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Abstract 

Mutations fuel the diversity of life forms on earth through changes of nucleotides in DNA 

sequence. Patterns of mutations are biased; for example, mutational biases toward adenine and 

thymine have been previously noted in bacteria and biases for transitions over transversions are 

observed in diverse groups of organisms. However, the mutational biases in fungi, whose 

genomes vary widely in their GC content, remain poorly understood. Here, we characterized 

patterns of single nucleotide polymorphisms among 537 strains from 30 species and four classes 

from Ascomycota, the most species-rich fungal phylum. We found that mutational biases vary 

across Ascomycota; for example, some species in the class Saccharomycetes, in particular the 

bipolar budding yeast Hanseniaspora uvarum and the emerging pathogen Candida auris, show 

strong mutational bias toward A|T substitutions whereas the black mold Stachybotrys chartarum 

in the class Sordariomycetes shows substantial mutational bias toward G|C substitutions. 

Examination of GC content and GC equilibrium content, a measure that represents the GC 

content under selective neutrality and accounts for rates of G|C > A|T and A|T > G|C 

substitutions, revealed that fungal species vary in how their genome nucleotide composition is 

affected by neutral processes, mutational biases, and external evolutionary forces, such as 

selection. Whereas genome nucleotide composition is consistent with neutral expectations and is 

mainly driven by mutational bias in some species (e.g., Zymoseptoria tritici), the composition of 

others is influenced by both mutational bias and selection (e.g., H. uvarum and S. chartarum). 

These results highlight the variation of patterns of mutations across a fungal phylum and suggest 

that both neutral and selective processes shape the nucleotide composition of fungal genomes. 
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Introduction 

Mutations are the underlying force for genetic novelty and variability (Barton 2010), serving as 

the raw material for evolutionary change. Comprehensive knowledge of patterns of mutations is 

critical for understanding the molecular mechanisms of evolution. Although the randomness of 

mutations and what we precisely mean by “randomness” continues to be debated (Hershberg and 

Petrov 2010; Monroe et al. 2022; Eyre-Walker and Keightley 2007; Haag-Liautard et al. 2007; 

Orr 2005), it is well accepted that various factors, such as the different biochemical properties of 

nucleotides, make certain mutations more likely to occur than others resulting in unbalanced or 

biased rates of mutations. Detailed investigation of mutational biases can shed light on variation 

in genome nucleotide composition and help refine our understanding of the molecular 

mechanisms that contribute to evolution.  

 

Previous studies suggest that mutations may be universally biased toward the A|T direction in 

diverse organisms. For example, Hershberg and Petrov showed that mutations are biased toward 

A|T in bacteria whose genomes varied widely in their GC contents, suggesting that bacterial 

mutational biases are far less variable than previously thought (Hershberg and Petrov 2010). 

Similarly, Keightley et al. observed that the G|C > A|T mutation rate is close to two times that of 

the A|T > G|C mutation rate in three Drosophila melanogaster mutation accumulation lines 

(Keightley et al. 2009), and Lynch used data on de novo mutations for monogenic disorders to 

show a preponderance of mutations toward A|T in the human genome (Lynch 2010). In all these 

studies, the disparity between the observed GC content and the neutral expectation that A|T-

biased mutations would lead to an AT-rich genome suggests that genome nucleotide composition 

is not at an equilibrium determined by mutational biases alone. Countering forces such as natural 
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selection and biased gene conversion (BGC) must be acting in favor of G|C mutations to achieve 

the observed GC content, particularly for species with GC-rich genomes (Hershberg and Petrov 

2010; Webster, Smith, and Ellegren 2003; Haddrill and Charlesworth 2008). 

 

In contrast to other major lineages—such as bacteria, animals, and plants—the mutational biases 

of organisms from the fungal kingdom remain severely understudied. Some studies suggest that 

fungi, much like bacteria and animals, show a mutational bias toward A|T. For example, Zhu et 

al. observed a strong A|T bias of mutations driven by both C>T transitions and C>A 

transversions in mutation accumulation lines of the budding yeast Saccharomyces cerevisiae 

(Zhu et al. 2014). An excess of C>T mutations can also stem from processes such as repeat-

induced point mutation (RIP), a defense mechanism against invasive transposable elements in 

Neurospora crassa (Selker et al. 1987; Cambareri et al. 1989) and other fungal species (Galagan 

and Selker 2004; Horns et al. 2012; Hane et al. 2014). Although these insights are valuable, they 

are based on studies of a few species; whether mutations are biased toward the A|T direction 

across fungi in general remains an open question. 

 

Species in the fungal kingdom substantially vary in genome composition and content, 

morphologies, and ecological functions (Li et al. 2021). It is estimated that fungi comprise 

between 2.2 to 3.8 million species, but only around 150,000 have been formally described 

(Hawksworth and Lücking 2017; Willis 2018). Ascomycota contains three subphyla—

Pezizomycotina, Saccharomycotina, and Taphrinomycotina—and is the largest phylum of fungi 

representing around two�thirds of all described species (Shen et al. 2020; James et al. 2020; 

Naranjo-Ortiz and Gabaldón 2019). Draft genomes for more than 1,000 Ascomycota species are 
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publicly available, making the group one of the most sequenced phyla (Shen et al. 2020). 

Ascomycetes exhibit a variety of lifestyles, such as yeasts, pathogens, parasites, saprobes, 

endophytes, and molds (Naranjo-Ortiz and Gabaldón 2019). Both the biological diversity and the 

amount of available genome data make Ascomycota highly suitable for studying mutational bias 

and its impact on genome sequence evolution. 

 

In this study, we examined mutational biases in 537 strains from 30 diverse species from four 

different classes of the phylum Ascomycota. To minimize the influence of selection and BGC on 

our results, mutational patterns were measured from single nucleotide polymorphism (SNP) data 

reasoning that selection and BGC will likely be less effective on sites that are polymorphic 

within species than on sites that have diverged between species (Akashi 1995; Messer 2009). 

The resulting SNPs were used to calculate relative genome-wide rates of nucleotide mutations, 

transition over transversion ratios, directional mutational biases, and GC equilibrium contents. 

We find that mutational biases are highly variable across species in Ascomycota. While species 

in the class Saccharomycetes, in particular Hanseniaspora uvarum and Candida auris, show A|T 

mutational bias, mutations are biased toward G|C in Stachybotrys chartarum (class 

Sordariomycetes) and neutral in Aspergillus fumigatus (class Eurotiomycetes). Examination of 

GC equilibrium and observed GC contents revealed that evolutionary forces (e.g., selection) do 

not uniformly affect genome nucleotide compositions of species in Ascomycota. Evolutionary 

forces could be G|C biased (H. uvarum), A|T biased (S. chartarum), or neutral (Z. tritici). As a 

result, selection may magnify the direction of mutational bias, as in the case of Purpureocillium 

lilacinum, or counterbalance it, as in the case of S. chartarum. Although previous studies in 

many organisms have shown that mutational bias is generally toward A|T with selection 
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countering it by favoring mutations toward G|C, our study suggests that mutational biases and 

selection vary in both their direction and strength in fungal genomes.  
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Materials and Methods 

Data Set Assembly and Curation 

We chose 30 species of Ascomycota based on their broad phylogenetic distribution and the fact 

that each species has at least three strains with a publicly available genome assembly. The sister 

species to each of our 30 chosen species were determined according to a recently published 

genome-scale phylogeny of 1,107 species from Ascomycota (Shen et al. 2020). All genome 

assemblies were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/). Genome statistics 

including genome size, N50 values, and number of scaffolds that provide an overview of the 

quality of the genomes of all strains used in this study are presented in Table S1.  

 

To ensure that strains included in our analyses were not taxonomically misclassified or represent 

organisms from a complex comprised of multiple species (Jos et al. 2022), we calculated the 

pairwise intra-species average nucleotide identity (ANI) values for all strains within a given 

species using FastANI (https://github.com/ParBLiSS/FastANI) (Figure S1). We used 90% ANI 

as the cutoff for deciding whether a strain should belong to a species. Using this cutoff, three 

isolates—Aureobasidium pullulans AY4 (ANI value: 80.75±1.05), Aureobasidium pullulans 

CCTCC-M-2012259 (ANI value: 80.79±1.04), Fusarium fujikuroi FUS01 (although the ANI 

value 90.27±0.10 is above 90, it still largely deviates from the other strains of the species), and 

Yarrowia lipolytica NCIM3590 (ANI value: 80.73±0.02)—were misclassified and removed from 

our analyses. ANI analysis of the genomes Penicillium expansum YT02 and Aspergillus 

fumigatus SPS-2 strains failed to complete. Examination of GC contents, transition over 

transversion ratios, and directional mutational biases in these two strains revealed they are 

outliers, a finding suggesting that they may be misclassified; thus, we erred on the side of caution 
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and removed them from our analyses. After removing these isolates, the final data set is 

comprised of 537 strains from 30 species (Table S1). A full list of strains and species analyzed in 

this study, along with the corresponding sister species and genome statistics, is presented in 

Table 1. 

 

Identification of Single Nucleotide Polymorphisms 

To identify and polarize the direction of mutations in SNPs within each species, we used 

MUMmer 3.0 (Kurtz et al. 2004), a toolkit for whole genome comparisons, as our main 

analytical tool (http://mummer.sourceforge.net/). To do so, we first ran the NUCmer function 

(NUCleotide MUMmer) included in MUMmer to align genome assemblies. This required two 

inputs: a reference genome and a query genome to identify SNPs in. For the reference genome, 

the most closely related species of the query species, which we identified from a recently 

published genome-scale phylogeny of 1,107 Ascomycota genomes (Shen et al. 2020), was used. 

This analysis allowed us to polarize the direction of mutations in SNPs following a previously 

established protocol (Hershberg and Petrov 2010). The resulting NUCmer output was used as 

input to the show-snps function in MUMmer. To ensure SNPs were robustly identified, 

ambiguously mapped alignments were removed. 

 

Estimation of Mutational Bias 

The resulting SNPs were used to examine mutational biases. To determine the relative rates of 

the six pairwise substitutions, we determined the number of SNPs that exhibited guanine (G)-to-

adenine (A) and cytosine (C)-to-thymine (T) (G>A|C>T), A>G|T>C, A>C|T>G, G>T|C>A, 

A>T|T>A, and G>C|C>G mutations across both protein-coding regions and non-coding regions 
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of genomes. To determine whether a variant occurred in protein-coding regions, SNP positions 

were cross-referenced with the predicted gene boundaries (available via gtf/gff files) of the sister 

species when gene annotations were available. Files detailing gene boundaries were downloaded 

from NCBI. Eight of the 30 species examined lacked publicly available gene annotations, so our 

examination of protein-coding and non-coding patterns of SNPs was performed in the remaining 

22 genomes. We also calculated the transition-to-transversions rate (Ts/Tv) and the number of 

variants that have a G|C in the sister species and A|T in the query species over the number of 

variants that have A|T in the sister species and G|C in the query species.  

 

To evaluate directional biases in the observed patterns of mutations, the observed GC content 

and the expected equilibrium GC content for each species and class was calculated. GCeq is 

calculated from the measured rates of A|T > G|C and G|C > A|T mutations using the following 

equation (Hershberg and Petrov 2010): 

r(G|C > A|T) = 
#�|� � �|�

#�|�
  r(A|T > G|C) = 

#�|� � �|�

#�|�
 

GCeq = 
	
�|� � �|��

	��|� � �|��	
�|� � �|��
 

 

The aforementioned analyses were conducted using custom scripts written in the Python 

programming language (https://www.python.org/), which are available via figshare (see Data 

Availability Statement). The resulting data were summarized using ggplot2, v3.3.5 

(https://www.rdocumentation.org/packages/ggplot2/) and statistical analyses of resulting data 

were conducted using the R, v3.6.3 (https://cran.r-project.org/), programming language.  

 

Data Availability Statement 
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All data and custom scripts necessary for replicating the results of this study will be freely 

available upon publication in figshare.  
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Results 

The genomes of species in Ascomycota vary widely in their GC contents 

By calculating average GC content for each species and each class (Figure 1 and Table 2), we 

found that species in Ascomycota vary widely in their GC contents. The average GC content per 

class is 51.23 ± 0.84% for Dothideomycetes, 48.55 ± 1.28 % for Eurotiomycetes, 52.01 ± 2.52% 

for Sordariomycetes, and 42.07 ± 5.07% for Saccharomycetes. Thus, Saccharomycetes have 

considerably lower GC content in comparison to the other three classes. Among the thirty 

species, Purpureocillium lilacinum (Sordariomycetes) has the highest GC content 57.29 ± 0.26% 

and Hanseniaspora uvarum (Saccharomycetes) has the lowest GC content 34.53 ± 0.29%.  

 

Purpureocillium lilacinum exhibits an unusually low transition to transversion ratio 

Examination of transitions and transversions showed that transitions typically occur twice as 

frequently as transversions across all species apart from P. lilacinum, which has exceptionally 

high G>C|C>G transversion rate and a transition over transversion ratio of 0.79±0.00 (Figure 2, 

Figure S3). Since genome composition could affect the relative rates of different categories of 

SNPs, the high G>C|C>G transversion rate of P. lilacinum may be explained by its particularly 

high GC content. Likewise, Candida albicans and H. uvarum, which have the lowest GC 

contents, show comparably higher A>T|T>A transversion rates. Further examination of protein-

coding and non-coding patterns of SNPs reveals that these mutational biases operate consistently 

across protein-coding and non-coding regions of genomes (Figure S2). 
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Saccharomycetes species show strong A|T mutational biases while Stachybotrys chartarum 

(Sordariomycetes) shows G|C mutational bias 

To measure directional mutational bias, we calculated the ratio of G|C > A|T substitutions over 

A|T > G|C substitutions (Figure 3). We found that most species in Dothideomycetes, 

Eurotiomycetes, and Sordariomycetes have G|C > A|T over A|T > G|C ratios close to 1, 

suggesting that there is no substantial mutational bias. In contrast, some species in 

Saccharomycetes, in particular Candida auris and H. uvarum, demonstrate strong mutational 

bias toward A|T, with their G|C > A|T over A|T > G|C ratios being 1.46 ± 0.01 and 1.64 ± 0.01, 

respectively. Since this measure does not consider GC content, the G|C > A|T over A|T > G|C 

ratio could appear higher for species with higher GC content, as the cases of Colletotrichum 

higginsianum and P. lilacinum. We also note that Stachybotrys chartarum has the lowest G|C > 

A|T over A|T > G|C ratio at 0.83 ± 0.00, which is suggestive of substantial mutational bias 

toward G|C. These results suggest that there is no universal pattern of mutational bias in 

Ascomycota. 

 

To further understand the direction of mutational bias in fungi, we calculated GC equilibrium 

content, which represents the expected GC content under the observed rates of G|C > A|T and 

A|T > G|C substitutions (Hershberg and Petrov 2010). If mutational bias is neutral, then the rate 

of A|T > G|C substitutions should equal the rate of G|C > A|T substitutions and GCeq should be 

0.50. If mutations are biased toward A|T, then the rate of the rate of G|C > A|T substitutions 

should exceed the rate of A|T > G|C substitutions and GCeq should be smaller than 0.50. 

Conversely if mutations are biased toward G|C, then the rate of the rate of A|T > G|C 

substitutions should exceed the rate of G|C > A|T substitutions and GCeq should be greater than 
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0.50. Examination of GCeq values shows that species in Ascomycota vary widely, suggestive of 

diverse mutational biases (Table 2). The average GCeq per class is 0.53 ± 0.02 for 

Dothideomycetes, 0.48 ± 0.02 for Eurotiomycetes, 0.52 ± 0.03 for Sordariomycetes, and 0.37 ± 

0.04 for Saccharomycetes. The strongest A|T bias was observed in C. auris and H. uvarum, 

which have GCeq values of 0.37 ± 0.00 and 0.24 ± 0.00, respectively. A substantial G|C 

mutational bias was observed in S. chartarum (GCeq = 0.58 ± 0.00). 

 

Differences in GC content across Ascomycota fungi can be shaped by selection 

GCeq should approximate current GC content if genome nucleotide composition is evolving 

neutrally and is solely influenced by mutational bias. In contrast, a significant difference between 

GCeq and current GC content would suggest that genome nucleotide composition is also 

influenced by other evolutionary forces, such as natural selection. Thus, by comparing GCeq 

value and observed GC content for each species in our study, the impact (and strength) of 

selection on genome nucleotide composition can be examined. To do so, we plotted GCeq against 

GC content for each species and each class as well as their regression lines using a linear model 

and calculated the ΔGC – GCeq value, a measure of the direction and strength of natural selection 

(Figure 4; Table 2). For species whose ΔGC – GCeq values are around 0, genome nucleotide 

composition is mostly determined by mutational biases. For species whose ΔGC – GCeq values are 

positive, genome nucleotide composition is determined by mutational biases and selection that 

favors G|C nucleotides; for species whose ΔGC – GCeq values are negative, genome nucleotide 

composition is determined by mutational biases and selection that favors A|T nucleotides.  
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For most species in Eurotiomycetes and Sordariomycetes, the GCeq and GC content values are 

roughly equal, suggesting that nucleotide composition of these genomes is primarily, if not 

exclusively, shaped by mutational bias. This is the case both for species with mutational biases 

toward A|T (e.g., Coccidioides posadasii; GCeq = 0.48; GC = 0.48) and species with mutational 

biases toward G|C (e.g., Verticillium dahliae; GCeq = 0.54; GC = 0.54). Two notable exceptions 

include two Sordariomycetes: P. lilacinum (GCeq = 0.54; GC = 0.57) and S. chartarum (GCeq = 

0.58; GC = 0.54). GCeq is lower than GC content in P. lilacinum, suggesting that its genome 

composition is influenced by mutations and selection that are both G|C-biased, whereas GCeq is 

higher than GC content in S. chartarum, suggesting that its genome composition is influenced by 

G|C-biased mutations and A|T-biased selection.  

 

In Dothideomycetes and Saccharomycetes there are more species whose GCeq and GC content 

values deviate from a 1:1 ratio meaning that their genome compositions are shaped by both 

mutational bias and selection. In Dothideomycetes, Alternaria alternata (GCeq = 0.53; GC = 

0.51) and Aureobasidium pullulans (GCeq = 0.54; GC = 0.51) show evidence of A|T-biased 

selection. In Saccharomycetes, selection is generally biased toward G|C, possibly to 

counterbalance the A|T-biased mutations. The effects of G|C-biased selection are most notable in 

H. uvarum (GCeq = 0.24; GC = 0.35) and C. auris (GCeq = 0.36; GC = 0.46), who possess the 

strongest mutational biases toward A|T. However, some species such as Zymoseptoria tritici 

(GCeq = 0.53; GC = 0.53) in Dothideomycetes and C. albicans (GCeq = 0.37; GC = 0.36) in 

Saccharomycetes do not appear to be influenced by selection. 
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Discussion 

In this study, we analyzed patterns of mutations in SNPs from population genomic data in 30 

Ascomycota species. In contrast with expectations based on previous studies that mutations are 

universally biased toward A|T, our results suggest that species in Ascomycota exhibit diverse 

mutational biases. While most species lack substantial mutational bias, mutations are evidently 

biased toward A|T in Saccharomycetes, particularly in H. uvarum and C. auris. Furthermore, 

evolutionary forces such as selection do not always favor G|C to counteract mutational biases, as 

observed in previous studies. Selection varies in both direction and strength across different 

species. 

 
Species in Ascomycota exhibit substantial diversity in their mutational biases 

It is well established that some nucleotides are more unstable than others giving rise to biases in 

the frequencies of mutations in genomes. For example, deamination of methylated cytosines to 

thymine occurs at high frequency, contributing to A|T bias in spontaneous mutations. Indeed, 

several previous studies found that mutations are biased toward A|T in many organisms 

(Hershberg and Petrov 2010; Keightley et al. 2009; Lynch 2010; Webster, Smith, and Ellegren 

2003), raising the hypothesis that mutational bias toward A|T may be universal. However, our 

examination of 537 strains from 30 fungal species in the phylum Ascomycota revealed that this 

is not the case. Rather, we found that the mutational biases of these species are quite diverse 

(Figure 3; Table 2). For example, H. uvarum and C. auris in the class Saccharomycetes have 

pronounced A|T mutational bias, whereas S. chartarum in the class Sordariomycetes exhibits 

considerable G|C mutational bias. There are also several species that appear to lack mutational 

bias, such as Aspergillus fumigatus in the class Eurotiomycetes. This diversity of mutational 

biases is not only observed between fungal classes but is also observed when we compare 
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patterns of mutations within each class. For example, within the class Dothideomycetes, the 

species Alternaria alternata, Alternaria arborescens, Aureobasidium pullulans, and 

Pyrenophora tritici-repentis all have GC content values around 0.51 but their mutational biases 

may be A|T biased, G|C biased, or lack evidence of bias (Figure 3; Table 2). 

 

In general, Saccharomycetes have lower GC content and stronger A|T mutational bias than the 

other three classes. A previous comparison of the subphylum Saccharomycotina 

(Saccharomycetes is the only class within the subphylum) to Pezizomycotina (a subphylum that 

contains more than a dozen classes, including Dothideomycetes, Eurotiomycetes, and 

Sordariomycetes) showed that Saccharomycotina exhibit higher evolutionary rates than 

Pezizomycotina and contain smaller sets of DNA repair genes (Shen et al. 2020). Thus, the 

pronounced mutational bias toward A|T may be associated with the lower number of DNA repair 

genes in Saccharomycetes. Furthermore, Shen et al. found that evolutionary rate shows negative 

correlation with GC content in Saccharomycotina but positive correlation in Pezizomycotina 

(Shen et al. 2020). Since our results suggest that Saccharomycotina have strong mutational 

biases toward A|T but Pezizomycotina mostly lack or have weak mutational biases toward G|C, 

evolutionary rate may be associated with the strength of mutational bias across the entire 

Ascomycota phylum. 

 

The A|T mutational bias of H. uvarum is likely related to its extensive loss of DNA repair 

genes 

The bipolar budding yeast H. uvarum is commonly found on grapes and is often very abundant at 

the beginning of alcoholic fermentation (Albertin et al. 2016; Schütz and Gafner 2008; Hierro et 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 31, 2022. ; https://doi.org/10.1101/2022.03.29.486229doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.29.486229
http://creativecommons.org/licenses/by-nc/4.0/


al. 2006). Steenwyk et al. previously showed that H. uvarum belongs to a faster-evolving lineage 

(FEL) of the genus Hanseniaspora (Steenwyk et al. 2019). The FEL stem branch experienced 

accelerated evolutionary rate, which coincides with an extensive loss of genes in metabolic, cell 

cycle regulation, and DNA repair pathways (Steenwyk et al. 2019). The FEL also has strong 

mutational signatures associated with 8-oxo-deoxyguanosine and UV damage (Steenwyk et al. 

2019), which result in G|C>A|T mutations. Our observation of the A|T mutational bias in H. 

uvarum is consistent with Steenwyk et al.’s finding that substitutions are biased towards A|T in 

the FEL. The A|T mutational bias of H. uvarum may in part be explained by DNA damage by 

diverse mutagens including endogenous mutagens such as 8�oxo�deoxyguanosine and 

exogenous mutagens such as UV radiation (de Bont and van Larebeke 2004; Budden and 

Bowden 2013). The example of H. uvarum provides additional support for the potential 

association between A|T mutational bias and loss of DNA repair genes. 

 

The A|T mutational bias of C. auris may be linked to its ability to quickly evolve multidrug 

resistance 

C. auris is a newly emerging multidrug-resistant fungal pathogen. It was first described in 2009 

in Japan (Satoh et al. 2009), and has caused nosocomial outbreaks on five continents (Jeffery-

Smith et al. 2017). Due to its rapid spread in hospitalized patients and the difficulties in its 

identification, C. auris is becoming a critical threat to healthcare facilities globally (Jeffery-

Smith et al. 2017). However, many questions remain about C. auris, such as how the pathogen 

arose and spread and how it evolved extensive multidrug resistance. A recent study demonstrated 

that C. auris clade II can acquire multidrug resistance rapidly in vitro (Carolus et al. 2021), 

providing novel insights about the mechanisms of multidrug resistance in C. auris. In particular, 
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the researchers identified an ortholog of MEC3, which forms part of the sliding clamp for the 

DNA damage checkpoint (Majka and Burgers 2003), that acquired mutations during 

amphotericin B resistance evolution (Carolus et al. 2021). Defects in DNA damage checkpoint 

may result in an increasing number of A|T nucleotides in the genome, which is consistent with 

our observation that C. auris exhibits a substantial A|T mutational bias. Although the molecular 

mechanisms of multidrug resistance of C. auris require further exploration, our analysis of 

mutational biases provides support for the possibility that C. auris could acquire resistance 

against drugs that are cytotoxic due to oxidative DNA damage (such as amphotericin B and other 

polyenes) through altered DNA damage checkpoint response, which may in turn prevent 

apoptosis or increase mutation rate (Carolus et al. 2021; 2020; Burhans et al. 2003; Legrand et al. 

2007; Healey et al. 2016). 

 

Species in Ascomycota vary in how their genome nucleotide compositions are affected by 

mutational biases and evolutionary forces 

It has been previously proposed that since mutations are biased toward A|T, opposing forces such 

as natural selection and BGC must retain more G|C mutations to account for the variation in GC 

contents in species (Hershberg and Petrov 2010; Webster, Smith, and Ellegren 2003; Haddrill 

and Charlesworth 2008). Although these studies presented compelling evidence that gene 

conversion is biased toward G|C mutations in particular species and lineages (Birdsell 2002; 

Lesecque, Mouchiroud, and Duret 2013; Duret and Galtier 2009; Galtier et al. 2009; Pessia et al. 

2012), this pattern should not be presumed to hold true for all species. For example, population 

genomic analysis suggests that G|C-biased gene conversion is absent in Drosophila 

melanogaster (Robinson, Stone, and Singh 2014) and analyses of mutations in tetrads from 
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plants and fungi find no significant A|T > G|C conversion bias (Liu et al. 2018). Thus, whether 

BGC plays an important role in shaping genome nucleotide compositions in Ascomycota 

remains an open question and further research is needed to fully unravel the nature of BGC. 

 

Even though selection has been previously shown to favor the fixation of A|T > G|C mutations in 

animals, plants, and other species, our data suggest that this is not always the case for fungi. The 

wide range of ΔGC – GCeq values in Ascomycota, from -0.04 for S. chartarum to 0.11 for H. 

uvarum, indicates that the selection process acting on each species varies with respect to both 

direction and strength (Table 2). P. lilacinum and S. chartarum both have high GCeq, however 

G|C-biased selection makes the genome of P. lilacinum even more GC-rich while A|T-biased 

selection reduces the GC content of the genome of S. chartarum. C. albicans and C. auris both 

have low GCeq, however A|T-biased selection makes the genome of C. albicans slightly less GC-

rich while G|C-biased selection counteracts, to a certain extent, the loss of A|T nucleotides in the 

genome of C. auris. In addition, other species with either A|T or G|C mutational biases may not 

be under selection, as in the examples of Verticillium dahliae and Coccidioides posadasii. 

Altogether, these results demonstrate that species in Ascomycota not only vary in their 

mutational biases but also in how their genome nucleotide compositions are shaped by the 

combined effects of mutational biases and evolutionary forces, such as selection. 

 

Conclusion 

In this study, we analyzed patterns of SNPs among 537 strains from 30 species and four classes 

from the fungal phylum Ascomycota. In contrary to the expectation of a universal mutational 

bias towards A|T, we found that species in Ascomycota demonstrate substantial diversity in their 
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mutational biases. A predominant A|T mutational bias in Ascomycota may suggest absence or 

loss of DNA repair genes, although this hypothesis needs further testing. Comparison of GC 

equilibrium contents with observed GC contents further reveals that evolutionary forces such as 

selection could affect the fates of mutations by retaining either more G|C or A|T mutations. 

These results highlight the variation of patterns of mutations across a fungal phylum and suggest 

that both neutral and selective processes shape the nucleotide composition of fungal genomes. 
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Figures 

 

 

 

Figure 1. Species from the fungal phylum Ascomycota vary in their GC contents. 

The phylogeny of the 30 species examined in this study, along with their observed genome-wide 

GC contents (as a fraction). The 30 species belong to 4 classes: Dothideomycetes (5 species; 100 

strains), Eurotiomycetes (9 species; 167 strains), Sordariomycetes (9 species; 91 strains), and 

Saccharomycetes (7 species; 160 strains). Most of the species have GC contents around 50%. 
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The average GC content per class is 51.23 ± 0.84% for Dothideomycetes, 48.55 ± 1.28 % for 

Eurotiomycetes, 52.01 ± 2.52% for Sordariomycetes, and 42.07 ± 5.07% for Saccharomycetes. 

Purpureocillium lilacinum has the highest GC content with 57.29 ± 0.26% and Hanseniaspora 

uvarum has the lowest GC content with 34.53 ± 0.29%. Detailed GC contents for all species are 

summarized in Table 2. The phylogeny is based off evolutionary relationships from a genome-

scale phylogeny of 1,107 species from Ascomycota (Shen et al. 2020); the subtree of the 30 

species examined in this study was obtained using treehouse (Steenwyk and Rokas 2019). 
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Figure 2. Relative genome-wide rates of different types of nucleotide mutations across 

Ascomycota fungi. 

Transitions (G>A|C>T and A>G|T>C) occurred more frequently than transversions in 29 of the 

30 species’ genomes examined. The sole exception was Purpureocillium lilacinum, a species 

with high G>C|C>G transversion rate. 
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Figure 3. Species from the class Saccharomycetes exhibit the strongest mutational bias 

toward A|T. Examination of G|C > A|T substitutions over A|T > G|C substitutions, a measure of 

directional mutation bias, revealed that most species in Dothideomycetes, Eurotiomycetes, and 

Sordariomycetes have G|C > A|T over A|T > G|C ratios around one (red dashed line), suggesting 

the absence of substantial mutational bias. In contrast, several species in Saccharomycetes 

(budding yeasts), most notably as the emerging human pathogen Candida auris and the bipolar 

yeast Hanseniaspora uvarum, exhibit strong mutational bias toward A|T. 
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Figure 4. Variation in mutational biases between and within species of classes of 

Ascomycota. 

The relationship between equilibrium GC content (GCeq) and the observed GC content values for 

species in Dothideomycetes (A), Eurotiomycetes (B), Sordariomycetes (C), and 

Saccharomycetes (D). GCeq represents the expected GC content with observed rates of G|C > 

A|T and A|T > G|C substitutions. Each colored dot corresponds to the genome of a strain from a 

 

or 
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given species and each colored line represents the least squares regression line for one species; 

each solid black line represents the regression line for one class; each dashed black line 

represents the relationship between GCeq and the current GC content values when they are equal. 

Note that H. uvarum (Saccharomycetes) and S. chartarum (Sordariomycetes) deviate most from 

the equality line. Detailed class- and species-specific GCeq, GC content, and the correlation 

coefficient values are summarized in Table 2. Species colors are the same as in Figure 2. 
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Table 1. Summary of the 30 species analyzed and their genome statistics. 

Group 

Number of 

genomes 

(strains) 

analyzed 

 

Mean ANI 
Outgroup      Mean SNPs 

Dothideomycetes 98   999789 (s = 496652) 

Alternaria alternata 11 98.30 Alternaria arborescens 882832 (s = 10395) 

Alternaria arborescens 6 99.33 Alternaria alternata 881431 (s = 2641) 

Aureobasidium pullulans 52 97.46 Aureobasidium melanogenum 632417 (s = 46396) 

Pyrenophora tritici-repentis 10 99.84 Pyrenophora teres 2008903 (s = 7294) 

Zymoseptoria tritici 19 98.04 Zymoseptoria brevis 1579202 (s = 5794) 

Eurotiomycetes 175   1269157 (s = 605868) 

Aspergillus flavus 104 98.97 Aspergillus arachidicola 1633936 (s = 15750) 

Aspergillus fumigatus 23 99.57 Aspergillus fischeri 1565477 (s = 5864) 

Blastomyces dermatitidis 3 98.52 Blastomyces gilchristii 74139 (s = 60423) 

Coccidioides immitis 5 99.24 Coccidioides posadasii 354803 (s = 5444) 

Coccidioides posadasii 10 98.80 Coccidioides immitis 340341 (s = 11946) 

Histoplasma capsulatum 7 96.07 Blastomyces gilchristii 838338 (s = 41090) 

Paracoccidioides brasiliensis 4 99.07 Paracoccidioides lutzii 1112522 (s = 9715) 

Penicillium expansum 7 99.77 Penicillium oxalicum 40821 (s = 2649) 

Trichophyton rubrum 12 99.93 Trichophyton soudanense 13595 (s = 683) 

Sordariomycetes 103   732059 (s = 679956) 

Beauveria bassiana 12 97.50 Beauveria rudraprayagi 395456 (s = 309975) 

Colletotrichum higginsianum 3 99.71 Colletotrichum lentis 2313553 (s = 139100) 

Fusarium fujikuroi 17 99.36 Fusarium proliferatum 1128606 (s = 29714) 

Fusarium proliferatum 13 98.71 Fusarium fujikuroi 1093463 (s = 11969) 

Metarhizium anisopliae 6 98.05 Metarhizium robertsii 840379 (s = 52866) 

Purpureocillium lilacinum 6 98.85 Drechmeria coniospora 209694 (s = 5364) 

Stachybotrys chartarum 4 99.25 Stachybotrys chlorohalonata 1933190 (s = 26173) 

Trichoderma harzianum 6 94.95 Trichoderma virens 2091776 (s = 39920) 
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Verticillium dahliae 36 99.31 Verticillium longisporum 103631 (s = 2590) 

Saccharomycetes 161   514171 (s = 376637) 

Candida albicans 49 99.12 Candida dubliniensis 832895 (s = 171050) 

Candida auris 58 99.70 Candida heveicola 94437 (s = 2504) 

Hanseniaspora uvarum 10 98.76 Hanseniaspora nectarophila 293501 (s = 22810) 

Komagataella phaffii 6 99.99 Komagataella populi 607399 (s = 1484) 

Saccharomyces paradoxus 13 97.22 Saccharomyces cerevisiae 1092589 (s = 11495) 

Yarrowia lipolytica 22 99.69 Yarrowia keelungensis 697308 (s = 10992) 

Zygosaccharomyces bailii 3 99.55 Zygosaccharomyces bisporus 122833 (s = 29210) 
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Table 2. GCeq values, GC content, and their correlation across fungal classes and species. 

Group GCeq 
GC 

content 
ΔGC - GCeq 

Correlation coefficient 

(p-value) 

Dothideomycetes 0.53 0.51 -0.02 0.04 (p = 6.95E-1) 

Alternaria alternata 0.53 0.51 -0.02 0.93 (p = 2.50E-5) 

Alternaria arborescens 0.49 0.51 0.02 0.88 (p = 2.06E-2) 

Aureobasidium pullulans 0.54 0.51 -0.03 0.92 (p = 3.67E-22) 

Pyrenophora tritici-repentis 0.50 0.51 0.01 0.99 (p = 4.73E-8) 

Zymoseptoria tritici 0.53 0.53 0 0.99 (p = 6.05E-16) 

Eurotiomycetes 0.48 0.49 0.01 0.83 (p = 8.08E-46) 

Aspergillus flavus 0.49 0.49 0 0.35 (p = 2.69E-4) 

Aspergillus fumigatus 0.50 0.50 0 0.96 (p = 3.79E-13) 

Blastomyces dermatitidis 0.43 0.44 0.01 0.40 (p = 7.39E-1) 

Coccidioides immitis 0.49 0.48 -0.01 0.91 (p = 2.99E-2) 

Coccidioides posadasii 0.48 0.48 0 0.67 (p = 3.31E-2) 

Histoplasma capsulatum 0.42 0.44 0.02 1.00 (p = 2.21E-10) 

Paracoccidioides brasiliensis 0.50 0.47 -0.03 0.47 (p = 5.27E-1) 

Penicillium expansum 0.47 0.49 0.02 0.59 (p = 1.65E-1) 

Trichophyton rubrum 0.49 0.49 0 0.81 (p = 1.29E-3) 

Sordariomycetes 0.52 0.52 0 0.77 (p = 4.94E-21) 

Beauveria bassiana 0.52 0.51 -0.01 0.15 (p = 6.35E-1) 

Colletotrichum higginsianum 0.50 0.54 0.04 1.00 (p = 4.71E-2) 

Fusarium fujikuroi 0.49 0.49 0 0.83 (p = 4.57E-5) 
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Fusarium proliferatum 0.49 0.49 0 0.97 (p = 4.69E-8) 

Metarhizium anisopliae 0.52 0.52 0 0.43 (p = 3.91E-1) 

Purpureocillium lilacinum 0.54 0.57 0.03 0.96 (p = 2.69E-3) 

Stachybotrys chartarum 0.58 0.54 -0.04 0.96 (p = 3.54E-2) 

Trichoderma harzianum 0.51 0.50 -0.01 1.00 (p = 1.18E-5) 

Verticillium dahliae 0.54 0.54 0 0.77 (p = 3.58E-8) 

Saccharomycetes 0.37 0.42 0.05 0.52 (p = 1.92E-12) 

Candida albicans 0.37 0.36 -0.01 0.78 (p = 4.76E-11) 

Candida auris 0.36 0.46 0.1 0.82 (p = 4.11E-15) 

Hanseniaspora uvarum 0.24 0.35 0.11 0.97 (p = 1.81E-6) 

Komagataella phaffii 0.40 0.42 0.02 1.00 (p = 2.94E-6) 

Saccharomyces paradoxus 0.41 0.40 -0.01 0.85 (p = 2.27E-4) 

Yarrowia lipolytica 0.43 0.49 0.06 0.92 (p = 7.79E-10) 

Zygosaccharomyces bailii 0.38 0.44 0.06 0.72 (p = 4.92E-1) 
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