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ABSTRACT 

Mating-Type Locus Characterization and Variation in 
Pyrenophora semeniperda 

Julie Leanna Henry 
Department of Plant and Wildlife Sciences, BYU 

Master of Science 

Pyrenophora semeniperda is a generalist fungal pathogen that occurs primarily on monocot 
seed hosts. It is in the phylum Ascomycota, which includes both self-compatible 
(homothallic) and self-incompatible (heterothallic) species. Homothallic fungal species contain 
complementary mating-type (MAT) idiomorphs in a single unikaryotic strain, while heterothallic 
strains contain a single MAT idiomorph requiring interaction between strains of complementary 
mating-types for sexual reproduction to occur. Because the majority of P. semeniperda strains 
contained either MAT1 or MAT2, this species was provisionally categorized as heterothallic. 
However, many strains contain both MAT idiomorphs and appear to be homothallic. These results 
warranted a closer look at the MAT idiomorphs and the structure of the P. semeniperda genome in 
order to assure accurate characterization of the MAT locus. Additionally, an assessment of the 
geographic distribution of MAT idiomorphs provides us with insight into the genetic diversity of P. 
semeniperda and the reproductive strategies that it employs. In this study, we characterized the P. 
semeniperda MAT locus and assessed the idiomorph distribution of 514 isolates from 25 P. 
semeniperda populations collected from infected Bromus tectorum (cheatgrass) seeds.
Additionally, we used simple sequence repeat (SSR) and MAT idiomorph length polymorphisms to 
demonstrate the existence of dikaryotic strains and pseudohomothallism in this fungus. We 
identified a unique variable number tandem repeat (VNTR) within each idiomorph of the MAT
locus of P. semeniperda. Presence of the VNTR in all MAT loci analyzed from strains collected in 
the Intermountain West suggests ancient proliferation of this repeat. The persistence and 
effectiveness of P. semeniperda strains in the cheatgrass pathosystem depend not only on the 
density of the fungus in the soil, but also on the genetic heterogeneity of each population. Our 
study suggests that P. semeniperda genetic diversity is increased both through MAT locus-
dependent sexual reproduction and asexually through anastomosis. 

Keywords: MAT locus, MAT idiomorph, VNTR, SNPs, SSRs, life cycle, Pyrenophora semeniperda 
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Mating-type Locus Characterization and Variation in 

Pyrenophora semeniperda 

INTRODUCTION 

Pyrenophora semeniperda is an ascomycete seed pathogen that primarily infects grass 

seeds. It has been isolated from Bromus tectorum (cheatgrass) soil seedbank samples collected 

from throughout the Intermountain West. Integral to understanding of P. semeniperda and its 

potential as a seed pathogen is knowledge of its introduction history, life cycle and reproductive 

strategies. Examination of the population genetics of the P. semeniperda – B. tectorum 

pathosystem revealed that the fungus was likely introduced into its current environment along 

with its host B. tectorum (Boose et al., 2011). Genetic diversity is high among P. semeniperda 

strains: 12 Internal Transcribed Spacer (ITS) haplotypes with an average genetic distance of 

1.3% between the types have been identified (Boose et al., 2011) and mycelial growth rate and 

cytochalasin B production can vary by up to 4 times (Meyer at al., 2015). However, little is 

known about the possible role of sexual reproduction in the life cycle of P. semeniperda, as this 

fungus is most commonly observed in an asexual (anamorph) reproductive stage. Although 

seemingly uncommon, the sexual (teleomorph) state has been identified morphologically in both 

the field (Shoemaker, 1966) and in culture (Paul, 1969), and no correlation was found between 

strain virulence, ITS genotypes, and habitat of origin (Stewart, 2009). However, when a genome-

wide single nucleotide polymorphism (SNP) analysis was run, low linkage disequilibrium was 

observed in only 18 of 36 Intermountain West populations (Soliai, 2011). The observed linkage 

disequilibrium was a function of clonal reproduction or inbreeding, so it was expected since the 
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fungus primarily reproduces asexually. These data suggest that a combination of sexual and 

asexual reproduction actively occurs in natural P. semeniperda populations (Milgroom, 1996; 

Xu, 2006). 

Since no genetically-based studies specifically addressing the sexual life cycle of P. 

semeniperda have been published, we chose to explore the mating-type (MAT) locus, which is 

the primary locus underlying sexual reproduction in ascomycete fungi. The MAT locus has been 

the focus of numerous studies because it is occupied by idiomorphs of a gene known to regulate 

sexual reproduction in ascomycetes, MAT1-1 and MAT1-2 (Metzenberg and Glass, 1990; Coppin 

et al., 1997; Kronstad and Staben, 1997; Fraser and Heitman, 2004). MAT1-1 and MAT1-2 are 

idiomorphs rather than alleles because, with the possible exception of their respective DNA 

binding domains, they are unrelated by descent from a common sequence (Metzenberg and 

Glass, 1990; Turgeon and Yoder, 2000; Martin et al., 2010). The proposed nomenclature for 

mating-type 1 and mating-type 2 for our purposes is MAT1-1-1 and MAT1-2-1 (Turgeon and 

Yoder, 2000) respectively, but for the remainder of the paper they will be referred to as MAT1 

and MAT2. MAT idiomorphs produce transcription factors that initiate interaction between 

complementary mating types through the production of specific pheromones and pheromone 

receptors (Debuchy et al., 2010; Martin et al., 2010; Tsong et al., 2007) and later regulate 

internuclear recognition as the sexual cycle progresses (Casselton, 2002; Stanton and Hull, 2007; 

Turgeon and Debuchy, 2007). Individual idiomorphs are identified by the presence of one of the 

two DNA-binding regions: the α-box region (MAT1) or the high mobility group (HMG) domain

(MAT2) (Galagan et al., 2005). In general, while the two MAT idiomorphs are highly 

dissimilar, it has been postulated that the α-box domain is likely derived from an ancestral HMG

gene (Glass et al., 1990; Debuchy et al., 2010; Martin et al., 2010).  
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Because P. semeniperda is a filamentous ascomycete in the fungal subkingdom Dikarya, 

strains have the potential to house two genetically-distinct nuclei within their mycelium. 

Generally, filamentous ascomycetes can become dikaryotic through asexual vegetative hyphal 

fusion (anastomosis) or sexual structure fusion. Two different nuclear states produce self-fertile 

mycelium: a homothallic strain contains a single haploid nucleus possessing both MAT1 and 

MAT2, whereas a pseudohomothallic strain contains two genetically-distinct nuclei, one with 

MAT1 and the other with MAT2. Heterothallic strains are sexually self-incompatible because 

each mycelium possesses just one of the two MAT idiomorphs (Kronstad and Staben, 1997; 

Billiard et al., 2011; Coppin et al., 1997; Giraud et al., 2008). The MAT locus has been 

characterized in three other Pyrenophora species, all of which are economically important 

monocot leaf pathogens. Pyrenophora teres and P. graminea have been identified as 

heterothallic (Rau et al., 2007). In contrast, P. triciti-repentis is homothallic, possessing both 

MAT1 and MAT2 in tandem, separated by approximately 1 kb of DNA sequence, within the MAT 

locus (Lepoint et al., 2010).  

Our study of the genetic factors underlying sexual reproduction in P. semeniperda is 

among the first for a seed pathogen. Our primary objectives were to locate and identify the MAT 

idiomorphs in P. semeniperda, to characterize these idiomorphs and to determine the distribution 

of the mating-types within and across Intermountain Western U.S. populations. Furthermore, we 

evaluated the possible evolutionary significance of MAT allelic variation and tested the 

hypothesis that P. semeniperda strains possessing both MAT idiomorphs have a dikaryotic 

pseudohomothallic nuclear composition rather than a true unikaryotic homothallic MAT locus 

structure. The data produced by our MAT locus study 
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provides evidence for active roles for both sexual reproduction and anastomosis in the P. 

semeniperda life cycle.  

MATERIALS AND METHODS 

DNA Extractions 

Pyrenophora semeniperda samples were obtained from B. tectorum seeds collected from 

the seed bank at 25 different sites in CO, ID, NV, UT, and WA (Fig. 1). The process of 

procuring and growing pure P. semeniperda cultures is described in Boose et al. (2011). Much of 

the DNA used in this research had previously been extracted for that study. DNA for the 

remaining strains was obtained using the following protocol: the tissue was freeze-dried for 24 

hours prior to pulverization in a 2mL screwtop container with 4-6 3mm bashing beads. 

Following these steps, the DNeasy Plant Mini Kit (Qiagen, Valencia, CA) was used to produce 

DNA template for genetic analyses.  

MAT locus primer development and genotyping 

To capture the MAT idiomorphs in P. semeniperda, species-specific primers were 

designed using Primer3 in the Geneious software package (Biomatters, San Francisco, CA) from 

scaffolds containing MAT1 in isolate CCB6 (approx. 1,500 bp; Soliai et al. 2014) and MAT2 in 

isolate STR15 (approx. 1,200 bp; unpublished data). Idiomorph-specific primers were used to 

amplify MAT1 and MAT2 in all 514 strains using GoTaq® HotStart Master Mix (Promega, 

Madison, WI) and amplification products were visualized by agarose gel electrophoresis. The 

thermocycler parameters were set according to the manufacturer’s recommendations.  
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P. semeniperda MAT locus sequencing and haplotype phylogeny generation

Following	
  genotyping,	
  MAT loci were sequenced from 76 different P. semeniperda 

strains using three sets of primers for each idiomorph designed using Primer3. Primers used for 

MAT1 amplification were (forward / reverse): CCCACTCTCTTCTCACTTTC / 

GTAACGCTAGTAGGGCATAG; TTCGTGACCAACTCACCAAG / 

TGAATCCAGTTCCCGCATTG; ATGATCTCATTGCCGCTGTC / 

ATAGGCCTGCAGGTACAACTC. Primers used for MAT2 amplification were (forward / 

reverse): CTTCTGCTCAATTTCTCACTAC / CTATCGGTCGATGAGGAAAC; 

CTATTGAGGCTGCTCCCAC / GGCAAGCATACCAACTGAAG; 

CAAGTATAGCCCTAGGAAGC / TTCATGGGACGTGGAGTTC. Gene fragments were 

amplified using GoTaq® HotStart Master Mix (Promega, Madison, WI) and reactions were 

cleaned up using a QIAquick PCR Purification kit (Qiagen, Valencia, CA) before submitting the 

amplification products to the Brigham Young University DNA Sequencing Center (Provo, UT). 

The identity of the mating-type idiomorphs was confirmed searching the GeneBank non-

redundant database using BLAST.  

The haplotype consensus sequences of each MAT idiomorph generated from the 76 MAT 

sequence contigs were then aligned using the Geneious software package (Geneious Consensus 

Align: Cost Matrix= 65% similarity, Gap open penalty= 12, Gap extension penalty= 3, Global 

alignment with free end gaps) in order to calculate the variation between them as a result of 

single nucleotide polymorphisms (SNPs), gaps, and the unique variable number repeats (VNTR) 

region present in both idiomorphs. Each 18 bp repeat within the VNTR region was calculated as 

a single polymorphism and all SNPs and gaps contributed equally to the calculations. One-

thousand bootstraps for 10% of the data for each bootstrap were calculated and a neighbor-

joining tree of each of the 1000 trees was 
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generated. A bootstrap consensus tree was then created by converging the individual bootstrap 

trees. The same approach was used to generate the genetic distance phylogenies (Figure 4). 

MAT1 and MAT2 haplotype phylogenies were generated using the PHYLIP package 

(Felsenstein, 1989). 

Haplotype sequence alignments were also used to determine potential evolutionary forces 

that are acting on the MAT1 and MAT2 idiomorphs. For these calculations, the ω = Ka/Ks system 

was applied in which Ka is the number of nonsynonymous substitutions per nonsynonymous site 

and Ks is the number of synonymous substitutions per synonymous site (Hurst, 2002; Yang and 

Bielawski, 2000). Substitutions were calculated by comparing the different haplotypes against 

the most common haplotype of each MAT idiomorph (MAT1 haplotype 1-2 and MAT2 haplotype 

2-6). SNPs were calculated from nucleotide sequence and Ka and Ks values were determined

following translation of the mating-type nucleotide sequences into amino acids. 

Following translation of the MAT haplotypes into amino acid sequence, the accuracy of 

the resulting putative peptides was confirmed by comparison with P. teres (accession 

AAY35015 MAT1 and MAT1 ADM21346.1), P. graminea (accession MAT1 ABI37047.1 and 

MAT2 ABI37066), and P. tritici-repentis (accession MAT1 CAP08779.1 and MAT2 CAP08744) 

full-length MAT1 and MAT2 proteins.  

MAT and SSR fragment length analysis 

Seven loci were selected to detect the frequencies of dikaryotic and unikaryotic strains 

within 128 isolates from across 25 populations in CO, ID, NV, UT, and WA. Of the SSR loci 

that had been previously identified (Meyer et al., 2008), 5 highly polymorphic sites with 

trinucleotide repeats were selected and primers were designed to flank them. Additionally, 
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fluorescent MAT1 and MAT2-specific primers were designed to bind to conserved sequence that 

flank the VNTR regions present in both mating-types that was identified by aligning 40+ 

sequences for each of the idiomorphs. The primers used for MAT1 detection were (forward / 

reverse): GGTGACTTCGCTTTGAACGTTGTCGCT / 

GATTCACATCCGCGGATCTCACTCCCT; and the primers used for MAT2 detection were 

(forward / reverse): AAGATGAGCCAGCAGTTCATGGGACGT / 

GACTCTGCCCTCCTTGAGTGCGTTCAT.  

The names of the 5 polymorphic SSR loci that had been previously identified for P. 

semeniperda were: BFOFF9, BFOFF19, BFOFF25, BFOFF37, and BFOFF41 (Meyer et al., 

2015). The process of SSR and MAT-typing included multiplex PCR reactions with fluorescent-

labeled primers using the Type-it Microsatellite PCR Kit protocol (Qiagen Valencia, CA) 

followed by capillary fragment analysis and peak calling using the Geneious software package 

(Biomatters, San Francisco, CA). The primers used for SSR amplification were: 

TATTGTTGAGGGATTGGTTGTG / TCCGCAGTTGGAATAAACGTCAAAAC (BFOFF9); 

ACGTCTCTCCCACATGGCTCCCC / GGCTTAGAGAACCCTGTCCGCCATGG 

(BFOFF19); CCGATCAGTCGTGCTCCTTCTAC / 

GCAGACTCCTTGCATGAGAATCGTCCA (BFOFF25); CATGCCAAAGGGTGTCTTGGG  

/ GCAACAAGCAAAAGAGCAGCGAGAAC (BFOFF37); 

CCAGCCACCACGTCTGCCCTGA / GCCAGTCTGCCAGTCTCGGTCTTGG (BFOFF41). 

The thermocycler settings were set at the following: initial heat activation 5 minutes at 95C, (22 

cycles) denature for 30 seconds at 95C / anneal for 90 seconds at 60C / extend for 30 seconds at 

72C, with a final extension for 30 seconds at 60C. Samples were diluted 1:50 and submitted to 

the Brigham Young University Sequencing Center for capillary fragment analysis. 
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Illumina library preparations and contig analysis 

Single-read DNA libraries were prepared for P. semeniperda isolates CCB06 and STR15 

using the instructions included in the Illumina TruSeq DNA Sample Preparation Kit (Illumina, 

San Diego, CA). Libraries were submitted to the Huntsman Cancer Institute (Salt Lake City, UT) 

for HiSeq sequencing. Reads generated from both isolates were used to address the question of 

homothallic vs. pseudohomothallic: STR15 because it consistently tested positive for both MAT1 

and MAT2 and CCB06 because it tested positive exclusively for MAT1. Rau et al. (2007) 

reported that the 6.5 kb 5’ region immediately upstream of the MAT locus is a highly conserved 

open reading frame (ORF) in Pyrenophora, so 30bp k-mers were generated from this region as 

well as from the MAT idiomorphs following Illumina sequencing. K-mers are subsequences of 

length k that are generated from contiguous nucleotide sequence (Compeau et al., 2011). For this 

application, k-mers were used as a way to quantify the number of reads generated from each 

region of interest as a broad way to determine the frequency with which each region is present 

within the sequenced strain. The k-mers were aligned and quantified against the STR15 and 

CCB6 Illumina contigs to compare k-mer frequencies of the conserved 5’ region against the 

individual frequencies of both MAT1 and MAT2.   

RESULTS 

MAT idiomorph discovery and genotyping 

Both MAT1 and MAT2 idiomorphs were identified in P. semeniperda by performing a 

BLAST search with MAT idiomorph sequence from related species P. teres (Rau et al. 2007; Lu 

et al. 2010) against strain CCB06 (Soliai et al. 2014) and strain STR15 
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(unpublished data) scaffolds. With this information we were able to design P. semeniperda-

specific primers and successfully genotype 514 strains from 25 populations across the 

Intermountain West.  

Based on data collected from PCR amplification of both idiomorphs, we observed the 

following mating-type frequencies: 34% contained only MAT1, 28% contained only MAT2, and 

38% contained both mating-types (Fig. 1). The overall idiomorph frequency across all tested 

populations of MAT1 was 53% and of MAT2 was 47%. Distribution of the mating-type 

idiomorphs is relatively uniform across ID, UT, and WA: each genotype is typically represented 

in approximately 25-50% of the tested strains. However, in 3 out of 4 populations in NV (PVM, 

BFL, SWR) we found that the frequency of MAT2-only isolates is very low (0-8%) with the 

populations consisting of an approximate ratio of 2:1 of MAT1 to MAT2 idiomorphs. 

Characterization of the MAT locus and construction of haplotype phylogenies 

Once we had determined the MAT locus idiomorph distribution among and within 

populations, our next step was to take a closer look at the structure of the gene itself. Sequencing 

and constructing the MAT locus from multiple strains allows for a closer look at the genetic 

variation and evolution of the P. semeniperda mating-type idiomorphs, so we sequenced and 

assembled the MAT idiomorphs from 76 strains. The 76 strains that we chose represented 22 

populations across the region and all three MAT locus genotypes (MAT1, MAT2, and 

MAT1/MAT2) identified from the genotyping data.  

The stated base pair positions for the full-length MAT1 and MAT2 idiomorph sequences 

are relative to the start codon of each. We sequenced MAT1 from 43 strains: the putative MAT1 

intron is 53 bp long and is located at 
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base position 250-302, interrupting the DNA sequence that codes for the α-box which is located 

from bases 63-639. We identified an 18 bp variable number tandem repeat (VNTR) unique to the 

MAT1 idiomorph that occurs from 3 to 10 times without disrupting the reading frame. The 

genomic (gDNA) MAT1 sequence length varies from 1306-1430 base pairs depending on the 

number of 18 bp repeats present (Fig. 2A). We also sequenced MAT2 from 40 strains: the 

putative MAT2 intron is 55 bp long and is located at base position 553-608, interrupting the 

sequence that codes for the HMG box which is located from bases 421-651. We identified an 18 

bp VNTR unique to the MAT2 idiomorph that occurs from 3 to 5 times without disrupting the 

reading frame. The gDNA MAT2 sequence length varies from 1120 - 1156 bp depending on the 

number of 18 bp repeats present (Fig. 2B).  

The most similar homologs to P. semeniperda MAT1 and MAT2 were found in P. teres 

with pairwise identity matches of 62% and 68%, respectively (Rau et al. 2007; Lu et al. 2010). 

Each MAT idiomorph was found to possess a different 18 bp repeat, which are unique to P. 

semeniperda based on BLASTn searches against the NCBI nucleotide database. We found that 

these 18 bp VNTRs are a defining source of variation within the mating-type idiomorphs. Nine 

MAT1 and 8 MAT2 haplotypes were identified based on VNTR differences and SNPs. The 3 

most-represented MAT1 haplotypes are 1-1 (8), 1-2 (19), and 1-3 (8) and the 3 most-represented 

MAT2 haplotypes are 2-1 (7), 2-2 (7), and 2-6 (18). The among-population distribution of the 

different haplotypes for both MAT1 and MAT2 are found in Table 1. 

We constructed haplotype-based phylogenies using haplotypes groups generated based 

on the putative CDS sequences for both MAT1 and MAT2. We created these phylogenies in order 

to determine the bootstrap values underlying the consensus neighbor-joining phylogenies for 

each idiomorph. 
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Calculation of selective pressures acting on the MAT idiomorphs 

The ratio of non-synonymous (Ka) and synonymous (Ks) amino acid changes (ω = Ka/Ks) 

was then explored because we had found sufficient variation within 76 P. semeniperda strains to 

identify 9 MAT1 haplotypes and 8 MAT2 haplotypes. The most common haplotype of each 

idiomorph was used as the standard. Amino acid substitution ratios within each idiomorph 

indicate what kind of selective pressure is operating on them: diversifying selection (ω > 1), 

stabilizing selection (ω < 1), or neutral selection (ω = 1). The VNTR region was excluded from 

the calculations because it would significantly inflate the ω values and there is uncertainty 

regarding any function it may have. The VNTR region within each idiomorph of the MAT locus 

of P. semeniperda was identified when the idiomorphs were sequenced. Selective pressures were 

anticipated to be variable between different sites (Zaffarano et al. 2011), so the combined ω 

value of each idiomorph was compared with the ω  value of the DNA-binding domain found in 

each: the MAT1 α-box and the MAT2 HMG domain. Overall, ω = 1.03 for MAT1 translated exon 

sequence and, more specifically, ω = 0.31 within the α-box and ω = 1.63 outside of the α-box. 

Overall, ω = 1.24 for MAT2 translated exon sequence and, more specifically, ω = 1 within the 

HMG domain and outside of the HMG domain ω = 1.29.  

SSR and MAT locus polymorphisms and dikaryotic frequencies 

As a result of MAT genotyping, we discovered that both idiomorphs can coexist within a 

single strain. This lead us to address the question of whether individual nuclei are homothallic 

(possessing both mating-types) or heterothallic (possessing either MAT1 or MAT2), in which 

case the strain containing both mating-types would be a pseudohomothallic dikaryote. Fragment 

analysis of amplified simple sequence repeat (SSR) loci and the VNTR regions found in each 
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mating-type were chosen to answer this question. This method enabled us to clearly distinguish 

between MAT idiomorphs that contain different numbers of VNTRs, making it possible to detect 

the presence of multiple MAT idiomorphs in strains that only possess one mating-type. Since 

these organisms are haploid, polymorphisms detected at any of the 5 SSR loci or possession of 

two MAT1 or two MAT2 idiomorphs within one strain, indicate that it is dikaryotic: 

polymorphisms were detected in 100% of the pseudohomothallic isolates, 19% of the MAT1-

only isolates, and 35% of the MAT2-only isolates. Overall, 41% of the 128 strains tested were 

dikaryotic and the mating-type frequencies among these dikaryotes were 45% MAT1 and 55% 

MAT2 (Fig. 4). Our estimate of the frequency of dikaryotic strains is conservative due to the low 

number of SSR loci tested and the inability to distinguish between MAT1 or MAT2 haplotypes 

that possess identical VNTR lengths, but are unique from one another due to SNPs.  

Based on the discovery that strains can possess either MAT1, MAT2, or both idiomorphs, 

we hypothesized that the idiomorphs were likely located on separate molecules and that P. 

semeniperda strains exist in a heterothallic (MAT1 or MAT2) state unless anastomosis produces a 

dikaryotic organism that possesses multiple MAT loci, each located within separate haploid 

nuclei (pseudohomothallic). We used whole genome shotgun Illumina data generated from 

strains STR15 (contains both mating-types) and CCB6 (contains only MAT1) to test the 

hypothesis that strains containing both mating types are pseudohomothallic dikaryotes. Our 

approach involved production of Kmers, which in his case were 31 bp long and represent all the 

possible subsequences from a read of length K generated from 6.5 kb of highly conserved 

sequence immediately upstream of the MAT locus. We found that these k-mers are present at 

roughly double the frequency of either the MAT1 or MAT2 k-mers in STR15 and are present at 

the same frequency as MAT1 in CCB6.  
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DISCUSSION 

Our research is the first to map the distribution and frequency of the two P. semeniperda 

MAT idiomorphs and to characterize the MAT locus. Genotyping has shed light on the 

distribution and frequencies of the two mating-types and fragment analysis has revealed the 

propensity of the fungus to undergo anastomosis to form dikaryotic strains. Additionally, MAT1 

or MAT2 were sequenced from 76 strains which enabled a sequence-level analysis of idiomorph 

variation and distribution across the Intermountain West. MAT locus sequencing also provided 

valuable insight into the potential selective pressures acting on the mating-type idiomorphs and 

their DNA-binding domains. Lastly, we explore the use of this locus as a possible genetic marker 

to better understand the potential for sexual reproduction in P. semeniperda populations based on 

previous success with other ascomycete genera (Turgeon et al. 1998).  

Homology of P. semeniperda MAT locus structure and sequence with other Pyrenophora 

species 

The structure of the MAT idiomorphs are highly conserved both in heterothallic 

Pyrenophora species P. semeniperda, P. graminea, and P. teres, as well as in homothallic P. 

tritici-repentis. The opposite mating-type genomes of the three heterothallic species (P. 

semeniperda, P. graminea, and P. teres) exclusively contain either MAT1 or MAT2 

(Unpublished; Lu et al., 2010; Rau et al., 2007 respectively) and the homothallic species (P. 

tritici-repentis) contains both MAT1 and MAT2 oriented head-to-tail in tandem (Lepoint et al., 

2010). Illumina k-mer frequency data generated from strain STR15, as well as the occurrence of 

SSR and MAT locus polymorphisms within single strains support our conclusion that P. 



14	
  

semeniperda is heterothallic. Genomic sequences of these organisms show that, with the 

exception of MAT2 in P. tritici-repentis since it is in tandem with and immediately downstream 

of MAT1, a conserved ORF is located immediately upstream of both of the mating-type 

idiomorphs. The function of this 5’ ORF has not yet been identified. All four of the 

aforementioned Pyrenophora species contain the conserved α-box region in MAT1 and the HMG 

domain in MAT2, both of which are interrupted by an approximately 53 bp and 55 bp intron 

respectively. The VNTR region is unique to P. semeniperda, making it a distinguishing feature 

of this organism’s MAT locus structure across all fungi. 

Do MAT idiomorph frequencies, structures, and selective pressures infer functional MAT 

idiomorphs in P. semeniperda? 

At this point, MAT locus gene expression data has not been generated for P. semeniperda, 

so we have no transcriptome-based molecular evidence for MAT locus functionality. Therefore, 

we used the data generated from MAT genotyping and sequencing to address the question of 

functionality. When idiomorph frequencies for all populations were combined the MAT1:MAT2 

ratio was approximately 1:1, which indicates that it is evolutionarily advantageous to equally 

preserve both mating-types (Pielou, 1977). This is because a 1:1 ratio of complementary mating-

types facilitates sexual interaction and random mating between unikaryotic heterothallic strains 

(Taylor et al., 1999; Xu, 2006). It is possible that the three NV populations in which one mating-

type dominates may be the result of the founder effect, but additional research would be required 

for a supported conclusion. Additionally, the very presence of unikaryotic heterothallic strains 

(59% of all isolates tested) indicates sexual reproduction since ascospores (sexual spores 

produced following karyogamy and re-segregation of genetically unique nuclei) are unikaryotic 
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(Coppin et al., 1997). If there were no active method of re-segregating nuclei, all strains would 

eventually become dikaryotic. 

The hypothesis of functioning MAT idiomorphs is also supported by the absence of 

premature stop codons in all of the haplotypes of both idiomorphs because it implies that 

selection has only favored mutations that maintain the production a full-length protein. However, 

analysis of the selective pressures operating on the MAT idiomorphs yielded somewhat 

inconclusive results. We calculated the selection pressures because they can potentially provide 

insight into the preservation of a gene’s function, particularly within the conserved α-box and 

HMG DNA binding domains, as loss of function in these domains would render the MAT 

transcription factor unable to bind target DNA sequence. We found that the MAT1 α-box has 

been subjected to strong stabilizing selective pressure, while the MAT2 HMG domain has 

experienced neutral selective pressure. Both stabilizing and neutral selective pressures can 

support the retention of gene function, particularly stabilizing selection. However, we determined 

that diversifying selection has acted on the non-DNA-binding exon regions of both idiomorphs. 

Since diversifying selection is the result of retained mutations, it is normally detrimental to the 

native function of the gene. All in all, we do not have sufficient evidence to support the 

functionality of the MAT locus in P. semeniperda.  

MAT locus sequence diversity 

Sequence diversity within the MAT locus is found in both MAT1 and MAT2 as a result of 

the accumulation of SNPs and proliferation of VNTR sequence. As a result of SNPs and VNTR 

variation, 9 MAT1 and 8 MAT2 haplotypes were identified which is comparable to the high level 

of diversity found in P. semeniperda ITS sequence (Boose et al., 2011). The haplotype 
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phylogenies illustrate the diversity that is present within each MAT locus idiomorph due to the 

proliferation of the VNTR region and the presence of SNPs (Fig. 4). Upon comparison of the 

number of MAT1 and MAT2 haplotypes identified in P. semeniperda with a closely-related 

species (P. teres; Rau et al., 2007), it seems somewhat common for polymorphisms to remain in 

the MAT locus. Interestingly, polymorphisms are frequently retained in the first and second 

codon positions of non-DNA binding domains of the CDS which often results in a non-

synonymous amino acid substitution. This allowance for amino acid substitutions has resulted in 

diversifying selection to act on the mating-type idiomorphs in P. semeniperda with as yet 

unknown implications for the function or sexual fitness of the strains possessing them.  

A high level of sequence length variation, both nucleotide and amino acid, is introduced 

into MAT1 and MAT2 by the different VNTR sequences within both idiomorphs. These VNTR 

sequences have not been reported in the MAT idiomorphs of other ascomycete genera, making 

them unique to P. semeniperda. The 18 bp VNTR region within MAT1 ranges from 54-162 

nucleotides long, resulting in an additional 18-60 amino acids in the resulting protein. The length 

impact of the 18 bp VNTR region within MAT2 is slightly less since it generally contains fewer 

repeats than MAT1: the additional 18-90 nucleotides add 18-30 amino acids to the protein. Since 

the VNTR sequences are unique to this fungus, we are unable to determine any possible 

functional impact the additional amino acids may have or potential role that they play in the MAT 

idiomorph proteins. Answers to these questions would become clearer with future P. 

semeniperda MAT locus functional studies involving gene expression analysis and a comparison 

of haplotypes possessing different numbers of VNTRs to identify any possible differences 

caused by the added amino acids. 
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Implications of MAT idiomorph frequencies and ratios in pseudohomothallic P. 

semeniperda strains 

Of the 128 P. semeniperda isolates that underwent MAT locus and SSR fragment 

analysis, 41% were identified as dikaryotic. Within the dikaryotic strains, the frequency of each 

MAT combination was: 9% MAT1/MAT1, 12% MAT2/MAT2, and 20%, MAT1/MAT2. Since P. 

semeniperda is an ascomycete, a likely explanation for dikaryotic strains that contain two of the 

same idiomorph is asexual hyphal fusion, or anastomosis, between compatible strains. 

Anastomosis normally only occurs within the mycelium of a single fungal organism in order to 

facilitate nutrient transfer to the exclusion of genetically dissimilar mycelium. The putative genes 

underlying anastomosis have not yet been identified in Pyrenophora species, but they may 

provide insight into the asexual mechanism that may increase genetic diversity in P. semeniperda 

populations. Of the dikaryotic strains, 49% contained one each of the MAT idiomorphs 

(pseudohomothallic) and the remaining 51% contained two MAT idiomorphs of the same mating-

type (Figure 3). Dikaryotic strains possessing any of three possible idiomorph combinations 

(MAT1/MAT1 : MAT1/MAT2 : MAT2-1/MAT2) occur in an approximately 1:2:1 ratio, which is 

predicted from the frequencies of the two idiomorphs (Table 2) and is supported by a goodness 

of fit test using chi-square (χ2 = 0.0007 < 3.841; Hardy 1908). Since dikaryotic strains are in

Hardy-Weinberg equilibrium, these data support that anastomosis operates independently of the 

MAT locus. Genetic diversity is likely increased in P. semeniperda populations through 

anastomosis between genetically unique strains under the direction of currently undetermined 

genes.  
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The utility of MAT idiomorphs as genetic markers 

The mating-type idiomorphs can be valuable genetic markers despite the complications 

that dikaryotic mycelium can present, particularly when they contain two alleles of either MAT1 

or MAT2. This is due to the presence of a VNTR region in both MAT idiomorphs that, when 

primers are designed to flank the VNTR, can reveal the presence of two alleles of the same 

idiomorph. The fragment length diversity of both MAT1 and MAT2 that is introduced by the 

VNTR region provides insight into the genetic diversity and the prevalence of dikaryotic strains 

present in P. semeniperda populations. This contrasts with genotype data generated through 

amplification of full-length idiomorphs, which has reliable idiomorphic but not allelic resolution. 

However, both detection methods have utility for population-level analysis of mating-type 

distribution which has implications for the reproductive potentials of P. semeniperda 

populations. This is because P. semeniperda is self-incompatible and populations that 

disproportionately contain one mating-type over the other may exclusively reproduce asexually 

due to the absence of complementary strains in close proximity. 

CONCLUSION 

Our study coupled MAT locus identification and characterization with SSR fragment 

analysis in order to gain a more comprehensive understanding of the sexual life cycle and 

population structure of P. semeniperda. While evidence indicates that P. semeniperda reproduces 

sexually, MAT idiomorph expression data would provide valuable insight into the question of 

whether or not the idiomorphs are functional and would be a worthwhile focus of future research. 

Our data have indicated that asexually-generated dikaryotic mycelium are a common stage in the 

life cycle of this fungus. Its propensity to undergo anastomosis may provide a way for 
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researchers to produce unique strains with desirable traits asexually instead of inducing two 

complementary mating-type strains to reproduce sexually.  

Although our data indicate that P. semeniperda has a functional MAT locus, additional 

research into the actual role that sexual reproduction plays in the life cycle of this fungus is 

necessary. It is important to have a working knowledge of the environmental conditions and 

compatible strain accessibility that cause the fungus to initiate sexual reproduction. Furthermore, 

when the sexual cycle concludes with the release of recombinant haploid spores, how do these 

unique recombinant strains contribute to the pathogenic and adaptive success of this organism? 

These additional MAT locus data would contribute to a better understanding of the vegetative and 

sexual life cycle of P. semeniperda and to future studies of the genetic diversity and evolutionary 

history of this organism. 
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TABLES   

Table 1 MAT idiomorph frequencies and identified haplotypes per collection site 

Table 1 

Name Collection Site1             Number of             MAT idiomorph frequencies2       MAT haplotypes identified3 

    strains genotyped       MAT1-1-1            MAT1-2-1             MAT1-1-1       MAT1-2-1     

DIN Dinosaur, CO     25 0.64 0.36 1-2 (2) 2-3, 2-6

CCB Cindercone Butte, ID     25 0.48 0.52 1-2, 1-3 2-6
CCF Cindercone Flat, ID     19 0.50 0.50 1-3, 1-8 2-6

BFL Bedell Flat, NV     24 0.67 0.33 1-1, 1-2 2-1
LSC Lower Smoke Cr., NV     22 0.50 0.50 1-6 2-6 (2)
PVM Peavine Mtn., NV     18               0.70 0.30 
SWR Stillwater, NV     17 0.61 0.39 

CKT Cricket Mtns., UT     17 0.45 0.55 1-1 2-1
CNF Confusion Range, UT     16 0.44 0.56 
DOG Dog Valley, UT     20 0.58 0.42 1-2 (2) 2-2 (2)
DUJ Dutch John, UT     17 0.44 0.56 
GUS Gusher, UT     16 0.38 0.62 1-2 2-2
HRN House Range, UT      19 0.26 0.74 1-1 2-1
MIL Milk Ranch, UT     18 0.28 0.72 
SQC Santaquin Canyon, UT     23 0.63 0.37 1-1, 1-3 2-6 (2)
STR Strawberry, UT     19 0.53 0.47 1-2 (3) 2-3, 2-6
TMC Ten Mile Cr., UT      22 0.66 0.34 1-2 (2), 1-4 2-2, 2-6 (2)
WHV White’s Valley, UT     22 0.53 0.47 1-2, 1-3, 1-4 2-3, 2-6
WRK Whiterocks, UT     26 0.57 0.43 1-1, 1-2 (2) 2-1, 2-6

DRL Dr. Lefcourt, WA      27 0.56 0.44 2-5, 2-6, 2-7
FSH Fishtrap, WA     25 0.56 0.44 1-3 2-2, 2-6
KAH Kahlotus, WA     15 0.43 0.57 1-2, 1-3, 1-7 2-1, 2-4, 2-6
MAR Marcellus, WA     20 0.55 0.45 1-2, 1-8 2-3, 2-6
PKC Packer Cr., WA     18 0.56 0.44 1-3, 1-5, 1-9 2-6, 2-8
SDM Saddle Mtn., WA      15 0.30 0.70 1-2, 1-3 2-2, 2-6

1 Collection sites and acronym designations are listed for the individual populations used for genotyping and sequencing. 
2  MAT idiomorph frequencies were calculated for a population-level analysis, combining unikaryotic and dikaryotic frequencies. 
3 The number of strains within a population that contain the indicated haplotype is 1 unless a different value is shown in parentheses. MAT1 
Genbank haplotype accession numbers are KP718750-KP718758 and MAT2 haplotype accession numbers are KP718741-KP718748.       
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   Table 2 Heterothallic, pseudohomothallic, and overall MAT idiomorph frequencies 

Table 2 

Population1      Strain Genotype Frequencies2  Idiomorph Frequencies 

MAT1  MAT2  MAT1 / MAT2 MAT1  MAT2 

BFL 0.42 0.08 0.50 0.67 0.33 
CCB 0.24 0.28 0.48 0.48 0.52 
CCF 0.26 0.26 0.48 0.50 0.50 
CNF 0.31 0.44 0.25 0.44 0.56 
CKT 0.12 0.23 0.65 0.45 0.55 
DIN 0.56 0.28 0.16 0.64 0.36 
DOG 0.30 0.15 0.55 0.58 0.42 
DRL 0.48 0.37 0.15 0.56 0.44 
DUJ 0.35 0.47 0.18 0.44 0.56 
FSH 0.28 0.16 0.56 0.56 0.44 
GUS 0.31 0.56 0.13 0.38 0.62 
HRN 0.10 0.58 0.32 0.26 0.74 
INV 0.50 0.50 0.00 0.50 0.50 
KAH 0.33 0.47 0.20 0.43 0.57 
LSC 0.23 0.23 0.54 0.50 0.50 
MAR 0.35 0.25 0.40 0.55 0.45 
MIL 0.06 0.50 0.44 0.28 0.72 
MLV 1.00 0.00 0.00 1.00 0.00 
PKC 0.28 0.17 0.55 0.56 0.44 
PVM 0.39 0.00 0.61 0.70 0.30 
SDM 0.13 0.54 0.33 0.30 0.70 
SQC 0.52 0.26 0.22 0.63 0.37 
STR 0.26 0.21 0.53 0.53 0.47 
SWR 0.41 0.06 0.53 0.61 0.39 
TMC 0.50 0.18 0.32 0.66 0.34 
WRK 0.38 0.24 0.38 0.57 0.43 
WHV 0.41 0.36 0.23 0.53 0.47 

Dikaryotic Isolate Frequencies 

0.21 0.30 0.49 0.45 0.55 

Combined Population Frequencies 

0.34 0.28 0.38 0.53 0.47 

!
1 MAT idiomorph frequencies of over 500 strains were calculated for each listed population from a combination of genotyping and fragment analysis 
data. 
2  Dikaryotic isolate frequencies were determined from fragment analysis data alone because the genotyping approach wasn't sensitive enough to 
detect MAT1-only and MAT2-only dikaryotes. 
!
!
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FIGURES 

Figure 1 MAT idiomorph distribution map 514 P. semeniperda strains from 25 collection sites located in CO, ID, NV, 

UT, and WA were tested for both mating type idiomorphs. Circle graphs represent the percentage of strains one or both 

of the MAT idiomorphs: MAT1-only (white), MAT2-only (dark grey), and both MAT1 and MAT2 (light grey). 
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Figure 2 MAT locus characterization MAT1 (2A) CDS spans 1,304-1,358 bp depending on the number of 18 bp 

VNTRs present in the gene. DNA sequence that codes for the α-box is located at nucleotide position 63-639 and is

interrupted by an intron located at nucleotide position 250-302. MAT2 (2B) CDS spans 1,120-1,156 bp depending on 

the number of 18 bp VNTRs present in the gene. DNA sequence that codes for the HMG domain is located at 

nucleotide position 421-651 and is interrupted by an intron located at nucleotide position 553-608. The vertical 

black lines represent the location of SNPs identified from nucleotide alignments of the 9 MAT1 haplotypes (2a) and 

the 8 MAT2 haplotypes (2b). 
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Figure 3 Percentages of unikaryotic and dikaryotic strains with different MAT idiomorph combinations 

Percentages were calculated from the SSR and MAT idiomorph fragment analysis data generated from 128 isolates 

representing the 25 populations used for genotyping.  
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Figure 4 MAT1 haplotype phylogeny Neighbor-joining phylogenetic tree of MAT1 haplotypes with genetic 

distances generated by PHYLIP. Bootstrap values for each branch ranged from 35-100%. The neighbor-joining 

tree was determined in PHYLIP based on SNPs, gaps, and the VNTR region found within the CDS. Each 18 bp repeat 

within the VNTR region was calculated as a single polymorphism and all SNPs and gaps contributed equally to the 

calculations. Table lists the VNTR copy number per haplotype. 
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Figure 5 MAT2 haplotype phylogeny Neighbor-joining phylogenetic tree of MAT2 haplotypes with genetic distances 

generated by PHYLIP. Bootstrap values for each branch ranged from 30-100%. The neighbor-joining tree was 

determined in PHYLIP based on SNPs, gaps, and the VNTR region found within the CDS. Each 18 bp repeat within the 

VNTR region was calculated as a single polymorphism and all SNPs and gaps contributed equally to the calculations. 
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