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More than 110 years of study of the Cryptococcus neoformans and
Cryptococcus gattii species complex has resulted in an enormous
accumulation of fundamental, applied biological and clinical knowledge.
Recent developments in our understanding of the diversity within the species
complex are presented, emphasizing the intraspecific complexity, which
includes species, microspecies, hybrids, serotypes and genotypes. Each of
these may have different roles in disease. An overview of obsolete and current
names is presented.

Cryptococcus neoformans, Cryptococcus gattii, Yeast, Taxonomy, Pathogen.

Diversidad del complejo de especies Cryptococcus
neoformans-Cryptococcus gattii
Más de 110 años de estudio sobre el complejo de especies Cryptococcus
neoformans y Cryptococcus gattii han dado lugar a un gran acúmulo de
conocimiento básico, aplicado y clínico. En este artículo se describen los
avances recientes en la comprensión de su diversidad, haciendo énfasis en la
complejidad intraespecífica que presenta y que llega a englobar especies,
microespecies, híbridos, serotipos y genotipos. Cada uno de estos grupos
puede jugar un papel diferente en la enfermedad. Se presenta también una
visión global de los nombres obsoletos y actuales de estos taxones.

Cryptococcus neoformans, Cryptococcus gattii, Levaduras, Patógeno,
Taxonomía.
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Introduction
Studies on Cryptococcus neoformans and Crypto-

coccus gattii started in 1894, when Sanfelice first isolated
Saccharomyces neoformans from peach juice in Italy [139].
In the same year Saccharomyces hominis was observed in
an infection of a German patient [10,11] and two years
later an encapsulated bacilliform yeast, which was named
Saccharomyces subcutaneous tumefaciens, was isolated
from an otherwise healthy man in France [35]. Vuillemin
examined several of these cultures, but as the ascospore cha-
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racteristics of the genus Saccharomyces were not present,
he placed these species in the genus Cryptococcus [166].
Cryptococcus hominis was later described as a synonym to
C. neoformans [102]. In 1970, an atypical strain of C. neo-
formans was isolated from a leukemic patient and des-
cribed as C. neoformans var. gattii [162]. The teleomorph
of C. neoformans was discovered when two serotype D
strains were crossed and was named Filobasidiella neofor-
mans [74]. However, when serotype B and C strains were
crossed, a teleomorph that clearly differed from F. neofor-
mans was observed. This resulted in the description of
Filobasidiella bacillispora [76]. In addition, several
physiological assays showed that C. neoformans serotype
B and C strains differed from C. neoformans serotype A
and D isolates, and the name Cryptococcus bacillisporus
was proposed for serotype B and C isolates [81]. Although
previous mating experiments with C. neoformans var. gattii
had not been successful [81], viable basidiospores were pro-
duced when strains of C. neoformans var. gattii were cros-
sed with isolates of F. bacillispora and F. neoformans [141].
Furthermore, mating of isolates of F. bacillispora with
F. neoformans resulted in the formation of viable basidios-
pores [80,141]. Kwon-Chung et al. [80] therefore proposed
to treat the two species as varieties of C. neoformans,
namely C. neoformans var. neoformans and C. neoformans
var. gattii. In 1999, based on phenotypic and genotypic
data Franzot et al. [51] proposed to install a third variety,
namely C. neoformans var. grubii, corresponding to se-
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rotype A. Despite the results of earlier mating experiments,
C. gattii has recently been described as a separate species,
because of the increasing amount of data suggesting the
distinctiveness of C. neoformans and C. neoformans var.
gattii [82]. Table 1 presents an overview of names in old
and current use within the species complex.

Currently, two species are recognized within the 
C. neoformans - C. gattii species complex. These species
are the asexual yeast C. neoformans (Sanfelice) Vuillemin
[166], with teleomorph F. neoformans Kwon-Chung [74]
and the asexual yeast C. gattii (Vanbreuseghem and Ta-
kashio) Kwon-Chung et al. [82] with F. bacillispora
Kwon-Chung as teleomorph [76].

Both C. neoformans and C. gattii belong to the
Filobasidiella-clade of the Tremellales (Basidiomycota,
Agaricomycotina, Tremellomycetes) [47,63,143]. Crypto-
coccus amylolentus, Tsuchiyaea wingfieldii and Filobasi-
diella depauperata, species which are closely related to 
C. neoformans and C. gattii [47,48,60,83,113,143], have
been isolated either from insect frass or from dead insects
(www.cbs.knaw.nl/yeast/BioloMICS.aspx).

Infection and virulence
A pulmonary infection with C. neoformans or

C. gattii most likely starts with inhalation of infectious
particles, which have not been identified with certainty,
although basidiospores seem to be the most likely candi-
date [20]. Yeast cells are too large to penetrate into the
alveoli [62] where infection starts and desiccated yeast
cells display poor viability [136, 169]. Inhaled basidiospo-
res may cause infection in mice and are more effective
than yeast cells in causing cryptococcosis [152]. Interes-
tingly, humans without a history of cryptococcal disease
have antibodies against C. neoformans [30]. Furthermore,
the majority of children have been exposed to C. neofor-
mans before they reach the age of five [56]. These results
show that humans frequently come into contact with C. neo-
formans. In immunocompetent individuals C. neoformans
infection is either cleared or remains dormant [55]. In
immunocompromised individuals, however, C. neofor-
mans can disseminate to other organs. Infection of the cen-
tral nervous system may result in meningoencephalitis, a
condition that is fatal if left untreated. Contrary to C. neo-
formans, C. gattii primarily infects otherwise healthy indi-
viduals [31,111,112,135,147], but serotype C isolates of 
C. gattii were found to be implicated in HIV-associated
infections in California, Botswana and Malawi [27,97].
The reported incubation period for C. gattii serotype B,
genotype AFLP/6/VGII of up to six or seven months [104]
or as short as two months [96], is consistent with infection
by a primary pathogen. Although both species infect the
central nervous system, C. gattii appears to invade the
brain parenchyma more commonly than C. neoformans.
Furthermore, in C. gattii infected patients, pulmonary
infections are more likely and pulmonary mass-like le-
sions are more common than in C. neoformans infected
patients [111,147].

Although C. neoformans is a human pathogen, the
human host is probably an accidental encounter and not 
its primary niche. Infection of macrophages and amoebae
by C. neoformans is similar, and it was therefore postula-
ted that mammalian virulence factors of C. neoformans
evolved as a defense mechanism to environmental preda-
tors [148,149]. There are several virulence factors that
contribute to the virulence of C. neoformans in mammals.
Obviously, the ability to grow at 37 °C is essential. C. neo-
formans and C. gattii are the only Tremellales that can

grow optimally at temperatures above 30 °C [86,129] 
and temperature sensitive mutants of C. neoformans are
attenuated in virulence [128]. Another important virulen-
ce factor is the production of a large polysaccharide cap-
sule (Fig. 1). Acapsular mutants are avirulent in mouse
models [22-25]. Capsule size increases during infec-
tion [46] and can be induced in vitro by high CO2 concen-
tration [59], iron deprivation [163], and serum [178].
Although some properties of the capsule enable the host 
to clear C. neoformans more effectively, others protect 
C. neoformans against host defenses. Overall, the effect of
the capsule is beneficial: encapsulated cryptococcal cells
are not phagocytized or killed by neutrophils, monocytes
or macrophages to the same degree as acapsular cells [9].
The production of melanin is another important virulence
factor (Fig. 2). Melanin synthesis is catalyzed by a laccase
and may occur when phenolic compounds, e.g. catechola-
mines, are present [127,130,172,173]. Dopamine, a cate-
cholamine which is present in the brain, is a substrate for
melanin synthesis [10,172]. The ability of C. neoformans
and C. gattii to form melanin has been used to develop
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Figure 1. India ink stained capsule around budding yeast cell of
Cryptococcus gattii CBS 883 after two days at room temperature on
Littmann agar.

Figure 2. Melanin (JEC 21, right) and non-melanin (JEC 20, left) forming
colonies of C. neoformans serotype D on L-DOPA medium after 5 days at
25 ºC.



diagnostic selective media, such as L-DOPA or nor-epi-
nephrine media. It is important to note that also non-neofor-
mans cryptococci are able to form melanin, such as C. pod-
zolicus and Cryptotrichosporon anacardii [124,129]. In
C. neoformans and C. gattii, melanin is synthesized during
infection [122,134] and mutants that do not produce mela-
nin are less virulent [133,138]. Melanin protects C. neofor-
mans from oxidative damage by scavenging host-produced
anti-oxidants [9,167]. In addition, laccase decreases the
amount of hydroxyl radicals directly, thereby protecting 
C. neoformans [101]. Given the notion that C. neoformans
may represent a secondary (or dormant) pathogen contrary
to C. gattii (or at least some of the genotypes occurring in
this species) it would be particularly interesting to study
the main virulence traits in both in order to understand the
molecular basis of these differences in pathogenicity. This
is not only important from a clinical point of view, but may
also largely contribute to our understanding of speciation
within this complex of important human and animal patho-
gens. Recently, in addition to vertebrates, such as the mou-
se, rat and rabbit, a number of invertebrate model orga-
nisms have been explored for their potential contributions
to our understanding of cryptococcal pathogenesis [103].
Experiments with Caenorhabditis elegans, a widely used
model organisms in molecular biology, showed that cap-
sule and G-� protein-cAMP-protein kinase A (PKA) pla-
yed a role in cryptococcal virulence [116]. Also Droso-
phila melanogaster and Galloria mellonella have been
used for cryptococcal virulence assays. Because each of
these model organisms have their advantages and disad-
vantages [103], it may well be that an integrated approach
using multiple vertebrate and invertebrate hosts is needed
to understand the full extent of cryptococcal pathogenicity.

Epidemiology and ecology
C. neoformans and C. gattii can be distinguished by

serotype (A, D and AD for the former, B and C for the lat-
ter) [80,82], karyotype [6,171], RAPD patterns [6,40,137],
PCR fingerprints [110], RFLP patterns [89,108], AFLP
fingerprint [7] and DNA sequencing [5,15,28,37,38,69,
151,175,176]. Most of these methods have shown that two
genotypic groups can be recognized within C. neoformans
and these groups have been described as separate varieties,
namely var. grubii (serotype A) and var. neoformans
(serotype D) [51] (see Table 1). However, although several
molecular methods distinguish four genotypic groups
within C. gattii [5,15,28,37,40,53,89,108,137], these
groups have not yet been interpreted as distinct taxa (see
Table 1). Interestingly, C. gattii serotypes B and C do not
correspond to a specific group, but appear to occur in all
genotypic groups [108].

C. neoformans and C. gattii differ in epidemiology
and in their ecological niche. C. neoformans var. grubii
occurs throughout the world and causes 99% of the crypto-
coccal infections in HIV-infected patients [111]. In Europe
this variety occurred in 51% of the isolates analyzed in a
30-month survey [165]. C. neoformans var. neoformans
occurs worldwide as well, but appears to be more common
in Europe, where 30% of the reported infections are cau-
sed by this variety [39,79,158,159,165]. In France, it was
found that infection by this variety occurred more fre-
quently among patients from certain geographical areas,
among patients receiving corticoid steroid treatment, and
in patients with skin lesions [39]. In contrast, the risk of
being infected was smaller among female patients, those
originating from Africa, and for patients suffering from
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Table 1. Names in current and old use in the C. neoformans / C. gattii species complex and with reference to the different typing nomenclatures in 
current use.

1. Cryptococcus neoformans, type strain CBS 1321

Teleomorph Filobasidiella neoformans, holotype BPI 71843 (= CBS 6885 [serotype D, AFLP 2] � CBS 6886 [serotype D, AFLP 2]).

– Cryptococcus neoformans var. neoformans, type strain CBS 1321 = serotype D = AFLP genotype 2 = genotype VNIV [reference strain WM629 =
CBS 10079]. Synonyms for which type is available: Saccharomyces neoformans, type CBS 1321; Torula nasalis, type strain CBS 882.

– Cryptococcus neoformans var. grubii, type strain CBS 8710 = serotype A = AFLP genotype 1/1A/1B = genotype VNI/VNII [reference strains
WM148/WM626 = CBS 10085/10083]. Synonyms for which type or authentic strain is available: Candida psicrophylicus2, type CBS 996;
Saccharomyces hominis2, authentic strain CBS 879.

2. Intervarietal grubii � neoformans hybrids

– Serotype AD Hybrids = AFLP genotype 31 = genotype VNIII [reference strain WM 628 = CBS 10080]. Note that CBS 132, the type strain of 
C. neoformans variety neoformans is a serotype AD hybrid.

3. Cryptococcus gattii3, type strain CBS 6289 = RV 20186.

Teleomorph Filobasidiella bacillispora, holotype BPI 71855 (= CBS 6956 [serotype B, AFLP 6] � CBS 6993 [serotype C, AFLP 5])4

No infraspecific taxa are described, but four different genotypes do occur.

– AFLP genotype 4 = serotype B (or C)6 = genotype VGI [reference strain WM179 = CBS 10078].
Synonyms for which type or authentic strains are available: Cryptococcus neoformans var. gattii, type strain CBS 6289; Candida hondurianus3,
syntype strain CBS 883; Torulopsis neoformans var. sheppei, type strain CBS 919; Cryptococcus neoformans var. shanghaiensis, type strain CBS
7229, Saccharomyces subcutaneous tumefaciens5, authentic strain CBS 1622.

– AFLP genotype 5 = serotype B or C = genotype VGIII [reference strain WM161= CBS 10081]. Synonym for which a type strain is available:
Cryptococcus bacillisporus, type strain CBS 6955.

– AFLP genotype 6 = serotype B (or C)6 = genotype VGII [reference strain WM 178 = CBS 10082].

– AFLP genotype 7 = serotype B or C = genotype VGIV [reference strain WM779 = CBS 10101].

4. Interspecific gattii � neoformans hybrids

– Serotype BD hybrid = AFLP genotype 8 [reference strain CBS 10488].

– Serotype AB hybrid = AFLP genotype 9 [reference strain CBS 10496].

1 The type strain of Cryptococcus (=Saccharomyces) neoformans CBS 132 is a serotype AD hybrid. When both serotypes A and D will be recognized as separate species, this type
strain may need to be replaced in order to establish nomenclatural stability.

2 These names have priority at the species level.
3 Cryptococcus gattii is conserved against Cryptococcus hondurianus.
4 These two strains belong to different genotypes within C. gattii as follows: CBS 6956 (NIH 444) is AFLP6/VGII, whereas CBS 6993 is AFLP5/VGIII. Given the many genomic

differences between these two genotypes, it may be that they represent different infraspecific taxa or even microspecies.
5 This name is an illegitimate trinomial.
6 Although serotype C has been reported to occur in these genotypes, this could not be confirmed by the present authors. This, however, may be due to the different strain

collections used in the various studies.



meningeal cryptococosis [39]. In Europe, 30% of the isolates
were found to represent this variety, and in Italy it
was most frequently isolated in the Northern part of the
country [165]. In contrast to C. neoformans, C. gattii mainly
infects otherwise healthy individuals [31,111,135,147] and
occurs predominantly in subtropical areas [79,100,108]. 
C. gattii has, however, also been isolated in Europe in
areas with a temperate or Mediterranean climate [3,34,35,
114,164] and it is also known from temperate climate
zones in Colombia [45]. Furthermore, C. gattii is responsi-
ble for the ongoing outbreak of cryptococcosis on Vancou-
ver Island, Canada [65,72,150], and has recently been de-
tected in other areas in the Pacific Northwest, USA [105].

C. neoformans is often isolated from avian excreta,
mainly from pigeon excreta [20,44]. In addition, it has
been isolated from soil [43] and decaying wood [91]. Zoo-
notic transmission of C. neoformans from bird’s excreta to
immunocompromised or immunocompetent humans has
been demonstrated in a few cases [88,121] or has been
seriously considered in others [145].

C. gattii has been isolated from several tree species
since the initial finding of C. gattii on Eucalyptus camal-
dulensis [16,41,42,45,49,54,57,72,73,90,92,131,132]. Re-
cently, however, it has been suggested that soil may in fact
be the principal reservoir for this species [71]. In a detai-
led analysis of Colombian isolates it was observed that 
climatic conditions were related to the distribution of both
C. neoformans var. grubii and serotypes B and C of C. gat-
tii. It seems likely therefore that differential tolerances of
the genotypes/serotypes to environmental conditions, such
as climate, may effect their geographic and ecologic distri-
butions [58].

Reproduction
C. neoformans and C. gattii are usually haploid

yeasts that predominantly reproduce asexually, i.e. by bud-
ding. However, they also possess a bipolar mating system,
with mating-types a and � [74,75]. The mating-type (MAT)
locus is the region of a fungal genome that regulates the
sexual cycle and which is different between cells of oppo-
site mating-type. Mating may occur if cells of opposite
mating-types meet [74-76]. C. neoformans possesses a sin-
gle MAT locus, which is unusually large, i.e. more than
100 kb for both C. neoformans and C. gattii [52,53,94]. It
encodes more than twenty genes, including homeodomain
genes which establish cell type identity, genes involved in
pheromone production and sensing, components of a MAP
kinase cascade, essential genes, and genes which do not
seem to have a function in mating [52,94,115]. Evidence
suggests that the ancestor of C. neoformans had two unlin-
ked sex-determining regions, which expanded by acquisi-
tion of genes of related function. A chromosomal translo-
cation fused the two regions, which resulted in a tripolar
intermediate mating system that collapsed into a bipolar
system. In this bipolar system inversions, that suppressed
recombination, occurred, which resulted in the currently
known MAT loci [52].

MATa cells produce MFa pheromone, e.g. in res-
ponse to nitrogen starvation, and in response to this phero-
mone MAT� cells form a conjugation tube [26,168]. In res-
ponse to MF� pheromone, which is induced by starvation
conditions as well as by the presence of MATa cells [144],
the MATa cells dramatically enlarge to form large swollen
cells that can fuse with the conjugation tubes of the MAT�

cells [36]. McClelland et al. [107] hypothesized about the
cascade of events following conjugation tube formation by
the MAT� cell. The MAT� nucleus divides and migrates

into the conjugation tube. Simultaneously, the MATa
nucleus divides and the MATa cell initiates hyphal forma-
tion. Nuclei from both mating-types then migrate into the
hyphae. The now dikaryotic hyphae are linked by fused
clamp connections. A basidium is formed on the tip of
hyphae and subsequently karyogamy and meiosis occur
within the basidium [75]. The four resulting nuclei remain
in the basidium and repeated post-meiotic mitosis genera-
tes four long chains of spores [75,77]. A single spore chain
may contain parental spore types as well as recombinants,
indicating that the nuclei in the basidium are randomly dis-
tributed and that mitosis of these nuclei occurs randomly
prior to spore formation [77].

C. neoformans cells may also reproduce by haploid
fruiting, which occurs in response to nitrogen starvation
and/or desiccation [170]. Haploid fruiting resembles
mating, but there are some differences. Mating involves
partners of opposite mating-types, whereas haploid frui-
ting occurs in strains of the same mating-type [170]. In
addition, nuclear fusion occurs early during haploid frui-
ting [95], but late during mating [75]. Furthermore, clamp
connections of filaments produced during mating are
fused, whereas clamp connections produced during frui-
ting are unfused [170]. During haploid fruiting basidia
with viable basidiospores are formed, albeit at a lower fre-
quency than in a regular MATa � MAT� cross [170].
Although haploid fruiting has first been described in
MAT� isolates of all serotypes [170], it has also been
observed in a few MATa isolates [161]. Interestingly, one
of the environmental C. gattii isolates from Vancouver
Island is a diploid homozygous MAT� strain [53], which
may have been generated by aberrant ‘haploid fruiting’,
i.e. same sex mating [95].

Several purposes have been suggested for haploid
fruiting, or more specifically for the resulting filamenta-
tion. Haploid fruiting may increase the chance of finding a
mating partner [67,168]. An indication for this is the sti-
mulation of haploid fruiting of MAT� cells in response to
MFa pheromone [144]. Haploid fruiting may also increase
the foraging capacity under low nutrient conditions, as 
is indicated by the observation that haploid fruiting of
MAT� cells is enhanced by overexpression of MF� phero-
mone genes, which are induced during starvation condi-
tions [144]. Recently, a phenomenon called same-sex
mating, i.e. mating between two non-isogenic MAT� cells,
has been described [95]. The isolation of serotype A
MAT�-serotype D MAT� environmental isolates [97] sug-
gests that same-sex mating occurs in the environment.

Although mating of C. neoformans or C. gattii was
shown to occur under laboratory conditions [74, 76], it 
has never been found in the environment. In addition,
past studies have found evidence for clonal population
structure [12,13,29,50]. However, when C. neoformans
var. grubii and var. neoformans were studied separately 
the null hypothesis of recombination could no longer 
be rejected [157]. In addition, analysis of the LAC1 and
URA5 genes for AD hybrid isolates showed that recombi-
nation occurred within each variety [175]. Furthermore, re-
combination may occur within subpopulations of var. gru-
bii [97,99] and within populations of var. neoformans [97].
In addition, recombination was found in subpopulations of
C. gattii AFLP6 [18]. In summary, C. neoformans and
C. gattii reproduce through diverse sexual and asexual
strategies, in which both recombination and clonal disper-
sal do occur [17].

The majority of environmental and clinical isolates
belongs to MAT�. [1,18,19,21,29,45,54,61,64,66,68,78,97,
99,100,106,123,125,126,132,140,142,154,160,165,177].
However, C. gattii MATa and MAT� isolates have been
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found in an 1:1 ratio and MATa isolates sometimes even
outnumbered the MAT� isolates [45,61]. Unequal inheri-
tance of the MAT locus could provide an explanation for
the excess of MAT� isolates. However, in laboratory cros-
ses MATa and MAT� isolates were either obtained in an
1:1 ratio [70,75,77,80,99,118,161,170] or an excess of
MATa progeny was obtained [80,161]. When haploid frui-
ting in MAT� isolates was first described [170] this pheno-
menon was thought to explain the high number of MAT�

isolates in environmental and clinical isolates. However,
Tscharke et al. [161] showed that MATa isolates are also
capable of haploid fruiting. In addition, the poor haploid
fruiting capability of C. neoformans var. grubii isolates,
which are responsible for the majority of cryptoccal infec-
tions [111,161,170], indicated that haploid fruiting does
not provide an explanation for the high number of MAT�.

It has also been suggested that MAT� isolates might
be more virulent than those belonging to MATa. Several
approaches have been used to test this hypothesis. Conge-
nic pairs of both serotype A and D were created and
although virulence was associated with MAT� in the se-
rotype D congenic pair [84], no clear association between
virulence and mating-type was found when progeny of a
serotype D mating was compared [85]. Furthermore, the
serotype A congenic pair did not differ in virulence [118].
Interestingly, during C. neoformans var. grubii MATa and
MAT� coinfection MAT� cells out-competed MATa in
entry to the central nervous system. Nielsen et al. [117]
and Barchiesi et al. [2] found that the presence of a
serotype A-MAT� allele is associated with virulence.
Finally, virulence studies carried out using serotype D con-
genic pairs of different genetic background showed that
the genetic background plays a significant role in determi-
ning the effect of mating-type on virulence [119].

Hybrids
Occasionally diploid or aneuploid isolates, such as

AD, BD or AB hybrids, are found [4,8,14,32,33,53,64,79,
97,100,109,120,140,153,154,156,158-160,165, M. Bovers,
F. Hagen & T. Boekhout, unpublished observations],
although the diploid phase of C. neoformans and C. gattii
is normally associated with the filamentous sexual stage
rather than the yeast stage. Hybrids usually possess both
mating-type loci which indicates that they most likely
result from mating between isolates of opposite mating-
types [8,32,93]. Hybrids can result either from pre-meio-
tic sporulation or from fusion of haploid meiotic nuclei
followed by the packing of a diploid nucleus in a basidios-
pore [146]. Indeed, Kwon-Chung [75] has observed atypi-
cal basidia producing two normal spores and one spore
which was twice as large and may have contained a diploid
nucleus. These observations are consistent with the forma-
tion of hybrids by fusion of haploid meiotic nuclei.

Genetic and molecular studies performed on AD
hybrid isolates showed that these were formed multiple
times [174,177] and AD as well as BD hybrids have been
generated in the lab [33,87,93,146,155]. When serotype A
and serotype D strains were mated, 24% to 70% of the
progeny were diploid or aneuploid [33,87,155]. In addi-
tion, mating of a serotype B with a serotype D strain resul-
ted in 50% diploid or aneuploid progeny [87]. These
results show that AD and BD hybrids can be generated
quite easily. In some areas of Europe, 16 to 30% of the 
clinical isolates were found to be AD hybrids [32,79,165],
with Spain, Greece and Portugal showing the highest inci-
dence, namely 45%, 48% and 50%, respectively [165].
These observations indicate that in these areas hybrids are
responsible for a significant part of the cryptococcal infec-
tions.

Serotype AD hybrids may contain both MATa and
MAT� alleles for both serotypes A and D, and, hence, both
AaD� and A�Da genotypes occur [33,97, M. Bovers & 
T. Boekhout, unpublished observations]. Recently it was
proposed that the AaD� genotype may have originated
from a mating population in Botswana, which, due to bet-
ter fitness characteristics could disseminate globally [98].

Conclusions and perspective
C. neoformans and its sibling species C. gattii 

form a species complex that has been studied from many
different perspectives. The results suggest that these two
species are distinct. Accumulating evidence, however,
suggests that the varieties grubii and neoformans, and pro-
bably the four genotypes in C. gattii may also represent
separate microspecies. Further molecular, genetic and 
ecological investigations are needed to confirm this hypo-
thesis. The existence of both intervarietal (serotype AD)
and interspecific (serotype BD and AB) hybrids, which are
diploid or aneuploid, indicate that species boundaries may
be maintained by postzygotic isolation mechanisms. The
continued sampling of clinical and environmental isolates,
together with adequate genotyping, may further strengthen
the role of each genotype in the various diseases caused by
representatives of the species complex, as well as the
various patient categories in which cryptococcosis occurs.

S8 Rev Iberoam Micol 2008; 25: S4-S12



1. Abegg MA, Cella FL, Faganello J, 
Valente P, Schrank A, Vainstein MH.
Cryptococcus neoformans and
Cryptococcus gattii isolated from the
excreta of Psittaciformes in a southern
Brazilian zoological garden.
Mycopathologia 2006; 161: 83-91.

2. Barchiesi F, Cogliati M, Esposto MC,
Spreghini E, Schimizzi AM, Wickes BL,
Scalise G, Viviani MA. Comparative
analysis of pathogenicity of Cryptococcus
neoformans serotypes A, D and AD in
murine cryptococcosis. J Infect 2005; 51:
10-16.

3. Baró T, Torres-Rodríguez JM, Hermoso
de Mendoza M, Morera Y, Alía C. First
identification of autochthonous
Cryptococcus neoformans var. gattii
isolated from goats with predominantly
severe pulmonary disease in Spain. 
J Clin Microbiol 1998; 36: 458-461.

4. Baroni F de A, Paula CR, Silva EG, 
Viani FC, Rivera IN, Oliveira MT, 
Gambale W. Cryptococcus neoformans
strains isolated from church towers in Rio
de Janeiro City, RJ, Brazil. Rev Inst Med
Trop S Paulo 2006; 48: 71-75.

5. Biswas SK, Wang L, Yokoyama K,
Nishimura K. Molecular analysis of
Cryptococcus neoformans mitochondrial
cytochrome b gene sequences. 
J Clin Microbiol 2003; 41: 5572-5576.

6. Boekhout T, van Belkum A, Leenders
ACAP, Verbrugh HA, Mukamurangwa P,
Swinne D, Scheffers WA. Molecular
typing of Cryptococcus neoformans:
taxonomic and epidemiological aspects.
Int J Syst Bacteriol 1997; 47: 432-442.

7. Boekhout T, Theelen B, Diaz M, Fell JW,
Hop WCJ, Abeln ECA, Dromer F, Meyer W.
Hybrid genotypes in the pathogenic yeast
Cryptococcus neoformans. Microbiology
2001; 147: 891-907.

8. Bovers M, Hagen F, Kuramae EE, 
Diaz MR, Spanjaard L, Dromer F,
Hoogveld HL, Boekhout T. Unique
hybrids between fungal pathogens
Cryptococcus neoformans and
Cryptococcus gattii. FEMS Yeast Res
2006; 6: 599-607.

9. Buchanan KL, Murphy JW. What makes
Cryptococcus neoformans a pathogen?
Emerg Inf Dis 1998; 4: 71-83.

10. Buschke A. Über eine durch coccidien
hervergerufene krankheit des menschen.
Dtsch Med Wochenschr 1895; 21: 14.

11. Busse O. Über parasitare Zelleinschlüsse
und ihre Züchtung. Zentralbl Bakteriol
1894; 16: 175-180.

12. Brandt ME, Bragg SL, Pinner RW.
Multilocus enzyme typing of
Cryptococcus neoformans. J Clin
Microbiol 1993; 31: 2819-2823.

13. Brandt ME, Hutwagner LC, Klug LA,
Baughman WS, Rimland D, Graviss EA,
Hamill RJ, Thomas C, Pappas PG,
Reingold AL, Pinner RW and the
cryptococcal disease active surveillance
group. Molecular subtype distribution of
Cryptococcus neoformans in four areas
of the United States. J Clin Microbiol
1996; 34: 912-917.

14. Brandt ME Hutwagner, Kuykendall RJ,
Pinner RW and the cryptococcal disease
active surveillance group. Comparison of
multilocus enzyme electrophoresis and
Random Amplified Polymorphic DNA
analysis for molecular subtyping of
Cryptococcus neoformans.
J Clin Microbiol 1995; 33: 1890-1895.

15. Butler MI, Poulter RTM. The PRP8 inteins
in Cryptococcus are a source of
phylogenetic and epidemiological
information. Fungal Genet Biol 2005; 42:
452-463.

16. Callejas A, Ordóñez N, Rodriguez MC,
Castañeda E. First isolation of
Cryptococcus neoformans var. gattii,
serotype C, from the environment in
Colombia. Med Mycol 1998; 36: 341-344.

17. Campbell LT, Carter DE. Looking for sex
in the fungal pthogens Cryptococcus
neoformans and Cryptococcus gattii.
FEMS Yeast Res 2006; 6: 588-598.

18. Campbell LT, Currie BJ, Krockenberger
M, Malik R, Meyer W, Heitman J, 
Carter DE. Clonality and recombination in
genetically differentiated subgroups of
Cryptococcus gattii. Eukaryot Cell 2005;
4: 1403-1409.

19. Campbell LT, Fraser JA, Nichols CB,
Dietrich FS, Carter D, Heitman J. Clinical
and environmental isolates of C. gattii
from Australia that retain sexual fecundity.
Eukaryot Cell 2005; 4: 1410-1419.

20. Casadevall A, Perfect JR. Cryptococcus
neoformans. Washington, ASM Press,
1998.

21. Casali AK, Goulart L, Rosa e Silva LK,
Ribeiro AM, Amaral AA, Alves SH,
Schrank A, Meyer W, Vainstein MH.
Molecular typing of clinical and
environmental Cryptococcus neoformans
isolates in the Brazilian state Rio Grande
do Sul. FEMS Yeast Res 2003; 3: 405-415.

22. Chang YC, Kwon-Chung KJ.
Complementation of a capsule-deficient
mutation of Cryptococcus neoformans
restores its virulence. Mol Cell Biol 1994;
14: 4912-4919.

23. Chang YC, Kwon-Chung KJ. Isolation of
the third capsule-associated gene,
CAP60, required for virulence in
Cryptococcus neoformans. Infect Immun
1998; 66: 2230-2236.

24. Chang YC, Kwon-Chung KJ. Isolation,
characterization and localization of a
capsule-associated gene, CAP10, of
Cryptococcus neoformans. J Bacteriol
1999; 181: 5636-5643.

25. Chang YC, Penoyer LA, Kwon-Chung KJ.
The second capsule gene of
Cryptococcus neoformans, CAP64, is
essential for virulence. Infect Immun
1996; 64: 1977-1983.

26. Chang YC, Wickes BL, Miller GF, 
Penoyer LA, Kwon-Chung KJ.
Cryptococcus neoformans STE12�

regulates virulence but is not essential for
mating. J Exp Med 2000; 191: 871-881.

27. Chaturvedi S, Dyavaiah M, Larsen RA,
Chaturvedi V. Cryptococcus gattii in AIDS
patients, southern California. Emerg
Infect Dis 2005; 11: 1686-1692.

28. Chaturvedi V, Fan J, Stein B, Behr MJ,
Samsonoff WA, Wickes BL, Chaturvedi S.
Molecular genetic analyses of mating
pheromones reveal intervariety mating or
hybridization in Cryptococcus neoformans.
Infect Immun 2002; 70: 5225-5235.

29. Chen F, Currie BP, Chen LC, Spitzer SG,
Spitzer ED, Casadevall A. Genetic
Relatedness of Cryptococcus neoformans
clinical isolates grouped with the
repetitive DNA probe CNRE-1. 
J Clin Microbiol 1995; 33: 2818-2822.

30. Chen LC, Goldman DL, Doering TL,
Pirofski LA, Casadevall A. Antibody
response to Cryptococcus neoformans
proteins in rodents and humans. Infect
Immun 1999; 67: 2218-2224.

31. Chen S, Sorrell T, Nimmo G, Speed B,
Currie B, Ellis D, Marriott D, Pfeiffer T,
Parr D, Byth K and the Australasian
Cryptococcal study group. Epidemiology
and host- and variety-dependent
characteristics of infection due to
Cryptococcus neoformans in Australia
and New Zealand. Clin Inf Dis 2000; 31:
499-508.

32. Cogliati M, Esposto MC, Clarke DL,
Wickes BL, Viviani MA. Origin of
Cryptococcus neoformans var.
neoformans diploid strains. 
J Clin Microbiol 2001; 39: 3889-3894.

33. Cogliati M, Esposto MC, Tortorano AM,
Viviani MA. Cryptococcus neoformans
population includes hybrid strains
homozygous at mating-type locus. FEMS
Yeast Res 2006; 6: 608-613.

34. Colom MF, Frasés S, Ferrer C, Jover A,
Andreu M, Reus S, Sánchez M, 
Torres-Rodríguez JM. First case of
human Cryptococcosis due to
Cryptococcus neoformans var. gattii in
Spain. J Clin Microbiol 2005; 43: 
3548-3550.

35. Curtis F. Contribution à l’étude de la
saccharomycose humaine. Ann Inst
Pasteur 1896; 10: 449-468.

36. Davidson RC, Moore TDE, Odom AR,
Heitman J. Characterization of the MF�

pheromone of the human fungal
pathogen Cryptococcus neoformans.
Mol Microbiol 2000; 38: 1017-1026.

37. Diaz MR, Boekhout T, Kiesling T, Fell JW.
Comparative analysis of the intergenic
spacer regions and population structure
of the species complex of the pathogenic
yeast Cryptococcus neoformans. FEMS
Yeast Res 2005; 5: 1129-1140.

38. Diaz MR, Boekhout T, Theelen B, Fell JW.
Molecular sequence analyses of the
intergenic spacer (IGS) associated with
rDNA of the two varieties of the
pathogenic yeast, Cryptococcus
neoformans. Syst Appl Microbiol 2000;
23: 535-545.

39. Dromer F, Mathoulin S, Dupont B,
Letenneur L, Ronin O, the French
Cryptococcosis Study group. Individual
and environmental factors associated
with infection due to Cryptococcus
neoformans serotype D. Clin Inf Dis 1996;
23: 91-96.

40. Ellis D, Marriott D, Hajjeh RA, Warnock D,
Meyer W, Barton R. Epidemiology:
surveillance of fungal infections. 
Med Mycol 2000; 38: 173-182.

41. Ellis DH, Pfeiffer TJ. Natural habitat of
Cryptococcus neoformans var. gattii.
J Clin Microbiol 1990; 28: 1642-1644.

42. Ellis D, Pfeiffer T. The ecology of
Cryptococcus neoformans.
Eur J Epidemiol 1992; 8: 321-325.

43. Emmons CW. Isolation of Cryptococcus
neoformans from soil. J Bacteriol 1951;
62: 685-690.

44. Emmons CW. Saprophytic sources of
Cryptococcus neoformans associated
with the pigeon (Columba livia). 
Am J Hyg 1955; 62: 227-232.

45. Escandón P, Sánchez A, Martínez M,
Meyer W, Castañeda E. Molecular
epidemiology of clinical and
environmental isolates of the
Cryptococcus neoformans species
complex reveals a high genetic diversity
and the presence of the molecular type
VGII mating type a in Colombia. FEMS
Yeast Res 2006; 6: 625-635.

46. Feldmesser M, Kress Y, Casadevall A.
Dynamic changes in the morphology of
Cryptococcus neoformans during murine
pulmonary infection. Microbiology 2001;
147: 2355-2365.

47. Fell JW, Boekhout T, Fonseca A,
Scorzetti G, Statzell-Tallman A.
Biodiversity and systematics of
basidiomycetous yeasts as determined
by large-subunit rDNA D1/D2 domain
sequence analysis. Int J Syst Evol
Microbiol 2000; 50: 1351-1371.

48. Fell JW, Statzell-Tallman A, Lutz MJ,
Kurtzman CP. Partial rRNA sequences in
marine yeasts: a model for identification
of marine eukaryotes. Mol Mar Biol
Biotechnol 1992; 1: 175:186.

49. Fortes ST, Lazéra MS, Nishikawa MM,
Macedo RCL, Wanke B. First isolation of
Cryptococcus neoformans var. gattii from
a native jungle tree in the Brazilian
Amazon rainforest. Mycoses 2001; 44:
137-140.

50. Franzot SP, Hamdan JS, Currie BP,
Casadevall A. Molecular epidemiology of
Cryptococcus neoformans in Brazil and
the United States: Evidence for both local
genetic differences and a global clonal
population structure. J Clin Microbiol
1997; 35: 2243-2251.

References

S9Diversity of Cryptococcus neoformans
Bovers M, et al.



51. Franzot SP, Salkin IR, Casadevall A.
Cryptococcus neoformans var. grubii:
separate varietal status for Cryptococcus
neoformans serotype A isolates.
J Clin Microbiol 1999; 37: 838-840.

52. Fraser JA, Diezmann S, Subaran RL,
Allen A, Lengeler KB, Dietrich FS,
Heitman J. Convergent evolution of
chromosomal sex-determining regions in
the animal and fungal kingdoms. PLoS
Biol 2004; 2: 2243-2255.

53. Fraser JA, Giles SS, Wenink EC, 
Geunes-Boyer SG, Wright JR, Diezmann
S, Allen A, Stajich JE, Dietrich FS,
Perfect JR, Heitman J. Same-sex mating
and the origin of the Vancouver Island
Cryptococcus gattii outbreak. Nature
2005; 437: 1360-1364.

54. Fraser JA, Subaran RL, Nichols CB,
Heitman J. Recapitulation of the sexual
cycle of the primary fungal pathogen
Cryptococcus neoformans var. gattii:
implications for an outbreak on
Vancouver Island, Canada. Eukaryot Cell
2003; 2: 1036-1045.

55. Garcia-Hermoso D, Janbon G, Dromer F.
Epidemiological evidence for dormant
Cryptococcus neoformans infection.
J Clin Microbiol 1999; 37: 3204-3209.

56. Goldman DL, Khine H, Abadi J,
Lindenberg DJ, Pirofski LA, Niang R,
Casadevall A. Serological evidence for
Cryptococcus neoformans infection in
early childhood. Pediatrics 2001; 107:
E66.

57. Granados DP, Castañeda E. Isolation and
characterization of Cryptococcus
neoformans varieties recovered from
natural sources in Bogotá, Colombia and
study of ecological conditions in the area.
Microb Ecol 2005; 49: 282-290.

58. Granados DP, Castañeda E. Influence of
climatic condition on the isolation of
numbers of the Cryptococcus
neoformans species complex from trees
in Colombia from 199-04. FEMS Yeast
Res 2006; 6: 636-644.

59. Granger DL, Perfect JR, Durack DT.
Virulence of Cryptococcus neoformans.
Regulation of capsule synthesis by
carbon dioxide. J Clin Invest 1985; 76:
508-516.

60. Guého E, Improvisi L, Christen R, 
de Hoog GS. Phylogenetic relationships
of Cryptococcus neoformans and some
related basidiomycetous yeasts
determined from partial large subunit
rRNA sequences. Antonie van
Leeuwenhoek 1993; 63: 175-189.

61. Halliday CL, Bui T, Krockenberger M,
Malik R, Ellis DH, Carter DA. Presence of
� and a mating types in environmental
and clinical collections of Cryptococcus
neoformans var. gattii strains from
Australia. J Clin Microbiol 1999; 37:
2920-2926.

62. Hatch TF. Distribution and deposition of
inhaled particles in respiratory tract.
Bacteriol Rev 1962; 25: 237-240.

63. Hibbett DS, Binder M, Bischoff JF,
Blackwell M, Cannon PF, Eriksson OE,
Huhndorf S, James T, Kirk PM, Lücking R,
Lumbsch T, Lutzoni F, Matheny PB,
McLaughlin DJ, Powell MJ, Redhead S,
Schoch CL, Spatafora JW, Stalpers JA,
Vilgalys R, Aime MC, Aptroot A, Bauer R,
Begerow D, Benny GL, Castlebury LA,
Crous PW, Dai Y-C, Gams W, Geiser DM,
Griffith GW, Gueidan C, Hawksworth D,
Hestmark G, Hosaka K, Humber RA,
Hyde K, Ironside JE, Kõljalg U, 
Kurtzman CP, Larson K-H, Lichtwardt R,
Longcore J, Miàdlilowska J, Miller A,
Moncalvo J-M, Mozley-Standridge S,
Oberwinkler F, Parmasto E, Reeb V,
Rogers JD, Roux C, Ryvarden L,
Sampaio JP, Schüssler A, Sugiyama J,
Thorn RG, Tibell L, Untereiner W, 
Walker C, Wang Z, Weir A, Weiss M,
White MM, Winka K, Yao Y-J, Zhang N. 
A higher level phylogenetic classification
of the fungi. Mycol Res 2007; 111: 
509-547.

64. Hironaga M, Ikeda R, Fukazawa Y,
Watanabe S. Mating types and serotypes
of Cryptococcus neoformans isolated in
Japan. Sabouraudia 1983; 21: 73-78.

65. Hoang LMN, Maguire JA, Doyle P, 
Fyfe M, Roscoe DL. Cryptococcus
neoformans infections at Vancouver
Hospital and Health Sciences Centre
(1997-2002): epidemiology, microbiology
and histopathology. J Med Microbiol
2004; 53: 935-940.

66. Huerfano S, Cepero MC, Castañeda E.
Phenotype characterization of
environmental Cryptococcus neoformans
isolates. Biomedica 2003; 23: 328-340.

67. Hull CM, Heitman J. Genetics of
Cryptococcus neoformans. Annu Rev
Genet 2002; 36: 557-615.

68. Jong SC, Bulmer GS, Ruiz A. Serologic
grouping and sexual compatibility of
airborne Cryptococcus neoformans.
Mycopathologia 1982; 79: 185-188.

69. Katsu M, Kidd S, Ando A, 
Moretti-Branchini ML, Mikami Y,
Nishimura K, Meyer W. The internal
transcribed spacers and 5.8S rRNA gene
show extensive diversity among isolates
of the Cryptococcus neoformans species
complex. FEMS Yeast Res 2004; 4: 
377-388.

70. Keller SM, Viviani MA, Esposto MC,
Cogliati M, Wickes BL. Molecular and
genetic characterization of a serotype A
MATa Cryptococcus neoformans isolate.
Microbiology 2003; 149: 131-142.

71. Kidd SE, Chow Y, Mak S, Bach PJ, 
Chen H, Hingston AO, Kronstad JW,
Bartlett KH. Characterization of
environmental sources of the human and
animal pathogen, Cryptococcus gattii¸in
British Columbia, Canada, and Pacific
Northwest USA. Appl Environ Microbiol
2007; 73: 1433-1443.

72. Kidd SE, Hagen F, Tscharke RL, Huynh M,
Bartlett KH, Fyfe M, MacDougall L,
Boekhout T, Kwon-Chung KJ, Meyer W.
A rare genotype of Cryptococcus gattii
caused the cryptococcosis outbreak on
Vancouver Island (British Colombia,
Canada). Proc Natl Acad Sci USA. 2004;
101: 17258-17263.

73. Krockenberger MB, Canfield PJ, Malik R.
Cryptococcus neoformans in the koala
(Phascolarctos cinereus): colonization by
C. neoformans var. gattii and
investigation of environmental sources.
Med Mycol 2002; 40: 263-272.

74. Kwon-Chung KJ. A new genus,
Filobasidiella, the perfect state of
Cryptococcus neoformans. Mycologia
1975; 67: 1197-1200.

75. Kwon-Chung KJ. Morphogenesis of
Filobasidiella neoformans, the sexual
state of Cryptococcus neoformans.
Mycologia 1976; 68: 821-833.

76. Kwon-Chung KJ. A new species of
Filobasidiella, the sexual state of
Cryptococcus neoformans B and C
serotypes. Mycologia 1976; 68: 942-946.

77. Kwon-Chung KJ. Nuclear genotypes of
spore chains in Filobasidiella neoformans
(Cryptococcus neoformans). Mycologia
1980; 72: 418-422.

78. Kwon-Chung KJ, Bennett JE. Distribution
of alpha and a mating types of
Cryptococcus neoformans among natural
and clinical isolates. Am J Epidemiol
1978; 108: 337-340.

79. Kwon-Chung KJ, Bennett JE.
Epidemiological differences between the
two varieties of Cryptococcus
neoformans. Am J Epidemiol 1984; 120:
123-130.

80. Kwon-Chung KJ, Bennett JE, Rhodes JC.
Taxonomic studies on Filobasidiella
species and their anamorphs. Antonie
van Leeuwenhoek 1982; 48: 25-38.

81. Kwon-Chung KJ, Bennett JE, 
Theodore TS. Cryptococcus bacillisporus
sp. nov.: Serotype B-C of Cryptococcus
neoformans. Int J Syst Bacteriol 1978;
28: 616-620.

82. Kwon-Chung KJ, Boekhout T, Fell JW,
Diaz M. Proposal to conserve the name
Cryptococcus gattii against C.
hondurianus and C. bacillisporus
(Basidiomycota, Hymenomycetes,
Tremellomycetidae). Taxon 2002; 51: 
804-806.

83. Kwon-Chung KJ, Chang YC, Bauer R,
Swann EC, Taylor JW, Goel R. The
characteristics that differentiate
Filobasidiella depauperata from
Filobasidiella neoformans. Stud Mycol
1995; 38: 67-79.

84. Kwon-Chung KJ, Edman JC, Wickes BL.
Genetic association of mating types and
virulence in Cryptococcus neoformans.
Infect Immun 1992; 60: 602-605.

85. Kwon-Chung KJ, Hill WB. Sexuality and
pathogenicity of Filobasidiella neoformans
(Cryptococcus neoformans), In:
Vanbreuseghem R, DeVroey C (Eds.)
Sexuality and pathogenicity of fungi.
Paris, Masson, 1981: 243-250.

86. Kwon-Chung KJ, Polacheck I, Popkin RJ.
Melanin-lacking mutants of Cryptococcus
neoformans and their virulence for mice.
J Bacteriol 1982; 150: 1414-1421.

87. Kwon-Chung KJ, Varma A. Do major
species concepts support one, two or
more species within Cryptococcus
neoformans? FEMS Yeast Res 2006; 6:
574-587.

88. Lagrou K, Van Eldere J, Keuleers S,
Hagen F, Merckx R, Verhaegen J,
Peetermans WE, Boekhout T. Zoonotic
transmission of Cryptococcus
neoformans from a magpie to an
immunocompetent patient. J Intern Med
2005; 257: 385-388.

89. Latouche GN, Huynh M, Sorrell TC,
Meyer W. PCR-Restriction Fragment
Length Polymorphism analysis of the
Phospholipase B (PLB1) gene for
subtyping of Cryptococcus neoformans
isolates. Appl Environ Microbiol 2003; 69:
2080-2086.

90. Lazéra MS, Cavalcanti MA, Trilles L,
Nishikawa MM, Wanke B. Cryptococcus
neoformans var. gattii – evidence for a
natural habitat related to decaying wood
in a pottery tree hollow. Med Mycol 1998;
36: 119-122.

91. Lazéra MS, Pires FDA, Camillo-Coura L,
Nishikawa MM, Bezerra CCF, Trilles L,
Wanke B. Natural habitat of
Cryptococcus neoformans var.
neoformans in decaying wood forming
hollows in living trees. J Med Vet Mycol
1996; 34: 127-131.

92. Lazéra MS, Salmito Cavalcanti MA,
Londero AT, Trilles L, Nishikawa MM,
Wanke B. Possible primary ecological
niche of Cryptococcus neoformans.
Med Mycol 2000; 38: 379-383.

93. Lengeler KB, Cox GM, Heitman J.
Serotype AD strains of Cryptococcus
neoformans are diploid or aneuploid and
are heterozygous at the mating-type
locus. Infect Immun 2001; 69: 115-122.

94. Lengeler KB, Fox DS, Fraser JA, Allen A,
Forrester K, Dietrich FS, Heitman J.
Mating-type locus of Cryptococcus
neoformans: a step in the evolution of
sex chromosomes. Eukaryot Cell 2002; 1:
704-718.

95. Lin X, Hull CM, Heitman J. Sexual
reproduction between partners of the
same mating type in Cryptococcus
neoformans. Nature 2005; 434: 
1017-1021.

96. Lindberg J, Hagen F, Laursen A,
Stenderup J, Boekhout T. Cryptococcus
gattii risk for tourists visiting Vancouver
Island, Canada. Emerg Infect Dis 2007;
13: 178-179.

97. Litvintseva AP, Kestenbaum L, Vilgalys R,
Mitchell TG. Comparative analysis of
environmental and clinical populations of
Cryptococcus neoformans. J Clin
Microbiol 2005; 43: 556-564.

S10 Rev Iberoam Micol 2008; 25: S4-S12



98. Litvintseva AP, Lin X, Templeton IK,
Heitman J Mitchell TG. Many globally
isolated AD hybrid strains of
Cryptococcus neoformans originated in
Africa. PLOS Pathogens 2007; 3: e114.

99. Litvintseva AP, Marra RE, Nielsen K,
Heitman J, Vilgalys R, Mitchell TG.
Evidence of sexual recombination
among Cryptococcus neoformans
serotype A isolates in sub-Saharan
Africa. Eukaryot Cell 2003; 2: 1162-1168.

100. Litvintseva AP, Thakur R, Reller LB,
Mitchell TG, Prevalence of clinical
isolates of Cryptococcus gattii serotype
C among patients with AIDS in 
sub-saharan Africa. J Infect Dis 2005;
192: 888-892.

101. Liu L, Tewari RP, Williamson PR.
Laccase protects Cryptococcus
neoformans from antifungal activity of
alveolar macrophages. Infect Immun
1999; 67: 6034-6039.

102. Lodder J, Kreger-van Rij NJW. The
yeasts, a taxonomic study. Amsterdam,
North-Holland Publishing Company,
1952.

103. London R, Orozco BS, Mylonakis E. The
pursuit of cryptococcal pathogenesis:
heterologous hosts and the study of
cryptococal host-pathogen interactions.
Fems Yeast Res 2006; 6: 567-573.

104. MacDougall L, Fyfe M. Emergence of
Cryptococcus gattii in novel
environment provides clues to its
incubation period. J Clin Microbiol 2006;
44: 1851-1852.

105. MacDougall L, Kidd SE, Galanis E, 
Mak S, Leslie MJ, Cieslak PR, 
Kronstad JW, Morshed MG, Bartlett KH.
Spread of Cryptococcus gattii in British
Columbia, Canada, and detection in the
Pacific Northwest, USA. Emerg Infect
Dis 2007; 13: 42-50.

106. Madrenys N, De Vroey C, 
Raes-Wuytack C, Torres-Rodríguez JM.
Identification of the perfect state of
Cryptococcus neoformans from 195
clinical isolates including 84 from AIDS
patients. Mycopathologia 1993; 123: 
65-68.

107. McClelland CM, Chang YC, Varma A,
Kwon-Chung KJ. Uniqueness of the
mating system in Cryptococcus
neoformans. Trends Microbiol 2004; 12:
208-212.

108. Meyer W, Castañeda A, Jackson S,
Huynh M, Castañeda E, and the
IberoAmerican Cryptococcal study
group. Molecular typing of
IberoAmerican Cryptococcus
neoformans isolates. Emerg Infect Dis
2003; 9: 189-195.

109. Meyer W, Marszewska K, Amirmostofian
M, Igreja RP, Hardtke C, Methling K,
Viviani MA, Chindamporn A,
Sukroongreung S, John MA, Ellis DH,
Sorrell TC. Molecular typing of global
isolates of Cryptococcus neoformans
var. neoformans by polymerase chain
reaction fingerprinting and randomly
amplified polymorphic DNA – a pilot
study to standardize techniques on
which to base a detailed
epidemiological survey. Electrophoresis
1999; 20: 1790-1799

110. Meyer W, Mitchell TG, Freedman EZ,
Vilgalys R. Hybridization probes for
conventional DNA fingerprinting used as
single primers in the polymerase chain
reaction to distinguish strains of
Cryptococcus neoformans. J Clin
Microbiol 1993; 31: 2274-2280.

111. Mitchell TG, Perfect JR. Cryptococcosis
in the era of AIDS - 100 years after the
discovery of Cryptococcus neoformans.
Clin Microbiol Rev 1995; 8: 515-548.

112. Mitchell DH, Sorrell TC, Allworth AM,
Heath CH, McFregor AR, Papanaoum K,
Richards MJ, Gottlieb T. Cryptococcal
disease of the CNS in
immunocompetent hosts: influence of
cryptococcal variety on clinical
manifestations and outcome. Clin Inf Dis
1995; 20: 611-616.

113. Mitchell TG, White TJ, Taylor JW.
Comparison of 5.8S ribosomal DNA
sequences among the basidiomycetous
yeast genera Cystofilobasidium,
Filobasidium and Filobasidiella. J Med
Vet Mycol 1992; 30: 207-218.

114. Montagna MT, Viviani MA, Pulito A,
Aralla C, Tortorano AM, Fiore L, 
Barbuti S. Cryptococcus neoformans
var. gattii in Italy. Note II. Environmental
investigation related to an autochtonous
clinical case in Apulia. J Mycol Méd
1997; 7: 93-96.

115. Moore DE, Edman JC. The �-mating
type locus of Cryptococcus neoformans
contains a peptide pheromone gene.
Mol Cell Biol 1993; 13: 1962-1970.

116. Mylonakis E, Ausubel FM, Perfect JR,
Heitman J, Calderwood SB. Killing of
Caenorhabditis elegans by
Cryptococcus neoformans as a model
for yeast pathogenesis. Proc Natl Acad
Sci USA 2002; 99: 15675-15680.

117. Nielsen K, Cox GM, Litvintseva AP,
Mylonakis E, Malliaris SD, Benjamin DK,
Giles SS, Mitchell, TG, Casadevall A,
Perfect JR, Heitman J. Cryptococcus
neoformans � strains preferentially
disseminate to the central nervous
system during coinfection. Infect Immun
2005; 73: 4922-4933.

118. Nielsen K, Cox GM, Wang P, 
Toffaletti DL, Perfect JR, Heitman J.
Sexual cycle of Cryptococcus
neoformans var. grubii and virulence of
congenic a and � isolates. Infect Immun
2003; 71: 4831-4841.

119. Nielsen K, Marra RE, Hagen F,
Boekhout T, Mitchell TG, Cox GM,
Heitman J. Interaction between genetic
background and the mating-type locus
in Cryptococcus neoformans virulence
potential. Genetics 2005; 171: 975-983.

120. Nishikawa MM, Lazéra MS, 
Barbosa GG, Trilles L, Balassiano BR,
Macedo RCL, Bezerra CCF, Pérez MA,
Cardarelli P, Wanke B. Serotyping of 467
Cryptococcus neoformans isolates from
clinical and environmental sources in
Brazil: Analysis of host and regional
patterns. J Clin Microbiol 2003; 41: 
73-77.

121. Nosanchuk JD, Shoham S, Fries BC,
Shapiro DS, Levitz SM, Casadevall A.
Evidence of zoonotic transmission of
Cryptococcus neoformans from a pet
cockatoo to an immunocompromised
patient. Ann Intern Med 2000; 132: 
205-208

122. Nosanchuk JD, Valadon P, 
Feldmesser M, Casadevall A.
Melanization of Cryptococcus
neoformans in murine infection. Mol Cell
Biol 1999; 19: 745-750.

123. Ohkusu M, Tangonan N, Takeo K,
Kishida E, Ohkubo M, Aoki S,
Nakamura K, Fujii T, Siqueira IC, 
Maciel EA, Sakabe S, Almeida GM,
Heins-Vaccari EM, S. da Lacaz C.
Serotype, mating type and ploidy of
Cryptococcus neoformans strains
isolated from patients in Brazil. Rev Inst
Med Trop S Paulo 2002; 44: 299-302.

124. Okoli I, Oyeka CA, Kwon-Chung KJ,
Theelen B, Robert V, Groenewald JZ,
McFadden DCM, Casadevall A,
Boekhout T. Cryptotrichosporon
anacardii gen. nov., spec. nov., a new
trichosporonoid capsulat
basidiomycetous yeast from Nigeria that
is able to form melanin on niger seed
agar. FEMS Yeast Res. 2007: 7: 339-350.

125. Okabayashi K, Kano R, Watanabe T,
Hasegawa A. Serotypes and mating
types of clinical isolates from feline
cryptococcosis in Japan. J Vet Med Sci
2006; 68: 91-94.

126. Ordóñez N, Castañeda E. Varieties and
serotypes of Cryptococcus neoformans
clinical isolates in Colombia. Rev
Iberoam Micol 2001; 18: 128-130.

127. Panepinto JC, Williamson PR.
Intersection of fungal fitness and
virulence in Cryptococcus neoformans.
FEMS Yeast Res 2006; 6: 489-498.

128. Perfect JR. Cryptococcus neoformans:
the yeast that likes it hot. FEMS Yeast
Res 2006; 6: 463-468.

129. Petter R, Kang BS, Boekhout T, 
Davis BJ, Kwon-Chung KJ. A survey of
heterobasidiomycetous yeasts for the
presence of the genes homologous to
virulence factors of Filobasidiella
neoformans, CNLAC1 and CAP59.
Microbiology 2001; 147: 2029-2036.

130. Polacheck I, Hearing VJ, 
Kwon-Chung KJ. Biochemical studies of
phenoloxidase and utilization of
catecholamines in Cryptococcus
neoformans. J Bacteriol 1982; 150:
1212-1220.

131. Randhawa HS, Kowshik T, Khan ZU.
Decayed wood of Syzygium cumini and
Ficus religiosa living trees in Delhi/New
Delhi metropolitan area as natural
habitat of Cryptococcus neoformans.
Med Mycol 2003; 41: 199-209.

132. Randhawa HS, Kowshik T, 
Preeti Sinha K, Chowdhary A, Khan ZU,
Yan Z, Xu J, Kumar A. Distribution of
Cryptococcus gattii and Cryptococcus
neoformans in decayed trunk wood of
Syzygium cumini trees in north-western
India. Med Mycol 2006; 44: 623-630.

133. Rhodes JC, Polacheck I, 
Kwon-Chung KJ. Phenoloxidase activity
and virulence in isogenic strains of
Cryptococcus neoformans. Infect
Immun 1982; 36: 1175-1184.

134. Rosas AL, Nosanchuk JD, Feldmesser
M, Cox GM, McDade HC, Casadevall A.
Synthesis of polymerized melanin by
Cryptococcus neoformans in infected
rodents. Infect Immun 2000; 68: 
2845-2853.

135. Rozenbaum R, Goncalves AJ. Clinical
epidemiological study of 171 cases of
cryptococcosis. Clin Inf Dis 1994; 18:
369-380.

136. Ruiz A, Neilson JB, Bulmer GS. A one
year study on the viability of
Cryptococcus neoformans in nature.
Mycopathologia 1982; 77: 117-122.

137. Ruma P, Chen SC, Sorrell TC, Brownlee
AG. Characterization of Cryptococcus
neoformans by random DNA
amplification. Lett Appl Microbiol 1996;
23: 312-316.

138. Salas SD, Bennett JE, Kwon-Chung KJ,
Perfect JR, Williamson PR. Effect of the
laccase gene, CNLAC1, on virulence of
Cryptococcus neoformans. J Exp Med
1996, 184: 377-386.

139. Sanfelice F. Contributo alla morfologia e
biolgia dei blastomiceti che si
sviluppano nei succi di alcuni frutti. 
Ann Ig 1894; 4: 463-495.

140. Saracli MA, Yildiran ST, Sener K,
Gonlum A, Doganci L, Keller SM and
Wickes BL. Genotyping of Turkish
environmental Cryptococcus
neoformans var. neoformans isolates by
pulsed field gel electrophoresis and
mating type. Mycoses 2006; 49: 
124-129.

141. Schmeding KA, Jong SC, Hugh R.
Sexual compatibility between serotypes
of Filobasidiella neoformans
(Cryptococcus neoformans). 
Curr Microbiol 1981, 5: 133-138.

142. Schmeding KA, Jong SC, Hugh R.
Biochemical variation of Cryptococcus
neoformans. Mycopathologia 1984; 84:
121-131.

143. Scorzetti G, Fell JW, Fonseca A,
Statzell-Tallman A. Systematics of
basidiomycetous yeasts: a comparison
of large subunit D1/D2 and internal
transcribed spacer rDNA regions. FEMS
Yeast Res 2002; 2: 495-517.

S11Diversity of Cryptococcus neoformans
Bovers M, et al.



144. Shen WC, Davidson RC, Cox GM,
Heitman J. Pheromones stimulate
mating and differentiation via paracrine
and autocrine signaling in Cryptococcus
neoformans. Eukaryot Cell 2002; 1: 
366-377.

145. Shrestha RK, Stoller JK, Honari G,
Procop GW, Gordon SM. Pneumonia
due to Cryptococcus neoformans in a
patient receiving infliximab: possible
zoonotic transmission from a pet
cockatiel. Respir Care 2004; 49: 
606-608.

146. Sia RA, Lengeler KB, Heitman J. Diploid
strains of the pathogenic basidiomycete
Cryptococcus neoformans are thermally
dimorphic. Fungal Genet Biol 2000; 29:
153-163.

147. Speed B, Dunt D. Clinical and host
differences between infections with the
two varieties of Cryptococcus
neoformans. Clin Inf Dis 1995; 21: 28-34.

148. Steenbergen JN, Nosanchuk JD,
Malliaris SD, Casadevall A.
Cryptococcus neoformans virulence is
enhanced after growth in the genetically
malleable host Dictyostelium
discoideum. Infect Immun 2003; 71:
4862-4872.

149. Steenbergen JN, Shuman HA,
Casadevall A. Cryptococcus neoformans
interactions with amoebae suggest an
explanation for its virulence and
intracellular pathogenic strategy in
macrophages. Proc Natl Acad Sci USA
2001; 98: 15245-15250.

150. Stephen C, Lester S, Black W, Fyfe M,
Raverty S. Multispecies outbreak of
cryptococcosis on southern Vancouver
Island, British Columbia. Can Vet J
2002; 43: 792-794.

151. Sugita T, Ikeda R, Shinoda T. Diversity
among strains of Cryptococcus
neoformans var. gattii as revealed by a
sequence analysis of multiple genes
and a chemotype analysis of capsular
polysaccharide. Microbiol Immunol
2001; 45: 757-768.

152. Sukroongreung S, Kitiniyom K, Nilakul C,
Tantimavanich S. Pathogenicity of
basidiospores of Filobasidiella
neoformans var. neoformans.
Med Mycol 1998; 36: 419-424.

153. Sukroongreung S, Nilakul C,
Ruangsomboon O, Chuakul W,
Eampokalap B. Serotypes of
Cryptococcus neoformans during the
AIDS era in Thailand. Mycopathologia
1996; 135: 75-78.

154. Takeo K, Tanaka R, Taguchi H,
Nishimura K. Analysis of ploidy and
sexual characteristics of natural isolates
of Cryptococcus neoformans.
Can J Microbiol 1993; 39: 958-963.

155. Tanaka R, Nishimura K, Imanishi Y,
Takahashi I, Hata Y, Miyaji M. Analysis
of serotype AD strains from F1
progenies between urease-positive- and
negative-strains. Jpn J Med Mycol
2003; 44: 293-297.

156. Tanaka R, Taguchi H, Takeo K, Miyaji M,
Nishimura K. Determination of ploidy in
Cryptococcus neoformans by flow
cytometry. J Med Vet Mycol 1996; 34:
299-301.

157. Taylor JW, Geiser DM, Burt A,
Koufopanou V. The evolutionary biology
and population genetics underlying
fungal strain typing. Clin Microbiol Rev
1999; 12: 126-146.

158. Tintelnot K, Lemmer K, Losert H, 
Schär G, Polak A. Follow-up of
epidemiological data of cryptococcosis
in Austria, Germany and Switzerland
with special focus on the
characterization of clinical isolates.
Mycoses 2004; 47: 455-464.

159. Tortorano AM, Viviani MA, Rigoni AL,
Cogliati M, Roverselli A, Pagano A.
Prevalence of serotype D in
Cryptococcus neoformans isolates from
HIV positive and HIV negative patients
in Italy. Mycoses 1997; 40: 297-302.

160. Trilles L, Lazéra M, Wanke B, Theelen B,
Boekhout T. Genetic characterization of
environmental isolates of the
Cryptococcus neoformans species
complex from Brazil. Med Mycol 2003;
41: 383-390.

161. Tscharke RL, Lazéra M, Chang YC,
Wickes B, Kwon-Chung KJ. Haploid
fruiting in Cryptococcus neoformans is
not mating type �-specific. Fungal
Genet Biol 2003; 39: 230-237.

162. Vanbreuseghem R, Takashio M. 
An atypical strain of Cryptococcus
neoformans (Sanfelice) Vuillemin. Part II.
Cryptococcus neoformans var. gattii.
var. nov. Ann Soc Belg Med Trop 1970;
50: 695-702.

163. Vartivarian SE, Anaissie EJ, Cowart RE,
Sprigg HA, Tingler MJ, Jacobson ES.
Regulation of cryptococcal capsular
polysaccharide by iron. J Infect Dis
1993; 161: 186-190.

164. Velegraki A, Kiosses VG, Pitsouni H,
Toukas D, Daniilidis VD, Legakis NJ.
First report of Cryptococcus neoformans
var. gattii serotype B from Greece. 
Med Mycol 2001; 39: 419-422.

165. Viviani MA, Cogliati M, Esposto MC,
Lemmer K, Tintelnot K, 
Colom Valiente MF, Swinne D, 
Velegraki A, Velho R and the European
Confederation of Medical Mycology
(ECMM) Cryptococcosis working group.
Molecular analysis of 311 Cryptococcus
neoformans isolates from a 30-month
ECMM survey of cryptococcosis in
Europe. FEMS Yeast Res 2006; 6: 
614-619.

166. Vuillemin P. Les blastomycètes
pathogènes. Rev Gen Sci Pures Appl
1901; 12: 732-751.

167. Wang Y, Aisen P, Casadevall A.
Cryptococcus neoformans melanin and
virulence: mechanism of action. Infect
Immun 1995; 63: 3131-3136.

168. Wang P, Perfect JR, Heitman J. 
The G-protein ‚ subunit GPB1 is
required for mating and haploid fruiting
in Cryptococcus neoformans. Mol Cell
Biol 2000; 20: 352-362

169. Wickes BL. The role of mating type and
morphology in Cryptococcus
neoformans pathogenesis. Int J Med
Microbiol 2002; 292: 1-17.

170. Wickes BL, Mayorga ME, Edman U,
Edman JC. Dimorphism and haploid
fruiting in Cryptococcus neoformans:
association with the �-mating type. 
Proc Natl Acad Sci USA. 1996; 93:
7327-7331.

171. Wickes BL, Moore TDE, 
Kwon-Chung KJ. Comparison of the
electrophoretic karyotypes and
chromosomal location of ten genes in
the two varieties of Cryptococcus
neoformans. Microbiology 1994; 140:
543-550.

172. Williamson PR. Biochemical and
molecular characterization of the
diphenol oxidase of Cryptococcus
neoformans: identification as a laccase.
J Bacteriol 1994; 176: 656-664.

173. Williamson PR, Wakamatsu K, Ito S.
Melanin biosynthesis in Cryptococcus
neoformans. J Bacteriol 1998; 180:
1570-1572.

174. Xu J, Luo G, Vilgalys RJ, Brandt ME,
Mitchell TG. Multiple origins of hybrid
strains of Cryptococcus neoformans
with serotype AD. Microbiology 2002;
148: 203-212.

175. Xu J, Mitchell TG. Comparative gene
genealogical analyses of strains of
serotype AD identify recombination in
populations of serotypes A and D in the
human pathogenic yeast Cryptococcus
neoformans. Microbiology 2003; 149:
2147-2154.

176. Xu J, Vilgalys R, Mitchell TG. Multiple
gene genealogies reveal recent
dispersion and hybridization in the
human pathogenic fungus Cryptococcus
neoformans. Mol Ecol 2000; 9: 
1471-1481.

177. Yan Z, Li X, Xu J. Geographic
distribution of mating type alleles of
Cryptococcus neoformans in four areas
of the United States. J Clin Microbiol
2002; 40: 965-972.

178. Zaragoza O, Fries BC, Casadevall A.
Induction of capsule growth in
Cryptococcus neoformans by
mammalian serum and CO2. Infect
Immun 2003; 71: 6155-6164.

S12 Rev Iberoam Micol 2008; 25: S4-S12


