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Introduction

The ability to undergo sexual development is ubiquitous throughout eukaryotes. However,
the pervasiveness of sexual reproduction is a conundrum in evolution. Sex has intrinsic
disadvantages due to associated costs, which include the two-fold cost of sex: two
individuals are required to produce progeny, whereas asexual modes of propagation require
only a single parent. Other costs involve 1) a diluted transmission of parental genes to the
progeny and 2) time and resources it takes to locate a mating partner [1]. Does this say that
sex is entirely detrimental? No, in fact, the Red queen hypothesis supports that the benefits
of sex, which include adaptation to changes in the environment, tolerance of deleterious
mutations, and avoidance of pathogens, are just sufficient to outweigh the costs [2-4].

Sharing a common ancestor with animals as a member of the opisthokont clade of
eukaryotes, fungi serve as exemplary models to elucidate the genetics of sex and the
evolution of sex determinants and sex chromosomes. Saccharomyces cerevisiae has
provided insights to understand mating partner recognition, pheromone responses, and sex-
specific transcription factors. In addition, extensive studies on the genetics of sex have been
conducted in other ascomycetes and basidiomycetes (dikarya). Although the studies of the
dikarya have advanced our understanding of the evolution and the genetics of sex, there are
some disadvantages to this more phylogenetically narrow prism; for example, in the fungal
kingdom, ascomycetes and basidiomycetes are diverged phyla that are distinctly related
from the early divergence point between animals and fungi. Zygomycetes and
chytridiomycetes are early diverged fungi, albeit both are polyphyletic [5-7]. Therefore, the
early diverged fungi may be uniquely situated to provide novel insights to understand the
evolution of the genetics of sex and reveal features that are shared between animals and
fungi. However, compared to the dikarya lineages, zygomycetes and chytridiomycetes have
received less attention from mycologists. Here, we review the sex locus of the Mucorales
that belong to the zygomycetes and the implications of the discovery and features of the sex
loci for models on the evolution of sex chromosomes.

Sex and the Mucorales

The Mucorales belong to the Zygomycota and the term zygomycetes was named based on
their sexual spores, the zygospores, which are large, overt, and macroscopic compared to
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spores of the dikarya. During the formation of zygospores, two compatible mating type
hyphae fuse and form a zygote, which appears similar to the scales of a balance [in Greek,
zygos, meaning a balance scale] (Fig. 1) (reviewed in [8]). The zygospores have a prolonged
period of dormancy (a month to years) before germinating to produce meiospores. This long
period of spore dormancy renders these species less facile genetic model systems. The
zygospores germinate to form a single aerial hypha with a sporangium at the apex, which is
morphologically similar to the asexual sporangia. The sexual sporangium harbors the
meiospores (reviewed in [9]).

Mucorales fungi were first studied as a model for fungal sexual reproduction more than a
century ago. For example, heterothallism was first described in a Rhizopus species [10],
where hyphal fusion during mating only occurs between two different thalli [from Greek,
thallos, meaning a twig]; in contrast, formation of zygospores from a single thallus was
referred to as homothallism, first defined for the zygomycete Syzygites megalocarpus [10].
Both terms were then adapted to describe cross-fertility (or opposite-sex mating) and self-
fertility in fungi, respectively. Indeed, the first report of sex in fungi was in the Mucoralean
species S. megalocarpus in 1820, and early in the 1900s this fungus represented the first
homothallic fungal species in the establishment of the terms homothallic and heterothallic
[10, 11]. In heterothallic Mucoralean fungi, two mating types are required to complete
sexual reproduction. The mating types, plus (+) and minus (-), were assigned arbitrarily in R.
nigricans and the designation of mating type in other Mucoralean fungi was based on
pairing with the tester (+)/(-) strains of R. nigricans (reviewed in [9]). The two mating types
are likely indistinguishable in morphology (isogametic) [7, 10].

Burgeff characterized the first fungal mating pheromone as trisporic acid from Mucor
mucedo [12]. Unlike peptide pheromones found in ascomycetes and basidiomycetes,
trisporic acid is a volatile organic C18 compound produced from p-carotene [8, 13].
Interestingly, it is thought that trisporic acid can trigger mating in all Mucoralean fungi and
Mortierella [9, 14, 15]. Multiple enzymatic steps are required to produce trisporic acids and
both mating types must be present in proximity to complete this synthetic process. In both
mating types, p-carotene is cleaved into retinol to 3-C18-ketone, which is then converted
into 4-dihydrotrisporin. From this point, each mating type has a separate pathway to produce
trisporic acid [8, 16, 17].

In the (+) mating type, an enzyme converts 4-dihydrotrisporin into 4-dihydromethyl
trisporate, which then has to be transferred to the (-) mating type [8]. The 4-dihydromethyl
trisporate is then converted into methyltrisporate by 4-dihydromethyltrisporate
dehydrogenase (TDH). TDH activity increases only in the sexually stimulated (-) mating
type but not in the vegetative (-) mating type, or in the (+) mating type regardless of sexual
activation [18]. The (-) mating type cells ultimately produce trisporic acid from
methyltrisporate. On the other hand, 4-dihydrotrisporin in the (-) mating type is converted
into trisporin and trisporol, both of which have to be transferred to the mating partner. In the
(+) mating type cells, the trisporol is then converted into the final product, trisporic acid.
The key difference between the (+) and (-) mating type partners during trisporic acid
production is the fate of 4-dihydrotrisporin: which is converted into 4-dihydromethyl
trisporate in (+) and trisporin in (-) [19]. The 4-dihydrotrisporin-dehydrogenase is a key
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enzyme, which mediates the conversion of 4-dihydrosporin into trisporin in the (-) mating
type cells. Wetzel et al found that the activity of 4-dihydrotrisporin-dehydrogenase is highly
upregulated in only the (-) mating type [20].

It is interesting that the two mating types need to cooperate to complete the synthesis of
trisporic acid, in which intermediate products must be interchanged. Analogy is also found
in the pathway of mating hormone synthesis in the plant pathogens Phytophthora species,
where the alpha2 hormone produced by the A2 mating type is transferred to the A1 mating
type and serves as a precursor to produce the alphal hormone [21]. Convergent evolution
may result in an analogous mating pheromone synthetic pathway in the two distantly related
lineages [22].

of the Mucorales

Sexual reproduction is governed by a small region of the genome, called the mating type
(MAT) or sex locus in fungi. The MAT locus of a single species comprises two (or more)
distinct alleles or idiomorphs and in general encodes key transcription factors, including
homeodomain or high-mobility group (HMG) proteins. The sex locus of the Mucorales was
first identified in Phycomyces blakesleeanus [23]. Unlike MAT loci in the dikarya, which
typically include two or more genes, and in some cases multiple genes in a genomic region
spanning >100 kb, the P. blakesleeanus sex locus comprises a single HMG gene. Each
mating type encodes an allelic HMG gene, sexP for the (+) and sexM for the (-) mating
types, respectively. Both sex genes are flanked by a putative triose phosphate transporter
gene (tptA) and RNA helicase gene (rnhA), forming a unique syntenic TPT/HMG/RNA
helicase gene cluster (Fig. 2). The study by Idnurm et al. found that the sexP and sexM loci
segregate 1:1 following mating, and progeny encoding sexP only mate with isolates with
sexM [23]. In addition, sexMA mutants of Mucor circinelloides are sterile in any
combination of mating with (+) and (-) mating type strains [24]. These results further
support that the single HMG gene sex locus controls sexual development in Mucorales.

A series of studies identified the sex loci in other Mucorales fungi, including M.
circinelloides, M. mucedo, R. oryzae, and S. megalocarpus [24-28]. In all cases, the sex loci
encode allelic HMG genes: sexP for (+) mating type and sexM for (-) mating type.
Interestingly, the two sex genes are differentially regulated: the promoter of the sexP genes
in four known Mucorales fungi includes a CCAAT box that is not found in the promoter of
the sexM genes [28]. Indeed, sexM is expressed exclusively during mating, whereas sexP is
expressed during both vegetative growth and mating. These expression patterns of the two
sex gene are concordant across P. blakesleeanus, M. mucedo, and M. circinelloides [23, 28].
Interestingly the SexM protein contains a nuclear localization signal sequence and is
localized to nuclei [28]; the localization of SexP has not yet been established. In M. mucedo
and M. circinelloides, when the mating pheromone trisporic acid is supplemented during
vegetative growth, sexM is expressed at a higher level, which coincides with its expression
pattern during mating [28](Lee and Heitman unpublished data). This observation provides a
connection between the sex locus and trisporic acid. However, the sex locus and the genes
involved in trisporic acid synthesis are unlinked [28] and a direct connection between the
sex locus and trisporic acid production is yet to be addressed.
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HMG gene(s) may be a sex determinant and function during mating in another basal fungal
lineage, the Arbuscular Mycorrhizal Fungi (AMF). Rhizophagus irregularis is a plant-
associated AMF and its genome encodes at least 76 HMG domain proteins, which were
identified based on transcript expression analysis [29]. Subsequent analysis revealed that the
genome of R. irregularis encodes 146 HMG gene copies [30]. The AMF have long been
known as an asexual fungal lineage; however, the presence of multiple HMG genes in the
AMF genome may suggest that bona fide sexual development occurs in this fungal lineage
and that the HMGs serve as a sex determinant and play roles in mating. The ascomycete
Podospora anserina encodes 12 HMG protein genes, 11 of which are sex determinants or
are involved in sexual reproduction [31], suggesting that the HMG genes can be functionally
specialized or have been adapted during mating in the fungal lineage, which further supports
that the presence of HMG genes can imply the presence of sexual development in the AMF
lineage.

Although the RNA helicase gene rnhA flanking the sex genes is highly conserved between
the two mating types, there is some evidence that the sex locus can expand to include the
rnhA gene (see below). This may indicate that the RnhA helicase functions during mating in
the Mucorales, especially in meiotic silencing, which can involve a suppression of
expression of unpaired DNAs during mating. In Neurospora crassa SAD-3 is a putative
RNA helicase that is a homolog of RnhA. SAD-3 plays a role in meiotic silencing [32].
Schizosaccharomyces pombe Hrrl is also an RNA helicase homolog and required for RNAI-
induced heterochromatin formation [33]. Both SAD-1 and Hrrl are known to interact with
an RNA-directed RNA polymerase and Argonaute [32, 33]. It will be exciting in future
studies to explore novel functions of RnhA in transcriptional regulation and/or mating in the
Mucorales.

Evolution of the sex locus — what can we learn from the Mucorales

The architecture surrounding the sex locus is characterized as a synteny of genes for
TPT/HMG/RNA helicase and the genomes of currently known Mucoralean fungi harbor this
synteny. However, the details of the organization of this synteny varies across species (Fig.
2A): 1) for example, in P. blakesleeanus, the sexP and sexM genes are divergently
transcribed, whereas they are convergently transcribed in M. circinelloides, M. mucedo, R.
oryzae, and S. megalocarpus; 2) the arbA gene is incorporated between the sexP and tptA
genes in R. oryzae or between sexM and tptA in S. megalocarpus; 3) a repetitive element is
found in the sex locus of the (+) mating type of P. blakesleeanus; and 4) partially divergent
rnhA genes are flanked by the sexM and sexP genes in S. megalocarpus. In addition, a
comparison of the sex locus within the M. circinelloides subspecies complex revealed that
the border of the sex locus spans the promoter of the tptA gene in M. circinelloides f.
griseocyanus; on the other hand, the tptA promoter is not part of the sex locus in M.
circinelloides f. lusitanicus or M. circinelloides f. circinelloides (Fig. 2B). Interestingly, the
rnhA gene that flanks the sex locus in S. megalocarpus is adjacent to a glutathione
oxidoreductase gene (glrA) that is divergent in the two mating type alleles, in which the (-)
sex locus associated glrA is a pseudogene lacking the first 676 bp in the first exon, whereas
the (+) sex locus associated glrA gene is intact [27]. Thus, the evolutionary trajectory of the
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sex locus has been punctuated by gene gain/loss, erosion or expansion of its borders, gene
inversions, and invasions by repetitive elements.

The divergent sex loci found in the Mucoralean fungi support Ohno's hypotheses on early
stages and stepwise sex chromosome evolution (Fig. 3) [34]. First, a sex determinant gene
arises on an autosomal chromosome. Second, one allele undergoes a gene inversion that
suppresses recombination, resulting in a pair of inverted genes that then diverge. The
divergently transcribed sexP and sexM genes in P. blakesleeanus provide evidence for this
step. The divergent but convergently transcribed sexP and sexM genes in the other
Mucorales species may represent another round of gene inversion, or an ancestral step prior
to gene inversion [reviewed in [35]]. Third, integration(s) of a repetitive element on the
primitive sex chromosome occurs, and the repetitive element is then transposed into one sex
allele and additional inversions between the two or more repetitive elements result in
expansion of the sex locus throughout a substantial area of the chromosome. These later two
steps are largely supported by the findings on the structure of the sex locus of P.
blakesleeanus, which harbors a repetitive element in the plus sex locus and two additional
elements elsewher the same chromosome on which the sex locus resides. The expansion of
the sex locus is also implicated by observations in the other Mucorales species, which
include an expansion of the sex locus to include the tptA and rnhA gene promoters in M.
circinelloides, a transposition of the arbA gene into the sex locus in R. oryzae and S.
megalocarpus (or loss from other species/loci) and diversification of neighboring rnhA
genes and a gene encoding glutathione oxidoreductase in S. megalocarpus [27].

The sex locus of the Mucorales provides novel insights to understand sex chromosome
evolution, in addition to the MAT loci of the dikarya, which provide insights on partner
recognition and mating regulation. Furthermore, both humans and Mucoralean fungi utilize
HMG proteins as key transcription factors for sex determination, and thus HMG protein may
be ancestral sex determinants.

Mating type and virulence

Mating between two different mating types produces progeny with a 1:1 segregation of both
mating types. However, a significant mating type skew is found in pathogenic Mucor
species. M. amphibiorum is a causal agent of ulcerative mycosis on platypuses in northern
Tasmania in Australia. The isolates from this area mainly represent (+) mating types and, in
a toad mucormycosis model, the (+) mating types were more virulent than the (-) mating
types [36]. The study found that the (+) mating types of M. amphibiorum caused more
severe diseases in toads by producing spherules more rapidly than the (-) mating types. A
similar mating type bias was observed in a plant pathogenic Mucorales. M. piriformis causes
mucor rot in pear fruit and a study revealed that (+) mating type predominates over (-)
mating type in infected plants in Oregon pear orchards [37]. Interestingly, the (+) mating
types produced larger lesions than the (-) mating types although both mating types can cause
infections under laboratory conditions. In M. circinelloides, (-) mating type isolates tend to
produce more virulent, larger spores than (+) mating type isolates, which produce less
virulent, smaller spores; however, a subsequent finding suggested that the sexM gene in (-)
mating type is not solely responsible for the spore size difference in that sexMA mutants still
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produce larger spores [24]. Spore size could be controlled by SexP, by other genetic loci, or
by other genetic loci acting in concert with SexM as a quantitative trait. Analogy is found in
the human pathogenic basidiomycete Cryptococcus neoformans, in which the a mating type
predominates in clinical and environmental samples (reviewed in [35]).

In C. neoformans, unisexual reproduction explains this mating type bias [38, 39]; however,
unisexual reproduction has not been described in the pathogenic Mucorales and currently
there is no apparent explanation for the mating type bias in pathogenic Mucor species.
Further studies are required to test if mating type is associated with virulence in the
Mucorales and the modes of sex determination and sexual reproduction for other species
linked animal and plant infections.
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Figure 1.
Scanning electron microscopic image of a zygospore of Mucor circinelloides. A zygospore

was formed when the strains NRRL3631(+) and CBS277.49(-) were co-cultured on YPD
media for 2 weeks at room temperature in the dark. Scale= 10 um.
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Figure 2.

sex loci of Mucorales fungi. The sex loci from four different Mucorales fungi are depicted.
The (+) sex loci encode sexP gene; (-) sex loci encode the sexM gene, both of which are
flanked by conserved tptA and rnhA genes. Noteworthy features are 1) the direction of
transcription of the sexP and sexM genes differs in each species; 2) the presence of a
repetitive element in the P. blakesleeanus (+) sex locus; 3) the presence of an additional
ORF (arbA, encoding an ankyrin-RCC1-BTB-POZ domain protein) in the R. oryzae (+) and
S. megalocarpus (-) sex loci; and 4) a partial gene inversion in the rnhA gene of S.
megalocarpus. The tptA gene in S. megalocarpus has yet to be sequenced (indicated by
dotted outline). Grey boxes indicate the sex locus and gene sizes are not to scale. (B) The sex
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locus of M. circinelloides f. griseocyanus (Mcg) includes the promoters of the tptA and rnhA
genes but the sex loci of M. circinelloides f. circinelloides (Mcc) and M. circinelloides f.
lusitanicus (Mcl) include the promoter of the tptA gene but not of the rnhA gene. Grey boxes
indicate the sex locus.
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Figure 3.
Early steps in sex chromosome evolution. The Mucorales sex locus supports the hypothesis

posited by Ohno [34]: a key transcription factor for sex arises on an autosome and one allele
undergoes gene inversion followed by gene divergence resulting in divergent alleles (P.
blakesleeanus sex locus) (upper). A repetitive element is integrated at the sex locus and
elsewhere on the same chromosome (P. blakesleeanus sex locus). The multiple copies of the
repetitive element sequence provide templates for recombination and inversion and thereby
facilitate the expansion of the sex locus to form a proto-sex chromosome (sex loci of P.
blakesleeanus, R. oryzae, and S. megalocarpus). However, allelic sex genes in the same
orientation could be an ancestral form, and therefore gene inversion might follow gene
divergence (M. circinelloides sex locus) (lower).
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