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The basidiomycetous yeast Cryptococcus gattii, is a primary pathogen which causes

disease in apparently healthy humans and a wide range of animals. Recently, an

outbreak of cryptococcosis caused by a previously uncommon genotype of C.

gattii, VGII, emerged on Vancouver Island, British Columbia, Canada. Two

pathogenic sub-types of VGII (designated VGIIa and VGIIb) were identified

among these isolates. All of the isolates proved to be mating type a and had

exceptionally high sporulation capacity. The common subtype, VGIIa, was more

virulent than VGIIb in mice, suggesting a linkage between subtype and fertility/

virulence. To test this hypothesis, we compared the fertility of 91 isolates from the

Vancouver Island outbreak with that of 72 VGII isolates selected globally. Of all

isolates, 69.94% were found to be fertile and exhibited clamp connections and

basidiospores. The Vancouver isolates showed a high fertility rate of 84.2% as

compared to only 29% of the 21 Australian isolates investigated. Mating type a
strains were more fertile (72.79%) than mating type a (43.75%) (pB0.022).

Amongst the two subtypes of VGII a much higher proportion of VGIIa (91.7%)

than VGIIb (33.3%) was fertile (pB0.001). These results suggest that there is a

clear correlation between the VGII subtypes of C. gattii and their mating/fertility.

Further in vitro and in vivo investigations of more strains and congenic pairs are

warranted.
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Introduction

Members of the Cryptococcus species complex, i.e., C.

neoformans and C. gattii, are basidiomycetous yeasts

that infect a wide range of animals and humans. C.

neoformans is a global pathogen mainly associated with

immunocompromised hosts, whereas C. gattii causes

disease in apparently healthy hosts living in geographi-

cally restricted locations [1�4]. C. neoformans contains

the following two varieties and three serotypes; C.

neoformans var. grubii (serotype A), C. neoformans var.

neoformans (serotype D) and a hybrid (serotype AD).

C. gattii is comprised of two serotypes, serotype B and

C [1,3]. The Cryptococcus species complex has been

divided into 8 major molecular types by M13 finger-

printing, URA5-RFLP and AFLP analysis [5�7]. These

include VNI (�AFLP1) and VNII (�AFLP1A) (C.

neoformans var. grubii, serotype A), VNIII (�AFLP3)

(AD hybrid), VNIV (�AFLP2) (C. neoformans var.

neoformans, serotype D), and VGI (�AFLP4), VGII

(�AFLP6), VGIII (�AFLP5) and VGIV (�AFLP7)

(C. gattii, serotypes B and C).
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Infection with the molecular type VGII was reported

a decade ago in Australia to occur in animals and some
humans [8,9]. Infections due to this molecular type

were much less common than those caused by mole-

cular type VGI. The latter accounted for nearly all

cases of human cryptococcosis due to C. gattii [9,

Meyer W, unpublished data]. Prior to 1999, C. gattii

infections were reported mainly from tropical and

subtropical regions [10,11]. The recent emergence of

cryptococcosis due to the previously uncommon mole-
cular type VGII amongst humans and animals in a

temperate climatic zone on Vancouver Island, British

Columbia, Canada is therefore of great interest. In

particular, the incidence of human infection in this

outbreak was substantially higher than that in endemic

locations elsewhere in the world [12,13]. Since high

concentration of cryptococci were found in the air on

Vancouver Island, and since cryptococcosis is believed
to develop following inhalation of infectious propa-

gules from the environment, heavy exposure to envir-

onmental cryptococci was initially postulated to

explain the increased virulence of the strains involved

in the outbreak.

Subsequently, isolates from the outbreak were found

to have an exceptionally high capacity to sporulate.

Two independent mating studies consistently revealed
high fertility rates (90%) amongst these isolates [13,14].

One subtype, VGIIa, identified by M13 fingerprinting

and AFLP analysis, was much more common than

subtype VGIIb and was more virulent in mice [15]. A

link between the a mating type of C. neoformans var.

neoformans and virulence in certain genetic back-

grounds has been known for many years [16,17].

More recently it was shown that the a mating type of
C. neoformans was more successful than the a mating

type in crossing the blood brain barrier [18].

The aim of this study was to examine the relationship

between virulence and fertility/mating ability in C.

gattii by comparing the fertility of the Vancouver

Island outbreak strains with that of globally collected

VGII strains.

Materials and methods

Strains and media

One hundred and sixty three isolates of C. gattii

molecular type VGII were retrieved from the following

culture collections: Molecular Mycology Research

Laboratory, Westmead Hospital, University of Sydney,
Westmead, NSW, Australia; the Molecular Mycology

and Mycobacteriology Laboratory, Faculty of Medi-

cine, Siriraj Hospital, Mahidol University, Bangkok,

Thailand; and the Mycology Laboratory, National

Institute of Health, Nonthaburi, Thailand (Table 1).
All strains were grown on Saboraud Dextrose Agar

(SDA; 2% peptone, 2% dextrose and 2% agar) for 48 h

prior to sub-culture for mating experiments and for

DNA extraction.

Reference strains

A set of standard C. neoformans and C. gattii reference

strains representing each of the eight major molecular

types was also used in the investigations. These

included; WM 148 (serotype A, VNI), WM 626

(serotype A, VNII), WM 628 (serotype AD, VNIII),

WM629 (serotype D, VNIV), WM 179 (serotype B,
VGI), WM 178 (serotype B, VGII), WM 175 (serotype

B, VGIII), and WM 779 (serotype C, VGIV) [5].

Reference tester strains used in the mating experiments

included; C. gattii clinical serotype C strains NIH312

(a mating type) [19] and B4546 (a mating type) [20],

and crg1a mutant derivatives (supermater tester

strains), JF101 (a mating type) and JF109 (a mating

type) [14].

Verification of molecular type

Fungal cells were disrupted by grinding in liquid
nitrogen. DNA was isolated and purified as published

previously [21]. The molecular type VGII was identified

by URA5 gene RFLP analysis using a double digest

with the enzymes Sau96I and HhaI [5] and the

molecular subtypes VGIIa and VGIIb were identified

as described previously [13,15,22].

Mating type determination

Two pairs of mating-type specific primers were used.

MFaU (5?-TTCACTGCCATCTTCACCACC-3?) and

MFaL (5?-TCTAGGCGATGACACAAAGGG-3?) pri-

mers were used to determine the a mating type [23].
MFa2U (5?-ACACCGCCTGTTACAATGGAC-3?)
and MFa2L (5?-CAGCGTTTGAAGATGGACTTT-

3?) were used to defined the a mating type [14]. PCR

reactions and amplifications were performed as pre-

viously published [14,23].

Mating

Reference tester strains for mating (serotype C NIH

312 and B-4546 [19,20]) and the supermater tester

strains (serotype C crg1D mutants JF101 and JF109

[14]) were co-cultured with VGII strains of the opposite
mating type. Cells from each mating partner were

mixed on V8 juice agar (5% [vol/vol], 3mM KH2PO4,

4% [wt/vol] agar, adjusted to pH 5 [24]) and incubated
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Table 1 Details of Cryptococcus gattii molecular type VGII strains used in this study.

Name Mating type Country Source

VGII

sub-molecular

type

Fertility with

mating

reference

tester strain§

Fertility with

supermater

tester strain" Reference

WM 178 alpha Australia Clinical N/A F F [5]

ATCC 32608 alpha USA Clinical N/A F F [9]

NIH 444 alpha USA Clinical a# F F [39]

MCS115 alpha Thailand Clinical b** F F [40]

MC-S-239 alpha Thailand Clinical N/A F F [40]

MC-S-265 alpha Thailand Clinical N/A F F [40]

New8 alpha Australia Clinical N/A N N [12]

Warryndum alpha Australia Clinical N/A N N [12]

NT-14 alpha Australia Clinical N/A F F [12]

RAM 005 alpha Australia Environmental a** N N [22]

RAM 002 alpha Australia Environmental N/A N N [12]

RAM15 alpha Australia Environmental N/A N N [12]

RDH-06 alpha Australia Clinical N/A N N [12]

VPB 571-058 alpha Australia Veterinary N/A N N [8]

VPB 571-073 alpha Australia Veterinary N/A F F [8]

W12 alpha Australia Clinical N/A N N [9]

ARN 001 alpha Australia Environmental N/A N N [12]

LA 43 alpha Uruguay Environmental N/A F F [5]

LA 44 alpha Brazil Environmental N/A F F [5]

LA 45 alpha Brazil Environmental N/A F F [5]

LA 47 a Brazil Environmental N/A F F [5]

LA 55 a Brazil Clinical N/A F F [5]

LA 57 alpha Brazil Clinical N/A N N [5]

LA 61 alpha Brazil Clinical N/A N N [5]

LA 84 alpha Brazil Clinical N/A N N [5]

LA 150 alpha Brazil Clinical N/A F F [5]

LA 151 alpha Brazil Clinical N/A N N [5]

LA 295 alpha Argentina Clinical N/A F F [5]

LA 337 alpha Brazil Clinical N/A F F [5]

LA 338 alpha Brazil Clinical N/A F F [5]

LA 362 alpha Brazil Environmental N/A F F [5]

LA 381 a Venezuela Clinical N/A N N [5]

LA 386 a Venezuela Clinical N/A N N [5]

LA 387 alpha Venezuela Clinical N/A F F [5]

LA 461 a Columbia Clinical N/A N N [5]

LA 499 a Columbia Clinical N/A N N [5]

LA 516 a Columbia Clinical N/A N N [5]

LA 517 a Columbia Clinical N/A N N [5]

LA 522 alpha Columbia Clinical N/A N N [5]

LA 524 a Columbia Clinical N/A N N [5]

LA 528 alpha Columbia Clinical N/A F F [5]

LA 540 a Columbia Clinical N/A F F [5]

LA 543 a Columbia Clinical N/A N N [5]

LA 547 a Columbia Clinical N/A N N [5]

LA 567 a Columbia Clinical N/A N N [5]

LA 584 a Columbia Clinical N/A F F [5]

LA 590 alpha Columbia Clinical N/A N N [5]

LA 599 a Columbia Clinical N/A N N [5]

CDC R268 alpha Canada Clinical a* N N [13]

CDC R265 alpha Canada Clinical a* F F [13]

CDC R269 alpha Canada Clinical a* F F [13]

CDC R271 alpha Canada Clinical a* F F [13]

CDC R272 alpha Canada Clinical b* F F [13]

CDC R273 alpha Canada Clinical a* F F [13]

CDC R322 alpha Canada Clinical a* F F [13]

CDC R360 alpha Canada Clinical a* F F [13]

CDC R368 alpha Canada Clinical a* F F [13]
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Table 1 (Continued)

Name Mating type Country Source

VGII

sub-molecular

type

Fertility with

mating

reference

tester strain§

Fertility with

supermater

tester strain" Reference

CDC R369 alpha Canada Clinical a* F F [13]

CDC R406 alpha Canada Clinical a* F F [13]

CDC R409 alpha Canada Clinical a* F F [13]

CDC AOR432 alpha Canada Clinical a* F F [13]

CDC R498 alpha Canada Veterinary a* F F [13]

CDC R500 alpha Canada Veterinary a* F F [13]

CDC R507 alpha Canada Clinical a* F F [13]

CDC R540 alpha Canada Clinical a* F F [13]

B 4534 alpha USA Clinical N/A F F This study

R 634 alpha Canada Clinical a* F F [13]

F 2596 alpha Canada Veterinary a* F F [13]

F 2866 alpha Canada Veterinary a* F F [13]

F 2932 alpha Canada Clinical a* F F [13]

F 3016 alpha Canada Veterinary a* F F [13]

F 3179 alpha Canada Clinical a* F F [13]

F 3197 alpha Canada Clinical a* N N [13]

E 113 alpha Canada Environmental a* F F [13]

99 MR10 alpha Canada Clinical a* F F [13]

E 123 alpha Canada Clinical a* F F [13]

ENV 133 alpha Canada Environmental b* N F [13]

ENV 153 alpha Canada Environmental a* F F [13]

ENV 124 alpha Canada Environmental a* F F [13]

ENV 130 alpha Canada Environmental a* F F [13]

ENV 125 alpha Canada Environmental a* F F [13]

ENV 131 alpha Canada Environmental a* F F [13]

ENV 129 alpha Canada Environmental b* N F [13]

ENV 152 alpha Canada Environmental a* F F [13]

RB1 alpha Canada Environmental a* F F [13]

RB2 alpha Canada Environmental a* F F [13]

RB3 alpha Canada Environmental a* F F [13]

RB4 alpha Canada Environmental a* F F [13]

RB5 alpha Canada Environmental a* F F [13]

RB8 alpha Canada Environmental a* F F [13]

RB9 alpha Canada Environmental a* F F [13]

RB11 alpha Canada Environmental a* F F [13]

RB13 alpha Canada Environmental a* F F [13]

RB14 alpha Canada Environmental a* F F [13]

RB15 alpha Canada Environmental a* F F [13]

RB17 alpha Canada Environmental a* F F [13]

RB19 alpha Canada Environmental a* F F [13]

RB20 alpha Canada Environmental a* F F [13]

RB22 alpha Canada Environmental a* F F [13]

RB25 alpha Canada Environmental a* F F [13]

RB26 alpha Canada Environmental a* F F [13]

RB28 alpha Canada Environmental b* N F [13]

RB29 alpha Canada Environmental a* N N [13]

RB30 alpha Canada Environmental a* F F [13]

RB31 alpha Canada Environmental b* N F [13]

RB32 alpha Canada Environmental a* F F [13]

RB33 alpha Canada Environmental a* F F [13]

RB34 alpha Canada Environmental a* F F [13]

RB35 alpha Canada Environmental a* F F [13]

RB37 alpha Canada Environmental a* F F [13]

RB39 alpha Canada Environmental a* F F [13]

RB40 alpha Canada Environmental a* F F [13]

RB45 alpha Canada Environmental a* F F [13]

RB46 alpha Canada Environmental a* F F [13]
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in darkness for up to 4 weeks. Sexual reproduction was

confirmed by the presence of basidiospore chains and

fused clamp connections. The clamp connections were

stained by Calcofluor white and visualized under a

fluorescent microscope according to an established

protocol [14]. All strains were individually incubated

Table 1 (Continued)

Name Mating type Country Source

VGII

sub-molecular

type

Fertility with

mating

reference

tester strain§

Fertility with

supermater

tester strain" Reference

RB48 alpha Canada Environmental a* F F [13]

RB50 alpha Canada Environmental a* F F [13]

RB52 alpha Canada Environmental b* F F [13]

RB54 alpha Canada Environmental a* F F [13]

RB55 alpha Canada Environmental a* N N [13]

RB56 alpha Canada Environmental a* F F [13]

RB57 alpha Canada Environmental b* F F [13]

RB58 alpha Canada Environmental a* F F [13]

RB59 alpha Canada Environmental a* F F [13]

113A-5 alpha Canada Environmental a* F F [13]

129A-1 alpha Canada Environmental a* F F [13]

152A-1 alpha Canada Environmental a* F F [13]

152A-2 alpha Canada Environmental a* F F [13]

152A-3 alpha Canada Environmental a* F F [13]

152A-4 alpha Canada Environmental a* F F [13]

152A-5 alpha Canada Environmental a* F F [13]

152A-6 alpha Canada Environmental b* F F [13]

MAC9 alpha Canada Environmental a* N N [13]

RB61 alpha Canada Environmental a* F F [13]

RB62 alpha Canada Environmental a* N N [13]

RB63 alpha Canada Environmental a* F F [13]

RB67 alpha Canada Environmental b* N F [13]

RB69 alpha Canada Environmental a* F F [13]

RB90 alpha Canada Environmental a* N N [13]

RB96 alpha Canada Environmental a* F F [13]

RB42 alpha Canada Environmental a* F F [13]

CBS7750 alpha USA Environmental a** F F [22]

GC 27 alpha Australia Environmental N/A N N [12]

NT -07 alpha Australia Clinical N/A N N [12]

WM1008 alpha Australia Environmental b** F F [22]

Bandiaga alpha Australia Environmental N/A N N [12]

MA 21832 alpha Australia Veterinary N/A F F [8]

571116 alpha Australia Veterinary N/A N F [8]

1607/96 alpha Australia Veterinary N/A N N [8]

TP 0494 alpha Australia Environmental N/A N N [12]

McBride alpha Australia Veterinary N/A F F [8]

DMST 20763 alpha Thailand Clinical N/A F F [41]

DMST 20764 alpha Thailand Clinical N/A F F [41]

DMST 20765 alpha Thailand Clinical N/A F F [41]

DMST 20766 alpha Thailand Clinical N/A F F [41]

DMST 20767 alpha Thailand Clinical N/A F F [41]

DMST 20768 alpha Thailand Clinical N/A N F [41]

47-5061 alpha Thailand Clinical N/A F F This study

47-5055 alpha Thailand Clinical N/A F F This study

47-2158 alpha Thailand Clinical N/A N F This study

47-4995 alpha Thailand Clinical N/A F F This study

AV54S alpha Greece Clinical N/A F F [32]

AV54W alpha Greece Clinical N/A F F [32]

AV55 a Greece Clinical N/A F F [32]

N/A�No data available or they are different sub-type from VGIIa and VGIIb, N�non-fertile; F�fertile; §
�Mating reference tester strains are

NIH312 (a mating type) and B4546 (a mating type); "�Supermater tester strains are crg1a mutant derivatives, JF101 (a mating type) and

JF109 (a mating type); Sub-molecular types were defined according to the following publications: *[13]; **[22] and #[15].
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on V8 juice agar as described above, to differentiate

haploid fruiting from mating.

Statistical analysis

The software SPSS 15.0 was used for statistical analysis

by Fisher’s Exact test. Significance was defined as a P

valueB0.05.

Results

One hundred and sixty three isolates from 10 countries
representing 5 continents were studied: 1 from Argen-

tina, 21 from Australia, 12 from Brazil, 91 from

Canada, 14 from Columbia, 3 from Greece, 13 from

Thailand, 1 from Uruguay, 4 from the USA, and 3

from Venezuela. They were all tested for their ability to

mate with standard strains of the opposite mating type

(Table 1).

Strains of mating type a were present only among the
South American isolates (51.61%) and those from

Greece (a single isolate; Figs. 1 and 2). Of the total

of 163 isolates, 69.94% were found to be fertile.

Regional differences in fertility (Table 2) were signifi-

cant (PB0.001). High fertility rates (�75%) were

observed in the tested Greek (3/3), US (3/4) and

Canadian (77/91) strains. The a mating type strains

were more fertile (72.79%) than the a mating type
strains (43.75%) (PB0.022). Amongst the South

American isolates, 62.5% (10/16) of the a mating type

strains and 40% (6/15) of the a mating type strains were

able to mate (PB0.289). A higher proportion of

globally collected VGIIa strains (91.67%) than VGIIb

strains (33.33%) mated (PB0.001) (Table 3). Fertility

rates of isolates from every continent were consistently

higher when tested with the supermater tester strains,
JF101 (a mating type) and JF109 (a mating type) [14].

All fertile isolates formed hyphae and produced typical

bacillary forms of basidiospores and clamp connections

(Fig. 3). No haploid fruiting was detected.

Discussion

Human and animal exposure to environmental fungi,

and hence infection, is proportional to the degree of

dispersion of potential pathogens within the environ-

ment. The infectious propagule of C. neoformans is not

known but it has been proposed that basidiospores or

conidiospores may act in this capacity [25]. Since
cryptococcosis is acquired by the respiratory route,

the small size of basidiospores would facilitate entry

into the lower respiratory tract. Cryptococcus has been

reported to develop spore-like forms by either sexual

reproduction or a non-sexual process known as haploid

fruiting [26]. Thus, the role of the sexual cycle and the

genes of the a and a mating type loci have attracted

attention since they directly control both sexual and
asexual sporulation.

An association between virulence and the a mating

type of C. neoformans was initially suggested when a

predominance of the a mating type was discovered in

global cryptococcal populations [27]. The a mating

type was then shown to be more virulent than the a
mating type in certain genetic backgrounds [16,17] and

it was better able to penetrate the blood brain barrier in
a mice model [28]. A similar mating type bias has been

reported in C. gattii strains from areas endemic for

infections caused by this member of the genus, includ-

ing Australia [29], Canada [13] and Brazil [30]. Our

results extend these findings using a large global

collection of 163 C. gattii VGII strains from several

additional countries and regions. We also observed a

predominance of the a mating type, except in South
America, where there was an equal proportion of a and

a mating types. There is a potential isolate selection

Fig. 1 A specific PCR of A) mating type a
with the primers MFaU/MFaL and B)

mating type a with the primers MFa2U/

MFa2L. Strains of mating type a and a gave

101bp and 213bp amplification products

respectively compared with the controls:

a�NIH312, a�B4546 and Neg�negative

control. All were run against a 1 Kb plus a

DNA marker (Invitrogen†).
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bias in favor of a mating types in South American

strains studied because our collection included isolates

of C. gattii from Columbia where it was recently

reported that there is a high proportion of a mating

type strains [31]. However our finding of an equal

proportion of a and a mating types among South

American isolates strongly suggests that sexual recom-

bination is occurring in this region of the world. An

additional a mating type strain was unexpectedly

recovered from Greece. Whether the C. gattii strain

isolated in Greece was imported from elsewhere or

originated in this temperate-climate zone remains

controversial [32], but only a small number of isolates

(3 isolates) were tested. Further environmental surveys

are needed to resolve these questions.

The ability to produce spores is dependent on the

fertility of each strain, which may in turn determine the

virulence of the organism as found in Toxoplasma

gondiii in which the ability to undergo sexual reproduc-

tion correlated with virulence [33,34]. There is also

evidence from studies in Saccharomyces cerevisiae that

the ability to undergo sexual recombination facilitates

adaptation to new environments by increasing genetic

diversity. Strains capable of sexual recombination were

more tolerant to a new harsh environment [35,36].

Furthermore, links between mating and pathogenicity

have been recognized for several fungi. In Ustilago

maydis, a basidiomycous fungal pathogen of plants,

pathogenesis and sexual development are intricately

interconnected since disease is completely dependent

on the ability of the fungus to accomplish a complete

sexual cycle [37]. A recent study demonstrated that the

a/a genotype of Candida albicans has a competitive

advantage over a/a and a/a offspring in colonizing

hosts [38]. Our findings support a direct relationship

between fertility and virulence in C. gattii, since the

more virulent subtype, VGIIa, was more fertile than the

Fig. 2 Mating type and fertility distribution

of global VGII strains showing numbers of

isolates collected from different countries

(mating type a/mating type a). Numbers in

the brackets represent number of fertile

strains for each mating type.

Table 2 Mating type and percentage of fertile isolates.

Geographic region

(Total # of strains)

Mating type

(a/a)

Fertility with

Mating reference tester strains*

Fertility with

supermater tester strains"

Australia (21) 21/0 28.57% 33.33%

Canada (91) 91/0 84.62% 92.31%

Greece (3) 2/1 100% 100%

South America (31) 16/15 51.61% 64.52%

Thailand (13) 13/0 69.23% 100%

USA (4) 4/0 75% 100%

Regional difference in fertility is statistically significant (PB0.001); *Mating reference tester strains are NIH312 (a mating type) and B4546

(a mating type); "Supermater tester strains are crg1a mutant derivatives, JF101 (a mating type) and JF109 (a mating type).

Table 3 Fertility of the isolates according to molecular subtype.

Molecular subtype

(total # of strains)

Fertile/Infertile

(mating reference tester

strains)*

Fertile/Infertile

(supermater tester

strains)"

VGIIa (84) 77/7 77/7

VGIIb (12) 4/8 11/1

The VGIIa strains are more fertile than the VGIIb strains (PB

0.001); *Mating reference tester strains are NIH312 (a mating type)

and B4546 (a mating type); "Supermater tester strains are crg1a
mutant derivatives, JF101 (a mating type) and JF109 (a mating type).
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less virulent subtype, VGIIb. This is consistent with the

fact that the incidence of cryptococcosis due to C. gattii

VGIIa in Canada is much higher than reported else-

where [13].

To confirm our findings, investigation of the viru-

lence of larger numbers of strains of the two molecular
subtypes VGIIa and VGIIb found on Vancouver Island

and elsewhere are the focus of an ongoing international

research effort. In addition, though fertility of the a

mating type strains of C. gattii was clearly superior

than that of the a mating type strains, further

confirmation of this association should be derived

from virulence testing of several congenic pairs of

VGIIa and VGIIb.
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