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Same-sex mating and the origin of the Vancouver
Island Cryptococcus gattii outbreak
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Genealogy can illuminate the evolutionary path of important
human pathogens. In some microbes, strict clonal reproduction
predominates, as with the worldwide dissemination of Myco-
bacterium leprae, the cause of leprosy1. In other pathogens, sexual
reproduction yields clones with novel attributes, for example,
enabling the efficient, oral transmission of the parasite Toxo-
plasma gondii2. However, the roles of clonal or sexual propagation
in the origins of many other microbial pathogen outbreaks remain
unknown, like the recent fungal meningoencephalitis outbreak on
Vancouver Island, Canada, caused byCryptococcus gattii3. Here we
show that the C. gattii outbreak isolates comprise two distinct
genotypes. The majority of isolates are hypervirulent and have an
identical genotype that is unique to the Pacific Northwest. A
minority of the isolates are significantly less virulent and share
an identical genotype with fertile isolates from an Australian
recombining population. Genotypic analysis reveals evidence of
sexual reproduction, in which the majority genotype is the pre-
dicted offspring. However, instead of the classic a–a sexual cycle,
the majority outbreak clone appears to have descended from two
a mating-type parents. Analysis of nuclear content revealed a
diploid environmental isolate homozygous for the major geno-
type, an intermediate produced during same-sex mating. These
studies demonstrate how cryptic same-sex reproduction can
enable expansion of a human pathogen to a new geographical
niche and contribute to the ongoing production of infectious
spores. This has implications for the emergence of other microbial
pathogens and inbreeding in host range expansion in the fungal
and other kingdoms.
Cryptococcus neoformans is a haploid yeast, distributed worldwide

in association with pigeon guano, and is the most common cause of
fungal meningoencephalitis in immunosuppressed hosts4. In con-
trast, the less common sibling species Cryptococcus gattii5 is restricted
to tropical and subtropical climes, inhabiting Eucalyptus trees and
apparently infecting immunocompetent individuals. However, in
1999 a C. gattii outbreak emerged on Vancouver Island, Canada.
Infection of otherwise healthy individuals and animals on the island
is ongoing3, indicating an expanded geographical range for this
pathogen.

The suspected infectious propagules of Cryptococcus are airborne
spores4,6,7, and although spores are produced during sexual repro-
duction, Cryptococcus mating has never been observed directly in
nature8. Our previous studies have revealed that most Vancouver
Island outbreak isolates are sexually fertile, but all are a mating type9.
Although this precludes the traditional a–a sexual cycle8, Vancouver
Island air samples contain particles of 1–2 mm in diameter, a size
consistent with spores10. One clue as to how spores might be
produced in this unisexual population was suggested by studies

showing that in the laboratory, C. neoformans can undergo same-
sex mating between two a mating-type partners11. However, there is
no evidence that this atypical sexual cycle occurs in nature.

To elucidate the origin of the Vancouver Island outbreak and
determine whether sex had a role, a large-scale genealogical analysis
was conducted with C. gattii isolates collected worldwide. Previous
studies of this species by amplified fragment length polymorphism
(AFLP) and randomly amplified polymorphic DNA (RAPD) analy-
ses revealed four major molecular groups, designated VGI, VGII,
VGIII and VGIV (ref. 12). Virtually all (.97%) of the Vancouver
Island outbreak isolates belong to the VGII class10,12. To establish
robust genealogical relationships with greater precision, we used
multilocus sequence typing (MLST) using nine polymorphic loci13,14.
Seven loci were from unlinked genomic regions present in all strains,
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Figure 1 | Congruence of gene phylogeny in C. gattii. Maximum parsimony
analyses of multiple loci fromC. gattii supports the presence of four discrete
molecular types (see also Supplementary Fig. 1 and Supplementary Table 1).
Each allele shown is present in one or more isolates from the analysed
population, with coloured lines showing combinations of the LAC1
(encoding laccase) and PLB1 (encoding phospholipase B) alleles in
individual genomes. The Vancouver Island major and minor genotypes are
indicated with red arrows. One thousand bootstrap replicates were sampled
for the calculated statistical support. Thickened lines indicate branches with
bootstrap values $70%. C. neoformans clinical strain H99 served as an
outgroup.
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and two additional loci corresponded to the SXI1a and SXI2a
mating-type-specific genes15,16. Each strain contained only one SXI
gene, molecularly defining mating type as a or a. We performed
MLSTanalysis for 202 environmental and clinical isolates (77 VGI, 75
VGII, 26 VGIII, 24 VGIV) and the majority were a mating type
(183 out of 202). Of those a strains available, fifteen belonged to class
VGI, one to VGII, three to VGIII and none to VGIV. Together, the
non-MAT MLST sequences totaled ,4,376 nucleotides per strain,
from which 273 informative polymorphic sites were identified,
representing 78 genotypes when the MAT-specific locus was included
(Supplementary Table 1).

Concordant with preliminary RAPD analyses of population
structure10, the Vancouver Island VGII class isolates fell into two
discrete genotypes: a major form common in the environment
and clinic, and a rarer, minor form represented by one clinical and
several environmental samples. This demonstrates that there are
two independent clonal populations present on Vancouver Island.
Comparison of the two genotypes with worldwide isolates yielded
three important insights. First, the major outbreak genotype is
identical across all eight loci with the C. gattii type strain NIH444,
which was isolated from a human sputum sample in Seattle thirty
years ago, and with CBS7750, collected in San Francisco in 1992
from a Eucalyptus camaldulensis tree17. Second, the minor outbreak

genotype is identical across all eight loci with multiple isolates from
Australia that belong to an unusual fertile, sexually recombining
population18,19—in contrast to the majority of Australian C. gattii
isolates, which are sterile and non-recombining20. Finally, the
Vancouver Island major and minor genotypes are identical for
three of the eight loci, and are therefore closely related to each
other and more divergent from most other strains studied.

To further characterize the relationship between the Vancouver
Island major and minor genotypes, and their relationship to a
selection of similar strains worldwide, we analysed an additional 22
loci distributed throughout the genome (Supplementary Table 2).
Close genetic relationships were observed for a number of the VGII
strains selected (Supplementary Information). Most importantly, the
Vancouver Island major genotype strain R265, the Seattle isolate
NIH444 and the San Francisco isolate CBS7750 were identical across
all 30 loci, indicating that the major genotype has been present in the
Pacific Northwest for at least thirty years. An isolate with a similar
genotype differing at only one locus was identified from Brazil (strain
ICB107). The Vancouver Island minor genotype strain R272 and the
fertile Australian isolate NT-13 were also identical across all 30 loci,
indicating that the minor outbreak genotype might have originated
in Australia. An isolate with a similar genotype differing at only one
locus was identified from the Caribbean (strain 99/473). Comparison

Figure 2 | MAT locus inheritance. a, Maximum parsimony analysis shows
that the major and minor outbreak SXI1a alleles are different. PCR-based
fingerprinting of 16 intergenic regions within and flankingMAT revealed six
different fingerprints defined by differences in intergenic length
(represented by wedges); however, the two VGII outbreak genotype
fingerprints were identical (Supplementary Table 3). Fingerprints were
scaffolded on the WM276 MAT locus9, which is syntenic with the R265

MATa allele. One thousand bootstrap replicates were sampled for the
calculated statistical support. Thickened lines indicate branches with
bootstrap values $70%. C. neoformans clinical strain H99 served as an
outgroup. b, The complete sequence of the R265 common outbreak MATa
allele was compared to ,20 kb of sequence from coding and intergenic
regions of the R272 outbreak isolate, revealing 0.37% sequence divergence.
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of the major and minor genotypes revealed that 14 loci were identical
and 16 were divergent, with 1–13 changes between the alleles in an
average MLST length of 585 base pairs (bp). The probability that this
distribution of mutations occurred by chance after genetic drift is
highly unlikely (see Methods).

As the proportion of 14 identical:16 divergent alleles shared
between the major and minor outbreak strains R265 and R272 is
not significantly different from that expected by mendelian segre-
gation of unlinked loci following meiosis (P . 0.5), the most
parsimonious explanation is that the two Vancouver Island outbreak
genotypes are either siblings from a genetic cross, or that one is the
parent and the other a progeny. Given that the minor outbreak
genotype also exists in multiple locations in Australia, but the major
outbreak genotype has only been found in the Pacific Northwest, we
favour the hypothesis that the minor genotype represents one of
two parental strains that gave rise to the major outbreak isolate
(Supplementary Information). Furthermore, the Vancouver Island
major genotype bears multiple loci with alleles unique to this
population, indicating that the second parent remains to be
discovered.

Although the second parental isolate has not been accounted for,
its relationship to the identified parent can be established through
phylogenetic analysis. For all genes analysed, the phylogenies formed
clades representing the four VG types (Fig. 1 and Supplementary
Fig. 1). The two Vancouver Island genotypes always clustered within
the VGII clade, including for the five MLST loci at which the two
genotypes differ. Thus, the meiotic event from which the Vancouver
Island major genotype descends occurred between two parental VGII
strains. Furthermore, for multiple independent, non-recombining
populations the genealogies of multiple genes for each strain should
be equivalent. This holds true for all strains analysed. The absence of
inter-VG hybrid genotypes indicates that meiotic events involving
C. gattii tend to occur within, rather than between, different VG
types.

Analysis of the mating-type locus provides evidence that the major
outbreak isolate was not produced by a traditional a–a cross, and
may instead be the product of an a–a sexual cycle11. In a traditional
sexual cycle, all a progeny inherit an identical a allele from the a
parent (identity by descent)21. However, the SXI1a alleles from the
two Vancouver Island genotypes differ by a single nucleotide (Fig. 2a).

The major genotype SXI1a allele is present only in other strains of
this genotype from Vancouver Island, as well as in NIH444, CBS7750
and ICB107 isolates (Supplementary Table 1), but not in any known
Australian isolates19. To examine this apparent difference, the MATa
alleles of the entire collection were fingerprinted by amplifying
variable intergenic regions. Although different strains yielded discrete
MATa intergenic region fingerprints, the two outbreak genotypes had
an identical profile (Fig. 2a and Supplementary Table 3). Next, the
complete locus from the major outbreak strain R265 was sequenced
(100,201 bp) and compared with ,20 kb of MAT sequence for the
minor outbreak strain R272 (Fig. 2b). The R265 and R272 sequences
contain a widespread low level of polymorphism (0.37% divergence),
establishing that the two bear different—but related—a alleles. These
data support the hypothesis that the Vancouver Island major geno-
type was produced as a result of mating between two closely related a
VGII parental strains, one of which we hypothesize is still present as
the minor outbreak isolate and fertile Australian isolates.

One clue that the two Vancouver Island genotypes might differ in
virulence was that although the two are closely related, they differ
markedly in prevalence in clinical isolates. We addressed this by
testing the virulence of representative isolates using a murine
intranasal inhalation model. Two clinically derived isolates of each
genotype (one from Vancouver Island, one from elsewhere) were
tested, in addition to the divergent environmental C. gattii VGI strain
WM276 and the C. neoformans clinical isolate H99. This analysis
showed a striking difference in virulence for the two genotypes—the
major outbreak genotype isolates (R265 and NIH444) were highly
virulent, but the minor outbreak genotype and corresponding
Australian isolate (R272 and NT-13, respectively) were avirulent or
significantly attenuated (Fig. 3).

The Vancouver Island major genotype is identical to the type strain
NIH444, a sample isolated in the 1970s (ref. 22). Why, then, has the
outbreak occurred only recently? One explanation is that the parental
and progeny strains were not introduced to Vancouver Island until a
later date, and that the new progeny genotype is fitter in this
environment. Consistent with this model, environmental sampling
shows that the recombinant genotype is more prevalent on Vancouver
Island. Sex within the same mating type might therefore confer
evolutionary advantages when the opposite mating type is unavailable.
In plants, transitions from outcrossing to self-pollination are com-
mon evolutionary events. In Arabidopsis thaliana, a selective sweep of
a self-incompatibility pseudogene occurred concomitantly with the
last ice age, and may have enabled global expansion by obviating the
need for a sexual partner23. Here, a similar transition might have
contributed to expand the range of the fungal pathogen by enabling
ready production of aerosolized spores. As the major genotype is
ubiquitous in this environment, same-sex mating would occur most

Figure 3 | The C. gattii major outbreak genotype is hypervirulent and the
minor genotype is attenuated. The C. gattii R265 strain was significantly
more virulent in a murine intranasal inhalation infection model compared
with C. neoformans strain H99 (P , 0.01). Strain NIH444 showed reduced
virulence compared with R265 (P , 0.001), but was not significantly
different from strain H99 (P $ 0.05). Strains R272 and NT-13 were
significantly less virulent (P , 0.001). We note that NIH444 is less virulent
than R265. This difference might be the result of laboratory passage or
storage. Groups of ten A/Jcr mice were infected with 5 £ 104 c.f.u. of the
indicated C. gattii strain by intranasal inhalation. Statistical analysis was
performed using the Mann–Whitney U-test.

Figure 4 | The origin of an outbreak. Circles indicate the presence of the
avirulent, parental genotype (open circles) and the virulent, recombinant
genotype (filled circles). One a mating-type parent probably originated in
Australia, and may have been introduced to the Pacific Northwest in the
early twentieth century along with imported eucalyptus trees. An original
a–amating event yielded a virulent recombinant, and ongoing a–amating
may enable robust infectious spore production and outbreak expansion.
Inset shows that the outbreak virulent genotype has also been isolated from
Seattle and San Francisco.
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commonly between isolates of identical genotype and therefore
produce meiotically derived clones undetectable by molecular
approaches. Monokaryotic fruiting has been reported in C. gattii24,
and studies reveal that fruiting represents a sexual cycle involving
diploidization, meiosis and sporulation11. Flow cytometric analysis
of 95 outbreak strains revealed one diploid environmental isolate
(RB59) homozygous for the major genotype (a/a), which may
represent a same-sex mating intermediate. Therefore, ongoing
same-sex mating could contribute to the production of infectious
spores and further variants.

The emergence of a recombinant genotype representing the major
form in the Vancouver Island outbreak was enabled by the presence
of fertile parental isolates. Where did these strains originate? It seems
likely that the parental, minor genotype derives from Australia, given
that it shares an identical genotype with several fertile Australian
isolates (Fig. 4). We identified the major genotype in only two
locations other than Vancouver Island, one of these in San Francisco,
associated with Eucalyptus camaldulensis, a tree species imported to
the United States from Australia in the early twentieth century. We
hypothesize that the minor genotype isolate mated with a second
VGII isolate—in Australia, in transit or in the Pacific Northwest. If
the meiotic event occurred in Australia, the major genotype may
remain undiscovered on the sparsely populated continent. The major
outbreak genotype might also be present in other locations where
eucalypts have been exported, including South America, where we
have identified similar genotypes (Supplementary Information).

As the second parental genotype has proven elusive, it is currently
not possible to ascertain whether virulence of the recombinant
outbreak isolate was enhanced by reassortment of two less patho-
genic genomes, or by inheritance of specific parental virulence
attributes. Altered pathogenicity in recombinant progeny has been
illustrated in T. gondii, in which sexual recombination admixed two
ancient lineages, giving rise to extant clones with enhanced oral
transmission2. Experimental T. gondii crosses show that sex can
dramatically enhance virulence25. Other human pathogens may
harbour cryptic same-sex cycles that contribute to produce progeny
with altered pathogenicity, host range and/or niche adaptation.
This could operate in other largely clonal species, for which popu-
lation studies have not detected genetic reassortment. This includes
Pneumocytis carinii, in which synaptonemal complexes occur but
only one mating type is known26. In addition, same-sex mating could
be common in parasites such as Trypanosoma cruzi, Leishmania and
Plasmodium falciparum, in which parasexual and sexual reproduc-
tion transpire but mating-type determinants are unknown27,28.
Further studies will be required to establish the prevalence of
same-sex C. gattii mating events in nature and whether this process
is enabling robust spore production and expansion of the outbreak,
in addition to an original a–amating that yielded a new clone able to
cause an infectious disease outbreak in humans.

METHODS
Strains. Strains are described in Supplementary Table 1. All strains were revived
from 15% glycerol stocks stored at 280 8C.
MLSTs and phylogenetic analysis. MLST loci were selected on different
chromosomes or.100,000 nucleotides apart. MLST locus primers (Supplemen-
tary Table 4) were designed to amplify variable non-coding DNA regions to
maximize strain discrimination. For all loci, both DNA strands were sequenced
and edited manually using Sequencher 4.1 (Gene Codes Corporation) and
assigned an allele number (Supplementary Tables 1 and 2). GenBank accession
numbers for sequenced alleles are listed in Supplementary Table 5. Sequences in
FASTA format were automatically aligned using CLUSTAL W29 and manually
edited in MacClade 4.06. Maximum parsimony analyses were performed using
PAUP* 4.0b10. Maximum parsimony trees were rooted using C. neoformans
strain H99. Statistical support for each data set was calculated with 1,000
parsimony bootstrap replicates.

To test whether the Vancouver Island major and minor genotypes could be
related as a result of genetic drift, a Perl computer simulation was conducted.
Genetic drift was simulated by concatenating sequenced loci, with mutations

randomly assigned to a base within the concatenated sequence with a uniform
probability, and then classified by locus. In this way, the probability of a locus
receiving a mutation was dependent on length and number of loci. Each
simulation run assigned 59 mutations (the number of observed mutations) to
30 loci, and the observed number of loci with mutations was tallied. One
hundred thousand replicates were run, and the number of configurations of 14
or more loci with no mutations established the probability that the data could be
explained by genetic drift. Out of 100,000 replicates, the chance occurrence of
11 polymorphism-free loci was observed only once, but never seen in 12 or
more loci, yielding a P value of ,0.0001 and indicating that the observed
relationship between R265 and R272 is unlikely to be explained by genetic drift.
We repeated the simulation giving all loci equal lengths, and found an equivalent
result.
MAT locus fingerprinting and sequencing.MATa locus intergenic regions were
amplified using polymerase chain reaction (PCR) primers based on the locus
from isolate WM276 (ref. 16; Supplementary Table 3). Primer-binding sites were
designed to protein-coding sequences; 16 regions were identified in and around
MAT in WM276 that could be reproducibly amplified from each strain, and were
separated on a 1% agarose TAE gel, visualized with ethidium bromide, and
compared to size standards. Representative fragments were confirmed by
sequencing as being MAT-derived. The R265 MATa locus was isolated from a
large-insert bacterial artificial chromosome (BAC) library from J. Kronstad. BAC
clones were arrayed on nylon membranes, hybridized to C. gattii MAT probes,
and a BAC containing the entire locus was sequenced as described16. The R272
MATa sequence was determined from fragments amplified during fingerprint-
ing. Supplementary Table 5 lists GenBank accession numbers for all new
sequences.
Virulence studies. Virulence was assessed using female A/Jcr mice (NCI/Charles
River Laboratories, 20–24 g). Strains were cultured in YPD broth for 18–20 h at
30 8C, harvested, washed three times with sterile phosphate-buffered saline
(PBS) and counted using a haemocytometer to determine cell concentrations.
Inocula for all experiments were confirmed by plating on YPD and counting
colony-forming units (c.f.u.). Ten A/Jcr mice per strain were infected by
intranasal inhalation with 5 £ 104 c.f.u. in 50ml PBS (ref. 30). Animals that
appeared moribund or in pain were killed. The Duke University Animal Use
Committee approved this protocol. Mortality and time to mortality were
evaluated for statistical significance both with the Mann–Whitney U-test and
with Kaplan–Meier survival curves, and P values were obtained from a log-rank
test. Both statistical analyses gave equivalent results.
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