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ABSTRACT  Cryptococcosis is a potentially lethal disease of humans/animals caused
by Cryptococcus neoformans and Cryptococcus gattii. Distinction between the two
species is based on phenotypic and genotypic characteristics. Recently, it was pro-
posed that C. neoformans be divided into two species and C. gattii into five species
based on a phylogenetic analysis of 115 isolates. While this proposal adds to the
knowledge about the genetic diversity and population structure of cryptococcosis
agents, the published genotypes of 2,606 strains have already revealed more genetic
diversity than is encompassed by seven species. Naming every clade as a separate
species at this juncture will lead to continuing nomenclatural instability. In the ab-
sence of biological differences between clades and no consensus about how DNA
sequence alone can delineate a species, we recommend using “Cryptococcus neofor-
mans species complex” and “C. gattii species complex” as a practical intermediate
step, rather than creating more species. This strategy recognizes genetic diversity
without creating confusion.

KEYWORDS Cryptococcosis, Cryptococcus gattii, Cryptococcus neoformans, clade,
genetic diversity, new nomenclature, species complex
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ryptococcosis is one of the most serious fungal diseases encountered by immuno-

compromised patients, particularly those with AIDS, throughout the world. The
disease is caused by two pathogenic members of the genus Cryptococcus, C. neofor-
mans and C. gattii, and claims an estimated 625,000 lives annually, with a global burden
of nearly 1 million cases per year (1, 2). Initially, the two etiologic agents were classified
as one species but were distinguished by their antigenic diversity; C. neoformans strains
are of serotypes A and D, and C. gattii strains are of serotypes B and C (3-6). The
discovery of two different teleomorphs, one for C. neoformans and the other for C. gattii
(5, 6), ultimately led to the recognition of two species, which was later verified by
whole-genome sequence data (7).

As the phylogenetic species concept became widely accepted from the late 1990s,
phylogenetic trees constructed on the basis of multilocus sequence typing (MLST) and
other molecular typing techniques, such as amplified fragment length polymorphism
(AFLP) analysis, showed that both C. neoformans and C. gattii strains were composed of
multiple genetically diverse monophyletic clades totaling 7 to 9 (8-14). Recently, a
proposal was made to designate seven MLST clades identified among 115 strains of
C. neoformans and C. gattii into new species: C. neoformans into two species and
C. gattii into five species (14). We believe this proposal to be premature for the following
reasons, to be further expanded upon below. (i) Phylogenetic species designation will
almost certainly change, since a sample of less than 5% of the genotyped strains poorly
represents the true diversity within the species complex. (ii) The use of lineage alone to
designate species without readily identifiable phenotypic characteristics that distinguish
the species is highly controversial and raises an unsettled issue of how different genomes
should be used in delineation of a species. (iii) Solely using cladistic (phylogenetic) ap-
proaches for species delineation in cryptococcosis agents is inappropriate since they show
various rates of recombination, clonality, and hybridization within and among lineages. (iv)
Renaming important pathogens requires a consensus within the scientific community to
prevent confusion in the published literature as well as to avoid confusion in clinical
practice. This consensus has not yet been achieved.

GENETIC DIVERSITY WITHIN THE TWO SPECIES AND THE RECENT PROPOSAL OF
SEVEN SPECIES NAMES

C. gattii strains were once considered a monophyletic clade, but phylogenetic
studies based on a concordance of genealogies using 6 to 11 unlinked loci have
suggested that C. gattii strains are a complex of multiple phenotypically cryptic species
(8-12, 14, 15), which is typical of an evolving population. This complexity is also
displayed by C. neoformans (9, 11, 12, 14, 16). The most commonly used MLST scheme
includes seven concatenated loci: CAP59, GPDI, IGS1, LACI1, PLB1, SOD1, and URAS5,
which were recommended by the International Society for Human and Animal Mycol-
ogy (ISHAM) Genotyping Working Group of Cryptococcus neoformans and C. gattii (17).
The total number of monophyletic clades recognized within the C. neoformans/C. gattii
species complex is increasing as more strains collected globally are being included in
phylogenetic analyses (18). The major monophyletic clades for the two species have
most commonly been designated molecular types VNI (AFLP1), VNII (AFLP1A/IB), VNIII
(AFLP3), and VNIV (AFLP2) for C. neoformans and molecular types VGI (AFLP4), VGII
(AFLP6), VGIII (AFLP5), and VGIV (AFLP6) for C. gattii. The recent proposal for naming 7
separate species, excluding diploid/aneuploid hybrids formed between different clades
based on MLST data of 115 isolates, is as follows (Table 1): C. neoformans would be
divided into C. neoformans (serotype A, VNI/AFLP1 and VNII/AFLP1A, AFLP1B,VNB,
formerly C. neoformans var. grubii), C. deneoformans (serotype D, VNIV/AFLP2, formerly
C. neoformans var. neoformans), and a C. neoformans X C. deneoformans hybrid
(formerly VNII/AFLP3 or AD hybrids). C. gattii would be recognized as five separate
species, namely, C. gattii (VGI/AFLP4), C. deuterogattii (VGII/AFLP6), C. bacillisporus
(VGIII/AFLP5), C. tetragattii (VGIV/AFLP7), and C. decagattii (VGIV and VGlIlIc/AFLP10).
The diploid/aneuploid hybrids between isolates of the C. neoformans and C. gattii
complexes are named a C. deneoformans X C. gattii hybrid (AFLP8), a C. neoformans X
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TABLE 1 Recently proposed new names for C. neoformans and C. gattii species
complexes?

Current name Molecular type(s) Proposed name
C. neoformans
Var. grubii VNI/VNII/VNB (AFLP1, AFLP1A,  C. neoformans
AFLP1B,VNB)
Var. neoformans VNIV (AFLP2) C. deneoformans
AD hybrid VNIII (AFLP3) C. neoformans X C. deneoformans hybrid
C. gattii VGI (AFLP4) C. gattii
VGII (AFLP6) C. deuterogattii
VGIIl (AFLP5) C. bacillisporus
VGIV (AFLP7) C. tetragattii
VGIV/VGllIc (AFLP10) C. decagattii

DB hybrid AFLP8 C. deneoformans X C. gattii hybrid
AB hybrid AFLP9 C. neoformans X C. gattii hybrid
AB hybrid AFLP11 C. neoformans X C. deuterogattii hybrid

aSee reference 14.

C. gattii hybrid (AFLP9), and a C. neoformans X C. deuterogattii hybrid (AFLP11). A
diligent search by us failed to find a correlation between the new species name and
phenotypic characteristics. Susceptibility to antifungal agents, biochemical markers,
virulence based on experimental animals, or prevalence in patients with distinct
underlying conditions revealed some tendencies but were sufficiently varied to be
unreliable for differentiation among species. Matrix-assisted laser desorption ioniza-
tion-time of flight (MALDI-TOF) mass spectrometry was used on 423 isolates which had
been molecularly divided into the proposed species. Using an in-house database,
almost all isolates were identified to the correct species during at least one of two
duplicate trials using a 1.7 cutoff. However, this low cutoff is usually used for genus and
not for species recognition (19). Only 76.1% of strains were identified correctly by both
tests using the usual species cutoff of 2.0, which questions the practicality of this
method of species identification (14). The pros and cons of adopting the new species
system are noted below.

BENEFITS OF ADOPTING THE NEW SPECIES SYSTEM

Because the taxonomic rank of species occupies a pivotal position in every aspect
of biology, adoption of a cryptococcal species recognition system that is compatible
with the advances in phylogenetic theory is critical. The proposed seven species
designations (excluding the four hybrid clades), if generally accepted, would be an
important step in formally recognizing the complex biodiversity within the etiologic
agents of cryptococcosis. Since clinically relevant biological differences between ge-
netically diverged cryptic species are not always obvious, assigning species names to
each clade might accelerate discovery of genetically defined phenotypic differences.

DISADVANTAGES IN ADOPTING THE NEW CLASSIFICATION SYSTEM AT THIS
JUNCTURE

(i) An insufficient number of isolates was studied. One of the most important
concerns is that the proposed species delineation for the etiologic agents of crypto-
coccosis has resulted from an MLST-based phylogenetic analysis of 115 strains (<5% of
MLST-genotyped strains). Furthermore, one of the new species, C. decagattii, was
described based on only two strains that were identical by MLST (14) and that may have
originated from the same patient. Differing algorithms with larger numbers of isolates may
divide clades differently. A recent analysis, which included 2,606 strains, already showed
more genetic diversity than is encompassed by seven species (20). A strict, accepted
phylogenetic species concept defines a species as a single lineage of ancestor-descendant
populations which maintains its identity from other such lineages and which has its own
evolutionary tendencies and historic fate (21-23). With this definition, even the smallest
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diagnosable cluster of individual strains that form a monophyletic group in a phylogenetic
tree can be considered deserving of species recognition (24), and the number of crypto-
coccosis agents with a species status will continue to increase (18). For this reason, the
proposed taxonomy is likely to prove to be unstable.

(ii) More of the genome needs to be represented. Since the 11 loci used for the
MLST-based phylogenetic tree represent only 43% of the cryptococcal chromosomes (6
of 14 chromosomes) (14), the true extent of diversity and recombination events will not
be known until more of the chromosomes are included. For example, whole-genome
sequencing recently identified hitherto-unmapped levels of genomic diversity and
population genetic structure among clinical and environmental isolates of C. neofor-
mans in Africa (25) and led to the discovery of new lineages. Further, until whole-
genome sequencing was carried out, gene introgression from C. neoformans var. grubii
(VNI) to the Pacific Northwest population of C. gattii (old name) strains was not
recognized (26). This observation was also the case with gene introgression from
C. neoformans var. grubii to C. neoformans var. neoformans (27). Although these findings
of gene introgression do not change the broad-scale phylogenetic relationships, the
findings illustrate our poor understanding of genetic exchange between different
clades. We need further genome-wide studies to uncover this basic information about
recombination for delimiting species boundaries.

(iii) Models applied for species delineation may not be appropriate. Delineation
of seven species (Table 1) was based on models derived for sexually reproducing and
freely recombining organisms, such as birds, bats, and certain insects (14). As C. neo-
formans and C. gattii more typically reproduce clonally, the algorithms used may not be
appropriate and may tend to be biased toward declaring clonal lineages as species.

(iv) Species designations are too complex (i.e., routine identification is imprac-
tical). Sequencing 11 loci and constructing a phylogenetic tree would need to be
replaced by simpler techniques for routine use, even in reference laboratories. MALDI-
TOF mass spectrometry was too imprecise, particularly for hybrid species (14). A
universally used molecular method of fungal species identification is determination of
the nuclear ribosomal internal transcribed spacer (ITS) sequence (28, 29). However, this
option is not available for the identification of seven species due to insufficient ITS
sequence variation among the clades/species within either C. neoformans (old name) or
C. gattii (old name) (14, 30).

(v) Species names are confusing. Significant confusion will result from using the
names “gattii” and “neoformans” in two different contexts. Until 2015, the name C. gattii
was used for all the strains of serotypes B and C belonging to the VGI to VGIV molecular
types. The same name in the new system refers only to those belonging to the VGI
molecular type (14). This change will cause a disconnection between new C. gattii
strains and prior clinical information on diagnosis, the progression of disease, and
underlying risk factors of the patients infected with old C. gattii strains. This discon-
nection is of particular concern because considerable work on clinical strains and basic
research on C. gattii was carried out using the Vancouver epidemic reference strain
R265 (VGII), which is now proposed as a strain of C. deuterogattii (14). Strain R265 is
highly virulent but is not as neurotropic as other strains of Cryptococcus (31, 32), and
many features of C. gattii learned from using strain R265 may not be applicable to the
new C. gattii strains. In addition, since new names break apart the former C. gattii
strains, the common properties shared by the cryptic species will be lost. The word
“neoformans” has been used for 2 decades to identify not only a species but also a
variety (C. neoformans var. neoformans). The name “C. neoformans” in the new system
refers only to strains of serotype A and molecular types VNI and VNII/VNB and will cause
considerable confusion in referencing the existing results.

(vi) Names for hybrid and aneuploid strains are not readily accommodated.
There are diploid or aneuploid hybrid strains formed by fusion of the strains into two
different clades, such as serotype AD (VNI/VNIV) hybrids (33, 34) and serotype AB
(VNI/VGI) hybrids (35). The frequency of C. neoformans AD hybrid strains among global

January/February 2017 Volume 2 Issue 1 €00357-16

mSphere’

msphere.asm.org 4

1sanb Ag 2102 ‘T AeN uo /Bio wise alaydswy//:dny wol) papeojumoq


msphere.asm.org
http://msphere.asm.org/

Perspective

clinical isolates is reported to be 6%, slightly higher than that of the VNIV molecular
type (5%) (11), and it is considerably higher (30%) among European clinical isolates (13).
The new name, “C. neoformans X C. deneoformans species hybrid” instead of “AD
hybrids” or “VNII” will be impractical to use for the strains with such frequency.
Furthermore, the identification of AD hybrids by MALDI-TOF mass spectrometry has
been inconsistent (14), and we also do not know whether the MALDI-TOF protein
profiles of AD aneuploid/diploid hybrids are distinguishable from the homoploid
hybrids (34, 36, 37) formed by mating between VNI (new name, C. neoformans) and
VNIV (new name, C. deneoformans) strains. Though recombinant haploids are infre-
quent, recent MLST studies have identified putative recombinant haploids formed
between VNI strains and VNIV strains among clinical and environmental isolates (38).
The homoploid hybrids formed by mating between serotype A and D strains could not
be named in the new species system. Finally, aneuploid hybrids may have extensive
phenotypic variation, depending on which chromosomes are present in duplicate.

PROPOSED USE OF “C. NEOFORMANS SPECIES COMPLEX” AND “C. GATTII
SPECIES COMPLEX"

“Species complex” in biology usually implies that two or more cryptic species are
hidden under one species name, which makes both Cryptococcus neoformans and C.
gattii typical species complexes. Unlike a “species,” a “complex” has no nomenclatural
status and requires no name change. However, the species complexes are clearly
defined by conventional diagnostic methods that can be validated by molecular data.
The term “species complex” has also served the nomenclatural stability of other fungal
taxa, including Fusarium species complex (39) and Scedosporium species complex (40).

CONCLUSIONS

Considering the high global burden of this potentially fatal infection, names given
to the etiologic agents causing cryptococcosis are of paramount importance for both
the mycological community and the medical community. The proposal to divide the
two cryptococcosis agents into 7 haploid and 4 aneuploid/diploid hybrid species
deserves extensive discussion prior to adoption. Since the seven new species are not
known to be clinically distinguishable, universal adoption of the new system of
nomenclature should be delayed until more-detailed studies employing a larger num-
ber of isolates reveal the clinical and biological relevance of the new species. Adoption
of the proposed nomenclature at this juncture might separate taxonomy from clinical
practice and in doing so inhibit the progress of both fields. Instead of “species,” “species
complex” would accommodate already-known cryptic species and those that might be
discovered in the future. Molecular types within each species complex can be desig-
nated by their molecular type (VNI/AFLP1, VGI/AFLP4, etc.) whenever necessary. Once
clinical and biological relevance becomes apparent for new species distinctions, both
mycologists and clinicians will benefit by using new names.

ACKNOWLEDGMENTS

This work was supported by funds from the intramural program of the National
Institute of Allergy and Infectious Diseases, National Institutes of Health, to KJ.K-C,,
JEB., Y.CC, SMH, ML, and P.RW. and an NHMRC grant, APP1031943, to W.M. and
T.C.S. RCM. is supported by the European Research Council under the European
Union’s Seventh Framework Program (FP/2007-2013) and ERC grant agreement no.
614562 and by a Royal Society Wolfson Research Merit Award and a Lister Institute Prize
Fellowship. T.C.S. is a Sydney Medical School Foundation Fellow.

mSphere’

REFERENCES
1. Park BJ, Wannemuehler KA, Marston BJ, Govender N, Pappas PG, Chiller fungal infections in HIV/AIDS. Trends Microbiol 22:120-127. https://
TM. 2009. Estimation of the current global burden of cryptococcal doi.org/10.1016/j.tim.2014.01.001.
meningitis among persons living with HIV/AIDS. AIDS 23:525-530. 3. Evans EE. 1949. An immunologic comparison of 12 strains of Cryptococ-

https://doi.org/10.1097/QAD.0b013e328322ffac.

January/February 2017 Volume 2 Issue 1 €00357-16

cus neoformans (Torula histolytica). Proc Soc Exp Biol Med 71:644 - 646.
2. Armstrong-James D, Meintjes G, Brown GD. 2014. A neglected epidemic: https://doi.org/10.3181/00379727-71-17283.

msphere.asm.org 5

1sanb Ag 2102 ‘T AeN uo /Bio wise alaydswy//:dny wol) papeojumoq


https://doi.org/10.1097/QAD.0b013e328322ffac
https://doi.org/10.1016/j.tim.2014.01.001
https://doi.org/10.1016/j.tim.2014.01.001
https://doi.org/10.3181/00379727-71-17283
msphere.asm.org
http://msphere.asm.org/

Perspective

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

January/February 2017 Volume 2

Wilson DE, Bennett JE, Bailey JW. 1968. Serologic grouping of Crypto-
coccus neoformans. Proc Soc Exp Biol Med 127:820-823. https://doi.org/
10.3181/00379727-127-32812.

. Kwon-Chung KJ. 1975. A new genus, Filobasidiella, the perfect state of

Cryptococcus neoformans. Mycologia 67:1197-1200. https://doi.org/
10.2307/3758842.

. Kwon-Chung KJ. 1976. A new species of Filobasidiella, the sexual state of

Cryptococcus neoformans B and C serotypes. Mycologia 68:943-946.
https://doi.org/10.2307/3758813.

. D'Souza CA, Kronstad JW, Taylor G, Warren R, Yuen M, Hu G, Jung WH,

Sham A, Kidd SE, Tangen K, Lee N, Zeilmaker T, Sawkins J, McVicker G,
Shah S, Gnerre S, Griggs A, Zeng Q, Bartlett K, Li W, Wang X, Heitman J,
Stajich JE, Fraser JA, Meyer W, Carter D, Schein J, Krzywinski M, Kwon-
Chung KJ, Varma A, Wang J, Brunham R, Fyfe M, Ouellette BF, Siddiqui
A, Marra M, Jones S, Holt R, Birren BW, Galagan JE, Cuomo CA. 2011.
Genome variation in Cryptococcus gattii, an emerging pathogen of
immunocompetent hosts. mBio 2:e00342-10. https://doi.org/10.1128/
mBio.00342-10.

. Boekhout T, van Belkum A, Leenders AC, Verbrugh HA, Mukamurangwa

P, Swinne D, Scheffers WA. 1997. Molecular typing of Cryptococcus
neoformans: taxonomic and epidemiological aspects. Int J Syst Bacteriol
47:432-442. https://doi.org/10.1099/00207713-47-2-432.

. Bovers M, Hagen F, Kuramae EE, Boekhout T. 2008. Six monophyletic

lineages identified within Cryptococcus neoformans and Cryptococcus
gattii by multi-locus sequence typing. Fungal Genet Biol 45:400-421.
https://doi.org/10.1016/j.fgb.2007.12.004.

Meyer W, Castafieda A, Jackson S, Huynh M, Castafieda E, IberoAmerican
Cryptococcal Study Group. 2003. Molecular typing of IberoAmerican
Cryptococcus neoformans isolates. Emerg Infect Dis 9:189-195. https://
doi.org/10.3201/eid0902.020246.

Meyer W, Gilgado F, Ngamskulrungroj P, Trilles L, Hagen F, Castafieda E,
Boekhout T. 2011. Molecular typing of the Cryptococcus neoformans/
Cryptococcus gattii species complex, p 327-357. In Heitman J, Kogure T,
Kwon-Chung KJ, Perfect JR, Casadevall A (ed), Cryptococcus: from human
pathogen to model yeast. ASM Press, Washington, DC.
Ngamskulrungroj P, Gilgado F, Faganello J, Litvintseva AP, Leal AL, Tsui
KM, Mitchell TG, Vainstein MH, Meyer W. 2009. Genetic diversity of the
Cryptococcus species complex suggests that Cryptococcus gattii deserves
to have varieties. PLoS One 4:e5862. https://doi.org/10.1371/
journal.pone.0005862.

Cogliati M. 2013. Global molecular epidemiology of Cryptococcus neo-
formans and Cryptococcus gattii: an atlas of the molecular types. Scien-
tifica (Cairo) 2013:675213. https://doi.org/10.1155/2013/675213.

Hagen F, Khayhan K, Theelen B, Kolecka A, Polacheck I, Sionov E, Falk R,
Parnmen S, Lumbsch HT, Boekhout T. 2015. Recognition of seven species
in the Cryptococcus gattii/Cryptococcus neoformans species complex.
Fungal Genet Biol 78:16-48. https://doi.org/10.1016/j.fgb.2015.02.009.
Farrer RA, Desjardins CA, Sakthikumar S, Gujja S, Saif S, Zeng Q, Chen Y,
Voelz K, Heitman J, May RC, Fisher MC, Cuomo CA. 2015. Genome
evolution and innovation across the four major lineages of Cryptococcus
gattii. mBio 6:00868-15. https://doi.org/10.1128/mBio.00868-15.
Litvintseva AP, Thakur R, Vilgalys R, Mitchell TG. 2006. Multilocus se-
quence typing reveals three genetic subpopulations of Cryptococcus
neoformans var. grubii (serotype A), including a unique population in
Botswana. Genetics 172:2223-2238. https://doi.org/10.1534/genetics
.105.046672.

Meyer W, Aanensen DM, Boekhout T, Cogliati M, Diaz MR, Esposto MC,
Fisher M, Gilgado F, Hagen F, Kaocharoen S, Litvintseva AP, Mitchell TG,
Simwami SP, Trilles L, Viviani MA, Kwon-Chung J. 2009. Consensus
multi-locus sequence typing scheme for Cryptococcus neoformans and
Cryptococcus gattii. Med Mycol 47:561-570. https://doi.org/10.1080/
13693780902953886.

Firacative C, Roe CC, Malik R, Ferreira-Paim K, Escandén P, Sykes JE,
Castainon-Olivares LR, Contreras-Peres C, Samayoa B, Sorrell TC, Casta-
feda E, Lockhart SR, Engelthaler DM, Meyer W. 2016. MLST and whole-
genome-based population analysis of Cryptococcus gattii VGIII links
clinical, veterinary and environmental strains, and reveals divergent
serotype specific sub-populations and distant ancestors. PLoS Negl Trop
Dis 10:e0004861. https://doi.org/10.1371/journal.pntd.0004861.
Firacative C, Trilles L, Meyer W. 2012. MALDI-TOF MS enables the rapid
identification of the major molecular types within the Cryptococcus
neoformans/C. gattii species complex. PLoS One 7:37566. https://
doi.org/10.1371/journal.pone.0037566.

Meyer W, Firacative C, Trilles L, Ferreira-Paim K, ISHAM Working Group

Issue 1 e00357-16

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33.

34,

35.

36.

37.

38.

mSphere’

for Genotyping of C. neoformans and C. gattii. 2015. MLST database for
Cryptococcus neoformans and C. gattii, abstr 847. 19th ISHAM Congress,
Melbourne, Australia, 4 to 8 May 2015.

Harrington TC, Rizzo DM. 1999. Defining species in the fungi, p 43-70. In
Worrall JJ (ed), Structure and dynamics of fungal populations. Kluwer
Academic, Dordrecht, Netherlands.

Wiley EO. 1978. The evolutionary species concept reconsidered. Syst
Zool 27:17-26. https://doi.org/10.2307/2412809.

Nixon KC, Wheeler QD. 1990. An amplification of the phylogenetic
species concept. Cladistics Int J Willi Hennig Soc 6:211-223. https://
doi.org/10.1111/j.1096-0031.1990.tb00541.x.

Cracraft J. 1983. Species concepts and speciation analysis, p 159-187.
In Johnston RF (ed), Current ornithology, vol 1. Plenum Press, New
York, NY.

Vanhove M, Beale MA, Rhodes J, Chanda D, Lakhi S, Kwenda G, Molloy
S, Karunaharan N, Stone N, Harrison TS, Bicanic T, Fisher MC. 2016.
Genomic epidemiology of Cryptococcus yeasts identifies adaptation to
environmental niches underpinning infection across an African HIV/AIDS
cohort. Mol Ecol https://doi.org/10.1111/mec.13891.

Engelthaler DM, Hicks ND, Gillece JD, Roe CC, Schupp JM, Driebe EM,
Gilgado F, Carriconde F, Trilles L, Firacative C, Ngamskulrungroj P, Casta-
fieda E, Lazera Mdos S, Melhem MS, Pérez-Bercoff A, Huttley G, Sorrell
TC, Voelz K, May RC, Fisher MC, Thompson GR, lll, Lockhart SR, Keim P,
Meyer W. 2014. Cryptococcus gattii in North American Pacific Northwest:
whole-population genome analysis provides insights into species evo-
lution and dispersal. mBio 5:e01464-14. https://doi.org/10.1128/
mBio.01464-14.

Kavanaugh LA, Fraser JA, Dietrich FS. 2006. Recent evolution of the
human pathogen Cryptococcus neoformans by intervarietal transfer of a
14-gene fragment. Mol Biol Evol 23:1879-1890. https://doi.org/10.1093/
molbev/msl070.

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA,
Chen W, Fungal Barcoding Consortium, Fungal Barcoding Consortium
Author List. 2012. Nuclear ribosomal internal transcribed spacer (ITS)
region as a universal DNA barcode marker for Fungi. Proc Natl Acad Sci
U S A 109:6241-6246. https://doi.org/10.1073/pnas.11170181009.

Xu J. 2016. Fungal DNA barcoding. Genome 59:913-932. https://doi.org/
10.1139/gen-2016-0046.

Xu J, Vilgalys R, Mitchell TG. 2000. Multiple gene genealogies reveal
recent dispersion and hybridization in the human pathogenic fungus
Cryptococcus neoformans. Mol Ecol 9:1471-1481. https://doi.org/
10.1046/j.1365-294x.2000.01021 ..

Ngamskulrungroj P, Chang Y, Sionov E, Kwon-Chung KJ. 2012. The
primary target organ of Cryptococcus gattii is different from that of
Cryptococcus neoformans in a murine model. mBio 3:e00103-12. https://
doi.org/10.1128/mBi0.00103-12.

Phillips P, Galanis E, MacDougall L, Chong MY, Balshaw R, Cook VJ, Bowie
W, Steiner T, Hoang L, Morshed M, Ghesquiere W, Forrest DM, Roscoe D,
Doyle P, Kibsey PC, Connolly T, Mirzanejad Y, Thompson D, British
Columbia Cryptococcus gattii Study Group. 2015. Longitudinal clinical
findings and outcome among patients with Cryptococcus gattii infection
in British Columbia. Clin Infect Dis 60:1368-1376. https://doi.org/
10.1093/cid/civ041.

Boekhout T, Theelen B, Diaz M, Fell JW, Hop WC, Abeln EC, Dromer F,
Meyer W. 2001. Hybrid genotypes in the pathogenic yeast Cryptococcus
neoformans. Microbiology 147:891-907. https://doi.org/10.1099/
00221287-147-4-891.

Cogliati M, Lin X, Viviani MA. 2011. Hybridization and its importance in
the Cryptococcus species complex, p 359-370. In Heitman J, Kozel TR,
Kwon-Chung KJ, Perfect JR, Casadevall A (ed), Cryptococcus: from human
pathogen to model yeast. ASM Press, Washington, DC.

Bovers M, Hagen F, Kuramae EE, Hoogveld HL, Dromer F, St-Germain G,
Boekhout T. 2008. AIDS patient death caused by novel Cryptococcus
neoformans X C. gattii hybrid. Emerg Infect Dis 14:1105-1108. https://
doi.org/10.3201/eid1407.080122.

Vogan AA, Khankhet J, Xu J. 2013. Evidence for mitotic recombination
within the basidia of a hybrid cross of Cryptococcus neoformans. PLoS
One 8:62790. https://doi.org/10.1371/journal.pone.0062790.
Kwon-Chung KJ, Varma A. 2006. Do major species concepts support one,
two or more species within Cryptococcus neoformans? FEMS Yeast Res
6:574-587. https://doi.org/10.1111/j.1567-1364.2006.00088.x.

Cogliati M, Zani A, Rickerts V, McCormick |, Desnos-Ollivier M, Velegraki
A, Escandon P, Ichikawa T, lkeda R, Bienvenu AL, Tintelnot K, Tore O,
Akcaglar S, Lockhart S, Tortorano AM, Varma A. 2016. Multilocus se-

msphere.asm.org 6

1sanb Ag 2102 ‘T AeN uo /Bio wise alaydswy//:dny wol) papeojumoq


https://doi.org/10.3181/00379727-127-32812
https://doi.org/10.3181/00379727-127-32812
https://doi.org/10.2307/3758842
https://doi.org/10.2307/3758842
https://doi.org/10.2307/3758813
https://doi.org/10.1128/mBio.00342-10
https://doi.org/10.1128/mBio.00342-10
https://doi.org/10.1099/00207713-47-2-432
https://doi.org/10.1016/j.fgb.2007.12.004
https://doi.org/10.3201/eid0902.020246
https://doi.org/10.3201/eid0902.020246
https://doi.org/10.1371/journal.pone.0005862
https://doi.org/10.1371/journal.pone.0005862
https://doi.org/10.1155/2013/675213
https://doi.org/10.1016/j.fgb.2015.02.009
https://doi.org/10.1128/mBio.00868-15
https://doi.org/10.1534/genetics.105.046672
https://doi.org/10.1534/genetics.105.046672
https://doi.org/10.1080/13693780902953886
https://doi.org/10.1080/13693780902953886
https://doi.org/10.1371/journal.pntd.0004861
https://doi.org/10.1371/journal.pone.0037566
https://doi.org/10.1371/journal.pone.0037566
https://doi.org/10.2307/2412809
https://doi.org/10.1111/j.1096-0031.1990.tb00541.x
https://doi.org/10.1111/j.1096-0031.1990.tb00541.x
https://doi.org/10.1111/mec.13891
https://doi.org/10.1128/mBio.01464-14
https://doi.org/10.1128/mBio.01464-14
https://doi.org/10.1093/molbev/msl070
https://doi.org/10.1093/molbev/msl070
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1139/gen-2016-0046
https://doi.org/10.1139/gen-2016-0046
https://doi.org/10.1046/j.1365-294x.2000.01021.x
https://doi.org/10.1046/j.1365-294x.2000.01021.x
https://doi.org/10.1128/mBio.00103-12
https://doi.org/10.1128/mBio.00103-12
https://doi.org/10.1093/cid/civ041
https://doi.org/10.1093/cid/civ041
https://doi.org/10.1099/00221287-147-4-891
https://doi.org/10.1099/00221287-147-4-891
https://doi.org/10.3201/eid1407.080122
https://doi.org/10.3201/eid1407.080122
https://doi.org/10.1371/journal.pone.0062790
https://doi.org/10.1111/j.1567-1364.2006.00088.x
msphere.asm.org
http://msphere.asm.org/

Perspective

39.

January/February 2017 Volume 2

quence typing analysis reveals that Cryptococcus neoformans var. neo-
formans is a recombinant population. Fungal Genet Biol 87:22-29.
https://doi.org/10.1016/j.fgb.2016.01.003.

de Hoog GS, Chaturvedi V, Denning DW, Dyer PS, Frisvad JC, Geiser
D, Gréser Y, Guarro J, Haase G, Kwon-Chung KJ, Meis JF, Meyer W, Pitt
JI, Samson RA, Taylor JW, Tintelnot K, Vitale RG, Walsh TJ, Lackner M,
ISHAM Working Group on Nomenclature of Medical Fungi. 2015.

Issue 1 e00357-16

40.

mSphere’

Name changes in medically important fungi and their implications
for clinical practice. J Clin Microbiol 53:1056-1062. https://doi.org/
10.1128/JCM.02016-14.

Chen M, Zeng J, De Hoog GS, Stielow B, Gerrits Van Den Ende AH, Liao
W, Lackner M. 2016. The “species complex” issue in clinically relevant
fungi: a case study in Scedosporium apiospermum. Fungal Biol 120:
137-146. https://doi.org/10.1016/j.funbio.2015.09.003.

msphere.asm.org 7

1sanb Ag 2102 ‘T AeN uo /Bio wise alaydswy//:dny wol) papeojumoq


https://doi.org/10.1016/j.fgb.2016.01.003
https://doi.org/10.1128/JCM.02016-14
https://doi.org/10.1128/JCM.02016-14
https://doi.org/10.1016/j.funbio.2015.09.003
msphere.asm.org
http://msphere.asm.org/

	GENETIC DIVERSITY WITHIN THE TWO SPECIES AND THE RECENT PROPOSAL OF SEVEN SPECIES NAMES
	BENEFITS OF ADOPTING THE NEW SPECIES SYSTEM
	DISADVANTAGES IN ADOPTING THE NEW CLASSIFICATION SYSTEM AT THIS JUNCTURE
	(i) An insufficient number of isolates was studied. 
	(ii) More of the genome needs to be represented. 
	(iii) Models applied for species delineation may not be appropriate. 
	(iv) Species designations are too complex (i.e., routine identification is impractical). 
	(v) Species names are confusing. 
	(vi) Names for hybrid and aneuploid strains are not readily accommodated. 

	PROPOSED USE OF “C. NEOFORMANS SPECIES COMPLEX” AND “C. GATTII SPECIES COMPLEX”
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

