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Molecular and Morphological Data Support the Existence of a Sexual
Cycle in Species of the Genus Paracoccidioides
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Maria Sueli Felipe®©
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The genus Paracoccidioides includes the thermodimorphic species Paracoccidioides brasiliensis and P. lutzii, both of which are
etiologic agents of paracoccidioidomycosis, a systemic mycosis that affects humans in Latin America. Despite the common oc-
currence of a sexual stage among closely related fungi, this has not been observed with Paracoccidioides species, which have thus
been considered asexual. Molecular evolutionary studies revealed recombination events within isolated populations of the genus
Paracoccidioides, suggesting the possible existence of a sexual cycle. Comparative genomic analysis of all dimorphic fungi and
Saccharomyces cerevisiae demonstrated the presence of conserved genes involved in sexual reproduction, including those encod-
ing mating regulators such as MAT, pheromone receptors, pheromone-processing enzymes, and mating signaling regulators.
The expression of sex-related genes in the yeast and mycelial phases of both Paracoccidioides species was also detected by real-
time PCR, with nearly all of these genes being expressed preferentially in the filamentous form of the pathogens. In addition, the
expression of sex-related genes was responsive to the putative presence of pheromone in the supernatants obtained from previ-
ous cocultures of strains of two different mating types. In vitro crossing of isolates of different mating types, discriminated by
phylogenetic analysis of the a-box (MAT1I-1) and the high-mobility-group (HMG) domain (MATI-2), led to the identification of
the formation of young ascocarps with constricted coiled hyphae related to the initial stage of mating. These genomic and mor-

phological analyses strongly support the existence of a sexual cycle in species of the genus Paracoccidioides.

Fungi can reproduce asexually or sexually. This characteristic,
called pleomorphism (1), is commonly observed in members
of the host-associated dimorphic fungal pathogens of the family
Ajellomycetaceae (2). These species can reproduce asexually by
hyphal fragmentation or conidium production in specialized hy-
phae or by budding in the yeast form. Also, a sexual cycle may
occur. Mating via pheromone exchange in a heterothallic bipolar
system in the presence of mycelial cells of different mating types
has been described for Ajellomyces dermatitidis (3), Ajellomyces
capsulatus (4, 5), Ajellomyces parva, and Ajellomyces crescens
(6).The initial step of mating in species of the Ajellomycetaceae
family is triggered by hyphal constriction of cells of different mat-
ing types, coiling with one another several times to produce young
ascocarps. Once hyphal aggregations become tighter, the cleis-
tothecium is formed, with evanescence of the ascus, which harbors
meiosporic spores (4). Sexual reproduction followed by meiosis
and recombination plays an important role in the evolution of
pathogenic fungi, by fitting populations and altering their viru-
lence traits (7, 8).

Mating processes in filamentous ascomycetes are controlled by
the presence of the MAT1-1 idiomorph, which encodes an alpha-
domain transcription factor, while the MATI-2 idiomorph en-
codes a high-mobility-group (HMG)-domain transcription fac-
tor that confers sexual identity to a haploid cell (9). These alleles or
idiomorphs exhibit low comparative sequence similarity and are
responsible for fungal sexuality and control of mating. Dimorphic
pathogenic fungi, including Histoplasma capsulatum, Coccidioides
immitis, Coccidioides posadasii, Paracoccidioides brasiliensis, and
Paracoccidioides lutzii, exhibit a syntenic organization which has
previously been characterized by comparative genomic analysis
(10, 11). Besides the MAT locus, molecules such as pheromones,
pheromone receptors, and pheromone-processing and response
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enzymes are involved in the sexual process, acting in opposite cell
recognition through nuclear regulation of the mating process.

Paracoccidioides species are thermodimorphic fungal patho-
gens of humans; they are also adapted to other mammalian hosts,
such as armadillos (12). Once infective propagules are inhaled by
immunocompetent or immunodepressed humans, paracoccid-
ioidomycosis can be induced (13). This systemic mycosis affects
mainly rural workers in Latin America, frequently found in Brazil,
Venezuela, and Colombia (14). Based on molecular phylogenetic
tools, extensive genetic divergence has been detected among Para-
coccidioides isolates. Applying the method of genealogical concor-
dance for phylogenetic species recognition, two major species
have been proposed: P. brasiliensis, with three phylogenetically
cryptic species, i.e., S1, PS2, and PS3 (15); and P. lutzii, harboring
“Pb01-like” strains, which have so far been collected mainly in
Ecuador and the northern-central region of Brazil (16). Also, re-
combination events have been shown within these two Paracoc-
cidioides species that could explain their highly genotypic and phe-
notypic diversity and which have prompted the hypothesis of a
sexual cycle in these pathogens.

To test this hypothesis, the sexual genomic traits of the teleo-
morphic species A. capsulatus (anamorph Histoplasma capsula-
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tum) and A. dermatitidis (anamorph Blastomyces dermatitidis)
were searched in silico in Paracoccidioides species. The presence of
a Paracoccidioides mating type locus, MATI-1, which is a homo-
logue of that in Aspergillus nidulans and other components of the
pheromone response pathway, was previously reported from
transcriptomic analyses of both morphological phases of P. lutzii
strain Pb01 (17, 18). Torres et al. (19) identified the presence and
expression of MATI-1 and MATI-2 in the P. brasiliensis phyloge-
netic species complex, suggesting a sexual cycle in this fungus.

In the present report, we provide additional information about
(i) a comparative genomic analysis of mating regulator genes in all
dimorphic fungi with available genome data that supports vertical
transfer of the genomic trait for sexual reproduction through the
Ajellomycetaceae family; (ii) the predominant expression of six
sex-related genes in mycelial cells, including the MAT locus and
genes for the pheromone receptors and components of the pher-
omone response cascade; (iii) the distribution of mating type id-
iomorphs in clinical and environmental strains; and (iv) strong
evidence of direct activation of the mating pathway in cocultured
strains of opposite mating types and the in vitro development of
the initial steps of sexual reproduction, namely, the formation of
young ascocarps in mated strains of P. brasiliensis and P. lutzii,
with the possibility of homothallism in the Paracoccidioides genus.

MATERIALS AND METHODS

Maintenance of Paracoccidioides strains. Environmental and clinical
strains used in this study (see Table S1 in the supplemental material) were
kept in the mycelial phase in semisolid potato dextrose agar (PDA; Acu-
media) at 25°C and were subcultured every 21 days. Yeast cells were main-
tained in yeast-peptone-dextrose agar (YPD; 0.5% casein peptone, 0.5%
yeast extract, 1.0% glucose) at 37°C and were subcultured every 15 days.
Quantitative expression of sex-related genes in yeast and mycelial
forms. To assess the levels of expression of sex-related genes (the a-box
gene MATI-1, the HMG gene MATI-2, the pheromone receptor genes
ste2 and ste3, the mitogen-activated protein kinase [MAPK] gene fus3, and
the transcriptional factor gene stel2), we used real-time reverse transcrip-
tion-PCR (RT-PCR). P. brasiliensis strains Pb18, Pb3, TI5LN1, T1F1, and
T9B1 and P. lutzii strains Pb01 and EE were cultured in yeast and mycelial
forms in YPD for 14 days at 37°C and 25°C, respectively. Cells were har-
vested by centrifugation (5,000 X g for 10 min), and RNA was extracted
using TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. To remove any genomic DNA contamination, RNA was
treated with RNase-free DNase I (Promega), followed by ethanol precip-
itation. RNA samples were then used for real-time RT-PCR. Equal
amounts of RNA (2 ug) were reverse transcribed (Superscript I1I; Invit-
rogen) using an oligo(dT),, ;¢ primer and then subjected to real-time
PCR. Amplification assays were carried out with a model 7500 SDS Fast
system (Applied Biosystems), using a 10-pl reaction volume containing
0.2 pM (each) primers (see Table S2 in the supplemental material), 5 pl of
SYBR green PCR master mix (2X), and 0.02 pl template cDNA. After
initial denaturation at 95°C for 20 s, amplifications were done for 40 cycles
at 95°C for 3 s and 60°C for 20 s. All assays were carried out with experi-
mental triplicates. In order to confirm the amplification specificity, the
PCR products were subjected to a melting curve analysis. The compara-
tive crossing threshold (C;) method, employing the constitutive P. brasil-
iensis a-tubulin gene for normalization, was used to evaluate the expres-
sion value (fold change) for each gene of interest. All primers used in
real-time RT-PCR experiments were determined using the software
Primer 3, which is available online (http://primer3.wi.mit.edu/).
Pheromone stimulation. For pheromone stimulation, mycelia (about
500 mg wet weight) from strains of opposite mating types (T9B1 [MAT
I-1] and T15LN1 [MAT1I-2]) were cocultivated in Erlenmeyer flasks con-
taining 500 ml of YEM medium (0.1% MgSO, - 7H,0, 0.15% KH,PO,,
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0.1% NaNOs, 0.05% yeast extract). Fungi were incubated at 25°C for 21
days at an agitation rate of 150 rpm, after which the supernatant, repre-
senting conditioned medium (CM), was collected using a Sterifil aseptic
system equipped with a 0.22-pm membrane (Millipore). In parallel, iso-
lates T9B1 and T15LN1 were grown independently in 20 ml of YEM
medium for 14 days, and mycelia were collected by centrifugation for 5
min at 2,300 X g and washed three times with 1X phosphate-buffered
saline (PBS). Each mycelial sample was stimulated separately for 24 h at
25°C with agitation at 150 rpm in 20 ml of the previously collected CM.
RNA extractions were performed with TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. As a negative control, each
isolate grown individually was stimulated with 20 ml YEM medium. All
experiments were carried out in triplicate. The total RNA extracted was
treated with RNase-free DNase I (Promega), precipitated, and used for
real-time RT-PCR as described above.

DNA extraction and population analysis of MAT locus distribution
in Paracoccidioides species. DNA extractions were performed as de-
scribed by Raeder and Broda (20), with modifications. Briefly, about 100
mg of either yeast cells or mycelium from each isolate was suspended in
500 p.l of extraction buffer (25 mM EDTA, 250 mM NaCl, 0.5% [wt/vol]
sodium dodecyl sulfate [SDS], 200 mM Tris-HCI, pH 8.5), to which 500
mg of 425- to 600-pm-diameter glass beads (Sigma-Aldrich) was added.
The mixture was shaken vigorously for 15 min. A mixture of phenol-
chloroform-isoamyl alcohol (25:24:1 [vol/vol/vol]; 500 wl) (BioAgency,
Germany) was added to the solution, briefly mixed, and centrifuged for 60
min at 12,000 X g. The aqueous phase was treated with RNase A (final
concentration, 100 pg/ml; Fisher Scientific) for 15 min at 37°C. An equal
volume of chloroform was added and roughly mixed, and the solution was
centrifuged for 10 min at 12,000 X g. The aqueous phase was precipitated
with 0.5v (vol/vol) isopropanol by centrifugation for 20 min at 12,000 X
g and 4°C. DNA was washed with 70% ethanol, dried at room tempera-
ture, and eluted with ultrapure water. The DNA integrity was confirmed
by 0.8% agarose gel electrophoresis with ethidium bromide (0.5 pl/ml)
staining.

For PCR amplification, 20 to 50 ng of genomic DNA from each isolate (see
Table S1 in the supplemental material) was used for PCR amplification. Primers
were designed (see Table S2) to target regions inside the open reading frames
(ORFs) of MATI-1 (a-box domain) and MATI-2 (HMG domain) sequences
taken from the P. brasiliensis genome (http://www.broadinstitute.org/annotation
/genome/paracoccidioides_brasiliensis/MultiHome.html). PCR amplifications
were done in a Veriti 96-well thermocycler (Applied Biosystems) and using Py-
roStart PCR master mix (Fermentas) as recommended by the manufacturers.
The annealing temperature for both regions was 60°C. PCR samples were loaded
into 0.8% agarose gels and analyzed by electrophoresis to identify the sexual id-
iomorph of each isolate.

Sequencing and phylogenetic analysis. Sixteen amplicons from
MATI-1 strains and 11 amplicons from MATI-2 strains were selected for
sequencing. Sequences of the amplicons were determined by automatic
capillary Sanger sequencing in a MegaBACE 500 machine, using a DY-
Enamic ET dye terminator kit (GE Healthcare, United Kingdom). Frag-
ments were sequenced on both strands, and bases with phred scores of
>30 were considered for alignments, increasing the quality of the se-
quence data. The MATI-1 (GenBank accession numbers HQ687769 to
HQ687784) and MATI-2 (GenBank accession numbers HQ687785 to
HQ687795) sequences were aligned using the PRANK algorithm (21)
implemented in PRANKSTER software and manually corrected in order
to avoid mispaired bases. Maximum parsimony analyses were carried out
using PAUP, version 4.0b.10a (22). Unweighted parsimony was chosen,
and character transformation states were considered disordered. Heuris-
tic searches were performed by random stepwise sequence addition in
order to obtain the initial tree; branch rearrangements were made by the
tree bisection and reconnection (TBR) technique. One thousand boot-
strap replicates were used to estimate confidence values for individual
clades. Significant branches with bootstrap values of =50% were consid-
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ered in the phylogeny (23). Phylogenetic trees were done with the help of
FigTree v1.3.1 software (http://tree.bio.ed.ac.uk/software/figtree/).

Identification of sex-related genes in thermodimorphic fungal pathogens.
BLAST searches (24, 25) were carried out on P. lutzii, P. brasiliensis, H. capsulatum,
B. dermatitidis, C. immitis, and C. posadasii genomes (http://www.broadinstitute
.org/annotation/genome/dimorph_collab/MultiHome.html), using protein se-
quences from the aforementioned species as queries. tblastn searches were per-
formed using an E value cutoff of 1e— 13 to assign homology. The ORFs retrieved
by BLAST searches were subjected to blastp searches of the Saccharomyces cerevi-
siae genome database (http://www.yeastgenome.org/), and protein domains were
aligned and manually inspected.

Mating tests. Mating assays were performed on pairwise MATI-1 and
MATI-2 strains by slide culture and direct streaking of isolates on agar
medium (see Table S3 in the supplemental material). The media selected
for both mating methods were V8 juice agar (20% [vol/vol] Campbell’s
V8 juice, 0.3% CaCOj, and 1.5% agar), soil extract agar (SEA; 0.2% glu-
cose, 0.1% yeast extract, 1.5% agar, and 50% [vol/vol] soil extract col-
lected from armadillo burrows), and oatmeal tomato paste agar (OTA;
2% Elefante’s tomato paste, 2% Dr. Oetker’s oatmeal flakes, 0.3% CaCO;,
and 1.5% agar). Crossing combinations were performed with isolates
from the same phylogenetic species: P. brasiliensis (15) and P. lutzii (16).
For slide culture mating tests, plugs of mycelia from strains of each mating
type were planted onto an agar block pairwise in a side-by-side pattern.
For mating assays performed in plates, mycelial fragments were planted
about 1 cm apart. Plates were sealed with Parafilm (Pechiney Plastic Pack-
aging) and kept at 25°C in the dark. Mating crossings were visualized by
stereomicroscopy using a Stemi 2000C apparatus (Zeiss) and by light
microscopy with lactophenol cotton blue staining monthly for up to 8
months. The presence or absence of sex-related structures was docu-
mented in a model PM-30 photomicrographic system (Olympus, Japan)
by inspection of at least five random microscopic fields.

Confocal microscopy. Slide cultures made as described above were
also used for confocal microscopy experiments. The cocultured strains
used were JAL X EE (P. lutzii) and T1F1 X T15LN1 (P. brasiliensis). After
mating of the strains, the coverslips were removed, fixed, and permeabil-
ized with 70% ethanol at 4°C overnight. The coverslips were then stained
for 24 h with 1X SYBR green and for 1 h with 20 pg/ml calcofluor white.
After washing, the coverslips were mounted with Prolong Gold antifade
medium (Invitrogen), sealed, and imaged in a Leica SP5 laser scanning
confocal microscope equipped with a 63X, 1.4-numerical-aperture (NA)
objective. Confocal images were processed using Image] and Adobe Pho-
toshop software, without any nonlinear processing.

RESULTS

Identification of sex-related genes. The majority of components
of the pheromone response pathway were inferred by comparative
analysis of the genome sequences of the dimorphic fungi P. brasil-
iensis, P. lutzii, H. capsulatum, B. dermatitidis, C. immitis, and C.
posadasii (see Table S4 in the supplemental material). The data
revealed a conserved mating machinery that was vertically trans-
ferred from a common ancestor of these species. Both a- and
a-pheromone receptors (Ste2 and Ste3, respectively) were identi-
fied in all dimorphic fungal genomes.

Pheromone molecules bind to G-protein-coupled receptors
and stimulate the downstream MAP kinase cascade. The G protein
is composed of three subunits, G,, Gg, and G, encoded by the
Gpal, Ste4, and Stel8 genes, respectively. All three genes were
identified in the analyzed genomes. In yeast, the binding of pher-
omone to its receptor releases Gg., from its inhibitor, G, which in
turn activates the initial steps of the mating process, i.e., polariza-
tion and shmooing, at the G, arrest stage (26-28). In S. cerevisiae
and C. albicans, Gg, recruits the scaffold protein Ste5 to the
plasma membrane, bringing together the protein kinases Ste20,
Stell, Ste7, and Fus3 and activating the MAPK pathway (29-31).
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In yeast, when Fus3p is activated by its dissociation from Ste5, it is
translocated to the nucleus, activating downstream mating genes.
Interestingly, the gene encoding the scaffold protein Ste5 was not
detected in the dimorphic fungal genomes.

We extended the search to species in the subphylum Pezizo-
mycotina; the Ste5 homologue was not found in any genome
analyzed and was present exclusively in the Saccharomycotina.
Fus3p that is released in the nucleus activates Stel2p, which is
required for mating and filamentation-specific activation of
several genes, including pheromone precursor genes (32). The
latter genes were not identified by BLAST searches of the di-
morphic fungal genomes. On the other hand, homologues of
pheromone-processing enzymes were detected in all genomes
analyzed.

In ascomycetes, the block structures of the pheromone genes
are similar, but their mature pheromone peptides are highly di-
vergent across species, controlling the sexual selection in fungi.
The pheromone precursor protein a-factor is comprised of 2 to 5
identical repeat sequences flanked by Kex2 cleavage sites (KK or
KR). Once processed by Kex2, the released peptides (9 to 13 amino
acid residues) are matured by the proteases Kex1 and Stel3 in the
Golgi internal membrane and then released to the extracellular
space (33).

Like a-factor, a-factor is also assembled as a precursor poly-
peptide, but it is differentiated by the presence of a single-copy
molecule. In fungi, the a-precursor protein ends in a Cys-aliphatic
amino acid-aliphatic amino acid-X-COOH motif (the CAAX
box), which is a target for lipid modification. The first step is
cleavage downstream of the CAAX box cysteine by Rcel and
Ste24, the CAAX proteases. After this, two proteins (Ram1 and
Ram2) catalyze the addition of lipid prenyl groups. Following pre-
nylation, the carboxyl group of the cysteine is methylated by the
Ste14 methyltransferase. All modifications in both a- and a-factor
are necessary for binding to receptors, guaranteeing mating sig-
naling (34, 35).

Population distribution of mating types in Paracoccidioides
species. A total of 98 isolates representing the P. brasiliensis species
complex (S1, PS2, and PS3) and P. lutzii were examined for the
MATlocus, and they exhibited both homothallic and heterothallic
profiles. Fifty-five isolates possessed the MATI-I locus and 30
isolates possessed the MATI-2 locus, as demonstrated by single
amplicons (Fig. 1A). Unexpectedly, 13 isolates presented both
MATI-1 and MATI-2 amplified loci, suggesting that homothal-
lism could exist in the Paracoccidioides genus. The prevalences of
heterothallic MATI-1 and MATI-2 and homothallic MATI-1/
MATI-2 populations were 56%, 31%, and 13%, respectively,
which approximated a ratio of 4:2:1 (Fig. 1B). Amplicons from 16
MATI-1 strains and 11 MAT1I-2 strains were sequenced and sub-
mitted to phylogenetic analysis. The MAT locus cladogram clearly
revealed the genetic divergence of the isolates belonging to the P.
brasiliensis species complex and P. lutzii, in agreement with the
new species proposal (16). The P. lutzii and P. brasiliensis standard
strains Pb01 and Pb18, respectively, were clustered apart from
each other, which helped in species recognition (Fig. 1C and D).
These data also helped in the selection of isolates from the same
phylogenetic cluster for mating assays. Twenty-one isolates of P.
lutzii and 24 isolates of P. brasiliensis (S1 and PS2 group) were
analyzed separately to verify whether the distribution of mating
type ratios was equivalent inside each species of Paracoccidioides.
Considering the two species apart, the ratio of heterothallic
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FIG 1 MAT locus amplification, population distribution, and phylogenetic analysis of isolates belonging to the Paracoccidioides species complex. (A) Sexual
identification in Paracoccidioides, evaluated by PCR amplification of MATI-1 and MAT1-2 idiomorphs and revealing homothallic and heterothallic isolates. (B)
Idiomorphic distribution of 98 isolates revealing that 56% harbored MAT1-1, 31% harbored MAT1-2, and 13% harbored both MAT1-1 and MAT1-2. Unrooted
phylogenies generated by the maximum parsimony method are shown and allow discrimination between P. lutzii (red clades) and P. brasiliensis (blue clades),

using both the MATI-1 (C) and MATI-2 (D) loci.

MATI-1 (12 isolates of P. lutzii and 16 isolates of P. brasiliensis)
and MATI-2 (6 isolates of P. lutzii and 4 isolates of P. brasiliensis)
strains and homothallic strains (3 isolates of P. [utzii and 4 isolates
of P. brasiliensis) was 4:2:1 for P. lutzii and 4:1:1 for P. brasiliensis.
Also, we evaluated 12 isolates, belonging to P. brasiliensis species
S1 and PS2, recovered from armadillos in Botucatu City and sur-
rounding neighborhoods located in the central-south region of
Sao Paulo State, Brazil (11). The idiomorphic distribution of the
MAT locus for these isolates was 4:2:1. The MAT locus data re-
vealed a slight predominance of heterothallic MATI-1 isolates,
followed by MATI-2 and putative homothallic MAT1-1/MATI-2
isolates, in Paracoccidioides species, even between species or in
isolates recovered from armadillos.

Expression of sex-related genes in yeast and mycelial cells of
Paracoccidioides species. To assess the expression of genes in-
volved in the mating process, the mRNA levels of MATI-1 (a-
box), MATI-2 (HMG box), the pheromone receptor genes ste2
and ste3, the MAPK gene fus3, and the transcriptional factor gene
stel2 were quantified by real-time RT-PCR analysis of yeast and
mycelia of seven isolates of P. lutzii and P. brasiliensis. MAT1-1
and MAT1-2 genes were expressed exclusively, in a cell type-spe-
cific manner, in the heterothallic strains. Surprisingly, we detected
differential expression of the MAT genes in the putative ho-
mothallic isolate Pb18: MATI-1 was expressed only in the yeast
phase, while MAT1-2 was expressed only in the mycelium phase.
In general, all genes were expressed more exuberantly in the my-
celium phase, in a species-independent fashion and irrespective of
whether the isolate was homothallic or heterothallic (Fig. 2). The
MAPK gene (fus3) was differentially expressed in six of seven an-
alyzed isolates. The higher level of fus3 mRNA in the mycelial
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phase could be related to the saprophytic lifestyle required for the
mating process in Paracoccidioides.

Evidence of pheromone induction in P. brasiliensis strains
T9B1 and T15LN1. The cocultivation of haploid compatible a-
and a-cells in minimal medium induces pheromone produc-
tion in some ascomycetes, as already reported for S. cerevisiae
(36) and for the dimorphic fungus H. capsulatum (37). We
tested the effect of mating stimulation by the CM of cocultured
T9B1 (MATI-1) and T15LN1 (MATI-2) strains. After 24 h of
stimulation of mycelial cells, total mMRNA was extracted and the
sex-related genes were quantified by real-time RT-PCR (Fig. 3).
All genes of the mating cascade were highly upregulated after
CM stimulation, except for the pheromone receptor gene (ste3)
in the T9BI isolate, indicating an activation of the mating ma-
chinery by a- and a-pheromone molecules, probably due to
their presence in the CM. The pheromone-induction test was
carried out only on T9B1 and T15LNI isolates of the P. brasil-
iensis S1 cryptic species, because these two strains were able to
produce initial ascocarps in mating assays. More experiments
are in progress to extend the results to other strains of P. brasil-
iensis (the PS2 cryptic species) and P. lutzii. Even so, the avail-
able data are extremely important in guiding further studies of
mating in dimorphic fungi.

Mating assays. The coincubation of MATI-1 and MATI-2
strains of P. brasiliensis (S1) and P. lutzii revealed coiled hyphae,
indicating the formation of young ascocarps (Fig. 4; see Table S3
in the supplemental material). These results were also obtained
previously by laboratory crossings with their relatives H. capsula-
tum and B. dermatitidis (3, 4). Coiled hyphae were observed in the
paired T1F1 X T15LN1 and T9B1 X T15LN1 P. brasiliensis iso-
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FIG 2 Quantitative expression of the sex-related genes MATI-1 (a-box), MATI-2 (HMG), ste2 and ste3 (pheromone receptors), fus3 (MAPK), and stel2
(transcriptional factor) in yeast and mycelial phases of the homothallic strain Pb18 (A) and the heterothallic strains Pb3 (B), Pb01 (C), T1F1 (D), EE (E), T9B1

(F), and T15LN1 (G).

lates (Fig. 4A to F). In P. lutzii, the coiled hyphae were also ob-
served for JAL X EE, 66 X EE,and PLRO1 X EDO1 strains (Fig. 4G
to]). Undifferentiated hyphal tips began to wind around and mul-
tiply encircle hyphae of the opposite mating type beginning 2
months after cocultivation (Fig. 4A and G). The hypha constric-
tion tightened into numerous coils 4 to 6 months after cocultiva-
tion (Fig. 4B and F). In Fig. 4], many coils are observed in one field
for the 66 X EE P. lutzii crossing. The paired isolates, whether P.
brasiliensis or P. lutzii, produced sexual structures, and no mor-
phological alterations in young ascocarp formation were observed
in the three different media (OTA, V8 juice agar, and SEA) used
for mating experiments. Mating assays with P. brasiliensis isolates
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belonging to the PS2 phylogenetic species—Pb2 X Pb3 and Pb4 X
Pb3— or with the putative homothallic isolate Pb18 did not pro-
duce any coiled hyphae, indicating an absence of sexual structure
formation (see Table S3). No mature cleistothecium or ascus for-
mation was observed, even 8 months after mating of cocultures.
Mating of the standard laboratorial strains Pb18 and Pb01 also did
not result in the production of sexual structures, likely because
they were maintained in culture for a long time and lost their
mating ability, as has clearly been demonstrated for H. capsulatum
(5, 37, 38).

To further evaluate the coiled hypha structure, we stained
JAL X EE (P. lutzii) (Fig. 5A) and T1F1 X T15LN1 (P. brasiliensis)
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FIG 3 Pheromone stimulation after coculture of strains of opposite mating
types (T9B1 [MATI-1] and TI5LN1 [MATI-2]) in Erlenmeyer flasks contain-
ing YEM medium (CM). mRNA levels of the sex-related genes MATI-1 (a-
box), MATI-2 (HMG), ste2 and ste3 (pheromone receptors), fus3 (MAPK),
and stel2 (transcriptional factor) were evaluated in isolates T9B1 (A) and
T15LN1 (B), grown independently and stimulated for 24 h with the previously
collected CM or with YEM medium (negative control).

(Fig. 5B) matings with the cell wall dye calcofluor white and the
nucleic acid stain SYBR green. In addition to coiled hyphae, we
observed the formation of knob-like structures, which are dilated
cells that form in the region where the two winding hyphae ini-
tially contact (4, 5). Moreover, we observed a single cell in a coiled
hypha containing multiple nuclei, which was possibly a conse-
quence of nuclear migration during mating.

DISCUSSION

The first report of the presence and expression of mating type
genes in Paracoccidioides was done by Fernandes et al. (18). The
MATI-1 transcript of P. lutzii strain Pb01 was identified during
the EST sequencing project (17, 39). Recently, the chromosomal
structures of the MATI-1 and MATI-2 loci of P. brasiliensis Pb3
and Pb18 and P. lutzii Pb01 were identified based on comparative
genomic analyses with other dimorphic fungal pathogens and der-
matophytes (11). The MAT locus of the Paracoccidioides genus
represents a syntenic organization and locus expansion compared
with the case in H. capsulatum, C. immitis, and C. posadasii (10, 11,
37). The presence of a single copy of each mating type gene
(MATI-1 and MATI-2) in the Paracoccidioides genome (Pb18,
Pb3, and Pb01) points to a potential bipolar mating system. The
genomic identification of the mating components in Paracoccid-
ioides and other dimorphic fungi led us to hypothesize that the
genetic apparatus for sexual reproduction is conserved and verti-
cally transferred among these fungi. The sexual cycle has been
demonstrated for H. capsulatum and B. dermatitidis, and all or-
thologs were identified in their genomes compared to P. brasilien-
sis and P. lutzii (see Table S4 in the supplemental material).
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The ratio of MATI-1/MATI-2idiomorphs in bipolar fungal
species is often 1:1 in sexual populations; this was observed for
C. immitis, C. posadasii (40), Aspergillus fumigatus (41, 42),
and, more recently, P. brasiliensis (19). In contrast, a high prev-
alence of MAT1-2 was observed in patients with disseminated
histoplasmosis (43). Also, a-cells of the pathogenic basidiomy-
cete Cryptococcus neoformans are 30 to 40 times more frequent
than a-cells in both environmental and clinical samples (44).
The high frequency of a-strains in clinical isolates has been
correlated with their capacity to infect or colonize hosts (45).
In the present study, there was a slight predominance of the
MATI-1 mating type, as well as the presence of both idiomorphs
in a single genome, when P. lutzii and P. brasiliensis populations were
considered together or individually (56% MATI-1, 31% MATI-2,
and 13% MATI-1/MATI-2).

In this work, expression analysis of the mating components
(MATI-1, MATI-2, ste2, ste3, fus3, and ste12) in yeast and mycelial
cells of seven Paracoccidioides isolates revealed the preferential ex-
pression of these genes in the filamentous phase (Fig. 2). This
study also investigated the ability of the supernatant (CM) of
cocultured mycelia from the T9B1 (MATI-1) and T15LN1
(MATI-2) strains in YEM medium after 21 days of growth to
stimulate pheromone production. CM stimulation in individual
strains provoked an upregulation of the components of the mat-
ing/pheromone pathway, providing evidence that a- and a-cells of
P. brasiliensis respond to CM stimulation (Fig. 3). These results
agree with those reported for S. cerevisiae (46) and H. capsulatum
(37). The present results are also consistent with the mating be-
havior of the Ajellomycetaceae species H. capsulatum and B. der-
matitidis, since functional analysis of sex-related genes revealed an
upregulation in the mycelium stage and the capability to respond
to CM containing pheromone.

Homothallism is an intrinsic characteristic of fungi in which a
single individual harbors both mating types and can undergo sex-
ual reproduction. In Aspergillus species, the homothallic charac-
teristic appears to be an ancestral state and heterothallism is ac-
quired after speciation (47), as has also been reported for the
closely related Cochliobolus and Stemphylium genera (48). The
present study provides the first evidence of the possibility of ho-
mothallism in the Ajellomycetaceae family. Both MATI-1 and
MAT]I-2 idiomorphs were present in a single individual, as con-
firmed by PCR analysis of 13 Paracoccidioides isolates (Fig. 1).
Phylogenetic analysis revealed that the MATI-1 and MAT1-2 loci
from isolates Pb18 and 7455 clustered with their respective spe-
cies, P. brasiliensis and P. lutzii (Fig. 1). Phylogenetic analysis of
MATI-1 positioned isolate 133 (which contains both MAT loci)
within P. brasiliensis, while the MATI-2 idiomorph clustered it
together with P. lutzii, so this isolate shows genomic signatures of
both Paracoccidioides species. Thus, consistent with a recent sug-
gestion (16), the evidence supports isolate 133 as a hybrid or an
ancestral state of Paracoccidioides. Our results suggest that the
Paracoccidioides genus, or at least its common ancestor, could be
homothallic. In the homothallic species A. nidulans (a filamentous
fungus), both MATI-1 and MATI-2 are coexpressed under in
vitro mating conditions (41). In contrast, gene expression analysis
of the MAT genes in the P. brasiliensis Pb18 strain (putatively
homothallic) revealed a differential pattern, with the a-box gene
(MATI-1) detected only in the yeast phase and the HMG gene
(MAT1I-2) detected only in the mycelial cells. Thus, what we de-
termined to be “homothallic” isolates (MATI-1/MATI-2) could
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FIG 4 Initial stages of sexual development in Paracoccidioides species. The sexual structures were obtained by mating experiments using V8, SEA, or OTA
medium, and the samples were monitored for 6 months. The description of each panel gives the following information: isolates crossed, time of incubation
(months), medium used, and magnification. (A) T9B1 X T15LN1, 2, SEA, X400; (B) T9B1 X T15LN1, 4, SEA, X400; (C) T9B1 X T15LNI, 4, SEA, X400; (D)
T9B1 X T15LNI1, 6, SEA, X400; (E) T1F1 X T15LN1, 4, SEA, X400; (F) T1F1 X T15LN1, 6, SEA, X400; (G) ED01 X PLRO1, 2, OTA, X400; (H) ED01 X PLRO1,

4, OTA, X400; (I) 66 X EE, 6, OTA, X400; (J) 66 X EE, 4, V8, X100.

be hybrid strains. We listed isolate 133 as an example of strains
where, based on sequence information, MATI-1 and MATI-2 are
derived from P. brasiliensis and P. lutzii (47). Thus, these strains
are not likely “true” homothallic strains but are fused products of
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interspecies or intraspecies matings between MATI-1 and
MATI-2 strains. This is consistent with these species being het-
erothallic. These particular isolates are stuck in the hybrid state,
probably due to an impaired ability to undergo meiosis, consistent
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FIG 5 Confocal microscopy examination of Paracoccidioides species sexual structures. Samples from mating experiments using SEA medium and JAL X EE cocultures
(P. lutzii) (A) or T1F1 X T15LN1 cocultures (P. brasiliensis) (B) were stained with calcofluor white, which labels cell wall chitin and is pseudocolored green, and SYBR
green, which labels DNA in nuclei and is pseudocolored red. The arrows show coiled hyphae (CH) and three knob-like structures (K). In the coiled hyphae shown in
detail in panel B, blue arrowheads point to single nuclei in adjacent cells and the yellow arrowhead points to a single cell in the sexual structure with four individual nuclei.

with speciation. Strains of the basidiomycete C. neoformans sero-
type hybrid AD, which are intervarietal or interspecies hybrids,
cannot undergo meiosis due to genetic divergence (49).

The ploidy of Paracoccidioides was assessed by different meth-
ods, leading to controversial results. PEGE combined with micro-
fluorometry (50-53) revealed that genome sizes vary from 23 to 31
Mb, and microfluorometric data indicated twice the genome con-
tent (46 to 61 Mb), indicating that P. brasiliensis yeast cells could
be diploid, haploid, or at least aneuploid (50, 51). Also, by means
of flow cytometry combined with the haploid genome size previ-
ously measured by electrophoretic karyotyping, the ploidy was
assessed in several P. brasiliensis isolates, revealing haploid or ane-
uploid nuclei (54). Another possibility for the amplification of
both mating type genes is that these isolates represent mixed pop-
ulations of two heterothallic strains. This consideration should
not be discarded, but we demonstrated a differential expression of
MATI-1 and MATI-2 for Pb18, recovered from single colonies,
indicating a single genotype. Since the diploid and/or aneuploid
state was observed for Pb18 isolates by Feitosa et al. (51) and
Almeida et al. (54), “homothallism” in Paracoccidioides species
must be investigated further.

Fungal sexual development is initiated by cell chemoattraction
that is governed by pheromone induction. In filamentous and
dimorphic fungi, the initial ascocarp is developed when hyphae of
opposite mating types match and start to coil with each other (4).
The present study offers the first evidence for initial in vitro for-
mation of ascocarps under mating conditions for P. brasiliensis
(S1 group) and also for P. lutzii (Fig. 4). Knob-like structures were
found in regions of coiled hyphae in the mating assay (Fig. 5).
Similar results were observed during ascogenesis of H. capsulatum
and also Mucor circinelloides, suggesting that these structures are
important for the maintenance of ascocarp development (4, 55).
Moreover, the occurrence of a multinucleated single hypha cell in
the mating interactions led us to suggest an exchange of genetic
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material between cells of opposite mating types (Fig. 5). Such ob-
servations are well described for A. nidulans, Schizophyllum com-
mune, and Ustilago maydis during the initial steps of mating, sug-
gesting that it is a consequence of nuclear migration (56-58).
These results were obtained in mating experiments using V8, SEA,
and OTA media, with samples being monitored for 6 months. The
resemblance of the coiled hypha aggregations to immature asco-
carps echoes previous observations in H. capsulatum, B. dermati-
tidis, Emmonsia spp., A. fumigatus, A. nidulans, and Trichophyton
mentagrophytes, whose sexual cycles are known (3, 4, 59-62).
Coiled hyphae were detected after 2 months of mating assays of
isolates of opposite mating types for both species of Paracoccid-
ioides; in fact, this is the first step of ascogenesis, as also reported
for H. capsulatum and Aspergillus spp. (4, 60). However, no cleis-
tothecium or ascus production was detected, even after 1 year of
cocultivation. Further studies are being performed to find key
environmental or physical conditions that could allow for cleis-
tothecium and recombinant ascospore formation in Paracoccid-
ioides, resulting in the description of a complete sexual stage. The
balanced regulation of MAT locus expression could be an impor-
tant factor for the progression of a sexual cycle, and specific envi-
ronmental conditions might have to be present to allow sexual
differentiation. Despite the detection of increased levels of tran-
scripts of mating genes in hyphae, no correlation was observed
between the expression levels of the sex-related genes and the abil-
ity to produce young ascocarps.

With the increase in fungal genome sequencing projects, many
questions regarding the biology of mating in fungi are being an-
swered. Components of the pheromone-dependent pathway in-
volved in the mating system in ascomycetes are well characterized,
as demonstrated for Saccharomyces cerevisiae (63), Neurospora
crassa (6), and Aspergillus fumigatus (64). Combining structural
and functional genomics and mating assays, we have shown that
the sexual cycle of Paracoccidioides must occur during its sapro-
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phyticlife cycle. In addition, we have identified all orthologs of the
mating machinery in both C. immitis and C. posadasii (see Table
S4 in the supplemental material), although no evidence of sexual
structures has yet been uncovered. It is well known that the Coc-
cidioides genus represents a cryptic speciation (65), and there is
also evidence of a recombination process in this genus (66), sup-
porting the existence of a sexual cycle. Furthermore, the ratio of
MATI-1/MATI-2 idiomorphs is 1:1, providing molecular sup-
port for the presence of a sexual stage in the life cycle (40). The
human pathogen A. fumigatus was long considered asexual.
Genomic comparisons with S. cerevisiae and other ascomycetes
and mRNA expression analyses of sex-related genes were revealed
prior to the discovery of the sexual state of A. fumigatus (teleo-
morph = Neosartorya fumigata), thus showing the relevance of
genomic data in defining the mating behavior of fungi (61, 64).

The other example is Trichophyton rubrum, which was also
once considered asexual, since its mating machinery was discov-
ered by comparative genomic analysis (11) and was recently con-
firmed by mating assays (67). Collectively, these data provide im-
portant information about the sexual behavior of fungi, especially
for Paracoccidioides, and could be useful for further studies re-
garding the biology and speciation of this genus.
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