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ABSTRACT White-nose syndrome (WNS) of bats has devastated bat populations in eastern North America
since its discovery in 2006. WNS, caused by the fungus Pseudogymnoascus destructans, has spread quickly
in North America and has become one of the most severe wildlife epidemics of our time. While P. destruc-
tans is spreading rapidly in North America, nothing is known about the sexual capacity of this fungus. To
gain insight into the genes involved in sexual reproduction, we characterized the mating-type locus (MAT)
of two Pseudogymnoascus spp. that are closely related to P. destructans and homothallic (self-fertile). As
with other homothallic Ascomycota, theMAT locus of these two species encodes a conserved a-box protein
(MAT1-1-1) as well as two high-mobility group (HMG) box proteins (MAT1-1-3 andMAT1-2-1). Comparisons
with the MAT locus of the North American isolate of P. destructans (the ex-type isolate) revealed that this
isolate of P. destructans was missing a clear homolog of the conserved HMG box protein (MAT1-2-1). These
data prompted the discovery and molecular characterization of a heterothallic mating system in isolates of
P. destructans from the Czech Republic. Both mating types of P. destructans were found to coexist within
hibernacula, suggesting the presence of mating populations in Europe. Although populations of P. destruc-
tans in North America are thought to be clonal and of one mating type, the potential for sexual recombi-
nation indicates that continued vigilance is needed regarding introductions of additional isolates of this
pathogen.
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Since its discovery in 2006 in New York, white-nose syndrome (WNS)
of hibernating bats has spread to more than 25 states and 5 Canadian
provinces, killing more than 5.5 million bats (Froschauer and Coleman

2012; www.whitenosesyndrome.org). The causative agent of WNS
is a psychrophilic fungus named Pseudogymnoascus destructans
(¼Geomyces destructans) (Gargas et al. 2009; Lorch et al. 2011; Warnecke
et al. 2012; Minnis and Lindner 2013) that has been hypothesized
to be an introduced pathogen, possibly from Europe, where the
pathogen has been consistently detected (Martínková et al. 2010;
Puechmaille et al. 2010, 2011; Wibbelt et al. 2010) and can cause
WNS (Pikula et al. 2012), although no mass mortality has been ob-
served in Europe. The fungus is spreading rapidly in North America
(Lorch et al. 2013); isolates collected thus far appear to have been
derived from a single clonal introduction in the northeastern United
States (Rajkumar et al. 2011; Ren et al. 2012). This has recently been
supported by whole genome sequencing of 26 North American iso-
lates of P. destructans (Chibucos et al. 2013; K. Drees and J. Foster,
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unpublished data). Taken together, these data suggest that P. destructans
is spreading in North America exclusively through asexual reproduction,
given that conidia are commonly observed in clinical specimens and
in culture (Meteyer et al. 2009; Chaturvedi et al. 2010). Although it is
known that P. destructans reproduces asexually, its capacity for sexual
reproduction is unknown.

Because fungi and humans are related members of the opistho-
konts, sexual reproduction in fungi has been a topic of intense re-
search interest (Heitman et al. 2013; Dyer and O’Gorman 2012; Ni
et al. 2011; Nielsen and Heitman 2007). Although sex involving two
mating partners, male and female, is obligatory in some eukaryotes
(e.g., humans), mating in fungi can involve multiple mating types, but
there are no male and female genders and, thus, no sex chromosomes
(e.g., human X & Y). Fungal mating types are determined by a single
genetic locus termed the mating-type locus (MAT locus), which
consists of highly divergent nonhomologous genes that are termed
idiomorphs (Heitman et al. 2013). Generally, the MAT idiomorphs
encode for two key transcriptional regulators: where the MAT1-1
mating type is controlled by the MAT1-1-1 a-box transcription factor
and where the MAT1-2 mating type is controlled by the MAT1-2-1
high-mobility group (HMG) transcription factor (Ni et al. 2011).
Whereas some fungal species have a heterothallic (outcrossing) mat-
ing system [e.g., Neurospora crassa (Metzenberg and Glass 1990) and
Aspergillus fumigatus (O’Gorman et al. 2009)] involving each individ-
ual having either the MAT1-1-1 or the MAT1-2-1 idiomorph, others
can reproduce homothallically; the individual carries both idiomor-
phs, and thus a single strain is capable of mating with itself, i.e.,
it is self-fertile [e.g., Aspergillus nidulans (Paoletti et al. 2007), Scle-
rotinia sclerotiorum (Amselem et al. 2011), Sordaria macrospora (Klix
et al. 2010)]. The specific gene organization of the MAT locus can be
variable among fungal species, although the canonical MAT1-1-1 and
MAT1-2-1 are always present (Figure 1). In several species, additional
proteins are encoded in the MAT locus, for example, Neurospora
crassa (Ferreira et al. 1996) and Sordaria macrospora (Klix et al.
2010) contain an additional HMG-box gene (MAT1-1-3) (Figure 1).

Although the infectious particles of many fungal pathogens are
asexual spores, sexual spores can be infectious, as in the human path-
ogenic fungus Cryptococcus neoformans (Giles et al. 2009; Velagapudi
et al. 2009). This is also true of many fungal pathogens of plants,
such as Venturia inaequalis (apple scab) (Machardy et al. 2001) and
S. sclerotiorum (white mold) (Amselem et al. 2011). In many path-
ogenic fungi, sexual spores also function as important overwintering
or survival structures, allowing the fungus to persist for long periods
of time in the absence of a host. Moreover, sexual reproduction in
pathogenic fungi is of interest because it is the basis for genetic variability
that has the potential to create additional virulent genotypes. Mating
populations of P. destructans in North America could potentially
exacerbate WNS, so information regarding the sexual capabilities of
this fungus is needed to help inform management and to develop ef-
fective mitigation strategies, especially in relation to long-distance (inter-
continental) movement of P. destructans.

Based on a recent phylogenetic study of the genus Pseudogymnoas-
cus (Minnis and Lindner 2013), we selected two unnamed homothallic
(self-fertile) species that produce sexual structures (gymnothecia) in
culture and are relatively closely related to P. destructans as exemplars
for understanding the mating-type locus in Pseudogymnoascus. We
cloned and sequenced the mating-type (MAT) locus from these two
homothallic species and discovered that these species share a nearly
identical gene structure at the MAT locus (see Results section). Com-
parison of the homothallic Pseudogymnoascus MAT locus to the
P. destructans genome reference strain suggested that the bat pathogen

was likely heterothallic. We screened isolates of P. destructans from
central Europe and discovered the opposite mating type (MAT1-2).
Differential expression of P. destructans genes involved in mating was
also examined in cultures of each mating type individually as well as in
mixed culture.

MATERIALS AND METHODS
Fungal strains used in this study are listed in Table 1. New strains of
P. destructans were isolated from muzzles and wings of bats with sus-
pected WNS (Myotis myotis and Plecotus auritus) using sterile cotton
or plastic swabs and cultured on yeast extract glucose chloramphen-
icol agar or Sabouraud dextrose agar at 10�. For routine laboratory
experiments, isolates were maintained on a combination of glucose-
minimal medium (GMM) (Shimizu and Keller 2001) and Champe’s
medium (Champe and El-Zayat 1989). All isolates have been pre-
served in the culture collection of the Center for Forest Mycology
Research (CFMR). The Culture Collection of Fungi (CCF) and the
Collection of Microscopic Fungi (CMF) Czech Republic also maintain
cultures as indicated by their acronyms in Table 1. All primers are
listed in Supporting Information, Table S1. PfuUltra II polymerase
(Stratagene) was used for all PCR reactions according to the manu-
facturer’s recommendations. Standard molecular biology techniques
were used as previously described (Sambrook and Russell 2001).
BLAST searches were conducted using the draft genome sequence
of the North American isolate 20631-21 of P. destructans (Geomyces
destructans Sequencing Project, Broad Institute of Harvard and MIT;
http://www.broadinstitute.org/).

DNA extraction from fungi
Fungal cultures were grown in liquid stationary culture for 3 wk in
Champe’s medium (Champe and El-Zayat 1989), mycelium was col-
lected, lyophilized overnight, ground to a fine powder, mixed with 700
ul of LETS Buffer (100 mM lithium chloride, 20 mM EDTA, 10 mM
Tris-HCL, pH 8.0, and 0.5% SDS), and extracted with an equal vol-
ume of phenol:chloroform:isoamyl alcohol (Ambion); the aqueous
phase was collected after centrifugation for 10 min at 12,000g at 4�.
DNA was precipitated by adding 1.0 ml of 95% ethanol and centri-
fuged for 10 min (12,000g at 4�). The DNA pellet was washed with
70% ethanol and subsequently resuspended in 10 mM Tris-HCl (pH
8.0) containing 20 units of RNAseA (59).

Cloning of MAT locus in homothallic
Pseudogymnoascus species
Primers designed at conserved internal locations of P. destructans
MAT1-1-1 (a-box) were used to amplify a PCR fragment of the
MAT1-1-1 gene from the homothallic Pseudogymnoascus species
(WSF 3629 and 23342-1-I1); �900-bp fragment was obtained for
isolate WSF 3629 and �400-bp fragment was obtained for 23342-1-
I1. The PCR fragments were subsequently cloned using pCR-Blunt
II-TOPO (Life Technologies) and sequenced. Sequencing of the region
flanking theMAT1-1-1 gene was achieved by using a modified version
of thermal asymmetrical interlaced PCR (TAIL-PCR) called fusion
primer and nested integrated PCR (FPNI-PCR) (Wang et al. 2011).
Briefly, degenerate fusion primers (FP1–FP9) were pooled in batches
of three and used in combination with gene-specific primers (GSP)
followed by two consecutive nested PCR reactions. The largest PCR
product from the final nested reaction was gel-purified, cloned into
pCR-Blunt II-TOPO, and subsequently sequenced. Five successive
rounds of FPNI-PCR were conducted for isolate 23342-1-I1 and four
rounds were conducted for WSF 3629, which was sufficient to identify
the conserved flanking gene sla2. The remaining portion of the MAT
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locus for each isolate was PCR-amplified by using a primer anchored
in the conserved flanking gene apn2 and a GSP primer from the
FPNI-PCR walking, cloned into pCR-Blunt II-TOPO, and sequenced.
Gene prediction was performed using a combination of FGENESH
(Solovyev et al. 2006) and AUGUSTUS 2.7 (Stanke et al. 2004) using
the pre-trained hidden-Markov models for Botrytis cinerea.

Identification of P. destructans MAT1-2 locus
Twenty-three isolates of P. destructans from central Europe were
screened via Southern blot using a 900-bp PCR fragment of MAT1-1-1
as a radio-labeled 32P probe according to standard procedures
(Sambrook and Russell 2001). Isolates missing this fragment were
suspected of having the other mating type. The MAT1-2 locus of
P. destructans was cloned and sequenced from isolates CCF3942 and
CCF4124 by PCR amplifying the entire region between apn2 and
sla2. The previous Southern blot was stripped and re-probed with
a 1.1-kb radio-labeled 32P probe corresponding to the MAT1-2-1
sequence.

RNA extraction and semi-quantitative RT-PCR
Conidia were harvested in sterile water supplemented with 0.01%
Tween-80 from 8-week-old cultures of P. destructans grown on GMM
medium at 15�. Conidia from a MAT1-1 isolate and a MAT1-2 isolate
were enumerated with a hemocytometer and used to inoculate 50-ml
liquid cultures of Champe’s medium at a concentration of 1 · 105

conidia per ml. Cultures were incubated in a shaker at 15� and 200
rpm for 14 d. Mycelium was collected from each strain by sterile
filtration over Miracloth (CalBiochem) and subsequently transferred
to the surface of solid GMM medium agar plates: one plate for each
mating type as well as one that was a 1:1 mixture of mycelium from
MAT1-1 andMAT1-2 strains. The plates were wrapped in Parafilm-M
(Bemis) and aluminum foil and incubated at 15� for an additional

14 d. Mycelium was then scrapped off the surface of the plates using
a sterile glass slide, immediately frozen in liquid nitrogen, and lyoph-
ilized overnight. Total RNA was extracted from the lyophilized tissue
using Isol-RNA Lysis Reagent (5 Prime) following manufacturer’s
recommendations, treated with DNase I (NEB) according to the man-
ufacturer’s protocol, and subsequently used to make cDNA using the
iScript cDNA Synthesis Kit (Biorad). Genes involved in sexual repro-
duction in other filamentous fungi were identified through BLASTp
searching of the P. destructans reference genome and primers were
designed for the mating-type genes (MAT1-1-1–GMDG_01209.1,
MAT1-1-3–GMDG_01208.1, and MAT1-2-1–KJ938434), the phero-
mone pathway (ppg1–GMDG_06142.1, pre1–GMDG_00660.1, and
pre2–GMDG_08410.1), the G-protein signaling pathway (fad1–
GMDG_04604.1, sfa4–GMDG_08182.1, gpg1–GMDG_01954.1,mpk2–
GMDG_04404.1, and ste1–GMDG_05416.1), and the velvet complex
(vel1–GMDG_00043.1, vel2–GMDG_08054.1, and lae1–GMDG_07817.1);
actin (act1–GMDG_01001.1) was used as a loading control. Between
32 and 42 amplification cycles were used to detect transcription of
genes putatively involved in sexual reproduction.

RESULTS

Identification of the mating-type locus
TheMAT locus of P. destructans was identified by a BLASTp (Altschul
et al. 1997) search of the P. destructans draft genome assembly with
the MAT a-box (MAT1-1-1) protein sequence from Aspergillus
nidulans AN2755 (Paoletti et al. 2007). This resulted in identification
of a single hit on Supercontig 14, corresponding to GMDG_01209.1.
In other filamentous fungi, conserved primary metabolism genes apn2
and sla2 flank the MAT locus (Figure 1); thus, we looked at flanking
genes on Supercontig 14 and identified GMDG_01207.1 as apn2 and
GMDG_01210.1 as sla2. Using the Conserved Domain Database

Figure 1 The MAT locus of filamentous fungi con-
sists of the conserved regulators MAT1-1-1 and
MAT1-2-1. Sex in members of the filamentous Asco-
mycota can be either homothallic (self-fertile) or
heterothallic (require the opposite mating type).
The mechanism of sexual reproduction requires
the actions of the conserved transcription factors,
MAT1-1-1 and MAT1-2-1, which are physically
linked to the flanking genes apn2 and sla2 of the
MAT locus. MAT1-1-1 contains an a-box domain,
whereas MAT1-2-1 contains a related HMG-box do-
main. Some Ascomycota also have an additional
HMG-box transcription factor (MAT1-1-3) that has
also been implicated in sexual reproduction.
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(CDD) search (Marchler-Bauer et al. 2011) with GMDG_01209.1, we
identified the MAT a-box domain (pfam04769). Interestingly,
GMDG_01208.1 is also located in the MAT locus and has a predicted
HMG-box domain (cd01389). A BLASTp search using GMDG_01208.1
of the nonredundant protein database (nr) at NCBI revealed the top hits
to be MAT1-2-1 proteins (ACA51904.1, AFY11134.2, AGH03115.1,
CBY44653.1). Therefore, we initially thought that P. destructans could
be homothallic because the MAT locus harbored both MAT1-1-1
(a-box) and MAT1-2-1 (HMG-box) genes. However, because we have
never observed fruiting bodies from P. destructans 20631-21 in culture
and theMAT locus of some fungi contains two HMG-box domain genes,
we could not rule out that P. destructans 20631-21 was a MAT1-1
genotype.

Cloning and sequencing of Pseudogymnoascus
homothallic MAT loci
Several species of Pseudogymnoascus are known to be homothallic,
and thus produce sexual fruiting bodies in culture (Rice and Currah

2006; Tsuneda 1982). Because homothallic asocmycetes typically have
both MAT idiomorphs at the MAT locus, we reasoned that compar-
ison of the MAT locus from a closely related homothallic species
would aid in characterization of the P. destructans mating system.
We selected two unnamed homothallic isolates from a recent study:
Pseudogymnoascus sp. WSF 3629 (clade G–P. roseus complex) and
Pseudogymnoascus sp. 23342-1-I1 (clade D) (Minnis and Lindner
2013). Pseudogymnoascus sp. WSF 3629 does not produce conidia
in culture; however, it produces visible gymnothecia (Figure 2A),
which are composed of loosely woven, pigmented peridial hyphae
(Figure 2B), asci (Figure 2C), and ascospores (Figure 2D). We have
observed a similar sexual state for Pseudogymnoascus sp. 23342-1-I1;
formal identification and/or description of these species are presented
elsewhere.

After confirmation of homothallism in two Pseudogymnoascus
species, PCR primers for the P. destructans MAT1-1-1 were used
to amplify, clone, and sequence a portion of the MAT1-1-1 gene
from both Pseudogymnoascus species (WSF 3629 and 23342-1-I1).

Figure 2 Homothallic species of Pseudogymnoascus produced gymnothecia and contain a MAT locus consisting of the conserved regulators
MAT1-2-1, MAT1-1-3, and MAT1-1-1. (A) Gymnothecia of Pseudogymnoascus WSF 3629 grown at 25� for 4 wk on solid oatmeal medium in the
dark. Scale bars are drawn on each of the images. (B) Gymnothecia of WSF 3629 are composed of loosely woven, pigmented peridial hyphae, and
among the peridial hyphae there are asci. (C and D) Higher magnification of asci containing ascospores and ascospores liberated from asci. (E)
Schematic of the mating-type locus (MAT) for the homothallic species Pseudogymnoascus sp. WSF 3629 and Pseudogymnoascus sp. 23342-1-I1.
The North American genome reference strain of P. destructans (20631-21) is theMAT1-1mating type, whereas theMAT locus ofMAT1-2 strains is
depicted by the Czech strain of P. destructans CCF3942.
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Subsequent rounds of fusion primer and nested integrated PCR
(FPNI-PCR) (Wang et al. 2011) were used to obtain sequence
of the flanking regions in each direction, yielding the entire se-
quence between the apn2 and sla2 genes from WSF 3629 and
23342-1-I1 (13.2 kB and 12.4 kB, respectively) (Figure 2). Using
the ab-initio gene prediction programs AUGUSTUS 2.7 (Stanke
et al. 2004) and FGENESH (www.softberry.com), we deduced that
the homothallic MAT locus from both WSF 3629 and 23342-1-I1
contain a nearly identical gene structure consisting of five pre-
dicted open reading frames (ORFs). A combination of BLAST
(Altschul et al. 1997), CDD (Marchler-Bauer et al. 2011), and
InterProScan (Quevillon et al. 2005) searches identified a clear
MAT a-box protein (MAT1-1-1) and two high-mobility group
(HMG) domain-containing proteins (MAT1-2-1 and MAT1-1-3)
(Figure 2). This analysis also identified two additional ORFs
(MAT1-1-6 and MAT1-2-5); however, BLAST search did not re-
veal any significant homology with other known proteins, sug-
gesting that these predicted ORFs are either novel MAT genes
unique to the Pseudeurotiaceae or perhaps pseudogenes. Pairwise
comparison of the MAT locus from the homothallic Pseudogym-
noascus species to the P. destructans genome sequenced reference
strain (20631-21) indicated that the genome reference strain was
missing the MAT1-2-1 HMG box domain containing gene, as well

as the hypothetical MAT1-2-5 gene, indicating that it was a
MAT1-1 (a-box) mating type.

Identification of the P. destructans MAT idiomorph
The P. destructans genome reference strain (20631-21) is a North
American isolate that has been hypothesized to be spreading clonally
(Ren et al. 2012; Rajkumar et al. 2011), which has recently been sub-
stantiated because analysis of whole genome sequencing data of 26
North American isolates of P. destructans revealed that they are all the
MAT1-1 genotype (Chibucos et al. 2013; K. Drees and J. Foster, un-
published data). Although diversity studies of P. destructans isolates
collected from Europe have not been conducted, it has been hypoth-
esized that the fungus may have originated from Europe (Warnecke
et al. 2012); therefore, we looked for alternative mating types in
P. destructans isolates from central Europe (Czech Republic and
Slovakia). We screened 23 isolates of P. destructans for the presence of
the MAT1-1-1 gene via Southern blotting and found that five of the
isolates (CMF2584, CCF3942, CCF4124, CCF4131, and CCF4351) were
missing MAT1-1-1 (Figure 3A). These isolates were confirmed to be
P. destructans by morphology as well as sequencing of the ITS, LSU, and
TEF regions (Table 1). We next cloned and sequenced the entire MAT
locus from CCF3942 as well as the genome reference strain 20631-21
as a control (Table 1). Consistent with its Southern blot, CCF3942 did

Figure 3 Central European isolates of P. destructans have two mating types (MAT1-1 orMAT1-2). (A) Southern blot of theMAT locus of the North
American isolate (20631-21) and 23 isolates from central Europe. Expected banding patterns for an EcoRI digestion of MAT1-1 strains is a single
band of 3.183 kb. Expected banding pattern for EcoRI digestion using MAT1-2 as a probe is three bands of 2.6 kb, 2.063 kb, and 0.699 kb.
European isolates of P. destructans collected from the same hibernaculum and date, different individual bats, but opposite mating types are
demarcated with a red line above the isolate name. (B) Schematic of the two MAT idiomorphs in P. destructans illustrating the gene prediction
structure and restriction enzyme cut sites. Radio-labeled probes used in the Southern blot are indicated by a black line.
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not contain the MAT1-1-1 sequence; instead, this isolate harbors
a HMG box domain containing protein (MAT1-2-1), suggesting that
this isolate is the opposite mating type (Figure 3B). Moreover, a South-
ern blot using a probe for MAT1-2-1 identified the remaining four
isolates as being identical to CCF3942 (Figure 3A). There is also an
additional faint band in the Southern blot of MAT1-1 isolates when
probed with MAT1-2-1, which could be due to homology in the
HMG-box domain of MAT1-1-3. It has recently been recognized that
the MAT transcription factors share an evolutionary history, because
even the MAT1-1-1 a-box is derived from the HMG gene family
(Martin et al. 2010).

We also cloned and sequenced the MAT locus from CCF4124,
which was a MAT1-2 isolate that was collected on a different date
and location. These data corroborate that there are two MAT idio-
morphs for the isolates examined: MAT1-1 and MAT1-2. Interest-
ingly, both mating types were isolated from samples taken at distinct
times from different individual bats from the same hibernaculum, even
though only 23 isolates of European P. destructans were screened in this
study (Figure 3A).

Analysis of genes involved in sexual reproduction
Although this is the first molecular characterization of sexual re-
production in Pseudogymnoascus, much is known about the molecular
pathways in other model fungal systems such as Saccharomyces cerevi-
siae, Neurospora crassa, Aspergillus nidulans, and others (Dyer and
O’Gorman 2012). Using data from the aforementioned model systems,
we sought to examine expression of several conserved genes involved in
sexual reproduction by semi-quantitative reverse-transcriptase PCR of
P. destructans mRNA from two mating-type isolates grown alone or in
mixed culture (Figure 4A). These data are consistent with a typical het-
erothallic mating system in other fungi, where the MAT1-1 locus con-
trols the expression of the precursor of a-pheromone (ppg1), which is
involved in production of the a-mating pheromone. The a-pheromone
is recognized by the G-protein-coupled receptors (PRE1 and/or PRE2),
which our data suggest are, in turn, under the control of the MAT1-2
locus in P. destructans (Figure 4A). In P. destructans, it appears that

co-cultivation of MAT1-1 and MAT1-2 strains results in the weak in-
duction of the MAT1-1-3 HMG domain–containing gene (Figure 4A).
Expression of genes in the signal transduction pathway (fad1, sfa4, gpg1,
mpk2, and ste1) as well as in the velvet complex (vel1, vel2, and lae1) were
not drastically altered in either of the mating types or in mixed culture
(Figure 4A). Taken together, these data indicate that P. destructans has
the necessary genetics for sexual reproduction and allow us to propose
a heterothallic sexual reproduction pathway (Figure 4B).

DISCUSSION
To gain insight into the molecular components of sexual reproduction
in the Pseudeurotiaceae, we selected two homothallic (self-fertile)
isolates from a recent study characterizing species related to P. destruc-
tans (Minnis and Lindner 2013). Cloning and sequencing of theMAT
locus in each of these species revealed it was nearly identical and
encodes for a conserved a-box domain protein (MAT1-1-1) and two
conserved HMG box domain proteins (MAT1-1-3 and MAT1-2-1).
This is consistent with theMAT locus of other well-studied homothallic
Ascomycota species such as Sordaria macrospora (Klix et al. 2010),
Fusarium graminearum (Yun et al. 2000), and Sclerotinia sclerotiorum
(Amselem et al. 2011), where the mating genes are located in one
conserved locus flanked by the primary metabolism genes sla2 and
apn2. Comparison of the homothallic MAT locus with the genome
reference strain of P. destructans (20631-21) revealed that it was missing
the MAT1-2-1 HMG box protein, suggesting it was heterothallic. In-
terestingly, there are two more predicted ORFs in the homothallic
MAT locus,MAT1-1-6 andMAT1-2-5, which appear to have no known
functional domains or homology to other known proteins and thus
may represent novel MAT genes in the Pseudeurotiaceae.

Pertinent to WNS management, we found isolates of both mating
types of P. destructans coexisting in European hibernacula, indicating
that in central Europe there is the potential for mating populations.
Although these data suggest that, in our limited sampling, theMAT1-1
mating type is found more frequently onMyotis myotis (18 out of 23),
more sampling of European fungal isolates is necessary to under-
stand the prevalence of mating types in P. destructans. Preliminary

Figure 4 Putative genes involved in sexual re-
production are expressed in laboratory culture.
(A) Semi-quantitative reverse-transcriptase PCR
was used to measure gene expression of genes
predicted to be involved in sexual reproduction.
All PCR reactions were conducted with 32
amplification cycles except for those marked
with an asterisk (�), where 42 amplification cycles
were used. Mating type MAT1-1 is required for
expression of the precursor to alpha-pheromone
(ppg1), whereas MAT1-2 is required for expres-
sion of the G-protein-coupled receptors pre1
and pre2. Expression of MAT1-1-3 is only found
when both mating types were co-cultured. (B)
Proposed diagram of genes involved in sexual
reproduction in P. destructans based on homol-
ogy and expression in laboratory culture.
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experiments inducing sexual reproduction in the laboratory have not
yielded results to date; this is not surprising because P. destructans is
slow-growing and sexual reproduction may not occur for long time
periods, as exemplified by other members of the genus (Rice and
Currah 2006). Moreover, finding the appropriate cultural conditions
for fungi with cryptic sexual cycles is time-consuming. For example,
although the heterothallic MAT locus of Aspergillus fumigatus was
characterized in 2005 (Paoletti et al. 2005), it took another 4 yr to
find cultural conditions conducive to sexual reproduction (O’Gorman
et al. 2009). Molecular characterization of the MAT locus of isolates
will hasten the progress in finding the sexual cycle of P. destructans.

In the absence of sexual structures of P. destructans, we sought to
further investigate genetic pathways involved in sex that have been
well-studied in other fungi (Dyer and O’Gorman 2012). Consistent
with other Ascomycota, our expression data suggest thatMAT1-1 and
MAT1-2 are likely responsible for determination of mating type, be-
cause the precursor to a-pheromone (ppg1) was only expressed in the
MAT1-1 background. Moreover, both of the G-coupled-protein recep-
tors (PRE1 and PRE2) hypothesized to recognize the a-pheromone
are only expressed in the MAT1-2 background. Although we did not
detect differences in expression of genes involved in sexual develop-
ment in other fungi, which included the signal transduction cascade
(fad1, sfa4, gpg1, mpk2, ste1) (Dyer and O’Gorman 2012) and the
velvet complex of proteins (lae1, vel1, vel2) (Bayram and Braus
2012; Bayram et al. 2008), this was not surprising given the central
importance of these genes for normal growth of the fungus. Interest-
ingly, MAT1-1-3, the HMG-box domain protein of the MAT1-1 idio-
morph, is only expressed at low levels when both mating types are
grown in co-culture, suggesting that it could be involved in down-
stream transcriptional activation of sexual reproduction.

Given the apparent clonality of P. destructans in North America,
this important discovery of heterothallic mating types highlights the
need for continued vigilance in preventing additional introductions of
this pathogen in North America. Further work is needed to find and
characterize the cryptic sexual cycle of P. destructans, although deter-
mination of the mating types of isolates will be crucial to successfully
characterizing sexual reproduction in this fungal pathogen under lab-
oratory conditions. Sexual recombination may allow P. destructans to
quickly adapt to its environment and hosts, despite its slow growth.
Pertinent to pathogenicity of P. destructans, mating types in other fungi
have been correlated to virulence (Cheema and Christians 2011; Nielsen
et al. 2005; Kwon-Chung et al. 1992); therefore, this will be an impor-
tant consideration in elucidating pathogenicity factors of WNS.

ACKNOWLEDGMENTS
We are grateful to Kevin Drees and Jeff Foster for sharing genome-
sequencing data prior to publication. We thank Nancy Keller (University
of Wisconsin) for support, as well as Jessie Glaeser and Mark Banik
for critical review of this manuscript prior to submission. This study
was funded by the U.S. Forest Service (Northern Research Station),
the U.S. Fish & Wildlife Service (FWS-R5-ES-12-001, Agreement
#F11AP0078), and the Czech Science Foundation (Project No.
P506/12/1064).

LITERATURE CITED
Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang et al.,

1997 Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25: 3389–3402.

Amselem, J., C. A. Cuomo, J. A. van Kan, M. Viaud, E. P. Benito et al.,
2011 Genomic analysis of the necrotrophic fungal pathogens Sclerotinia
sclerotiorum and Botrytis cinerea. PLoS Genet. 7: e1002230.

Bayram, O., and G. H. Braus, 2012 Coordination of secondary metabolism
and development in fungi: the velvet family of regulatory proteins. FEMS
Microbiol. Rev. 36: 1–24.

Bayram, O., S. Krappmann, M. Ni, J. W. Bok, K. Helmstaedt et al.,
2008 VelB/VeA/LaeA complex coordinates light signal with fungal de-
velopment and secondary metabolism. Science 320: 1504–1506.

Champe, S. P., and A. A. el-Zayat, 1989 Isolation of a sexual sporulation
hormone from Aspergillus nidulans. J. Bacteriol. 171: 3982–3988.

Chaturvedi, V., D. J. Springer, M. J. Behr, R. Ramani, X. Li et al., 2010
Morphological and molecular characterizations of psychrophilic fungus
Geomyces destructans from New York bats with white nose syndrome
(WNS). PloS One 5:e10783.

Cheema, M. S., and J. K. Christians, 2011 Virulence in an insect model differs
between mating types in Aspergillus fumigatus. Med. Mycol. 49: 202–207.

Chibucos, M. C., J. Crabtree, S. Nagaraj, S. Chaturvedi, and V. Chaturvedi,
2013 Draft genome sequences of human pathogenic fungus Geomyces
pannorum sensu lato and bat White Nose Syndrome pathogen Geomyces
(Pseudogymnoascus) destructans. Genome Announc 1: e01045–13.

Christensen, M., and W. F. Whittingham, 1965 The soil microfungi of open
bogs and conifer swamps in Wisconsin. Mycologia 57: 882–896.

Dyer, P. S., and C. M. O’Gorman, 2012 Sexual development and cryptic
sexuality in fungi: insights from Aspergillus species. FEMS Microbiol. Rev.
36: 165–192.

Ferreira, A. V., S. Saupe, and N. L. Glass, 1996 Transcriptional analysis of
the mtA idiomorph of Neurospora crassa identifies two genes in addition
to mtA-1. Mol. Gen. Genet. 250: 767–774.

Froschauer, A., and J. J. Coleman, 2012, pp. 1–2 in North American bat death toll
exceeds 5.5 million from white-nose syndrome, U.S. Fish & Wildlife Service,
http://www.whitenosesyndrome.org/sites/default/files/files/wns_mortality_
2012_nr_final_0.pdf. Office of Communications, Arlington, VA.

Gargas, A., M. T. Trest, M. Christensen, T. J. Volk, and D. S. Blehert,
2009 Geomyces destructans sp. nov. associated with bat white-nose
syndrome. Mycotaxon 108: 147–154.

Giles, S. S., T. R. Dagenais, M. R. Botts, N. P. Keller, and C. M. Hull,
2009 Elucidating the pathogenesis of spores from the human fungal
pathogen Cryptococcus neoformans. Infect. Immun. 77: 3491–3500.

Heitman, J., S. Sun, and T. Y. James, 2013 Evolution of fungal sexual re-
production. Mycologia 105: 1–27.

Klix, V., M. Nowrousian, C. Ringelberg, J. J. Loros, J. C. Dunlap et al.,
2010 Functional characterization of MAT1–1-specific mating-type genes in
the homothallic ascomycete Sordaria macrospora provides new insights into
essential and nonessential sexual regulators. Eukaryot. Cell 9: 894–905.

Kubátová, A., O. Koukol, and A. Novakova, 2011 Geomyces destructans,
phenotypic features of some Czech isolates. Czech Mycol. 63: 65–75.

Kwon-Chung, K. J., J. C. Edman, and B. L. Wickes, 1992 Genetic associa-
tion of mating types and virulence in Cryptococcus neoformans. Infect.
Immun. 60: 602–605.

Lorch, J. M., C. U. Meteyer, M. J. Behr, J. G. Boyles, P. M. Cryan et al.,
2011 Experimental infection of bats with Geomyces destructans causes
white-nose syndrome. Nature 480: 376–378.

Lorch, J. M., L. K. Muller, R. E. Russell, M. O’Connor, D. L. Lindner et al.,
2013 Distribution and environmental persistence of the causative agent
of white-nose syndrome, Geomyces destructans, in bat hibernacula of the
eastern United States. Appl. Environ. Microbiol. 79: 1293–1301.

MacHardy, W. E., D. M. Gadoury, and C. Gessler, 2001 Parasitic and bi-
ological fitness of Venturia inaequalis: relationship to disease manage-
ment strategies. Plant Dis. 85: 1036–1051.

Marchler-Bauer, A., S. Lu, J. B. Anderson, F. Chitsaz, M. K. Derbyshire et al.,
2011 CDD: a Conserved Domain Database for the functional annota-
tion of proteins. Nucleic Acids Res. 39: D225–D229.

Martin, T., S.-W. Lu, H. van Tilbeurgh, D. R. Ripoll, C. Dixelius et al.,
2010 Tracing the origin of the fungal a1 domain places its ancestor in
the HMG-box superfamily: implication for fungal mating-type evolution.
PLoS ONE 5: e15199.

Martínková, N., P. Ba�ckor, T. Bartoni�cka, P. Bla�zková, J. Cervený et al.,
2010 Increasing incidence of Geomyces destructans fungus in bats from
the Czech Republic and Slovakia. PLoS ONE 5: e13853.

1762 | J. M. Palmer et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/g3journal/article/4/9/1755/6025962 by guest on 09 April 2024

http://www.whitenosesyndrome.org/sites/default/files/files/wns_mortality_2012_nr_final_0.pdf
http://www.whitenosesyndrome.org/sites/default/files/files/wns_mortality_2012_nr_final_0.pdf


Meteyer, C. U., E. L. Buckles, D. S. Blehert, A. C. Hicks, D. E. Green et al.,
2009 Histopathologic criteria to confirm white-nose syndrome in bats.
J. Vet. Diagn. Invest. 21: 411–414.

Metzenberg, R. L., and N. L. Glass, 1990 Mating type and mating strategies
in Neurospora. BioEssays 12: 53–59.

Minnis, A. M., and D. L. Lindner, 2013 Phylogenetic evaluation of Geo-
myces and allies reveals no close relatives of Pseudogymnoascus destruc-
tans, comb. nov., in bat hibernacula of eastern North America. Fungal
Biol. 117: 638–649.

Muller, L. K., J. M. Lorch, D. L. Lindner, M. O’Connor, A. Gargas et al.,
2012 Bat white-nose syndrome: A real-time TaqMan polymerase chain
reaction test targeting the intergenic spacer region of Geomyces destruc-
tans. Mycologia 105: 253–259.

Ni, M., M. Feretzaki, S. Sun, X. Wang, and J. Heitman, 2011 Sex in fungi.
Annu. Rev. Genet. 45: 405–430.

Nielsen, K., and J. Heitman, 2007 Sex and virulence of human pathogenic
fungi. Adv. Genet. 57: 143–173.

Nielsen, K., R. E. Marra, F. Hagen, T. Boekhout, T. G. Mitchell et al.,
2005 Interaction between genetic background and the mating-type locus
in Cryptococcus neoformans virulence potential. Genetics 171: 975–983.

O’Gorman, C. M., H. T. Fuller, and P. S. Dyer, 2009 Discovery of a sexual
cycle in the opportunistic fungal pathogen Aspergillus fumigatus. Nature
457: 471–474.

Paoletti, M., C. Rydholm, E. U. Schwier, M. J. Anderson, G. Szakacs et al.,
2005 Evidence for sexuality in the opportunistic fungal pathogen As-
pergillus fumigatus. Curr. Biol. 15: 1242–1248.

Paoletti, M., F. A. Seymour, M. J. C. Alcocer, N. Kaur, A. M. Calvo et al.,
2007 Mating type and the genetic basis of self-fertility in the model
fungus Aspergillus nidulans. Curr. Biol. 17: 1384–1389.

Pikula, J., H. Bandouchova, L. Novotny, C. U. Meteyer, J. Zukal et al.,
2012 Histopathology confirms white-nose syndrome in bats in Europe.
J. Wildl. Dis. 48: 207–211.

Puechmaille, S. J., W. F. Frick, T. H. Kunz, P. A. Racey, C. C. Voigt et al.,
2011 White-nose syndrome: is this emerging disease a threat to Euro-
pean bats? Trends Ecol. Evol. 26: 570–576.

Puechmaille, S. J., P. Verdeyroux, H. Fuller, M. A. Gouilh, M. Bekaert et al.,
2010 White-nose syndrome fungus (Geomyces destructans) in bat,
France. Emerg. Infect. Dis. 16: 290–293.

Quevillon, E., V. Silventoinen, S. Pillai, N. Harte, N. Mulder et al.,
2005 InterProScan: protein domains identifier. Nucleic Acids Res. 33:
W116–120.

Rajkumar, S. S., X. Li, R. J. Rudd, J. C. Okoniewski, J. Xu et al., 2011 Clonal
genotype of Geomyces destructans among bats with White Nose Syn-
drome, New York, USA. Emerg. Infect. Dis. 17: 1273–1276.

Ren, P., K. H. Haman, L. A. Last, S. S. Rajkumar, M. K. Keel et al.,
2012 Clonal spread of Geomyces destructans among bats, midwestern
and southern United States. Emerg. Infect. Dis. 18: 883–885.

Rice, A. V., and R. S. Currah, 2006 Two new species of Pseudogymnoascus
with Geomyces anamorphs and their phylogenetic relationship with
Gymnostellatospora. Mycologia 98: 307–318.

Sambrook, J., and D. W. Russell, 2001 Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Shimizu, K., and N. P. Keller, 2001 Genetic involvement of a cAMP-
dependent protein kinase in a G protein signaling pathway regulating
morphological and chemical transitions in Aspergillus nidulans. Genetics
157: 591–600.

Solovyev, V., P. Kosarev, I. Seledsov, and D. Vorobyev, 2006 Automatic
annotation of eukaryotic genes, pseudogenes and promoters. Genome
Biol. 7: S10–S12.

Stanke, M., R. Steinkamp, S. Waack, and B. Morgenstern, 2004 AUGUSTUS:
a web server for gene finding in eukaryotes. Nucleic Acids Res. 32: W309–312.

Tsuneda, A., 1982 Scanning electron microscopy of Pseudogymnoascus
roseus. Mycologia 74: 844–847.

Velagapudi, R., Y.-P. Hsueh, S. Geunes-Boyer, J. R. Wright, and J. Heitman,
2009 Spores as infectious propagules of Cryptococcus neoformans. In-
fect. Immun. 77: 4345–4355.

Wang, Z., S. Ye, J. Li, B. Zheng, M. Bao et al., 2011 Fusion primer and
nested integrated PCR (FPNI-PCR): a new high-efficiency strategy for
rapid chromosome walking or flanking sequence cloning. BMC Bio-
technol. 11: 109.

Warnecke, L., J. M. Turner, T. K. Bollinger, J. M. Lorch, V. Misra et al.,
2012 Inoculation of bats with European Geomyces destructans supports
the novel pathogen hypothesis for the origin of white-nose syndrome.
Proc. Natl. Acad. Sci. USA 109: 6999–7003.

Wibbelt, G., A. Kurth, D. Hellmann, M. Weishaar, A. Barlow et al.,
2010 White-nose syndrome fungus (Geomyces destructans) in bats,
Europe. Emerg. Infect. Dis. 16: 1237–1243.

Yun, S. H., T. Arie, I. Kaneko, O. C. Yoder, and B. G. Turgeon, 2000 Molecular
organization of mating type loci in heterothallic, homothallic, and asexual
Gibberella/Fusarium species. Fungal Genet. Biol. 31: 7–20.

Communicating editor: D. Charlesworth

Volume 4 September 2014 | MAT Locus of P. destructans | 1763

D
ow

nloaded from
 https://academ

ic.oup.com
/g3journal/article/4/9/1755/6025962 by guest on 09 April 2024


