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ARTICLE INFO ABSTRACT

Keywords: Fungi in the genus Chrysoporthe are economically important canker pathogens of commercially grown Eucalyptus

MAT locus species and native Myrtales. Before the current study, homothallism was widely accepted as the mating system of

Ch’}_’SOPO'The these species, but this hypothesis could not be fully tested. Using whole genome sequences, we characterized the

I:atmg }Sly;t_ems MAT locus of two C. austroafricana isolates and its sibling species, C. cubensis and C. deuterocubensis. A unique
eterothallic MATI-2 idiomorph containing a truncated MATI-1-1 gene, and a MATI1-1-2 gene, was identified in one isolate of

Homothallic . ‘s . . s X

R C. austroafricana and a MAT1-1 idiomorph was found in the other. The presence of a single idiomorph in each
etrotransposons

isolate suggests that this fungus is heterothallic. Screening for MAT genes in 65 C. austroafricana isolates revealed
a bias towards MATI-2 idiomorphs suggesting a recent introduction in Eucalyptus species. Chrysoporthe cubensis
and C. deuterocubensis are apparently homothallic since all the expected MAT genes were identified in their
genome sequences. These findings were corroborated by the expression profiles of pheromone genes and their
receptors, which conformed to the expected patterns observed in heterothallic and homothallic isolates. Long
terminal repeat sequences (LTRs) and specifically retrotransposons were identified in the MAT locus of C.
deuterocubensis and C. cubensis, indicating that the evolution of mating systems in Chrysoporthe species could be
mediated by these elements.

1. Introduction

Chrysoporthe austroafricana and its sibling species, C. cubensis and C.
deuterocubensis, are pathogens of Eucalyptus species and other trees in
the Myrtales (Gryzenhout et al., 2004; Rodas et al., 2005; van der
Merwe et al., 2010; Wingfield et al., 1989). Chrysoporthe austroafricana
causes cankers at the bases and root collars of eucalypts, while cankers
caused by C. cubensis and C. deuterocubensis are found at varying heights
on the stem (Conradie et al., 1990). On native Syzygium trees, symptoms
include branch dieback, and stem and branch cankers (Heath et al.,
2006; Nakabonge et al., 2006). Chrysoporthe canker disease has been
successfully controlled through resistance breeding of Eucalyptus spe-
cies, although it is still considered an important threat to tree health in
commercial eucalypt forestry establishments (Wingfield, 2003).

Sexual fruiting structures (perithecia) dominate C. austroafricana
cankers on Syzygium spp. (Heath et al., 2006; Myburg et al., 2002;
Nakabonge et al., 2006). On Eucalyptus cankers, asexual fruiting
structures (pycnidia) are commonly observed while perithecia are rare
(Nakabonge et al., 2006; Wingfield et al., 1989). In contrast, perithecia
are predominant in all cankers caused by C. cubensis and C. deuter-
ocubensis, irrespective of host (Van Heerden and Wingfield, 2001).
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Although the genetic basis for sexual reproduction in Chrysoporthe is
unknown, population genetic work also provides evidence that this
form of reproduction occurs in nature. Analyses using microsatellite
and VCG data revealed high genetic diversity of C. austroafricana in
South Africa (Vermeulen et al., 2013), which might be indicative of
sexual reproduction.

Sexually reproducing filamentous ascomycetes can broadly be ca-
tegorized as heterothallic or homothallic (Debuchy et al., 2010). Het-
erothallic fungal strains require a compatible mating partner to com-
plete the sexual cycle, while homothallic strains can complete the
sexual cycle without a compatible mate (Coppin et al., 1997; Kronstad
and Staben, 1997). In some filamentous ascomycetes, unusual mating
systems have been observed. These include pseudohomothallism in
Podospora anserina and Neurospora tetrasperma (Bidard et al., 2011;
Merino et al., 1996), mixed mating systems in Cryphonectria parasitica
(Marra et al., 2004), mating-type switching in Ceratocystis fimbriata and
Saccharomyces cerevisiae (Haber, 2012; Wilken et al., 2014), and uni-
sexual mating in Neurospora crassa and Huntiella moniliformis (Glass and
Smith 1994; Wilson et al., 2015).

Mating in filamentous ascomycetes is controlled by genes that oc-
cupy the mating-type (MAT) locus (Debuchy and Turgeon, 2006;
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Turgeon and Yoder, 2000). The MAT locus of heterothallic ascomycetes
consists of two dissimilar idiomorphs, namely MATI-1 and MATI-2
(Kronstad and Staben, 1997; Metzenberg and Glass, 1990). The MATI1-1
and MATI1-2 idiomorphs are typically characterized by the presence of
MATI1-1-1 and MAT1-2-1 genes that encode transcriptional regulatory
proteins, with an alpha-box and high mobility group (HMG) domains,
respectively (Debuchy and Turgeon, 2006; Debuchy et al., 2010). In
homothallic species, the MAT locus typically does not contain identi-
fiable idiomorphs (mating-types). Instead, genes associated with both
MATI1-1 and MATI-2 idiomorphs are present in the same nucleus, al-
lowing the ability to complete the sexual cycle without a mate. Apart
from MAT1-1-1 and MAT1-2-1, other genes have been identified in both
MATI-1 and MATI-2 idiomorphs (Wilken et al., 2017).

The process of sexual reproduction in filamentous ascomycetes be-
gins with attraction of compatible mates, mediated by the pheromone-
receptor signaling system (Kim et al., 2012). Two classes of pheromones
(ppgl and ppg2) and receptors (pre-1 and pre-2) have been characterized
in both heterothallic and homothallic ascomycetes (Kim and Borkovich,
2004; Kim and Borkovich, 2006; Mayrhofer et al., 2006; Zhang et al.,
1998). In heterothallic fungi, the transcription of these genes is mating-
type specific, while no specific pattern has been observed in homo-
thallic species (Mayrhofer et al., 2006; Nygren et al., 2012). Despite the
different transcription profiles in heterothallic and homothallic species,
pheromones and receptor genes are crucial during the sexual cycle (Kim
and Borkovich, 2004; Kim and Borkovich, 2006; Lee et al., 2008;
Mayrhofer et al., 2006). However, the pheromone-receptor signalling
system appears dispensable in some homothallic species (Kim et al.,
2008; Wendland et al., 2011).

Some studies suggested homothallism in C. cubensis (Hodges et al.,
1976; Hodges et al., 1979). Unfortunately, attempts to induce mating in
the laboratory have been unsuccessful, leaving the mating systems of
Chrysoporthe species largely unresolved. In such cases, genome se-
quencing has played a major role in the description of mating-types and
evolutionary studies of mating systems in filamentous fungi (Bihon
et al., 2014; Dyer and Paoletti, 2005; Dyer et al., 2003; Galagan et al.,
2005). The genomes of C. austroafricana, C. cubensis and C. deuter-
ocubensis have been sequenced (Wingfield et al., 2015a, 2015b), thus
presenting an opportunity to determine the genetic basis for mating in
Chrysoporthe species. Therefore, the aims of this study were, two-fold:
(i) to characterize the MAT loci of C. austroafricana, C. cubensis and C.
deuterocubensis, and (ii) to determine the expression profiles of pher-
omone and receptor genes of these three species to complement the
identified mating systems. The MAT loci of selected species in the
Diaporthales were used for comparative purposes.

2. Materials and methods
2.1. Genome sequences

For this study, the genomes of C. austroafricana isolate CMW2113
(accession number JYIPO0O000000; Wingfield et al., 2015a), C. cubensis
isolate CMW10028 (accession number LJCY00000000) and C. deuter-
ocubensis isolate CMWS8650 (accession number LJDD00000000;
Wingfield et al., 2015b) were retrieved from NCBI’s GenBank database
resource of the National Center for Biotechnology Information (NCBI;
http://www.ncbi.nlm.nih.gov). Preliminary analysis of the MAT genes
and the MAT locus was inconclusive thus, re-sequencing was performed
for C. austroafricana isolate CMW2113, C. deuterocubensis isolate
CMW8650 and C. cubensis isolate CMW10028 to improve the quality of
these genome assemblies. Additionally, the genome of the putative
MATI-1 isolate of C. austroafricana CMW6102 was sequenced.

Genomic DNA was isolated from fresh mycelia obtained from C.
austroafricana isolates CMW6102 and CMW2113 grown in 2% malt
extract broth, using a modified phenol-chloroform protocol (Steenkamp
et al., 1999). The isolated genomic DNA was assessed for quality by gel
electrophoresis (0.8% w/v agarose) and subjected to fluorometric
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quantification using Qubit 2.0 fluorometer (Thermo Fisher Scientific
Inc., Waltham, MA USA). Whole genome sequencing for C. austroa-
fricana CMW6102 and CMW2113 was done using the Illumina HiSeq
platform at Fasteris SA (Geneva, Switzerland). For both isolates, the
sequence libraries comprised of two paired-end libraries and one mate-
pair library with insert size of 250-350 bp, 550-650 bp, and 3000 bp,
respectively. Sequence reads for C. austroafricana isolates CMW2113
and CMW6102 were assessed for quality, sanitised by removing linker
sequences, homopolymers, and low-quality bases, and assembled using
IDBA-UD (Peng et al., 2012). In each case, scaffolding was performed
with SSPACE Standard v 3 (Boetzer et al., 2011) using all available
sanitised reads.

The genome of C. deuterocubensis isolate CMW8650 (GenBank
Accession LJDD00000000) and C. cubensis isolate CMW10028
(GenBank Accession LJCY00000000) were also re-sequenced. Genomic
DNA for these isolates were extracted as described above, and subjected
to Single-Molecule Real-time Sequencing [SMRT] (Pacific BioSciences,
California, United States) at Macrogen, Inc. (Seoul, South Korea).
Genome assembly was performed using CANU v 1.5 (Koren et al.,
2017), and the quality of each assembly was further improved using
PILON v 1.22 (Walker et al., 2014). Quantitative assessment of the
completeness of all four genome assemblies was performed using
BUSCO v 2.0.1 (Simao et al., 2015). For this analysis BUSCO genes from
the Sordariomycetes lineage were used, while Neurospora crassa genes
were used as references for gene prediction using AUGUSTUS.

2.2. Identification and characterization of the MAT locus

The respective MAT1-1-1, MAT1-1-2, MAT1-1-3 and MAT1-2-1
protein sequences of Cryphonectria parasitica (Cryphonectriaceae) (ac-
cession numbers AAK83346.1, AAKS83345.1, AAK83344.1, and
AAK83343.1) were obtained from the GenBank database. Using CLC
Genomics Workbench v 9.1 (CLC Bio, Arhus, Denmark), homologs of C.
parasitica MAT genes were identified from the draft genome sequences
of C. austroafricana isolates CMW2113 and CMW6102 using the
tBLASTx variant of BLAST (Altschul et al., 1990). APN2 and SLA genes,
which are commonly associated with MAT loci (Rydholm et al., 2007;
Wilken et al., 2017), were also used to identify putative MAT loci. Si-
milarly, the C. parasitica MAT genes were used to query the C. cubensis
and C. deuterocubensis genomes for homologous sequences. Reciprocal
tBLASTx was performed to confirm the identified MAT homologs. Only
sequence hits with at least 50% coverage and E-values of 1E-4 were
considered. To annotate the MAT containing contigs, open reading
frames (ORFs) were predicted using CLC Genomics Workbench and
AUGUSTUS v3.0.3 (Stanke and Morgenstern, 2005). FGENESH+
(http://linux1.softberry.com/) was used to confirm the predicted
mRNA sequences using respective C. parasitica MAT protein sequences
as references. The predicted gene models were functionally character-
ized using BLASTp against the NCBI GenBank database using default
BLAST parameters. Conserved domains associated with MAT genes
were identified and characterized using pfam (http://pfam.xfam.org/)
and InterPro  (https://www.ebi.ac.uk/interpro/search/sequence-
search) protein domain databases with default parameters.

2.3. Evolutionary analysis of MAT genes

The phylogenetic relationships of Chrysoporthe species using MAT
gene sequences were determined using maximum likelihood (ML) as
implemented in RAXML v 8.2.4 (Stamatakis, 2014). These analyses also
included the MAT genes of selected species in the Diaporthales, in-
cluding C. parasitica, Valsa mali (Yin et al., 2015), Diaporthe ampelina
(Morales-Cruz et al., 2015), Diaporthe longicolla (Li et al., 2015), Dia-
porthe sp. (Kanematsu et al., 2007), Melanconium sp. (Lamprecht et al.,
2011), Lollipopaia minuta (Inderbitzin and Berbee, 2001) and Phaeoa-
cremonium aleophilum (Blanco-Ulate et al., 2013). Multiple sequence
alignments of the MAT genes were generated using MAFFT v 7.182
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Table 1
Primers used to amplify portions of MAT genes characterized in this study.
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Primer Primer sequence (5-3’) Annealing temp. (°C) Region amplified Amplicon size
acdmat121F AACCGTCTTCTTGTTGGTC
acdmat121R GTGGTAGTCTTCTTGGAACG 59°C MATI1-2-1 536 bp
acdmat111F CGGGTGTGGACGTTTATC
acdmat111R CCGATCTCATCAAACGCC 60°C MATI-1-1 842bp
acdmat112 TTGAAAGCAACMCTGACCGA
acdmat112 GCCGTGGAGAATATGCAGAA 60.4°C MATI-1-2 912bp
matl113qF TTCATCATTGCACGTACCGA
acdmat113R GTACTTTGCTTGGTGTTGAT 58.4°C MATI-1-3 467 bp
* Temperature.

(Katoh et al., 2002) and visualized in CLC Genomics Workbench. from seven-day old cultures of 65C. austroafricana isolates

Multiple sequence alignments were trimmed to remove poorly aligned
regions using trimAl (Capella-Gutierrez et al., 2009). Sequences from
Acidothrix acidophila (Hujslova et al., 2014) and Magnaporthe grisea
(Kanamori et al., 2007) were used to root the trees. Additionally, for
comparison of tree topologies, a reference tree was generated using 185
single copy protein sequences (Supplementary Table 3) identified using
BUSCO (Simao et al., 2015). Nodal support values were determined
using 1000 bootstrap replicates. To gain insight into the evolution of
the MAT locus in the Diaporthales, structures of previously characterized
MAT loci were retrieved from GenBank or determined from the avail-
able whole genome sequences and mapped onto the generated re-
ference tree.

2.4. PCR amplification of MAT genes of C. austroafricana isolates

PCR amplification was performed to provide molecular evidence for
the presence of MAT genes. Also, using these primers (Table 1), the
distribution of MAT genes in a population of Chrysoporthe isolates was
determined by PCR amplification. To achieve this, sequence-specific
primer pairs were designed to amplify fragments of putative MAT genes
(Fig. 1B and Table 1) identified from the genomes of C. austroafricana
isolates CMW2113 and CMW6102. Sequence alignments for primer
design included MAT genes of C. austroafricana (CMW2113 and
CMW6102), C. cubensis and C. deuterocubensis. Primers were designed
using Primer3 (http://primer3.ut.ee/) and CLC Genomics Workbench v
8.0.1, and synthesized at Inqaba Biotec (Pretoria, South Africa). The
primers were optimized for PCR using isolates from which MAT genes
were identified. Genomic DNA was extracted as previously described

(Supplementary Table 3). PCR reactions to amplify portions of putative
MAT genes included 40 ng DNA, 2.5l 10 x PCR reaction buffer with
MgCl,, 0.5 uM of each primer, 1 U Kapa Taq polymerase (Kapa Biotech,
South Africa), and sterilized distilled water to a total volume of 25 pl.
DMSO (2.5 pl) was included in the PCR reaction to amplify portions of
the MATI1-1-1 and MAT1-1-2 gene. Standard PCR conditions were used
for all reactions with annealing temperatures for each specific primer
pair obtained from primer synthesis reports. To test the null hypothesis
that the frequency of MAT1-1 to MATI-2 is 1:1, a chi-square test was
used at P = 0.05 significance level.

2.5. Identification and characterization of pheromone and pheromone
receptor genes

The C. parasitica a-like pheromone gene Mf1-1 (similar to ppg-1 of
other ascomycetes) (GenBank accession no. AAC39328) and the a-like
pheromone gene Mf2-1 (similar to ppg-2 of other ascomycetes)
(GenBank accession no. AAC39329) (Zhang et al., 1998) were used to
query the whole genome sequence of the newly assembled genomes of
C. austroafricana (isolates CMW2113 and CMW6102), C. deuterocubensis
and C. cubensis (Wingfield et al. 2015b) using tBLASTn in CLC Genomics
Workbench 8.0.1 (CLC Bio, Arhus, Denmark). In all three Chrysoporthe
species, the pheromone receptor genes (pre-1 and pre-2) were identified
by searching for protein sequences containing conserved transmem-
brane domains in the InterPro database (https://www.ebi.ac.uk/
interpro/interproscan.html). Protein sequences homologous to pre-1
and pre-2 of other filamentous ascomycetes were identified by BLASTp
searches against the protein sequence database in NCBI.
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Fig. 1. (A) MAT loci of C. austroafricana CMW6102 (MAT1-1), C. austroafricana CMW2113 (MAT1-2), C. deuterocubensis and C. cubensis showing genes and repeat
regions. (B) Annotation of the diagnostic MAT primers on the MAT genes of C. cubensis. The location of the MAT gene primers was the same in C. austroafricana, and

C. deuterocubensis.
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2.6. Transcription analysis of MAT, pheromone and receptor genes

For gene expression analysis, C. cubensis isolate CMW10028 was
used to represent homothallic strains, while two C. austroafricana in-
dividuals of opposite mating-type (isolate CMW2113 (MATI1-2) and
isolate CMW6102 (MAT1-1) were used. Inoculums of C. austroafricana
CMW2113, C. austroafricana CMW6102 and C. cubensis were trans-
ferred from actively growing mycelia in 2% w/v malt extract agar
plates into respectively labelled 250 ml conical flasks containing 100 ml
of 2% w/v malt extract broth. The three isolates were incubated for four
days at 25°C in the dark with shaking at 150 rpm. For each isolate,
mycelia were harvested by filtration through sterilized Whatman®
qualitative filter paper, grade 1 (Sigma-Aldrich, St. Louis, USA). Total
RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). Freshly isolated fungal mycelia were frozen using liquid
nitrogen and ground to a fine powder using a mortar and pestle.
Approximately 100 mg of the ground mycelia was used for a single
extraction mix. For this extraction, 10 pl/ml of S-mercaptoethanol was
added into the RLC lysis buffer, containing high concentrations of
guanidine hydrochloride. The extracted total RNA was quantified using
Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc., Waltham, MA
USA) and stored at —80°C. Using 100 ng of total RNA per sample,
cDNA synthesis was performed using the SuperScript IV Reverse
Transcriptase kit (Thermo Fisher Scientific Inc., Waltham, MA USA)
following the manufacturer’s protocol. The Oligo d(T)20 primer was
used for this reaction. Excess RNA was removed from the synthesized
cDNA by RNase H treatment and the final product was diluted 1:2 with
RNAse free water.

The quantitative reverse transcription PCR (RT-qPCR) assay was
performed in three technical replicates on a QuantStudio™ 12K Flex
thermal cycler (Applied Biosystems). The primers used for this assay
(Table 2) were designed using CLC Genomics Workbench and synthe-
sized at Inqaba Biotec (Pretoria, South Africa). These primers specifi-
cally targeted the pheromone (ppgl and ppg2-1) and pheromone re-
ceptor (pre-1 and pre-2) genes, as well as the genes encoded at the
mating-type locus (i.e., MAT1-1-1, MAT1-1-2, MAT1-1-3 and MAT1-2-
1). The relative expression for the genes was calculated using the
comparative CT (threshold cycles) method (Schmittgen and Livak,
2008), with the single copy actin gene as an internal reference (Karlsson
et al., 2008). Statistical differences in gene expression were calculated

Table 2

Oligonucleotide sequences used as primers for RT-qPCR analysis of mating-
type, pheromone and pheromone receptor genes of Chrysoporthe austroafricana,
C. deuterocubensis and C. cubensis. Temp denotes the annealing temperature.

Gene Primer ID Primer sequence (5’-3") Temp. (°C)

pre-1 prelQl1 L GCTCTTGAACATCCGTCTC 62.5°C
prelQ1 R TAGTCTCCTTGGTGGTGGT

pre-2 pre2Q1 L GACAATGACACCGAAGACC 62.5°C
pre2Q1 R CCAGGAGGAGTTGAAGTAGAC

pPg cappglQ1L CCGAGATCTCCAACATGCG 62.5°C
cappglQI1R CCGAACTTGGACAGGATGG

ppg2 ppg2Q1 L TCTTCCTCCTCATCCACGTC 62.5°C
ppg2Q1 R CTGCAGAGCTGCAAAGAGG

actin actQ_L GTCGTGACTTGACCGACTAC 62.5°C
actQ_R GCAGAGCTTCTCCTTGATGT

MATI-1-1 mat1QL CTGGACGACTTCACGCTG 62.5°C
mat1QR CATGACGTGCAGGCTGTG

MATI-2-1 mat2QL TCTCATTGTCACCGATGCTG 62.5°C
mat2QR GGTCTGGTTGGCAGGAAG

MATI-1-2 mat112QL CGCATGGCAAATTCCTTGTC 62.5°C
matl112QR TGGACGATGTCGTGTTGAAG

MATI-1-3 mat113QL TTCATCATTGCACGTACCGA 62.5°C
mat113QR AGTTGAGGCTGATCTTGTCG
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using one-way analysis of variance (ANOVA) in the R 3.2.2 statistical
package.

3. Results

3.1. Sequencing and assembly of C. austroafricana and C. deuterocubensis
genomes

Ilumina whole genome sequencing of C. austroafricana CMW6102
generated approximately 8.5 GB and 10.2 GB of paired-end and mate-
paired reads, respectively. Re-sequencing of C. austroafricana
CMW2113 produced approximately 9 GB of paired-end reads and 11 GB
of mate-paired reads. De novo assembly of the C. austroafricana
CMW2113 genome resulted in an assembly of approximately 48 MB
that was comprised of 2961 contigs, with an N50 of 130,905. After
scaffold assembly, 227 scaffolds over 200bp with an N50 of
5,060,702 bp were recovered. This whole genome shotgun project has
been deposited at DDBJ/EMBL/GenBank under the accession
JYIPO0000000. The version described in this paper is version
JYIP02000000. The de novo assembly of the C. austroafricana
CMW6102 genome also resulted in an assembly of 48 MB comprised of
3319 contigs (N50 = 64,824 bp) that were further simplified to 150
scaffolds (N50 = 3,033,680 bp) over 200bp. This whole genome
shotgun project has been deposited at DDBJ/EMBL/GenBank under the
accession PKSD00000000. The version described in this paper is version
PKSD01000000. SMRT sequencing of C. deuterocubensis generated three
libraries of approximately 20 GB each, containing reads of at least 20 kb
in length. De novo assembly of the C. deuterocubensis genome generated
a 47 MB assembly comprised of 44 contigs with an N50 of 4,135,604 bp
and approximately 38x average coverage. This genome has been de-
posited at DDBJ/EMBL/GenBank under the accession LJDD00000000.
The version described in this paper is version LJDD02000000. As for C.
cubensis, SMRT sequencing generated three libraries of approximately
10 GB each. The average length of the reads in each of the libraries was
approximately 10kb. De novo assembly using CANU generated a
genome of approximately 44 Mb containing 88 contigs with a N50 of
3,280,246 bp and an average coverage of 36x. This genome was de-
posited at DDBJ/EMBL/GenBank under the accession number
LJCY00000000. The version described in this paper is version
LJCY02000000. BUSCO analysis revealed that the C. austroafricana
CMW2113, C. austroafricana CMW6102, C. deuterocubensis CMW8650
and C. cubensis CMW10028 genomes were 93.1%, 93.9%, 96.1% and
96.5% complete, respectively.

3.2. Identification and characterization of the MAT locus

Sequence homologs of C. parasitica MAT1-1-1, MAT1-2-1 and MATI-
1-2 genes were identified on scaffold7; JYIP02000007.1 (4.59 Mb) of C.
austroafricana isolate CMW2113 in regions where putative ORFs were
predicted using AUGUSTUS (Fig. 1A). In C. austroafricana isolate
CMW6102, ORFs with sequences homologous to C. parasitica MAT1-1-
1, MATI-1-2 and MATI-1-3 were identified on scaffold6;
PKSD00000006.1 (3.1 Mb), but genomic regions homologous to MAT1-
2-1 could not be identified (Fig. 1A). Apart from MAT genes, ORFs
homologous to APN2, APC5, and COX6A genes, which are commonly
associated with the MAT loci of filamentous ascomycetes (Turgeon
1998), were identified on the scaffold(s) containing MAT genes in C.
austroafricana isolates CMW2113 and CMW6102 (Fig. 1A). APN2, APC5
and COX6A were within the MAT loci of both C. austroafricana
CMW2113 and CMW6102. In isolate CMW2113, the SLA2 gene was
identified approximately 312kb upstream of the putative MATI-1-1
gene on the same scaffold, while in isolate CMW6102 it was identified
on a separate scaffold. Based on MAT gene content and organization, C.
austroafricana isolates CMW2113 and CMW6102 were respectively
designated as MAT1-2 and MATI1-1 mating-types, consistent with het-
erothallism. Pairwise sequence comparison of the C. austroafricana MAT



A.M. Kanzi et al.

A o @

S
— C. deuterocubensis - al -. H
—_— C. cubensis - .l

C. austroafricana MAT1-1

C. austroafricana MAT1-2

Fungal Genetics and Biology 123 (2019) 41-52

W
Y5 6
WP ot

¢

y,)’.\
S L
?l\P PQ\A
)=

) -

' 100%

¢ Ve . KLU

Fig. 2. Synteny comparison of MAT loci of C. austroafricana CMW6102 (MAT1-1), C. austroafricana CMW2113 (MAT1-2), C. deuterocubensis and C. cubensis. Syntenic
blocks of over 200 nucleotide are shown. Dotted lines between the C. austroafricana CMW2113 and CMW6102 MAT loci indicate the predicted idiomorphic region.

Synteny maps were generated using Easyfig 2.2.2 (Sullivan et al. 2011).

loci using BLASTn revealed long stretches of syntenic sequence blocks,
but dissimilarity was observed in the genomic region between APN2
and MATI-1-1 (Fig. 2), which is consistent with the general structure of
MAT1 idiomorphs (Coppin et al., 1997).

The MATI-2 idiomorph (C. austroafricana CMW2113) contained a
putative MATI1-1-1 gene that was 1140 bp in size and contained one
intron (66 bp). BLASTp analyses of the deduced 358 amino acid protein
sequence in pfam did not yield any result, but the al HMG box domain
was identified using InterPro. When this protein sequence was aligned
with other MAT1-1-1 protein sequences, a truncation of 19 amino acids
(57 bp) was observed (Supplementary Fig. 1) in the alpha box domain.
The putative MAT1-2-1 gene (1008 bp) contained two introns (60 bp
and 69 bp), one of which was predicted at the same position as in C.
parasitica (Supplementary Fig. 2). BLAST searches against NCBI, pfam
and InterPro confirmed the presence of the conserved HMG box do-
main. The predicted MATI-1-2 gene (1276 bp) contained two introns
(67 bp and 90 bp) and encoded a 372 amino acid sequence containing
the typical PPF residues (Supplementary Fig. 4) identified in the MAT1-
1-2 protein sequence of Diaporthe species and other filamentous fungi
(Kanematsu et al. 2007). In the MATI-1 isolate (C. austroafricana
CMW6102), the putative MATI-1-1 gene (2416 bp) contained two in-
trons (1123 bp and 66 bp) and encoded a 409 amino acid sequence. The
presence of the conserved MAT al HMG box domain in MATI-1-1
genes was confirmed by BLASTp, pfam and InterPro searches
(Supplementary Fig. 1). Putative MATI1-1-3 (775bp) and MATI1-1-2
(1276 bp) genes contained three (48 bp, 55bp and 66 bp) and two
(67 bp and 90 bp), introns respectively. The conserved HMG domain
and PPF motif were present in the deduced 201 and 372 amino acid
sequences respectively (Supplementary Figs. 3 and 4).

In C. deuterocubensis, intact ORFs homologous to C. parasitica MAT1-
1-1, MATI1-1-2, MATI1-1-3 and MATI-2-1 genes were identified on
scaffold1; LJDD02000001.1. The APN2 commonly associated with the
MAT locus of filamentous fungi was identified flanking the MAT1-2-1
gene. However, the SLA2 gene was identified approximately
262,100 bp upstream of MATI-1-1. The putative MATI-1-1 gene
(3065 bp) contained two introns (1826 bp and 171 bp) and encoded
356 amino acids. BLAST searches against InterPro and pfam confirmed
the presence of a conserved MAT al HMG box domain in the predicted
MAT1-1-1 amino acid sequence (Supplementary Fig. 1). The predicted
MATI1-2-1 gene (1009 bp) contained two introns (61 bp and 69 bp) at
conserved positions, and encodes 292 amino acids. The putative MATI-
1-3 gene of C. deuterocubensis (774 bp) contained three introns (48 bp,
54 bp and 66 bp) at conserved positions and encodes a 201 amino acid
long protein. The predicted MATI-1-2 gene of C. deuterocubensis
(1276 bp) contained two introns (64 bp and 90 bp) at conserved posi-
tions. The deduced 373 amino acid sequences. BLAST searches against
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pfam, InterPro and NCBI databases identified conserved HMG box do-
mains in the predicted MAT1-2-1 and MAT1-1-3 and a PPF domain in
the predicted MAT1-1-2 (Supplementary Figs. 2-4 respectively).

In the C. cubensis genome, sequence regions homologous to MAT1-1-
1, MAT1-1-2, MAT1-1-3 and MATI1-2-1 were located on one scaffold,
tig3. Like in C. deuterocubensis, the SLA2 gene was identified approxi-
mately 225,460 bp upstream of the predicted MATI-1-1 gene. The
predicted MATI-1-1 gene (2239 bp) of C. cubensis contained two introns
(1105bp and 75bp) and coded for 353 amino acids. The conserved
MAT al HMG box domain in the predicted MAT1-1-1 was confirmed by
BLAST searches against InterPro and pfam (Supplementary Fig. 1). The
putative MAT1-2-1 gene (1008) contained two introns (60bp and
69bp) at conserved positions. The predicted MAT1-2-1 protein se-
quence 292 amino acids long and contained the conserved HMG iden-
tified by BLAST searches in Pfam and InterPro protein domain data-
bases (Supplementary Fig. 2). The putative MATI-1-3 gene (802 bp)
contained three introns (48 bp, 55 bp and 66 bp) at conserved positions
and encoded a 201 amino acids long protein sequence containing the
conserved HMG domain (Supplementary Fig. 3). The predicted MATI-
1-2 gene (1275bp) contained two introns (66 bp and 90 bp) at con-
served positions. BLAST search in Pfam Interpro and NCBI databases
confirmed that the predicted 372 amino acid sequences contained the
conserved PPF residues (Supplementary Fig. 4).

In the MAT locus of C. deuterocubensis, four ORFs that were homo-
logous to long terminal repeat (LTR) retrotransposons were identified
between the MATI-1-1 and MAT1-1-3 genes (Fig. 1A). BLASTp results
showed that the first ORF (LTR-1) contained five domains, including
RT_LTR (cd01647), RNAse_HI RT_Ty3 (cd09274), RVT_1 (pfam00078),
CHROMO (pfam00385) and RVE (pfam00665). The second and third
ORFs (LTR-2 and LTR-3) contained a retrotrans_gag domain
(pfam03732) from LTR retrotransposons. The fourth ORF (LTR-4)
contained three domains, namely RT_LTR (cd01647), RNAse_HI RT Ty3
(cd09274) and RVT_1 (pfam00078). All these domains in the three
ORFs are associated with reverse transcriptase long repeat transposons
(RT-LTRs) that are known to occur in fungal genomes (Gioti et al.,
2012; Li et al.,, 2013). Other sequences homologous to LTRs were
identified, but the complete ORFs could not be predicted (Fig. 1A).
Further analysis using CENSOR [https://www.girinst.org/censor/
index.php] (Kohany et al. 2006) identified fragments of transposable
elements in the MAT loci of C. austroafricana CMW2113 (MATI-2
idiomorph), C. cubensis and C. deuterocubensis (Supplementary Table 1).
Interestingly, no transposable elements were identified in the MAT
locus of C. austroafricana CMW6102 (MATI-1 idiomorph). A closer look
into the predicted LTRs revealed that most were incomplete or partial
matches to respective conserved LTR domains. The C. deuterocubensis
MAT locus had the most LTR fragments predicted (Supplementary
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Table 1) with only four of these encoding complete ORFs. Incomplete
and partial LTR matches were identified in the C. cubensis and C. aus-
troafricana MAT loci (Supplementary Table 1). Analysis of the MAT loci
of these three species for repeat induced point (RIP) mutation revealed
elevated levels of RIP in the idiomorphic region of the MAT locus. The
idiomorphic region is where LTRs were predicted in C. deuterocubensis,
C. cubensis and C. austroafricana CMW2113. Additionally, the GC con-
tent in the idiomorphic region and other regions in the MAT locus that
were dissimilar was significantly lower than regions which were highly
conserved (Supplementary Fig. 5).

3.3. Evolutionary analysis of MAT genes

The predicted MAT1-1-1 amino acid sequences of C. austroafricana
CMW2113 (MAT1-2) and C. austroafricana CMW6102 (MAT1-1) shared
95% identity (Supplementary Table 2), while the predicted MAT1-1-1
amino acid sequences of C. cubensis and C. deuterocubensis shared 93%
sequence identity. These sequences share approximately 71% sequence
identity with the predicted MAT1-1-1 sequences of both C. austroa-
fricana isolates. Pairwise comparisons of the predicted C. austroafricana
CMW2113 MAT1-2-1 amino acid sequences revealed 97% sequence
identity with C. cubensis and C. deuterocubensis respectively
(Supplementary Table 2). Sequence comparison of the predicted C.
austroafricana CMW6102 MAT1-1-3 amino acid sequences revealed
95% and 98% sequence identity with C. cubensis and C. deuterocubensis,
respectively, and absolute conservation of the HMG domain. The pre-
dicted MAT1-1-2 amino acid sequences of C. cubensis and C. deuter-
ocubensis shared 98% sequence identity, and 97% and 96% sequence
identity, respectively, with C. austroafricana MAT1-1-2. When the MAT
genes of Chrysoporthe species were compared to selected species of
Diaporthales, lower sequence identities were observed (Supplementary
Table 2).

The maximum likelihood phylogenies generated from putative
MATI1-1-1, MATI1-1-2, MATI1-1-3 and MATI-2-1 genes grouped the
Chrysoporthe species in a single clade, confirming the orthology of these
genes (Fig. 3). The Chrysoporthe species grouped together in a single
clade that was well supported with > 90% bootstrap in all MAT gene
phylogenies. Due to the short branch lengths observed in the MATI-1-2,
MATI1-1-3 and MAT1-2-1 phylogenies the exact phylogenetic relation-
ship of the Chrysoporthe species could not be determined. However, the
MATI1-1-1 tree was largely congruent with the species tree (Fig. 3).
Short branch lengths were also observed in the Chrysoporthe clade in the
reference tree generated from 185 genes. In the MAT1-1-1, MAT1-1-3
and MATI1-2-1 ML phylogenies, the placement of other species in the
Diaporthales was consistent with that observed in the reference tree.
However, in the MAT1-1-2 tree, the phylogenetic relationships of Dia-
porthe spp. and Melanconium sp. was different to that of the reference
tree.

The MATI-1 loci of Chrysoporthe species and other species in the
Diaporthales were mapped onto the reference tree (Fig. 4). Results from
this comparison revealed that the MAT1-1 locus of C. austroafricana
CMW6102 was similar in gene content to that of MATI-1 idiomorphs of
species in the Diaporthales, e.g. C. parasitica, V. mali, D. ampelina, D.
longicolla, Diaporthe sp. P-Pt-19, Melanconium sp., L. minuta and P.
aleophilum, which contained MAT1-1-1, MAT1-1-2 and MAT1-1-3 genes.
The structure and organization of the MATI-1 locus in all these species
was highly conserved and syntenic (Fig. 4). Similar to the C. austroa-
fricana CMW2113 MATI-1 locus, the MATI-2 idiomorph of Diaporthe
sp. P-Pt-16 (accession no. AB199324) contained genes associated with
the MAT1-1 idiomorph, i.e. MAT1-1-2 and MAT1-1-3 (Kanematsu et al.,
2007). However, the C. austroafricana MATI1-2 locus contained se-
quences homologous to MATI1-1-1 and not MATI-1-3. Among the Dia-
porthales analyzed in this study, the typical structure of MATI-2 idio-
morphs (Coppin et al., 1997) was only observed in the C. parasitica
MATI-2 idiomorph, which contained MAT1-2-1 only (Fig. 4). The MAT
locus of L. minuta contained all MAT genes closely flanked by APN1 and
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SLA2 genes, which was consistent with the typical MAT locus of other
fungi. Across the Diaporthales phylogeny, mating-type gene content
consistent with both homothallism and heterothallism was observed.

3.4. PCR amplification of MAT genes of C. austroafricana isolates

The primer pairs designed to amplify portions of MAT genes were
successfully optimized in C. austroafricana (CMW2113 and CMW6102)
and sibling species C. cubensis (CMW10028) and C. deuterocubensis
(CMW8650) isolates (Supplementary Fig. 6). Fragments of MATI1-1-1,
MATI1-2-1 and MAT1-1-2 genes were amplified from C. austroafricana
isolate CMW2113. On the other hand, fragments of MAT1-1-1, MAT1-1-
2 and MATI-1-3 were amplified from C. austroafricana isolate
CMW6102. These results were consistent with the gene predictions at
the MAT loci of C. austroafricana isolates CMW2113 and CMW6102
(Fig. 1). Thus, these isolates were designated MAT1-2 and MATI-1 re-
spectively. Testing for MAT genes using PCR amplification in a random
sample of 65 C. austroafricana isolates showed a similar pattern. Frag-
ments of MATI-1-1, MATI-1-2 genes were amplified in all isolates
while MATI-1-3 gene fragments were amplified from 17 isolates.
Fragments of MATI-2-1 genes were amplified from 48 isolates, sug-
gesting the presence of both MAT1-1 and MAT1-2 idiomorphs in natural
populations (Supplementary Table 3). Among the isolates collected
from non-native hosts (Eucalyptus spp.), the ratio of MAT1-1/MAT1-2
was 2.75 which calculated to a X value of 6.53 and P = 0.011. On the
other hand, the ratio of MAT1-1/MAT1-2 in a population of isolates
collected from native hosts (Syzygium spp.) was 2.88. Chi-square ana-
lysis revealed a X? value of 8.26 and P = 0.004. This analysis indicated
that the null hypothesis of a MAT1-1/MAT1-2 ratio of 1:1 could be
rejected.

3.5. Identification and characterization of pheromone and pheromone
receptor genes

3.5.1. ppgl and ppg2

An ORF homologous to Mf1-1 of C. parasitica (encoding the a-like
pheromone) was identified from the genomes of C. austroafricana
CMW2113 (scaffold5), C. austroafricana CMW6102 (scaffold1l) and
closely related C. cubensis (tig3) and C. deuterocubensis (tig0043). This
ORF was named ppgl in accordance to homologous sequences in other
Sordariomycetes. The putative ppgl gene was 1380 bp (459 amino acids)
long in C. austroafricana and C. deuterocubensis, and 1383 bp (460
amino acids) in C. cubensis. No introns were predicted in any of the
putative ppgl genes. These genes contained ten repeats of a decapeptide
motif (WCLFHGEGCW) that was 100% identical to the mature peptide
of C. parasitica (Fig. 5A). The putative ppgl amino acid sequences of C.
austroafricana, C. cubensis and C. deuterocubensis contained cleavage
sites for Ste13p, which is usually characterized by dipeptide repeats of
XP, XA, or XR on the N-terminal end, and cleavage sites for Kex2p
consisting of KR or KX on the C-terminal end of each decapeptide motif
(Bobrowicz et al., 2002; Poggeler, 2000). From the sequence alignment
the Stel3p cleavage sites included DP, DA or EA, which immediately
preceded the mature decapeptide. The identified Kex2 cleavage site
(KR) immediately bordered the mature decapeptide motif, but in some
instances the cleavage site was preceded by KE, KD or KV.

Three ORFs homologous to C. parasitica Mf2/1 and Mf2/2 (encoding
the a-like pheromone) were identified from the genomes of C. aus-
troafricana, C. cubensis and C. deuterocubensis. These ORFs were homo-
logs of ppg2 of other Sordariomycetes and were named ppg2-1, ppg2-2
and ppg2-3. Unlike the Mf2/1 and Mf2/2 genes of C. parasitica, which
are identical, each of the three genes of C. austroafricana, C. cubensis and
C. deuterocubensis encoded unique sequences. The putative ppg2-1
amino acid sequences of C. austroafricana isolate CMW2113 (scaffold6;
position 942,102-942,034), C. austroafricana isolate CMW6102 (scaf-
fold15; position 787,400-787,471), C. cubensis (tigl4; position
277,304-277,375) and C. deuterocubensis (tig0010; position
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Fig. 5. Pheromone genes of C. austroafricana, C. cubensis and C. deuterocubensis. (A) Sequence alignment of the mature PPG1-1 peptide with the number of peptide
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643,852-643,784) were 23 residues long and shared 100% sequence
identity with protein sequences Mf2/1 and Mf2/2 of C. parasitica. The
inferred amino acid sequences of putative ppg2-2 of C. austroafricana
isolate CMW2113 (scaffold9; position 1,969,827-1,969,759), C. aus-
troafricana CMW6102 (scaffold1; position 156,467-156,538), C. cu-
bensis (tigl0; position 112,450-112,521) shared 82% sequence identity
with Mf2/1 of C. parasitica. In C. deuterocubensis a sequence in tig0007
position 132,911-132,982 shared 93% with the putative ppg2-2 of C.
cubensis. However, the CAAX motif could not be predicted thus, this
sequence could not be considered as ppg2 pheromone. The predicted
amino acid sequences of the putative ppg2-3 of C. austroafricana
CMW2113 (scaffold10; position 507,556-507,624), C. austroafricana
CMW6102 (scaffold18; position 579,891-579,820), C. cubensis (tigl2;
position 789,053-789,124) and C. deuterocubensis (tig0011; position
973,020-973,091) shared 78%, sequence identity with the Mf2/1 of C.
parasitica. Among the Chrysoporthe species, putative ppg2-1 amino acid
sequences shared 91% and 73% identity with the putative ppg2-2 and
ppg2-3 respectively. The putative ppg2-2 of C. austroafricana MAT1-2
and MATI-1 isolates were absolutely conserved, but shared 91% se-
quence identity with the putative ppg2-2 of C. cubensis. BLASTp com-
parison between putative ppg2-2 of C. austroafricana and ppg2-3 of C.
cubensis and C. deuterocubensis revealed sequence identities ranging
from 60% to 65%. However, the putative ppg2-2 of C. cubensis shared
sequence identity ranging from 69% to 73% with the ppg2-3 of C. cu-
bensis, C. austroafricana and C. deuterocubensis. Overall, the putative
ppg2-2 sequences showed higher percentages of sequence identity with
ppg2-1 than with ppg2-3.

Phylogenetic analyses using distance based methods clustered the
putative ppgl-1, ppg2-2 and ppg2-3 genes separately. The putative a-like
pheromones contained the C-terminal CAAX motif, which is also pre-
sent in pheromones of other ascomycetes (Mayrhofer and Poggeler
2005; Seibel et al. 2012; Zhang et al. 1998). The CAAX motif is com-
prised of a Cysteine (C), two aliphatic amino acids (AA) and any amino
acid at the terminus of the sequence (X). The ppg2-1 and ppg2-3
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pheromones contained two valine residues at the aliphatic positions,
and a methionine at the terminus, thus forming the CVVM motif. On the
other hand, ppg2-2 contained isoleucine at the aliphatic positions, re-
sulting in the pattern CIIM (Fig. 5B). The genomic locations of the three
ppg2 homologs of Chrysoporthe suggest that they are encoded from in-
dependent loci. Characterization of the genes flanking the putative ppg2
ORFs revealed that ppg2-1 was located adjacent to a gene encoding
cyanate lyase, similar to ppg2 of Neurospora crassa, Magnaporthe grisea,
and Gibberella zeae (Lee et al. 2008). Homologs of cyanate lyase were
not identified in either flanks of putative ppg2-2 and ppg2-3 genes. Also,
microsyntenic conservation was not observed in the genomic loci con-
taining the putative ppg2-2 and ppg2-3 genes. Consequently, we hy-
pothesize that ppg2-2 and ppg2-3 are not orthologs of ppg2-1, but could
rather be paralogs.

3.5.2. pre-1 and pre-2

ORFs encoding protein sequences containing transmembrane do-
mains were identified in each of the genome sequences of C. austroa-
fricana, C. cubensis and C. deuterocubensis. Out of these sequences, only
two ORFs encoded protein sequences homologous to the STE3 (InterPro
term [PR001499) and STE2 (InterPro term IPR000366) mating pher-
omone receptors. The putative pheromone receptor genes of C. aus-
troafricana, C. cubensis and C. deuterocubensis were named pre-1 and pre-
2, in accordance with the convention in other filamentous ascomycetes
(Kim and Borkovich 2004; Mayrhofer et al. 2006). The putative pre-1
genes were 1905 bp long in all three species (scaffold4 in C. austroa-
fricana CMW2113, scaffold19 in C. austroafricana CMW6102, tig6 in C.
cubensis and tig0040 in C. deuterocubensis) and contained three introns
(56 bp, 160 bp and 54 bp) at conserved positions. The size of pre-2 was
1339 bp in C. austroafricana CMW2113 and CMW6102 (scaffold1 and
scaffold2 respectively), and 1315bp in C. cubensis (tig4) and C. deu-
terocubensis(tig0040). The putative pre-2 gene in all three species con-
tained only one intron (61 bp) located at a conserved site. Analysis of
the inferred amino acid sequences PRE-1 (544 amino acid sequences in
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Fig. 6. Relative expression of pheromone genes, pheromone receptor genes and mating-type genes of C. austroafricana CMW2113 (MAT1-2), C. austroafricana
CMW6102 (MAT1-1) and homothallic C. cubensis CMW10028. The expression level is relative to the level of the reference (actin) gene (=1). Letters below or above
the box plots represent statistically significant differences in the gene expression levels at p < 0.05 between genes using the Tukey test.

all three species) and PRE-2 (418 amino acids in C. cubensis, C. deu-
terocubensis and 426 amino acid sequences in C. austroafricana) showed
that both contained seven transmembrane regions, interspersed be-
tween intracellular and extracellular loops. Multiple sequence align-
ment of the inferred PRE-1 and partial PRE-2 protein sequences re-
vealed an average of 98% interspecific sequence identity.

3.6. Transcription analysis of MAT, pheromone and receptor genes

Results from the RT-qPCR did not show significant differences
(p < 0.05) in the expression of ppgl and ppg2 in the MATI-2 and
MATI1-1 isolates (CMW2113 and CMW6102, respectively) of C. aus-
troafricana (Fig. 6). However, the expression of ppgl was significantly
different from that of ppg2-1 in the homothallic C. cubensis isolate
(CMW10028). In all three isolates the expression of pre-1 and pre-2
differed significantly (Fig. 6). In both C. austroafricana CMW2113
(MAT1-1) and C. austroafricana CMW6102 (MATI-2), the expression of
pre-1 was slightly lower but not statistically different to that of ppgl and
ppg2. In terms of the mating-type genes of the MATI1-2 isolate of C.
austroafricana, the expression of MAT1-1-2 was significantly lower than
that of MATI-2-1 (Fig. 6). In the MAT1-1 individual, MAT1-1-2 was
significantly more highly expressed than MATI1-1-1 and MATI1-1-3.

In the homothallic C. cubensis isolate (CMW10028), the expression
of MATI1-1-2 and MAT1-1-3 was comparable, as was the expression of
MATI-1-1 and MATI1-2-1. The expression of MAT1-1-1 and MATI-2-1
genes was significantly higher than that of MATI-1-2 and MATI-1-3
(Fig. 6). In the two individuals of C. austroafricana, expression of the
pheromone receptor genes seemed to correlate with mating-type. In the
MATI1-2 individual with its highly expressed MAT1-2-1 gene, pre-2 was
more highly expressed than pre-1. Also, in the MATI1-1 individual, the
high expression of MAT1-1-2 matched the higher expression of pre-1. A
similar trend was not observed for the pheromone genes, as both were
expressed at relatively high levels in the two MATI-2 and MATI-1
isolates of C. austroafricana. In the homothallic C. cubensis isolate, the
higher expression of pre-1 and ppgl-1 correlated with the higher ex-
pression levels of the MATI-1-1 and MATI-2-1 genes. However, this
expression pattern did not correlate with the proposed pheromone-re-
ceptor pair ppgl/pre-2 and ppg2/pre-1 (Mayrhofer and Poggeler, 2005).

4. Discussion

To date, the widely accepted hypothesis (Hodges et al., 1976;
Hodges et al., 1979) regarding the mating system of Chrysoporthe spe-
cies has been homothallism. This study is the first to provide concrete
experimental evidence regarding the mating systems of Chrysoporthe
species. This was achieved by identifying and characterizing the
mating-type gene sequences of these species. MAT loci corresponding to
MATI-1 and MATI-2 idiomorphs were identified in C. austroafricana
isolates CMW6102 and C. austroafricana CMW2113 respectively, sug-
gesting that heterothallism is the mating system in this species. This
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result corroborates the rare occurrence of perithecia of C. austroafricana
on Eucalyptus cankers (Nakabonge et al., 2006; Wingfield et al., 1989).

All MAT genes identified in the MATI-1 and MATI-2 idiomorphs of
C. austroafricana were present in the genomes of both C. cubensis and C.
deuterocubensis. This was consistent with the MAT loci of homothallic
fungi (Debuchy and Turgeon, 2006). These results also corroborated
previous laboratory experiments in which single ascospore cultures of
C. cubensis could reproduce sexually without a compatible partner (Van
der Merwe 2000). Also, our results could explain the prevalence of
sexual fruiting bodies on the surfaces of cankers caused by C. cubensis
and C. deuterocubensis (Gryzenhout et al., 2004; Myburg et al., 2003;
Nakabonge et al., 2006). Put together, these results confirm that
homothallism is the mating system of C. cubensis and C. deuterocubensis.

The presence of MAT genes as predicted from the identified mating-
type loci of C. austroafricana, C. cubensis and C. deuterocubensis were
confirmed by amplification of portions of these genes using PCR. All
four MAT genes identified in this study were amplified in C. cubensis
and C. deuterocubensis, confirming that these two species exhibit a
homothallic mating system. In a randomly mating population, the ex-
pected ratio of mating types is even (Groenewald et al., 2006). From our
analysis of 65 randomly selected C. austroafricana isolates, we con-
firmed the presence of two mating types based on the predicted struc-
tural organization of the MATI-1 and MATI1-2 idiomorphs identified
from the respective genome sequences. Our analysis showed that
MATI-2 idiomorphs were more frequently encountered. However,
skewed mating-type ratios in populations of C. austroafricana could
explain the common occurrence of pycnidial (asexual) cankers on Eu-
calyptus spp., while perithecia are rare (Nakabonge et al., 2006).

In heterothallic species, the expression of pheromone and receptor
genes is generally mating-type specific (Bobrowicz et al., 2002; Kim and
Borkovich, 2006). Results from our expression analyses revealed that
putative pheromone receptor genes pre-1 and pre-2 were transcribed in
a mating-type dependent manner in both C. austroafricana MAT1-1 and
MATI-2 isolates. In contrast, the expression levels of putative pher-
omone genes ppgl and ppg2 in both mating-types were similar and did
not seem to be under the influence of the mating-type locus. This ob-
servation may be different during the sexual phase, although the ex-
pression of pheromone and pheromone receptor genes in heterothallic
Hypocrea jeronica (Trichoderma reesei) do not appear to be strictly
mating-type dependent (Seibel et al., 2012). The expression of pher-
omones in heterothallic C. austroafricana during the vegetative phase
could be indicative of pleiotropic functions, such as in Neurospora crassa
(Kim et al., 2002).

The expression of pheromone genes (ppgl, ppg2) and pheromone
receptor genes (pre-1, pre-2) in homothallic C. cubensis did not seem to
follow the mating-type dependent expression pattern observed in het-
erothallic fungi. The expression of ppgl and pre-1 was significantly
different to that of ppg2 and pre2. A mating-type dependent expression
would have showed one of the cognate pheromone/receptor pairs ppgl/
pre-2 or ppg2/pre-1 (Kim et al., 2012; Mayrhofer and Poggeler, 2005)
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Fig. 7. Proposed evolution of the C. austroafricana MAT loci from a hypothetical homothallic ancestor through retrotransposon mediated gene loss of either MATI1-2-
1 as in the MATI-1 idiomorph or MAT1-1-3 followed by degradation of the MATI-1-1 gene as shown in the MAT1-2 idiomorph.

being significantly expressed. The non-mating-type specific expression
pattern of pheromone genes and pheromone receptor genes in C. cu-
bensis agreed with the expression pattern of these genes in other
homothallic ascomycetes, such as S. macrospora (Mayrhofer and
Poggeler, 2005) and G. zeae (Kim et al., 2008; Lee et al., 2008). Overall,
the expression profiles of pheromone and pheromone receptor genes in
C. austroafricana and C. cubensis were congruent with heterothallism
and homothallism in these species, respectively.

An interesting finding was the unique organization of the MAT loci
of C. austroafricana. The C. austroafricana MATI-2 locus contained a
truncated MATI1-1-1 gene and an intact MAT1-1-2 gene, unlike typical
MATI-2 loci which contain MAT1-2-1 only. The presence of MATI1-1-2
gene in the MATI-2 locus has been recently reported in Thielaviopsis
(Wilken et al., 2018). ORFs homologous to MAT1-1-1 containing trun-
cated MAT1-1-1 alpha-box domains were observed in the MATI-1-1
gene of Diaporthe ampelina (Morales-Cruz et al., 2015), as well as in the
MAT1-2 idiomorphs of Leptographium procerum and L. profanum (Duong
et al., 2013). The MATI-2 locus of Diaporthe spp. does not contain a
MATI-1-1 gene, but other genes associated with the MATI-1 locus have
been identified. Thus, the authors speculated that this could be the
ancestral structure and organization of MATI-2 loci of Sordariomycetes
(Kanematsu et al., 2007).

The MAT locus of C. deuterocubensis, C. cubensis and C. austroa-
fricana CMW2113 (MAT1-2) idiomorph contained ORFs homologous to
long terminal repeat (LTR) retrotransposons. We hypothesize that
MATI1-2 and MATI-1 idiomorphs of C. austroafricana evolved from a
homothallic ancestor in a mechanism that involved gene loss mediated
by retrotransposons (Fig. 7). In this case, the MAT1-2-1 and MATI-1-3
respectively were deleted from the MAT locus of the homothallic an-
cestor, resulting in the extant MAT1-1 and MATI-2 idiomorphs of C.
austroafricana. However, based on the placement of C. austroafricana in
the reference phylogenetic tree and the unusual positioning of MATI-1-
2 after the APN2, it is possible that homothallism could have evolved
from a heterothallic ancestor through unequal recombination. The role
of repeat sequences in the evolution of the mating-type locus has been
reported fungi such as Sclerotinia trifoliorum (Xu et al., 2016) and Cer-
atocystis fimbriata (Wilken et al., 2014) where they have been im-
plicated in unidirectional mating type switching and repeat induced
recombination in Saccharomyces cerevisiae (Hanson et al., 2014). Simi-
larly, the role of LTRs in the evolution of mating systems has been re-
ported in Neurospora species (Gioti et al., 2012). Additional whole
genome sequences from other Chrysoporthe species are required for
further studies aimed at establishing the evolutionary histories of MAT
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loci in these species and the molecular mechanisms involved.

The availability of whole genome sequences enabled the identifi-
cation of mating-type genes of Chrysoporthe species, thus providing the
genetic basis for sexual reproduction and confirming observations from
previous studies. We have determined that C. austroafricana is hetero-
thallic and that C. cubensis and C. deuterocubensis are homothallic.
However, further studies are required to fully understand the dis-
tribution of mating-types in natural populations, which is now possible
using primers designed in the current study. Additionally, the specific
functions of MAT genes in growth and development, and the role of
mating-types in shaping the evolution of C. austroafricana and related
species, can now be investigated.
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