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a b s t r a c t

Since its discovery at the end of the XIX century, Candida albicans has emerged as one of the

most important human pathogenic fungi. This yeast efficiently colonizes the gastrointes-

tinal cavity of humans, which is an important source for gastrointestinal-mediated

dissemination of the fungus to internal organs under immune suppression. Controlling

colonization may therefore lead to the eradication of C. albicans which may, in turn, be a

useful strategy in the prevention of candidiasis. Recent studies indicate that colonization

is influenced by -and related to-the white opaque (wo) transition, an epigenetic transition

that has been shown to mediate several aspects of the biology of this fungus. Efficient mat-

ing in C. albicans occurs by a two-step process which involves the conversion to a homozy-

gous mating type cell followed by a transition to the opaque state. The discovery of the

opaque cell as the mating competent phase of this fungus provided an interesting evolu-

tionary example of the role of mating in the adaptation to a mammalian host in a patho-

genic fungus. A full sexual cycle has not been observed; rather, after mating, return to a

diploid state is achieved by concerted chromosome loss, being this an important source

of genetic variability for this opportunistic pathogen.

ª 2019 Published by Elsevier Ltd on behalf of British Mycological Society.
1. Introduction the gastrointestinal and vaginal tract of humans in a signifi-
Candida species are the most prevalent fungal etiological

agents of life-threatening invasive infections (called candidi-

asis), representing w19 % of the infections in intensive care

units of several developed and non-developed countries.

This microorganism behaves as a harmless commensal of
.

n behalf of British Myco
cant (albeit not precisely determined) percentage of individ-

uals. Its proliferation is normally controlled by the host

immune system, and defects in it can result in the develop-

ment of disease (Gow et al., 2012; Iliev and Leonardi, 2017;

Leonardi et al., 2018; Netea and Brown, 2012; Romani, 2011).

Predisposing factors include underlying diseases such as
logical Society.
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neutropenia, leukemia, physical injuries or disruption of the

gut mucosal barriers. Under these conditions, the fungus is

able to disseminate to target organs causing severe disease.

C. albicans is therefore considered an opportunistic pathogen

and it is today probably the best model to analyze human

fungal pathogenesis. No unique pathogenic determinant has

been made responsible for its virulence. Rather, studies from

several laboratories have revealed several traits that

contribute to it, such as the ability to growwith different mor-

phologies, the presence of different adhesion molecules and

lytic enzymes, its metabolic flexibility and its ability to

respond to environmental stress via signaling pathways. A

quite interesting feature of this fungus is its genetic variability

and its ability to engage in morphogenetic differentiation pro-

grams, such as the white opaque transition, an epigenetic

transition which influence several aspects of its adaptation

to the host. We will review here key findings that relate to

the discovery of its mating cycles with other aspects of its

biology such as virulence, biofilm formation and adaptation

to the commensal state, providing a historical perspective.
2. Morphogenesis

The first descriptions of the microorganism known today as

Candida albicans were done in the first half of the nineteenth

century. In 1841, F.T. Berg established that thrush was caused

by a mould-like fungus. Robin named this fungus found in

different human tissues as Oidium albicans and its presence

was correlated with diverse superficial and mucosal diseases

(i.e. champignon du muguet or thrush). From the very initial ob-

servations (Audrey, 1887) it was determined that thrush was

associated with a fungus whose form varied according to the

medium on which it grew. Therefore, its dimorphic nature

-the presence of two differentmorphologies-was soon discov-

ered (Bourguignon, 1906), although different works soon

revealed a polymorphic (rather than dimorphic) nature

(reviewed in Barnett, 2008). The naming of this fungus was

controversial because it was named Monilia albicans, being

Monilia a genus containing fungi that commonly grow in

plants. However, C. albicans may only appear in vegetables

as a consequence of occasional human contamination. It

was reclassified in 1923 as Candida by considering the ability

of this genus, Candida, but not Monilia, to infect humans

(reviewed in Odds, 1988). The genus Candida was originally

included in the former Deuteromycetes class, which included

several fungi were no sexual cycle was discovered (imperfect

fungi), but it is now incorporated in the class Saccharomycetes

(Hibbett et al., 2007) as new molecular biology methodologies

have allowed a more precise phylogenetic classification.

As indicated, the term dimorphic transition was coined to

refer to the environmentally-triggered conversion of yeast

eto-hypha (and less frequently to the inverse) and received

substantial attention given its potential role in virulence

(Mitchell, 1998; Whiteway and Oberholzer, 2004). However,

C. albicans can appear as a yeast (unicellular), a hypha, a pseu-

dohypha or a chlamydospore (Fig. 1). Chlamydospores are

thick-walled structures that develop under certain conditions

such as the absence of light, specific nutrition conditions, low

temperature and microaerophilia (Dujardin et al., 1980;
Montazeri and Hedrick, 1984). Their presence has been some-

times used to differentiate this organism from other Candida

species, although other species like Candida dubliniensis also

form chlamydospores (Staib and Morschhauser, 2007;

Sullivan et al., 2005). These structures appear rarely and they

have been hypothesized to represent resistance forms

although this has not been proved.

The conversion of yeast-to-hypha is favored under labora-

tory conditions at high (37 �C) temperature, neutral pH (z7)

and the presence of specific nutrients (N-acetylglucosamine,

proline or serum), all these features mimicking the mamma-

lian host environment. This process has special relevance in

the biology of this fungus due to its implication in virulence

and pathogenicity (Alonso-Monge et al., 1999; Braun and

Johnson, 1997; Lo et al., 1997). It is currently accepted that

both forms (yeast and hypha) play a separate role during

infection (Jacobsen et al., 2012) and that the ability to switch

between both morphologies adds versatility to this microbe

within the host. For example, while yeasts and hyphae are

both commonly found in infected organs, one morphology

may predominate in a particular organ (Lionakis et al., 2011).

Yeast cells, due to their smaller size, have been proposed to

mediate fungal dissemination within the bloodstream. How-

ever, hyphae play a crucial role during invasion through the

endothelial and epithelial layers (Saville et al., 2003) (Moyes

et al., 2015; Naglik et al., 2011) and they can inhibit the expres-

sion of human defensins in an oral experimental candidiasis

model (Lu et al., 2006). Hyphae also seem to be more resistant

to phagocytosis, being capable to pierce and kill macrophages

upon yeasts ingestion by different mechanisms (Ghosh et al.,

2009; Uwamahoro et al., 2014). Different studies demonstrate

that mice with specific immune defects (B-cell deficient, T-

cell deficient or mice lacking both functional T and B cells)

are able to survive to an infection caused by yeasts but not

by hyphae, though yeast cells were able to display a lethal

pathogenic effect in mice severely immunocompromised by

cyclophosphamide-cortisone acetate treatment (Saville et al.,

2008). The different morphologies, therefore, represent

different fungal adaptation mechanisms to environmental

conditions found within the human host, having specific ad-

vantages during the stages of colonization, invasion and

dissemination. Several authors have discussed the interest

of using the dimorphic transition as targets to develop thera-

peutic drugs (Jacobsen et al., 2012; Noble et al., 2017; Shareck

and Belhumeur, 2011).
3. Genetic variability

Although C. albicans is today a well-established model in

fungal pathogenesis, early studies focused on the genetic

identification of virulence traits revealed hard. C. albicans

has no natural plasmids (such as the S. cerevisiae 2m plasmid)

to develop an efficient genetic manipulation system (De

Backer et al., 2000). The election of appropriate strains for ge-

netic manipulation was also laborious. A first issue was the

determination of its ploidy; the strikingly diverse frequency

of isolation of auxotrophs (i.e. loss of heterozygosity) bymuta-

genesis from different clinical strains pointed towards the ex-

istence of natural heterozygosity among isolates (Whelan and



Fig. 1 e Distinct morphological states of C. albicans. The figure illustrates the different morphologies associated with C. al-

bicans. Blastospores are the yeast unicellular form, with typical elliptical forms and asexual reproduction through budding.

Bud elongation under defined environmental conditions triggers the formation of a germ tube that eventually produces a true

hypha. Hyphae are different from pseudohyphae by the absence of cellular constrictions. Chlamydospores are round oval

refractive cells with a thicker cell wall and are slightly larger than blastopores.
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Magee, 1981) and diploidy. This was confirmed when

combining precise measures of DNA content by flow cytome-

try and DNA renaturing studies (Riggsby et al., 1982). The

absence of a sexual cycle led to the development of an artifi-

cial parasexual cycle by generating protoplasts using cell

wall lytic enzymes and subsequent fusion under osmotically

protected conditions (Poulter et al., 1981). Parasexual genetics

found utility in the analysis of certain genetic traits such as

auxotrophic markers or morphology (Gil et al., 1988). Physical

mapping of the genome by pulsed field electrophoresis

revealed that C. albicans had an approximately 16 megabase

genome organized in 8 pairs of homologous chromosomes

(Chu et al., 1993).

Several early studies using pulsed field electrophoresis re-

ported a high variability of karyotypes among clinical isolates

and laboratory strains (Chu et al., 1993; Magee and Magee,

1987; Magee, 1993; Navarro-Garc�ıa et al., 1995; Rustchenko-

Bulgac, 1991; Rustchenko, 2007; Thrash-Bingham and Gor-

man, 1992). Sequencing of the clinical isolate SC5314 strain

genome (a starting lineage for many molecular genetic

studies-derived strains) (Braun et al., 2005; Tzung et al., 2001)

revealed a 14.88 Mb size with the potential to encode 6354

genes (Braun et al., 2005). The group of J. Berman, then, used

comparative whole genome hybridization among C. albicans

strains to demonstrate chromosomal translocations in several

laboratory host strains that were routinely used in molecular

biology studies (Selmecki et al., 2005). For example, CAI4 (Fonzi

and Irwin, 1993) frequently showed chromosome 2 trisomy

(Selmecki et al., 2005) in addition to chromosome 1 (Chen

et al., 2004). Changes in RM1000 (Negredo et al., 1997) and its
derived BWP17 strain (Wilson et al., 1999) occurred during

the disruption of the HIS1 gene (Pla et al., 1995) and resulted

in the deletion of all genes telomeric to this gene in one

chromosome.

Chromosomal reorganization in C. albicans was shown to

occur dependent on growing conditions, such as carbon

source or the presence of drugs such as 5-fluoroorotic acid,

commonly used for the generation of mutant strains. For

example, growing in sorbose frequently led to the loss of

chromosome 5 (Janbon et al., 1998), while growth in certain

carbon sources such as D-arabinose led to chromosome 6 tri-

somy and chromosome 2 alterations (Rustchenko et al.,

1994). These changes were correlated with a distinct colony

morphological appearance as occurred in the WO-1 strain

(see later) but, most importantly, they were shown to have

clinical significance. Fluconazole resistant strains frequently

showed chromosome 5 modifications that ultimately lead to

the altered expression of certain azole resistance genes

(Selmecki et al., 2006, 2008). Interestingly, these changes

occurred at higher rates during an experimental mouse

infection (that is, in vivo) compared to those observed during

standard laboratory in vitro growth conditions in liquid cul-

tures (Forche et al., 2009, 2011), suggesting that they play a

role in the generation of genetic variability during amamma-

lian infection, and probably, also during colonization. There

are other mechanisms involved in the variability of the C.

albicans genome and the loss of heterozygosity at certain

loci may also be a consequence of mitotic recombination

arising from gene conversion between homologues and sub-

sequent crossovers.
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4. Genetics of white-opaque switching

From the very initial observations of this fungus, a high diver-

sity of colony morphologies on solid media was reported. The

term phenotypic switching commonly refers to the variability

of colonies on agar plates after prolonged periods of incuba-

tion. Slutsky referred to this in 1985 in C. albicans (Slutsky et

al., 1985) as a separate process to the already known yeast-

to-hypha transition and which had similarities to the rough-

smooth colony phenotype observed in some bacteria. A

particular type of switching was observed for a strain called

WO-1. This transition (called wo, from white-opaque) was

spontaneous and occurred between two states that were

easily distinguishable by their cellular morphology (Slutsky

et al., 1987).White cells grew as yeast like forms and developed

standard cream colored colonies. Opaque cells were slightly

elongated, had a prominent vacuole and cell surface irregular-

ities (pimples) detectable by scanning electron microscopy

and gave rise to easy distinguishable grey colonies on stan-

dard media plates (Fig. 2, upper panel); both morphotypes

were easily distinguished by their preferential staining with

the fluorochrome phloxine-B with white cells having a

“normal” phloxine-B negative stain (dark pink) and opaque

cells the less frequent phloxine-B positive pinky appearance

(Fig. 2, lower panel). The term transition points towards a

reversible -but heritable-trait, as white cells produced opaque

cells but opaque cells could also lead to white cells and each

cell type was stable under specific environmental conditions.

After the discovery of the wo transition, a substantial effort

was done to reveal the distinctive features of opaque cells. Dif-

ferences in the composition of the cell wall, adhesion to

different surfaces and measure recombination frequencies

were reported. In addition, phase (white or opaque) specific

genes were also identified (see (Soll, 2014b) for an excellent

review).

While all these pioneering work highlighted important bio-

logical differences between white and opaque cells, it was

only after the discovery of a mating type locus in C. albicans

when the role of opaque cells was determined. Two indepen-

dent simultaneous works demonstrated the ability of C. albi-

cans to mate, already suggested by the inspection of its
Fig. 2 e Macroscopic appearance of C. albicans opaque cells. A) A

and allowed to grow at room temperature (below 21 �C) for thre

Phloxine B staining of a switcher strain. The incorporation of P

opaque cells as pink sectors of otherwise normal white colonie
genome as the particular C. albicans strain sequenced

(SC5314) had all orthologues of S. cerevisiae mating type genes

and showed heterozygosity at the mating-type-like (MTL)

genes MATa and MATa (Hull and Johnson, 1999), similar to

what occurs in S. cerevisiae diploid cells (Heitman et al., 2014).

As mating genes lie on chromosome 5, the conditional loss

of this chromosome by growing cells on sorbose allowed the

construction of homozygous MTL a/a and MTL a/a diploids

in the group of P. Magee; these diploids mated and generated

recombinant, unicellular tetraploids (Magee andMagee, 2000).

Similar results were obtained by geneticmanipulation of mat-

ing type genes in A. Johnson’s laboratory. In addition, engi-

neered strains were able to mate (as determined by

auxotrophy analysis and DNA content) following infections

with strains of oppositemating type in an experimentalmodel

of systemic infection in mice (Hull et al., 2000). Therefore, C.

albicans was able to mate both in artificial and natural

environments.

The relationship between mating type and switching was

soon discovered. An analysis of different wo switcher strains

revealed that they were all homozygous at the mating type lo-

cus (Lockhart et al., 2002). This work demonstrated that a sig-

nificant proportion of clinical isolates were mating type

homozygous cells. It also showed that wo switchers are pre-

sent in different C. albicans clades and therefore, mating

competent cells exist in natural patients’ populations of this

microbe.

The process leading to homozygosity at themating type oc-

curs spontaneously and is environmentally induced by

different mechanisms such as gene conversion, crossing

over or even loss of one copy of chromosome 5 (where mating

type locus resides) followed by duplication of the remaining

copy (Wu et al., 2005, 2007). They would be responsible for

the natural homozygosity found in approximately 3 % of the

clinical isolates (Lockhart et al., 2002; Odds et al., 2007). MTL-

homozygous cells then undergo a switch to the opaque phase

and this change is epigenetic, each cell type being heritable for

many generations without further alterations at the DNA

sequence (Lockhart et al., 2003; Soll et al., 2003). The group of

Johnson later discovered that MTLa1 and MTLa2 homeodo-

main proteins coordinately repress wo switching and that

opaque cells are mating competent, being w106 times more
C. albicans wo switcher strain was plated on YPD agar plates

e days. Regions of opaque cells are shown (arrows). B)

hloxine B in YPD plates allows the clear identification of

s.
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efficient in mating than the corresponding white cells (Miller

and Johnson, 2002). MTL-homozygous opaque cells (a/a or a/

a) sense opposite mating-type pheromones, resulting in the

appearance of a shmoo (mating projection) and leading ulti-

mately to nuclear fusion (Bennett and Johnson, 2006;

Lockhart et al., 2003).

As C. albicans is diploid, cell fusion produces a tetraploid (a/

a a/a). Althoughmeiosis-specific genes have been identified in

the C. albicans genome based on their homology to those pre-

sent in other fungi, a functional meiotic program has not been

observed. Rather, these tetraploids undergo semi random

chromosome loss to generate recombinant progeny with

shuffled chromosomal combinations; these strains show

different phenotypes on plates (Bennett and Johnson, 2003;

Forche et al., 2008) and, interestingly, specific meiotic genes

(such as SPO11) may participate in mitotic recombination.

Therefore, the parasexual cycle is an effective mechanism to

generate genetic diversity. Interestingly, Alby et al. (2009)

have shown evidence for an autocrine-like system; the pro-

duction of pheromone a cells promotes same-sex mating,

therefore being an alternative mechanism for genetic ex-

change within unisexual populations of C. albicans. Recent

studies demonstrated that diploid strains can also give rise

to rare mating-competent haploid strains (Hickman et al.,

2013). These strains have found usefulness in the functional

analysis of specific genes in the laboratory, suggesting that

chromosome loss allows cells to get rid of recessive lethal

alleles.

Identification of the repressive role of the MTL locus on wo

transition enabled the discovery of regulators ofwo transition

by different groups. The group of H. Liu identified Wor1 as a

high copy suppressor of invasion defects of S. cerevisiae flo8

mutants on solid media and showed how increased expres-

sion of WOR1 bypassed the requirements for Flo8 in Flo11

expression (a Flo8 target) (Huang et al., 2006). wor1 mutants

showed no apparent defects in growth and hyphal formation

in a/a cells but, interestingly, they were blocked in the conver-

sion to the opaque phase. No WOR1 transcripts were detected

in mating-type heterozygous diploid cells, consistent with

WOR1 being a mating-type regulated gene (Tsong et al.,

2003). Ectopic expression of WOR1 from the constitutive

ACT1 promoter resulted in an en-masse conversion to the

opaque phase (Huang et al., 2006). Simultaneously, Wor1 was

identified as regulator of the wo transition by screening of

six potential putative a1-a2 targets (Zordan et al., 2006).

WOR1 expression was shown to be repressed by the a1-a2

repressor complex, but expression of this gene from the

MET3 promoter was sufficient to relieve mating repression in

normal diploid a/a cells, converting the whole population to

the opaque phase. These authors demonstrated that Wor1

binds its own promoter and accumulated in the opaque phase,

behaving as a self-sustained feedback mechanism to main-

tain the opaque phase once Wor1 levels exceed a certain

threshold in the cell. Similar results were obtained by the

group of D. Soll, who identified Wor1 (then called Tos9) as

an interacting partner with the MTL a1-a2 corepressor com-

plex via ChIP-chip immunoprecipitation analyses (Srikantha

et al., 2006).

Additional regulatory genes of the wo transition (CZF1,

WOR2, EFG1, AHR1 and WOR3) have been subsequently
identified by different methodologies (Lohse et al., 2013;

Wang et al., 2011; Zordan et al., 2007). Efg1 is an essential regu-

lator of morphogenesis, long time known to promote filamen-

tation, chlamydospore formation (Sonneborn et al., 1999a;

Stoldt et al., 1997) and to increase the frequency of conversion

to the opaque phase (Sonneborn et al., 1999b). Ahr1 is a

repressor of this transition as overexpression of this gene pro-

motes the opaque to white conversion, being this process

dependent on Efg1. By an analysis of genome wide chromatin

immunoprecipitation and transcriptional profiling, three of

these regulators (Wor1,Wor2 and Efg1) were found to bind up-

stream of Ssn6 (Hernday et al., 2016), a role for Ssn6 was hy-

pothesized. Deletion of this gene results in an in-masse

conversion of white to opaque cells indicating that it contrib-

utes to the stochastic nature of this conversion and represses

the activation of Wor1 in white cells. More recently, a role for

the general filamentation repressor TUP1 has been evidenced

in the Wor1 regulatory network. Tup1 is a Ssn6 corepressor

whose deletion renders the cells locked in the filamentous

state (Braun and Johnson, 1997). The group of H. Liu has

demonstrated that this protein associates with Wor1 in

immunoprecipitation assays (Alkafeef et al., 2018). Although

manipulation of tup1 cells is difficult, they used conditional

expression from the MET3 promoter to show that its absence

triggered the conversion to the opaque phase even in the

absence of Wor1. They also demonstrated that Tup1 occupies

Wor1 auto responsive elements at the WOR1 promoter and

that the absence of TUP1 bypasses the requirement of WOR1

for opaque cells formation, thus positioning this transcrip-

tional corepressor downstream Wor1.
5. Role of mating and wo regulation in C. albi-
cans biology

The white-opaque transition and its related mating program

have relevance in several aspects of the biology of this fungus

(Sasse et al., 2013; Soll, 2014b). This is not surprising as approx-

imately 400 genes are differently regulated in both phases.

Although several mating-specific genes are up-regulated in

the opaque phase, most of them do not seem to be involved

in mating pointing towards a role in additional processes

(Lan et al., 2002; Tsong et al., 2003; Tuch et al., 2010). We will

summarize here the involvement of wo switching in those

processes that could mediate adaptation to different environ-

ments within a mammalian host such as biofilm formation,

pathogenicity and commensalism.

C. albicans is able to form amulticellular biofilm both in the

commensal and pathogenic state andmany infections arise as

a result of its ability to grow as a biofilm in medical devices

such as venous or urinary catheters and artificial joints

(Donlan and Costerton, 2002; Douglas, 2003). Switching plays

an important role in the formation of biofilms. In addition to

the biofilms produced by C. albicans heterozygous cells, homo-

zygous (a/a or a/a) opaque cells produce pheromones that

stimulate biofilm formation in white cells of the oppositemat-

ing type (Daniels et al., 2006). The thickness of the biofilm is

increased in the presence of a minor proportion (“seed”) of

opaque cells and the biofilm matrix is optimized to support

mating, so that the chemotropism of opaque cells within
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this specialized environment is augmented. Although they

have the same basic architecture as a conventional a/a bio-

film, they are more permeable to low molecular weight com-

pounds and are more susceptible to antifungal drugs such as

fluconazole. These specialized biofilms are responsive to envi-

ronmental conditions such as the presence of CO2 and the

type of the medium (Daniels et al., 2013; Park et al., 2013). Mat-

ing biofilms would have evolved by recruiting standard com-

ponents from other pathways (pheromones, receptors and

MAPK signaling cascade) to accommodate alternative tran-

scription factors and develop a specific response. These “sex-

ual” biofilms have been suggested as an adaptive mechanism

to account for the putative selective pressure for C. albicans to

mate within the host, whichmay bemore difficult in standard

biofilms (Soll, 2014a; Soll and Daniels, 2016).

Multiple studies have provided evidence for attenuated

virulence of opaque cells compared to white cells. Opaque

cells are less virulent in a mouse model of systemic infection

and expression of the white specific gene WH11 increases

virulence (Kvaal et al., 1997). Interestingly, opaque cells colo-

nize the skin more readily (Kvaal et al., 1999; Tsuboi et al.,

1994) promoting the formation of cavities in the skin surface.

Opaque cells are also capable of forming hyphae as do stan-

dard C. albicans cells, however they do not undergo the

yeast-to-hypha transition under many conditions that induce

it in white cells. This may be related to the decreased capacity

of opaque cells to escape from phagocytes and to invade tis-

sues (Anderson et al., 1989; Si et al., 2013). Opaque cells also

seem to be more susceptible to reactive oxygen species

(ROS) and therefore to phagocyte-mediated killing (Kolotila

and Diamond, 1990), despite being able to avoid recognition

and phagocytosis by macrophages and neutrophils. One

possible mechanism could be loss of the capacity to release

chemoattractants for PMNs (Geiger et al., 2004). Drosophila

hemocyte-derived S2 and mouse RAW264.7 cell lines prefer-

entially phagocytize white cells compared to opaque cells

(Sasse et al., 2013); when mixed populations of white and opa-

que cells were mixed with neutrophils, white cells were more

readily ingested in planktonic cultures but not under matrix

embedded conditions which was thought to be caused by

the lag in germ tube formation of opaque cells.

If the wo transition evolved to facilitate mating within the

host, it may also play a role in commensalism, which is the

natural state of C. albicans within an immunocompetent

host. The development of commensal models (Bendel et al.,

2002; Kinneberg et al., 1999; Koh, 2013; Neville et al., 2015;

Prieto et al., 2016) has allowed identification of processes

crucial for colonization of the mouse gut such as iron and

glucose metabolism, signal transduction pathways and

morphogenetic transitions (Noble, 2013; Perez et al., 2013;

Pierce and Kumamoto, 2012; Prieto et al., 2014; Ram�ırez-

Zavala et al., 2017; Vautier et al., 2015). Early work from the

C. Kumamoto laboratory revealed a role for the Efh1 transcrip-

tion factor in colonization, as this mutant showed increased

colonization over wild type (wt) cells in the mouse gut and

overexpression of Efh1 led to reduced colonization (White

et al., 2007) suggesting that C. albicans was able to control its

proliferation in this environment. In addition, efg1 mutants

showed enhanced fitness in this niche compared to wt cells

(Pierce and Kumamoto, 2012). Interestingly, Efg1 was
previously identified as a regulator of the white opaque (wo)

transition (Sonneborn et al., 1999b).

The opaque phenotype cannot bemaintained at physiolog-

ical temperature (Slutsky et al., 1987; Rikkerink et al., 1988), at

temperatures above 25 �C opaque cells revert to thewhite (Soll

et al., 1993). This is consistent with white cells being mainly

recovered from the kidneys ofmice upon opaque cell injection

(Kvaal et al., 1997) and it also supports the observation that

opaque cells are able to colonize the skin, a niche with a lower

temperature. Interestingly, the presence of high levels of CO2,

N-acetylglucosamine and anaerobic conditions promote the

white-opaque transition even at 37 �C (Huang et al., 2009,

2010; Ramirez-Zavala et al., 2008), suggesting that this mor-

photype may play a role under defined host environments.

In accordance with this, a novel morphological switch specific

to the adaptation of the commensal lifestyle has been recently

described. Upon passage through the mouse gastrointestinal

tract, C. albicans cells with artificially augmented expression

of WOR1 (Pande et al., 2013) switched to a GUT (gastrointesti-

nally induced transition) morphotype. GUT cells differ from

opaque cells by surface ultrastructural details, by their

in vivo fitness (low in opaque cells, high in GUT) and a differen-

tiated transcriptomal program. In fact, cells overexpressing

WOR1 display an increased adhesion capacity specifically to

gut mucosa (Prieto et al., 2017). In addition, a ‘‘white-gray-opa-

que’’ tristable phenotypic switching system has been discov-

ered, which is dependent on the Wor1-Efg1 regulators (Tao

et al., 2014). Gray cells can be cultured in vitro, they are smaller

than GUT and opaque cells and exhibit a unique global gene

expression profile. Gray cells express a MTL-dependent high

aspartyl protease activity, mate less efficiently than opaque

cells and have a distinct effect on virulence and organ lodging

upon systemic and cutaneous infection indicating that they

could play separate roles in C. albicans biology within the host.

Pathogenic fungi as C. albicans, may live either aerobically,

with high levels of O2 in some mucosal tissues, or inside the

human body under different degrees of hypoxia (reviewed in

(Ernst and Tielker, 2009)). Therefore, fungal adaptation to

different niches is not only required due to varying availability

of nutrients andmetals but also of oxygen and carbon dioxide.

Inside the human body, CO2 levels are around 100-fold higher

than in the atmosphere, ranging between 4.5 and 30 %. Micro-

organisms themselves can generate and secrete CO2 into their

microenvironment and there is evidence for a gaseous

signaling pathway that regulates their morphology and,

consequently, virulence (Hall et al., 2010). The availability of

both elements can thereforemodulate other virulence factors,

such as the yeast-to-hypha transition in C. albicans: while CO2

has been shown to induce filamentous growth (Klengel et al.,

2005; Hall et al., 2010) and stabilize the opaque phenotype

(Huang et al., 2009), it also stabilizes cells in the opaque state

allowing for mating at 37 �C (Dumitru et al., 2007; Ramirez-

Zavala et al., 2008), and enhances filamentation on agar as

well (Setiadi et al., 2006; Sonneborn et al., 1999a).
6. Conclusions

The existence of amating cycle in C. albicanshas been found in

other closely related yeasts within the CUG clade (Fitzpatrick
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et al., 2006), although a high diversity in the mating type locus

has been observed. Asmeiosis has not been detected in C. albi-

cans, genetic diversity is generated by the formation of tetra-

ploid cells and reduction to the natural diploid state by a

parasexual cycle with chromosome reorganizations. Other

species within the CUG clade show high diversity at the MTL

locus, as well as the absence of specific genes. What is peculiar

(although not specific) to C. albicans is the necessity to engage

into a different program (white-opaque) to become mating

competent. Such conversion is epigenetically regulated and

promoted by various environmental conditions As C. albicans

has no significant saprophytic life outside the host, the study

of this transition during growth under laboratory conditions is

somewhat artificial. The definition of the specific host condi-

tions (niches, microenvironments and signals) that promote

this process will be of primary importance and can be accom-

plished using appropriate genetic screenings. Furthermore, it

is conceivable that with proper visualization tools, the mating

process of C. albicans could be observed and analyzed in vivo,

that is, within a mammalian host and in its native colonizing

niches. This may ultimately lead to a more complete knowl-

edge of the mechanisms that underlie genetic variability of

this fungus and its adaptation to the commensal state. Both

facts may enable the control of fungal populations in the hu-

man host in a future.
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