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ABSTRACT

The yeast Candida glabrata is an opportunistic human fungal pathogen whose incidence has increased in the last two
decades. Despite its name, this yeast is only distantly related to the model fungal pathogen C. albicans, and more closely
related to Saccharomyces cerevisiae and other yeasts that underwent an ancient whole-genome duplication. Understanding
what specific traits make C. glabrata a successful opportunistic pathogen within a clade of mostly innocuous yeasts, and
how these compare to virulence traits in distant pathogens such as C. albicans is a focus of intense research. From an
evolutionary perspective, uncovering how the ability to infect humans has emerged multiple, independent times in
different lineages may reveal new disease mechanisms and provide us with the capacity to predict which genomic features
in a clade may confer a higher potential to develop virulence against humans.

Keywords: Candida glabrata; virulence; evolution; Nakaseomyces; Candida

INTRODUCTION

The incidence of fungal infections have increased over the
last decades, partly as a result of medical progress. Indeed,
the advance of life expectancy, the higher survival of pre-term
neonates or patients with cancer or chronic diseases, the use
of catheters and transplantation therapies, are all factors that
have helped fungal pathogens come to the front line of clinical
problems in developed countries (Brown et al. 2012; Diekema
et al. 2012). In addition, the extensive use of broad-spectrum
antibiotics eliminates bacterial competitors from the commen-
sal microbiota and promotes fungal infections (Mason et al.
2012). Candidiasis is a general term used to designate a fungal
infection caused by any type of Candida yeast. Such infections
can affect several surface ormucosas in the body, or can become

invasive and reach internal organs, or reach the bloodstream
and spread throughout the body—in which case the infection
is called candidaemia. Invasive candidiasis accounts for ∼75%
of all systemic fungal infections and poses a serious threat
to life, particularly in immunocompromised individuals, with
mortality rates reaching 46%–75% (Wilson et al. 2002). Candidi-
asis can have several origins. In fact, more than 20 different
Candida species have been identified that can cause candidiasis,
although the incidence vary greatly from species to species. Can-
dida albicans, C. glabrata and C. parapsilosis rank as the threemost
common species, generally in this order, with the incidence of
the last two increasing over the last years (Diekema et al. 2012).
From an evolutionary perspective, however, C. glabrata sticks out
as an outlayer, as it is more closely related to the baker’s yeast
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Saccharomyces cerevisiae than to C. albicans and C. parapsilosis.
Indeed, most typical Candida pathogens belong to the so-called
CTG or Candida clade, a group of species that share a rare par-
ticularity in their genetic code so that the CUG codon encodes
the amino acid serine instead of leucine (Santos et al. 2011). Al-
though several yeast pathogens belong to the CTG-clade, this is
a highly diverse cladewhose origins have been estimated to date
back 135 million years ago (Mya) and most species within this
clade are non-pathogenic nor typical commensals of human
(Kurtzman, Fell and Boekhout 2011; Mühlhausen and Kollmar
2014). Candida glabrata, in contrast, uses the standard genetic
code and belongs to a clade called Saccharomycetaceae, which
diverged from the CTG-clade more than 230 Mya (Mühlhausen
and Kollmar 2014) and which also contains the model yeast
S. cerevisiae. Many species within this clade, including
S. cerevisiae and C. glabrata share another rare genomic
particularity in that their genomes duplicated in a common
ancestor that existed roughly 100–200 Mya (Wolfe and Shields
1997)—this ancestor is now proposed to have been a hybrid
species (Marcet-Houben and Gabaldón 2015). As with the
CTG-clade, most species in the Saccharomycetaceae are not as-
sociated with humans. Most described species within this clade
have a cosmopolitan distribution and are often isolated from
various environmental niches, such as tree barks, insects, fruits
or soil (Kurtzman, Fell and Boekhout 2011). In addition, this
clade contains the most intensively studied eukaryotic model
organism: S. cerevisiae, and many species that are involved in
industrial processes, such as S. cerevisiae itself, and hybrids
thereof that are used in wine, beer and bread making.

Thus, C. glabrata and C. albicans are not only distantly
related, but also both species are embedded within diverse
clades formed by mostly non-pathogenic nor human com-
mensal species. Hence, despite the common generic name
of the species and the disease they cause, it stands out that
C. albicans and C. glabrata must have followed independent
evolutionary routes to pathogenesis. Uncovering such routes
holds the promise of identifying virulence mechanisms and the
genomic constituents that predispose a fungal clade to generate
new pathogens. In addition, understanding how pathogene-
sis evolved can pave the way to understand differences and
similarities in the mechanisms of infection in different clades.
More generally, by understanding how pathogenesis can appear
during evolution, we can have a deeper understanding of the
many forms it can adopt, and the thin lines that may separate a
pathogenic phenotype from the absence of it. The availability of
the genome sequence for C. glabrata (Dujon et al. 2004) opened
the possibility of comparing its genetic constituents with that
of C. albicans (Jones et al. 2004) and S. cerevisiae (Goffeau et al.
1996). Initial comparisons relied on finding similarities between
the two yeast pathogens and differences between these and the
non-pathogenic model yeast (Roetzer, Gabaldón and Schüller
2011). However, recent advances in sequencing technologies
and evolutionary approaches have enabled us to put these
differences within a more resolved and detailed evolutionary
framework (Gabaldón et al. 2013), facilitating the reconstruction
of past genomic events that tightly correlate with the evolution-
ary origins of the lineages were pathogenesis towards humans
is present. This mini-review will survey recent advances in
understanding the evolutionary emergence of virulence in the
C. glabrata clade and will highlight some of the questions
that remain open. Of note, we do not try to provide a com-
prehensive overview on the extended research on C. glabrata
virulence factors and we refer the interested reader to other
recent reviews on the topic (Brunke and Hube 2013;

Bolotin-Fukuhara and Fairhead 2014; Rodrigues, Silva and
Henriques 2014).

GENERAL CONSIDERATIONS ON VIRULENCE
AS AN EMERGENT PHENOTYPE

Virulence is defined as the capacity of an organism to cause dis-
ease in a given host. Hence, microbial virulence is necessarily
the outcome of a specific host–microbe interaction, and changes
in either the host or the microbe can affect the degree of viru-
lence, including the presence or absence of it. In addition, viru-
lence can be regarded as an emergent property (Casadevall, Fang
and Pirofski 2011). As such it cannot be entirely explained by the
sum of its parts and is unpredictable. However, once it has ap-
peared, the dissection of the steps that led to the emergence of
virulence is possible. These considerations highlight the diffi-
culties of studying virulence under an evolutionary perspective.
For instance, virulence is only expressed under certain condi-
tions. This is particularly true for opportunistic pathogens, and
in contrast to specialized pathogens in which the pathogenic
interaction with the host is part of their life cycle. Hence, op-
portunistic pathogens may only express their virulence poten-
tial when they encounter a debilitated host or when they find
themselves in the wrong host or in the wrong tissue. Moreover,
these encounters may happen only too rarely for adaptive traits
to be subject to selection in the context of the whole population
and evolutionary history of a given species. In this regard, it is
difficult to consider virulence in opportunistic pathogens as an
adaptive phenotype per se. Rather, we may better regard viru-
lence as a secondary effect, one that was not developed for that
purpose but is one of the possible outcomes of adapting to some
other selective pressure such as a particularly natural environ-
ment or interaction with a healthy host. Indeed, in species that
regularly interact with the host such as commensals, it is ex-
pected that selection acts to attenuate virulence under standard
conditions, because the survival of the host is linked to the sur-
vival of the commensal. In summary, virulence in opportunis-
tic pathogens should be regarded as an evolutionary accident,
rather than as an evolutionary goal in itself. Moreover, in op-
portunistic pathogens, we may regard virulence as a mostly la-
tent phenotype, one that only expresses itself under particular
conditions.

As mentioned above, the increase of incidence of Candida
opportunistic pathogens is associated with factors linked to
modern technological progress. Moreover, most healthy persons
carry several yeast opportunistic pathogens as normalmembers
of their microbiota (Cui, Morris and Ghedin 2013). Thus, it seems
reasonable to assume that Candida virulence generally results
from an alteration in the host–microbe interactions, mostly ini-
tiated in the host side. Nevertheless, it is also true that, given
the same alterations on the host side, some species such as
C. albicans or C. glabrata have a higher likelihood of causing dis-
ease as compared to other co-existing yeasts. Thus, it seems
also clear that the ability to infect humans is developed to dif-
ferent degrees in different yeast species. Considering that this
ability is a ‘latent’ phenotype that was likely present long before
the recent increase in incidence of Candida infections, one can
ask the question of when and how it appeared. In other words:
What past genomic re-arrangements underlie the emergence of
the ability to infect humans in pathogens such as C. glabrata?
A possible approach to address this question, which has been
used in C. glabrata is to dissect its past genomic evolution and
study its genetic specificities that differentiate it from close
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Table 1. Relevant virulence traits in C. glabrata. Some of the traits discussed with relation to C. glabrata virulence are listed. The columns
indicate, respectively, the trait, its relevance for the virulence phenotype, and its possible evolutionary origin. The traits and their relevance
for virulence are discussed throughout the text, and inferences of their evolutionary origins are taken from Gabaldón et al. (2013).

Trait of C. glabrata Relevance for virulence Evolutionary origin

Growth at 37◦C Standard body temperature Very variable trait, widespread in all
Nakaseomyces

High stress resistance Response to stresses present in human tissues
and related to immune system

Common in Nakaseomyces, but lack of
experimental data

Resistance to starvation Allows survival within macrophages Genes present across Nakaseomyces, but lack of
experimental data

Drug resistance Resistant to commonly used azole drugs Not explored

High adherence Adhesion to human tissues, clinical material,
formation of biofilms

Result of a recent expansion of the adhesin
repertoire. Predicted to be high in other
pathogenic Nakaseomyces and low in
non-pathogenic ones, but lack of experimental
data

Presence of several
auxotrophies

May be related to a higher dependence on the
host

Ancient trait within Nakaseomyces.

non-pathogenic relatives. This quest started by simple pair-
wise comparisons with the model pathogen C. albicans and the
(mostly) non-pathogenic yeast S. cerevisiae.

Candida glabrata differs in many ways from C. albicans

Candida glabrata was first named as Cryptococcus glabratus, and
described in 1917 as a component of the human gut mi-
crobiota (Anderson 1917; reviewed in Bolotin-Fukuhara and
Fairhead 2014). Years later, it started to be identified as the
source of several infections either named as Cryptococcus glabra-
tus (Plaut 1950), or as Torulopsis glabrata (Grimley, Wright and
Jennings 1965). In the late 1980s, now renamed as Candida
glabrata, it began to be commonly identified as the etiolog-
ical agent of candidaemia in immunocompromised patients,
and later on was recognized as an emergent pathogen (Hazen
1995). The first molecular analyses of ribosomal RNA already re-
vealed that C. glabrata was only distantly related to C. albicans
and more closely related to S. cerevisiae (Kurtzman and Robnett
1998). The large evolutionary distance between C. albicans and
C. glabrata is reflected inmanyphenotypical differences between
the species that likely result in different virulence mechanisms.
Importantly, these differences may influence disease outcome
and should be taken into account to manage disease treatment
(Table 1). For instance, one of the first differences noted by clin-
icians is an intrinsically lower susceptibility to commonly used
azole antifungals in C. glabrata (Diekema et al. 2012). Other dif-
ferences include the growth as haploid cells in C. glabratawhich
cannot form true hyphae, as compared to diploid cells in C. al-
bicans that have the ability to grow hyphae. Indeed switching to
hyphal growth is a known virulence mechanism in C. albicans,
which enables it to bemore invasive and escapemacrophage en-
gulfment (Mayer, Wilson and Hube 2013). In contrast, C. glabrata
copes with macrophage engulfment in a totally different way.
Notably, it has been demonstrated that C. glabrata lets itself to
be taken up by macrophages, where it can persist for long peri-
ods of time and even divide (Roetzer et al. 2010; Rai et al. 2012).
Although both C. albicans and C. glabrata, as many other hu-
man fungal pathogens, have been described as asexual species,
they also differ in this respect. A so-called parasexual cycle has
been described in C. albicans by which cells of different or the
same mating type fuse to form a transient tetraploid which

then reverts to a diploid form by concerted loss of chromosomes
(Bennett, Forche and Berman 2014). Such cycle has not been
described in C. glabrata, where genetic data suggest that true
sexual mating may occur although at very residual frequencies
(Dodgson et al. 2005). Finally, according to the MetaPhOrs orthol-
ogy database (Pryszcz, Huerta-Cepas and Gabaldón 2011), 1557
(29.5%) C. glabrata protein-coding genes lack an ortholog in C. al-
bicans, and the reverse is true for 2257 (36.3%) C. albicans genes.
Thus large physiological differences are expected simply due to
the intrinsically different genetic composition of both species.
In addition, even if the corresponding orthologs are present, the
function may have diverged to an extent that it may affect its
role in virulence. This may be especially true for versatile pro-
teins such as transcription factors and other regulators than can
easily rewire its network of targets. An exemplary such case
is provided by the finding that null mutants in the transcrip-
tion factor ACE2 had slightly attenuated virulence in C. albicans,
whereas they are hypervirulent in C. glabrata (MacCallum et al.
2006). All these considerations underscore the fact that C.
albicans is not a good model for C. glabrata’s virulence, as they
seem to use quite different mechanisms for virulence (Brunke
and Hube 2013).

Candida glabrata also differs in many ways from
S. cerevisiae

Given the large differences between C. albicans and C. glabrata,
it was soon realized that the closer relative model yeast S. cere-
visiae would be a much better source of information. Indeed the
number of C. glabrata genes without ortholog in S. cerevisiae is
more limited (446 genes, representing 8.6% of the gene reper-
toire) and thus the physiology of these two species is expected to
be more conserved. This higher genetic similarity encouraged a
focus on the differences between these two species, as this may
providemechanistic explanations of why C. glabrata is an impor-
tant pathogenwhile S. cerevisiae is not (Dujon et al. 2004; Roetzer,
Gabaldón and Schüller 2011). Grossly, the main differences be-
tween C. glabrata and S. cerevisiae that were interpreted as adap-
tation to the human host in the former can be enumerated as
follows: (i) the optimal growth temperature of C. glabrata is close
to 37◦C, (ii) C. glabrata has a higher stress resistance and an en-
hanced ability to sustain prolonged starvation as compared to
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S. cerevisiae, (iii) C. glabrata genome has remodeled the cell-wall
components, resulting in a higher adherence, (iv) C. glabrata has
lost more genes than S. cerevisiae from its common ancestor,
meaning that it may have a higher dependence of the host. The
advantage for a human pathogen or commensal species of be-
ing able to grow well at 37◦C, the normal internal temperature
of the human body, is obvious. However, although the first se-
quenced lab strain of S. cerevisiae grows poorly at this temper-
ature, optimal temperature for growth is an adaptive trait that
is highly variable across S. cerevisiae strains (Salvadó et al. 2011).
Furthermore, some S. cerevisiae strains can be part of the healthy
human microbiota (Ghannoum et al. 2010). Thus, adaptation to
grow at 37◦C may be indeed useful for pathogenesis, but does
not seem to be the key evolutionary event that led to the specific
emergence of virulence in theC. glabrata lineage. In the following
paragraphs, we further elaborate thementioned observations on
stress resistance, host dependence and higher adherence.

A high level of resistance to various types of stresses can be
key to become a successful pathogen. Mucosal areas in mam-
malian tissues cause shortage of nutrients as well as osmotic
and other stresses due to the presence of other microbial or-
ganisms and the protective mechanisms of the host. In particu-
lar, the adaptation to use alternative nutrients and survive long
periods of starvation is key in the abovementioned ability of C.
glabrata to survive macrophage engulfment. The ability to ad-
here to the host epithelial tissue is thought to play a key role in
the virulence of Candida species. Adhesion is mediated by cell-
wall-associated proteins termed adhesins that belong to diverse
protein families (de Groot et al. 2013). Adherence is also nec-
essary to form biofilms, which are complex surface-associated
cell communities embedded in an extra-cellularmatrix (Fanning
and Mitchell 2012). Biofilms can increase resistance to antifun-
gals and the host immune system, thereby facilitating increased
persistence in the host. Moreover, biofilms formed in other sur-
faces such as catheters or other materials can be the source of
hospitalary infections. A phenotype of increased adherence of
a particular species is often correlating with a higher virulence
and with an underlying expansion of genes mediating adhesion
(Butler et al. 2009; Gabaldón et al. 2013). Thus, a higher adher-
ence in C. glabrata as compared to S. cerevisiae and the presence
of a high number of a particular type of adhesins encoded by
the EPA family of genes was always considered a key addition to
a pathogenic toolkit in C. glabrata (Cormack, Ghori and Falkow
1999; Roetzer, Gabaldón and Schüller 2011).

Finally, genome reduction is a general consequence of com-
mensal and pathogenic lifestyles (Andersson and Kurland 1998;
Ehrlich, Hiller and Hu 2008). As compared to most other en-
vironments, a host is much more stable, with temperature
and other parameters being regulated through homeostasis
and with some nutrients or factors readily provided by the
host metabolism. In fungi, microsporidian pathogens repre-
sent an extreme case of genome reduction due to a specialized
pathogenic lifestyle, with some of their genomes coding for less
than 2000 proteins (Corradi and Slamovits 2011). Genome re-
duction in C. glabrata, which is not a specialized pathogen, may
seem comparatively meager. Its 5202 protein-coding gene reper-
toire is ‘only’ 688 genes less than that of S. cerevisiae, which repre-
sents a relative size reduction of 11.7%. Nevertheless, the nature
of some of the losses was pointing to possible a higher depen-
dence on the host to overcome auxotrophies such as those of
pyridoxine, thiamine and nicotinic acid (Kaur et al. 2005). Par-
ticularly, the loss of the whole pathway to synthesize nicotinic
acid was considered as highly relevant. Nicotinic acid is a pre-
cursor of NAD+, and without the ability to be synthesized

de novo, C. glabrata should rely on an external source (e.g.
the host). The finding that the de-repression of some EPA ad-
hesins, and thereby adhesion, was regulated by the depletion
of NAD+ precursors in some human tissues (e.g. the urinary
tract), pointed to a sophisticated adaptation to the human host
(Domergue et al. 2005).

Recently, a comparative genomics approach to search for C.
glabrata particularities was among those driving the selection of
several genes to enter the first large-scale gene knock out col-
lection in C. glabrata (Schwarzmüller et al. 2014). These included,
for instance, an aspartate racemase gene inferred to have been
recently acquired in C. glabrata through horizontal gene trans-
fer from bacteria (Marcet-Houben and Gabaldón 2010). Further
functional screening of the knock out mutants revealed that not
having an ortholog in S. cerevisiae was not a factor increasing
the likelihood of the deletion resulting in an attenuated viru-
lence. These results indicate that most differences in gene con-
tent are not related to virulence. Of note, at the level of sequence
divergence among orthologous proteins, C. glabrata and S. cere-
visiae are as divergent as human and zebra fish (Gabaldón et al.
2013; Howe et al. 2013). Thus, comparing these two species to
answer the question of what genomic differences may under-
lay the higher virulence in C. glabrata as compared to S. cere-
visiae can be considered extremely naı̈ve. Indeed it is conceptu-
ally equivalent as trying to understand how fishes can breathe
under water by looking at differences between human and zebra
fish genomes. Clearly, two divergent species differ inmanymore
phenotypes—known or unknown—than the one of interest. One
way of minimizing such effect is by using a higher resolution
of genomic comparisons by increasing the number of compared
species and their evolutionary relatedness.

Pathogenic close relatives of C. glabrata come into the
picture

For a long time, C. glabrata remained the only clear pathogenic
species among the Saccharomycetaceae. As such its pathogenic-
ity appeared as a drastic discontinuity in evolutionary terms.
Earlymolecular evolutionary analyses placed C. glabratawithin a
specific genus of the Saccharomycetaceae named Nakaseomyces
(Kurtzman 2003). By that time, this genus contained only three
known species besides C. glabrata and these were all environ-
mental: C. castellii, Nakaseomyces (Kluyveromyces) delphensis and
N. (Kluyveromyces) bacillisporus. The precise habitat and ecol-
ogy of these species is unknown, and the only existing in-
formation is that collected from their isolations. More specif-
ically, C. castellii appeared in a sample from acidic soil in a
pine tree bog in Finland (Capriotti 1961), N. delphensis was iso-
lated from a sugary deposit of dried figs in South Africa and N.
bacillisporus was isolated from exudates from Emory oak in Ari-
zona (USA) in an environment that also had cotton wood and
picky pear cacti, and collectors noted that these trees were vis-
ited by yeast-carrying flies (Kurtzman, Fell and Boekhout 2011).
Thus, no close relative of C. glabrata seemed to be tightly asso-
ciated with humans. Instead, the natural history of the clade
seemed to suggest an environmental lifestyle, probably in as-
sociation with plants, and perhaps feeding on fruit sources and
being dispersed by insects. Soon after the Nakaseomyces clade
was defined, however, two new species within this group were
described from human clinical samples: C. nivariensis (Alcoba-
Flórez et al. 2005) and C. bracarensis (Correia et al. 2006). Their
description led to re-evaluation of isolate collections putatively
assigned to C. glabrata showing that 0.2%–2% of the clinical
isolates of C. glabrata may actually belong to these newly
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Figure 1. Phylogenetic relationships among C. glabrata, the other sequenced Nakaseomyces species and other Saccharomycotina species. Pathogenic species are indi-
cated in red. Relevant taxonomic groups and significant evolutionary events discussed in the text are indicated with boxes at the right side of the tree and colored
circles, respectively. CTG indicates a transition of the genetic code; WGD indicates the ancestral whole-genome duplication /hybridization; and EPA indicates the

lineages where the two independent expansions of the EPA genes occurred. (Adapted from Gabaldón et al. 2013).

described species (Bishop et al. 2008; Lockhart et al. 2009). Thus,
their incidence seems to be much lower than that of C. glabrata.
We still lack much phenotypic information about these newly
described emerging pathogens but early analyses seem to indi-
cate that these species also present some of the virulence at-
tributes of C. glabrata, although to a lesser degree (Moreira et al.
2015). Interestingly, besides clinical samples, C. nivariensis have
also been found in isolates from floralicious insects and hibis-
cus flowers in Australia, suggesting it may be only sporadically
associated with humans (Kurtzman, Fell and Boekhout 2011).
This newer picture narrowed down the context of C. glabrata’s
pathogenicity, pointing to an origin from an environmental
clade which also containedmilder pathogens. Notably, the pres-
ence of closely related pathogens with somewhat intermediate
virulence towards humans brought about the idea of a stepwise
increase of virulence within the clade. In any case, the availabil-
ity of isolates from all these species paved the way for using
genomic tools to understand what genomic re-arrangements
underlay the emergence of pathogenesis.

Comparative genomics of the Nakaseomyces

In 2013, the sequencing of the five described relatives of C.
glabrata, all the remaining species in the Nakaseomyces clade,
was undertaken (Gabaldón et al. 2013). The genomes were se-
quenced with a combination of illumina and 454 technologies
and resulted in high-quality assemblies with a close correspon-
dence between scaffolds and chromosome number (Gabaldón
et al. 2013). These genomes and their corresponding annota-
tions can be downloaded or browsed in the Genome Resources
for Yeast Chromosomes (GRYC) database, a genome reposi-

tory and browser focused on high-quality genome sequences
of yeasts (http://gryc.inra.fr). The availability of these genomes
and its comparison with other 17 sequenced saccharomycotina
specieswas performedusing sophisticated phylogenomics tech-
niques. In particular, the evolutionary history of every single
protein-coding gene in the clade was reconstructed using maxi-
mum likelihood phylogenetic methods. This so-called phylome
is publicly available at phylomeDB (http://phylomedb.org) were
all reconstructed gene phylogenies can be interactively explored
(Huerta-Cepas et al. 2014). Computational examination of these
gene trees enabled accurate establishment of orthology and par-
alogy relationships across saccharomycotina genomes, and the
inference and dating of past gene loss and gene duplication
events (Gabaldón 2008). In addition, to detect more recent se-
lective pressures, gene sequences were compared in a phylo-
genetic context to detect deviations in rates of synonymous
and non-synonymous mutations, and the existence of arrays of
tandemly duplicated genes. The recent evolution of C. glabrata
within the Nakaseomyceswas therefore decoded, which revealed
some surprising results and served to contrast previously raised
hypotheses.

First of all, since molecular phylogenetic analyses had been
performed before the description of C. bracarensis and C. nivarien-
sis (Kurtzman 2003), it remained an open question whether all
pathogenic species within the clade would form amonophyletic
clade, which in turn would indicate a single origin for the vir-
ulence trait and a subsequent stepwise increase in the viru-
lence potential. The results, however, strongly indicated other-
wise (Fig. 1). Two of the environmental species N. bacillisporus
and C. castellii were indeed very divergent from the pathogen
species forming an early branching and highly diverged group

http://gryc.inra.fr
http://phylomedb.org
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within the clade. Nakaseomyces delphensis, however, was branch-
ing within the two newly recognized pathogens in a compact
clade which also contained C. glabrata as the first diverging lin-
eage. This clade of four species was named the glabrata group.
Orthologous protein sequence identitywithin the glabrata group
species ranged 77%–88% and high levels of conserved synteny
were observed. Thus, the first shocking result was the poly-
phyletic origin of the three distinct human pathogens, suggest-
ing the virulence trait may have appeared multiple (up to three),
independent times. The alternative scenario involves a single
origin of virulence potential at the base of the glabrata group
with a subsequent secondary loss in the lineage leading to N.
delphensis. We stress that we refer to the trait as a potential for
virulence, underscoring the above discussed concept that viru-
lence can be dealt with as a latent phenotype. Considering the
divergence between the species in the glabrata group and the
recent origin of our species, it seems unplausible that such an
ancestor would have been a human commensal.

A second sobering result was the finding that many of the
peculiarities of C. glabrata in comparison to S. cerevisiae that
were thought to be important for the emergence of the viru-
lence phenotype in the former, were shared by most, if not all,
Nakaseomyces species. In particular, the loss of the synthesis of
nicotinic acid was a shared trait in all Nakaseomyces, indicat-
ing this was an ancestral trait in the clade and obviously not the
result of adaptation to human commensalism. As many of the
Nakaseomyces species are environmental, this and other shared
auxotrophies should be complemented in their respective en-
vironments or, alternatively, a salvage pathway must exist. Of
note, loss of the biosynthesis pathway for nicotinic acid has been
reported in more distant species such as Kluyveromyces lactis
or Schizosaccharomyces pombe and appears to be a non-essential
trait in many yeasts, thanks indeed to the presence of a salvage
pathway. Such salvage pathway,which uses nicotinate phospho-
ribosyltransferase is highly conserved in eukaryotes and serves
to recycle nicotinamide produced from various NAD-consuming
reactions (Li and Bao 2007). Remarkably, all gene losses of C.
glabrata relative to S. cerevisiae were shared by all species in the
glabrata group, leaving no gene loss specific to all pathogens in
the clade. In addition, all Nakaseomyces species analyzed are
able to grow well at 37◦C.

Final, and perhaps the most important result of that study,
was the observation that variations in the number of genes en-
coding members of the EPA family of adhesins were highly cor-
relating with the ability to infect humans (Gabaldón et al. 2013).
In fact the genome of the type strain of C. glabrata, the most
pathogenic species, encoded 18 distinct EPA genes, followed by
12 in C. bracarensis and 9 in C. nivarensis, the two newly de-
scribed pathogens. In contrast, the non-pathogenic N. delphensis
harbors a single copy. Considering the already discussed impor-
tant role of adhesins in virulence, this finding was remarkable,
providing the first evolutionary link between adhesion and vir-
ulence properties in the Nakaseomyces. To investigate whether
these expansions shared by all pathogenic species were inde-
pendent or the result of a common ancestral gene expansion—
implying a secondary gene contraction in N. delphensis—the re-
searchers performed an in-depth phylogenetic study of this
family. The results (Fig. 2) indicated that EPA expansions in
C. glabrata had occurred independently from those in C. bracaren-
sis and C. nivariensis, whereas most of the expansions in these
two latter species could be traced back to ancestral duplica-
tion events in their ancestor. That expansions in C. glabrata and
the other Nakaseomyces pathogens have an independent ori-
gin is also supported by the fact that expanded EPA genes ap-

pear in different relative locations of their respective genomes
(Fig. 2b). This observation has two important implications. First,
increased adherence—and perhaps, by extension, the virulence
potential—appeared at least twice in the Nakaseomyces clade.
Second, the lack ofmultiple EPA copies inN. delphensis—and per-
haps its inability to colonize or infect humans—seems to result
from a secondary contraction of its adhesion repertoire.

The fact that two rapid expansions of such scale occurred
in the same family of adhesins and in closely related lin-
eages may seem highly unlikely. There are, however, some fac-
tors that may predispose the EPA adhesins for a fast ampli-
fication. First, most EPA genes are localized in subtelomeric
regions. In S. cerevisiae, these regions have been observed to
form clusters near the nuclear periphery (Maillet et al. 1996),
which may facilitate non-homologous recombination. Indeed
subtelomeric regions are prone to re-arrangements and dupli-
cations of genes (Lafontaine et al. 2004). Second, EPA genes are
often surrounded by long stretches of DNA with high identity,
extending sometimes several hundred bases. Finally, the EPA
genes contain internal tandemly repeated regions which en-
code serine/threonine repeats that act as a spacer between the
cell-wall anchoring site and the environment. These repeats
are found in varying number and the length of the encoded
spacer is thought to affect adhesin specificity to different sub-
strates (Diderrich et al. 2015). The propensity to duplicate and
change functional specificity via recombinationmediated by the
presence of repeats, and the particularly genomic location, may
have been key contingency factors that have facilitated a rapid
adaptation of the adherence properties in this lineage, provided
that a selection for higher or more versatile adherence was in
place.

Altogether these results provide an accurate, yet still rough,
reconstruction of the genomic changes that appeared close to
the appearance of the virulence potential. Altogether the ob-
tained results suggested that many traits are ancestral in the
Nakaseomyces clade, clearly resulting from adaptation to en-
vironments other than the human gut. This finding does not
diminish the relevance of some ancient traits for present-day
virulence, but it highlights the fact that these were not the key
recent evolutionary steps that can be linked to the emergence
of virulence. In evolutionary terms, this process is referred to as
exaptation—a more appropriate term than the more commonly
used pre-adaptation—which indicates that a trait that was se-
lected in the past for another purpose may now serve to a com-
pletely different one. The finding of other pathogens that are
evolutionary close to C. glabrata and the observation that they
formed a tight clade in which three of the four known species
can infect humans, although they are not monophyletic, sug-
gests that the glabrata group shares some genomic background
that predisposes the clade to the appearance of virulence traits.
From the many traits that are relevant for C. glabrata’s patho-
genesis it seems that adherence stands out as one of the ulti-
mate steps in the path to become a species with a pathogenic
potential. The fact that expansions of adhesins had appeared
twice independently and that these correspond to lineages
with pathogenic species reinforces the idea that shift in ad-
herence properties, given an appropriate genomic background,
may predispose species in this clade to become opportunistic
pathogens.

From fruits to guts?

Have we answered the question of how pathogenesis emerged
in the C. glabrata lineage? We are probably far away from the
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Figure 2.Multiple expansions of EPA adhesins. (A) Maximum likelihood phylogenetic tree representing the evolutionary relationships of themembers of the EPA family

of adhesins present in two strains of C. glabrata and other Nakaseomyces species. Different species and strains are indicated with colors. Main gene expansions are
indicated with colored frames. (Adapted from Gabaldón et al. 2013). (B) Relative genomic location in C. glabrata chromosomes and C. bracarensis contigs of some of the
recently duplicated EPA genes. Colored frames correspond to expansions highlighted in A.

real answer but the growing availability of data makes it pos-
sible to hypothesize possible scenarios. What follows is mostly
wide speculation based on limited available data and we apolo-
gize for that. However, we think that by proposing plausible sce-
narios we will stimulate the search for additional data, perhaps
supporting alternative narratives. One recurrent question is how
tight C. glabrata is associatedwith humans. Although the species
was first described as a commensal of the human gut, and it
recurrently appears in surveys of human oral and gut micro-
biomes (Plaut 1950; Ghannoum et al. 2010; Bolotin-Fukuhara and
Fairhead 2014), the fact is that we lack information of whether
it is also present in some environmental niches. In addition, its
prevalence in the human mouth or gut is generally much lower
than C. albicans and even S. cerevisiae, and may be associated
with older ages. In fact, a recent study found that relatively low
number of individuals carried C. glabrata (15%) and that all of
them were older than 40 years, with the likelihood of carrying
C. glabrata increasing drastically over the age of 60 years (Malani
et al. 2011). A possibility is thus that C. glabrata is also an oppor-
tunistic commensal of humans, us being only a secondary niche
for this yeast. Some features of C. glabrata genome also point
to this possibility. For instance, like S. cerevisiae, C. glabrata has
conserved six duplicated paralogs encoding glycolytic enzymes
and is an efficient alcohol producing yeast even under anaero-
bic conditions (Hagman et al. 2013). It is unclear why such trait
would be conserved after long adaptation to the human gut or
mouth, if other alternative niches would not be available. The
idea of a wider distribution outside our guts and mouths is con-

sistent with the observation that association to environmental
niches—possibly plants and their fruits—-is an ancient adap-
tation of the clade, and probably still is in many present-day
species. One could envision that, as other related yeasts, some
C. glabrata ancestor was present in the environment, associated
with plants and possibly feeding from a variety of sources, per-
haps preferring fruits and other sugary parts of plants,where the
abilities for rapid fermentation and production of alcohol may
represent an advantage shared with many other yeasts of the
Saccharomycetaceae. In addition, adaptation to varying alter-
native carbon sources and prolonged periods of starvation were
present (Roetzer et al. 2010). Although dispersion was probably
already ensured by insects, acquiring the ability to survive in the
mouth and guts of themammals that were eating the fruits may
be also considered as an advantage, higher if some auxotrophies
were already present. Increasing adherence, by increasing the
strength of adherence and the different surfaces a cell can ad-
here to, seems a good way of providing a higher persistence in
the mammalian digestive tract. Alternatively, adherence could
have been selected earlier to facilitate transport by insects or
formation of biofilms on food sources and only the more sticky
species were able to persist in the digestive tract when eaten.
In this framework, C. glabrata may have been often long colo-
nizing us and other mammals from the environment, and this
may have resulted in some further adaptations. In this context,
pathogenesis would be an inevitable consequence of being a
highly persistent and sticky yeast in the face of a debilitated
immune system.
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CONCLUSION AND OUTLOOK

Recent advances in genomics and evolutionary approaches have
enabled digging into the past of human yeast pathogens, such
as C. glabrata. The emerging picture is a complex one, with both
recent traits specific to pathogens and ancient traits sharedwith
non-pathogenic relatives playing a role in virulence. Recent re-
sults suggest that the ability to infect humans has emergedmul-
tiple times within the Nakaseomyces and that the appearance
of this trait is linked with an expansion of the genomic reper-
toire of adhesins. It is also apparent that the glabrata group
within Nakaseomyces already presents a genomic background
thatmay facilitate the appearance of virulence towards humans.
In this respect, we may expect that new potential emerging
pathogenic yeasts may be described in the future that belong to
this clade. Much progress has been performed in detailing the
virulence mechanisms in C. glabrata, thanks to the development
of novel genetic tools for this organism (Ho and Haynes 2015).
As we better understand the key traits that make C. glabrata an
efficient pathogen, we will have a better perspective for inter-
preting virulence within an evolutionary framework. In this re-
spect, characterization of virulence traits in C. bracarensis and
C. nivariensis is key, as they represent yet a different evolution-
ary acquisition of the pathogenesis towards humans. Finally, the
next frontier is definitely increasing the evolutionary resolution
by exploiting population genomics tool. This should include se-
quencing not only clinical strains fromdifferent world locations,
but also commensal strains and potentially those that may be
found in the environment. Clearly, understanding possible paths
to pathogenesis require a deeper knowledge on the natural ecol-
ogy of C. glabrata and its close relatives. Population genomics
holds the promise of revealing most recent adaptations in the
pathogenicNakaseomyces aswell as revealing how tight has been
their co-evolution with human populations.
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