the soil is lower than that recovered from the phyllosphere (Bilgrami and 

Choudhary, 1993; Sweany et al., 2011).  When Bilgrami and Choudhary (1993) sampled 



 13 

for A. flavus in the soil, the air, and on various crops, they reported that incidence of 

toxigenic isolates was 78% in soil isolates in comparison to 41% in air isolates.  The high 

selection pressure in the soil is also reflected in the consistent toxigenicity observed in 

isolates of A. parasiticus, a close relative of A. flavus that is most commonly recovered 

from peanuts that grow underground (Dorner et al., 1984; Pildain et al., 2008). 

Determining the biological significance of aflatoxin is key to understanding why 

toxigenicity is selected for in the soil; however, the role that this secondary metabolite 

plays is still debated.  Proposed functions include signaling between species (Lillehoj, 

1991), involvement in fungal development (Trail et al., 1995; Kale et al., 1996), 

competition against microbes (Burmeister and Hesseltine, 1966; Arai et al., 1967; Wang 

et al., 2012), and protection against fungivorus arthropods (Matsumura and Knight, 1967; 

Reiss, 1975; Moore et al., 1978; Wright et al., 1982; Bennett and Christensen, 1983; 

Jarvis et al., 1984; Llewellyn et al., 1988; Demain and Fang, 2000; Rohlfs et al., 2007; 

Trienens et al., 2010; Rohlfs and Churchill, 2011).  There is evidence that aflatoxins have 

some bactericidal activity, particularly against certain Bacillus, Streptomyces, and 

Nocardia spp. (Burmeister and Hesseltine, 1966; Arai et al., 1967), but there is a lot of 

variation in aflatoxin resistance amongst strains even within a single species.  On the 

other hand, there is more consistent evidence of its insecticidal and larvicidal activity 

(Matsumura and Knight, 1967; Reiss, 1975; Moore et al., 1978; Wright et al., 1982; 

Bennett and Christensen, 1983; Jarvis et al., 1984; Llewellyn et al., 1988; Demain and 

Fang, 2000; Rohlfs et al., 2007; Trienens et al., 2010; Rohlfs and Churchill, 2011).  When 

Drosophila melanogaster larvae were placed in containment with either wild type A. 

flavus or A. flavus ΔlaeA mutants that lack the global secondary metabolite regulator 
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LaeA and thus cannot produce aflatoxin, larval survival was significantly lower when 

exposed to the wild type compared to the ΔlaeA mutant (Trienens et al., 2010).  

Additionally, when Folosomia candida (springtail) was fed on A. nidulans, an 

Aspergillus species that does not produce aflatoxin but produces its precursor 

sterigmatocystin, or an A. nidulans ΔlaeA mutant that is unable to produce 

sterigmatocystin, fungivory was greater on the ΔlaeA mutant compared to the wild type.  

Furthermore, the F. candida population that was fed on the mutant had a greater 

reproduction rate compared to the group feeding on the wild type (Rohlfs et al., 2007).  

Genetic studies of several secondary metabolite regulatory proteins have revealed 

an association between aflatoxin production and sclerotial production, both of which are 

induced in the dark, further supporting the hypothesis that aflatoxin plays a role in the 

soil environment (Duran et al., 2007; Kale et al., 2008; Amaike and Keller, 2009; Amaike 

and Keller, 2011; Cary et al., 2012).  For a long time, sclerotia of A. flavus were 

considered to be asexual survival structures that consist of hardened masses of hyphae. 

However, recent studies have shown that in relatively rare instances, A. flavus is capable 

of undergoing sexual reproduction. The resulting sexual fruiting bodies, known as 

cleistothecia, are housed within the sclerotia, and meiotic ascospores form inside the 

cleistothecia (Geiser et al., 1996; Horn et al., 2009; Horn et al., 2014; Horn et al., 2016).  

Perhaps abundant sclerotial production in S isolates is a relic of a once predominantly 

sexually reproducing fungus; while the abundant conidia production in L isolates is 

indicative of a fungus adapted to a predominantly clonal lifestyle.  Aflatoxin production 

may have been selected for in S isolates to play a critical role in protecting the sexual 

fruiting bodies within the sclerotia from insect and larval predators in the soil (Bayram 
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and Braus, 2012), whereas it may have been lost in certain L isolates in association with 

their reduced sclerotial production and reduced fungivory in the phyllosphere. 

 

Evolution of S and L morphotypes 

The taxonomy of A. flavus has been revised repeatedly and recent revisions using 

multi-locus sequence analyses have removed several closely related A. flavus-like fungi, 

A. minisclerotigenes and A. parvisclerotigenus, from the species (Frisvad et al., 2005; 

Pildain et al., 2008; Soares et al., 2012).  In addition to these taxa, isolates of lineages 

‘SB’ and ‘SBG’ form independent clades distinct from A. flavus, suggesting they are 

separate species as well (Probst et al., 2014), but these taxa have yet to be officially 

described.  Thus, currently known taxa most closely related to A. flavus are A. 

minisclerotigenes, ‘SB’, ‘SBG’, and A. parvisclerotigenus, all of which are 

morphologically similar to the A. flavus S morphotype and consistently toxigenic (Egel et 

al., 1994; Frisvad et al., 2005; Pildain et al., 2008; Probst et al., 2014).  This suggests that 

the ancestral state in A. flavus was the S morphotype and was toxigenic.  Analysis of the 

intergenic regions and introns of the aflatoxin gene cluster suggests that the L 

morphotype diverged from the S morphotype 1 to 3 million years ago (Ehrlich et al., 

2005).  However, the study only included one S isolate and two L isolates, thus the 

limited taxon sampling does not reveal whether the L morphotype evolved once or 

multiple times within A. flavus.  Furthermore, the aflatoxin gene cluster may not be 

suitable for use in phylogenetic analyses because it is likely to be under selection.  

Many studies have investigated the phylogenetics of A. flavus morphology and 

aflatoxin production (Bayman and Cotty, 1993; Egel et al., 1994; Egel et al., 1994; Geiser 



 16 

et al., 2000; Ehrlich et al., 2003; Ehrlich et al., 2005; Chang et al., 2006; Chang and 

Ehrlich, 2010), nevertheless, the phylogenetic relationship between S and L morphotypes 

within A. flavus remains unclear.  Although these studies are not conducted with the goal 

of clarifying the relationship between S and L morphotypes, they have addressed this 

peripherally.  Geiser et al. (2000) analyzed sequences of amdS (acetamidase), omt (O-

methyltransferase within aflatoxin gene cluster), and trpC (tryptophan synthesis) and 

showed that S isolates belong to a single clade that also included a couple L isolates, and 

L isolates comprise several clades (Geiser et al., 2000).  Similar results were obtained by 

Chang et al. (2006) from analyzing single nucleotide polymorphisms (SNPs) within omt, 

and in addition, they showed that atoxigenic L isolates are polyphyletic (Chang et al., 

2006).  However, these studies were limited by a low number of A. flavus S isolates and 

did not assess a diverse population of S isolates.  A study by Probst et al. (2014) analyzed 

a greater diversity of S and L isolates using niaD (nitrate reductase) sequence, but 

branches with less than 85% bootstrap support values were collapsed suggesting a 

polytomy within the A. flavus clade.  Moreover, when Ehrlich et al. (2007) analyzed 

isolates from Thailand using sequences of the rDNA internal transcribed spacer region 

(nrITS), aflR – aflJ intergenic region of the aflatoxin gene cluster, and taka-amylase A, 

they showed that both S and L morphotypes are polyphyletic within A. flavus (Ehrlich et 

al., 2007).  In this study, support values for clades within A. flavus were low and tree 

topologies were incongruent between loci, thus the polyphyly cannot be inferred with 

confidence.  Furthermore, many of these studies used loci within the aflatoxin gene 

cluster despite it being unfavorable for phylogenetics; however, finding loci suitable for 

intraspecific phylogenies for A. flavus has proven challenging because commonly used 
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loci, such as nrITS and beta-tubulin, are highly similar in sequence (K. Callicott, personal 

communication; Rodrigues et al., 2007), which can result in polytomies.  Therefore, to 

clarify whether the L morphotype evolved once or multiple times within A. flavus, 

phylogenetic analyses that incorporate diverse taxon sampling of S and L isolates and 

those that use loci that are not under selection are necessary.  

 

Gaining insights into niche adaptation of S and L morphotypes of Aspergillus flavus 

by comparative genomics 

Comparative genomics have been used to study niche adaptation in a diversity of 

organisms; from prokaryotic microbes to eukaryotic animals, and in varying scales of 

ecological divergence; from differences in host specificity to differences in geographic 

regions (Glaser et al., 2001; Thomson et al., 2003; Chen et al., 2007; Bentley et al., 2008; 

Stukenbrock et al., 2010; Klosterman et al., 2011; Wu et al., 2011; Jones et al., 2012; 

Chang et al., 2013; Kolton et al., 2013; Stukenbrock, 2013; Grandaubert et al., 2014; 

Senan et al., 2014; Zhang et al., 2014; Berner and Salzburger, 2015; Milani et al., 2015; 

Twyford and Friedman, 2015; Wu et al., 2015).  On a structural scale, chromosomal 

rearrangements such as duplications, deletions, insertions, inversions, and translocations 

are proposed to play major roles in evolution that can lead to adaptation (Schmidt and 

Hensel, 2004; Kirkpatrick, 2010; Stukenbrock, 2013; Guttman et al., 2014; Leducq, 

2014; Raeside et al., 2014; Seidl and Thomma, 2014).   

In the case of duplications, the redundant genomic material can diverge to gain 

novel function or create expansions in gene families. In some fungi, duplications are 

thought to contribute to their increased ability to utilize specific substrates (Gresham et 
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al., 2008; Klosterman et al., 2011; Chang et al., 2013; Seidl and Thomma, 2014; Van der 

Nest et al., 2015).  For example, in Saccharomyces cerevisiae, segmental duplication of 

chromosomes increases the copy number of genes involved in copper regulation, 

allowing certain strains to be highly copper tolerant (Chang et al., 2013).  These 

chromosomal rearrangements were shown to revert back to the configuration present in 

less copper tolerant strains when grown under low copper conditions, indicating their role 

in adaptive evolution when selection is present (Chang et al., 2013).   

Deletions may generally be thought to reduce fitness if genomic material 

containing advantageous genes is lost; however, in some plant pathogens, deletion of 

effector molecules that are recognized by the host plant’s immune system has resulted in 

gain of virulence on existing hosts and development of pathogenicity on novel hosts (van 

Kan et al., 1991; Orbach et al., 2000; Guttman et al., 2014; Seidl and Thomma, 2014).  

Similarly, insertion of pathogenicity genes in non-pathogenic organisms can allow these 

organisms to adapt to the host’s environment to cause disease, and to reduce the host’s 

fitness (Schmidt and Hensel, 2004).  As an example, comparative genomics of Listeria 

monocytogenes, a food-borne pathogen, and its non-pathogenic relative, L. innocua 

identified three genes involved in bile salt degradation that are unique to L. 

monocytogenes (Glaser et al., 2001).  Deletion of these genes in L. monocytogenes 

resulted in significantly reduced growth on bile-containing media, suggesting the genes 

play a role in adapting to the mammalian intestinal environment by resisting the 

antimicrobial properties of bile (Dussurget et al., 2002; Begley et al., 2005).  

In the case of inversions and translocations, the gene content may not change, but 

they can affect pairing of homologous chromosomes during meiosis and result in reduced 
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fertility, thus leading to reproductive isolation (Noor et al., 2001; Delneri et al., 2003; Liti 

et al., 2006; Kirkpatrick, 2010; Lowry and Willis, 2010; Ayala et al., 2011; Seidl and 

Thomma, 2014; Twyford and Friedman, 2015).  Because recombination is suppressed in 

these regions, such rearrangements can maintain favorable allele combinations, which are 

advantageous in new environments, that may otherwise be subject to separation by 

recombination (Kirkpatrick and Barton, 2006; Stukenbrock, 2013; Seidl and Thomma, 

2014).  Inversions within a gene cluster can have a phenotypic effect as well and this has 

been demonstrated using the DAL cluster that enables utilization of allantoin under 

nitrogen limited conditions in yeasts (Naseeb and Delneri, 2012).  The DAL clusters of S. 

cerevisiae and Naumovia castellii differ by an inversion, and S. cerevisiae grows 

significantly better on allantoin compared to N. castellii.   When an inversion that mimics 

the DAL cluster configuration in N. castellii was introduced into S. cerevisiae, its growth 

was reduced on allantoin suggesting the inversion enables adapting to low nitrogen 

environments (Naseeb and Delneri, 2012).  In addition to the chromosomal 

rearrangements mentioned above, point mutations, transposable elements, and the 

presence of dispensable chromosomes, have been indicated to play a role in adaptation to 

different hosts and environmental conditions (Friesen et al., 2006; Poláková et al., 2009; 

Ma et al., 2010; Chuma et al., 2011; Grandaubert et al., 2014; Seidl and Thomma, 2014; 

Van der Nest et al., 2015; Satomura et al., 2016).  

The following chapter presents a comparative genomics study to test the 

hypothesis that S and L morphotypes of A. flavus evolved to adapt to the soil and 

phyllosphere respectively.  The soil community is rich, not only with microbes, but also 

with small animals such as insects and worms, resulting in a highly competitive 
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environment.  The soil is predicted to contain 40 – 80% of the total fauna biomass and the 

soil microbial biomass is estimated to be 50 times greater than the soil fauna biomass, 

indicating the richness of the soil community (Delmotte et al., 2009).  Although nutrients 

are more readily available in the soil relative to the phyllosphere, successful colonization 

of the soil requires nutrient acquisition amidst competition.  In such environments, the 

ability to resist or combat against predation and produce antimicrobial compounds would 

be advantageous.  Thus, we hypothesize that aflatoxin toxigenicity is maintained in the S 

morphotype to protect against fungivory and microbial competition that is prevalent in 

the soil. 

In contrast, the phyllosphere is a hostile environment that is exposed to high 

levels of ultraviolet light and constant changes in temperature, unlike the soil that is 

buffered from these changes (Lindow and Brandl, 2003; Whipps et al., 2008; Vorholt, 

2012; Bulgarelli et al., 2013; Bringel and Couée, 2015).  Species diversity on leaf 

surfaces is relatively low, with Alphaproteobacteria being the most abundant (Lindow 

and Brandl, 2003; Delmotte et al., 2009).  Thus, we hypothesize that the reduced pressure 

from insect fungivory and microbial competition in the phyllosphere leads to reduced 

evolutionary pressure to maintain toxigenicity, and allowed the evolution of atoxigenic L 

isolates.  On the other hand, water and nutrient availability on the surface of leaves is 

low, since the waxy cuticle limits passive diffusion of water and nutrients (Whipps et al., 

2008; Vorholt, 2012; Bringel and Couée, 2015). Therefore, organisms adapted to an 

oligotrophic lifestyle or those that can invade the waxy cuticle would be better adapted to 

this niche (Whipps et al., 2008; Vorholt, 2012)}.   Thus, in addition to needing strategies 

to withstand abiotic stresses, the L morphotype would also require a different repertoire 
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of enzymes than the S morphotype to be successful in colonizing the phyllosphere 

(Gourion et al., 2006; Delmotte et al., 2009; Iguchi et al., 2013).  If the S and L 

morphotypes have differentiated in the niches they occupy, we expect to see not only 

genomic differences related to differences in developmental morphology, but also 

differences related to traits such as secondary metabolism, enzyme production, and stress 

regulators, that can be advantageous in soil and phyllosphere environments, respectively.  

 

Dissertation format 

The manuscript that compares the genomes of A. flavus S and L morphotypes is 

attached in Appendix A.   

In addition to the comparative genomics study of A. flavus, the dissertation also 

includes two manuscripts, as Appendices B and C, that study the systematics of an 

emerging snake pathogen, Ophidiomyces ophiodiicola.  These studies were instigated 

when two diseased snakes were brought to the Pennsylvania State University Animal 

Diagnostic Laboratory showing symptoms of lesions and granulomas throughout the 

body.  A fungus was isolated from the lesions and initial molecular analysis using the 

nrITS region showed 93% sequence identity to Coccidioides immitis, suggesting it was a 

close relative of the causal agent of Valley Fever.  The Orbach laboratory at the 

University of Arizona that conducts research on Valley Fever was contacted for a more in 

depth analysis of the pathogen.  Descriptive and phylogenetic analyses identified the 

pathogen to be Ophidiomyces ophiodiicola, the causal agent of an emerging reptilian 

disease known as snake fungal disease.  In the United States, the pathogen has been 

recovered from snakes in the northeast, southeast, and midwestern states (Rajeev et al., 
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2009; Clark et al., 2011; Dolinski et al., 2014; Tetzlaff et al., 2015), and the disease is 

considered a threat to the rattlesnake populations in the United States (Allender et al., 

2011; Allender et al., 2015).  A published manuscript (Ohkura et al., 2016) describing the 

characterization of the pathogen and reporting its presence in Pennsylvania is attached in 

Appendix B.  Identification of the snake pathogen proved challenging, because O. 

ophiodiicola was originally described as a member of Chrysosporium, which is a 

polyphyletic genus lacking clear boundaries (Vidal et al., 2000).  Therefore, to facilitate 

accurate identification and tracking of the pathogen in the future, an in-depth review of 

taxa that resemble O. ophiodiicola was performed to differentiate Chrysosporium and 

Chrysosporium-like fungi.  The manuscript of the review is presented in Appendix C.  
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Abstract 

Aspergillus flavus is the primary causal agent for aflatoxin contamination on crops, but 

strains within the species vary in toxigenicity.  Isolates within A. flavus can be divided 

into two distinct morphologies: the S morphotype produces numerous small sclerotia and 

lower numbers of conidia while the L morphotype produces fewer large sclerotia and 

abundant conidia.  Isolates of the S morphotype consistently produce aflatoxin, whereas 

isolates of the L morphotype range from atoxigenic to highly toxigenic.  The production 

of abundant sclerotia by the S morphotype suggests adaptation for long-term survival in 

the soil, whereas the production of abundant conidia by the L morphotype suggests 

adaptation for aerial dispersal to the phyllosphere.  Selection pressure for aflatoxin 

production may be high in the soil favoring retention of toxin production, and low in the 

phyllosphere allowing atoxigenic isolates to survive.  To develop hypotheses on 

differential niche adaption, genomes of three S and three L morphotypes were compared 

to identify structural differences and proteins unique to each morphotype.  A 530 kb 

inversion was identified between the morphotypes, and the inversion breakpoints affect a 

secondary metabolite gene cluster and a cutinase gene.  Each morphotype also contained 

unique proteins involved in carbon/nitrogen metabolism, secondary metabolism, and 
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antimicrobial defense.  The S morphotype genomes contained a heme oxygenase that was 

absent in the L morphotype genomes, suggesting competitive iron acquisition may be 

advantageous in the soil.  On the other hand, the L morphotype genomes were enriched in 

amino acid transporters, suggesting efficient nitrogen transport may be critical in the 

nutrient limited phyllosphere.  These findings indicate the genomes of the two 

morphotypes differ beyond developmental genes, and may have diverged as they adapted 

to their respective niches.  

 

Introduction 

The saprotrophic fungus, Aspergillus flavus, is the primary causal agent of 

contamination in food crops by aflatoxins, highly carcinogenic secondary metabolites 

produced by members of the genus Aspergillus section Flavi (Schroeder and Boller, 

1973; Klich, 2002; Klich, 2007; Mehl et al., 2012).  Aflatoxins can cause health problems 

in both humans and animals and depending on the level of contamination, the toxins can 

cause cancer, immune suppression, and in acute cases, death (Goldblatt, 1969; Bennett 

and Klich, 2003; Probst et al., 2007).  This is a serious problem in developing countries 

where aflatoxin contamination is not regulated; aflatoxin-contaminated food and feed not 

only cause economic losses but also both acute and chronic health problems (Richard et 

al., 2003; Williams et al., 2004).  Repeated aflatoxicosis outbreaks have occurred in 

Kenya, and in 2004, one of the largest documented outbreaks resulted in a total of 317 

cases being reported and 125 deaths (CDC, 2004; Probst et al., 2007).  In developed 

countries, regulations for aflatoxin levels in food protect consumers from aflatoxin 

poisoning.  To meet regulations, contaminated food must be destroyed, or de-
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contaminated, both resulting in significant costs to producers (Richard et al., 2003; 

Mitchell et al., 2016).  

Although A. flavus is notorious for its ability to produce aflatoxin, isolates within 

the species vary in levels of toxin production and atoxigenic isolates are not uncommon.   

Within A. flavus are isolates with two distinct morphologies, namely the S (small 

sclerotia) and L (large sclerotia) morphotypes (Cotty, 1989).  S morphotype isolates 

produce numerous small sclerotia and conidiate poorly, whereas L morphotype isolates 

produce relatively fewer large sclerotia and abundant conidia (Cotty, 1989; FIG. 1).  The 

morphotypes differ in toxigenicity as well:  S isolates are consistently toxigenic, whereas 

L isolates vary greatly in toxin production ranging from atoxigenic to highly toxigenic 

isolates (Saito et al., 1986; Cotty, 1989).  On average, S isolates produce higher levels of 

aflatoxin than L isolates (Cotty, 1989; Cotty, 1997; Probst et al., 2010) and have 

etiological implications as causal agents in outbreaks (Cotty, 1997; Garber and Cotty, 

1997; Bock et al., 2004; Probst et al., 2007; Cotty et al., 2008).  On the other hand, 

atoxigenic L isolates are of particular interest for their use in biological control to 

outcompete toxigenic isolates from contaminating crops (Garber and Cotty, 1997; Cotty 

et al., 2008; Mehl et al., 2012). 

Morphological differences between A. flavus S and L isolates suggest they may be 

adapted to different niches:  the production of abundant sclerotia in S isolates is 

advantageous for long-term survival in the soil, whereas the production of abundant 

conidia in the L isolates is advantageous for aerial dispersal to the phyllosphere (Mehl et 

al., 2012).  A study by Sweany et al. (2011) provides support for this idea:  they report 

that more than 95% of isolates recovered from corn kernels in a study in Louisiana were 
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of L morphotype, whereas only 44% of soil isolates were of L morphotype with the 

remainder consisting of S morphotype.  A similar pattern was observed when comparing 

the frequency of L isolates and S isolates recovered from corn kernels and groundnut in 

Malawi (Ching’anda et al., 2016).  When evidence for niche adaptation is combined with 

the differences in toxigenicity observed between the S and L morphotypes, it suggests 

that selection pressure to maintain aflatoxin production varies in their respective niches: 

selection pressure may be high in the soil, leading to the retention of toxigenic S isolates 

in soil, whereas the selection pressure may be low in the phyllosphere, allowing the 

survival of atoxigenic or low toxin-producing L isolates (Mehl et al., 2012).  Studies have 

supported this idea by showing that the proportion of atoxigenic isolates recovered from 

soil is lower than that recovered from the phyllosphere (Bilgrami and Choudhary, 1993; 

Sweany et al., 2011).  When Bilgrami and Choudhary (1993) sampled for A. flavus in the 

soil, the air, and on various crops, they reported that incidence of toxigenic isolates was 

78% in soil isolates in comparison to 41% in air isolates.  Although the biological 

significance of aflatoxin is still debated, several studies have shown that it has 

antimicrobial activity against certain bacteria (Burmeister and Hesseltine, 1966; Arai et 

al., 1967; Wang et al., 2012) and insecticidal and larvicidal activity (Matsumura and 

Knight, 1967; Reiss, 1975; Moore et al., 1978; Wright et al., 1982; Bennett and 

Christensen, 1983; Jarvis et al., 1984; Llewellyn et al., 1988; Demain and Fang, 2000; 

Rohlfs et al., 2007; Trienens et al., 2010; Rohlfs and Churchill, 2011). 

In this study, we compared the genomes of S and L morphotype isolates to test the 

hypothesis that they evolved to adapt to the soil and phyllosphere respectively.  The soil 

community is rich, not only with microbes, but also with small animals such as insects 
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and worms.  Thus, the ability to resist or combat against predation via production of 

antimicrobial compounds may be advantageous to successfully colonize such 

environments.  Perhaps aflatoxin toxigenicity is maintained in the S isolates to protect 

against fungivory and microbial competition that is prevalent in the soil.  In contrast, the 

phyllosphere is a hostile environment that is exposed to high levels of ultraviolet light 

and fluctuations in temperature, unlike the soil that is buffered from changes in the 

atmosphere (Lindow and Brandl, 2003; Whipps et al., 2008; Vorholt, 2012; Bulgarelli et 

al., 2013; Bringel and Couée, 2015).  Species diversity on leaf surfaces is relatively low, 

with bacteria being the most abundant organisms (Lindow and Brandl, 2003; Delmotte et 

al., 2009).  We hypothesize that the relaxed pressure from insect fungivory and microbial 

competition in the phyllosphere allowed the evolution of atoxigenic L isolates.  On the 

other hand, the surface of leaves is characterized by low water and nutrient availability, 

because the waxy cuticle limits their passive diffusion (Whipps et al., 2008; Vorholt, 

2012; Bringel and Couée, 2015).  Therefore, organisms adapted to an oligotrophic 

lifestyle or those that can invade the waxy cuticle would be better adapted to this niche 

(Whipps et al., 2008; Vorholt, 2012).  Thus, in addition to needing strategies to withstand 

abiotic stresses, L isolates would also require a different repertoire of enzymes than the S 

isolates for successful colonization of the phyllosphere (Gourion et al., 2006; Delmotte et 

al., 2009; Iguchi et al., 2013).  If the S and L morphotypes have diverged in the niches 

they occupy, we expect to see not only genomic differences related to differences in 

developmental morphology, but also differences related to traits such as secondary 

metabolism, enzyme production, and stress regulators, for differential adaptation to the 

soil and phyllosphere environments.  
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Methods and Materials 

Phylogenetic analyses 

To determine the phylogenetic relationship between S and L morphotype isolates, 

DNA sequences of the 5’ half of tsr1 (ribosome biogenesis protein), 3’ half of tsr1, and 

cmd (calmodulin) genes were analyzed (Table 2).  Genomic DNA of eight S isolates, 22 

L isolates, and four outgroup isolates (Table 1; Cotty, 1989; Probst et al., 2012; Probst et 

al., 2014) were extracted from 7 day-old cultures grown at 31 oC in the dark on V8 agar 

(5 % V8 vegetable juice, 2 % NaCl, and 2 % agar, pH 5.2).  DNA extraction was 

performed using the method of Callicott and Cotty (2015).  Polymerase chain reactions 

(PCR) of each locus were performed using the primers and annealing temperatures listed 

in Table 2.   The reactions were performed in 25 L volumes using 3 ng of genomic 

DNA and Promega GoTaq® Green Master Mix (Madison, WI), following the 

manufacturer’s protocol.  Amplicons were sequenced at the University of Arizona 

Genetics Core using an Applied Biosystems 3730 DNA analyzer.  Forward and reverse 

sequences were edited and assembled using SeqTrace 0.9.0 (Stucky, 2012).  For each 

gene, sequences were aligned in MUSCLE (Edgar, 2004) and manually edited, trimmed, 

and assigned codon positions in Mesquite (Maddison and Maddison, 2017).  The three 

loci were concatenated and submitted to PartitionFinder v2.1.1 (Lanfear et al., 2016) to 

infer the best-fitting model of evolution among those available in RAxML (Stamatakis, 

2006) based on codon position.  The concatenated data were partitioned into five subsets, 

which were then implemented in RaxML for maximum likelihood analysis (Stamatakis, 

2006) using CIPRES (Miller et al., 2010).  Outgroup taxa consisted of A. 
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minisclerotigenes, and support was assessed using 1000 maximum likelihood bootstrap 

replicates. 

 

Genome sequencing, assembly, and annotation 

The genomes of three S morphotype isolates (AF12, AF70, and AZS) and three L 

morphotype isolates (BS01, DV901, and MC04) were 2 x 100 bp paired-end sequenced 

using the Illumina HiSeq 2000 (San Diego, CA) platform at the Arizona Genomics 

Institute.  Nucleotide coverage for each genome was 40x, 42x, 40x, 120x, 44x, and 123x 

for AF12, AF70, AZS, BS01, DV901, and MC04 respectively.  The genomes of BS01 

and MC04 were resequenced due to low coverage in the first sequencing run.  Genomic 

DNA was extracted from cultures that were grown in complete medium (1% glucose, 

0.3% yeast extract, 0.3% casein hydrolysate) for 3 days at 31 C.  The extraction was 

performed using a modified protocol from Kellner et al. (2005) by harvesting the mycelia 

by centrifugation and mechanically lysing the cells using a pestle.  Sequence reads were 

quality filtered (phred score > 15 for 4-base sliding window) with Trimmomatic v0.22 

(Bolger et al., 2014).  Optimal k-mer values to use for assembly were determined using 

VelvetOptimizer and by assessing the completeness of the assembly against the A. oryzae 

RIB40 genome (a domesticated species of A. flavus) using QUAST (Gurevich et al., 

2013).  Genomes were assembled with Velvet v1.2.10 using the following k-mers:  55, 

51, 53, 61, 57, 63 for AF12, AF70, AZS, BS01, DV901, and MC04 respectively.  

The genomes were annotated by MAKER v2.31 (Holt and Yandell, 2011) using 

the following parameters:  A training set of genes was obtained by SNAP (Korf, 2004), 

which were trained using the A. oryzae model available at 
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https://github.com/hyphaltip/fungi-gene-prediction-

params/blob/master/params/SNAP/aspergillus_oryzae.length.hmm.  AUGUSTUS (Holt 

and Yandell, 2011) predicted many gene fusions and thus was not used to predict genes 

for training.  For protein evidence, proteins from A. oryzae RIB40 (Aspgd version s01-

m08-r20; 11902 proteins) and A. flavus NRRL3357 (Uniprot proteins that were reviewed, 

have protein or transcript evidence, or have homology to other organisms; 1843 proteins) 

were used.  To avoid fragmented gene calls, genes were only predicted on contigs larger 

than 1 kb.  Single exon genes were allowed and only gene models with protein evidence 

were accepted.  To obtain the final set of gene calls, SNAP (Korf, 2004) and 

AUGUSTUS (Holt and Yandell, 2011) were trained on the training set of gene models, 

and MAKER (Holt and Yandell, 2011) was carried out using the same parameters as the 

training round, but allowing prediction of genes without protein evidence.  Gene calls 

were visualized using Apollo (Lee et al., 2013) to confirm they aligned with the protein 

evidence.  InterProScan 5.14.53 (Jones et al., 2014) and SwissProt 2014_08 release 

(Boeckmann et al., 2003) were used to predict functions on the gene models. 

 

Identification of structural variations between morphotypes 

To identify large structural variations between the morphotypes, contigs of each 

genome were assembled into pseudogenomes based on the chromosomes of A. oryzae 

RIB40 with CoGE Synmap (Lyons and Freeling, 2008).  Syntenic analysis was 

performed by comparing each pseudogenome against the remaining five genomes using 

Symap v4.2 (Soderlund et al., 2011).  In addition, the presence of the inversion on 

https://github.com/hyphaltip/fungi-gene-prediction-params/blob/master/params/SNAP/aspergillus_oryzae.length.hmm
https://github.com/hyphaltip/fungi-gene-prediction-params/blob/master/params/SNAP/aspergillus_oryzae.length.hmm
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chromosome 8 was confirmed by PCR using primers listed in TABLE 2.  Amplification 

of the 5’ half of tsr1 was used as a positive control for these reactions. 

To identify smaller structural variations between the S and L morphotypes, 

paired-end and split read analyses were performed (Rausch et al., 2012).  Contigs of AZS 

and DV901 were used as references for the S morphotype and L morphotype, 

respectively because they had the highest N50 values indicating the best assemblies.  

Trimmed reads of AF12, AF70, BS01, DV901, and MC04 were mapped to the contigs of 

AZS, and trimmed reads of AF12, AF70, AZS, BS01, and MC04 were mapped to the 

contigs of DV901 with Bowtie2 v2.2.4 (Langmead and Salzberg, 2012).  DELLY v0.6.1 

(Rausch et al., 2012) was used to identify deletions, duplications, transpositions, and 

inversions from the mapping output.  Structural variants with evidence from as few as 

one pair of mapping reads were kept, because the structural variations specific to each 

morphotype were determined by its presence in all three genomes of the morphotype.  To 

identify structural variants that are only present in the genomes of the S morphotype, 

first, the multiIntersect feature in BEDtools v2.23 (Quinlan and Hall, 2010) was used to 

identify structural variants that AF12, AF70, and AZS had in common against DV901.  

Next, out of the structural variants that may be unique to the S isolates vs. DV901, those 

that were also present in comparisons between DV901 and other L isolates (BS01 and 

MC04) were eliminated.  Only S isolate variants that were not present in the L to L 

isolate comparisons were defined as S-specific.  Similarly, to identify structural variants 

that are only present in the genomes of the L morphotype, first, the structural variants that 

BS01, DV901, and MC04 had in common against AZS were identified, and next, out of 

the variants, those that were also present in the comparisons of AF12 and AF70 against 
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AZS were removed; thus, only L isolate variants that were not present in the S to S 

isolate comparisons were defined as L-specific.  The presence of deletions larger than 5 

kb and all remaining structural variations identified by DELLY were confirmed using the 

CoGe GEVO (Lyons and Freeling, 2008) as well. 

 

GO term enrichment and gene family expansion/contraction analyses 

GO term enrichment analysis between the genomes of the two morphotypes was 

carried out by the hypergeometric test (p < 0.05) in OrthoVenn (Wang et al., 2015).  

Protein families were determined by the Pfam annotations (Finn et al., 2016) from 

InterProScan (Jones et al., 2014).  Protein families that were unique in each morphotype 

were confirmed manually by BLASTn analysis (Altschul et al., 1990) of the genes 

against the genomes of the other morphotype and with the CoGE genome browser (Lyons 

and Freeling, 2008):  if the DNA sequence for the protein was present in the genomes of 

the other morphotype, this indicated a likely misannotation in that morphotype, thus the 

protein family was removed from the expansion/contraction list.  Protein family 

expansion/contraction analyses were carried out by CAFÉ v3.1 (p-value < 0.05; Bie et 

al., 2006).  Error rates were determined using the utility script provided in the CAFÉ 

package (Bie et al., 2006), and lambda values were sought for the genomes of S and L 

morphotypes individually.  To supply a tree structure to CAFÉ, a phylogeny was built 

using single copy orthologous genes from the six genomes by Orthofinder v1.1.4 (Emms 

and Kelly, 2015).  Functional enrichment of Pfam categories between the two 

morphotypes was carried out using the hypergeometric test (p-value < 0.05) in 

GeneMerge v1.4 (Castillo-Davis and Hartl, 2003).  
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Identification of morphotype unique proteins 

Morphotype unique proteins were defined as those encoded by a gene in the same 

position in all three genomes of one morphotype, and lacking orthologs in all three 

genomes of the other morphotype.  Proteins from the six genomes were clustered using 

Orthofinder (Emms and Kelly, 2015) and positionally orthologous genes were clustered 

using progressiveMauve (Darling et al., 2010).  As an intraspecific analysis, positional 

information from progressiveMauve (Darling et al., 2010) was used to eliminate clusters 

that contain non-orthologous proteins that share local alignments of protein domains.  

Clusters shared by both clustering methods were extracted and filtered to clusters that 

contain proteins from only the three S morphotype genomes or only the three L 

morphotype genomes.  These clustering approaches can fail to include orthologs that are 

truncated or misannotated from its appropriate cluster; therefore, genes from these 

clusters were further analyzed by BLASTn analysis (e-value <1e-10; Altschul et al., 

1990) against all contigs of the other morphotype.  Clusters that contained hits with 

≥80% query coverage per subject and ≥80% identity were removed and genes in the 

remaining clusters were designated as morphotype unique proteins.  The chromosomal 

locations of these morphotype unique proteins were visualized on their pseudogenomes 

using CViT v1.2.1 (Cannon and Cannon, 2011).   

 

Identification of genes under selection between morphotypes 

To identify genes under selection, the POTION 1.1.2 pipeline (Hongo et al., 

2015) was implemented on clusters from Orthofinder (Emms and Kelly, 2015) that 

contained single-copy orthologs from all six genomes with >80% sequence identity.  
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Genes with evidence of recombination were identified with PhiPack (Bruen et al., 2006) 

and removed using default parameters.  Multiple sequence alignment was performed 

using MUSCLE (Edgar, 2004), protein-guided codon alignments were created using a 

subroutine within POTION (Hongo et al., 2015), sequences were trimmed with trimAL 

(Capella-Gutiérrez et al., 2009), and phylogenetic tree reconstruction was performed with 

PhyML (Guindon et al., 2009).  Likelihood ratio tests for selection were performed using 

the m12 (codeml M1a/M2) and m78 (codeml M7/M8) nested site models with PAML 

codeml (Bruen et al., 2006).  Genes under selection were identified in each genome 

relative to the three genomes of the other morphotype using a q-value < 0.05 cutoff 

(corrected p-value for multiple testing) in either the m12 or m78 model test.  Next, to 

determine genes under selection specific to each morphotype, clusters that contain genes 

under selection in all three genomes of a morphotype were identified.  

 

Additional annotation of proteins:  Secondary metabolite clusters, antibiotic resistance 

genes, CAZy, and peptidases 

Identification of secondary metabolite clusters was performed by SMURF (Khaldi 

et al., 2010).  Proteins that are predicted to confer antibiotic resistance were identified 

using the BLASTp function provided in the comprehensive antibiotic resistance database 

(CARD; Jia et al., 2017) using ‘strict’ as the cutoff parameter.  Carbohydrate-active 

enzymes (CAZy) in each genome were identified by analyzing protein sequences with 

HMMER3 against the dbCAN database (Yin et al., 2012).  Identification of peptidases 

and peptidase inhibitors was carried out by the MEROPS 10.0 batch BLAST program 

(Rawlings et al., 2012).  CAZy and MEROPS categories that were unique to each 
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morphotype were confirmed manually by BLASTp analysis (Altschul et al., 1990) of the 

protein against the NCBI nr database (NCBI Resource Coordinators, 2017): if proteins 

with similar sequences in the database were not annotated with a function similar to that 

suggested by the CAZy or MEROPS categories, their CAZy and MEROPS annotations 

were removed.  

 

Results 

Phylogenetic analysis 

A maximum likelihood tree with support values (>50%) is presented in FIG. 2. 

The S isolates used in the current genomic analyses along with S isolate Yuin20 formed a 

distinct clade from most other A. flavus isolates with high support.  The major clade 

(indicated with the arrow in FIG. 2) included all L isolates except Sukhothai16, as well as 

some S isolates; five of these S isolates formed a subclade.  The three L isolates used for 

the genomic analyses placed within this major clade.  The number of polymorphic sites 

was low among the A. flavus isolates and thus resolution within the major clade was 

limited.  Two isolates, L isolate Sukhothai16 and S isolate Sanpotong22, placed separate 

from these described clades. 

 

Genome assembly and annotation 

A summary of the genome assemblies and annotations are listed in Table 3.  The 

genome assemblies of the S morphotype isolates ranged in size from 38.1 Mb – 38.3 Mb 

(N50 values of 0.86 Mb – 1.14 Mb), and those of the L morphotype isolates ranged in 

size from 37 Mb – 37.5 Mb (N50 values of 0.93 Mb – 1.03 Mb).  The predicted number 
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of genes ranged from 13,368 – 13,374 for the S morphotype genomes, and 13,256 – 

13,292 for L morphotype genomes.  On average, the S morphotype genomes are larger by 

1 Mb and contain 99 more genes.  These assemblies are similar in size and gene numbers 

to previously sequenced genomes of A. flavus NRRL3357 (L morphotype; Nierman et al., 

2015) and A. oryzae RIB40 (Machida et al., 2005) that are 37 Mb with 13,485 predicted 

genes, and 37 Mb and 12,074 predicted genes, respectively.  Predicted repetitive DNA 

content was slightly higher in the S morphotype genomes ranging from 1.7 - 1.86 % 

relative to the L morphotype genomes that ranged from 1.29 – 1.49 %.  These values are 

considered to be an underestimate of the actual repetitive DNA content because repetitive 

regions do not assemble well from short sequence reads.  

 

Structural variations between morphotypes 

Synteny analysis revealed an inversion on chromosome 8 between the S and L 

morphotype genomes that is ≈531 kB and ≈551 kB in the L morphotype and S 

morphotype genomes respectively (FIGS. 3 and 4).  Using AZS and DV901 to represent 

the S and L morphotype genomes, the inversion contained 213 genes in AZS and 208 

genes in DV901.  The majority of genes in the inversion had orthologs between AZS and 

DV901, except for three genes that were identified as S morphotype unique proteins 

(morphotype unique protein results are presented below), one gene that was identified as 

an L morphotype unique protein, and one gene that was present in S isolates in a region 

deleted in the L morphotype genomes but that was not detected in the morphotype unique 

protein analysis.  In the S morphotype genomes, the borders of the inversion affect two 

secondary metabolite gene clusters on each end.  The inversion starts at the end of a 
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polyketide synthase (PKS) gene (inversion breakpoint A in FIG 4.) and ends at the end of 

another PKS gene (inversion breakpoint B in FIG 4).  In the L morphotype genomes, the 

inversion starts at a PKS gene that is a fused product of the two PKS genes that are at the 

margins of the inversion in the S morphotype genomes (inversion breakpoint C in FIG. 4), 

and ends within a cutinase gene, that is not encoded in the S morphotype genomes 

(inversion breakpoint D in FIG. 4).  The exception to this is the genome of DV901, where 

the cutinase gene was not predicted at the inversion breakpoint due to a SNP that yielded 

a premature stop codon.  A secondary metabolite cluster predicted by SMURF was also 

present within the inverted region in both morphotypes.  The presence of the inversion 

was confirmed by PCR using the primers depicted at each inversion breakpoint in FIG. 4 

and listed in TABLE 2.  Primer pairs used to detect inversion breakpoints A and B (FIG. 

4), only yielded amplicons in the S morphotype isolates and primer pairs used to detect 

inversion breakpoints C and D only yielded amplicons in the L morphotype isolates (data 

not shown).  

In addition to synteny analysis, analysis by DELLY (Rausch et al., 2012) revealed 

31 deletions that are common to the S morphotype genomes relative to the L morphotype 

that ranged from 307 bp – 12,939 bp in size, three of which were larger than 5kb.  

Following manual inspection of deletions larger than 5kb with CoGE GEVO (Lyons and 

Freeling, 2008), the largest deletion was also present in MC04, thus was removed from 

consideration.  For the L morphotype genomes, there were 50 deletions relative to the S 

morphotype genomes that ranged from 151 bp – 14,979 bp in size, seven of which were 

larger than 5 kb.  Manual inspection with CoGE GEVO (Lyons and Freeling, 2008) 
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confirmed that all the deletions larger than 5 kb were only present in the three L 

morphotype genomes.   

L morphotype genes that were at the margins of, or within deletions larger than 1 

kb in S morphotypes are listed in TABLE 7 (genes present in the L morphotype but 

missing in the S morphotype) using the genes in DV901 to represent the L morphotype., 

Only one deletion in the S morphotype genomes overlapped with secondary metabolite 

clusters predicted by SMURF (Khaldi et al., 2010).  This 575 bp deletion was present 

within the aflatoxin gene cluster affecting the annotation of the cypA gene that encodes a 

cytochrome P450 monooxygenase required for the production of G aflatoxins (Ehrlich et 

al., 2004).  L morphotype genes that were deleted in the S morphotype genomes included 

genes that encode proteins involved in carbon metabolism (a member of the glycosyl 

hydrolase family 12 and an alcohol dehydrogenase), nitrogen metabolism (a glutamine 

synthetase and a member of the NmrA-like protein family), and amino acid transport (a 

member of the proton-dependent oligopeptide transporter (POT) family) (TABLE 8). 

S morphotype genes that were at the margins of, or within deletions larger than 1 

kb in L morphotypes are listed in TABLE 8 (genes present in the S morphotype but 

missing in the L morphotype) using the genes in AZS to represent the S morphotype. 

Seven deletions in the L morphotype genomes overlapped with secondary metabolite 

gene clusters predicted by SMURF (Khaldi et al., 2010).  Genes present in the S 

morphotype, but deleted in the L morphotype, included genes that encode proteins 

involved in secondary metabolism (two polyketide synthases) and detoxification of 

compounds (four cytochrome P450s).  A schematic diagram of the two largest deletions 

in the S and L morphotype genomes are depicted in FIG. 5. 
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In addition to the deletions, DELLY (Rausch et al., 2012) analysis revealed four 

inversions common to S and L morphotype genomes and one duplication in the L 

morphotype genomes; however manual inspection of these structural variants using 

CoGE (Lyons and Freeling, 2008) could not confirm their presence.  There were no 

translocations that were detected by DELLY analysis (Rausch et al., 2012). 

 

GO term enrichment and gene family expansion/contraction analyses 

GO terms that were enriched in the genomes of each morphotype are listed in 

TABLE 4.  In particular, the S morphotype genomes were enriched in functions involved 

in secondary metabolism, such as the isoquinoline alkaloid biosynthetic process 

(GO:0033075), (S)-stylopine synthase activity (GO:0047052), and N-methylcoclaurine 

3'-monooxygenase activity (GO:0050593) that are involved in alkaloid biosynthesis or 

metabolism.  In addition, branched-chain amino acid biosynthetic process (GO:0009082) 

and dihydroxy-acid dehydratase activity (GO:0004160) may play a role in glucosinolate 

biosynthesis or in other pathways.  The S morphotype genomes were also enriched in 

processes generally known for lipid metabolism including fatty acyl-CoA biosynthetic 

process (GO:0046949) and medium-chain fatty acid-CoA ligase activity (GO:0031956).  

In the L morphotype genomes, enriched GO categories were exclusively involved in 

transportation of amino acids. 

Comparison of protein families between the S and L morphotype genomes 

revealed 68 protein families that are expanded in the S morphotype genomes with six of 

these unique to the S morphotype (TABLE 5).  None of the protein families were 

significantly expanded by CAFÉ analysis (p < 0.05) in either morphotype; however, the 
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hypergeometric test (p-value < 0.05) showed that the DUF3589 protein family of 

unknown function (PF12141; p-value = 0.016) was significantly enriched in the S 

morphotype genomes, with one protein containing two DUF3589 domains in S 

morphotype, and none in the L morphotype genomes.  CAZy annotation of the DUF3589 

family protein predicts it is a β-1,2-mannosyltransferase and BLASTp analysis (Altschul 

et al., 1990) of the protein against the NCBI nr database (NCBI Resource Coordinators, 

2017) showed sequence similarity to a β-mannosyltransferase of Candida albicans 

(KHC29884; 86% query coverage, 30% identity).  Among the S morphotype unique 

protein families, there were proteins involved in pyruvate metabolism (PF01326; 

pyruvate phosphate dikinase, PF00391and PF028966; PEP-utilising enzymes), an 

antifungal protein (PF11402), and a heme oxygenase (PF01126).  There were also 

noticeably more copies of the dehydratase (PF00920), chromate transporter (PF02417), 

ABC-2 transporter (PF01061), and ERG2 and Sigma 1 receptor like protein (PF04622) 

families.   

In the L morphotype genomes, 59 protein families were expanded and none were 

unique to the morphotype (TABLE 6).  The hypergeometric test showed the L 

morphotype genomes were significantly enriched in the LysM domain family (PF01476; 

p-value = 0.009) and Ankyrin repeats (3 copies) family (PF12796).  The LysM domain 

can bind peptidoglycan or chitin and some gene members in fungi are known to be plant 

pathogenicity effectors that allow evasion of the host immune system (Kombrink and 

Thomma, 2013).  Among the protein families that were expanded in the L morphotype 

genomes, there were noticeably more copies of the POT domain (PF00854) and amino 

acid permease (PF00324) and these findings correlate with the results from the GO 
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enrichment analysis that showed enrichment in amino acid transporters.  In addition, 

there were also more copies of protein families involved in nitrogen metabolism, and 

these include arginase (PF00491), serine aminopeptidase S33 (PF12146), peptidase 

family M28 (PF04389), prolyl oligopeptidase (PF00326), and trypsin (PF00089).  

 

Morphotype unique proteins 

To identify proteins unique to the S morphotype, clustering with Orthofinder 

(Emms and Kelly, 2015) revealed 304 clusters that consisted of proteins from only the S 

morphotype genomes (FIG. 3), and out of these, 279 were encoded by positionally 

orthologous genes by progressiveMauve (Darling et al., 2010) analysis.  These clusters 

were filtered further by eliminating those that contained genes with significant BLASTn 

hits (≥80% identity and ≥80% query coverage) (Altschul et al., 1990) against contigs of 

the L morphotype genomes.  This resulted in a total of 191 proteins that are unique to the 

S morphotype genomes.  Similarly, to identify proteins unique to the L morphotype, 

clustering with Orthofinder (Emms and Kelly, 2015) resulted in 189 clusters that 

consisted of proteins from only the L morphotype genomes (FIG. 3), and out of these, 

164 were encoded by positionally orthologous genes by progressiveMauve (Darling et 

al., 2010) analysis.   Filtering the clusters further by BLASTn analysis (Altschul et al., 

1990) resulted in a total of 82 proteins that are unique to the L morphotype genomes.  

Mapping the morphotype unique proteins on the pseudogenomes of AZS and DV901 

revealed that they are distributed across all chromosomes in both morphotypes (FIG. 7). 

The numbers of morphotype unique proteins identified using this approach is 

likely an underestimate, because morphotype unique proteins that developed through the 
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emergence of SNPs and pseudogenization of genes in one morphotype will not be 

detected since they maintain high sequence similarity between the genomes.    

The morphotype unique proteins that have predicted Pfam, CAZy, MEROPS, and 

SMURF annotations are listed in TABLE 9 (S morphotype unique proteins) and TABLE 

10 (L morphotype unique proteins).  Among the morphotype unique proteins, those that 

may play a role in niche adaptation, such as genes involved in environmental response, 

gene regulation, secondary metabolites, and nutrient metabolism are highlighted here. 

The S morphotype unique proteins included some that are putatively involved in 

environmental responses; one protein is in the SUR7/PalI family (PF01349; a putative 

environmental sensor) and there is another with a CS domain (PF04969) that is also 

predicted to have an Hsp90 binding site (BLASTp analysis against NCBI nr 

(NCBI Resource Coordinators, 2017; accession cd06463) suggesting it is a putative stress 

response protein.  There were also S unique proteins involved in gene regulation; four 

may play a role in transcriptional regulation (containing the fungal specific transcription 

factor domain; PF04082), putative post-transcriptional regulation (two proteins belonging 

to the Shwachman-Bodian-Diamond syndrome protein family; PF01172, involved in 

RNA metabolism), and putative epigenetic regulation (an RNA dependent RNA 

polymerase; PF05183, and a protein with a SET domain; PF00856, involved in histone 

methylation).  The S morphotype unique proteins also included several involved in 

nutrient metabolism.  Proteins that may play a role in carbon metabolism include an 

alcohol dehydrogenase (PF08240), an isocharismatase (PF00857), two glucose-methanol-

choline (GMC) oxidoreductases (PF05199, PF00732), a lactate/malate dehydrogenase 

(PF02866, PF00056), and a pyruvate phosphate dikinase (PF01326).  Proteins that may 
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play a role in nitrogen metabolism include an astacin (PF01400), a DJ-1/PfpI peptidase 

(PF01965), a fumarylacetoacetate (FAA) hydrolase (PF01557), and a carbon-nitrogen 

hydrolase (PF00795).  In addition, the S morphotype unique proteins included several 

proteins that indicate a role in microbial competition.  Those that may confer 

antimicrobial activity include a polyketide synthase (PF14765), an antifungal protein 

(PF11402), and a MAC/perforin (PF01823), and those that may play a role in detoxifying 

antimicrobials or toxic compounds produced by themselves or by others include six 

cytochrome P450s (PF00067), a glyoxylase/bleomycin resistance protein (PF00903), and 

a lipopolysaccharide kinase (PF06293). 

Similarly, among the L morphotype unique proteins, there were proteins involved 

in transcriptional regulation (seven fungal specific transcription factors; PF04082, 

PF011951), putative post-transcriptional regulation (DEAD box RNA helicase; PF00270, 

PF00076), and epigenetic regulation (lysine methyltransferase; PF10294).  In terms of 

nutrient metabolism, proteins were present that are involved in carbon metabolism (an 

alcohol dehydrogenase; PF08240), nitrogen metabolism (an arginase; PF00491, a trypsin; 

PF00089, and an FAA hydrolase; PF01557), and lipid metabolism (an acyl-CoA 

dehydrogenase; PF00441, PF02770, PF02771, and an enoyl-CoA hydratase; PF00378).  

Among the L morphotype unique proteins there were also proteins that that may confer 

antimicrobial activity (a protein with a Snoal-like domain; PF12680) and detoxify 

compounds (an RTA1-like protein; PF04479, and a cytochrome P450; PF00067). 
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Genes under selection 

Analysis by POTION (Hongo et al., 2015) identified 12 genes under selection in the S 

morphotype genomes (TABLE 11) and 2 genes under selection in the L morphotype 

genomes (TABLE 12).  Genes under selection in the S morphotype genomes were 

predicted to encode two fungal specific transcription factors (PF11951, PF04082), a 

polyprenyl synthetase (PF00348), a HET protein (PF06985), a eukaryotic cytochrome 

b561 (PF03188), a eukaryotic elongation factor 5A hypusine (PF01287), and other 

proteins with unknown functions.  The S morphotype genes under selection were 

distributed across chromosomes 1, 2, 3, 5, 6, 7, 8, and an unknown contig (assembled 

from contigs that did not map to A. oryzae RIB40).  The eukaryotic elongation factor 5A 

hypusine gene was the only gene under selection that was located within the large 

inversion identified on chromosome 8.  The genes under selection in the L morphotype 

genomes were predicted to encode a sugar transporter (PF00083) and a protein with an 

unknown function.  These genes were located on chromosomes 3 and 5. 

 

Differences in secondary metabolite clusters, antibiotic resistance proteins, CAZy, and 

MEROPS peptidases between morphotypes 

The number of secondary metabolite clusters and their backbone genes that were 

predicted by SMURF (Khaldi et al., 2010) are shown in FIG. 8A.  There was no notable 

difference in the number of secondary metabolite clusters between the morphotypes, but 

the S morphotype genomes contained 1 – 2 more copies of the PKS-like proteins and the 

L morphotype genomes contained 1 – 2 more copies of the HYBRID PKS-NRPS 

proteins.  From the analysis of morphotype unique proteins, 10 of the S morphotype 
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unique proteins belonged to five secondary metabolite clusters and three of the L 

morphotype unique proteins belonged to three secondary metabolite clusters, indicating 

the composition of several of the secondary metabolite clusters between the two 

morphotypes are different. 

The number of proteins predicted to confer antibiotic resistance in the S and L 

morphotype genomes is shown in FIG. 8B.  Comparison of comprehensive antibiotic 

resistance database (CARD) annotations showed that the S morphotype genomes have an 

additional copy of desR; a protein involved in self-resistance to antibiotics produced in 

Streptomyces venezuelae, and 1 – 2 additional copies of abcA; an ABC transporter that 

can confer resistance to methicillin, daptomycin, cefotaxime, and moenomycin (Jia et al., 

2017). The number of remaining CARD categories was the same in the genomes of both 

morphotypes.  None of the proteins annotated by CARD belonged to the morphotype 

unique protein set, but this is likely because the approach used to identify morphotype 

unique proteins was conservative. 

The carbohydrate active enzyme (CAZy) categories that were present in different 

copy numbers in the S and L morphotype genomes are represented in FIG. 8C.  

Comparison of CAZy annotations revealed that the S morphotype genomes contain a β-

1,2-mannosyltransferase (GT91) that is unique to the morphotype, which was identified 

in the morphotype unique protein analysis as well.  In addition, the S morphotype 

genomes contained more copies of three carbohydrate esterase families: CE1, CE5 that 

contain cutinases, and CE10 that act on non-carbohydrate substrates.  The S morphotype 

also contains more members of three glycoside hydrolase families:  GH10 that contain 

xylanases, GH11 that also contain xylanases, and GH25 that contain lysozymes.  The L 
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morphotype genomes did not contain CAZy categories unique to the morphotype, but 

contained more copies of carbohydrate-binding module family 50 domains that bind to 

peptidoglycan and chitin (CBM50).   

Peptidase and peptidase inhibitor (MEROPS) categories that were present in 

different number of copies in the S and L morphotype genomes are represented in FIG. 

8D.  Comparison of MEROPS annotations revealed that the S morphotype genomes 

contained more copies of PfPI endopeptidase (C56) family, whereas the L morphotype 

genomes contained more copies of aminopeptidase Y (M28E), chymotrypsin (S01A), and 

D-Ala-D-Ala carboxypeptidase B (S12) families.   

 

Discussion 

The differences in developmental morphology between the S and L morphotypes 

of A. flavus suggest that the S morphotype is adapted to survival in the soil and the L 

morphotype is adapted to aerial dispersal to the phyllosphere.  The fact that the 

morphotypes also exhibit differences in aflatoxin production suggests that selection 

pressure to maintain toxigenicity is high in the niche the S morphotype occupies, whereas 

it is lower in the niche that the L morphotype occupies.  To test the hypothesis that the 

two morphotypes are adapted to the soil and phyllosphere respectively, we compared the 

genomes of three S morphotype and three L morphotype isolates.   

Our results show differences in genome structure between the morphotypes that 

we believe may play a role in differential niche adaptation of the morphotypes.  Of 

particular interest was a >530 kB inversion on chromosome 8.  Inversions are implicated 

as major drivers of adaptation and speciation in many species (Kirkpatrick and Barton, 
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2006; Hoffmann and Rieseberg, 2008; Kirkpatrick, 2010), one reason being that 

homologous pairing during meiosis is limited in the inverted region, and therefore, can 

result in reduced fertility leading to reproductive isolation (Hoffmann and Rieseberg, 

2008).  Our phylogenetic analysis that included S and L morphotype taxa from diverse 

geographic regions does not resolve whether the S and L morphotypes form 

monophyletic clades due to the low polymorphism observed in the sequences.  However, 

it does indicate that the S and L morphotype isolates used in the genomic analyses belong 

to two distinct clades.  If mating occurred in the population ancestral to the S and L 

morphotypes, it is possible the inversion limited gene flow between isolates with 

different inversion configurations and formed distinct lineages.  A second reason 

inversions may play a role in adaptation is because the inversions can result in fortuitous 

changes via gene disruption or altering gene regulation at the breakpoints that benefit the 

organism in a different environment (Kirkpatrick and Barton, 2006).  In the S 

morphotype, there are two secondary metabolite gene clusters at the inversion 

breakpoints; if the compounds produced by these clusters are advantageous for microbial 

competition in the soil, this inversion configuration would be advantageous for soil 

survival.  On the other hand, in the L morphotype, one of the inversion breakpoints 

encodes a cutinase gene, which may favor this configuration for nutrient acquisition in 

the phyllosphere.  Finally, inversions may result in differential adaptation due to 

suppressed recombination within the inverted region leading to maintenance of allele 

combinations that are favorable in a specific niche (Kirkpatrick and Barton, 2006; 

Hoffmann and Rieseberg, 2008; Kirkpatrick, 2010).  Within the >530 kb inversion, a 

eukaryotic elongation factor 5A hypusine gene was under selection in the S morphotype, 



 61 

and genes encoding three S morphotype unique proteins (a hexapeptide repeat of succinyl 

transferase, a UbiA prenyltransferase, and an unknown protein) and an L morphotype 

unique protein (a protein with an FAD binding domain) were present.  Further, the 

inverted region in the S morphotype contained an additional cytochrome P450 gene that 

was absent in the L morphotype, although it was not detected in the morphotype unique 

protein analysis, likely due to the numerous cytochrome P450 genes in the genomes.  The 

inverted region may also contain genes with allelic differences between the morphotypes 

that were not under selection.  The suppressed recombination within the inversion would 

maintain these gene and allelic differences between the morphotypes.  However, to 

understand how these differences play a functional role in niche adaptation will require 

validation.  

The S and L morphotypes also differed in gene content with our analysis 

identifying 191 proteins unique to the S morphotype and 82 proteins unique to the L 

morphotype.  The approach used to identify morphotype unique genes in this study was 

conservative to avoid false positives due to misannotation, therefore, we expect there are 

additional genes that differ between the morphotypes that were not detected.  The genes 

that encode these proteins were distributed throughout the eight chromosomes, indicating 

they were not acquired through a single recombination or transfer event.  Within the 

morphotype unique proteins, were proteins involved in environmental response, 

transcriptional regulation, post-transcriptional regulation, and epigenetic regulation.  

These differences between the morphotypes would potentially allow the morphotypes to 

respond to changes critical to the soil and phyllosphere that differ in nutrient availability, 

competition within the niche, and ambient conditions.  
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In recent years, metagenomic studies of the soil/rhizosphere and phyllosphere 

microbiomes show evidence that microbial communities that inhabit these niches are 

different (Delmotte et al., 2009; Knief et al., 2012; Lundberg et al., 2012).  Therefore, to 

be effective in competing against the specific microbial communities they encounter, 

microbes adapted to the soil and phyllosphere are likely to require a different arsenal of 

antimicrobial compounds and defense mechanisms.  Our analysis reveals that the S and L 

morphotype genomes have differences in gene composition of secondary metabolite 

clusters, suggesting the profile of secondary metabolites the two morphotypes produce 

are different.  Moreover, in the L morphotype genomes, seven of the deletions, which 

included the deletion of two PKS genes, occurred within predicted secondary metabolite 

clusters, compared to only one deletion affecting a secondary metabolite cluster in the S 

morphotype genomes.  The one deletion in the S morphotype that was present in a 

secondary metabolite gene cluster was a 575 bp deletion in the cypA gene of the aflatoxin 

gene cluster that is required for aflatoxin G production (Ehrlich et al., 2004).  Isolates of 

A. flavus do not produce aflatoxin G, and the lack of aflatoxin G production has been 

attributed to known deletions of different sizes in the cypA and its neighboring norB gene 

(Ehrlich et al., 2004; Probst et al., 2012; Probst et al., 2014; Adhikari et al., 2016); 

therefore this 575 bp deletion is unlikely to bring about a functional difference because it 

is part of a bigger deletion that alters the function of cypA in both morphotypes.  The 

deletions in the secondary metabolite clusters of the L morphotype suggest there is lower 

selective pressure to maintain them in the phyllosphere than in the soil, similar to how 

maintenance of aflatoxin production has been selected for in the S morphotype.  Because 

microbial diversity is lower in the phyllsophere compared to the soil (Delmotte et al., 
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2009; Knief et al., 2012), soil adapted microbes may require the production of more 

diverse antimicrobial compounds to be competitive.  A previous metagenomics study 

showed polyketide biosysnthesis genes to be enriched in the soil microbiome (Tringe et 

al 2005), supporting these findings as well.  In addition to differences in secondary 

metabolite genes, the S morphotype unique proteins included an antifungal protein and 

copies of this protein family were absent in the L morphotype genomes.  BLASTp 

analysis (Altschul et al., 1990) of the protein sequence against the NCBI nr database 

(NCBI Resource Coordinators, 2017) showed high similarity to the well-studied 

antifungal protein Pc24g00380/PAF in Penicillium chrysogenum (98% query coverage, 

68% identity, e-value 4e-38; Marx et al., 1995).  PAF is known to have antifungal 

activity against diverse fungal taxa (Kaiserer et al., 2003; Galgóczy et al., 2005; 

Galgóczy et al., 2007; Barna et al., 2008; Galgóczy et al., 2008) and the antifungal 

activity of PAF has also been tested against an L morphotype of A. flavus (NRRL3537), 

which showed only mild sensitivity (Kaiserer et al., 2003).  This suggests that although 

the L morphotype does not produce the toxin, it is capable of detoxifying it.  The 

phyllosphere community consists predominantly of bacteria with the population size of 

fungi expected to be lower (Vorholt, 2012), therefore, the antifungal protein in the S 

morphotypes could be more advantageous in the soil.  A study that compared antagonistic 

activity of soil and phyllosphere yeasts showed that yeasts isolated from the soil caused a 

stronger inhibition of growth on a diversity of filamentous fungi, supporting these 

findings (Hilber-Bodmer et al., 2017). 

In addition to differences in proteins involved in antimicrobial activity, we 

observed differences in proteins that play a role in detoxifying natural compounds and 
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toxic chemicals as well.  These may be involved in self-resistance to compounds 

produced by itself, detoxification of compounds produced by plants and other microbes, 

or detoxification of toxic chemicals in the environment.  Heavy metal tolerance has been 

implicated as an important trait in the adaptive evolution of other soil dwelling organisms 

(Ryan et al., 2009; Chan et al., 2016; Faddeeva-Vakhrusheva et al., 2016).  The S 

morphotype genomes contained two or more additional copies of a chromate transporter 

compared to the L morphotype, which suggests increased resistance to chromate toxicity 

may aid in soil survival.  In addition, the S morphotype genomes contained two copies of 

the ERG2 and Sigma 1 receptor-like family protein (PF04622), also known as C-8 sterol 

isomerase in ergosterol biosynthesis, whereas the L morphotype only contained one.  

Ergosterol biosynthesis genes, C-8 sterol isomerase and C-14 sterol reductase, are known 

targets for amine antifungals that can be isolated from microbes including soil bacteria 

(Trejo and Bennett, 1963; Vicente et al., 2003; Hull et al., 2012; Vincent et al., 2013; 

Sanglard, 2016).  Fusarium graminearum contains two paralogous genes of C-14 sterol 

reductase that differ in amino acid sequence, and deletion of one of the genes showed a 

significant increase in sensitivity to amine fungicides (Liu et al., 2011). Similarly, the 

additional copy of C-8 sterol isomerase in the S morphotype that differs in amino acid 

sequence from the orthologous copies present in the two morphotypes (data not shown) 

may confer resistance against antifungal compounds as well. 

Nutrient availability as well as microbial pressure differs greatly in the soil and 

phyllosphere as well.  Nutrient availability in the soil and rhizosphere is influenced by 

root exudates that contain organic acids, sugars and amino acids, as well as sloughing of 

root cells, and degradation of organic matter by microorganisms (Rengel and Marschner, 
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2005; Turner et al., 2013; Dotaniya and Meena, 2015).  On the other hand, the 

phyllosphere is protected by a cuticle layer that limits diffusion of compounds and thus, 

is scarce in nutrients (Schönherr and Baur, 1996; Lindow and Brandl, 2003; Bringel and 

Couée, 2015).  Comparison of CAZy and MEROPS categories between the S and L 

morphotype genomes showed some differences in carbohydrate metabolizing enzymes 

and peptidases that indicate adaptation to differences in nutrient availability between 

these two niches.  Interestingly, for carbon metabolism, the S morphotype genomes 

contained a pyruvate phosphate dikinase and a lactate dehydrogenase located next to each 

other, and both enzymes were absent in the L morphotype.  Lactate dehydrogenase 

catalyzes the conversion of L-lactate to pyruvate, and pyruvate phosphate dikanase 

phosphorylates pyruvate to produce phosphoenolpyruvate.  Therefore, these two enzymes 

may allow the S morphotype to perform gluconeogenesis from lactate to utilize organic 

acids in the soil as an energy source.  Additionally, the S morphotype genomes contain a 

heme oxygenase, an enzyme that catalyzes the release of iron and biliverdin from heme, 

which is absent in the L morphotype.  Although both morphotype genomes contained 

genes for siderophore production, the presence of a heme oxygenase in the S morphotype 

may provide additional capacity to competitively acquire iron because iron mobility is 

limited in soils (Rengel and Marschner, 2005).  Possessing an iron acquisition strategy 

independent of siderophores has been suggested as an adaptive trait to ensure sufficient 

iron uptake in the soil for Burkholderia species as well (Rengel and Marschner, 2005).   

  Differences in capacity for nitrogen metabolism may also reflect niche adaptation.  

In the L morphotype genomes, there is a significant GO term enrichment of amino acid 

transporters as well as an expansion of POT family (proton-dependent oligopeptide 



 66 

transporter) proteins.  This could allow the L morphotype to utilize the limited nitrogen 

sources available in the phyllosphere as efficiently as possible.  Similarly, metagenomes 

of epiphytic bacteria are also known to contain a prominence of transporters that are 

involved in amino acid transport (Delmotte et al., 2009).  The L morphotype genomes 

also contain an additional copy of arginase, which catalyzes the breakdown of arginine 

into ornithine and urea.  Arginine constitutes a major storage and transport form of 

organic nitrogen in plants (Winter et al., 2015) and is shown to decrease significantly on 

the phylloplane in the presence of certain epiphytic bacteria (Ryffel et al., 2016).   

Therefore, the presence of the additional copies of arginase in the L morphotype may aid 

in competitive nitrogen acquisition in the presence of these bacteria, allowing the fungus 

to take advantage of the amino acid with the highest nitrogen to carbon ratio among other 

proteinogenic amino acids (Winter et al., 2015).  The L morphotype also contains an 

additional copy of glutamine synthetase in a region that was deleted in the S morphotype 

genomes.  This enzyme catalyzes the reaction of glutamate and ammonia to form 

glutamine, which is critical for amino acid and nucleotide synthesis.  Because glutamate 

is abundant in soil (Paynel et al., 2001; Forde and Lea, 2007), an additional copy of 

glutamine synthetase may be advantageous for the L morphotype in the phyllopshere.   

Other notable differences in the genomes of the two morphotypes included 

proteins that may play a role in molecular interactions with other organisms.  The S 

morphotype genomes are significantly enriched in a protein family of unknown function 

(DUF3589; PF12141), and the protein that contains these domains is predicted to encode 

a β-1,2-mannosyltransferase (GT91) by CAZy analysis, an enzyme involved in 

glycosylation.  Not all fungal species possess a β-1,2-mannosyltransferase and among the 
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Aspergilli, A. fumigatus and A. terreus are the only species known to have a copy (Han et 

al., 2016).  The gene has mainly been characterized in Candida albicans and it catalyzes 

the production of β-1,2-mannosides, which attenuates virulence in BALB/c mice and are 

speculated to counterbalance the virulence effects of alpha-1,2-mannosides (Courjol et 

al., 2015).  Thus, the β-1,2-mannosyltransferase in the S morphotype genomes may form 

β-1,2-mannosides that play a role in maintaining a saprophytic growth phase (Courjol et 

al., 2015).  On the other hand, the L morphotype genomes show a significant enrichment 

in the LysM domain protein family (PF01476) and two of the L morphotype unique 

genes that contain the LysM domains were also predicted to contain CBM50 domains by 

CAZy analysis.  These domains bind peptidoglycan or chitin and are speculated to 

chelate chitin particles that are released from the hyphae to prevent triggering microbe-

associated molecular pattern (MAMP) elicited immune responses (de Jonge and 

Thomma, 2009; Kombrink and Thomma, 2013).  This could be one of the ways the L 

morphotype is able to evade the host immune system while colonizing the phyllosphere. 

In summary, our genomic comparisons show differences in genome content 

between the A. flavus S and L morphotypes that suggest differences in gene regulation, 

antimicrobial activity, detoxification of natural compounds and toxic chemicals, carbon 

and nitrogen metabolism, and iron acquisition.  These are traits that may contribute to 

differential adaptation of the S morphotype to the soil and the L morphotype to the 

phyllosphere.  The multiple deletions that occurred in secondary metabolite clusters in 

the L morphotype genomes suggest the S morphotype is under higher selective pressure 

to produce secondary metabolites in the soil, and that it is not limited to aflatoxin 

production.  Although the biological significance of aflatoxin is still unclear, there is 
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evidence that it confers insecticidal activity (Matsumura and Knight, 1967; Reiss, 1975; 

Wright et al., 1982; Jarvis et al., 1984; Llewellyn et al., 1988; Trienens et al., 2010) and it 

has been proposed that aflatoxin protects the sclerotia, in which sexual fruiting structures 

form, from insect predators (Horn et al., 2009; Bayram and Braus, 2012).  If the predators 

are more prevalent in the soil, this could lead to selection pressure that retains aflatoxin 

production in the S morphotype. 

To determine if the highlighted differences are relevant in niche adaptation, 

functional validation of these genes is necessary as well as confirming the differences on 

a diversity of S and L isolates.  For morphotype unique proteins that were present in 

single or double copies, such as the heme oxygenase, antifungal protein, and C-8 sterol 

isomerase, analysis of gene deletion mutants can be used to characterize their function.  

Besides the differences that were discussed here, there are other protein families that 

showed differences in copy numbers, but because many of these families are present in 

multiple copies in each genome or may play multiple functional roles, it is difficult to 

speculate on their relevance without validation.  To evaluate whether the presence of 

additional copies of a protein family is advantageous for niche adaptation, measuring 

their gene expression under different conditions will indicate whether these copies are 

uniquely expressed in different environments.  Furthermore, many of the morphotype 

unique genes did not have predicted functions or domains, therefore, additional 

annotation would also help in gaining a better understanding of the differences that are 

present between the two morphotypes. 
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TABLE 1:  Aspergillus isolates used in this study.  *Isolates used for genomic analyses.  

 

Species/Morphotype Isolate Country Substrate Aflatoxin Reference 

A. flavus S AF12* US Soil B Cotty 1989 

AF70* US Soil B Cotty 1989 

AZS* US Soil B P. J. Cotty, personal communication 

AF42 US Cotton seed B Cotty 1989 

TXA35-K US Soil B Probst et al. 2012 

TXD7-D US Soil B Probst et al. 2012 

TXEC08BY1-J US Maize B Probst et al. 2012 

TX08ECBYI-G US Maize B Probst et al. 2012 

Sanpatong22 Thailand Soil B Ehrlich et al. 2007; Probst et al. 2012 

Yuin20 Thailand Soil B Ehrlich et al. 2007; Probst et al. 2012 

54-P Rwanda Maize B Probst et al. 2014 

A. flavus L BS01* US Cotton seed B P. J. Cotty, personal communication 

DV901* US Cotton seed B P. J. Cotty, personal communication 

MC04* US Cotton seed B P. J. Cotty, personal communication 

TBA1-A US Maize B Probst et al. 2014 

AF13 US Soil B Cotty 1989 

Ak29G-01 Nigeria Soil B Probst et al. 2014 

MIZAN14 Phillippines Soil B Probst et al. 2014 

Sukhothai16 Thailand Soil B Ehrlich et al. 2007; Probst et al. 2014 

BN001-B Benin Soil None Probst et al. 2014 

BF1-A Burkina Faso Maize B Probst et al. 2014 

Cam53-D Cameroon Maize None Probst et al. 2014 

CONGO E1-E Congo Maize None Probst et al. 2014 

ET48-B Ethiopia Maize None Probst et al. 2014 

GH2-A Ghana Maize B Probst et al. 2014 
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ML6-B Mali Maize None Probst et al. 2014 

MZ2-A Mozambique Maize None Probst et al. 2014 

RW 47-F Rwanda Maize B Probst et al. 2014 

SN 8-G Senegal Maize None Probst et al. 2014 

SL5-H Sierra Leone Maize None Probst et al. 2014 

UG 8-G Uganda Maize None Probst et al. 2014 

Z15-M Zambia Maize None Probst et al. 2014 

ZW 4-A Zimbabwe Maize B Probst et al. 2014 

A5-1 Australia Soil B Geiser et al. 2000; Probst et al. 2014 

TureganoAQ Spain Soil None Probst et al. 2014 

TP 4-B Turkey Pepper B Probst et al. 2014 

A. minisclerotigenes A11611 Nigeria Soil BG Hesseltine 1970; Probst et al. 2012 

DG4-2 Australia Soil BG Geiser et al. 2000; Probst et al. 2014 

Lineage SBG A11612 Nigeria Soil BG Hesseltine 1970; Probst et al. 2012 

A. parasiticus NRRL2999 Uganda Soil BG Rambo et al 1974; Probst et al. 2012 
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TABLE 2:  Primers used for phylogenetic analysis and confirmation of the inversion on Chromosome 8. 

 

Locus Forward primer Reverse primer Product Ta (°C) 

5' half of tsr1 OAM1523: GGGTCCAGCGGTGCCAATTCGG OAM1524: CTCTTCCGGTGCCACAACAGC ≈1148 bp 58 

3' half of tsr1 OAM1525: CCGGATCAGACCTCAGCGATGG OAM1526: CCCTTTGAAACCGCCCATATCAA ≈1210 bp 58 

cmd  OAM1571: CAGTCTTTGTATCTTTGTTCCTCTCC OAM1572: CCTGAATGGGGTGTATGATAAACG ≈1319 bp 60 

Inversion breakpoint A in 
S morphotype genomes  OAM1537: GGAACAAGATGCGAGATCCTGG OAM1533: GAGGAAAATGAATCTAGCCCTGC ≈864 bp 55 

Inversion breakpoint B in 
S morphotype genomes OAM1538: GCCGCATCTAAGGAGCAGACT OAM1534: CGGTGTTCTTGCTTGTCCCG ≈1723 bp 58 

Inversion breakpoint C in 
L morphotype genomes OAM1538: GCCGCATCTAAGGAGCAGACT OAM1537: GGAACAAGATGCGAGATCCTGG ≈1987 bp 58 

Inversion breakpoint D in 
L morphotype genomes OAM1533: GAGGAAAATGAATCTAGCCCTGC OAM1534: CGGTGTTCTTGCTTGTCCCG ≈598 bp 55 
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TABLE 3:  Summary of  genome assembly and annotation. 

  S morphotype L morphotype 

  AF12 AF70 AZS BS01 DV901 MC04 

Total size (Mb) 38.1 38.1 38.3 37 37 37.5 

Nucleotide coverage 40x 42x 40x 120x 44x 123x 

N50 (Mb) 0.86 0.97 1.14 0.93 1.03 0.95 

Total contigs (>500bp) 438 365 305 286 267 385 

Longest contig (Mb) 2.04 2.2 2.09 2.7 2.11 1.84 

GC (%) 47.4 47.3 47.1 48 48 47.6 

Repetitive content (%) 1.71 1.7 1.86 1.34 1.29 1.49 

Non-coding sequence (Mb) 19.5 19.4 19.7 18.5 18.4 18.9 

Total predicted genes 13374 13371 13368 13256 13268 13292 
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TABLE 4:  GO terms that are enriched in the S and L morphotype genomes and their p-values. 

 

  GO ID Name Ontology source p-value 

S morphotype GO:0009082 branched-chain amino acid biosynthetic process biological_process 0.003 

GO:0004160 dihydroxy-acid dehydratase activity molecular_function 0.003 

GO:0033075 isoquinoline alkaloid biosynthetic process biological_process 0.021 

GO:0004737 pyruvate decarboxylase activity molecular_function 0.021 

GO:0047052 (S)-stylopine synthase activity molecular_function 0.021 

GO:0080092 regulation of pollen tube growth biological_process 0.048 

GO:0004459 L-lactate dehydrogenase activity molecular_function 0.048 

GO:0060148 positive regulation of posttranscriptional gene silencing biological_process 0.048 

GO:0031956 medium-chain fatty acid-CoA ligase activity molecular_function 0.048 

GO:0050593 N-methylcoclaurine 3'-monooxygenase activity molecular_function 0.048 

GO:0046949 fatty-acyl-CoA biosynthetic process biological_process 0.048 

L morphotype GO:0005313 L-glutamate transmembrane transporter activity molecular_function 0.003 

GO:0015185 gamma-aminobutyric acid transmembrane transporter activity molecular_function 0.003 

GO:0015813 L-glutamate transport biological_process 0.003 

GO:0015812 gamma-aminobutyric acid transport biological_process 0.003 

GO:0015180 L-alanine transmembrane transporter activity molecular_function 0.003 

GO:0015808 L-alanine transport biological_process 0.003 

GO:0015809 arginine transport biological_process 0.004 

GO:0015189 L-lysine transmembrane transporter activity molecular_function 0.006 

GO:0015819 lysine transport biological_process 0.006 

GO:0015181 arginine transmembrane transporter activity molecular_function 0.006 
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TABLE 5:  Protein families (Pfams) that are expanded in the S morphotype genomes.  P-values (< 0.1) from the Pfam enrichment 

analysis are listed in the last column; p-values < 0.05 are in bold. 

 

Pfam Name 
S morphotype L morphotype 

p-value 
AF12 AF70 AZS BS01 DV901 MC04 

PF00391 PEP-utilising enzyme, mobile domain 1 1 1 0 0 0 
 

PF01326 Pyruvate phosphate dikinase, PEP/pyruvate binding domain 1 1 1 0 0 0 
 

PF02896 PEP-utilising enzyme, TIM barrel domain 1 1 1 0 0 0 
 

PF01126 Heme oxygenase 1 1 1 0 0 0 
 

PF11402 Antifungal protein 1 1 1 0 0 0 
 

PF12141 Protein of unknown function (DUF3589) 2 2 2 0 0 0 0.015 

PF00005 ABC transporter 142 142 142 140 140 134 
 

PF00006 ATP synthase alpha/beta family, nucleotide-binding domain 5 5 5 4 4 4 
 

PF00056 lactate/malate dehydrogenase, NAD binding domain 3 3 3 2 2 2 
 

PF00067 Cytochrome P450 173 171 174 168 163 170 
 

PF00102 Protein-tyrosine phosphatase 3 3 3 2 2 2 
 

PF00107 Zinc-binding dehydrogenase 97 95 99 91 93 92 
 

PF00122 E1-E2 ATPase 28 27 28 25 25 25 
 

PF00132 Bacterial transferase hexapeptide (six repeats) 10 10 10 9 9 9 
 

PF00205 Thiamine pyrophosphate enzyme, central domain 15 15 15 13 13 13 
 

PF00306 ATP synthase alpha/beta chain, C terminal domain 5 5 5 4 4 4 
 

PF00331 Glycosyl hydrolase family 10 8 8 8 6 6 6 
 

PF00406 Adenylate kinase 5 5 5 4 4 4 
 

PF00438 S-adenosylmethionine synthetase, N-terminal domain 3 3 3 2 2 2 
 

PF00457 Glycosyl hydrolases family 11 5 5 5 4 4 4 
 

PF00581 Rhodanese-like domain 11 11 11 10 10 10 
 

PF00672 HAMP domain 3 3 3 2 2 2 
 

PF00689 Cation transporting ATPase, C-terminus 13 12 13 11 11 11 
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PF00698 Acyl transferase domain 39 41 41 38 37 37 
 

PF00920 Dehydratase family 8 8 8 5 5 5 
 

PF00999 Sodium/hydrogen exchanger family 10 10 10 8 8 8 
 

PF01040 UbiA prenyltransferase family 5 5 5 4 3 3 
 

PF01061 ABC-2 type transporter 44 44 44 41 40 41 
 

PF01172 Shwachman-Bodian-Diamond syndrome (SBDS) protein 4 4 4 2 2 2 
 

PF01222 Ergosterol biosynthesis ERG4/ERG24 family 13 13 12 10 10 11 
 

PF01287 Eukaryotic elongation factor 5A hypusine, DNA-binding OB fold 4 4 4 3 3 3 
 

PF01370 NAD dependent epimerase/dehydratase family 35 35 35 33 34 33 
 

PF01496 V-type ATPase 116kDa subunit family 2 2 2 1 1 1 
 

PF01596 O-methyltransferase 5 5 5 4 4 4 
 

PF01633 Choline/ethanolamine kinase 5 5 5 4 4 4 
 

PF01738 Dienelactone hydrolase family 9 9 9 8 7 7 
 

PF01755 Glycosyltransferase family 25 (LPS biosynthesis protein) 2 2 2 1 1 1 
 

PF02386 Cation transport protein 8 8 8 7 7 7 
 

PF02417 Chromate transporter 6 4 4 2 2 2 0.06 

PF02558 Ketopantoate reductase PanE/ApbA 10 10 10 8 8 8 
 

PF02714 Calcium-dependent channel, 7TM region, putative phosphate 7 6 7 5 5 5 
 

PF02772 S-adenosylmethionine synthetase, central domain 3 3 3 2 2 2 
 

PF02773 S-adenosylmethionine synthetase, C-terminal domain 3 3 3 2 2 2 
 

PF02775 Thiamine pyrophosphate enzyme, C-terminal TPP binding domain 15 15 15 13 13 13 
 

PF02776 Thiamine pyrophosphate enzyme, N-terminal TPP binding domain 15 15 15 13 13 13 
 

PF02801 Beta-ketoacyl synthase, C-terminal domain 41 43 43 39 40 39 
 

PF02866 lactate/malate dehydrogenase, alpha/beta C-terminal domain 3 3 3 2 2 2 
 

PF02874 ATP synthase alpha/beta family, beta-barrel domain 5 5 5 4 4 4 
 

PF02900 Catalytic LigB subunit of aromatic ring-opening dioxygenase 4 4 4 3 3 3 
 

PF03489 Saposin-like type B, region 2 2 2 2 1 1 1 
 

PF04371 Porphyromonas-type peptidyl-arginine deiminase 2 2 2 1 1 1 
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PF04622 ERG2 and Sigma1 receptor like protein 3 3 3 1 2 2 
 

PF04969 CS domain 5 5 5 4 4 4 
 

PF05183 RNA dependent RNA polymerase 5 5 5 3 3 3 
 

PF06422 CDR ABC transporter 21 21 21 19 18 18 
 

PF07716 Basic region leucine zipper 6 7 6 5 4 5 
 

PF07859 alpha/beta hydrolase fold 35 35 35 33 32 33 
 

PF07969 Amidohydrolase family 3 3 3 2 2 2 
 

PF08659 KR domain 26 29 28 25 25 24 
 

PF11991 Tryptophan dimethylallyltransferase 11 11 11 9 9 9 
 

PF13086 AAA domain 12 12 12 10 10 11 
 

PF13207 AAA domain 2 2 2 1 1 1 
 

PF13246 Cation transport ATPase (P-type) 9 7 8 6 6 6 
 

PF13347 MFS/sugar transport protein 2 2 2 1 1 1 
 

PF13393 Histidyl-tRNA synthetase 3 3 3 2 2 2 
 

PF13602 Zinc-binding dehydrogenase 17 20 18 16 15 16 
 

PF13857 Ankyrin repeats (many copies) 16 16 15 12 13 13 
 

PF13967 Late exocytosis, associated with Golgi transport 6 6 6 5 5 5   
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TABLE 6: Protein families (Pfams) that are expanded in the L morphotype genomes.  P-values (< 0.1) from the Pfam enrichment 

analysis are listed in the last column; p-values < 0.05 are in bold. 

 

Pfam Name 
S morphotype L morphotype 

p-value 
AF12 AF70 AZS BS01 DV901 MC04 

PF00023 Ankyrin repeat 11 9 14 17 15 17 0.058 

PF00076 RNA recognition motif. (aka. RRM, RBD, or RNP domain) 92 87 92 93 93 93 
 

PF00089 Trypsin 1 1 1 2 2 2 
 

PF00171 Aldehyde dehydrogenase family 32 32 33 35 36 34 
 

PF00175 Oxidoreductase NAD-binding domain 21 21 21 22 23 22 
 

PF00202 Aminotransferase class-III 14 15 14 17 16 16 
 

PF00258 Flavodoxin 9 9 9 10 10 10 
 

PF00270 DEAD/DEAH box helicase 45 43 45 47 46 47 
 

PF00324 Amino acid permease 30 27 30 31 31 31 
 

PF00326 Prolyl oligopeptidase family 6 6 6 7 7 7 
 

PF00364 Biotin-requiring enzyme 10 10 10 11 11 11 
 

PF00378 Enoyl-CoA hydratase/isomerase 19 18 19 20 21 20 
 

PF00441 Acyl-CoA dehydrogenase, C-terminal domain 12 12 12 13 13 13 
 

PF00487 Fatty acid desaturase 10 10 10 12 12 11 
 

PF00491 Arginase family 6 6 6 8 8 8 
 

PF00667 FAD binding domain 8 8 8 9 9 9 
 

PF00732 GMC oxidoreductase 36 35 36 38 37 37 
 

PF00854 POT family 15 15 15 20 19 21 0.08 

PF00890 FAD binding domain 9 10 10 11 11 11 
 

PF01058 NADH ubiquinone oxidoreductase, 20 Kd subunit 2 2 2 3 3 3 
 

PF01118 Semialdehyde dehydrogenase, NAD binding domain 2 2 2 4 3 3 
 

PF01419 Jacalin-like lectin domain 1 1 1 2 2 2 
 

PF01476 LysM domain 14 11 13 21 19 22 0.009 
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PF01485 IBR domain, a half RING-finger domain 4 3 3 6 6 6 0.089 

PF01565 FAD binding domain 59 51 59 60 60 60 
 

PF01593 Flavin containing amine oxidoreductase 20 21 20 23 24 25 
 

PF01794 Ferric reductase like transmembrane component 13 12 13 14 15 15 
 

PF02136 Nuclear transport factor 2 (NTF2) domain 5 5 5 6 6 6 
 

PF02668 Taurine catabolism dioxygenase TauD, TfdA family 24 20 24 25 25 25 
 

PF02727 Copper amine oxidase, N2 domain 6 5 6 7 7 7 
 

PF02770 Acyl-CoA dehydrogenase, middle domain 13 14 13 15 15 15 
 

PF02771 Acyl-CoA dehydrogenase, N-terminal domain 10 10 10 11 11 12 
 

PF03033 Glycosyltransferase family 28 N-terminal domain 6 6 6 7 8 7 
 

PF03664 Glycosyl hydrolase family 62 2 2 2 3 3 3 
 

PF04030 D-arabinono-1,4-lactone oxidase 2 2 2 3 3 3 
 

PF04082 Fungal specific transcription factor domain 282 270 281 283 284 285 
 

PF04193 PQ loop repeat 17 17 17 18 18 18 
 

PF04389 Peptidase family M28 13 12 13 14 15 15 
 

PF05592 Bacterial alpha-L-rhamnosidase 11 11 11 12 14 13 
 

PF05899 Protein of unknown function (DUF861) 2 2 2 3 3 3 
 

PF06202 Amylo-alpha-1,6-glucosidase 1 1 1 2 2 2 
 

PF07264 Etoposide-induced protein 2.4 (EI24) 2 2 2 3 3 3 
 

PF07504 Fungalysin/Thermolysin Propeptide Motif 2 2 2 3 3 3 
 

PF07632 Protein of unknown function (DUF1593) 5 5 5 6 6 6 
 

PF09298 Fumarylacetoacetase N-terminal 3 2 3 4 4 4 
 

PF09365 Conserved hypothetical protein (DUF2461) 2 2 2 3 3 3 
 

PF10165 Guanine nucleotide exchange factor synembryn 1 1 1 2 2 2 
 

PF10294 Lysine methyltransferase 7 7 7 8 8 8 
 

PF11374 Protein of unknown function (DUF3176) 6 5 6 7 7 7 
 

PF11951 Fungal specific transcription factor domain 122 115 122 126 126 126 
 

PF12146 Serine aminopeptidase, S33 1 1 1 2 2 2 
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PF12680 SnoaL-like domain 2 2 2 3 3 3 
 

PF12796 Ankyrin repeats (3 copies) 194 195 197 206 227 210 0.041 

PF13489 Methyltransferase domain 26 25 26 28 28 28 
 

PF13520 Amino acid permease 52 53 52 55 55 57 
 

PF13639 Ring finger domain 17 16 17 18 18 18 
 

PF13738 Pyridine nucleotide-disulphide oxidoreductase 21 22 22 25 24 25 
 

PF14441 OTT_1508-like deaminase 4 4 3 6 5 5   
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TABLE 7:  L morphotype proteins that are encoded by genes present within deleted regions of the S morphotype, using DV901 to 

represent the L morphotype.  Only those with predicted Pfam annotations are listed.  *Proteins that were also identified to be unique to 

the L morphotype in the morphotype unique protein analysis (TABLE 10). 

 

Deleted gene Pfam ID Pfam name Start End 

DV901_09638 PF01048 Phosphorylase superfamily 15 291 

PF12796 Ankyrin repeats (3 copies) 989 1078 

PF12796 Ankyrin repeats (3 copies) 1158 1251 

PF12796 Ankyrin repeats (3 copies) 875 977 

PF12796 Ankyrin repeats (3 copies) 1082 1149 

PF13857 Ankyrin repeats (many copies) 1297 1351 

DV901_10805 PF01670 Glycosyl hydrolase family 12 45 249 

DV901_03590* PF13857 Ankyrin repeats (many copies) 1341 1385 

PF12796 Ankyrin repeats (3 copies) 575 645 

PF12796 Ankyrin repeats (3 copies) 1491 1599 

PF12796 Ankyrin repeats (3 copies) 848 937 

PF13637 Ankyrin repeats (many copies) 977 1008 

DV901_03591 PF00120 Glutamine synthetase, catalytic domain 118 482 

DV901_04954* PF05368 NmrA-like family 7 225 

DV901_04955 PF00854 POT family 327 505 

PF00854 POT family 172 318 

DV901_11588 PF08240 Alcohol dehydrogenase GroES-like domain 33 97 

DV901_11587 PF08389 Exportin 1-like protein 266 432 

DV901_07543 PF13637 Ankyrin repeats (many copies) 12 63 

DV901_10657* PF00067 Cytochrome P450 61 492 

DV901_02307 PF04082 Fungal specific transcription factor domain 37 227 
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TABLE 8:  S morphotype proteins that are encoded by genes present within deleted regions of the S morphotype, using AZS to 

represent the S morphotype.  Only those with predicted Pfam annotations are listed.  *Proteins that were also identified to be unique to 

the S morphotype in the morphotype unique protein analysis (TABLE 9). 

 

Deleted gene Pfam ID Pfam name Start End 

AZS_10233 PF08244 Glycosyl hydrolases family 32 C terminal 419 537 

AZS_07769 PF01557 Fumarylacetoacetate (FAA) hydrolase family 1 187 

PF00501 AMP-binding enzyme 222 448 

AZS_03413 PF00438 S-adenosylmethionine synthetase, N-terminal domain 12 106 

PF02773 S-adenosylmethionine synthetase, C-terminal domain 211 341 

PF02772 S-adenosylmethionine synthetase, central domain 126 196 

AZS_03559 PF00026 Eukaryotic aspartyl protease 727 774 

PF00026 Eukaryotic aspartyl protease 444 697 

PF00248 Aldo/keto reductase family 30 334 

AZS_03412* PF00107 Zinc-binding dehydrogenase 79 155 

AZS_03557* PF01565 FAD binding domain 22 133 

AZS_03411* PF00067 Cytochrome P450 57 482 

AZS_03556* PF00248 Aldo/keto reductase family 43 122 

PF00248 Aldo/keto reductase family 122 245 

AZS_03410 PF07690 Major Facilitator Superfamily 28 307 

PF07690 Major Facilitator Superfamily 320 464 

AZS_03558* PF11905 Domain of unknown function (DUF3425) 227 321 

AZS_00217* PF00135 Carboxylesterase family 2 239 

AZS_00226* PF02900 Catalytic LigB subunit of aromatic ring-opening dioxygenase 160 315 

AZS_00227* PF01494 FAD binding domain 11 169 

PF01494 FAD binding domain 249 328 

AZS_00218* PF00135 Carboxylesterase family 80 243 

PF00135 Carboxylesterase family 250 552 



 82 

AZS_04020 PF00848 Ring hydroxylating alpha subunit (catalytic domain) 98 154 

AZS_06878* PF14765 Polyketide synthase dehydratase 844 1148 

PF13602 Zinc-binding dehydrogenase 1898 2035 

PF00109 Beta-ketoacyl synthase, N-terminal domain 1 165 

PF08242 Methyltransferase domain 1323 1430 

PF00550 Phosphopantetheine attachment site 2355 2420 

PF16197 Ketoacyl-synthetase C-terminal extension 294 362 

PF02801 Beta-ketoacyl synthase, C-terminal domain 174 291 

PF08659 KR domain 2060 2237 

PF00698 Acyl transferase domain 451 792 

AZS_04277* PF00067 Cytochrome P450 23 194 

AZS_04445* PF00732 GMC oxidoreductase 2 136 

PF05199 GMC oxidoreductase 268 409 

AZS_04446* PF00732 GMC oxidoreductase 3 60 

AZS_10720 PF13602 Zinc-binding dehydrogenase 2099 2236 

PF08240 Alcohol dehydrogenase GroES-like domain 1943 2011 

PF00550 Phosphopantetheine attachment site 2556 2617 

PF00698 Acyl transferase domain 613 940 

PF08242 Methyltransferase domain 1518 1630 

PF02801 Beta-ketoacyl synthase, C-terminal domain 336 452 

PF08659 KR domain 2260 2436 

PF00109 Beta-ketoacyl synthase, N-terminal domain 78 327 

PF14765 Polyketide synthase dehydratase 1010 1329 

AZS_10718* PF00067 Cytochrome P450 49 474 

AZS_10717* PF07859 alpha/beta hydrolase fold 127 366 

AZS_10719* PF07690 Major Facilitator Superfamily 22 403 

AZS_10722 PF01636 Phosphotransferase enzyme family 7 182 

PF04082 Fungal specific transcription factor domain 283 487 



 83 

AZS_05421* PF01040 UbiA prenyltransferase family 62 312 

AZS_05420 PF00067 Cytochrome P450 67 493 

AZS_12891* PF13857 Ankyrin repeats (many copies) 340 392 

PF00023 Ankyrin repeat 503 571 
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TABLE 9:  S morphotype unique proteins with predicted Pfam, CAZy, MEROPS, and SMURF annotations. 

 

S morphotype unique genes Annotation 

AF12 AF70 AZS Pfam ID Pfam name CAZya MEROPSb SMURFc 

AF12_04868 AF70_01446 AZS_11530 PF03171 2OG-Fe(II) oxygenase superfamily    

PF14226 non-haem dioxygenase in morphine synthesis N-terminal    

AF12_08060 AF70_09348 AZS_08273 PF13086 AAA domain 11    

PF13087 AAA domain 12    

PF05183 RNA dependent RNA polymerase    

AF12_05761 AF70_02921 AZS_06878 PF00698 Acyl transferase domain   lovF 

PF02801 β-ketoacyl synthase, C-terminal domain   

PF00109 β-ketoacyl synthase, N-terminal domain   

PF16197 Ketoacyl-synthetase C-terminal extension   

PF08659 KR domain   

PF08242 Methyltransferase domain   

PF14765 Polyketide synthase dehydratase   

PF00550 Phosphopantetheine attachment site   

PF13602 Zinc-binding dehydrogenase   

AF12_13225 AF70_12828 AZS_13022 PF00406 Adenylate kinase    

AF12_08338 AF70_08552 AZS_08570 PF08240 Alcohol dehydrogenase GroES-like domain    

PF00107 Zinc-binding dehydrogenase    

AF12_05552 AF70_08618 AZS_03556 PF00248 Aldo/keto reductase family    

AF12_02647 AF70_03415 AZS_10717 PF07859 α/β hydrolase fold CE10 S09X bah 

AF12_04354 AF70_04122 AZS_04444 PF00023 Ankyrin repeat    

PF12796 Ankyrin repeats (3 copies)    

AF12_12472 AF70_12718 AZS_12891 PF00023 Ankyrin repeat    

PF13857 Ankyrin repeats (many copies)    

AF12_10042 AF70_10036 AZS_11587 PF12796 Ankyrin repeats (3 copies)    
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AF12_13125 AF70_13108 AZS_01307 PF12796 Ankyrin repeats (3 copies)    

AF12_09918 AF70_09912 AZS_06018 PF11402 Antifungal protein    

AF12_06194 AF70_03533 AZS_00770 PF01400 Astacin (Peptidase family M12A)  M10B, M12A  

AF12_10480 AF70_10044 AZS_12084 PF00795 Carbon-nitrogen hydrolase    

AF12_00961 AF70_01808 AZS_00217 PF00135 Carboxylesterase family CE10 S09X  

AF12_00962 AF70_01809 AZS_00218 PF00135 Carboxylesterase family CE10 S09X  

AF12_06861 AF70_11549 AZS_06389 PF00135 Carboxylesterase family CE10 S09X  

AF12_00970 AF70_01817 AZS_00226 PF02900 Catalytic LigB subunit of aromatic ring-opening dioxygenase    

AF12_08131 AF70_09419 AZS_08344 PF04969 CS domain    

AF12_02648 AF70_03416 AZS_10718 PF00067 Cytochrome P450   TRI4 

AF12_03157 AF70_07238 AZS_04277 PF00067 Cytochrome P450    

AF12_05406 AF70_12346 AZS_03411 PF00067 Cytochrome P450    

AF12_08673 AF70_08977 AZS_09568 PF00067 Cytochrome P450    

AF12_12788 AF70_13194 AZS_13126 PF00067 Cytochrome P450    

AF12_12805 AF70_13211 AZS_13143 PF00067 Cytochrome P450    

AF12_12793 AF70_13199 AZS_13131 PF00920 Dehydratase family    

AF12_12794 AF70_13200 AZS_13132 PF00920 Dehydratase family    

AF12_12795 AF70_13201 AZS_13133 PF00920 Dehydratase family    

AF12_13145 AF70_11766 AZS_11940 PF01965 DJ-1/PfpI family  C56  

AF12_06641 AF70_13072 AZS_06171 PF11807 Domain of unknown function (DUF3328)    

AF12_05554 AF70_08620 AZS_03558 PF11905 Domain of unknown function (DUF3425)    

AF12_06190 AF70_03529 AZS_00766 PF06441 Epoxide hydrolase N terminus  S33  

AF12_13017 AF70_12836 AZS_13030 PF04622 ERG2 and Sigma1 receptor like protein    

AF12_08335 AF70_08555 AZS_08573 PF01287 Eukaryotic elongation factor 5A hypusine, DNA-binding OB fold    

AF12_00971 AF70_01818 AZS_00227 PF01494 FAD binding domain    

AF12_05553 AF70_08619 AZS_03557 PF01565 FAD binding domain AA7   

AF12_12785 AF70_13191 AZS_13123 PF01557 Fumarylacetoacetate (FAA) hydrolase family    

AF12_12803 AF70_13209 AZS_13141 PF01557 Fumarylacetoacetate (FAA) hydrolase family    



 86 

AF12_07169 AF70_06898 AZS_07768 PF04082 Fungal specific transcription factor domain    

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain    

AF12_12786 AF70_13192 AZS_13124 PF04082 Fungal specific transcription factor domain    

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain    

AF12_12792 AF70_13198 AZS_13130 PF04082 Fungal specific transcription factor domain    

AF12_13223 AF70_12826 AZS_13020 PF04082 Fungal specific transcription factor domain    

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain    

AF12_06859 AF70_11547 AZS_06387 PF01755 Glycosyltransferase family 25 (LPS biosynthesis protein) GT25   

AF12_12802 AF70_13208 AZS_13140 PF00903 Glyoxalase/Bleomycin resistance protein/Dioxygenase     

AF12_04355 AF70_04123 AZS_04445 PF05199 GMC oxidoreductase C-terminal AA3   

PF00732 GMC oxidoreductase N-terminal    

AF12_04356 AF70_04124 AZS_04446 PF00732 GMC oxidoreductase N-terminal    

AF12_13130 AF70_13086 AZS_01312 PF01126 Heme oxygenase    

AF12_13331 AF70_10037 AZS_12077 PF06985 Heterokaryon incompatibility protein (HET)    

AF12_03478 AF70_04821 AZS_05413 PF14602 Hexapeptide repeat of succinyl-transferase    

AF12_06169 AF70_02518 AZS_07288 PF00857 Isochorismatase family    

AF12_10529 AF70_03957 AZS_01207 PF08659 KR domain    

PF00550 Phosphopantetheine attachment site    

PF13602 Zinc-binding dehydrogenase    

AF12_13118 AF70_13239 AZS_13298 PF02866 lactate/malate dehydrogenase, α/β C-terminal domain    

PF00056 lactate/malate dehydrogenase, NAD binding domain    

AF12_04742 AF70_04509 AZS_05944 PF06293 Lipopolysaccharide kinase (Kdo/WaaP) family   PUF 

AF12_08333 AF70_08557 AZS_08575 PF01823 MAC/Perforin domain    

AF12_02650 AF70_03418 AZS_10719 PF07690 Major Facilitator Superfamily   C3H1.06c 

AF12_12796 AF70_13202 AZS_13134 PF07690 Major Facilitator Superfamily    

AF12_12797 AF70_13203 AZS_13135 PF07690 Major Facilitator Superfamily    

AF12_04602 AF70_04369 AZS_05803 PF13847 Methyltransferase domain    

AF12_04864 AF70_01451 AZS_11534 PF13649 Methyltransferase domain    
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AF12_02370 AF70_03145 AZS_06651 PF05729 NACHT domain    

AF12_12450 AF70_07768 AZS_05004 PF01370 NAD dependent epimerase/dehydratase family    

AF12_08371 AF70_08519 AZS_10384 PF13450 NAD(P)-binding Rossmann-like domain    

AF12_07914 AF70_00904 AZS_03162 PF00024 PAN domain    

AF12_13117 AF70_13240 AZS_13299 PF00391 PEP-utilising enzyme, mobile domain    

PF02896 PEP-utilising enzyme, TIM barrel domain    

PF01326 Pyruvate phosphate dikinase, PEP/pyruvate binding domain    

AF12_07167 AF70_06895 AZS_07766 PF01048 Phosphorylase superfamily    

AF12_12013 AF70_12620 AZS_13244 PF01048 Phosphorylase superfamily    

AF12_06189 AF70_03528 AZS_13362 PF00069 Protein kinase domain    

AF12_13312 AF70_13336 AZS_01325 PF00069 Protein kinase domain    

AF12_06576 AF70_13021 AZS_06107 PF11374 Protein of unknown function (DUF3176)    

AF12_13128 AF70_13105 AZS_01310 PF12141 Protein of unknown function (DUF3589) GT91   

AF12_09917 AF70_09911 AZS_06019 PF12311 Protein of unknown function (DUF3632)    

AF12_13044 AF70_13190 AZS_13273 PF00856 SET domain    

AF12_08672 AF70_08978 AZS_09569 PF00106 short chain dehydrogenase    

AF12_12448 AF70_07766 AZS_05002 PF00106 short chain dehydrogenase    

AF12_08334 AF70_08556 AZS_08574 PF01172 Shwachman-Bodian-Diamond syndrome (SBDS) protein    

AF12_08340 AF70_08550 AZS_08568 PF01172 Shwachman-Bodian-Diamond syndrome (SBDS) protein    

AF12_08342 AF70_08548 AZS_08566 PF00999 Sodium/hydrogen exchanger family    

AF12_12755 AF70_12001 AZS_01349 PF06687 SUR7/PalI family    

AF12_06860 AF70_11548 AZS_06388 PF03151 Triose-phosphate Transporter family    

AF12_03470 AF70_04813 AZS_05421 PF01040 UbiA prenyltransferase family    

AF12_05407 AF70_12345 AZS_03412 PF00107 Zinc-binding dehydrogenase    

AF12_08168 AF70_09455 AZS_08379 PF00107 Zinc-binding dehydrogenase    

AF12_00870 AF70_01718 AZS_00126   CE5   

AF12_12226 AF70_01587 AZS_12586     PUF 

AF12_02646 AF70_03414 AZS_10716     PUF 
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AF12_02652 AF70_03420 AZS_10721     PUF 

AF12_05073 AF70_01242 AZS_02819     PUF 

AF12_05074 AF70_01241 AZS_02820     PUF 

a CAZy - auxiliary activities (AA), carbohydrate esterases (CE), glycosyltransferases (GT).  
bMEROPS - prolyl aminopeptidase family/serine peptidase (S33), PfpI endopeptidase family/cysteine peptidase (C56), 

metallopeptidase (M10), astacin/adamalysin family/metallopeptidase (M12), prolyl oligopeptidase family/serine peptidase (S09).   
cAnnotated by SMURF to be similar to the following proteins: Lovastatin diketide synthase LovF (Aspergillus_terreus) (lovF), acetyl-

hydrolase (Streptomyces_hygroscopicus) (bah), Trichodiene oxygenase (Fusarium_sporotrichioides) (TRI4), 

Uncharacterized_transporter C3H1.06c (Schizosaccharomyces pombe) (C3H1.06c), protein of unknown function (PUF). 
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TABLE 10:  L morphotype unique proteins with predicted Pfam, CAZymes, MEROPS, and SMURF annotations. 

 

L morphotype unique genes Annotation 

BS01 DV901 MC04 Pfam ID Pfam name CAZya MEROPSb SMURFc 

BS01_12639 DV901_12528 MC04_02044 PF00441 Acyl-CoA dehydrogenase, C-terminal domain    

PF02770 Acyl-CoA dehydrogenase, middle domain    

PF02771 Acyl-CoA dehydrogenase, N-terminal domain    

BS01_13233 DV901_00148 MC04_09345 PF08240 Alcohol dehydrogenase GroES-like domain    

PF13602 Zinc-binding dehydrogenase    

BS01_13086 DV901_03501 MC04_11055 PF00248 Aldo/keto reductase family   norB 

BS01_03302 DV901_03140 MC04_00889 PF12697 Alpha/beta hydrolase family  S33  

BS01_12688 DV901_04439 MC04_02090 PF12695 Alpha/beta hydrolase family    

BS01_12110 DV901_04433 MC04_02096 PF13520 Amino acid permease    

BS01_03033 DV901_03590 MC04_10968 PF12796 Ankyrin repeats (3 copies)    

PF13637 Ankyrin repeats (many copies) 4    

PF13857 Ankyrin repeats (many copies) 5    

BS01_12416 DV901_04939 MC04_11989 PF12796 Ankyrin repeats (3 copies)    

BS01_00005 DV901_09207 MC04_06115 PF13637 Ankyrin repeats (many copies)    

PF01048 Phosphorylase superfamily    

BS01_09349 DV901_12786 MC04_12384 PF00491 Arginase family    

BS01_00297 DV901_01296 MC04_06405 PF09365 Conserved hypothetical protein (DUF2461)    

BS01_10978 DV901_09227 MC04_08572 PF07883 Cupin domain    

BS01_07386 DV901_10657 MC04_06594 PF00067 Cytochrome P450    

BS01_00081 DV901_09130 MC04_06190 PF00270 DEAD/DEAH box helicase    

PF00076 RNA recognition motif (aka. RRM, RBD, or RNP domain)   

BS01_09346 DV901_12784 MC04_12386 PF00378 Enoyl-CoA hydratase/isomerase    

BS01_13239 DV901_13248 MC04_13132 PF05705 Eukaryotic protein of unknown function (DUF829)    

BS01_03630 DV901_03468 MC04_01221 PF01565 FAD binding domain    
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BS01_12111 DV901_04432 MC04_02097 PF01593 Flavin containing amine oxidoreductase    

BS01_10980 DV901_09229 MC04_08570 PF09298 Fumarylacetoacetase N-terminal    

PF01557 Fumarylacetoacetate (FAA) hydrolase family    

BS01_09329 DV901_12368 MC04_11211 PF04082 Fungal specific transcription factor domain   C1F7.11c 

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain   

BS01_09344 DV901_12782 MC04_12388 PF11951 Fungal specific transcription factor domain    

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain    

BS01_11831 DV901_01850 MC04_11826 PF11951 Fungal specific transcription factor domain    

BS01_12108 DV901_04435 MC04_02094 PF11951 Fungal specific transcription factor domain    

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain    

BS01_12115 DV901_04428 MC04_02101 PF04082 Fungal specific transcription factor domain    

BS01_12220 DV901_01516 MC04_05924 PF04082 Fungal specific transcription factor domain    

BS01_13072 DV901_03487 MC04_11068 PF04082 Fungal specific transcription factor domain    

PF00172 Fungal Zn(2)-Cys(6) binuclear cluster domain    

BS01_09385 DV901_12825 MC04_12344 PF07504 Fungalysin/Thermolysin Propeptide Motif    

BS01_02533 DV901_05174 MC04_03151 PF10294 Lysine methyltransferase    

BS01_01386 DV901_04831 MC04_02983 PF01476 LysM domain CBM50   

BS01_05997 DV901_02224 MC04_05543 PF01476 LysM domain CBM50   

BS01_12401 DV901_04954 MC04_12003 PF05368 NmrA-like family    

BS01_07818 DV901_11317 MC04_01734 PF14441 OTT_1508-like deaminase    

BS01_07819 DV901_11318 MC04_01735 PF14441 OTT_1508-like deaminase    

BS01_09384 DV901_12824 MC04_12345 PF04389 Peptidase family M28  M28E  

BS01_00331 DV901_01263 MC04_06440 PF11374 Protein of unknown function (DUF3176)    

BS01_11832 DV901_01851 MC04_11827 PF04479 RTA1 like protein    

BS01_13234 DV901_00147 MC04_09346 PF00106 short chain dehydrogenase    

BS01_12219 DV901_01517 MC04_05923 PF12680 SnoaL-like domain    

BS01_12909 DV901_12554 MC04_02020 PF00083 Sugar (and other) transporter    

BS01_10177 DV901_12102 MC04_07220 PF00089 Trypsin  S01A  
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BS01_06107 DV901_02339 MC04_05427     PUF 

aCAZy - carbohydrate-binding modules (CBM). 
bMEROPS - prolyl aminopeptidase family/serine peptidase (S33), aminopeptidase Y family/metallopeptidase (M28), chymotrypsin 

family/serine peptidase (S01).  
cAnnotated by SMURF to be similar to the following proteins:  Norsolorinic acid reductase B (Aspergillus_parasiticus) (norB), 

Uncharacterized transcriptional regulatory_protein C1F7.11c (Schizosaccharomyces pombe) (C1F7.11c), protein of unknown function 

(PUF). 
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TABLE 11:  Genes under selection in the S morphotype genomes.  The last 6 columns list their q-values (corrected p-values for 

multiple testing) for the likelihood ratio tests performed using m12 and m78 as nested site models. 

 

Genes under selection Pfam 
AF12 (q-value) AF70 (q-value)  AZS (q-value)  

m12 m78 m12 m78 m12 m78 

AF12_05817 AF70_02866 AZS_06933 Fungal specific transcription factor domain 0.0056 0.0034 0.0047 0.0048 0.0066 0.0059 
AF12_08775 AF70_08873 AZS_09471 Fungal specific transcription factor domain 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AF12_10212 AF70_07962 AZS_10444 Polyprenyl synthetase 0.0040 0.0027 0.0049 0.0040 0.0372 0.0299 
AF12_08924 AF70_00133 AZS_07535 Heterokaryon incompatibility protein (HET) 0.0132 0.0130 0.0315 0.0245 0.0161 0.0152 
AF12_04453 AF70_04222 AZS_05654 Eukaryotic cytochrome b561 0.0040 0.0034 0.0047 0.0049 0.0042 0.0035 
AF12_04574 AF70_04341 AZS_05775 No annotation 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AF12_11547 AF70_11889 AZS_12064 Eukaryotic elongation factor 5A hypusine, DNA-binding OB fold 0.0040 0.0034 0.0047 0.0049 0.0042 0.0043 
AF12_12244 AF70_01569 AZS_12604 No annotation 0.0005 0.0005 0.0004 0.0003 0.0003 0.0003 
AF12_12631 AF70_06345 AZS_08864 No annotation 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
AF12_11962 AF70_12568 AZS_12704 No annotation 0.0343 0.0252 0.0047 0.0035 0.0039 0.0025 
AF12_02667 AF70_03436 AZS_10736 Protein kinase domain 0.0030 0.0023 0.0039 0.0040 0.0032 0.0027 
AF12_03527 AF70_04870 AZS_05363 No annotation 0.0010 0.0008 0.0011 0.0011 0.0010 0.0003 
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TABLE 12:  Genes under selection in the S morphotype genomes.  The last 6 columns list their q-values (corrected p-values for 

multiple testing) for the likelihood ratio tests performed using m12 and m78 as nested site models. 

 

Genes under selection Pfam 
BS01 (q-value)  DV901 (q-value)  MC04 (q-value)  

m12 m78 m12 m78 m12 m78 

BS01_06841 DV901_08350 MC04_12622 Sugar (and other) transporter 0.0129 0.9280 0.0077 0.8656 0.0108 0.0082 
BS01_09387 DV901_12827 MC04_12342 No annotation 0.0004 0.0003 0.0005 0.0005 0.0006 0.0010 
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FIGURE 1:  Colony morphology of A. flavus isolates used in genomic analyses of this study.  Cultures were grown on complete 

media at 30 C in the dark for 10 days.  (A) Colonies of S morphotype isolates displaying limited conidial sporulation and abundant 

production of small sclerotia. From left to right; AF12, AF70, AZS.  (B)  Colonies of L morphotype isolate displaying abundant 

conidial sporulation and limited or no production of large sclerotia.  From left to right; BS01, DV901, MC04.  (C)  Closer view of 

small sclerotia produced by AZS (left) and large sclerotia produced by DV901 (right). 
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FIGURE 2:  Maximum likelihood (ML) tree based on concatenated sequences of 5’ half of tsr1, 3’ half of tsr1, and cmd (3.4 kb 

total).  ML bootstrap values (>50%) are indicated at the nodes.  Aspergillus minisclerotingenes was used as the outgroup; isolates used 

in this analysis are listed in TABLE 1. Isolates of A. flavus are indicated with an S or L in bold to represent S or L morphotype, 

respectively. 
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FIGURE 3:  Presence of a >530 kb inversion on chromosome 8 between the S and L morphotypes.  (A) Synteny analysis of the 

pseudogenomes of an S morphotype (AZS and DV901 using Symap (Soderlund et al., 2011) shows presence of the inversion on 

chromosome 8.  The inversion was present in all other S vs L morphotype comparisons as well.  (B and C) The absence of the 

inversion on chromosomal 8 in an L vs L morphotype synteny analysis (using MC04 and DV901 as an example) and an S vs S 

morphotype synteny analysis (using AZS and AF70 as an example).  The inversion was absent in all other L vs L morphotype and S 

vs S morphotype comparisons as well.  Chromosome numbers in B and C are the same as in A. 
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FIGURE 4:  A schematic diagram of the chromosomal inversion on chromosome 8 using genomes of AZS and DV901 to represent 

the S and L morphotype, respectively.  Genes in the vicinity of the inversion breakpoints are shown and the regions that are part of the 

inversion are indicated with gray bars.  Pfam annotations are indicated for genes that encode a protein with a predicted protein family.  

The locations of the primers listed in TABLE 2 to confirm the presence of the inversion are indicated with arrows.  Inversion 

breakpoints are designated as A, B, C, and D to match the in-text description and amplified regions listed in TABLE 2.
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FIGURE 5:  Schematic diagrams of deleted regions in the S and L morphotype genomes.  

The bar on the bottom right of each diagram represents a length of 10 kb.  Pfam 

annotations are indicated for genes that encode a protein with a predicted protein family.  

(A and B)  The two largest deletions in the S morphotype genomes. (C and D)  The two 

largest deletions in the L morphotype genomes. 
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FIGURE 6:  Venn diagrams representing the clustering results from Orthofinder to 

illustrate the number of proteins that are unique and orthologous in each genome.  (A) 

The number of clusters that contain proteins that are unique and orthologous in the six 

genomes  (B and C)  304 clusters contain proteins from only the S morphotype genomes 

and 189 clusters contain proteins from only the L morphotype genomes.  
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FIGURE 7:  Chromosomal location of genes that encode morphotype unique proteins.  Figures were created using CViT (Cannon and 

Cannon, 2011). (A) Genes that encode S morphotype unique proteins are mapped on the pseudogenome of AZS.   (B) Genes that 

encode L morphotype unique proteins are mapped on the pseudogenome of DV901. 
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FIGURE 8:  Differences in number of proteins involved in secondary metabolism, 

antibiotic resistance, carbohydrate metabolism, and peptidase activity between the S and 

L morphotype genomes.  (A)  The number of secondary metabolite clusters and their 

backbone genes predicted in each genome by SMURF (Khaldi et al., 2010). 

Abbreviations:  prenyltransferases (DMAT), nonribosomal peptide synthase (NRPS), 

polyketide synthase (PKS), hybrid NRPS-PKS enzymes (HYBRID). (B) The number of 

proteins predicted to confer antibiotic resistance in each genome by CARD (Jia et al., 

2017).  Abbreviations:  multidrug resistant ABC transporter (abcA), aminocoumarin 

resistant (alaS), Bifidobacteria intrinsic ileS conferring resistance to mupirocin (ileS), β-

Glycosidase involved in Streptomyces venezuelae self-resistance (desR), Mycobacterium 

tuberculosis ethA with mutation conferring resistance to ethionamide (ethA), M. 

tuberculosis katG mutations conferring resistance to isoniazid (katG), S. cinnamoneus 

EF-Tu mutants conferring resistance to elfamycin (EF-Tu). (C)  CAZy categories (Yin et 

al., 2012) that had differences in copy numbers between the S and L morphotype 

genomes.  Abbreviations:  carbohydrate-binding modules (CBM), carbohydrate esterases 

(CE), glycoside hydrolases (GH), glycosyltransferases (GT).  (D)  MEROPS categories 

(Rawlings et al., 2012) that had differences in copy numbers between the S and L 

morphotype genomes.  Abbreviations: PfpI endopeptidase family/ cysteine peptidase 

(C56), aminopeptidase Y family/metallo peptidase (M28), chymostrypsin family/serine 

peptidase (S01), D-Ala-D-Ala carboxypeptidase B family/serine peptidase (S12). 
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APPENDIX B – Ophidiomyces ophiodiicola on captive black racer (Coluber 

constrictor) and a garter snake (Thamnophis sirtalis) in Pennsylvania 
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     Abstract:  Two snakes were presented to the Pennsylvania State University Animal 

Diagnostic Laboratory with one suffering from external lesions where the scales were 

raised and discolored and the other with oral lesions and swelling extending to the left 

eye, which was opaque.  Histopathological analysis revealed multifocal granulomas 

containing fungal hyphae.  Morphological and DNA sequence analyses revealed both 

suffered from infection by Ophidiomyces ophiodiicola, an emerging pathogen of snakes.  

This is the first report of this disease in Pennsylvania. 

     Key words:  Arthrospores, aleuriospores, molecular phylogenetics, Ophidiomyces 

ophiodiicola, snakes. 
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BRIEF COMMUNICATIONS 

Two snakes, a black racer (Coluber constrictor) and a garter snake (Thamnophis sirtalis), 

age and sex unknown, were brought to the Pennsylvania State University Animal 

Diagnostic Laboratory from a local wildlife rehabilitation center (case P0701121).  The 

black racer, a pet that had been confiscated and turned over to the wildlife center, had 

been losing weight and not eating.  It had multifocal, variable sized lesions along the 

ventrum with raised, yellow-orange colored scales, and died prior to analysis.  Necropsy 

revealed these lesions extended through the body wall into the underlying skeletal 

musculature where they were raised, irregular, and light tan.  Histopathology revealed 

multifocal granulomas within the body wall subcutaneous tissues and skeletal muscles, 

characterized by central areas of necrosis surrounded by numerous degenerate heterophils, 

macrophages and multinucleate giant cells (Fig. 1A and data not shown).  Hyphal 

elements of the fungal pathogen were seen in these lesions (Fig. 1B and E).  No 

significant lesions were detected in the liver, kidney, intestine, and lung sections.  A 

single parasite (unidentified) was attached to the internal musculature of the body wall at 

the distal edge of the liver.  No bacteria were observed in the sections examined. 

The garter snake, a wild snake prior to being displayed at the wildlife center, had 

a lesion involving the whole left side of the head, with marked swelling of the oral tissue 

surrounding the left maxilla and extending proximally to the left eye.  The left eye was 

diffusely opaque.  The oral lesion was debrided and flushed by a local veterinarian but 

the lesion progressed and the snake died.  Necropsy revealed that the left maxilla was 

necrotic and detected lesions within the lung, skeletal muscle of the dorsal body wall and 

soft tissues of the head, and pancreas.  As with the black racer, lesions were characterized 

http://en.wikipedia.org/wiki/Coluber_constrictor
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by multifocal granulomas with central areas of necrosis surrounded by numerous 

degenerate heterophils, macrophages and multinucleate giant cells (Fig. 1C).  Hyphal 

elements were visible in these lesions (Fig. 1D and F).  Most of the nodules were in the 

cranial third of the body.  No bacteria were observed in the sections examined. 

Morphologically identical fungal isolates were recovered from both snakes.  Their 

sequences at the nuclear ribosomal internal transcribed spacers and 5.8S gene (nrITS) 

were identical (see below), so a detailed analysis was performed on the black racer isolate 

that was deposited in the University of Arizona Robert L. Gilbertson Mycological 

Herbarium (MYCO-ARIZ AN0400001).  On both potato dextrose agar (PDA, Difco 

Laboratories Inc., Detroit, Michigan) and Sabouraud dextrose agar (SDA) (4% dextrose, 

1% peptone, 2% agar, pH 5.6), colonies of AN0400001 had a similar morphology, on the 

surface and underside, to that described for growth on PDA by Rajeev et al. 7 (Fig. 2A 

and B).  Colony diameters on both media reached 4.1-4.3 cm at 25 °C in the light and 

4.7- 4.9 cm at 28 °C in the dark at 14 days.  No growth was observed when cultured at 37 

°C.  With subsequent transfers, colonies exhibited altered morphology, failing to develop 

the light yellow center and powdery texture and instead appearing white with a smooth 

texture. The cultures produced a musty odor that was stronger when grown on SDA than 

on PDA.  The fungus displayed keratinolytic activity by its ability to colonize ball python 

skin (Python regius) as its sole nutrient source when the fungus was inoculated on 

autoclaved shed python skin (Reid Park Zoo, Tucson, AZ) that was placed on sterile 

dH2O or on 1.5% water agar plates. 

DNA analysis (see below) indicated that AN0400001 has a near identical 

sequence to the type specimen of Ophidiomyces ophiodiicola7,9.  Based on this, 
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microscopy was performed on slide cultures3 to compare hyphal and spore morphology 

of our specimen to O. ophiodiicola.  Cultures grown at room temperature (~24 °C) under 

ambient light on 4 % water agar, YEPD agar (1% yeast extract, 2% peptone, 2% 

glucose/dextrose, 2% agar), PDA, and SDA had septate, smooth, hyaline vegetative 

hyphae 1.5–3.0 μm in diameter, as well as occasional racquet hyphae with ampulliform to 

barrel-shaped swellings at septa (Fig. 2C).  In addition to the main hyphae, undulate 

lateral branches were also observed (Fig. 2C, D, E and F).  AN0400001 resembled the 

type specimen of O. ophiodiicola7,9 in that it produced adjacent arthrospores that formed 

via schizolytic fragmentation (Fig. 2C, D, E and F) as well as aleuriospores (Fig. 2 G, H 

and J) and alternate arthrospores (Fig. 2I) that formed via rhexolytic dehiscence often 

leaving remnants of the dehiscence at the base of the spore.  All spores were hyaline and 

single-celled.  It is noteworthy that serial transfer of the culture resulted in loss of 

production of aleuriospores and alternate arthrospores, with only the production of 

adjacent arthrospores remaining.  

The main hyphae and the undulate lateral hyphae differentiated into chains of 

adjacent arthrospores that were cylindrical to barrel-shaped with truncate ends and ranged 

in size from 3.3–12.3 × 1.5–3.9 μm, as described for O. ophiodiicola7,9 (Fig. 2C, D, E and 

F).  The alternate arthrospores we observed (Fig. 2I) likely correspond to the intercalary 

solitary conidia described for O. ophiodiicola7,9.  Aleuriospores ranged in size from 2.8– 

8.3 × 1.9–2.9 μm and alternate arthrospores ranged in size from 3.5–7.5 × 1.9–3.4 μm, as 

seen for O. ophiodiicola7,9.  Often, after the formation of aleuriospores or alternate 

arthrospores, the intercalary hyphal cells collapsed to thin string-like structures that 

remained to support the spores.  
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For molecular characterization, three parts of the nuclear ribosomal repeat (nrITS, 

nrLSU, and nrSSU), as well as portions of the RNA polymerase II beta subunit (RPB2) 

and elongation factor 1 alpha (EF1α , were amplified using published primers,2, 4, 12 

retrieved from http://aftol.org/data.php), and sequenced at the University of Arizona 

Genetics Core.  Consensus sequences for each region have been deposited in GenBank 

(accessions KF225599–KF225603).  Phylogenetic analyses were performed on sequences 

of AN0400001 and related fungi retrieved from GenBank as follows:  Sequences were 

aligned and edited prior to submission to jmodeltest to infer the best-fitting model of 

evolution, which was then implemented in GARLI v. 0.0951 for maximum likelihood 

analysis13 and in MrBayes 3.2.1 for Bayesian analysis8.  Data from the four loci were 

initially used to confirm the placement of AN0400001 in the Onygenaceae, and nrITS 

data were used for the final analysis.  Phylogenetic relationships based on the two 

methods were generally consistent. The maximum likelihood (ML) tree with ML 

bootstrap values greater than 50%, and Bayesian posterior probabilities greater than 70, is 

presented in Fig. 3.   

AN0400001 has a near-identical nrITS sequence (GenBank: KF225599) to the 

type specimen of O. ophiodiicola7, with a single transition difference, and a 1 nucleotide 

insertion in a string of 9 C’s.  Phylogenetic analyses reveal that AN0400001 groups with 

specimens of O. ophiodiicola with strong support, inferring it belongs to that species.  

The analyses also show that AN0400001 and O. ophiodiicola do not group with other 

recently described pathogens of reptiles such as Nannizziopsis guarroi, N. dermatitidis, 

N. barbata, and N. draconii.9, 11  Ophidiomyces ophiodiicola was initially described under 

the genus Chrysosporium, but when Sigler et al.9 revised it to be placed in Ophidiomyces, 

http://aftol.org/data.php
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their phylogenetic analyses did not distinguish the placement of Ophidiomyces relative to 

Chrysosporium due to poor representation of Chrysosporium taxa (Sigler et al.9, Fig. 1) 

or failing to address the polyphyly of Chrysosporium (Sigler et al.9, Fig. 2).  Our analyses 

represent a diversity of Chrysosporium taxa to confirm that O. ophiodiicola is not part of 

the well-supported clade (clade A) that comprises the vast majority of currently 

recognized Chrysosporium species (Fig. 3.; within clade A, Aphanoascus canadensis and 

A. mephitalis are the only taxa that do not have described Chrysosporium anamorphs).  

The polyphyly of Chrysosporium suggests that taxa currently recognized as 

Chrysosporium that fall outside this well-supported Chrysosporium clade (C. merdarium 

var. roseum, C. vespertilii, C. georgiae, C. carmichaelii, and C. undulatum, C. europae, 

C. hirundinis, C. queenslandicum) need to be revised.  

Through morphological and molecular analyses, AN0400001 was identified as O. 

ophiodiicola and is the first report of the pathogen in Pennsylvania. We clarify the 

presence of undulating branches that differentiate into adjacent arthroconidia.  Undulate 

lateral branches were not reported for the type specimen7, and although Sigler et al.9 

reported short undulate sparsely septate lateral branches, it was not clear that these 

converted to arthroconidia.  In the USA, O. ophiodiicola has been recovered from dead 

snakes in Georgia7 and Pennsylvania (this report), has been related to the decline of 

Massasauga rattlesnakes in Illinois1 and timber rattlesnakes in Tennessee (Danny Bryan, 

personal communication), and was found in timber rattlesnakes in Massachusetts5 

suggesting this emerging pathogen is present in the Midwest and Eastern states, but 

further surveys of snakes are needed to understand its range.  Molecular evaluation of 

archived specimens suggests that this disease has been around since 1985, and had been 
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mistakenly reported as Chrysosporium anamorph of Nannizziopsis vriesii until recently.6, 

9 Examination of fungal specimens from the USA, Australia, Germany and England 

reveal O. ophiodiicola has also caused infections on corn snakes (Pantherophis guttatus), 

brown tree snakes (Boiga irregularis), ball pythons (Python regius), rock pythons 

(Python sebae), water snakes (Nerodia clarkii), milk snakes (Lampropeltis sp.), green 

anaconda snakes (Eunectes murinus murinus) and a broad-headed snake (Hoplocephalus 

bungaroides) in addition to a garter snake (Thamnophis sirtalis) and eastern 

diamondback rattlesnake (Crotalus adamanteus).9  When fungal isolates from snakes are 

evaluated by morphological methods, thorough analysis and proper handling is essential 

since we have shown that changes in sporulation patterns can occur through passaging.  

Use of molecular methods is valuable to avoid misidentification due to 

morphological variation.  To further understand the range of the pathogen and determine 

anti-fungal treatments that are effective, whenever wildlife biologists and veterinarians 

receive snakes affected by O. ophiodiicola, they should report the disease and the 

effectiveness of any treatments.   
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FIGURES 

  
Figure 1.  Histopathology of snakes infected by Ophidiomyces ophiodiicola.  Sections 

were stained with H&E (hematoxylin and eosin) to observe host tissue responses to 

infection or GMS (Grocott-Gomori’s methenamine silver) to visualize fungal elements.  

(A) Section of the black racer body wall with H&E stain (40X magnification), including 

subcutaneous tissues and skeletal muscles reveals multifocal granulomas characterized by 

central areas of necrosis surrounded by degenerate heterophils, macrophages and 

multinuculeate giant cells.  (B) GMS stain of a section of the black racer body wall near 

that in A, revealing fungal hyphae in the tissue.   (C) Section of the garter snake body 

wall (100X magnification) with H&E stain reveals multifocal granulomas containing 

central areas of necrosis surrounded by degenerate heterophils, macrophages and 

multinuculeate giant cells.  (D) Section as in C, with GMS stain, revealing septate hyphae 

in host tissue with acute angle branching.  (E) Magnified area (400X) of GMS stained 

section in B revealing septate hyphae of O. ophiodiicola in black racer tissue.  (F) 

Magnified area (400X) of GMS stained section in D revealing septate hyphae of O. 

ophiodiicola in garter snake tissue. 
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Figure 2.  Ophidiomyces ophiodiicola MYCO-ARIZ AN0400001.  (A) Colony of O. 

ophiodiicola grown on PDA at 28 C in the dark for 14 d.  (B) Colony of O. ophiodiicola 

grown on SDA at 28 C in the dark for 14 d showing droplets of exudate.  Structures in 

figures C–J are stained with lactophenol cotton blue.  (C) Vegetative racquet hyphae 

(arrows) with lateral branches differentiating into adjacent arthrospores.  (D) Vegetative 

hyphae with undulating lateral hyphae differentiating into adjacent arthrospores.  (E and 

F) Adjacent arthrospores.  (G, H, and I) Aleuriospores and alternate arthrospores with 
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collapsed cells supporting them.  (J) Dehiscing aleuriospores.  Bars: C = 100 m; D, G, 

H, I, J = 50 m; E, F = 10 m. 
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Figure 3.  Maximum likelihood (ML) tree based on analysis of nrITS region.  Tree was 

rooted with Corynascus sepedonium following Rajeev et al. (2009).7  ML bootstrap 

values greater than 50% and Bayesian posterior probabilities greater than 70 are 

presented in that order.  Lower support values are indicated by -.  Branches in bold were 

concordant in both the ML and Bayesian analyses.  Taxa in quotes are potentially mis-

classified Chrysosporium spp. because they fall outside the generally circumscribed 

Chrysosporium clade (clade A).  Ch., Chrysosporium; CANV, Chrysosporium anamorph 

of Nannizziopsis vriesii: N., Nannizziopsis.  aDeposited in GenBank as Uncinocarpus 

reesii, but the herbarium record indicates it was potentially identified as Chrysosporium 

hirundinis (https://daphne.pf.chiba-u.jp/distribution/catalog).  bDeposited in GenBank as 

Aphanoascus arxii, but Sole et al. (2002)10 suggests its current name to be A. orissi. 
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Abstract: 

The rise in reports of reptilian diseases caused by Chrysosporium-like fungi has brought 

attention to the fluctuating taxonomy of Chrysosporium.  The unclear boundaries 

between Chrysosporium and Chrysosporium-like species and the polyphyly of 

Chrysosporium have caused confusion in the identification of these reptilian pathogens.  

Morphological distinction is difficult because these reptilian pathogens produce 

aleuriospores that are similar to Chrysosporium.  The phylogenetics of Chrysosporium 

are also problematic because molecular data that have been used to represent the 

Chrysosporium type species, C. merdarium, appear to originate from misidentified 

specimens.  This review describes the history of Chrysosporium systematics and the 

challenges it faces.  In the review we (i) present a phylogenetic analysis that separates 

Chrysosporium taxa and recently described Chrysosporium-like pathogens of reptiles,  
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(ii) propose how the Chrysosporium clades should be delineated, and, (iii) suggest that 

the teleomorph of Chrysosporium should be limited to Aphanoascus species.  Recent 

removal of several species from Chrysosporium is a good start to delimit taxa that belong 

to the genus. However, challenges in molecular analyses of the original C. merdarium 

type specimen combined with complications associated with sequences deposited in 

Genbank as C. merdarium raises the question of whether there is a C. merdarium isolate 

that is the appropriate type specimen for this genus. The review indicates the 

complications that arise when living type specimens are not available in the age of 

molecular systematics. 

 Key words:  aleuriospores, Aphanoascus, arthrospores, CANV, Chrysosporium, 

Nannizziopsis, Onygenales 

 

INTRODUCTION 

The anamorphic genus Chrysosporium is comprised of primarily non-pathogenic, soil-

borne fungi that are keratinolytic and produce rhexolytically released aleuriospores and 

alternate arthrospores (Sigler 1997, Vidal et al. 2000b).  As these spore features are 

shared by genera in other orders, Chrysosporium taxonomy has been in flux and 

molecular phylogenetics has suggested that the genus is polyphyletic (Vidal et al. 2000b).  

In recent years, Chrysosporium has gained attention because newly described 

Chrysosporium-like fungi have been recognized as causal agents of emerging diseases of 

reptiles.  Most of these pathogens were originally identified as Chrysosporium species 

prior to being revised as Chrysosporium-like species (Cabañes et al. 2014, Sigler et al. 

2013) due to their resemblance to Chrysosporium species and the unclear genus 
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boundaries of Chrysosporium (Abarca et al. 2010, Rajeev et al. 2009, Sigler et al. 2013, 

Stchigel et al. 2013).   Unfortunately, defining the boundaries of the genus has been 

difficult due to problems with the Chrysosporium type species being represented by 

misidentified isolates (Pitt et al. 2013, Vidal et al. 2000b).  Here, we review the 

challenges associated with Chrysosporium taxonomy with an emphasis on recently 

described Chrysosporium-like pathogens of reptiles.  Additionally, to resolve the current 

polyphyly of the genus, we propose limits for the clades considered as members of 

Chrysosporium sensu stricto, and point out those Chrysosporium species that require 

taxonomic revision. We point to the issues that arise when viable type specimens are not 

available for use in molecular typing to resolve genus clades. 

 

TAXONOMIC HISTORY OF CHRYSOSPORIUM 

In 1833, Corda described the genus Chrysosporium Corda, a diverse group of 

Eurotiomycetes known primarily from soil and keratinous substrates such as the skin, 

hair, and nails of vertebrates (Corda 1833, Sigler 1997, van Oorschot 1980, Vidal et al. 

2000b).  Since its description, however, Chrysosporium taxonomy has undergone several 

emendations leaving the boundaries and contents of the genus unclear (Carmichael 1962, 

Corda 1833, Dominik 1967, Hughes 1958, Saccardo 1901, van Oorschot 1980).   

The genus Chrysosporium was erected when Corda described C. corii from 

leather (Corda 1833). However, Saccardo (1901) designated Chrysosporium as 

synonymous with Sporotrichum, and the use of Chrysosporium was suspended. 

Chrysosporium was reintroduced in 1958 by Hughes to accommodate C. corii and C. 

pannorum (currently named Pseudogymnoascus pannorum/Geomyces pannorum) 
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(Hughes 1958).  A few years later, Carmichael recognized the need to revise the 

taxonomy of aleuriosporic fungi and amended the genus Chrysosporium to include 

members from several other genera that produce aleuriospores and alternate arthrospores 

(Carmichael 1962).  Carmichael (1962) observed several specimens that resembled C. 

corii and noted that a fungus described prior to C. corii, Sporotrichum merdarium Link 

(1818), as well as another specimen designated Blastomyces luteus Constantin and 

Rolland (Costantin and Rolland 1888), were identical to C. corii.  Therefore, a new 

combination, Chrysosporium merdarium (Link) J. W. Carmichael, was described as the 

type species to be conspecific with C. corii, S. merdarium, B. luteus, and a specimen 

previously misidentified as Aleurisma flavissima (Carmichael 1962).  At the same time, 

Carmichael described several new species of Chrysosporium, most of which were 

transferred later to other genera, with the exception of C. merdarium, C. tropicum, and C. 

keratinophilum.  Thereafter, new species were described and additional taxa were added 

to the genus (Dominik 1967, van Oorschot 1980) until van Oorschot (1980) recognized 

the need to delimit Chrysosporium more clearly.  Several taxa were removed but the 

genus remained associated with eight teleomorph genera spanning five families (van 

Oorschot 1980), rendering the genus polyphyletic (Vidal et al. 2000b). 

As currently recognized, Chrysosporium is defined by colonial and conidial 

morphology (Sigler 1997, van Oorschot 1980).  Colonies are white to yellow.  They 

contain hyaline to light-colored single-celled conidia and rarely, two-celled spores (Sigler 

1997, van Oorschot 1980).  Conidia may form via blastic ontogeny on the side of hyphae, 

or via thallic ontogeny either at the tip of a hyphal branch or in an intercalary manner 

(Sigler 1997).  In all cases, conidia are released in a rhexolytic manner (FIG. 1), leading 
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to the formation of terminal or lateral aleuriospores or intercalary alternate arthrospores 

(Sigler 1997, Vidal et al. 2000b).  Aleuriospores of Chrysosporium vary in shape from 

clavate to pyriform or obovoid, whereas its arthrospores are usually cylindrical or barrel-

shaped. Because phylogenetically diverse fungi share many of these morphological 

characters, numerous species have been added to the genus without evidence of 

phylogenetic proximity (Sigler 1997, Vidal et al. 2000b).  In addition, many of these 

fungi are pleomorphic and show morphological changes after subculturing, which adds to 

the challenge of distinguishing Chrysosporium and Chrysosporium-like fungi (Ohkura et 

al. 2016, van Oorschot 1980, Vidal and Guarro 2002). 

Since the mid-1990’s, molecular techniques have been used to clarify 

phylogenetic relationships between Chrysosporium and related Onygenales (Bowman et 

al. 1996, Bowman and Taylor 1993, Cano et al. 2002, Leclerc et al. 1994, Sugiyama et al. 

1999, Sugiyama et al. 2002, Untereiner et al. 2002, Vidal et al. 2000b).  The first 

comprehensive molecular phylogenetic study of Chrysosporium species was performed 

by Vidal et al. (2000b), analyzing sequences of the nuclear ribosomal internal transcribed 

spacers and 5.8S gene (nrITS) (Vidal et al. 2000b).  Their study, as well as a more recent 

analysis (Pitt et al. 2013), revealed that Chrysosporium sensu lato contains species 

belonging to the Eurotiomycetes, Sordariomycetes, and Leotiomycetes, illustrating the 

polyphyly of the genus and the need to restrict taxa that belong to it.  In Vidal et al. 

(2000b), Chrysosporium species were distributed in nine different clades (clades I – IX): 

three clades contained species belonging to the Onygenaceae (clades I – III), and the 

remaining clades contained species belonging to the Nannizziopsiaceae and Onygenaceae 

(clade IV), Ajellomycetaceae (clade V), Arthrodermataceae (clade VII), Chaetomiaceae 
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(clade VIII), Myxotrichaceae (clade IX), and a group with unknown teleomorphs (clade 

VI) affiliated with Ajellomycetaceae (Stchigel et al. 2013, Untereiner et al. 2002, Vidal et 

al. 2000b).  Circumscription of the Onygenaceae and a recently described family, the 

Nannizziopsiaceae, is unclear because their taxa share the same clade (clade IV) (Stchigel 

et al. 2013, Vidal et al. 2000b), but clarification of these families is beyond the scope of 

this review.   

The largest collection of Chrysosporium species was found in clades I and II 

(sensu Vidal et al. 2000b), which contained species that were placed in the Onygenaceae.  

These clades contained species in the genera Chrysosporium and Aphanoascus, including 

Chrysosporium species that have Aphanoascus teleomorphs as well as Aphanoascus 

species with unnamed anamorphs.  Furthermore, clade I contained C. tropicum and C. 

keratinophilum, two of three species that remained assigned to Chrysosporium after 

Carmichael’s revision (Carmichael 1962), suggesting that taxa of clade I, and possibly 

clade II, correspond to the generally circumscribed Chrysosporium species.  

Unfortunately, the phylogenetic position of the Chrysosporium type species, C. 

merdarium, could not be used to identify the lineage containing the generally 

circumscribed Chrysosporium species because its phylogenetic placement was 

unresolved (details of the specimen are discussed in the following section) (Vidal et al. 

2000b).  More recently, Sutton et al. (2013) defined the species in clade II of Vidal et al. 

(2000b) as part of the Keratinophyton clade, based on ascospore characteristics of pitted 

ascospores with an equatorial rim that distinguish them from Aphanoascus which has 

reticulate-walled ascospores without an equatorial rim.  
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Clade III also contained species belonging to the Onygenaceae and consisted of 

Coccidioides immitis, Uncinocarpus reesii (with a Malbranchea anamorph), and U. 

queenslandicus (with a Chrysosporium anamorph).  However, the anamorph of U. 

queenslandicus is questionable because the morphological distinction between 

Chrysosporium and Malbranchea is ambiguous (Sigler 1997, Sigler et al. 1986, Sigler et 

al. 1998, Vidal et al. 1999, Vidal et al. 2000b).  The two genera have been distinguished 

mainly by the predominance of aleuriospores in Chrysosporium, and the predominance of 

narrow alternate arthrospores in Malbranchea; however some species produce spores 

intermediate in morphology, suggesting these features are not suitable for distinguishing 

the two genera (Sigler 1997, Sigler et al. 1986, Vidal et al. 2000b).  

Another recent phylogenetic analysis using nrITS sequences that included 

recently described Chrysosporium and Chrysosporium-like species (FIG. 2) shows 

concordance in overall topology and placement of the generally circumscribed 

Chrysosporium clade with Vidal et al. (2000b).  Clades A and B (FIG. 2) correspond to 

taxa that are in clades II and I of Vidal et al. (2000b), respectively; these clades consist of 

taxa that have a Chrysosporium anamorph, with the exception of A. canadensis and A. 

mephitalis.  These two species have Malbranchea anamorphs (Cano and Guarro 1990), 

which, as described above, are difficult to distinguish from Chrysosporium anamorphs 

(Sigler 1997, Sigler et al. 1986, Sigler et al. 1998, Vidal et al. 1999, Vidal et al. 2000b).  

Recently, Aphanoascus taxa in clade A (FIG. 2) and Vidal et al.’s clade II were 

reclassified as Keratinophyton (Sutton et al. 2013), therefore, Chrysosporium species 

with known teleomorphs in clade B (FIG. 2) and Vidal et al.’s clade I retain the 

Aphanoascus teleomorph (Cano et al. 1990, Cano et al. 2002, Cano and Guarro 1990, 
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Currah 1985, van Oorschot 1980, Vidal et al. 2000b, Vidal and Guarro 2002).  Sutton et 

al.’s (2013) revision, as well as the presence of two of the three original Chrysosporium 

species in clade I of Vidal et al (2000b), suggest a taxonomic link between 

Chrysosporium and Aphanoascus.  

Phylogenetic analysis (FIG. 2) also reveals several species that have been placed 

previously in Chrysosporium but do not belong to the generally circumscribed 

Chrysosporium clade. These include C. carmichaelii, C. europae, C. georgiae, C. 

hirundinis, C. queenslandicum (with a U. queenslandicus teleomorph), C. undulatum, and 

C. vespertilii (FIG. 2). A revision of these taxa is needed as well.  Among these taxa, 

those with recognized teleomorphs (C. georgiae and C. queenslandicum) belong to 

Arthroderma and Uncinocarpus respectively, distinct from the Aphanoascus teleomorphs 

present in the Chrysosporium species of clade B (Apinis 1970, Currah 1985, Paré et al. 

1997, Sigler et al. 1998, van Oorschot 1980).  Chrysosporium undulatum and C. europae 

produce lateral aleuriospores characteristic of Chrysosporium spp.; however, their 

alternate arthrospores are narrower than those of most Chrysosporium spp. (Sigler et al. 

1986, Vidal et al. 1999).  Additionally, C. europae produces adjacent arthrospores similar 

to the anamorph of Nannizziopsis spp., but atypical of most described Chrysosporium 

spp. (Abarca et al. 2009, Abarca et al. 2010, Paré et al. 1997, Sigler et al. 1986).  The 

phylogenetic analysis supports that taxa with these morphologies should not be included 

in Chrysosporium.  Teleomorph state and asexual spore types differentiate some, but not 

all, of the Chrysosporium-like species from generally circumscribed Chrysosporium spp. 

in our analysis.  A more thorough systematic revision incorporating more taxa will be 

necessary to identify defining characters that distinguish all Chrysosporium spp. from 
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Chrysosporium-like spp.  The analysis presented here, based on a single-locus data set, is 

at the limits of alignability at this taxonomic breadth.  A multilocus analysis would 

complement morphological and single-locus data sets.   

Molecular phylogenetics have facilitated the identification of new Chrysosporium 

species (Liang et al. 2009, Vidal et al. 2000a, Vidal et al. 2002).  However, fungi that fall 

proximal to Chrysosporium species that do not belong to the generally circumscribed 

Chrysosporium clade have been erroneously described as Chrysosporium in the literature 

(Abarca et al. 2010, Nováková and Kolařík 2010, Rajeev et al. 2009, Stchigel et al. 2013, 

Vidal et al. 1999).  This exacerbates the polyphyly of the genus, reinforcing the need to 

define the boundaries of Chrysosporium sensu stricto.   

To assign generic boundaries it is essential to determine the phylogenetic 

placement of the Chrysosporium type species relative to other Chrysosporium species 

and closely related genera.  As a start to resolving this polyphyletic group, studies have 

removed several taxa that are phylogenetically distant from generally circumscribed 

Chrysosporium species (Pitt et al. 2013, Sigler et al. 2013, Stchigel et al. 2013).  

Nevertheless, these studies fall short of demonstrating which lineages correspond to 

Chrysosporium sensu stricto because the provenance of strains with sequences deposited 

in GenBank as the type species, C. merdarium, is controversial (see below, De Bellis et 

al. 2007, Liang et al. 2009, Pitt et al. 2013, Vidal et al. 2000b).  The use of these 

sequences has prevented rigorous assessment of the boundaries of the Chrysosporium 

genus and point to the need to identify a C. merdarium specimen that is appropriate for 

representing the genus. 
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THE CHRYSOSPORIUM TYPE SPECIMEN 

To restrict the content of Chrysosporium sensu stricto, determining the phylogenetic 

placement of the type species is necessary. However, designating the appropriate type 

specimen for Chrysosporium has proven difficult.  In Carmichael’s description of C. 

merdarium (Carmichael 1962), Sporotrichum merdarium Link is designated as its 

obligate synonym and C. corii Corda is designated as its facultative synonym.  The 

holotypes for S. merdarium and C. corii are deposited as inviable environmental samples 

on dung in the Berlin Botanical Museum (B 70 0016432) and on leather in the Prague 

National Museum (PRM155415), respectively (Hughes 1958).  To attempt to resolve 

placement of the type specimens, the authors of this review obtained them and observed 

their morphology.  We were able to determine the presence of aleuriospores and alternate 

arthrospores, but unfortunately, these characters do not differentiate between 

Chrysosporium and Chrysosporium-like fungi.  Microscope mounts of these specimens 

that were made by Hughes (1958) (available as Department of Agriculture Ottawa 

Mycology (DAOM) specimens DAOM 43321 and DAOM 55541; Carmicheal 1962) 

were also observed; however, spore-forming structures could not be distinguished due to 

the age of the mounts, although we were able to observe the presence of aleuriospores in 

DAOM 43321.  The authors also performed molecular analysis of the holotypes by 

amplification and cloning of the nrITS region from DNA extracted from scrapings of the 

specimens.  Ten clones from the S. merdarium type specimen and twenty clones from the 

C. corii type specimen were analyzed; however, BLASTn analysis of these sequences 

against GenBank only revealed the recovery of contaminants that are distantly related to 

Chrysosporium such as Cladosporium and Mortierella species (M. Ohkura, M.J. Orbach 
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and A.E. Arnold, unpublished).  Thus, attempts to determine the phylogenetic placement 

of the Chrysosporium type species using the holotypes were not successful.   

In Vidal et al. (2000b), the nrITS sequence of CBS 408.72 was used to represent 

C. merdarium (GenBank accession AJ390384).  In that study, CBS 408.72 was placed 

separately from all clades containing other Chrysosporium spp. and its phylogenetic 

placement was unclear (Vidal et al. 2000b).  Evidently, CBS 408.72 has had a history of 

controversial classification: the isolate originally was described as Gymnoascus uncinatus 

(Orr et al. 1963), which van Oorschot (1980) described as producing a C. merdarium 

anamorph.  Currah (1985) rejected the C. merdarium anamorph state of this strain and 

described it as Uncinocarpus uncinatus, which Solé et al. (2002) proposed to be 

reclassified as G. uncinatus.  Vidal et al. (2000b) recognized the uncertainties of using 

CBS 408.72 to represent C. merdarium; yet they deposited its nrITS sequence in 

GenBank as C. merdarium (GenBank accession AJ390384).  Subsequent studies have 

used it to represent the type species, perpetuating its unresolved placement and obscuring 

the phylogenetic boundaries of the genus (Liang et al. 2009, Sigler et al. 2013).   

Another specimen that has been used to represent the type species of 

Chrysosporium is an isolate that was morphologically identified as C. merdarium in an 

ecological study (De Bellis et al. 2007, Liang et al. 2009).  However, BLAST analysis of 

its nrITS sequence (GenBank accession DQ888721) against the NCBI database revealed 

that it has 99% sequence identity to Geomyces sp. and Geomyces pannorum (now known 

as Pseudogymnoascus pannorum (Minnis and Lindner 2013)) as well as 100% sequence 

identity an uncultured ascomycete isolate (De Bellis et al. 2007). It may have been 

misidentified, reiterating the difficulty in distinguishing aleuriosporic fungi by 
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morphology.  Phylogenetic analysis confirmed the isolate does not group with generally 

circumscribed Chrysosporium species (Liang et al. 2009), suggesting this isolate is also 

not appropriate for representing the type species. 

The holotype of C. merdarium var. roseum W. Gams & Domsch (CBS 388.68) 

also has been considered for use as a type specimen (Ohkura et al. 2016, Pitt et al. 2013).  

The isolate was observed by van Oorchot (1980) and was considered a variety of C. 

merdarium despite its pink colony color, unlike the white to tan color of generally 

circumscribed Chrysosporium species (Gams and Domsch 1969).  Phylogenetic analysis 

of the nrITS sequence from CBS 388.68 (GenBank accessions KC989728 and 

KF225604) does not place the strain with other Chrysosporium species (Ohkura et al. 

2016, Pitt et al. 2013), and it has been proposed as a member of the Leotiales (Pitt et al. 

2013).  Additionally, BLAST analysis of the sequence against the NCBI database reveals 

a match with G. pannorum (now known as Pseudogymnoascus pannorum (Minnis and 

Lindner 2013)), suggesting taxonomic uncertainty and potential misidentification 

(Ohkura et al. 2016, Pitt et al. 2013). 

To evaluate whether C. merdarium belongs to the generally circumscribed 

Chrysosporium clade or whether C. merdarium should be rejected as a type species for 

Chrysosporium, would require analysis of additional C. merdarium isolates.  However, 

because of the inconclusive results from the analysis of the preserved holotypes from the 

Berlin Botanical Museum (B 70 0016432) and Prague National Museum (PRM155415), 

a neotype from a viable specimen may need to be designated. 
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TAXONOMY OF CHRYSOSPORIUM-LIKE PATHOGENS OF REPTILES 

Reports of reptilian diseases caused by fungi that produce aleuriosporic and/or 

arthrosporic anamorphs have increased in recent years (Abarca et al. 2008, Abarca et al. 

2009, Abarca et al. 2010, Allender et al. 2011, Allender et al. 2015, Bertelsen et al. 2005, 

Bowman et al. 2007, Eatwell 2010, Han et al. 2010, Hellebuyck et al. 2010, Johnson et al. 

2011, McBride et al. 2015, Nichols et al. 1999, Paré et al. 1997, Paré and Jacobson 2007, 

Rajeev et al. 2009, Tetzlaff et al. 2015, Thomas et al. 2002, Toplon et al. 2013, 

Vissiennon et al. 1999).  In several of these reports, pathogens were identified or 

described based on similarity to a fungal pathogen that was isolated from chameleons by 

Paré et al. (1997).  The chameleon pathogen was identified as the Chrysosporium 

anamorph of Nannizziopsis vriesii (CANV) because it resembled the anamorph of N. 

vriesii, a fungus that was first isolated from lizard skin (Apinis 1970, Currah 1985), and 

because it produced spores that were similar to those of Chrysosporium.  Therefore, 

subsequent studies that encountered reptilian pathogens that resembled the chameleon 

pathogen, or had a similar nrITS sequence to Nannizziopsis vriesii (GenBank accession 

AJ131687), were described or diagnosed as Chrysosporium species or having 

Chrysosporium anamorphs (Abarca et al. 2008, Abarca et al. 2008, Abarca et al. 2009, 

Abarca et al. 2010, Bertelsen et al. 2005, Bowman et al. 2007, Han et al. 2010, Johnson et 

al. 2011, Nichols et al. 1999, Paré et al. 1997, Rajeev et al. 2009, Stchigel et al. 2013, 

Thomas et al. 2002, Toplon et al. 2013). 

Although the chameleon pathogen isolated by Paré et al. (1997) showed similarity 

to the anamorph stage of N. vriesii and Chrysosporium, it is disputed whether N. vriesii 

produces a Chrysosporium anamorph stage.  Nannizziopsis vriesii (Apinis) Currah was 
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originally described as Rollandina vriesii, and the anamorph was described as follows:  “ 

[the] conidia are formed singly on vegetative hyphae of the Sporotrichum or 

Chrysosporium type, or in chains (Oidium type) (Apinis 1970)”; thus, a morphological 

resemblance to Chrysosporium aleuriospores was suggested and the Oidium type conidia 

likely refer to adjacent arthrospores. However, a Chrysosporium anamorph was not 

designated (Apinis 1970, Currah 1985).  In 1980, van Oorschot designated 

Chrysosporium as the anamorph of R. vriesii based on the morphology of aleuriospores, 

but a description of arthrospores was not included and intercalary conidia were stated to 

be absent (van Oorschot 1980).  Subsequently, R. vriesii was described as Arachnotheca 

vriesii (Apinis) Samson (von Arx 1981) and later transferred to N. vriesii (Currah 1985).  

In von Arx’s (1981) description of the genus Arachnotheca, it was associated with both 

Chrysosporium and Malbranchea anamorphs (von Arx 1981), but the specific anamorph 

stage of A. vriesii was not defined.  When Currah (1985) described N. vriesii, a 

description of its aleuriospores and arthrospores was included but it was unclear whether 

the fungus produced alternate arthrospores, indicative of Chrysosporium, and/or adjacent 

arthrospores (Currah 1985).  Following that, further reports of the fungus were not found 

until a similar fungus was isolated from chameleons (Paré et al. 1997).   

The chameleon isolate was identified as CANV even though this fungus did not 

produce sexual structures on media as N. vriesii isolates do.  Its propensity to produce 

adjacent arthroconidia in addition to alternate arthroconidia is atypical of generally 

circumscribed Chrysosporium species, but based on its association with reptiles and some 

morphological resemblance, the anamorph was described as Chrysosporium (Paré et al. 

1997).  However, a recent phylogenetic study demonstrated that N. vriesii falls distant 
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from generally circumscribed Chrysosporium species (Ohkura et al. 2016, Sigler et al. 

2013), which suggests it is inappropriate to designate Chrysosporium as the anamorph of 

N. vriesii, as well as for other species related to N. vriesii.   

Following the report by Paré et al. (1997), assigning taxonomic placement of 

reptile-associated fungi has proven challenging.  Isolates that were morphologically 

similar to the description in Paré et al. (1997) or had a similar nrITS sequence to 

Nannizziopsis vriesii (GenBank accession AJ131687) were identified as CANV 

(Bertelsen et al. 2005, Bowman et al. 2007, Johnson et al. 2011, Nichols et al. 1999, 

Thomas et al. 2002, Toplon et al. 2013), and other isolates with sequence similarity to the 

type species of N. vriesii were described as new Chrysosporium species, including two 

snake pathogens formerly described as C. ophiodiicola and C. longisporum, and an 

iguana pathogen formerly described as C. guarroi (Abarca et al. 2008, Abarca et al. 2009, 

Abarca et al. 2010, Han et al. 2010, Paré et al. 1997, Rajeev et al. 2009).  This led a 

number of Chrysosporium-like fungi to be erroneously identified as Chrysosporium 

(Sigler et al. 2013); however, phylogenetic analysis reveals that these reptilian pathogens, 

described below, do not belong to the generally circumscribed Chrysosporium clade 

(Sigler et al. 2013, FIG. 2).   

Several of these taxa have undergone taxonomic revisions and are currently 

placed in genera outside of Chrysosporium based on further molecular analyses (Sigler et 

al. 2013, Stchigel et al. 2013).  To highlight a few examples, the isolates from Paré et al 

(1997), identified as CANV, were revised as N. dermatitidis (Sigler et al. 2013), and an 

emerging pathogen of snakes formerly described as C. ophiodiicola was reclassified as 

Ophidiomyces ophiodiicola (Sigler et al. 2013).  The anamorph of Nannizziopsis and 
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Ophidiomyces species can be distinguished morphologically from generally 

circumscribed Chrysosporium species because they produce adjacent arthrospores via 

schizolytic cleavage (FIG.1, Sigler et al. 2013).   

Despite these revisions, however, the name CANV is still being used to refer to 

the species complex of reptilian infecting fungi (Cabañes et al. 2014, Sigler et al. 2013).  

This nomenclature misrepresents the anamorph stage of N. vriesii and can interfere with 

the tracking of reptilian diseases caused by individual species. Their revised species 

names should only be used and the use of CANV should be discontinued. 

 

DISCUSSION 

Traditionally, Chrysosporium has been circumscribed on the basis of colonial, 

aleuriospore, and alternate arthrospore morphology.  However, as these characteristics 

are shared by phylogenetically distant taxa, the genus has expanded and is presently 

polyphyletic (Ohkura et al. 2016, Sigler et al. 2013, Vidal et al. 2000b). Thus, taxa 

currently known as Chrysosporium, including those in sequence databases, comprise a 

diffuse and diverse group.   

As a result, newly encountered strains can be mistakenly assigned to 

Chrysosporium due to phylogenetic proximity or BLAST similarity to "Chrysosporium" 

species that should instead be classified as "Chrysosporium-like".  To eliminate the 

polyphyly of the genus, this review proposes that Chrysosporium taxa should be limited 

to those that fall within clade I in Vidal et al. (2000b) and clade B (FIG. 2) in Ohkura et 

al. (2016).  This clade is proposed to represent the phylogenetic position for 

Chrysosporium sensu stricto because: (i) it consists of a large collection of 
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Chrysosporium species that includes two of the three Chrysosporium species (C. 

tropicum and C. keratinophilum) that remain assigned to Chrysosporium since 

Carmichael’s revision (Carmichael 1962); (ii) they consist dominantly of Chrysosporium 

species with only a few exceptions of Malbranchea species that are difficult to 

distinguish morphologically from Chrysosporium species; (iii) and taxa within these 

clades with known teleomorphs, including the Malbranchea taxa, are all associated with 

a single teleomorph genus, Aphanoascus.  The third species that still remains within the 

genus from Carmichael’s description is the type species, C. merdarium (Carmichael 

1962).  Unfortunately, the phylogenetic position of the type species could not be 

determined by analyzing inviable environmental samples of holotypes that are almost 200 

years old.  Attempts to use other specimens deposited as C. merdarium in CBS and 

GenBank has proved unsuccessful as they appear to be misidentified or mislabeled.  

The increase in reports of reptilian diseases caused by Chrysosporium-like fungi 

has brought greater attention to Chrysosporium systematics.  In order to describe and 

identify these emerging pathogens correctly, raising awareness of the problems with 

Chrysosporium systematics is important.  When identifying or describing an unknown 

Chrysosporium or Chrysosporium-like species using molecular phylogenetics, it is 

critical to include non-Chrysosporium taxa representing genera that intersperse with 

Chrysosporium (e.g., Coccidioides and Uncinocarpus), to elucidate whether the unknown 

taxon places within the generally circumscribed Chrysosporium clades or proximal to 

"Chrysosporium-like" species.  This is necessary to avoid misidentification of specimens 

as Chrysosporium as has occurred with the emerging pathogens of reptiles.  These 

pathogens were incorrectly identified either based on resemblance to Chrysosporium 
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species or by phylogenetic placement proximal to N. vriesii, which was thought to 

produce a Chrysosporium anamorph (Abarca et al. 2010, Paré et al. 1997, Rajeev et al. 

2009, Stchigel et al. 2013).  Although these Chrysoporium-like reptilian pathogens 

produce aleuriospores and alternate arthrospores similar to Chrysosporium species, they 

differ in that they produce adjacent arthrospores as well (Abarca et al. 2010, Ohkura et al. 

2016, Rajeev et al. 2009, Stchigel et al. 2013).  Molecular phylogenetics also 

demonstrated that these emerging reptilian pathogens do not belong to the generally 

circumscribed Chrysosporium clade and thus were described under other genera (Sigler 

et al. 2013).  

The recent reclassification of several species that were formerly described within 

Chrysosoporium (Pitt et al. 2013, Sigler et al. 2013) is a good start to delimit taxa 

belonging to the genus.  Additional taxa that require revision, as illustrated in FIG. 2, are 

C. merdarium var. roseum, C. carmichaelii, C. europae, C. georgiae, C. hirundinis, C. 

queenslandicum, C. undulatum, C. vespertilii, C. minutisporosum, C. siglerae, C. 

submersum, C. fluviale, C. linfenense, and C. indicum.  Taxa that fall outside of clades I 

and II in Vidal et al. (2000b); C. filiforme, C. synchronum, C. pseudomerdarium, C. 

vallenarense, C. sulfureum, and C. pilosum, should also be revised.  Additionally, 

Chrysosporium taxa that may be described by morphology alone and are not represented 

in GenBank may require revisions as well.  When revising the taxonomy of these taxa, 

the phylogenetic position and boundaries of the genus should be defined using a type 

specimen.  However, the difficulty in obtaining an appropriate type specimen has 

hampered defining the contents of Chrysosporium sensu stricto, therefore, viable C. 

merdarium specimens in other culture collections need to be examined to determine if an 
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acceptable type isolate is still available.  This highlights the importance of maintaining 

viable type specimens in culture collections.  However, this is challenging due to 

limitations on funding sources to support these live collections.   Mycological culture 

collections are valuable for research in a diversity of disciplines, including but not limited 

to, agricultural, medical, and natural products research.  As many researchers count on 

the accessibility of these cultures for their work, the complications of Chrysosporium 

taxonomy serve as a reminder of the importance for the mycological community to 

devise a plan to preserve type cultures as well as others deemed critical to understanding 

fungal biodiversity. 
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FIGURES 

 

FIG. 1.  Illustration of rhexolytic and schizolytic modes of spore dehiscence from the 

Chrysosoporium-like fungus, Ophidiomyces ophiodiicola (figures from Ohkura et al. 

(2016)).  Aleuriospores in FIG. 1A and alternate arthrospores in FIG. 1B undergo 

rhexolytic dehiscence in which the spores are released by the collapse of the neighboring 

cell.  Often times, rhexolytically released spores will have remnants of the neighboring 

cell attached (FIG. 1C).  In contrast, adjacent arthrospores (FIG. 1D and 1E) undergo 

schizolytic dehiscence in which spores are released through the fragmentation of cells.   
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FIG. 2. Maximum likelihood (ML) tree based on analysis of nrITS region (revised from 

Ohkura et al. 2016). Tree was rooted with Corynascus sepedonium.  ML bootstrap values 

greater than 50% and Bayesian posterior probabilities greater than 70 are presented in 

that order. Lower support values are indicated by -.  Clade A includes taxa revised as 

Keratinophyton by Sutton et al. (2013).  Taxa in quotes are potentially mis-classified 

Chrysosporium spp. because they fall outside the proposed Chrysosporium clade (Clade 

B). aDeposited in GenBank as Uncinocarpus reesii, but the herbarium record indicates it 

was potentially identified as Chrysosporium hirundinis (https://daphne.pf.chiba- 

u.jp/distribution/catalog). bDeposited in GenBank as Aphanoascus arxii, but Solé et al. 

(2002) suggests its current name to be A. orissi.  
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