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Abstract

Homothallism (self-fertility) describes a wide variety of sexual strategies that enable a fun-
gus to reproduce in the absence of a mating partner. Unisexual reproduction, a form of
homothallism, is a process whereby a fungus can progress through sexual reproduction in
the absence of mating genes previously considered essential for self-fertility. In this study,
we consider the molecular mechanisms that allow for this unique sexual behaviour in the
saprotrophic ascomycete; Huntiella moniliformis. These molecular mechanisms are also
compared to the underlying mechanisms that control sex in Huntiella omanensis, a closely
related, but self-sterile, species. The main finding was that H. omanensis displayed mating-
type dependent expression of the a- and a-pheromones. This was in contrast to H. monilifor-
mis where both pheromones were co-expressed during vegetative growth and sexual devel-
opment. Furthermore, H. moniliformis also expressed the receptors of both pheromones.
Consequently, this fungus is likely able to recognize and respond to the endogenously pro-
duced pheromones, allowing for self-fertility in the absence of other key mating genes. Over-
all, these results are concomitant with those reported for other unisexual species, but
represent the first detailed study considering the unisexual behaviour of a filamentous
fungus.

Introduction

Sexual reproduction in fungi commonly requires an interaction between strains that carry dif-
ferent genetic information at the mating type locus [1]. This region, known as the MATI locus
in ascomycetes, harbours genes that represent either the MAT1-1 or the MAT1-2 idiomorph
[2]. The MATI-1-1 gene defines the MATI-1 idiomorph, but can co-exist at this locus with
other genes such as MAT1-1-2 and MAT1-1-3. Similarly, the MAT1-2 idiomorph is defined by
the MAT1-2-1 gene, though other genes can also be present [2]. These genes typically encode
proteins with DNA binding domains and are known to regulate the global gene expression
patterns associated with sexual reproduction [3].
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While isolates that possess either the MAT1-1 or MAT1-2 idiomorph are termed heterothal-
lic and are self-sterile, other fungi are able to sexually reproduce even in the absence of a partner
[4]. This sexual strategy, homothallism, enables self-fertility and is most commonly achieved by
expressing both the MATI-1-1 and MATI-2-1 genes in a single cell, as seen in Gibberella zeae
[5] and Aspergillus nidulans [6]. Other molecular mechanisms enabling self-fertility have also
evolved, including unisexuality [7, 8]. Unisexual reproduction occurs in individuals that would
typically be described as heterothallic but are able to progress through the sexual cycle in the
absence of a mating partner. These individuals possess genes only associated with one of the
two MAT idiomorphs and thus undergo sexual reproduction in the absence of genes that are
usually considered essential for sex. To date, unisexuality has been described in only five spe-
cies, including the human pathogens, Cryptococcus neoformans and Candida albicans [9-13].

Fungi typically depend on protein-based sexual pheromones to attract potential mating
partners and as such, pheromones are usually expressed in a mating type-dependent manner
[14, 15]. Despite their obvious role in the heterothallic system, pheromones are also expressed
in many homothallic species, including A. nidulans [16], Sordaria macrospora [17] and G. zeae
[18]. This has been illustrated where the G. zeae a-factor pheromone has been knocked out
and actually enhances facultative outcrossing in female isolates. [18] Likewise, self-fertility is
abolished in strains of S. macrospora where the pheromone receptors have been deleted [19].
This indicates that these molecules influence sexual reproduction in a multitude of mecha-
nisms that include, but are not limited to, partner attraction.

Pheromone expression has been intimately linked to the unisexual abilities of both Ca. albi-
cans and Cr. neoformans [9, 11]. Unisexual reproduction in Ca. albicans relies on the inactiva-
tion of the BarI protease, an enzyme usually required for the proteolytic breakdown of the
endogenously produced a-factor pheromone. Upon Barl inactivation, the pheromone is not
broken down and the cell thus recognizes it as a signal that a compatible mating partner is
present. This leads to self-mating of a cells which is dependent on the activation of the a-factor
receptor [9]. In contrast, a cells of Cr. neoformans do not produce endogenous a-factor phero-
mone, but rely on the presence of a few or distant a cells to produce the pheromone which in
turn enhances the fusion of @ cells and enables same sex mating [11].

The primary subject of this study, Huntiella moniliformis, is a haploid filamentous ascomy-
cete that reproduces unisexually [13]. This is despite the fact that other species in the genus,
including H. omanensis, are heterothallic and require a partner for mating [13]. Since very little
is known regarding the genes involved in sexual reproduction in these species, having two
closely related species that undergo such vastly different sexual strategies provides an opportu-
nity to further explore this complicated process. Furthermore, no research has been conducted
on the unisexual pathway in any filamentous fungus, despite a very in depth understanding of
the pathway in Ca. albicans [9, 20-22] and Cr. neoformans, both of which are yeasts [11, 23-28].

The main objective of this study was to elucidate the underlying molecular pathway associ-
ated with unisexual reproduction in H. moniliformis. Using a comparative transcriptomics
approach, we sought to identify differences in gene expression between the vegetative and sex-
ual stages of growth in H. omanensis and H. moniliformis. Ultimately, this comparison revealed
key gene expression differences between heterothallic and unisexual species that we believe
contribute, at least partly, to the unique sexual behaviour seen in H. moniliformis.

Methods and materials
Cultures

Isolates of H. moniliformis and H. omanensis previously used in the study of WiLso et al.
[13] were used. For H. moniliformis, two distinct forms of isolate CMW36919 (CBS 144008)
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were used. One of these was sexually-competent, producing abundant ascomata and asco-
spores, while the other maintained a strictly vegetative growth form. For H. omanensis, three
different isolates were used. Isolate CMW11056 (CBS 118113) is a mixed mating-type culture
(MAT1xMAT?2) representing the sexually reproducing isolate type. The vegetative isolates
(CMW44450, CBS 143823 and CMW44442, CBS 143822), represent MAT1 and MAT?2 iso-
lates, respectively. The two vegetative cultures were isolated as single ascospore progeny
from the mixed mating-type culture CMW11056 [13].

Cultures were grown and maintained on 2% malt extract agar plates (20 g.L ™" malt extract
(Biolab, Merck, South Africa) and 20 g.L'1 agar (Biolab, Merck, South Africa) supplemented
with thiamine hydrochloride (100 mg.L™', SIGMA, Steinheim, Germany) and streptomycin
sulphate salt (150 mg.L"', SIGMA, Steinheim, Germany). These are forthwith referred to as
MEA-ST plates. The cultures were maintained at room temperature for the duration of the
study. All cultures used in this study are preserved in the culture collection (CMW) of the For-
estry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa
and at the Westerdijk Fungal Biodiversity Institute, The Netherlands.

RNA extraction and sequencing

Total RNA was extracted from 5-7 day-old cultures. This time period ensured that cultures
did not reach the stationery phase, but gave enough time for sexual reproduction to take place.
Nine MEA-ST plates were used per culture, allowing for three biological and three technical
replicates. Mycelium was harvested from the vegetatively growing H. moniliformis isolate as
well as the MAT1 and MAT2 H. omanensis isolates. A mixture of mycelium, ascomata and
ascospores was harvested from the sexually reproducing H. moniliformis (unisexual) and
H. omanensis (heterosexual) cultures.

The harvested tissue was flash frozen in liquid nitrogen and ground to a fine powder using
a mortar and pestle. RNA extractions were performed using the RNeasy™ Mini Kit (Qiagen,
Limburg, The Netherlands) following the manufacturer’s protocols with the following modifi-
cations: the RLC buffer was used as the extraction buffer and the optional on-column DNase 1
digestion was included. The integrity of the total RNA was assessed by 2% (w/v) agarose gel
electrophoresis at 120V for 25 min and the concentration was estimated using an ND 1000
Spectrophotometer (ThermoScientific, Waltham, USA). The RNA was further subjected to
quality testing using the Experion™ automated electrophoresis system (BioRad Laboratories,
California, USA) at the ACGT Microarray Facility (University of Pretoria, South Africa).
Dynabead® -based mRNA enrichment (ThermoFisher Scientific, Carlsbad, USA), cDNA syn-
thesis and library preparation were performed at the Central Analytical Facilities (CAF) at the
University of Stellenbosch (South Africa). The RNA sequencing was completed at the same
facility using the Ion Proton Platform and PI"™ Chip system.

RNA-seq analysis

CLC Genomics Workbench V7.5 (CLC bio, Aarhus, Denmark) was used to filter out raw
reads with a Phred quality score of below 20 (Q < 0.01) and a read length of more than 300 bp.
Up to two terminal ambiguous nucleotides were trimmed from the remaining reads. To
remove any reads representing the rRNA fraction of the total RNA, the filtered and/or
trimmed reads were mapped to a species-specific contig harbouring only the rRNA sequences
using the RNA Seq (Legacy) tool in CLC Genomics Workbench. To ensure optimal mapping,
a minimum length fraction of 0.5 and a minimum similarity fraction of 0.8 were used. Reads
that had not mapped to the rRNA contigs were then used in further analyses.
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Gene prediction and annotation was conducted on the draft genomes assemblies of H.
moniliformis (accession JMSH01000000, [29]) and H. omanensis (accession JSUI00000000,
[30]) using Web AUGUSTUS with the Fusarium graminearum gene models [31, 32]. These
gene models were used because F. graminearum is the Huntiella species’ closest relative for
which gene models are available in the AUGUSTUS library. To detect differential expression
of these predicted genes, the non-rRNA reads from each isolate type were mapped onto the
species-appropriate gene annotations. Read mapping was conducted using the same length
and similarity fractions as for the rRNA mapping. Intra-specific gene expression level compar-
isons were conducted using CLC Genomics Workbench following the method proposed by
Mortazavi et al. [33].

For the accurate comparisons of gene expression across samples, a two-step normalization
of the expression values was conducted. Firstly, RPKM values were used to represent relative
expression. RPKM (Reads Per Kilobase of exon model per Million mapped reads) corrects for
differences in expression levels between genes of different lengths and allows for accurate
intra- and inter-sample comparisons [33]. Quantile normalization (CQN) was subsequently
performed on the RPKM values in order to account for the expected technical variation specif-
ically found in RNA-Seq data [34]. Baggerley’s Z test [35] was used to test for expression differ-
ences across comparable samples, using the normalized RPKM values. To further minimize
measurement errors, a corrected p-value was used to test for statistical significance. In this
case, the p-value was corrected using the Benjamini-Hochberg false discovery rate (FDR)
method to adjust for multiple test correction [36].

Genes displaying a 2-fold change in expression at an FDR-corrected p-value of 0.05 and
lower were considered as significantly DE. When detecting expression level changes for the
MAT genes in H. omanensis, a different approach was employed because the sexually repro-
ducing culture is likely made up of approximately half MAT1 material and half MAT2 mate-
rial. For example, if the expression of the MATI-1-1 gene has the same RPKM value in both
the vegetative and sexually reproducing cultures, there would have been a 2-fold expression
increase in the sexually reproducing isolates. This is because the MAT1 individual expressing
the gene would represent only ~50% of the culture used for RNA extraction. The same was
also true for the MATI-1-2 gene and for the MAT1-2-1 and MATI-2-7 genes in MAT?2 individ-
uals. Consequently, we considered genes displaying equal RPKM values as being significantly
DE.

Functional annotation

BLAST2GO [37] was used to assign Gene Ontology (GO) terms, InterPro identities and
KEGG enzyme codes to all the genes predicted using Web AUGUSTUS. BLAST2GO also
assesses GO term enrichment of one set of genes with respect to another and was used to deter-
mine whether any GO terms were enriched in the highly expressed and DE gene lists with
respect to the complete list of genes from the genome. This enrichment was confirmed statisti-
cally using the Fishers Exact Test (FET) in the same program, with a p-value of 0.05 or less
indicating significant enrichment. REViGO was then used to condense the enriched GO terms
by removing redundant descriptions using the “small, 0.5 allowed similarity” setting. The
REViGO output was then visualized using Tableau V10.1.

Genes known to be involved in sexual reproduction in other ascomycete fungi were investi-
gated for their presence and possible DE in the two Huntiella species (Table 1). These included
the MAT genes already known to be present at the MAT loci of the two species [13], as well as
other sex-related genes from Saccharomyces cerevisiae [38, 39] and Aspergillus species [40].

The a- and a-factor pheromone genes identified based on homology to previously described
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Table 1. Genes implicated in sexual reproduction in ascomycete fungi.

Gene Function Species Genbank Found in Regulation in Found in Regulation in
Accession Number Huntiella sexually Huntiella sexually
/ NCBI Gene ID moniliformis | reproducing Isolate omanensis | reproducing Isolate
Mating Type Genes
MATI-1-1 Primary mating type gene Huntiella KU950304 X N/A Vv T
(alpha box) omanensis
MATI-1-2 Secondary mating type KU950305 X N/A Vv -
gene
MATI1-2-1 Primary mating type gene KU950302 Vv 1 Vv 1
(HMG box)
MATI1-2-7 Secondary mating type KU950303 V/ (Truncated) - Vv -
gene
Pheromone Signalling Pathway
a-Factor Mating pheromone See text N/A Vv 1 Vv -
Pheromone
a-Factor Mating pheromone Vv 1 4 T
Pheromone
PreA (ste3) a-Factor Pheromone Trichoderma 29986161 Vv - Vv -
Receptor gamsii
PreB (ste2) a-Factor Pheromone 29985002 Vv - 4 |
Receptor
KEX1 Carboxypeptidase alpha- Saccharomyces 852670 4 - 4 -
factor processor cerevisiae
KEX2 Endoprotease alpha-factor 855483 Vv - Vv -
processor
mpkB Mitogen-activated protein Aspergillus 4700387 Vv i 4 -
kinase clavatus
sfaD G protein (Beta subunit) 4706342 4 - 4 -
STE12 Transcriptional activator, | Saccharomyces 856484 Vv - 4 -
homeodomain protein cerevisiae
STE13 Dipeptidyl aminopeptidase 854394 Vv - 4 -
alpha-factor processor
STE20 Serine/threonine protein 856382 vV T Vv -
kinase, MKKKK
STE24 Pheromone processor 853581 4 - 4 -
steC Serine/threonine protein Aspergillus 4706802 Vv - 4 -
kinase, MKKK clavatus
CDC24 Polarity establishment & Saccharomyces 851190 Vv - 4 -
maintenance and bud cerevisiae
formation
Symbols:

X: Gene was not identified in the genome assembly

/: Gene was identified in the genome assembly

T: Gene was up-regulated in the sexually reproducing isolate

|: Gene was down-regulated in the sexually reproducing isolate

-: Gene showed no differential expression

https://doi.org/10.1371/journal.pone.0192517.t001

Ascomycete pheromone proteins [41] were also included. In order to identify these genes in
the genomes of the two Huntiella species, gene sequences were downloaded from the NCBI
Gene Database (www.ncbi.nlm.nih.gov/gene) and used as queries in local BLASTn and
tBLASTx searches against the draft genome assemblies using CLC Genomics Workbench.
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Results
RNA-seq statistics

High quality RNA (RQI > 9) was extracted from each of the cultures used in this study (S1
Table). Sequencing of the individual samples produced an average of ~19 million reads per
library for the H. moniliformis samples and an average of ~21 million reads per library for the
H. omanensis samples (52 Table). The raw RNA-seq reads used for this study are available on
the NCBI SRA database under the following accession number: SRP108437. Quality filtering
and trimming of the sequence reads retained 99.9% and 99.7% of the H. moniliformis and
H. omanensis reads, respectively. Once reads mapping to the rRNA contigs of the two species
had been discarded, an average of more than 14 million reads per library remained for use in
the subsequent analyses (S2 Table).

Of the remaining non-rRNA reads, an average of 71% and 62% mapped to the respective
H. moniliformis and H. omanensis genomes (52 Table). Unmapped reads were most likely the
result of sequencing errors, reads from repetitive or unassembled genome regions [42] and/or
the presence of poly(A) sequences [43]. The percentage of reads mapped to the two Huntiella
draft genomes was similar to reports from other eukaryotic RNA mapping projects: in S. cere-
visiae, approximately 56% reads mapped to the assembled genome [44], 69% in Heterobasidion
species [45], about 50% in human [46], and 60% in cattle [43].

Detection of gene expression

Of the predicted 6 864 genes in the 25 Mb H. moniliformis genome, 6 636 (97%) were
expressed across both isolate types. In the 31 Mb genome of H. omanensis, 7 923 (94%) of the
total 8 394 predicted genes were expressed across the three isolate types. A gene was considered
expressed if three or more unique gene reads mapped to its annotation [47] and a normalized
RPKM value of at least 0.1 was observed [48]. The majority of the expressed genes in both spe-
cies were expressed by all isolates (Fig 1).

The sexually reproducing isolates of both species exhibited the highest number of uniquely
expressed genes (Fig 1). Of the genes expressed in the vegetative H. moniliformis isolate, 156
were highly expressed (RPKM > 1 000, S3 Table) with 117 being unique to this isolate. The
highly expressed genes were enriched for biological processes such as primary metabolism,
macromolecule metabolism and biosynthesis (Fig 2, S4 Table). In the sexually reproducing iso-
late, 85 genes were highly expressed (S3 Table), with only 46 being unique to this isolate type.
The highly expressed genes were enriched for processes such as cell wall organization, protein
kinase C signalling, generation of energy and developmental processes (Fig 2, S4 Table). In the
two vegetative isolates of H. omanensis, 107 genes were highly expressed, including 60 genes
that were unique to the vegetative isolate type (S5 Table). These highly expressed genes were
enriched for processes including glucose and carbohydrate metabolism, translational elonga-
tion and developmental processes (Fig 2, S6 Table). This is in contrast to the 74 highly
expressed genes (S5 Table) in the sexually reproducing culture that included only 24 unique
genes. These genes were enriched for carbohydrate catabolism, response to stress/stimulus and
sexual reproduction (Fig 2, S6 Table).

Differentially expressed genes

Of the total gene complement of H. moniliformis, 41% of the genes were differentially
expressed between vegetative and sexually reproducing isolates (Fig 3A, S7 Table). In contrast,
only 24% of the total H. omanensis gene complement was differentially expressed in the same
comparison (Fig 3B, S8 Table). In H. moniliformis, approximately half of the DE genes were
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Vegetative

Sexually
Reproducing

Sexually Reproducing

Fig 1. Genes expressed by vegetative and sexually reproducing isolate types of the two Huntiella species. A: The H. moniliformis
draft genome has 6 864 predicted ORFs and expressed 97% of these during the course of this study. B: Similarly, the H. omanensis draft
genome has 8 394 predicted ORFs, 94% of which were expressed.

https://doi.org/10.1371/journal.pone.0192517.9001

up-regulated in the vegetative isolate and were enriched for housekeeping functions such as
transcription and translation as well as RNA processing and protein transport (S9 Table). The
remaining genes were up-regulated in the sexually reproducing isolates and were enriched for
cell communication, signalling and signal transduction as well as carbohydrate metabolism
(S9 Table). In contrast, the majority of DE genes across the H. omanensis comparisons were
up-regulated in the vegetative isolates. These genes included those involved in general house-
keeping processes such as carbohydrate transport and metabolism, hyphal growth and cell wall
biogenesis. The remaining genes were up-regulated in the sexually reproducing isolate and
included those involved in the termination of G-protein coupled receptor signalling pathways,
carbon utilization and microtubule organization.

Expression of the MAT genes

The MAT genes of the Huntiella species (Table 1) were identified in a previous study [13]. In
H. omanensis, the primary MAT genes (MAT1-1-1 and MATI-2-1) were up-regulated in the
sexually reproducing culture, while MATI-1-2 showed no evidence of differential expression.
MAT1-2-7 also showed a general pattern of up-regulation during sexual reproduction, but
high intra-sample variation rendered this result insignificant. This gene was discovered using
bioinformatics analyses in a previous study [13] and has no similarity to any other known pro-
teins. Given that six other genes had already been described at the MATI-2 idiomorphs in a
variety of other ascomycetes, this gene was named MAT1-2-7. This gene has recently been
reported in Knoxdaviesia species [49]. Its association with the MAT locus in H. omanensis and
the increase in its expression during sexual reproduction suggests that it has some unknown
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Fig 2. Biological process GO term enrichment in highly expressed gene sets. A: Vegetative and B: sexually reproducing cultures of H. moniliformis. C: Vegetative
and D: sexually reproducing cultures of H. omanensis. The size of the circles is proportional to the relative number of GO terms associated with each process biological
process. The shading intensity represents the significance of the enrichment: A: p-values range from 3.7 x 10" to 0.05, B: p-value range from 2.2 x 10™” to 0.05, C: p-
values range from 1.3 x 10~ to 0.05 and D: p-values range from 1.7 x 10~ to 0.05.

https:/doi.org/10.1371/journal.pone.0192517.9002
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891 972

1413
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662 Sporulating .,

Fig 3. The number of genes differentially expressed in each isolate type comparison. A: In H. moniliformis, a similar number of
genes were up-regulated in the vegetative and sexually reproducing isolates. B: In H. omanensis, many more genes were up-regulated in
the MAT1 and MAT?2 vegetative isolates than in the sexually reproducing isolate. The numbers above and below each isolate type

box represent the number of genes that were up-regulated in that isolate in the particular comparison illustrated by the arrows.

https://doi.org/10.1371/journal.pone.0192517.9003

function during sexual reproduction. The H. moniliformis MAT1-2-1 gene did not show a sig-
nificant increase in expression during sexual reproduction. The truncated H. moniliformis
MAT1-2-7 gene was not expressed in either the vegetative or sexually reproducing cultures.
This gene possesses a premature stop codon in H. moniliformis and it has been proposed that it
would produce a non-functional gene product of only 48 aa in length [13].

Expression of the pheromone response pathway

Many of the genes involved in the pheromone cascade were identified in the genomes of the
two Huntiella species (Table 1). These included the a- and a-factor pheromones, the two a-
pheromone processing factors, both pheromone receptors as well as several genes that play a
role in the G-protein-coupled signal transduction pathway. The pheromone genes in H. oma-
nensis were expressed in a mating-type dependent manner, with MAT1 individuals expressing
the a-factor pheromone and MAT?2 individuals expressing the a-factor pheromone. This was
in contrast to the expression patterns of the pheromones in H. moniliformis (Fig 4), where no
mating-type dependent expression was observed. The MAT2 individual expressed both the a-
factor and a-factor pheromones at appreciable levels. The remaining genes were all expressed
in H. omanensis and H. moniliformis in all isolate types.

There was some evidence to suggest that the pheromone receptor genes in H. omanensis
exhibited mating-type dependent expression. The expression data indicated that the a-factor
pheromone receptor was expressed solely by the MAT2 individual. The a-factor pheromone
receptor was expressed almost exclusively by the MAT1 isolate, but was still expressed by the
MAT?2 isolate, albeit at much lower levels. This expression pattern did not extend to H. monili-
formis. Rather, both receptor genes were expressed at a low, constitutive level in both the vege-
tative and sexually reproducing cultures.

The only genes that were differentially expressed in this pathway in H. omanensis were
the a-factor pheromone (up-regulated) and its receptor (down-regulated). Again, H. monili-
formis exhibited a different pattern and while the a-factor pheromone showed a decrease in
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Fig 4. Differential expression of pheromone factor and receptor genes in H. moniliformis. Both pheromone factor genes showed differential expression,
with the a-factor showing a significant decrease in expression in the sexually reproducing isolate while the a-factor showed a significant increase. The
pheromone receptors showed no evidence of differential gene expression and seem to be expressed constitutively throughout the lifecycle. A logarithmic scale
is used for the Y-axis. * indicates that there is a significant difference between two bars (2-fold change at FDR-corrected p-value < 0.05).

https://doi.org/10.1371/journal.pone.0192517.g004

expression in the sexually reproducing culture, the expression of the a-factor pheromone
increased by almost 20-fold (p<0.001). Additionally, the mpkB, ste20 and ste23 genes (all
involved in the signal transduction section of the response pheromone pathway) were also up-
regulated in the sexually reproducing H. moniliformis culture.
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Discussion

Unisexual reproduction enables the production of sexual spores in fungi that usually require
an opposite mating partner. To date, unisexuality has been observed in only five species; four
ascomycetes and one basidiomycete. Although three of these species are filamentous fungi, the
underlying molecular mechanisms enabling this form of self-fertility have only been character-
ized in the two yeast species. We compared the gene expression changes associated with uni-
sexual reproduction in the filamentous ascomycete H. moniliformis to similar changes
associated with heterothallic mating in a closely related species. The results showed that there
are significant differences in the pheromone production in these two species.

A comparative transcriptomics approach revealed that changes in the expression of the
pheromone precursor genes in the heterothallic H. omanensis were very similar to the general
expression profiles in self-sterile model fungi such as N. crassa. Although individual isolates of
N. crassa possess genes for both the a- and a-factor pheromones, they are expressed in a mat-
ing-type specific manner [50]. Thus, mat A (= MAT1) individuals express only the a-factor
pheromone, while mat a (= MAT?2) individuals express only the a-factor pheromone. Sexual
reproduction is then initiated only in the presence of a mating partner of the opposite mating-
type, despite the fact that both partners express both pheromone receptor genes [51]. Our
results showed that pheromone expression in H. omanensis also follows this pattern. Interest-
ingly, there was also some evidence of mating-type dependent receptor expression, a profile
not observed in N. crassa or other heterothallic species [51].

The expression pattern of the pheromones in H. moniliformis provides a putative molecular
mechanism that enables the species to reproduce unisexually. These genes exhibit neither the
same mating-type dependent expression nor the differential expression seen in H. omanensis.
However, they do display expression profiles similar to other homothallic species such as S.
macrospora [17] and thus, both pheromones are expressed by a single isolate. It is important to
recognize that species exhibiting primary homothallism, such as S. macrospora, possess both
MAT1-1 and MAT1I-2 genes, and thus, despite these genes being under mating-type control,
both pheromones can be expressed. In contrast, H. moniliformis is able to achieve this expres-
sion profile, while harbouring only the MAT1-2-1 gene.

Pheromone expression is only part of the sexual activation pathway. This is because phero-
mones can only elicit their intended response if recognized by the appropriate pheromone
receptor. In our study, both receptors were expressed at appreciable levels by both fungal spe-
cies studied. This indicates that the pheromone response pathway is being utilized. In H. oma-
nensis, the a-factor receptor showed down-regulation in the sexually reproducing isolate,
while the H. omanensis a-factor receptor as well as both receptors in H. moniliformis showed
no evidence of differential expression. This result indicates that differential expression of
the receptors is not important to sexual reproduction in these species and that constitutive
expression is sufficient. This could also indicate that differential expression of the pheromones
themselves controls the activation of sexual reproduction, irrespective of whether it is a hetero-
thallic or homothallic interaction.

The results of this study have also provided the first experimental validation for the expres-
sion of the MAT1-2 idiomorph-associated gene, MATI1-2-7. This gene was previously detected
using de novo gene prediction software [13] and is thought to produce a full-length protein of
155 aa in H. omanensis. Its position upstream of the archetypical MAT1-2-1 gene in MAT?2 iso-
lates coupled with its absence in the MAT1 isolates highlighted the role that it might play in
mating. In the present study, MATI-2-7 had no detectable expression level in vegetatively
growing isolates, but was shown to be expressed in sexually reproducing cultures. This expres-
sion pattern, in addition to its idiomorphic position, strongly supports a role for the MATI1-2-7
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Fig 5. The proposed model for unisexual reproduction in H. moniliformis via the mating-type independent pheromone expression. A: The
pheromone system in H. omanensis: MAT1 individuals express the a-factor pheromone and MAT?2 individuals express the a-factor pheromone (1).
These pheromones are secreted (2) and recognized by the pheromone receptors of a suitable mating partner (3). This recognition activates the
pheromone transduction pathway, a MAP kinase cascade (4). Assuming other sex-favouring environmental conditions are met, this cascade alters
gene expression patterns within the cells (5) and allows for the conversion of vegetative mycelia into sexually-competent tissue (6). B: The proposed
pheromone system in H. moniliformis. The two species systems likely work in a very similar manner, except that H. moniliformis is able to express,
secrete and recognize both the a- and a-factor pheromones (1, 2 & 3). Once the MAP kinase cascade has been activated (4), the genetic and
physiological changes are likely very similar to those in H. omanensis (5 & 6).

https://doi.org/10.1371/journal.pone.0192517.9005

gene in sexual reproduction. Because it is truncated in H. moniliformis, we believe it is likely
that this gene plays a role in the inhibition of self-fertility.

H. omanensis was included in this study because it represents a typical heterothallic species.
It was consequently able to provide a basis for comparison of gene expression changes that
occur during a sexual interaction in Huntiella species. This was especially important due to the
unavailability of MAT1 H. moniliformis isolates. Thus, following the model proposed for H.
omanensis, expression of the a-factor pheromone in H. moniliformis is either directly or indi-
rectly influenced by genes present at the MAT1-2 idiomorph. This same model would suggest
that the a-factor pheromone should be controlled by genes at the MAT1-1 idiomorph. How-
ever, H. moniliformis MAT2 individuals also express this gene. Taken collectively, these results
suggest that MAT?2 individuals of H. moniliformis have been able to overcome the mating-type
dependent expression of the pheromones that would otherwise prevent homothallic behaviour
in typically heterothallic species (Fig 5).

A modification of the typical heterothallic pheromone expression pattern represents the
most likely molecular mechanism that underlies unisexual reproduction in H. moniliformis.
Although, the genetic elements that govern this system remain unknown, they would likely
have enabled a transition from typical heterothallism to unisexual reproduction via a change
in the control of pheromone expression. Comparisons between the expression patterns of the
pheromone genes as well as the genic content of the MAT1-2 loci in the two Huntiella species
provides a basis for some speculation regarding the origin of mating-type independent phero-
mone expression observed in H. moniliformis. In this case, it is plausible that the pheromone
expression patterns of the unisexual species could be attributed to the truncation of MAT1-2-7
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gene. This hypothesis rests on the assumption that a fully functional MAT1-2-7 protein acts as
arepressor of the a-factor pheromone in MAT?2 individuals, with its absence in MAT1 indi-
viduals allowing for expression of this pheromone. The genes of the MAT locus have been
shown to be essential for pheromone expression in N. crassa [50], S. macrospora [52] and

C. neoformans [25] and provides a precedent for the direct involvement of the MAT proteins
in the pheromone system. In fact, a recent study has shown that the inactivation of the Mat2
gene in C. neoformans disables the pheromone pathway and preferentially enables unisexual
behaviour over bisexual mating [24].

The hypothesis that the truncated MATI-2-7 gene is responsible for the unisexual behav-
iour of H. moniliformis is further supported by mutation studies performed on the heterothal-
lic P. anserina [53]. Here, disruptions in a number of the MAT genes resulted in self-fertility.
Importantly, it has been shown that the wild type mat+ genes (= MATI-2) are not only
required for the activation of mat+ functions, but also for the repression of mat- (= MATI-1)
fertilization functions. Thus, when there is a mutation in the mat+ gene, FPR1, the repression
of fertilization is lifted and the mutant is rendered self-fertile. We suggest that this could be
similar to what occurs in H. omanensis, where a full length MAT1-2-7 gene represses the a-fac-
tor pheromone, rendering the MAT?2 isolates self-sterile. However, in H. moniliformis, the
MATI-2-7 gene is truncated, the repression of the a-factor pheromone does not occur and
mating-type independent expression is possible. This in turn leads to self-activation, self-fertil-
ity and culminates in unisexual reproduction.

The results of this study suggest that the mating-type independent expression of the a- and
a-factor pheromones is responsible for the unique ability of the MAT2 individuals of H. moni-
liformis to complete a sexual cycle in the absence of a MAT1 mating partner. As presented
above, the role of pheromone expression in unisexuality has been previously investigated in
both Ca. albicans and Cr. neoformans [9, 20, 23-26]. The results presented here are most simi-
lar to observations for Ca. albicans, and we hypothesize that endogenous production of both
the a- and a-factor pheromones by a single MAT2 individual is sufficient to initiate the sexual
cycle in H. moniliformis. We believe that this is the most probable explanation for the data pre-
sented here but acknowledge that other plausible hypotheses may also exist.

The unisexual pathway exhibited by H. moniliformis was originally assumed to be a sexual
process. This was partly due to the similarity of the reproductive structures and spores found
in H. moniliformis and the heterothallic H. omanensis [13]. The apparent importance of
pheromone expression in the unisexual pathway of H. moniliformis further substantiates this
assumption. However, it is worth noting that another spore-producing process, known as hap-
loid fruiting, also enables spore production in single mating type isolates. Although similar to
unisexuality in that way, this process is not necessarily linked to sexual reproduction or the for-
mation of a diploid state [54-56]. It may even require different environmental conditions to
those necessary for sexual reproduction [57]. Haploid fruiting can be induced in Schizophyllum
commune when the mycelium is physically damaged [55] or when a fruiting-inducing chemi-
cal is present in the environment [54]. While this raises an alternative hypothesis for the pro-
cess through which H. moniliformis produces progeny, the currently available data supports a
sexual process.

This study utilized a transcriptomics approach that has some inherent limitations. The
most important is that conclusions drawn from the data assume that gene expression is
directly correlated with the production of a functional protein product. In addition, phero-
mones are often expressed as pre-pheromone proteins that require post-translational modifi-
cation. Therefore, future studies will include the functional characterization of the two
pheromone genes as well as the MAT1-2-7 gene in order to enhance our understanding of the
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role these genes play in unisexuality. Furthermore, studies utilizing synthetic pheromones will
be conducted in an attempt to initiate unisexual behaviour in H. omanensis.
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