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Abstract

Mating is central to many fungal life cycles and is controlled by genes at the mating-type
(MAT) locus. Genes at the MAT locus determine whether the fungus will be self-sterile
(heterothallic) or self-fertile (homothallic). Species in the ascomycete family
Ceratocystidaceae have different mating strategies (e.g., heterothallic or homothallic)
making them interesting to consider with regards to their MAT loci. The aim of this study
was to compare the composition of the regions flanking the MAT locus in 11 species of
Ceratocystidaceae representing four genera. Genome assemblies for each species were
examined to identify the MAT locus and determine the structure of the flanking regions.
Large contigs containing the MAT locus were then functionally annotated and analysed for
the presence of transposable elements. Similar to previous studies, the genes typically
flanking the MAT locus in the sordariomycetes related to the Ceratocystidaceae were found
to be highly conserved. In contrast, species of Ceratocystidaceae had a much greater level
of variation in gene order and presence around the MAT locus compared to other
ascomycetes. The different genera in the Ceratocystidaceae displayed little synteny outside
of the immediate MAT locus flanking genes. Recombination within this locus and the
regions flanking it has been shown to be very low. Even though the three species of
Ceratocystis did not show much synteny outside of the immediate MAT locus flanking genes,
species of Huntiella and Endoconidiophora were comparatively syntenic. Because
Ceratocystis species had a higher number of transposable elements in the MAT flanking
regions when compared to their genomes and to the rest of the species studied here, we
hypothesise that Ceratocystis species may have undergone recombination in this region due

to the presence of these elements.
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1. Introduction

During sexual reproduction in fungi, exchange of genetic material (recombination) takes
place in order to produce genetically diverse offspring and to ensure the survival of species
(Lee et al., 2010). Due to the structure of each chromosome, recombination “hot spots” and
“cold spots” exist (Yamada et al., 2004). “Cold spots” of recombination safeguard specific
regions of the genome in order to retain particular linked genes, while “hot spots” ensure that
other regions constantly change in order to produce the necessary diversity. In fungi, the
flanking regions of the mating-type (MAT) locus, which consist of MAT genes that control
and ensure completion of sexual reproduction, are regions where variable levels of

recombination are observed (Coppin et al., 1997; Gallegos et al., 2000; Hsueh et al., 2006).

Although there is some “recombination” in the form of mating-type switching in the MAT
locus of some ascomycetous yeast species (Barsoum et al., 2010; Maekawa and Kaneko,
2014; White and Haber, 1990) and filamentous ascomycetes (Mathieson, 1952; Uhm and
Fujii, 1983; Wheeler, 1950), the region exhibits limited recombination (Grognet et al., 2014;
Kubisiak and Milgroom, 2006; Lee et al., 1999). This has particularly been observed in the
ascomycete Neurospora tetrasperma where approximately 75% of the chromosome on
which the MAT locus is located, has suppressed recombination (Ellison et al., 2011;
Gallegos et al., 2000; Menkis et al., 2008). Moreover, obligatory recombination is observed
just outside this region and is thought to ensure correct pairing of chromosomes for
segregation (Ellison et al., 2011; Menkis et al., 2008). In stark contrast, the basidiomycete
Cryptococcus neoformans exhibits very high levels of recombination in the MAT locus
flanking regions, but recombination is suppressed in its remarkably large MAT locus (Hsueh
et al., 2006; Lengeler et al., 2002). It appears that non-recombining DNA promotes

recombination in other regions, thus encouraging evolution of new species (Idnurm, 2011).

Ascomycetes can be homothallic (self-fertile) or heterothallic (outcrossing) and this is
dictated by the presence of particular MAT genes at the MAT locus (Nelson, 1996).
Heterothallic ascomycetes contain one of two dissimilar “alleles” known as idiomorphs, at
their MAT locus (Metzenberg and Glass, 1990). The MAT1-1 idiomorph is characterised by
the essential a-domain-containing MAT1-1-1 gene (Debuchy and Coppin, 1992; Glass et al.,
1990), while the MAT1-2 idiomorph typically contains MAT1-2-1 which harbors an HMG-
domain (Debuchy et al., 1993; Philley and Staben, 1994). Both idiomorphs can also contain
other MAT genes that are involved in post-fertilisation events (Ferreira et al., 1998).
Homothallic ascomycetes contain genes from both idiomorphs in their genomes, either at a
single locus or in more than one location (Paoletti et al., 2007; Poggeler et al., 1997).

Typically the MAT locus is flanked upstream by cytoskeleton assembly control (SLA2), and
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downstream by DNA lyase (APN2), cytochrome C oxidase subunit (COX), and anaphase
promoting complex (APC) genes (Amselem et al., 2011; Aronstein et al., 2007; Jacobson,
2005; Kanematsu et al., 2007).

Genera and species in the Ceratocystidaceae (Microascales) as defined by de Beer et al.
(2014) display a variety of mating strategies and lifestyles. Most species of Ceratocystis are
homothallic and many are ecologically important pathogens of trees and root crops (Kile,
1993; Wingfield et al., 2013). Similarly, Endoconidiophora also has homothallic species and
these include pathogens that infect conifers as well as species that cause sap-stain in wood
(Seifert, 1993; Wingfield et al., 1997, Redfern et al., 1987). In contrast, Huntiella is a genus
that includes saprobes, some of which cause sap-stain of timber and most are heterothallic
(Roux et al., 2004; Seifert, 1993; Tarigan et al., 2010; Wilson et al., 2015). Species of
Davidsoniella and Thielaviopsis are important pathogens of trees and monocoteledonous
plants, respectively, some of which have known sexual states (Mbenoun et al., 2014;
Wingfield et al.,, 2013). The two genera, Ambrosiella and Chalaropsis, are considered
asexual because no sexual structures have been observed for them (de Beer et al., 2014).
Ambrosiella spp. are symbionts of ambrosia beetles, while Chalaropsis spp. are found on
woody plants but nothing is known regarding their ecological importance (Harrington et al.,
2010; de Beer et al., 2014).

MAT loci amongst members of the Ceratocystidaceae have different architecture, and the
genes flanking these loci are not always similar (Wilken et al., 2014; Wilson et al., 2015;
Witthuhn et al.,, 2000). The MAT locus of Ceratocystis fimbriata sensu stricto, the type
species of the genus, consists of MAT1-1-1, MAT1-2-1 and MAT1-1-2, and is flanked
upstream by SLA2, APC, APN2 and COX, with a hypothetical protein and a putative
importin-beta domain-containing protein downstream (Wilken et al., 2014). Mating-type
switching through deletion of MAT1-2-1 has been observed in this fungus, along with other
species, such as C. albifundus, Davidsoniella virescens, Endoconidiophora coerulescens
and E. pinicola (Harrington and McNew, 1997; Lee et al., 2015; Wilken et al., 2014; Witthuhn
et al., 2000). The type species of Huntiella, H. moniliformis, contains MAT1-2-1 and MAT1-
2-7 at its MAT locus and is still able to mate with itself despite only carrying genes from a
single MAT idiomorph (Wilson et al., 2015). This is known as unisexuality and is a form of
homothallism. Huntiella omanensis is heterothallic and contains either MAT1-1-1 and
MAT1-1-2, or MAT1-2-1 and MAT1-2-7 at its MAT locus (Wilson et al., 2015). In both of
these species, SLA2 and APC flank the MAT locus upstream, with two genes of unknown

function found downstream of the locus (Wilson et al., 2015). The wide range of mating



strategies in genera and species of the Ceratocystidaceae makes this group of fungi

particularly interesting to study with regards to mating and the structure of the MAT locus.

The aim of this study was to compare the composition of the MAT locus flanking regions and
to identify trends between genera and species of the Ceratocystidaceae by detecting the
genes and transposable elements contained within the MAT locus flanking regions. These
comparisons were carried out on 11 species residing in four genera including Ceratocystis
(four species), Chalaropsis (one species), Endoconidiophora (two species), and Huntiella
(four species) species. Among the current species included in Ceratocystis, C. adiposa is no
longer considered part of this genus (de Beer et al., 2014) but has not yet been renamed,
and is treated as a separate genus in this study. Species of Ceratocystis and
Endoconidiophora included in this study are plant pathogens, while Huntiella and
Chalaropsis are saprobes (de Beer et al.,, 2014). Other than Ch. thielaviopsis, sexual
structures have been observed for all species included in this study, they are therefore
capable of sexual reproduction (Halsted, 1890; Kamgan et al., 2008; Nkuekam et al., 2013;
Redfern et al., 1987; Sartoris, 1927; Solheim, 1986; van Wyk et al., 1991; van Wyk et al.,
2004; van Wyk et al., 2007; Wingdfield et al., 1996).

2. Methods and Materials

2.1. Genome assemblies included in this study

At the time of this study, genome assemblies for 11 species residing in the
Ceratocystidaceae as defined by de Beer et al. (2014) were available on NCBI. These
included C. albifundus, C. fimbriata, C. manginecans, C. adiposa, Ch. thielavioides, E.
laricicola, E. polonica, H. bhutanensis, H. decipiens, H. moniliformis, and H. savannae
(Table 1). All 11 genome sequences were generated using lllumina Hiseq or GAIIx
sequencing and were assembled using one or a combination of assembly software,
including ABySS (Simpson et al. 2009), ALLPATHS-LG (Gnerre et al., 2011), CLC
Genomics Workbench (CLC Bio, Aarhus, Denmark), GapFiller (Boetzer and Pirovano,
2012), SSPACE (Boetzer et al.,, 2011), and Velvet (Zerbino and Birney, 2008). These

genomes were used to create a local database for downstream analyses.

2.2.  Phylogenetic analysis and ancestral state reconstruction

A phylogenetic tree was constructed to obtain a phylogenetic framework for the species
included in this study. The phylogenetic tree was generated based on nine genes, including
the small ribosomal subunt (18S), large ribosomal subunit (28S), beta tubulin (BT), internal
transcribed spacer region (ITS), minichromosome maintenance complex component 7
(MCM7), DNA-directed RNA polymerase Il core sub-units RPB1 and RBP2, translation
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elongation factor 1a (TEF1a), and translation elongation factor 3a (TEF3a). Each genome
was queried using genes obtained from NCBI for each species in local BLAST analyses
using CLC Genomics Workbench v8.5.1 (CLC Bio, Aarhus, Denmark). The nine genes
identified in each species were then concatenated using FASconCAT-G v1.02 (Kick and
Longo, 2014). A neighbour-joining phylogenetic tree was produced in CLC Main Workbench
v7.7.1 (CLC Bio, Aarhus, Denmark) using the “Create Tree” function with the Kimura 80
model and 1000 bootstrap replicates, after a test to determine the best fit nucleotide
substitution model was performed. Fusarium circinatum was chosen as an outgroup to all
the species selected for the MAT region synteny comparison and was therefore also used to
root the phylogenetic tree. This species was selected because its MAT region showed
synteny with that of the Ceratocistidaceae included in this study.

The ancestral mating strategy was determined using the ancestral state reconstruction
function in Mesquite v3.5 (Maddison and Maddison, 2018). For this purpose a data matrix
was created with the mating character states defined as self-fertile, asexual and unisexual.
A user tree, based on the phylogeny obtained from the neigbour-joining analyses, was used
as the phylogenetic framework to trace the character state changes over the tree. Inference
of ancestral character states were done based on parsimony and maximum likelihood. For
the maximim likelihood analysis, a one-parameter Markov k-state model was used and the

probability of each character state expressed as the proportional likehood.

Identification of MAT locus and flanking regions

MAT genes and their immediate flanking genes, including SLA2, APN2, COX and APC, from
C. fimbriata (Wilken et al., 2014) or H. moniliformis (Wilson et al., 2015) were used to query
each of the Ceratocystidaceae genomes in local BLAST analyses using CLC Genomics
Workbench v8.5.1 (CLC Bio, Aarhus, Denmark). The contigs on which the genes were
identified were selected for further analyses. Two contigs each were joined at the MAT
locus for C. manginecans and E. laricicola using the known C. fimbriata MAT locus (Wilken
et al. 2014) and the E. polonica MAT locus identified during this study, respectively.
AUGUSTUS v3.2.1 (Stanke and Morgenstern, 2005) was employed to predict genes on
each contig and BLAST2GO 4.1.9 (Conesa et al., 2005) was utilised to determine the

function of each gene.

2.3.  Comparison of gene order and function
Once the contigs with the MAT genes were annotated, comparisons of gene order and
function were made between genera and species of Ceratocystidaceae, in particular just

outside of the MAT locus and the immediate flanking genes. This was achieved by manually
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drawing the genes contained in approximately 30kb on either side of the MAT locus for each
sequence. Homologous genes were identified through local BLAST searches and
alignments were performed in CLC Genomics Workbench v8.5.1. A synteny map was
drawn using GenoplotR v0.8.4 (Guy et al.,, 2010) in order to make overall comparisons.
Transposable elements were identified in each genome sequence and in the region 60 kb on
either of the MAT locus of each species using REPET v2.5 (Flutre et al., 2011). The number
of transposable elements was calculated per 10kb in order to compare the density of
transposable elements in the whole genomes and MAT locus flanking regions of
Ceratocystidaceae. A linear regression analysis was performed in Microsoft Excel to
determine if there was a correlation between the number of contigs and the number of

transposable elements identified in each genome.

3. Results

The phylogenetic tree (Figure 1) placed the 11 species studied here in monophylogenetic
groups representing the different genera to which they belong. The exception was
Ceratocystis adiposa that grouped paraphyletic to the other Ceratocystis species, confirming
that this species should no longer be accommodated in the genus Ceratocystis (de Beer et
al.,, 2014). Analysis of the ancestral state mating strategy revealed that the common
ancestor of all the species studied here was most likely self-fertile (homothallic; Figure 1 and
Table 2). The ancestral mating strategy at nodes one to six were most likely self-fertile,
while those at nodes 9 and 10 were most likely self-sterile. Both the parsimony and
maximum likelihood analyses indicated that the common ancestor at node 8 of the four

Huntiella spp. was either self-fertile, self-sterile or unisexual.

In three genera of Ceratocystidaceae; Ceratocystis, Chalaropsis and Endoconidiophora, the
MAT locus was flanked upstream by COX (A), APN2 (B), APC (C) and SLA2 (D; Figure 2).
In all four Huntiella species, COX (A) and APN2 (B) were found next to each other but
residing on a contig different from the MAT locus, while APC (C) and SLA2 (D) were found
upstream of the MAT locus. Genes upstream from COX (A) in Huntiella were similar in
function and order to those upstream of COX (A) in both species of Endoconidiophora, and

C. adiposa.

Genes downstream of the MAT locus differed between the different genera in
Ceratocystidaceae. In Ceratocystis and Chalaropsis the region downstream from the MAT
locus was flanked by a hypothetical protein gene and a putative importin-beta domain-
containing gene (now referred to as importin; E). Endoconidiophora contained two

homologous flanking genes of unknown function (27, 28). Huntiella also contained two
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flanking genes of unknown function (28, 40), but only one (28) was homologous to those
present in Endoconidiophora. Ceratocystis adiposa differed from other genera in that the
MAT locus was flanked downstream by a feruloyl esterase B gene (52) and a different gene

of unknown function (53).

Synteny around the MAT locus differed between genera and within genera. Overall synteny
between genera was low outside of the MAT locus and its immediate flanking genes (Figure
3). Ceratocystis adiposa, however, shared genes with Endoconidiophora and Huntiella
outside of the MAT locus. In contrast to low synteny between genera, synteny of genes
outside the MAT between species within a genus was generally high. This was clearly seen
in Endoconidiophora and Huntiella (Figure 3). Species of Huntiella showed some
differences in gene content but overall were highly syntenic. However, this was not the case
for Ceratocystis species. Although C. fimbriata and C. mangincecans were somewhat
syntenic, C. albifundus was quite different. Once outside of the MAT locus and the
immediate flanking genes, differences between these species more closely resembled those

found between genera.

The number of transposable elements identified in each genome differed between the
species of Ceratocystidaceae, however, Ceratocystis spp. had the highest densities. The
linear regression analysis showed a weak correlation between the number of contigs and
number of transposable elements in each genome (Supplementary Figure 1). This indicates
that assemblies with fewer contigs do not always have a higher number of transposable
elements present. Most species of Ceratocystidaceae included in this study contained a
higher number of transposable elements in the MAT locus flanking regions in comparison to

the rest of their respective genomes.

A high density of transposable elements was present in the genomes of Ceratocystis (Table
3), particularly in C. fimbriata (2.38 TEs/10 kb) and C. manginecans (2.67 TEs/10 kb), and to
a lesser extent in C. albifundus (1.79 TEs/10 kb). Their MAT locus flanking regions
contained on average 7.17 TEs/10 kb, 6.09 TEs/10 kb and 3.00 TEs/10 kb respectively. A
moderate density of transposable elements was present in the genomes of E. laricicola (1.09
TEs/10 kb), E. polonica (1.52 TEs/10kb), H. bhutanensis (1.48 TEs/10 kb), H. decipiens
(1.30 TES/10 kb), and H. savannae (1.75 TEs/10 kb). The density of transposable elements
in the MAT locus flanking regions was similarly moderate in most of these species, with the
exception of H. bhutanensis which had a higher density (3.67 TEs/10 kb), and E. polonica
which had a lower density (0.84 TEs/10 kb). Far lower densities of transposable elements
were present in the genomes of C. adiposa (0.71 TEs/10 kb), Ch. thielaviopsis (0.15 TEs/10
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kb), and H. moniliformis (0.88 Tes/10 kb). Densities of transposable elements in the MAT
locus flanking regions of C. adiposa and Ch. thielaviopsis were similarly low. The MAT locus
flanking regions of C. albifundus, C. fimbriata, C. manginecans, H. bhutanensis and H.
moniliformis contained between 1.5x and 3.5x more transposable elements when compared

to the rest of their genomes.

4. Discussion

Results of this study showed that the organisation and gene content of the regions
immediately flanking the MAT Ilocus were less syntenic amongst genera of
Ceratocystidaceae, especially in the genus Ceratocystis. Overall little synteny was observed
across the MAT locus flanking regions amongst all genera studied here. Within a genus,
there was more conservation present in the MAT locus flanking regions between species,
however, Ceratocystis species are rather different in this region compared to other genera in
the Ceratocystidaceae. In addition, Ceratocystis species contained a higher number of
transposable elements in their genomes and MAT locus flanking regions when compared to

other genera in the Ceratocystidaceae.

Some species in the Ceratocystidaceae contained COX, APN2, APC and SLA2 upstream
from the MAT locus. In Huntiella, two of these genes were found on different contigs.
Ascomycete MAT loci are usually flanked upstream by SLA2 and downstream by APN2,
COX and APC (Amselem et al., 2011; Aronstein et al., 2007; Jacobson, 2005; Kanematsu et
al., 2007). Although unusual, it is not without precedent that these flanking genes are
sometimes found in a different organisation surrounding the MAT locus and in some cases
other genes have been inserted in the region around this locus. Diplodia sapinea is one
such example where APN2, COX and APC are found downstream of the MAT locus with the
upstream side containing two hypothetical genes, and SLA2 was not identified (Bihon et al.,
2014). In another ascomycete, Grosmannia clavigera has SLA2 upstream of the MAT locus
with only COX and APN2 present downstream (Tsui et al.,, 2013). However, a number of
hypothetical genes have been inserted between these genes. Microsporum gypseum also
has an unusual organisation of genes with SLA2, COX, APN2 and a hypothetical gene
present upstream of the MAT locus, and another hypothetical gene present downstream (Li
et al., 2010).

Genes upstream of the MAT locus differ between most genera in the Ceratocystidaceae,
and thus little synteny is seen in this region. The importin gene and a hypothetical gene were
present downstream from the MAT locus in C. albifundus, C. manginecans and Ch.

thielaviopsis considered in this study, which were previously identified in C. fimbriata (Wilken
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et al., 2014). The importin gene is also present near the MAT locus in Neurospora crassa,
Podospora anserina and Sordaria macrospora, though not directly flanking the MAT locus as
we have seen (data not shown). Wilson et al. (2015) identified two genes of unknown
function upstream of the MAT locus in H. moniliformis and H. omanensis, which were also
seen in this study in H. decipiens and H. savannae. Only one of these two genes of
unknown function is homologous with Endoconidiophora. Ceratocystis adiposa was different
to all species at this position but it is interesting that genes more distant to the MAT locus
appear to be a combination of some genes present in Huntiella and Endoconidiophora. This
might suggest gene loss that occurred in Huntiella and Endoconidiophora after diverging

from a common ancestor shared with C. adiposa.

Ceratocystis species do not show much synteny, even mesosynteny (Hane et al., 2011),
outside of the MAT locus and surrounding few genes. Ceratocystis albifundus is
phylogenetically distantly related to C. fimbriata and C. manginecans (de Beer et al., 2014),
and as such, some differences surrounding the MAT locus were not unexpected. Synteny is
usually expected between species within a genus (Galagan et al., 2005; Kubicek et al.,
2011), which was observed in Endoconidiophora and Huntiella. However, the extent of the
differences between C. albifundus and the two other Ceratocystis species was quite large.
Aspergillus species show regions of little synteny across their genomes but also share many
regions of conserved synteny (Galagan et al., 2005). This could also be the case for

Ceratocystis but further investigation is required to understand this situation.

Ceratocystis species contained more transposable elements in their genomes and MAT
locus flanking regions than other genera and species that we considered. Transposable
elements have previously been identified within and upstream of the MAT locus in other
fungi and may have resulted in recombination within the MAT locus itself (Lengeler et al.,
2002; Poggeler et al., 2011). In some cases, it is thought that they are responsible for the
relocation of the entire MAT locus (Gioti et al., 2012; Li et al., 2010; Rydholm et al., 2007;
Zaffarano et al., 2010). A recent study in C. cacaofunesta revealed that this species
contains five-fold more transposable elements than C. fimbriata and this could mediate
adaptation and evolution of C. cacaofunesta (Molano et al., 2018). It should be noted that
Molano et al. (2018) used a version of the C. fimbriata genome that was published in 2013
(Wilken et al.). In this study we have generated a more complete version of the C. fimbriata
genome using different whole genome sequencing methods and assembling software than
was used for the original published genome. We found that the the number of transposable
elements increased, as would have been expected as a consequence of the different

sequencing methodologies. It is, therefore, possible that the transposable elements
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identified in Ceratocystis have contributed to the differences in gene content and
organisation in the MAT flanking regions, and could be drivers of evolution in this region for
these species. The fact that Ch. thielavioides is rather different to Ceratocystis outside of
the immediate flanking genes also points to transposable elements having been introduced
into Ceratocystis after they split from a common ancestor and giving rise to the very different
flanking regions that we have observed. However, it is possible that the different software
used to assemble the genomes could influence the number of transposable elements
identified in each of the species studied here.

5. Conclusions

The typical genes usually found immediately flanking the MAT locus in other ascomycetes
are in a different organisation in species of the Ceratocystidaceaes, with COX and APN2
sometimes found at a different location in the genome. Overall little synteny was present in
the MAT locus flanking regions between the different genera. Synteny was observed in the
MAT locus flanking regions between species in the genera Huntiella and Endoconidiophora.
There was a higher density of transposable elements present in these regions in comparison
to the rest of the genome across all species studied here. The three Ceratocystis species
included in this study, however, showed varied MAT locus flanking regions and the
transposable elements present in these regions may have contributed to the variation

observed in this study.
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Table 1 Information pertaining to the genome sequences of each species used in this study.

Strain / Culture

Genome

Sequencing

Genbank

Species collection numbers size (bp) Contigs Coverage technology Assembly method Accession Publication
llumina CLC Genomics
Ceratocystis adiposa CMW2573, CBS136.34 28 574 449 714 93x Workbench, LXGU00000000 Wingfield et al., 2016a
GAlIx .
SSPACE, GapFiller
Ceratocystis albifundus CMW4068, CBS128992 30 652 727 186 24x ”'é‘g‘l'l';‘(a Velvet JSSU00000000  van der Nest et al., 2014a
Ceratocystis fimbriata CMW14799, CBS141723 30 159 987 399 630x ".!“Qé'&a Ve"’gta'l pSFSi”F;‘r\CE’ APWKO00000000 Fourie et al., 2018
Ceratocystis manginecans CMW17570, CBS138185 31 869 883 231 22x llumina Velvet JJRZ00000000 van der Nest et al., 2014b
Chalaropsis thielavioides JCM1933 23 333 049 12 387x ”Lﬂgg;a ALLPATHS-LG BCGU00000000 -
. CLC Genomics
Endoconidiophora laricicola CMW 20928, 33339 713 1070 93x lllumina Workbench, LXGT00000000 Wingfield et al., 2016a
CBS100207 GAIlIX .
SSPACE, GapkFiller
llumina CLC Genomics
Endoconidiophora polonica CMW20930, CBS100205 33192 964 1010 82x . Workbench, LXKZ00000000 Wingfield et al., 2016a
HiSeq .
SSPACE, GapkFiller
llumina CLC Genomics
Huntiella bhutanensis CMW8217, CBS114289 27310290 1183 127x Workbench, MJMS00000000 Wingfield et al., 2016b
GAlIx .
SSPACE, GapFiller
llumina CLC Genomics
Huntiella decipiens CMW30855, CBS129736 26 880 851 638 120x Workbench, NETUO0000000 Windfield et al. 2017
GAlIx .
SSPACE, GapkFiller
Huntiella moniliformis CMW10134, CBS118127 25 429 610 365 38x '"é'/r;‘l'lr)‘(a ABySS JMSHO00000000  van der Nest et al., 2014b
Huntiella savannae CMW17300, CBS121151 28 599 174 2013 22x ”L‘fgé%a Ve"’g; pSFSi”FZr\CE' LCZG00000000 van der Nest et al., 2015

CMW = the Culture Collection of the Forestry and Agricultural Biotechnology Institute, University of Pretoria, South Africa. CBS = the Culture Collection (CBS) of Westerdijk
Fungal Biodiversity Institute, Utrecht, the Netherlands. JCM = Japan Collection of Microorganisms.
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Table 2 Proportional maximum likelihood values for mating strategies in the Ceratocystidaceae species studied here from ancestral state

reconstruction. Starred values indicate most probable ancestral state(s).

Node Self-fertile  Self-sterile Asexual Unisexual
1 0,9075* 0,0335 0,0238 0,0352
2 0,9638* 0,0071 0,0216 0,0074
3 0,8944* 0,0072 0,0911 0,0073
4 0,9909* 0,0013 0,0066 0,0013
5 0,9984* 0,0004 0,0008 0,0004
6 0,9964* 0,0009 0,0009 0,0018
7 0,8818* 0,0505 0,0136 0,0541
8 0,2955* 0,3261* 0,0253 0,3531*
9 0,0221 0,9473* 0,0049 0,0257

10 0,0018 0,9953* 0,0021 0,0008
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Table 3 Transposable elements identified by REPET and their density in the whole genome and in the MAT locus flanking regions of the

species used in this study.

Genome 60 kb upstream of MAT locus 60 kb downstream of MAT locus

Species Size (bp)  TEs Dgg‘:"%&)& Size (bp)  TEs D‘;Zf'%g)Es Size (bp)  TEs D‘;gf'%g)&
C. adiposa 28574 449 2036 0.71 60 000 2 0.33 60 000 7 1.17
C. albifundus 30652727 5478 1.79 60 000 20 3.33 60 000 16 2.67
C. fimbriata 30159987 7169 2.38 60 000 36 6.00 60 000 50 8.33
C. manginecans 31869 883 8507 2.67 60 000 30 5.00 60 000 43 7.17
Ch. thielaviopsis 23 333 049 352 0.15 60 000 5 0.83 60 000 1 0.17
E. laricicola 33339713 3643 1.09 60 000 8 1.33 60 000 7 1.17
E. polonica 33192964 5050 1.52 60 000 6 1.00 60 000 4 0.67
H. bhutanensis 27310290 4054 1.48 60 000 31 5.17 60 000 13 2.17
H. decipiens 26 880 851 3497 1.30 60 000 12 2.00 60 000 7 1.17
H. moniliformis 25429610 2237 0.88 60 000 12 2.00 60 000 10 1.67
H. savannae 28599174 5000 1.75 60 000 13 2.17 60 000 7 1.17
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Figure 1 Phylogenetic tree of the 11 species used in this study, and the outgroup F.
circinatum. The neighbour-joining tree was constructed in CLC Main Workbench v7.7.1
using the Kimura 80 model and 1000 bootstrap replicates (significant values indicated at the
nodes) from nine gene regions; 18S, 28S, BT, ITS, MCM7, RPB1, RBP2, TEF1qa, and
TEF3a. The most parsimonious mating strategy from the ancestral state reconstruction
analysis were supported by the maximum likelihood analysis, the most parsimonious
ancestral state(s) are shown at the nodes of the tree. More than one state indicates that
they are equally most parsimonious. Circled numbers at the nodes correspond with the
node numbers in Table 2 in which the ancestral state likelihood values for each node are
presented.
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Figure 2 Comparison of the gene organisation around the MAT locus in the Ceratocystidaceae species. The
yellow bar indicates where the MAT locus is located. The four typical MAT locus flanking genes are represented
by differently coloured arrows; the green arrow (A) is COX, the purple arrow (B) is APN2, the orange arrow (C) is
APC, the red arrow (D) is SLA2, and the dark blue arrow (E) is importin. The other genes are all represented by
light blue arrows and homologous genes are humbered. The neighbour-joining phylogenetic tree was produced
in CLC Main Workbench v7.7.1 (CLC Bio, Aarhus, Denmark) using the “Create Tree” function with the Kimura 80
model and 1000 bootstrap replicates. Nine genes were selected based on the results from de Beer et al. (2014)
which included the 18S, 28S, BT, ITS, MCM7, RPB1, RBP2, TEF1qa, and TEF3a.

The other genes include impB mucB samB family (1), FAD-dependent oxidoreductase superfamily (2),
hypothetical (3), hypothetical (4), reverse transcriptase (5), HET-E-1 (6), ATPase (7), HET-E-1 (8), copia
protease (9), Inheritance of peroxisomes 1 (10), transcription factor (11), glycosyl hydrolase family 18 (12),
unknown (13), tetracycline transporter (14), DNA pantothenate metabolism flavo (15), acetyl-coenzyme A
transporter 1 (16), CENP-O kinetochore centromere component (17), ABC1-domain containing(18), WW domain
binding 11 (19), kinase-like domain (20), serine threonine kinase SID2 (21), RRM domain-containing (22),
transporter Sec61 subunit gamma (23), coenzyme Q biosynthesis COQ4 (24), programmed cell death 5 (25), WD
domain-containing (26), unknown (27), unknown (28), endonuclease reverse transcriptase (29), RNA-directed
DNA polymerase from mobile element jockey (30), pre-mRNA splicing factor CWC-24 (31), assembly factor
CBP4 (32), nascent polypeptide-associated complex subunit beta (33), tRNA-specific adenosine deaminase (34),
60S ribosomal L24 (35), oxidoreductase (36), regulator of G signalling superfamily (37), isovaleryl-
dehydrogenase (38), carboxyltransferase (39), unknown (40), pre-mRNA-splicing factor CWC-24 (41), anucleate
primary sterigmata A (42), heterokaryon incompatibility (43), unknown (44), DNA polymerase zeta catalytic
subunit (45), autophagy3 (46), 60S ribosomal L37 (47), transmembrane PFT27 (48), unknown (49), unknown
(50), DNA-binding TFAR19-related (51), feruloyl esterase B (52), unknown (53), unknown (54), unknown (55),
methionyl-tRNA mitochondrial (56), and unknown (57).
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Figure 3 Comparison of MAT flanking regions across the 12 species of Ceratocystidaceae
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contain transposable elements, and // indicates separation between contigs as they could

not be assembled together.
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Supplementary Figure 1 Linear regression analysis to determine correlation between the

number of contigs and the number of transposable elements in each genome assembly.
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