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Abstract 

Sexual reproduction in the Ascomycota is controlled by genes encoded at the mating-type or 

MAT1 locus. The two allelic versions of this locus in heterothallic species, referred to as 

idiomorphs, are defined by the MAT1-1-1 (for the MAT1-1 idiomorph) and MAT1-2-1 (for the 

MAT1-2 idiomorph) genes. Both idiomorphs can contain additional genes, although the 

contents of each is typically specific to and conserved within particular Pezizomycotina 

lineages. Using full genome sequences, complemented with conventional PCR and Sanger 

sequencing, we compared the mating-type idiomorphs in heterothallic species of Thielaviopsis 

(Ceratocystidaceae). The analyses showed that the MAT1-1 idiomorph of T. punctulata, T. 

paradoxa, T. euricoi, T. ethacetica and T. musarum harboured only the expected MAT1-1-1 

gene. In contrast, the MAT1-2 idiomorph of T. punctulata, T. paradoxa and T. euricoi encoded 

the MAT1-2-1, MAT1-2-7 and MAT1-1-2 genes. Of these, MAT1-2-1 and MAT1-2-7 are genes 

previously reported in this idiomorph, while MAT1-1-2 is known only in the MAT1-1 idiomorph. 

Phylogenetic analysis showed that the Thielaviopsis MAT1-1-2 groups with the known 

homologues of this gene in other Microascales, thus confirming its annotation. Previous work 

suggests that MAT1-1-2 is involved in fruiting body development, a role that would be 

unaffected by its idiomorphic position. This notion is supported by our findings for the MAT1 

locus structure in Thielaviopsis species. This also serves as the first example of a MAT1-1-

specific gene restricted to only the MAT1-2 idiomorph. 

Keywords: MAT1-1-2, Thielaviopsis, sexual reproduction, Mating-type (MAT) locus, 

heterothallic 
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Introduction 

Understanding the genetic basis of sexual reproduction in the Pezizomycotina (Ascomycota) 

has been the focus of numerous studies subsequent to the identification and sequencing of 

the mating-type idiomorphs in Neurospora crassa (Glass et al., 1990, 1988; Staben and 

Yanofsky, 1990). As is the case in many biological systems, most of this work has focused on 

either model taxa (e.g. Neurospora and Sordaria), or anthropocentric species such as 

medically important fungi in the genus Aspergillus (Dyer et al., 2016; Heitman et al., 2007; Ni 

et al., 2011). These previous studies have provided valuable insights into the reproductive 

genes and their roles in the mating systems of the target fungi (Gioti et al., 2012). Knowledge 

gained from these studies has also provided an important foundation for studies of the sexual 

systems in non-model species (Bihon et al., 2014; Gioti et al., 2012; Martin et al., 2011). 

Consequently, a robust framework of knowledge has emerged regarding fungal mating 

systems and molecular processes that govern sexual reproduction (Dyer et al., 2016; Lee et 

al., 2010; Wilson et al., 2015b). 

Most sexually reproducing fungi in the Ascomycota can be classified as either heterothallic or 

homothallic (Billiard et al., 2011). This phenotypic designation is widely used to describe 

mating systems (Wilson et al., 2015b), where heterothallism refers to the requirement for two 

individuals of complementary mating specificity (or mating-types) for sexual reproduction to 

occur (Ni et al., 2011). In contrast, a single homothallic individual can complete the sexual 

cycle in the absence of any other individual, producing the characteristic ascomata and 

ascospores (Lin and Heitman, 2007). Despite this relatively simple definition of homothallism, 

the phenotype can encompass a multitude of mating strategies ranging from primary 

homothallism to unisexual mating and mating-type switching (Lin and Heitman, 2007; Wilson 

et al., 2015b). The nuances of these different systems can in part be addressed by studying 

the genes controlling sexual reproduction (Dyer et al., 2016; Wilken et al., 2017; Wilson et al., 

2015b). 

In the Ascomycota, mating-type is conferred by the genes encoded at a single locus; the 

mating-type or MAT1 locus (Whitehouse, 1949). Two complementary versions of the locus are 

known in heterothallic species, and these are referred to as idiomorphs (Metzenberg and 

Glass, 1990). The MAT1-1 idiomorph is characterized by the presence of a MAT1-1-1 gene 

encoding a protein with an alpha-box DNA binding motif, although other genes may also be 

present (Butler, 2007; Dyer et al., 2016; Wilken et al., 2017). In comparison, the MAT1-2-1 

gene encoding an HMG-box domain protein characterizes the MAT1-2 idiomorph, although it 

can also include additional genes depending on the species involved (Butler, 2007; Dyer et 

al., 2016; Wilken et al., 2017). In homothallic species, the genes in the two idiomorphs of 
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heterothallic species are generally present in a single haploid genome, thus conferring self-

fertility. Currently, 20 MAT-specific gene names have been assigned to the mating-type genes 

of Pezizomycotina species, nine of which are present in the MAT1-1 idiomorph (MAT1-1-1 to 

MAT1-1-9) and eleven in the MAT1-2 idiomorph (MAT1-2-1 to MAT1-2-11) (Wilken et al., 

2017). The role of many of the mating-type genes is not well-understood, although limited 

studies have shown that some of these genes may regulate downstream processes crucial to 

sexual reproduction. These functions include the production of peptide pheromones and their 

corresponding pheromone receptors, the regulation of internuclear recognition and the 

development of ascogenous hyphae and other functions related to fruiting body development 

(Debuchy et al., 2010; Dyer et al., 2016; Turgeon and Debuchy, 2007; Yun et al., 2017). 

This study considered the mating-type genes of Thielaviopsis, a genus in the 

Ceratocystidaceae (order Microascales) that includes important pathogens of 

monocotyledonous plants (De Beer et al., 2014). Previous studies suggest that the diversity 

of reproductive strategies in the Ceratocystidaceae is reflected in the structure of their MAT1 

locus (Wilken et al., 2014; Wilson et al., 2015a; Witthuhn et al., 2000). For example, in 

Ceratocystis fimbriata, self-fertility is conferred by the presence of three mating-type genes 

(MAT1-1-1, MAT1-2-1, and MAT1-1-2) at the MAT1 locus (Wilken et al., 2014). Self-sterile 

isolates of this species arise from a putative recombination event at the MAT1 locus that 

results in the deletion of the MAT1-2-1 gene (Wilken et al., 2014). This process has been 

termed uni-directional mating-type switching (Webster and Butler, 1967; Witthuhn et al., 2000) 

and appears to be a feature of all species of Ceratocystis (Wilken et al., 2014; Witthuhn et al., 

2000).  

In Huntiella (Ceratocystidaceae) robust information regarding mating is available only for two 

species, the heterothallic H. omanensis and the homothallic H. moniliformis (Wilson et al., 

2015a). Self-fertility in H. moniliformis arises from a form of secondary homothallism (Lin and 

Heitman, 2007) known as uni-sexual mating, where the MAT1 locus of the studied isolates 

contains only a MAT1-2-1 gene (Wilson et al., 2015a). For other genera in the 

Ceratocystidaceae, including Thielaviopsis, only phenotypic information is available regarding 

the mating-type systems. Mating studies in culture have identified three heterothallic (T. 

punctulata, T. paradoxa and T. ethacetica) and one homothallic (T. cerberus) species, with no 

sexual state known for the remaining two species (T. musarum and T. euricoi) (Dade, 1928; 

El-Ani et al., 1957; Mbenoun et al., 2014). 

Genome sequences have recently become publicly available for several species in the 

Ceratocystidaceae (Van der Nest et al., 2014a, 2014b; Wilken et al., 2013; Wingfield et al., 

2015a, 2015b, 2016a, 2016b). These include those for T. punctulata (Wingfield et al., 2015a), 



5 
 

T. musarum (Wingfield et al., 2015b), T. euricoi (JCM-Riken BioResource Center, 2016a) and 

T. ethacetica (JCM-Riken BioResource Center, 2016b). The availability of these sequences 

provides an opportunity to study the molecular basis of mating in Thielaviopsis. Our aim was, 

thus, to identify and characterize the MAT1 locus from the available genomes of these fungi. 

We also complemented these existing genomic resources with genome data for three 

additional Thielaviopsis isolates including a second isolate of T. punctulata, as well as an 

isolate each of T. paradoxa and T. euricoi. The distribution of the mating-type genes inferred 

from the genomes was also confirmed, using conventional PCR and Sanger sequencing, in 

multiple isolates of T. musarum, T. punctulata, T. paradoxa, T. euricoi and T. ethacetica. 

Materials and methods 

Genomes and genome sequencing 

The genome sequences for seven Thielaviopsis isolates were used. These included the 

available genome sequences of four isolates that were retrieved from NCBI. These were the 

genomes of T. punctulata isolate CRDP1 (accession number LAEV01000000; Wingfield et al., 

2015a), T. musarum isolate CMW1546 (accession number LKBB01000000; Wingfield et al., 

2015b), T. euricoi isolate JCM6020 (accession number BCHJ01000000; JCM-Riken 

BioResource Center, 2016a) and T. ethacetica isolate JCM6961 (accession number 

BCFY01000000; JCM-Riken BioResource Center, 2016b). Although the latter two isolates 

were initially deposited into the GenBank database as T. paradoxa, comparison of their tubulin 

(β-tubulin) and translation elongation factor 1-alpha (TEF-1α) sequences (data not shown) 

confirmed conspecificity with the respective species proposed by Mbenoun et al. (2014). To 

complement these public domain sequences, we also determined the whole genome 

sequences for a putative MAT1-1 isolate (CMW1032) of T. punctulata, a putative MAT1-2 

isolate (CMW36654) of T. paradoxa and a T. euricoi isolate (CMW8799) of unknown mating 

type (Table 1; Mbenoun et al., 2014), preserved in the culture collection CMW of the Forestry 

and Agricultural Biotechnology Institute (FABI) at the University of Pretoria, South Africa. 

To sequence the genome for isolate CMW1032 of T. punctulata (Table 1; Mbenoun et al., 

2014), the fungus was grown for two weeks on 2 % MEA-TS media (20 g L-1 Malt Extract, 20 

g L-1 Agar [Biolab, Merck], 100 mg L-1 Thiamine, 150 ml L-1 Streptomycin [SIGMA, Steinheim, 

Germany]) at 25 °C before being subjected to DNA extraction as described previously (Roux 

et al., 2004). Genome sequencing was carried out on the Illumina Genomics Analyzer llx 

platform at the University of California at Davis Genome Centre, California, USA. For 

sequencing, paired-end libraries with insert fragments of 350 and 600 bases were prepared 

and used to produce reads of a 100-base target length. These sequences were filtered by 
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removing poor quality reads (threshold limit of 0.05) and/or terminal residues using the CLC 

Genomics Workbench v. 8.5.1 (Qiagen Aarhus, Denmark). The same software package was 

used to de novo assemble a draft genome sequence with the following parameters: a word 

size of 64 and a bubble size of 100 base pairs.  

To improve the quality of the assembly, multiple rounds of contig extension and scaffolding 

were performed using both SSPACE (Boetzer et al., 2011) and GapFiller (Boetzer and 

Pirovano, 2012), as well as the “join contigs” option of the genome finishing module 

implemented in the CLC Genomics Workbench (Supplementary table 1). A quantitative 

assessment of the genome assembly completeness was performed with the BUSCO 

(Benchmarking Universal Single-Copy Orthologs) program (Simão et al., 2015) using contigs 

greater than 500 bases in length. This subset of contigs was also submitted to the GenBank 

database of the National Center for Biotechnology Information (NCBI; 

http://www.ncbi.nlm.nih.gov/) as the genome sequence of this isolate. 

For low-coverage sequencing of the T. paradoxa isolate CMW36654 and T. euricoi isolate 

CMW8799 (Mbenoun et al., 2014), the fungi were grown as described above. DNA was then 

extracted using the QIAamp DNA Mini Kit (Qiagen, USA) following the manufacturer’s 

instructions. The extracted DNA was used for whole genome shotgun sequencing at the 

Central Analytical Facilities (CAF) of Stellenbosch University. Single reads were produced 

using the 200 bp chemistry and the 318-chip Ion Torrent PGM (Thermo Fisher Scientific, USA) 

platform. The raw sequences were imported into the CLC Genomics Workbench 9.5.4, filtered 

by removing poor quality reads (threshold limit of 0.05) and/or terminal residues, and then 

used in a de novo genome assembly allowing the program to estimate the optimal word and 

bubble sizes. The raw data produced were deposited in the NCBI Sequence Read Archive 

(SRA) database. 

The mating-type genes in T. punctulata, T. musarum, T. paradoxa, T. euricoi and 

T. ethacetica 

The genomes for the seven Thielaviopsis isolates were imported into the CLC Main 

Workbench version 7.9.1 to generate seven genome databases. Each of the databases was 

screened for the presence of mating-type genes using a tBLASTn search with the MAT 

proteins previously identified in C. fimbriata (NCBI accession numbers AHV84685, AHV84686 

and AHV84687; Wilken et al., 2014) and H. omanensis (NCBI accession numbers AOY41710, 

AOY41711, AOY41712 and AOY41713; Wilson et al., 2015a). These included the putative 

mating-type proteins MAT1-1-1, MAT1-1-2 and MAT1-2-1 present in both C. fimbriata and H. 

omanensis, as well as MAT1-2-7 present only in the Huntiella species. These tBLASTn 

searches were carried out using CLC Main workbench, and contigs that produced matches 



7 
 

(expect [e]-values ≤ 0.01) were subjected to de novo gene prediction using the online version 

of the AUGUSTUS Gene Prediction software (Stanke et al., 2006). All predictions utilized the 

Fusarium graminearum gene models (the closest available relative of Thielaviopsis), with the 

program parameters set to predict any number of possibly partial genes on both strands. The 

same contigs were also submitted to the Fgenesh ab initio predictor (Solovyev et al., 2006) 

using the generic Fusarium gene models to identify any genes that might not have been 

predicted by AUGUSTUS. All resulting gene models were then used to annotate the respective 

contigs. The predicted coding sequences were translated to amino acid sequences and 

submitted to the BLASTp server at NCBI for identification. To identify conserved domains that 

might be present, all predicted MAT1-1 and MAT1-2 protein sequences were subjected to a 

Pfam domain analysis using CLC Main Workbench and the full Pfam database version 29 

(Finn et al., 2014). 

Regions that showed sequence similarity between the mating-type and flanking regions of the 

two T. punctulata isolates, as well as between T. punctulata and C. fimbriata (accession 

number KF033902; Wilken et al., 2014) were identified using BLASTn searches. To do this, 

these regions were subjected to BLASTn searches implemented in the BLAST+ software 

package with default settings (Camacho et al., 2009). The hit tables produced were used to 

plot the identity onto the respective genomic regions using the GenoPlotR package (Guy et 

al., 2010). 

Phylogenetic analysis of the Thielaviopsis mating-type genes 

The sequences of the full MAT1-1-1, MAT1-2-1 and MAT1-1-2 proteins predicted from the 

genomic gene sequences were compared with homologues of these mating-type genes from 

other Sordariomycetes (Supplementary table 2) by constructing a maximum likelihood tree for 

each individual dataset. Each dataset was first aligned using the online MAFFT server (Katoh 

and Standley, 2013), before being imported into Prottest v3.4 (Darriba et al., 2011; Guindon 

and Gascuel, 2003) to determine the most appropriate evolutionary model and parameters to 

use for the analysis. A maximum likelihood tree was then constructed using the PhyML v3.1 

package (Guindon et al., 2010) and the appropriate model parameters. Branch support was 

evaluated using the same model parameters and 1 000 bootstrap replicates. The resulting 

tree was visualised and edited using TreeGraph v2.14.0-771 (Stöver and Müller, 2010). 

PCR amplification of MAT genes from isolates of five Thielaviopsis species 

The mating-type genes identified from the genomes of T. punctulata, T. musarum, T. 

paradoxa, T. euricoi and T. ethacetica were used to design nine primer sets targeting 

fragments of the individual genes in each species. To do this, each predicted gene was 

submitted to the online primer design tool Primer3web (Koressaar and Remm, 2007; 
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Untergasser et al., 2012) for designing (based on default settings) forward and reverse 

primers. This approach was used to design a primer set each for: the MAT1-1-1 gene in T. 

punctulata, T. euricoi and T. ethacetica and the MAT1-2-1, MAT1-2-7 and MAT1-1-2 genes in 

T. punctulata and T. paradoxa (Table 2). 

The designed mating-type primers were used to investigate the presence and distribution of 

the MAT genes in a collection of Thielaviopsis isolates that was available to us (Table 1). This 

included six isolates representing T. punctulata (including CMW1032 used for whole genome 

sequencing), four isolates of T. euricoi (including CMW8799 subjected to low-level sequencing 

in this study), four isolates of T. ethacetica and the single known isolate of T. musarum. Four 

isolates that had previously been identified as T. paradoxa sensu stricto (including CMW36654 

that was used for low-level genome sequencing in the present study) were also used. All but 

one of these isolates were used in a taxonomic study of species in the T. paradoxa complex 

(Mbenoun et al., 2014), while isolate CMW37952 was used in a study by Suleman et al (2001). 

Thielaviopsis punctulata isolate CRDP1, T. euricoi isolate JCM6020 and T. ethacetica isolate 

JCM6961 were represented in this study by only genomic sequences, and no cultures were 

available for use in the PCR analyses. 

The fungi were grown as described above and their DNA was extracted using the method 

described by Damm et al. (2008). The extracted DNA was used as the template in PCRs 

targeting the various mating-type genes. All reactions were conducted in 25 µl volumes that 

included 1U KapaTaq DNA polymerase (Kapa Biosystems, USA), 1X KapaTaq Buffer A 

supplemented with 1 mM MgCl2, 0.25 mM of each dNTP, 0.4 mM of each primer (see below) 

and 90-150 ng of DNA. A touch-down PCR amplification protocol (Don et al., 1991; Korbie 

and Mattick, 2008) was carried out as follows: initial denaturation at 95 °C for 3 min, followed 

by 10 cycles of 95 °C for 30 seconds, 60 °C for 30 seconds (with a 1 °C decrease in 

temperature per cycle) and 72 °C for 1 min, followed by another 30 cycles of 95 °C for 30 

seconds, 50 °C for 30 seconds and 72 °C for 1 min, and a final extension at 72 °C for 7 min. 

All PCR products were visualised under UV light after electrophoresis on a 1 % (w.v-1) agarose 

(LE Agarose, SeaKem, USA) gel (Sambrook and Russell, 2001). Representative PCR 

products were purified using Sephadex G50 columns (Sigma-Aldrich, USA), and sequenced 

using the BigDye Terminator Cycle Sequencing Kit v3.1 (Life Technologies, USA), the original 

PCR primers and an ABI PRISM 3300 Genetic Analyser (Applied Biosystems, USA) at the 

Bioinformatics and Computational Biology Unit of the University of Pretoria. The 

electropherograms were assembled into contigs in CLC Main Workbench. This software was 

also used to compare the sequences of the individual PCR products with those of the mating-

type genes identified from the Thielaviopsis genomes. 
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Results 

Genomes and genome sequencing 

Sequencing the DNA of the MAT1-1 T. punctulata isolate CMW1032 produced reads having 

101 bp average length, split into two libraries. The 350 bp pair-end library contained 14 367 

376 raw sequence pairs, while the 600 bp pair-end library included 19 611 914 pairs. After 

trimming for quality and ambiguous nucleotides, 14 345 406 and 19 559 958 paired reads 

were retained in the respective libraries, with an average read length of 95.78 bp. The initial 

draft genome sequence assembled using CLC Main Workbench contained 2 370 contigs 

(Supplementary table 1) that were produced from 99.24 % of the available reads. These 

contigs were ordered into 1 016 scaffolds (767 larger than 500 bp) using multiple rounds of 

scaffolding through SSPACE and the Genome Finishing Module in CLC Genomics 

Workbench (Supplementary table 1). 

The assembly produced a high-quality draft genome sequence when considering general 

genome statistics. It had an average coverage of 111x, N50 value of 70 143 nucleotides, with 

the largest contig being 348 141 nucleotides in size. The genome was 28 028 969 nucleotides 

long (as assessed through the summation of all scaffold sizes), with a GC content of 48.13 %. 

The BUSCO analysis indicated a 98 % completeness score for the assembly, with 1 336 full 

single-copy BUSCOs, 73 complete duplicated BUSCOs, 25 fragmented BUSCOs and 4 

missing BUSCOs. This Whole Genome Shotgun project was deposited at 

DDBJ/ENA/GenBank under the accession MJMR00000000. The version described in this 

paper is MJMR01000000. 

The low-level genome sequencing of the MAT1-2 T. paradoxa isolate CMW36654 and MAT1-

1 T. euricoi isolate CMW8799 produced 3 930 339 and 4 355 082 single raw reads, 

respectively. All the reads were retained for assembly but trimmed to an average length of 

167.2 bp and 165.2 bp respectively to improve quality. The reads for T. paradoxa isolate 

CMW36654 were assembled into a 25.9 Mb genome consisting of 9 512 contigs with an N50 

size of 3 998 bp and a coverage of 23x. The 26.1 Mb genome produced from the T. euricoi 

reads were contained in 7 891 contigs, which had a N50 value of 5 075 and a coverage of 

25x. The raw sequence data for these isolates were deposited in the NCBI Sequence Read 

Archive (SRA) database under the accession number SRP115856.  

The mating-type genes in T. punctulata, T. musarum, T. paradoxa, T. euricoi and 

T. ethacetica 

The tBLASTn analyses consistently identified a single scaffold for each Thielaviopsis isolate 

with apparent similarity to one or more of the C. fimbriata and/or H. omanensis mating-type 
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proteins. Contig LAEV01001793 from the previously published T. punctulata CRDP1 genome 

and contig 6200 from T. paradoxa isolate CMW36654 (sequenced in this study) showed 

significant similarity to the MAT1-1-2 and MAT1-2-1 gene products of both C. fimbriata and H. 

omanensis (e-values ranging from 2.68E-21 to 4.25E-68), as well as to the H. omanensis 

MAT1-2-7 gene product (e-values ranging from 3.12E-34 to 2.37E-37). No contigs of either 

genome showed any similarity to the MAT1-1-1 gene product of either C. fimbriata or H. 

omanensis. Based on the presence of a MAT1-2-1 gene and the absence of a MAT1-1-1 gene 

(Wilken et al., 2017), these scaffolds were designated as containing the MAT1-2 idiomorphs. 

Contig 0000099 from the T. punctulata CMW1032 genome, contig LKBB01000260 from the 

T. musarum CMW1546 genome, contig BCFY01000016 from the T. ethacetica JCM6961 

genome, contig BCHJ01000017 from the T. euricoi JCM6020 genome and contig6445 from 

the T. euricoi CMW8799 genome showed strong similarity (all with e-values ≤ 2.25 E-19) to 

both the C. fimbriata and H. omanensis MAT1-1-1 gene products. These scaffolds were 

accordingly designated as containing the MAT1-1 idiomorph based on the presence of the 

archetypal MAT1-1-1 gene (Wilken et al., 2017). No contig from any of these genomes showed 

any similarity to either the C. fimbriata or H. omanensis MAT1-1-2, MAT1-2-1 or MAT1-2-7 

gene products.  

De novo predictions using AUGUSTUS and Fgenesh produced annotations for multiple genes 

on all the contigs identified as containing the MAT1-1 and MAT1-2 idiomorphs. Among these 

were several genes known to be mating-type genes and typically present within the MAT1 

locus (Figure 1) of Sordariomycetes (Wilken et al., 2017). The contig from Thielaviopsis 

punctulata isolate CMW1032 contained only a MAT1-1-1 homologue (1 292 bp), while that of 

T. punctulata (CRDP1) harboured the MAT1-1-2 (1 269 bp), MAT1-2-1 (1 018 bp) and MAT1-

2-7 (662 bp) genes. Similarly, the contigs from T. euricoi isolate JCM6020, T. ethacetica 

isolate JCM6961, T. musarum isolate CMW1546 and T. euricoi isolate CMW8799 contained 

only a MAT1-1-1 homologue of, respectively, 1 266 bp, 1 270 bp, 1 276 bp and 1 266 bp in 

size. The contig of T. paradoxa isolate CMW36654 had homologues of the MAT1-2-1 (979 

bp), MAT1-2-7 (673 bp), and MAT1-1-2 (1 587 bp) genes. The annotated Thielaviopsis contigs 

containing the mating-type gene information were submitted to either the GenBank database 

under accession numbers KX989056, MF476807 and MF476808 or to the Third Party 

Annotation Section of the DDBJ/ENA/GenBank databases under the accession numbers TPA: 

BK010318-BK010321. 

The presence of two full-length idiomorphs in the T. punctulata isolates made it possible to 

characterise the boundaries of the MAT1 locus. The MAT1-2 idiomorph in T. punctulata isolate 

CRDP1 is 4 700 bp in size and included the MAT1-2-1, MAT1-1-2, and MAT1-2-7 genes 
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(Figure 2). The MAT1-1 idiomorph in the T. punctulata isolate CMW1032 sequenced in this 

study was only 2 813 bp in size with a single MAT1-1-1 gene (Figure 2). As expected for the 

idiomorphs of heterothallic species (McGuire et al., 2001; Turgeon, 1998; Wilken et al., 2017), 

sequence identity between the mating-type regions of the two T. punctulata isolates was 

restricted to the flanking regions of the locus, with no significant similarity within the mating-

type idiomorphs (Figure 2). Similarly, a low level of sequence identity was present when the 

two T. punctulata idiomorphs were compared to the MAT1 locus and flanking region of the 

homothallic C. fimbriata (Wilken et al., 2014), with similarity restricted to only to the genes 

predicted to flank the mating-type region (Figure 2). 

The putative MAT1-1-1 genes from the MAT-1 isolates of T. punctulata (CMW1032), T. 

musarum (CMW1546), T. euricoi (CMW8799 and JCM6020) and T. ethacetica (JCM6961) 

contained a conserved MATalpha_HMGbox domain (pfam domain PF04769) spanning the 

single intron present in this gene. The MAT1-2-1 gene in T. punctulata isolate CMW1032 and 

T. paradoxa isolate CMW36654 harboured an HMG-box domain (pfam domain PF00505). For 

both the MAT1-2-1 genes, an intron spanned a codon coding for a serine residue that forms 

part of the HMG-box domain, a characteristic trait of the Pezizomycotina MAT1-2-1 gene (Arie 

et al., 1997; Debuchy and Turgeon, 2006; Wilken et al., 2017). The MAT1-1-2 genes of T. 

punctulata isolate CRDP1 and T. paradoxa isolate CMW36654 contained a mating-type 

protein 1-1-2 domain (pfam domain PF17043), which did not span any of the predicted introns. 

The presence of the respective domains in the MAT1-1-1, MAT1-2-1 and MAT1-1-2 proteins 

is considered characteristic of these mating-type genes (Dyer et al., 2016; Wilken et al., 2017), 

adding further confidence to the identity of the predictions. Although no conserved domain 

was predicted for MAT1-2-7 of T. punctulata CRDP1 or T. paradoxa CMW36654, the BLASTp 

analysis confirmed their similarity (e-value ≤ 2.12E-45) to the MAT1-2-7 protein of H. 

omanensis (Wilson et al., 2015a).  

Phylogenetic analysis of the Thielaviopsis mating-type genes 

Phylogenetic comparison of the Thielaviopsis MAT1-1-1, MAT1-2-1 and MAT1-1-2 sequences 

inferred from the genome sequences with those present in other Sordariomycetes provided 

further support for the identities of these proteins (Figure 3). Each of these proteins grouped 

together with homologues of the respective proteins from C. fimbriata, H. omanensis and H. 

moniliformis. In all the phylogenetic analyses, species in the Ceratocystidaceae consistently 

grouped sister to the two Knoxdaviesia species in the Gondwanamycetaceae (Réblová et al., 

2011), producing a single clade that contained all known mating-type gene sequences for the 

Microascales.  
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PCR amplification of MAT genes from isolates of five Thielaviopsis species 

Using the primer pairs designed from the various Thielaviopsis MAT1 gene sequences (Table 

2), fragments of the representative mating-type genes were amplified from all isolates tested. 

In agreement with the genome sequence, only a MAT1-1-1 fragment was amplified from the 

single known isolate (CMW1546) of T. musarum (Mbenoun et al., 2014). Similarly, we 

amplified only MAT1-1-1 gene fragments from the three T. ethacetica isolates (CMW36725, 

CMW36771 and CMW36775) that were tested. No fragments of MAT1-1-2, MAT1-2-1 or 

MAT1-2-7 were amplified from either the T. musarum or T. ethacetica isolates. Six T. 

punctulata isolates were screened for mating-type genes, of which five (CMW1032, 

CMW26389, CMW42889, CMW42890 and CMW42891) produced the MAT1-1-1 fragment, 

while parts of the MAT1-2-1, MAT1-2-7 and MAT1-1-2 genes were amplified in the sixth isolate 

(CMW37952). Of the four T. paradoxa isolates investigated, representative fragments of the 

MAT1-2-1, MAT1-2-7 and MAT1-1-2 genes were amplified from three isolates (CMW36654, 

CMW36689 and CMW36642). The remaining T. paradoxa isolate (CMW36655) contained 

only the MAT1-1-1 gene. Similarly, one isolate of T. euricoi (CMW28538) contained the MAT1-

2-1, MAT1-2-7 and MAT1-1-2 genes, while only the MAT1-1-1 gene was present in the 

remaining three isolates (CMW8790, CMW8799 and CMW28537).  

Discussion 

Results of this study provide the first insights into the molecular basis of mating strategies in 

species of Thielaviopsis. This genus includes numerous important pathogens of mainly 

monocotyledonous plants (Abdullah et al., 2009; Bliss, 1941; Mbenoun et al., 2014), yet very 

little is known regarding their biology. Although studies on model species have framed our 

understanding of many complex biological processes (Yarden, 2016), it is increasingly 

apparent that knowledge based on these models substantially underestimates the diversity of 

the MAT1 locus structure and its gene content (Dyer et al., 2016; Wilken et al., 2017). Our 

findings emphasise this view and illustrate the power of genome-based studies on non-model 

species to reveal the range of molecular idiosyncrasies potentially underlying fungal mating 

systems. 

The MAT1 locus of five Thielaviopsis species was characterized using a combination of 

genome sequencing and conventional PCR. Genome analyses allowed identification of a 

MAT1-1 idiomorph in T. punctulata, T. euricoi, T. ethacetica and T. musarum. In all cases, it 

contained the MAT1-1-1 gene, typical of other heterothallic Sordariomycetes (Dyer et al., 

2016; Wilken et al., 2017). A MAT1-2 idiomorph identified in an isolate each of T. punctulata 

and T. paradoxa contained three genes (i.e., MAT1-2-1, MAT1-2-7 and MAT1-1-2). Of these, 
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MAT1-2-1 and MAT1-2-7 are typically encountered in the MAT1-2 idiomorphs of other 

Sordariomycetes including members of the Microascales (Aylward et al., 2016; Dyer et al., 

2016; Wilken et al., 2017, 2014; Wilson et al., 2015a). However, the MAT1-1-2 gene has been 

considered as exclusively present in the MAT1-1 idiomorph (Dyer et al., 2016; Wilken et al., 

2017), although a homologue of this gene is present in both idiomorphs of heterothallic 

Diaporthe species (Kanematsu et al., 2007). PCR analysis confirmed that the unique 

Thielaviopsis idiomorph organisation was reflected in isolates of the five species. This was 

expected as the MAT1 locus structure is commonly conserved among closely related species 

(Duong et al., 2013; Martin et al., 2011; Yun et al., 2000). As such, it is plausible to expect that 

MAT1-2 isolates of T. ethacetica and T. musarum would show the same gene organization as 

the MAT1-2 idiomorphs of T. punctulata, T. paradoxa and T. euricoi. 

To the best of our knowledge, this study presents the first report of a MAT1-1-2 gene 

exclusively present at the MAT1-2 idiomorph of a heterothallic species. The predicted 

Thielaviopsis MAT1-1-2 protein showed the characteristic domain associated with this protein 

in other Ascomycota. This domain has been defined as the HPG (Debuchy and Turgeon, 

2006) or PPF (Kanematsu et al., 2007) domain based on the presence of conserved amino 

acids in a limited number of species. Wilken et al (2014) reported that the common Proline in 

the HPG and PPF motifs was replaced by a tyrosine yielding a unique HYF/PYF motif in C. 

fimbriata, and suggested that this motif might be conserved among all Microascales. That view 

was in part supported by the presence of the domain in H. omanensis (Wilson et al., 2015a). 

However, in the predicted MAT1-1-2 proteins of T. punctulata and T. paradoxa, the tyrosine 

in question was replaced by an isoleucine residue. Nonetheless, the identity of the MAT1-1-2 

domain was confirmed based on the newly-developed Pfam model for this protein (Dyer et al., 

2016; Finn et al., 2016; Wilken et al., 2017), as well as by a gene phylogeny in which these 

MAT1-1-2 proteins grouped with those of other Sordariomycetes. This suggests that the 

putative MAT1-1-2 gene in Thielaviopsis likely encodes a functional MAT1-1-2 protein. 

Despite being encoded on the MAT1-2 idiomorph of Thielaviopsis, our designation of “MAT1-

1-2” was based on the similarity of this gene to the MAT1-1-2 genes used by Turgeon and 

Yoder (2000) to name this gene. These authors designated the MAT1-1-2 name based on the 

N. crassa MAT A-2 homologue, using its consistent association with the MAT1-1 idiomorph, 

which was the second mating-type gene (MAT1-1-2) present at the MAT1-1 idiomorph. 

Although the standardised nomenclatural system for naming mating-type genes (Turgeon and 

Yoder, 2000; Wilken et al., 2017) dictates the use of a MAT1-2-specific name for the 

Thielaviopsis MAT1-1-2 gene, strict application of the system would likely cause unnecessary 

confusion. This is because homologues of the same gene would be called both MAT1-1-2 and 

MAT1-2-12 (the next sequential MAT1-2 gene name; Wilken et al., 2017). Therefore, following 
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the recently revised nomenclatural guidelines for naming mating-type genes (Wilken et al., 

2017), this Thielaviopsis MAT gene is designated as a MAT1-2-specific version of MAT1-1-2.  

No definitive molecular function has been assigned to the MAT1-1-2 protein, although its 

biological role in the mating process has been studied. Deletion analyses have shown that 

MAT1-1-2 has a crucial role in controlling the development of the fruiting body for both 

homothallic and heterothallic Sordariomycetes (Arnaise et al., 2001; Dyer et al., 2016; Klix et 

al., 2010; Zheng et al., 2013). Such a general role in the sexual process would therefore not 

be idiomorph-specific, and could account for the presence of MAT1-1-2 in the Thielaviopsis 

MAT1-2 idiomorph. This view is congruent with the results of studies of the SMR1 gene in the 

heterothallic Podospora anserina, which showed that this MAT1-1-2 homologue was not a 

true mating-type gene (Arnaise et al., 1997). Through inter-nuclear complementation tests, 

the authors showed that SMR1 would fulfil its role in the sexual process regardless of the 

mating-type idiomorph in which it was located. Such a function is in stark contrast to other 

mating-type genes (i.e. MAT1-1-1 and MAT1-2-1) that are involved in nuclear identity, 

necessitating idiomorph-specific expression (Arnaise et al., 1997). 

Formally, a MAT gene name is assigned to any gene present within the confines of the MAT1 

locus (Turgeon and Yoder, 2000; Wilken et al., 2017), although this might not necessarily 

reflect a role in the sexual process. This nomenclature system has been widely applied to 

members of the subdivision Pezizomycotina for more than 15 years (reviewed by Wilken et 

al., 2017), and has proven useful for the delineation of MAT genes from related taxa using 

known MAT gene sequences (Duong et al., 2013; Wilken et al., 2012; Wilken et al., 2014; 

Wilson et al., 2015a). However, a function in the sexual process (which is implied when a 

mating-type-specific name is assigned) has not yet been identified for many of the known MAT 

genes (Dyer et al., 2016; Wilken et al., 2017). What is known, however, is that certain MAT 

genes (notably MAT1-1-1 and MAT1-2-1) are master regulators of sexual reproduction 

(Debuchy et al., 2010), and as such their position within opposite mating-type idiomorphs are 

crucial. Many of the other MAT genes have a secondary function (Debuchy et al., 2010; Dyer 

et al., 2016; Turgeon and Debuchy, 2007), and their role likely will not be idiomorph specific. 

Rather, their constant association with a particular idiomorph might be a reflection of the 

ancestral MAT gene arrangement. 

The results of this study suggest that T. musarum and T. euricoi have heterothallic mating 

systems. Previously, the mating system of four Thielaviopsis species (T. punctulata, T. 

paradoxa, T. ethacetica and T. cerberus) was established using mating experiments in culture 

(El-Ani et al., 1957; Mbenoun et al., 2014), although this approach was not useful for assigning 

mating types to isolates of T. musarum and T. euricoi (Mbenoun et al., 2014). A MAT1-1 
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idiomorph was present in the genome sequences of the T. musarum and T. euricoi isolates 

studied here, while the MAT1-2-related genes were amplified from an additional isolate of T. 

euricoi. Therefore, identification of opposite idiomorphs of the MAT1 locus in both species 

suggests that these fungi are heterothallic. Based on this view, characterisation of the T. 

musarum and T. ethacetica MAT1 locus in a compatible mating partner to the MAT1-1 isolate 

would likely yield a MAT1-2 idiomorph. 

The results of previous studies combined with the current findings underscore the complex 

evolutionary history of sexual reproduction in the Microascales. The MAT1-2-7 gene is 

currently known only in the Microascales (Aylward et al., 2016; Wilson et al., 2015a), and 

regions of identity between this protein and MAT1-1-1 have been identified in Knoxdaviesia 

species (Aylward et al., 2016). Limited identity is also present between these proteins in 

Thielaviopsis (Supplementary figure 1), suggesting that MAT1-2-7 arose from a MAT1-1-1 

ancestral gene in the progenitor of all Microascales (Aylward et al., 2016). Following this view, 

it was presumably retained in the MAT1 locus of Knoxdaviesia (Aylward et al., 2016), Huntiella 

(Wilson et al., 2015a) and Thielaviopsis, but was lost in Ceratocystis (Wilken et al., 2014). An 

aberrant cross-cover event between the two idiomorphs of a heterothallic ancestor to 

Thielaviopsis could have produced the unusual MAT1 locus structure currently seen (Figure 

4). Such a cross-over would have relocated the MAT1-1-2 gene from the MAT1-1 to MAT1-2 

idiomorph. Characterising the locus structure and gene complement of homothallic species 

such as T. cerberus (Mbenoun et al., 2014) could provide insight into the processes that 

shaped the MAT1 locus and associated genes in Thielaviopsis and other genera in the 

Microascales. 
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Figure 1: A comparison of the mating-type regions from members of the Ceratocystidaceae. 

Shown here are the full MAT1 locus of the homothallic Ceratocystis fimbriata (Wilken et al., 

2014), as well as the MAT1-1 idiomorph of Thielaviopsis musarum and T. ethacetica, and 

both the MAT1-1 and MAT1-2 idiomorphs of T. punctulata, T. paradoxa, T. euricoi and 

Huntiella omanensis (Wilson et al., 2015a). The MAT1-1 idiomorph of T. paradoxa and 

MAT1-2 idiomorph of T. euricoi were inferred from PCR analysis. Gene names correspond 

to the colours shown in the key. The Neighbour Joining phylogeny was constructed from the 

combined 60S-LSU-MCM dataset of De Beer et al. (2014) using the MEGA7 software 

package (Kumar et al., 2016). The tree is rooted using the sequences of Knoxdaviesia 

capensis and Graphium laricis. 

 

Figure 2: A plot of sequence identity between the Thielaviopsis punctulata MAT1-1 (isolate 

1032) and MAT1-2 (isolate CRDP1) idiomorphs (Top), and between the T. punctulata 

idiomorphs and the C. fimbriata MAT1 locus (Bottom). Red and blue lines indicate sequence 

identity based on BLASTn comparisons of the respective regions, with direct comparisons in 

red hues and reverse comparisons in blue hues. Details of the BLASTn results are given in 

Supplementary table 3. 

 

Figure 3: Maximum likelihood phylogenies of the complete MAT1-1-1 (top), MAT1-1-2 

(middle) and MAT1-2-1 (bottom) proteins from Thielaviopsis and representative 

Hypocreomycetidae. The clade including Thielaviopsis species and other members of the 

Microascales are indicated in the blue blocks. The trees were rooted using representative 

sequences from species of the Sordariomycetidae. The values at the nodes indicate 

bootstrap support values ≥ 60 %. The scale bars show the number of amino acid 

substitutions per site. The partial protein sequences of T. paradoxa MAT1-1-1 and T. euricoi 

MAT1-1-2 and MAT1-2-1 produced through PCR analysis were not included in the 

phylogenies. 

 

Figure 4: A putative model for the evolution of the heterothallic Thielaviopsis mating-type 

locus from a heterothallic ancestor. The ancestral MAT1 locus harboured the same gene 

complement as that of the extant Thielaviopsis species, although split differently across the 

two idiomorphs: MAT1-1-1 and MAT1-1-2 in the MAT1-1 idiomorph and MAT1-2-1 and MAT1-

2-7 in the MAT1-2 idiomorph. An aberrant crossover event would have moved the MAT1-1-2 

gene from the MAT1-1 to the MAT1-2 idiomorph, producing an idiomorph organisation like 

that seen in modern Thielaviopsis species. 
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Table 1: Thielaviopsis isolates used in the current study 

Species Culture number a Mating-type Mating genes 

present 

MAT gene 

primers b 

T. musarum CMW1546 c MAT1-1 MAT1-1-1 ThPara_111_F 

ThPara_111_R 

T. punctulata CMW1032 d MAT1-1 MAT1-1-1 ThPun_111_F 

ThPunc_111_R CMW26389 

CMW42889 

CMW42890 

CMW42891 

CMW37952 

 

 

MAT1-2 MAT1-2-1 ThPunc_121_F  

ThPunc_121_R 

MAT1-2-7 ThPun_127_R 

ThPun_127_F CRDP1 c 

MAT1-1-2 ThPun112F 

ThPunct112R 

T. paradoxa CMW36655 MAT1-1 MAT1-1-1 ThPara_111_F 

ThPara_111_R 

CMW36654 d MAT1-2 MAT1-2-1 ThPara_G_121F 

ThPara_G_121R 

CMW36689 MAT1-2-7 ThPara_G_127F 

ThPara_G_127R 
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CMW36642 MAT1-1-2 ThPara_G_112F 

ThPara_G_112R 

T. euricoi CMW8790 MAT1-1 

 

MAT1-1-1 ThEur_G_111R 

ThEur_G_111F CMW8799 d 

CMW28537 

JCM6020 c 

CMW28538 MAT1-2 MAT1-2-1 ThPara_G_121F 

ThPara_G_121R 

MAT1-2-7 ThPara_G_127F 

ThPara_G_127R 

MAT1-1-2 ThPara_G_112F 

ThPara_G_112R 

T. ethacetica CMW36725 MAT1-1 MAT1-1-1 ThPara_111_F 

ThPara_111_R CMW36771 

CMW36775 

JCM6961 c 

a All isolates from the study of Mbenoun et al. (2014), apart from CMW37952 which comes 

from the study of Suleman et al. (2001). Isolates CRDP1, JCM6960 and JCM6961 were 

represented solely by genome sequences, and as such were not used in the PCR analysis. 
b See table 2 for primer sequences. 
c Isolates for which the genome sequence was obtained from NCBI. 
d Isolates for which the genome was sequenced in this study. 
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Table 2: Primers designed to amplify fragments of the mating-type genes. 

Primer Name Primer sequence (5' to 3') Primer 

position in 

gene 1 

Gene sequence 

used to design 

primer 

MAT gene 

targeted 

ThPun112F CAGTTCGTACATGACTGCCG 474…493 T. punctulata 

MAT1-1-2 

MAT1-1-2 
ThPun112R GCCTTGACTTCTGTTGCGAA 885…866 

ThPara_G_112F GGAACTTCCCCTGACAGTCA 45…64 T. paradoxa 

MAT1-1-2 
ThPara_G_112R TTCAGATCCGTTGCAGGGTA 1427…1408 

ThPun_121_F  TTCAGGTGTCGCAGTTCTCT 137…156 T. punctulata 

MAT1-2-1 

MAT1-2-1 
ThPun_121_R  CACTTCAGACGATGGCATGG 937…918 

ThPara_G_121F CACTGGGTGCAGAGCTTCT 29…47 T. paradoxa 

MAT1-2-1 
ThPara_G_121R GCCCGATATAGAGACAGGCT 928…909 

ThPun_127_F CACGAGATAGTCTGCGGGAG 10…29 T. punctulata 

MAT1-2-7 

MAT1-2-7 
ThPun_127_R ATTCAGTCTCGCACGCAAAA 395…376 

ThPara_G_127F CCTGGTCAATATGATACGCGG 7…27 T. paradoxa 

MAT1-2-7 
ThPara_G_127R TTGGATTCCGAGCATTGTAGC 556…536 

ThPun_111_F TTGATCCCGAAGTCTGCTGT 118…137 T. punctulata 

MAT1-1-1 

MAT1-1-1 

ThPun_111_R  TGAAACAGGAGAGGCTTCGT 1016…997 

ThPara_111_F CCACATCAGCCATTTGATTC 150…169 T. ethacetica 

MAT1-1-1 
ThPara_111_R TCTCCCTGAAAAGGGTCCGT 1250…1231 

ThEur_G_111F CTGCACCACATCAGCCATTT 145…164 T. euricoi MAT1-

1-1 2 
ThEur_G_111R CGCGGTTTATGGTGAACGAT 979…960 

1 Nucleotide positions spanned by the primer. Positions assigned with the A of the start 

codon as gene position 1. 

2 Based on the genome of isolate JCM 6020. 
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MA  T I D T  Q D  S AS   D D  M   Q T  SNDQ I    I  KS A QN    I S  I  T D  D NS  TSSS  I D T I S S AS  T SQ S SS S T    S T  S A   S  TS 

MSSQT  D I  QQ   S AA   N D  M   Q T  SN Q I    I   S A KN    I S  I  S D  D NS I T  S  DD I I S S  S  T SQ S SS T T    D T  QA A S  NQ 

MSSQT  D I  QQ   S AA   N D  M   Q T  SN Q I    I   S A KN    I S  I  S D  D NS I T  S  DD I I S S  S  T SQ S SS T T    D T  QA A S  NQ 

MT  T I N I  QQD QSK TDN  N D  M   Q T  SNDQ I    I   S T  KN    I S  I  S D  D SS  TSS   DT  S S  S  T SQ S SS S T    D T     A S I T  D

MTSQ I TD  I  QQD SS T T   K  N  M   Q T  SNDQ I    I   S A I KN    I S  I  S D  D N  T S   D I S S  S  T SQ S SS SS T     T     A S I T  D

                                                                                                    MS  Q DT K

                                                                                                    MS I QS TQK

S S T N SS   K K   N  I A  T   QK M S   QKN I S T I   I TQ  KSD  QS  M  I     S  I  D T I  KSQTK  SD      Q I A A  M T T      K     M

S S T Q SSD D K     N  I A  A  QK M T   QKN I S T    I TQ  KSD  QS  M  I     S    DT I  KSNTK  S      Q A A  M T S     TK     M

S S T Q SSD D K     N  I A  A  QK M T   QKN I S T    I TQ  KSD  QS  M  I     S    DT I  KSNTK  S      Q A A  M T S     TK     M

T S T QDSSD   K I K   N  I A  T   QK M T   QKN I S T    I TQ  KSD  QS  M  I     S  I  D T I  KSNTK  S      Q A A  M T N      K     M

S S T QDS  D   K     N  I A  A  QK I  T   QKS I S T    I TQ  KSD  QS  M  I     S    DT I  KSNTK  S      Q I A A  M T K      K     M

   T M     NS T AS  N A  T        Q I  DQK Q I N DA I   S      T   QK Q M  A  S  I  T I QAK  M  I    A I    A   I     S T D  S  M   

  I  T Q  T   S I QA  N A  T        Q I  D QDQMS DAM         T  KQK Q M  A  S  I  T I QAK  M       I   SA  Q I  N     A D     M   

S SD SD S   QD         S TK TQ S TS Q   N  I         S DA  AK  AQN NN  T     I  S D SS   KK      M  QQ S  T  T  AS  SDTK    M

SS TDD D T   QD     K    DAKS I  A TS Q   N  I       D  S DS   TK  AQN NN        T  Q  SS   KK    T M  QQ S  T I N D I T T S D T A   M

SS TDD D T   QD     K    DAKS I  A TS Q   N  I       D  S DS   TK  AQN NN        T  Q  SS   KK    T M  QQ S  T I N D I T T S D T A   M

NS TD  D T  I QD         ASKKQ A TS Q   N  I         S DA I  T K  AQN NN  T       I QN  S   KK    T M  QQ S  T I N D  T A DTKS    

NS TDD D T  I QD     K    ASKKQ A TS Q   N  I         S D   TK  AQN NN I I       TQ  SS   KK    T M  QQ S  T I N D  T T D TK   QM

    I D   I   K     MN M Q              I  K  M     S    ATM    I QS N I AT    M I I D I S T I  S  SM S  I Q  KD   K              

   Q I D   I   K    DMK  M                 K  I      S    ATM    I QS N  AT    M  I D I S A I  S  SM S   Q   D                 

N T    N T   T T TSD  Q T   SM S  S D    SM  Q Q I S  N  K S     Q QA  I  NM  DQ  D I AD  Q S T I A  

KMK  S  T I S  T A    QA   AMQ A D    N   TQ     AQ K  S A   QDQA N I    SSQQ  D I TD  Q DA I A  

KMK  S  T I S  T A    QA   AMQ A D    N   TQ     AQ K  S A   QDQA N I    SSQQ  D I TD  Q DA I A  

K AA   D T   SS ATQ     MQQS AM  A D    T   TQ Q   I Q    A S QDQA D I   MS  QQ  D I TD  Q DA I S   

K T A   DDT    S AT      TQQ     A D I   T   TQ Q    Q K S A D QDQA N I   MSSQ   D I TD  Q DA I A  

                                                                                    

                                                                                    

Supplementary figure 1: A comparison of the Thielaviopsis MAT1-1-1 and MAT1-2-7 proteins. Proteins were aligned with the NCBI 
Constraint-based Multiple Alignment Tool COBALT (https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?LINK_LOC=BlastHomeLink) 
using default settings. The consensus sequence is based on majority amino acid presence, while the graph and sequence logo shows the 
level of conservation and amino acid distribution among the alignment, respectively. 

https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?LINK_LOC=BlastHomeLink
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Supplementary table 1: Assembly and scaffolding steps for the T. punctulata 
CMW1032 genome 
Assembly/ 

Scaffold 

Program Input data Parameters Resulting 

number of 

contigs 

1 De novo assembly on CLC 

Genomics 

• Trimmed paired 
reads 

Word size:64 

Bubble size: 100 

Min. contig lenght:200 

2 370 

2 SSPACE and Gapfiller • Trimmed paired 
reads 

• Assembly 1 

• Min. overlap (-m): 50 

• Min read number for base 
calling (-o): 10 

• Bases to trim from contig 
end (-t): 2 

• Min. number of read pair 
links (-k): 10 

• Max ratio between the best 
two contig pairs (-a): 0.70 

• Extend contig option (-x): 
Enabled 

1 723 

3 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 2 

• Assembly 1 as 
reference 

Default settings 1 705 

4 Join contigs option of Genome 

Finishing Module – Map contigs 

to themselves 

• Assembly 3 

• Use Assembly 3 as 
reference 

Default settings 1 597 

5 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 4 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 306 

6, 7 SSPACE and Gapfiller • Assembly 5 

• Trimmed pair-end 
reads 

As for run 2 1 290 

8 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 8 

• Assembly 1 as 
reference 

Default settings 1 262 

9 Join contigs option of Genome 

Finishing Module – Map contigs 

to themselves 

• Assembly 8 

• Use Assembly 3 as 
reference 

Default settings 1 254 

10 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 9 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 216 

11 Join contigs option of Genome 

Finishing Module – Map long 

reads 

• Assembly 10 

• Trimmed Pair-end 
reads as long reads 

Default settings 1 215 

12, 13 SSPACE and Gapfiller • Assembly 11 

• Trimmed pair-end 
reads 

As for run 2 1 169 

14 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 13 

• Assembly 1 as 
reference 

Default settings 1 151 
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15 Join contigs option of Genome 

Finishing Module – Map contigs 

to themselves 

• Assembly 14 

• Use Assembly 3 as 
reference 

Default settings 1 140 

16 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 15 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 104 

17, 18 SSPACE and Gapfiller • Assembly 16 

• Trimmed pair-end 
reads 

As for run 2 1 093 

19 Join contigs option of Genome 

Finishing Module – Map contigs 

to themselves 

• Assembly 18 

• Use Assembly 3 as 
reference 

Default settings 1 081 

20 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 19 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 079 

21, 22 SSPACE and Gapfiller • Assembly 20 

• Trimmed pair-end 
reads 

As for run 2 1 073 

23 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 22 

• Assembly 1 as 
reference 

Default settings 1 065 

24 Join contigs option of Genome 

Finishing Module – Map contigs 

to themselves 

• Assembly 23 

• Use Assembly 3 as 
reference 

Default settings 1 064 

25 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 15 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 059 

26, 27 SSPACE and Gapfiller • Assembly 25 

• Trimmed pair-end 
reads 

As for run 2 1 055 

28 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 27 

• Assembly 1 as 
reference 

Default settings 1 044 

29 Join contigs option of Genome 

Finishing Module – Map contigs 

to themselves 

• Assembly 28 

• Use Assembly 3 as 
reference 

Default settings 1 039 

30 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 29 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 033 

31, 32 SSPACE and Gapfiller • Assembly 30 

• Trimmed pair-end 
reads 

As for run 2 1 033 

33 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 32 

• Assembly 1 as 
reference 

Default settings 1 029 

34 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 33 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 028 
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35, 36 SSPACE and Gapfiller • Assembly 34 

• Trimmed pair-end 
reads 

As for run 2 1 025 

37 Join contigs option of Genome 

Finishing Module – Reference 

sequence 

• Assembly 32 

• Assembly 1 as 
reference 

Default settings 1 022 

38, 39 SSPACE and Gapfiller • Assembly 37 

• Trimmed pair-end 
reads 

As for run 2 1 019 

40 Join contigs option of Genome 

Finishing Module – Pair-end 

overlap 

• Assembly 39 

• Trimmed pair-end 
data mapped 

Default settings, with min 

number of overlaps = 10 

1 017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

Supplementary table 2: Accession numbers of the proteins used for phylogenetic 
analysis. 

Gene Name Accession Latin name 

121 AAX83065 Ophiostoma ulmi 

121 CCD57792 Neurospora pannonica 

121 This study Thielaviopsis paradoxa 

121 This study Thielaviopsis punctulata 

121 KFA75378 Stachybotrys chartarum IBT 40288 

121 KZZ99689 Aschersonia aleyrodis RCEF 2490 

121 AAG42810 Fusarium graminearum 

121 AEO15074 Fusarium oxysporum f. sp. vasinfectum 

121 AOY41710 Huntiella omanensis 

121 AOY41709 Huntiella moniliformis 

121 APB91644 Knoxdaviesia proteae 

121 APB91653 Knoxdaviesia capensis 

121 AHV84686 Ceratocystis fimbriata 

121 AEI72619 Epichloe festucae 

121 KHO00962 Metarhizium album ARSEF 1941 

121 CEJ91387 Torrubiella hemipterigena 

121 XP_013957388 Trichoderma virens Gv29-8 

121 BAC66500 Cordyceps militaris 

121 AFX66472 Ophiocordyceps sinensis 

121 EQB45543 Colletotrichum gloeosporioides Cg-14 

121 BAC66503 Isaria tenuipes 

121 ENH77678 Colletotrichum orbiculare MAFF 240422 

121 BAG12301 Verticillium dahliae 

111 XP_007913910 Phaeoacremonium minimum UCRPA7 
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111 AHV84685 Ceratocystis fimbriata 

111 AOY41712 Huntiella omanensis 

111 This study Thielaviopsis euricoi 

111 This study Thielaviopsis paradoxa 

111 This study Thielaviopsis paradoxa 

111 This study Thielaviopsis musarum 

111 APB91650 Knoxdaviesia proteae 

111 APB91636 Knoxdaviesia capensis 

111 CAD59610 Fusarium poae 

111 BAC67541 Isaria tenuipes 

111 ABE98363 Fusarium graminearum 

111 KOM19990 Ophiocordyceps unilateralis 

111 ACR78244 Trichoderma reesei 

111 AGW27562 Tolypocladium inflatum 

111 AKM95173 Cordyceps militaris 

111 KFG83432 Metarhizium anisopliae 

111 ALI93545 Hypocrella siamensis 

111 BAD72608 Ephelis japonica 

111 CAD59611 Colletotrichum musae 

111 BAG83052 Verticillium dahliae 

111 ACN59937 Epichloe festucae 

111 BAC65083 Magnaporthe grisea 

112 BAD72599 Cordyceps militaris 

112 BAD95879 Cordyceps takaomontana 

112 BAD72607 Ephelis japonica 

112 BAD72611 Epichloe typhina 
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112 BAD72603 Claviceps purpurea 

112 AAC71054 Fusarium fujikuroi 

112 AMP43944 Fusarium graminearum 

112 ALI93546 Hypocrella siamensis 

112 BAE93604 Lecanicillium flavidum 

112 BAE93597 Metarhizium anisopliae 

112 AGW27559 Ophiocordyceps sinensis 

112 BAE93601 Tolypocladium inflatum 

112 ACR78245 Trichoderma reesei 

112 AHV84687 Ceratocystis fimbriata 

112 APB91637 Knoxdaviesia capensis 

112 APB91651 Knoxdaviesia proteae 

112 AOY41713 Huntiella omanensis 

112 AGH03157 Grosmannia clavigera 

112 XP_007913911 Phaeoacremonium minimum UCRPA7 

112 This study Thielaviopsis punctulata 

112 This study Thielaviopsis paradoxa 
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Supplementary table 3: BLASTn results used to construct the plots in figure 2. 

Query Sequence Subject Sequence 

Alignment 

start to stop 

(for query) 

Alignment 

start to stop 

(for subject) 

Alignme

nt length 

% 

identical 

matches 

Number of 

mismatch

es 

Number 

of gap 

opening

s 

E-value 
Bit 

score 

T. punctulata 

MAT1-1 

T. punctulata 

MAT1-2 
1 – 12788 1 – 12799 12870 97.82 128 22 0.0 21982 

  
15601 – 

16967 

17490 – 

18846 
1367 98.46 11 2 0.0 2370 

  
11686 – 

11701 
3622 – 3637 16 100 0 0 0.27 30.1 

  3627 – 3642 
11698 – 

11713 
16 100 0 0 0.27 30.1 

  
12311 – 

12326 

12338 – 

12323 
16 100 0 0 0.27 30.1 

  9690 – 9714 5035 – 5011 25 84 4 0 0.94 28.3 

  8131 - 8155 8204 – 8228 25 84 4 0 0.94 28.3 

T. punctulata 

MAT1-1 
C. fimbriata 

7841 – 

10336 

10102 – 

12597 
2497 77.93 549 2 0.0 2012 

  7231 – 7713 9256 – 9738 484 79.13 99 2 1,00E-115 410 

  123 – 303 199 – 379 183 83.06 27 2 1,00E-47 185 



39 
 

  7062 – 7227 8975 – 9140 166 84.34 26 0 4,00E-47 183 

  1547 – 1639 4255 – 4163 93 83.87 15 0 3,00E-22 100 

  5138 – 5332 6828 – 7022 195 68.72 61 0 4,00E-15 77.0 

  1 – 49 1 – 49 49 93.88 3 0 1,00E-14 75.2 

  3118 – 3212 1921 – 1827 95 73.68 25 0 1,00E-09 59.0 

  80 – 121 7706 – 7664 43 83.72 6 1 8,00E-05 42.8 

  83 – 122 7705 – 7666 40 82.50 7 0 3,00E-04 41.0 

  83 – 122 7708 – 7669 40 82.50 7 0 3,00E-04 41.0 

  83 – 122 7711 – 7672 40 82.50 7 0 3,00E-04 41.0 

  83 – 122 7714 – 7675 40 82.50 7 0 3,00E-04 41.0 

  84 – 122 7716 – 7678 39 82.05 7 0 0.001 39.2 

  6229 – 6390 8002 – 8163 163 66.26 53 2 0.001 39.2 

  3418 – 3453 1519 – 1484 36 80.56 7 0 0.040 33.7 

  8957 – 8975 
16114 – 

16132 
19 94.74 1 0 0.49 30.1 

  
12335 – 

12355 

28415 – 

28435 
21 90.48 2 0 0.49 30.1 

C. fimbriata  
T. punctulata 

MAT1-2 

10102 – 

12597 

7827 – 

10322 
2497 77.97 548 2 0.0 2017 
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  9256 – 9738 7217 – 7699 484 78.72 101 2 8,00E-113 401 

  199 – 379 125 – 305 183 83.06 27 2 1,00E-47 185 

  8975 – 9140 7048 – 7213 166 84.34 26 0 4,00E-47 183 

  4163 – 4255 1624 – 1532 93 83.87 15 0 4,00E-22 100 

  1 – 49 1 – 49 49 93.88 3 0 1,00E-14 75.2 

  6828 – 7022 5133 – 5327 195 68.21 62 0 5,00E-14 73.4 

  1827 – 1921 3197 – 3103 95 73.68 25 0 1,00E-09 59.0 

  8002 – 8163 6224 – 6385 163 66.87 52 2 2,00E-05 44.6 

  
24717 – 

24812 

15348 – 

15443 
96 68.75 30 0 0.001 39.2 

  1484 – 1519 3440 – 3405 36 80.56 7 0 0.044 33.7 

  
27762 – 

27842 

15959 – 

16039 
81 69.14 25 0 0.044 33.7 

  915 – 930 8617 – 8632 16 100.00 0 0 0.54 30.1 

  
16114 – 

16132 
8943 – 8961 19 94.74 1 0 0.54 30.1 

  
28415 – 

28435 

12346 – 

12366 
21 90.48 2 0 0.54 30.1 

 

 


