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Candida albicans, a major opportunistic fungal pathogen of humans, can spontaneously undergo white-
to-opaque switching, a prerequisite of mating. The phenotypes of white and opaque cells are heritable
and bistable. The zinc-finger transcription factor Wor2 (White Opaque Regulator 2) has previously been
identified as an important regulator of white-to-opaque switching. Deletion of WOR2 locks cells in the
white phase when cultured on media containing glucose as the sole carbon source. In this study, we
report that N-acetylglucosamine (GlcNAc) can induce white-to-opaque switching in the wor2/wor2 null
mutant and stabilize the opaque phenotype of C. albicans. Moreover, overexpression of RAS1V13 (the
activating form of RAS1) hypersensitizes white cells of the wor2/wor2 mutant to GlcNAc. These results
suggest that Wor2 is not required for opaque cell formation at least under some culture conditions.
Therefore C. albicans cells may adopt a different gene expression profile in response to GlcNAc to activate
phenotypic switching.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The fungal pathogen Candida albicans can switch between two
distinct cellular phenotypes: white and opaque (Slutsky et al.,
1987). White and opaque cells differ in a number of aspects,
including cellular and colony appearance, gene expression profile,
mating competency and virulence (Lan et al., 2002; Miller and
Johnson, 2002; Slutsky et al., 1987). The two phenotypes are heri-
table and bistable. White cells are relatively small and round and
form smooth colonies on solid media, while opaque cells are large
and elongated and form gray or ‘‘opaque’’ colonies (Anderson and
Soll, 1987). The expression of a set of genes, including WH11 and
EFG1, are enriched in white cells, while a different set of phase-re-
lated genes, including OP4 and SAP1, are exclusively expressed in
opaque cells (Lan et al., 2002; Morrow et al., 1993; Srikantha and
Soll, 1993).

Wor1 (White Opaque Regulator 1) is the master regulator of
white-opaque switching in C. albicans (Huang et al., 2006;
Srikantha et al., 2006; Zordan et al., 2006). The transcriptional
expression of WOR1 shows an all-or-none pattern in opaque and
white cells (Huang et al., 2006). Deletion of WOR1 blocks white-
to-opaque switching. Wor2 (White Opaque Regulator 2) has also
been identified as an essential transcription factor for opaque cell
formation (Zordan et al., 2007). Wor1, Wor2, Efg1 and Czf1 form
an interlocking transcriptional feedback loop that controls white-
opaque switching. Wor1 occupies the central position of the feed-
back loop (Zordan et al., 2007).

Environmental cues are also involved in the regulation of white-
opaque switching in C. albicans. Huang et al. (2009, 2010) previ-
ously found that two host environmental cues, CO2 and GlcNAc,
cannot only induce white-to-opaque switching, but also stabilize
the opaque phenotype (Huang et al., 2009, 2010). GlcNAc functions
primarily through the Ras1-cAMP/PKA-Wor1 pathway, whereas
the major CO2 sensing pathway remains unclear (Huang et al.,
2010). We have recently demonstrated that combined use of CO2

and GlcNAc can also induce opaque cell formation in a subset of
clinical MTLa/a isolates of C. albicans (Xie et al., 2013).

In a previous screen of a mutant library, we have found that the
wor2/wor2 mutant can switch to opaque phase on Lee’s GlcNAc
medium in 5% CO2 (Du et al., 2012a). In this study, we show that
GlcNAc can indeed induce opaque cell formation in the wor2/
wor2 mutant in air, while increasing the level of CO2 alone does
not. We further demonstrate that opaque cells of the mutant are
mating-competent. Therefore, Wor2 is not required for white-
to-opaque switching in C. albicans at least under some culture
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conditions, suggesting that environmental cues could change tran-
scriptional networks to regulate phenotypic transitions in C.
albicans.
2. Materials and methods

2.1. Strains, plasmids and growth conditions

The strains used in this study are listed in Table S1. The plas-
mids pGEM-URA3 (Wilson et al., 1999) and pSN52 (Noble and
Johnson, 2005) were used for generating WOR2 deletion. The plas-
mid pCaEXP-RAS1V13 was used for conditional expression of the
activating form of Ras1, Ras1V13 (Huang et al., 2010). YPD
(20 g/L glucose, 20 g/L peptone, 10 g/L yeast extract; 20 g/L agar
added for solid medium) and synthetic defined (SD) medium were
used for routine growth. Lee’s glucose and Lee’s GlcNAc media
were used for white-to-opaque switching and mating assays
(Huang et al., 2010; Lee et al., 1975).

2.2. Construction of the wor2/wor2 null mutant and WOR2-
reconstituted strain

The wor2/wor2 null mutant in the GH1013 background was
constructed by using a fusion PCR strategy as previously reported
(Hernday et al., 2010; Noble and Johnson, 2005). The plasmids used
to amplify selection markers are listed in Table S1. The primers
used for PCR are listed in Table S2. The strain YT002-1 with
WOR2 deletion was used for further studies.

The wor2/wor2-WOR2 reconstituted strain (wor2/wor2-Res) was
constructed using a similar strategy as previously reported (Reuss
et al., 2004). A rescued plasmid (pSFS2A-WOR2res) was first gener-
ated for transformation of the wor2/wor2 mutant. To generate the
plasmid pSFS2A-WOR2res, a fragment of the WOR2 30-UTR region
(about 500 bp) and a fragment containing the WOR2 ORF plus
400 bp of its promoter region were subcloned into the SacII/SacI
Table 1
Frequencies of white-to-opaque switching in the wor2/wor2, efg1/efg1, wor2/wor2 efg1/efg

Strain White-to-opaque switching frequency (%)

Glucose, air Glucose

WT 0.5 ± 0.7 63.5 ± 4
wor2/wor2 <0.01 <0.01
wor2-Res 0.7 ± 0.6 98.8 ± 0
efg1/efg1 98.9 ± 0.1 99.8 ± 0
wor2/wor2 efg1/efg1 1.0 ± 0.3 10.7 ± 1
wor1/wor1 <0.01 <0.01

Strains used: WT, MMY288; wor2/wor2, MMY627; wor2-Res, reconstituted strain (one co
WOR2 original locus); efg1/efg1 wor2/wor2, MMY756. wor1/wor1, CAH3. White cells were
25 �C for five days.

a Hyphal and opaque mixed colonies. ‘‘<’’ indicates no opaque or opaque sectored col

Table 2
Frequencies of opaque-to-white switching in the wor2/wor2, efg1/efg1 and wor2/wor2 efg1

Strain Opaque-to-white switching frequency (%)

Glucose, air Glucose

WT 15.3 ± 1.3 8.8 ± 0.6
wor2/wor2 100.0 ± 0a 100.0 ±
efg1/efg1 0.9 ± 0.3 <0.01
wor2-Res <0.5 <0.1
wor2/wor2 efg1/efg1 97.7 ± 1.1 66.9 ± 0

Strains used: WT, MMY288; wor2/wor2, MMY627; wor2-Res, reconstituted strain (one co
WOR2 original locus); efg1/efg1, MMY620; efg1/efg1 wor2/wor2, MMY756. Opaque cells
GlcNAc medium and then incubated in air or 5% CO2 at 25 �C for five days.

a Mass conversion.
and ApaI/XhoI sites of the plasmid pSFS2A, respectively (Reuss
et al., 2004). Primers (WOR2res3F/WOR2res3R and WOR2res5F/
WOR2res5R) used for PCR to generate the fragments are listed in
Table S2.
2.3. Overexpression of RAS1V13 in the wor2/wor2 null mutant

The wor2/wor2 mutant was transformed with the linearized
plasmid pMET-RAS1V13 and the control plasmid pCaEXP (Huang
et al., 2010). The transformants were grown in Lee’s GlcNAc with
or without methionine (2.5 mM) and cysteine (2.5 mM) for induc-
ing or non-inducing conditions, respectively.
2.4. Generation of ura3/ura3 auxotrophic segregants

The ura3/ura3 auxotrophic segregants were generated on 5-flu-
oroorotic acid (5-FOA)-containing medium, as previously de-
scribed (Boeke et al., 1984).
2.5. Quantification of differentially expressed genes by quantitative
real-time PCR assays

For the assays in Figs. 2 and S2, C. albicans cells were plated onto
Lee’s glucose or Lee’s GlcNAc medium for three to four days. Cells
were then collected for total RNA preparation and quantitative PCR
assays. Total RNA was isolated using the GeneJET RNA Purification
Kit (Thermo Scientific, USA). Quantitative real-time PCR was
performed with the product of SuperReal PreMix (SYBR Green)
(TIANGEN, Beijing) in Mx3000P QPCR Systems (Agilent Technolo-
gies, USA). The gene expression level relative to the calibrator
was expressed as 2�DDCT (Xu et al., 2006).
1 and wor1/wor1 mutants.

, 5% CO2 GlcNAc, air GlcNAc, 5% CO2

.6 27.7 ± 0.3 100.0 ± 0
18.7 ± 0.3 99.8 ± 0.1a

.4 95.8 ± 2.0 100.0 ± 0

.1 99.9 ± 0.1 100.0 ± 0.0

.5 74.5 ± 5.1 93.3 ± 4.0
<0.01 <0.01

py of WOR2 gene was introduced into the wor2/wor2 mutant and integrated at the
plated onto Lee’s glucose or Lee’s GlcNAc medium and incubated in air or 5% CO2 at

onies were observed.

/efg1 mutants.

, 5% CO2 GlcNAc, air GlcNAc, 5% CO2

5.2 ± 1.7 <0.01
0a 35.9 ± 0.3 1.2 ± 0.1

<0.01 <0.01
<0.3 <0.1

.8 34.6 ± 0.5 1.5 ± 0.9

py of WOR2 gene was introduced into the wor2/wor2 mutant and integrated at the
were collected from Lee’s GlcNAc cultures and replated onto Lee’s glucose or Lee’s



Table 3
Overexpression of the activating form of Ras1 (RAS1V13) promotes white-to-opaque
switching in the wor2/wor2 mutant.

Strain White-to-opaque switching frequency (%)

Non-induced Induced

WT + vector 23.6 ± 2.6 24.5 ± 0.6
WT + Met3p-Ras1V13 25.8 ± 2.1 97.5 ± 2.3
wor2/wor2 + vector 16.6 ± 0.8 19.7 ± 1.0
wor2/wor2 + Met3p-Ras1V13 15.6 ± 1.3 92.5 ± 1.6

Strains used: WT + vector, YT005; WT + Met3p-Ras1V13, YT006 wor2/wor2 + vector,
YT007; wor2/wor2 + Met3p-Ras1V13, YT008; White cells were collected from Lee’s
Glucose cultures, replated onto induced or non-induced Lee’s GlcNAc medium and
incubated in air at 25 �C for five days.

Y. Tong et al. / Fungal Genetics and Biology 62 (2014) 71–77 73
2.6. White-to-opaque switch and mating assays

White-to-opaque switching assays were performed as de-
scribed previously (Huang et al., 2009, 2010). Briefly, the original
white or opaque cells were first plated or streaked on Lee’s glucose
or Lee’s GlcNAc medium plates (Huang et al., 2010; Lee et al.,
1975). The homogeneous white or opaque colonies were then re-
plated onto Lee’s glucose or GlcNAc medium plates to quantify
the switching frequencies. In the assays detailed in Tables 1–3,
the colony number ranged from 300 to 500 for the tests with
switching frequency over 0.2%. For the tests with extremely low
switching frequency (e.g. white-to-opaque switching in the wor1/
wor1 mutant), the colony numbered more than 10,000. Three inde-
pendent experiments were performed for all switching assays.
Switching frequency is presented as the average percentage of col-
onies containing cells with alternative phenotype plus standard
deviation (SD).

Mating and shmooing assays were performed as described pre-
viously with slight modifications (Miller and Johnson, 2002). A
mixture of 1 � 106 cells of two MTL-opposite opaque cells were
spotted onto Lee’s glucose and Lee’s GlcNAc plates and incubated
for two days. Cellular morphology was imaged and the resulting
mating mixture was then used for further analysis.
Fig. 1. The wor2/wor2 mutant can form opaque cells on Lee’s GlcNAc medium. WT,
MMY288; wor2/wor2, MMY627. White cells were plated onto Lee’s GlcNAc medium
and incubated at 25 �C for five days. White cells from Lee’s glucose medium plates
and opaque cells from Lee’s GlcNAc medium plates were imaged. A. Differential
interference contrast (DIC) images of white and opaque cells of the WT and wor2/
wor2 mutant. Scale bar, 5 lm. B. Scanning electron microscope (SEM) images of
white and opaque cells of the WT and wor2/wor2 mutant.
2.7. Scanning electron microscopy (SEM)

The SEM assay was performed according to our previous publi-
cation (Du et al., 2012b). The samples were gently washed three
times with 1� PBS and fixed with 2.5% glutaraldehyde. After that,
the samples were washed with 0.1 M Na3PO4 buffer (pH 7.2), dehy-
drated in increasing concentrations of ethanol and coated with
gold. The surface of the samples was imaged with scanning elec-
tron microscopy (FEI QUANTA 200).
3. Results

3.1. GlcNAc induces white-to-opaque switching in the wor2/wor2
mutant

Zordan et al. (2007) have reported that deletion of WOR2 locks
C. albicans cells in white phase, indicating that Wor2 plays a critical
role in opaque cell formation under the conditions tested (Zordan
et al., 2007). However, the wor2/wor2 efg1/efg1 double mutant
can switch from white to opaque (Table 1) (Zordan et al., 2007).
Consistently, ectopic expression of the master regulator gene
WOR1 in the wor2/wor2 mutant also induces white-to-opaque
switching (Zordan et al., 2007). Therefore, deletion of EFG1 or ecto-
pic expression of WOR1 suppresses the defect of WOR2 mutation.
We hypothesized that certain environmental cues could also in-
duce opaque cell formation in the wor2/wor2 mutant through di-
rectly activating the expression of WOR1 or inhibiting the
expression of EFG1. Huang et al. (2010) have previously reported
that GlcNAc promotes white-to-opaque switching via activation
of the Ras1-cAMP/PKA-Wor1 pathway (Huang et al., 2010). We
then tested whether GlcNAc could induce white-to-opaque switch-
ing in the wor2/wor2 mutant. As shown in Table 1 and Fig. 1, the
wor2/wor2 mutant indeed switched from white to opaque on Lee’s
GlcNAc medium plates, while it remained in the white phase on
Lee’s glucose medium plates either in air or in 5% CO2. A striking
feature of opaque cells is that they have an elongated cell shape
and a pimpled surface (Anderson and Soll, 1987). We found that
the cell surface of opaque cells of the wor2/wor2 mutant was pim-
pled, while that of white cells was smooth (Fig. 1B). As expected,
the white-to-opaque switching frequency of the wor2/wor2 efg1/
efg1 double mutant was higher than that of the wor2/wor2 mutant
under all conditions tested (Table 1). Consistent with previous re-
ports, CO2 and GlcNAc had a synergistic effect on the induction of
opaque cell formation in these two mutants and the WT reference
strain. In this experiment, the efg1/efg1 mutant and wor1/wor1 mu-
tant served as positive and negative controls, respectively.

To verify the cell identity of the wor2/wor2 mutant, we exam-
ined the relative expression levels of white (EFG1 and WH11) and
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opaque (OP4, WOR1 and CZF1) cell-enriched genes by quantitative
real-time PCR assays. As shown in Fig. 2, the expression levels of
OP4, WOR1 and CZF1 in opaque cells of the wor2/wor2 mutant were
significantly higher than in white cells, while the expression of
EFG1 and WH11 was only enriched in white cells (Fig. 2).
Fig. 2. Relative expression levels of phase-enriched genes in white and opaque cells
of the wor2/wor2 mutant. The expression levels in white and opaque cells of the WT
served as a control. WT, MMY288; wor2/wor2, MMY627. White cell-enriched genes:
WH11 and EFG1; opaque cell-enriched genes: WOR1, OP4 and CZF1. The value of the
expression level of each gene in white cells of the WT strain was set as ‘‘1’’.

Fig. 3. Opaque-to-white switching of the wor2/wor2 mutant under different culture cond
medium growth cultures were replated onto Lee’s glucose or Lee’s GlcNAc medium plates
shown. Wh, white colonies/cells; Op, opaque colonies/cells. Scale bar, 10 lm.
To further confirm that Wor2 was not required for opaque cell
formation, we deleted WOR2 in a characterized WT MTLa/a strain,
GH1013, which is competent for white-opaque switching (Huang
et al., 2009). Consistent with the phenotype of the wor2/wor2 mu-
tant of MMY288 background (MMY627 or YT1004), the wor2/wor2
mutant of GH1013 background (YT002-1) could also form typical
opaque colonies and cells on Lee’s GlcNAc medium plates (Fig. S1).
3.2. GlcNAc stabilizes the opaque phenotype of the wor2/wor2 mutant

CO2 and GlcNAc not only induce white-to-opaque switching,
but can also stabilize the opaque phenotype (Huang et al., 2009,
2010). To test whether CO2 and GlcNAc could play a similar role
in stabilizing the opaque phenotype of the wor2/wor2 mutant,
we did opaque-to-white switching assay under four different cul-
ture conditions (Lee’s glucose in air, Lee’s glucose in 5% CO2, Lee’s
GlcNAc in air and Lee’s GlcNAc in 5% CO2; Table 2 and Fig. 3).
The opaque phenotype of the WT and efg1/efg1 mutant reference
strains was relatively stable under the four culture conditions.
When cultured in Lee’s glucose medium, the wor2/wor2 mutant
underwent a mass conversion (switching frequency = 100%) to
the white phase either in air or in 5% CO2. When cultured in Lee’s
GlcNAc medium, the switching frequencies of the wor2/wor2 mu-
tant were decreased to 35.9 ± 0.3% in air and 1.2 ± 0.1% in 5%
CO2. The switching frequencies of the wor2/wor2 efg1/efg1 double
mutant showed a gradual decrease under the culture conditions
of Lee’s glucose in air (97.7 ± 1.1%), Lee’s glucose in 5% CO2

(66.9 ± 0.8%), Lee’s GlcNAc in air (34.6 ± 0.5%) and Lee’s GlcNAc in
5% CO2 (1.5 ± 0.9%). These results demonstrate that GlcNAc can
itions. WT, MMY288; wor2/wor2, MMY627. Opaque cells collected from Lee’s GlcNAc
and incubated in air or 5% CO2 at 25 �C for five days. Colony and cellular images are
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stabilize the opaque phenotype of the mutants with WOR2 dele-
tion. CO2 had an additive effect on the repression of opaque-
to-white switching when GlcNAc was used as a carbon source,
but CO2 alone had no obvious effect on this process (Table 2 and
Fig. 3). To test whether high levels of CO2 induce white-to-opaque
switching in the wor2/wor2 mutant, we incubated the mutant in
20% CO2. We found that the wor2/wor2 mutant could not switch
to the opaque phase on glucose medium in 20% CO2 at 25 �C (data
not shown). However, the mutant underwent more robust filamen-
tation than the WT control under this condition (data not shown).
Consistently, CO2 alone did not induce white-to-opaque switching
in the wor2/wor2 mutant (Table 1).

We next examined the WOR1 expression level in the WT and
wor2/wor2 mutant under different culture conditions. As shown
in Fig. S2, the expression levels of WOR1 in GlcNAc medium were
about onefold higher than in glucose medium. These results sug-
gest that GlcNAc could activate WOR1 expression through the
Wor1 self positive feedback loop (Huang et al., 2006).
Fig. 4. Opaque cells of the wor2/wor2 mutant are mating-competent. (A) Shmooing
assay. Experimental white cells (WTa, MMY288 and wor2/wor2a, MMY627) were
collected from Lee’s glucose medium growth cultures and opaque cells (WTa,
MMY288 and wor2/wor2a, MMY627) from Lee’s GlcNAc medium growth cultures.
Tester opaque cells (WTa, GH1349) were collected from Lee’s glucose medium
growth cultures. Cells of opposite MTL configuration were mixed and grown in
liquid Lee’s glucose medium at 25 �C. Cells were imaged after incubation for 24 h.
Elongated mating projections or ‘‘shmoos’’ indicate mating responses. Scale bar,
10 lm. (B) Quantitative mating assay. 106 cells of each mating partner were mixed,
then spotted onto Lee’s glucose medium plates and incubated for 48 h at 25 �C in
air. The mating mixture was replated onto SD-Uridine, SD-Arginine or SD-Uridine-
3.3. Opaque cells of the wor2/wor2 mutant are mating-competent

Only opaque cells can undergo efficient mating. In order to
mate, C. albicans must first switch from the white to the opaque
phenotype (Miller and Johnson, 2002). We next examined whether
opaque cells of the wor2/wor2 mutant are mating-competent. As
shown in Fig. 4A, the mixture of opaque cells of the wor2/wor2 mu-
tant (MTLa) and opaque cells of the tester strain (MTLa) formed
long mating conjugation tubes (or ‘‘shmoos’’), while the cells of
the white cells of the wor2/wor2 mutant and opaque cells of the
tester strain maintained their original shape. The mixture of the
experimental WT strain and opaque cells of the tester strain served
as a control. Moreover, as shown in the quantitative mating assay
(Fig. 4B), opaque cells of the wor2/wor2 mutant can mate 10,000-
times more efficiently than white cells. We found that opaque cells
of the wor2/wor2 mutant mated less efficiently than opaque cells of
the WT control, possibly due to the unstable feature of the opaque
phenotype of the mutant on glucose medium. These results sug-
gest that opaque cells of the wor2/wor2 mutant are mating-compe-
tent and functionally opaque.
Arginine media for prototrophic selection. Strains used: WTa, YT003; wor2/wor2a,
YT004; and GH1349, MTLa.
3.4. Wor2 is not required for the Ras1-cAMP/PKA pathway-regulated
opaque cell formation

As aforementioned, GlcNAc induces opaque cell formation pri-
marily through activation of the Ras1-cAMP/PKA-Wor1 pathway
(Huang et al., 2009, 2010). Wor1, Wor2, Efg1 and Czf1 form an
interlocking transcriptional feedback loop to control white-opaque
switching in C. albicans (Zordan et al., 2007). We then investigated
whether Wor2 had an inhibitory effect on GlcNAc-induced opaque
cell formation via the GlcNAc-Ras1-cAMP/PKA-Wor1 pathway. We
found that the white-to-opaque switching frequency of the wor2/
wor2 + Met3p-Ras1V13 strain was increased to 92.5 ± 1.6% under
inducing conditions when GlcNAc was used as the sole carbon
source (Fig. 5 and Table 3). The switching frequency was compara-
ble to that of the WT control (97.5 ± 2.3%). The white-to-opaque
switching frequencies of the wor2/wor2 + vector strains under all
culture conditions and the wor2/wor2 + Met3p-Ras1V13 strain un-
der non-inducing condition were relative low and ranged from 15%
to 26% (Fig. 5 and Table 3). These data demonstrate that overex-
pression of RAS1V13 (the activating form of RAS1) hypersensitizes
white cells of the wor2/wor2 mutant to GlcNAc, as is the case in
the WT strain. Therefore Wor2 has no obvious effect on GlcNAc in-
duced opaque cell formation mediated by the Ras1-cAMP/PKA-
Wor1 pathway.
4. Discussion

Both internal genes and external environmental cues are in-
volved in the regulation of white-opaque transition in C. albicans
(Huang, 2012). In this study, we report that the transcription
factor Wor2, which plays a critical role in the regulation of
white-opaque switching, is not required for GlcNAc-induced
white-to-opaque switching. Our results imply that multiple path-
ways may function in parallel in the regulation of white-opaque
switching. Wor2 is not a part of the Ras1-cAMP/PKA-Wor1 path-
way, which plays a major role in GlcNAc sensing in C. albicans
(Huang et al., 2010).

GlcNAc is not only a component of bacterial cell wall peptido-
glycan and fungal cell wall chitin, but it also functions as a signal-
ling molecule that regulates a variety of biological processes
(Naseem et al., 2012). CO2, another signalling molecule, regulates
phenotypic transitions and pathogenesis in C. albicans (Hall et al.,
2010; Klengel et al., 2005). Both GlcNAc and CO2 are abundant in
the gut of human hosts (Huang et al., 2009, 2010; Kirn et al.,
2005). Interestingly, GlcNAc and CO2 have a synergistic effect on
the induction of the opaque phenotype in MTL homozygous strains
as well as in MTL heterozygous (a/a) clinical isolates of C. albicans



Fig. 5. Overexpression of RAS1V13 (the activating form of RAS1) hypersensitizes white cells of the wor2/wor2 mutant to GlcNAc. White cells were plated onto Lee’s GlcNAc
medium plates and incubated at 25 �C for five days. Inducing condition, Lee’s GlcNAc medium without methionine (Met) and cysteine (Cys); Non-inducing condition, Lee’s
GlcNAc medium with 2.5 mM Met and 2.5 mM Cys. Scale bar, 10 lm.
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(Xie et al., 2013). The two molecules function via different major
pathways. GlcNAc functions primarily through the Ras1-cAMP/
PKA-Wor1 pathway, while CO2 activates white-to-opaque switch-
ing primarily through an unidentified pathway in C. albicans (Du
et al., 2012a; Huang et al., 2010). Wor2 is not required for
GlcNAc-induced opaque cell formation, but is required for
CO2-induced switching, suggesting that the function of Wor2 in
white-opaque switching is independent of the Ras1-cAMP/PKA
pathway. Both the Ras1-cAMP/PKA-Wor1 pathway and the
unidentified CO2-sensing pathway finally activate the master reg-
ulator of white-opaque switching, Wor1, to induce the opaque
phenotype (Du et al., 2012a; Huang et al., 2010). The synergistic ef-
fect of GlcNAc and CO2 on the induction of white-to-opaque
switching could be due to the simultaneous activation of multiple
pathways involved in the regulation of Wor1.

Wor1, Efg1, Czf1 and Wor2 form an interlocking transcriptional
feedback loop regulating the transition between white and opaque
states (Zordan et al., 2007). Deletion of EFG1 leads to a mass con-
version to opaque phase under all conditions tested (Sonneborn
et al., 1999), suggesting that Efg1 functions as a negative regulator
of white-to-opaque switching. Deletion of Wor2 locks C. albicans
cells in white phase when cultured in media with glucose as the
sole carbon source (Zordan et al., 2007). The wor2/wor2 efg1/efg1
double mutant can indeed switch to opaque phase under the same
culture conditions, indicating that deletion of EFG1 partially sup-
presses the switching defect resulting from WOR2 deletion. GlcNAc
induces opaque cell formation both in the wor2/wor2 mutant and
in the wor2/wor2 efg1/efg1 double mutant (Fig. 1 and Table 1).
Therefore the treatment of GlcNAc could change the transcrip-
tional circuitry controlling white-opaque switching in C. albicans,
to some extent phenocopying the effect of deletion of EFG1.

In summary, we have found that GlcNAc-induced opaque cell
formation in C. albicans is independent of Wor2, a previously iden-
tified key regulator of white-opaque transition. The opaque cells of
the wor2/wor2 mutant exhibit unique features of typical opaque
cells of WT strains, including their elongated cell shape, rough cell
surface and mating competency. Thus, the so-called ‘essential reg-
ulators’ of a specific biological process often function in the context
of the external environment. Our study can serve as an example of
how environmental cues reprogram transcriptional circuitries to
change the cellular phenotypes, and thus to better adapt to their
environment.
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