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A Novel Function for Hogl Stress-Activated Protein Kinase in
Controlling White-Opaque Switching and Mating in Candida albicans
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Candida albicans is a commensal in heathy people but has the potential to become an opportunistic pathogen and is responsible
for half of all clinical infections in immunocompromised patients. Central to understanding C. albicans behavior is the white-
opaque phenotypic switch, in which cells can undergo an epigenetic transition between the white state and the opaque state. The
phenotypic switch regulates multiple properties, including biofilm formation, virulence, mating, and fungus-host interactions.

Switching between the white and opaque states is associated with many external stimuli, such as oxidative stress, pH, and
N-acetylglucosamine, and is directly regulated by the Worl transcriptional circuit. The Hogl stress-activated protein kinase
(SAPK) pathway is recognized as the main pathway for adapting to environmental stress in C. albicans. In this work, we first
show that loss of the HOGI gene in a/a and o/« cells, but not a/a cells, results in 100% white-to-opaque switching when cells are
grown on synthetic medium, indicating that switching is repressed by the al/a2 heterodimer that represses WOR1 gene expres-
sion. Indeed, switching in the hogIA strain was dependent on the presence of WORI, as a hogl A worlA strain did not show
switching to the opaque state. Deletion of PBS2 and SSK2 also resulted in C. albicans cells switching from white to opaque with
100% efficiency, indicating that the entire Hogl SAPK pathway is involved in regulating this unique phenotypic transition. In-
terestingly, all Hogl pathway mutants also caused defects in shmoo formation and mating efficiencies. Overall, this work reveals
anovel role for the Hogl SAPK pathway in regulating white-opaque switching and sexual behavior in C. albicans.

andida albicans is a diploid hemiascomycete yeast that is com-

monly found in the human gastrointestinal tract (1, 2). How-
ever, C. albicans can become a pathogen that attacks multiple
organs in the body, including kidney and brain, resulting in life-
threatening systemic infections with high mortality rates (3). Phe-
notypic transitions represent an important mechanism for the
striking ability of Candida cells to colonize a wide variety of hab-
itats with diverse properties. For example, under conditions of
various environmental signals, the yeast forms of C. albicans can
switch to filamentous cells (4—8). The reversible yeast-hypha tran-
sition regulated by a core set of transcription factors that mediate
its developmental program is complex (7, 9-13). Hyphal forma-
tion also plays a major role in biofilm formation, which is closely
linked with the propensity to cause infection and is associated with
antifungal resistance (14-16).

In addition to the yeast-hypha transition, an important mor-
phological change in C. albicans is the white-opaque switch (17).
This epigenetic transition between white and opaque states regu-
lates many aspects of C. albicans biology. In particular, opaque
cells are mating competent (18, 19), whereas white cells do not
mate but can generate biofilms in response to pheromones (20,
21). The regulation of mating between C. albicans a/a and o/a
opaque cells occurs via pheromone signaling between cells of op-
posite mating types (18, 19, 22, 23). Pheromone responses induce
a mitogen-activated protein kinase (MAPK) signal transduction
cascade leading to the formation of mating projections (shmoos)
and subsequent cell-cell conjugation (21, 24). Furthermore,
opaque cells are less susceptible to phagocytosis than white cells
due to the lack of secretion of a chemoattractant for leukocytes
(25-27), indicating that switching plays a role in host-fungus in-
teractions. Thus, the phenotypic plasticity of C. albicans in re-
sponse to different host niches is important for its ability to colo-
nize and infect the host.

C. albicans cells typically exist in the default white state, where
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they are round and form bright, shiny colonies, but can stochas-
tically switch to the opaque state, where cells are more elongated
and form darker, flatter colonies (17). The white-opaque switch is
regulated by the master regulator Worl, which acts in concert
with several other transcription factors as part of a transcriptional
network (28, 29). This network is also controlled by the al/a2
complex which is produced in a/o heterozygous cells and which
represses opaque-cell formation (30), although a recent study
showed that some clinical a/a cells have the ability to switch to
opaque under certain culture conditions (31). Several environ-
mental factors, including CO,, temperature, oxidative stress, N-
acetylglucosamine (NAG), and growth rate, also regulate white-
opaque switching (32-34), suggesting that the transition between
white and opaque cells is extremely sensitive to external signals
and dependent on the expression levels of the master regulator
Worl.

In eukaryotic cells, MAP kinases are responsible for transduc-
ing a variety of extracellular signals for growth and differentiation
(35, 36). One of them, the high-osmolarity glycerol (Hogl) path-
way, is not only responsible for the cellular response to osmotic
stress but is also required for responses to UV radiation, temper-
ature, and oxidative stress in the budding yeast (37-39). This
pathway is known as the Hogl stress-activated protein kinase
(SAPK) pathway or the Hogl mitogen-activated protein kinase
(MAPK) pathway. Osmosensing triggers Hogl activation through
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the stimulation of a MAPK kinase kinase (MAPKKK), Ssk2, and a
MAPK kinase (MAPKK), Pbs2 (35, 39, 40).

In regard to white-opaque switching, several stresses have been
found to promote the switch from white to opaque (32-34). We
therefore hypothesized that the Hogl SAPK pathway of C. albicans
could be involved in regulating this phenotypic transition. In this
study, the results of deletion of HOG1, PBS2, and SSK2 genes in C.
albicans MTLa/a, MTLo/a, and MTLa/a strains were compared.
Mutants in all three strain backgrounds showed high sensitivity to
osmotic and oxidative stress, indicating that the roles of the Hogl
SAPK pathway are similar in different cell types. Interestingly,
homozygous MTLa/a and MTLo/oo Hogl pathway mutants ex-
hibit 100% switching from white to opaque but also display
shorter shmoos and have reduced mating efficiencies. Overall, our
data therefore reveal a novel role for the Hogl SAPK pathway in
white-opaque switching and indicate a further route for the inte-
gration of environmental signals into the white-opaque regulatory
circuit.

MATERIALS AND METHODS

Media and reagents. Yeast extract-peptone-dextrose (YPD), Spider, and
synthetic complete dextrose (SCD) media used in experiments were pre-
pared as described previously with slight modifications (38, 41). YPD
medium, composed of 2% (wt/vol) peptone, 1% (wt/vol) yeast extract,
and 2% (wt/vol) glucose, was used for cell growth experiments.
Nourseothricin-resistant strains were selected on YPD medium supple-
mented with 0.2 mg/ml norseothricin (Werner BioAgents). SCD con-
sisted of 0.7% (wt/vol) yeast nitrogen base without amino acids, 0.17%
complete amino acids powder, and 2% (wt/vol) glucose. Synthetic com-
plete (SC) medium was formulated as SCD medium without the addition
of glucose. Preparation of Lee’s N-acetylglucosamine (Lee’s NAG), which
contained 1.25% N-acetylglucosamine (Alfa Aesar), followed an estab-
lished protocol (34). SCD, SC, and Lee’s NAG media were used for white-
opaque phenotypic transition assays. Spider medium (pH 7.2), contain-
ing 1% (wt/vol) mannitol, 1% (wt/vol) nutrient broth, and 0.4% (wt/vol)
dipotassium phosphate (Showa Chemical Industry Co.), was used for
opaque cell maintenance. Leu™, Arg™ ,and Arg™ Leu™ media were used to
perform a quantitative mating assay. Agar was added to reach a final
concentration of 2% (wt/vol) to make solid plates. All chemicals were
purchased from Sigma-Aldrich Chemical Co., unless otherwise stated.

Plasmid and strain constructions. Strains and primers used in this
study are listed in Table 1 and Table 2, respectively.

To generate hoglA strains, 5" and 3’ flanking regions of HOGI were
amplified using primer pair CH1 and CH2 and primer pair CH3 and CH4.
The 5’ and 3" PCR products were digested with Apal and Xhol and with
Sacll and Sacl and cloned into plasmid pSFS2A (42) to generate pSFS-
HOG! knockout (KO). This plasmid was linearized with Apal and Sacl
and then transformed into SC5314 (a/a), RBY717 (a/a), and RBY722
(a/at) to generate strains YL31, YL34, YL8, YL9, YL26, and YL27. To
construct the HOGI complementary plasmid, primers 10 and 11 were
used to amplify the promoter and open reading frame (ORF) of the HOG!
gene. The PCR product was digested with Apal and Xhol and cloned into
PSES2A to construct pSFS-HOG1 AB. This construct was linearized with
BsaBI and transformed into YL31, YL34, YL8, YL9, YL26, and YL27 to
create the YL38, YL39, YL11, YL12, YL35, and YL36 strains.

For the worlA mutant and hoglIA worlA double mutant, the pSFS-
WORI KO plasmid (32) was cut with Kpnl and SacI and transformed into
RBY717 and YL8 to create strains YL135 and YL136.

To create the ssk2A mutants, 5" and 3’ flanking regions of the SSK2
gene were amplified using primer pair 70 and 71 and primer pair 72 and
73. The 5" and 3" PCR products were digested with Kpnl and Apal and
with SacIl and Sacl and cloned into pSFS2A to generate pSFS-SSK2 KO.
KpnlI and Sacl were used to linearize these constructs. Linearized pSFS-
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SSK2 KO plasmid was transformed into SC5314, RBY717, and RBY722 to
generate the YL442, YL443, YL193, YL194, YL402, and YL403 strains.

For pbs2A strains, 5" and 3’ flanking regions of the PBS2 gene were
amplified using primer pair 78 and 79 and primer pair 80 and 81. The 5’
and 3’ PCR products were digested with Apal and Xhol and with SacIl and
Sacl. The digested PCR products were cloned into plasmid pSFS2A to
generate the pSFS-PBS2 KO plasmid. The constructed plasmid was lin-
earized with Nhel and SacI and transformed into SC5314, RBY717, and
RBY722 to generate the YL404, YL405, YL195, YL196, YL400, and YL401
strains.

To generate green fluorescent protein (GFP) reporter strains of OP4/
OP4::0P4p-GFP in RBY717 and the hoglA mutant, the OP4 promoter
and GFP gene were amplified with primer pair 191 and 192 and primer
pair 193 and 194, respectively. The PCR products were mixed and ampli-
fied again with primer pair 191 and 194 to generate an OP4-GFP gene
fragment. The fused fragment was digested with Apal and SacI and cloned
into pSFS2A to construct pSFS-OP4-GFP. The construct was digested
with Bsgl and transformed into RBY717, YL8, and YL9 to create strains
YL275, YL276, YL279, and YL280.

To delete the ARG4 gene in C. albicans, the hoglA, hoglA::HOGI,
pbs2A, and ssk2A mutants, primer pair 114 and 115, and primer pair 116
and 117 were used to amplify the 5" and 3’ flanking regions of the ARG4
gene, respectively. The PCR products were digested with Apal and Xhol
and Notl and SaclI and cloned into plasmid pSFS2A to construct pSFS-
ARG4 KO. The construct was digested with Apal and SaclII and trans-
formed into RBY717,YL26, YL27,YL35,YL36,YL193,YL194, YL195, and
YL196 to generate the YL97, YL98, YL304, YL305, YL328, YL329, YL528,
YL529, YL524, and YL525 strains.

To delete the LEU2 gene, the hoglA, hoglA::HOGI, pbs2A, and ssk2A
mutants, primer pair 122 and 123, and primer pair 124 and 125 were used
to amplify the 5" and 3’ flanking regions of LEU2 gene, respectively. The
PCR products were digested with Apal and Xhol and with SaclI and Sacl
and cloned into plasmid pSFS2A to construct pSFS-LEU2 KO. The con-
struct was digested with Apal and Sacl and transformed into RBY722,
YL8, YL9, YL11, YL12, YL402, YL403, YL400, and YL401 to generate the
YL133, YL134, YL191, YL192, YL226, YL227, YL530, YL531, YL526, and
YL527 strains.

Opaque cells of each strain were obtained and purified after treatment
with Lee’s NAG (Table 1).

Quantitation of opaque-cell formation. Overnight cultures of C. al-
bicans were plated onto SC, SCD, or Lee’s NAG media supplemented with
phloxine B and incubated at 25°C for 4 to 7 days. Opaque colonies were
stained red. The white-to-opaque switching efficiency was expressed as
follows: (number of opaque colonies)/(total number of colonies) X
100%.

Sensitivity tests. Hydrogen peroxide and sodium chloride were pur-
chased from Sigma-Aldrich Co., St. Louis, MO, USA, and MDBio, Inc.,
Shandong, China, respectively. Determinations of susceptibilities to hy-
drogen peroxide and sodium chloride were performed by spotting serial
4-fold dilutions of 10° cells (total volume of 3 ) from overnight cultures
of C. albicans onto YPD plates supplemented with 10 mM H,0, or 1 M
NaCl. Plates were incubated at 30°C and examined after 48 h.

Western blotting. To examine the level of Hogl phosphorylation, 200
wl of overnight cultures was diluted into 10 ml of YPD broth and grown
for 5 h at 30°C. H,0, was added to each culture to reach a final concen-
tration of 10 mM, and the reaction mixture was incubated for 15 min after
the addition. Samples were collected by centrifugation, suspended in 10
mM Tris-HCI (pH 8.0), and then incubated at 100°C for 10 min to lyse
cells. Equal amounts of proteins were analyzed by SDS-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). ScHogl
polyclonal antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
and phospho-p38 MAPK (Thr180/Tyr182) antibody (Cell Signaling
Technology, Inc., Danvers, MA, USA) were used to detect Hog1 and phos-
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TABLE 1 Strains used in this study”

Strain MTL type Genotype White or opaque Reference or source
SC5314 a/a Wild type White 22
RBY717 a/a ura3:imm434/URA3 irol::imm434/IRO1 White 22
RBY722 a/a ura3::imm434/URA3 irol::imm434/IRO1 White 22

YL8 a/a hogl/hogl White This study
YL9 a/a hogl/hogl White This study
YL11 a/a hogl/hogl::HOGI White This study
YL12 a/a hogl/hogl::HOGI White This study
YL26 a/a hogl/hogl White This study
YL27 a/a hogl/hogl White This study
YL31 a/a hogl/hogl White This study
YL34 a/a hogl/hogl White This study
YL35 a/a hogl/hogl::HOGI White This study
YL36 a/a hogl/hogl::HOGI White This study
YL38 a/a hogl/hogl::HOGI White This study
YL39 a/a hogl/hogl::HOGI White This study
YL45 a/a ura3::imm434/URA3 irol::imm434/IRO1 Opaque This study
YL46 a/a ura3::imm434/URA3 irol::imm434/IRO1 Opaque This study
YL47 a/a ura3::imm434/URA3 irol::imm434/IRO1 Opaque This study
YL48 a/a ura3::imm434/URA3 irol::imm434/IRO1 Opaque This study
YL97 a/a argdlarg4 White This study
YL98 a/a argdlarg4 White This study
YL133 a/a leu2/leu2 White This study
YL134 a/a leu2/leu2 White This study
YL135 a/a worl/worl White This study
YL136 a/a hogl1/hogl worl/worl White This study
YL191 a/a hogl/hogl leu2/leu2 White This study
YL192 a/a hogl/hogl leu2/leu2 White This study
YL193 a/a ssk2/ssk2 White This study
YL194 a/a ssk2/ssk2 White This study
YL195 a/a pbs2/pbs2 White This study
YL196 a/a pbs2/pbs2 White This study
YL226 a/a hogl/hogl::HOGI leu2/leu2 White This study
YL227 a/a hogl/hogl::HOGI leu2/leu2 White This study
YL234 a/a hogl/hogl leu2/leu2 Opaque This study
YL235 a/a hogl/hogl leu2/leu2 Opaque This study
YL238 a/a argd/argd Opaque This study
YL239 a/a argdlarg4 Opaque This study
YL259 a/a hogl/hogl Opaque This study
YL260 a/a hogl/hogl Opaque This study
YL267 a/a hogl/hogl Opaque This study
YL268 a/a hogl/hogl Opaque This study
YL271 a/a hogl/hogl::HOGI leu2/leu2 Opaque This study
YL272 a/a hogl/hogl::HOGI leu2/leu2 Opaque This study
YL273 a/a leu2/leu2 Opaque This study
YL274 a/a leu2/leu2 Opaque This study
YL275 a/a OP4/OP4::0P4p-GFP White This study
YL276 a/a OP4/OP4::0P4p-GFP White This study
YL279 a/a hogl/hogl OP4/OP4::OP4p-GFP White This study
YL280 a/a hogl/hogl OP4/OP4::OP4p-GFP White This study
YL298 a/a hogl/hogl OP4/OP4::OP4p-GFP Opaque This study
YL299 a/a hogl/hogl OP4/OP4::OP4p-GFP Opaque This study
YL304 a/a hogl/hogl arg4/arg4 White This study
YL305 a/a hogl/hogl arg4/arg4 White This study
YL328 a/a hogl/hogl::HOGI argd/arg4 White This study
YL329 a/a hogl/hogl::HOGI arg4/arg4 White This study
YL330 a/a hogl/hogl arg4/arg4 Opaque This study
YL331 a/a hogl/hogl argd/arg4 Opaque This study
YL332 a/a hogl/hogl::HOGI arg4/arg4 Opaque This study
YL333 a/a hogl/hogl::HOGI arg4/arg4 Opaque This study
YL400 a/a pbs2/pbs2 White This study
YL401 a/a pbs2/pbs2 White This study

(Continued on following page)
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TABLE 1 (Continued)

Strain MTL type Genotype White or opaque Reference or source
YL402 a/a ssk2/ssk2 White This study
YL403 a/a ssk2/ssk2 White This study
YL404 a/a pbs2/pbs2 White This study
YL405 a/a pbs2/pbs2 White This study
YL442 alo ssk2/ssk2 White This study
YL443 a/a ssk2/ssk2 White This study
YL458 o/a ssk2/ssk2 leu2/leu2 Opaque This study
YL459 a/a ssk2/ssk2 leu2/leu2 Opaque This study
YL469 a/a pbs2/pbs2 argd/arg4 Opaque This study
YL470 a/a pbs2/pbs2 argd/arg4 Opaque This study
YL484 ao/a pbs2/pbs2 leu2/leu2 Opaque This study
YL485 a/a pbs2/pbs2 leu2/leu2 Opaque This study
YL498 a/a ssk2/ssk2 arg4/arg4 Opaque This study
YL499 a/a ssk2/ssk2 argd/argd Opaque This study
YL524 a/a pbs2/pbs2 argd/arg4 White This study
YL525 a/a pbs2/pbs2 argd/arg4 White This study
YL526 a/a pbs2/pbs2 leu2/leu2 White This study
YL527 a/a pbs2/pbs2 leu2/leu2 White This study
YL528 a/a ssk2/ssk2 argd/arg4 White This study
YL529 a/a ssk2/ssk2 argd/argd White This study
YL530 a/a ssk2/ssk2 leu2/leu2 White This study
YL531 a/a ssk2/ssk2 leu2/leu2 White This study
YL532 a/a ssk2/ssk2 Opaque This study
YL533 a/a ssk2/ssk2 Opaque This study
YL534 a/a pbs2/pbs2 Opaque This study
YL535 a/a pbs2/pbs2 Opaque This study
YL536 a/a pbs2/pbs2 Opaque This study
YL537 a/a pbs2/pbs2 Opaque This study
YL538 a/a ssk2/ssk2 Opaque This study
YL539 a/a ssk2/ssk2 Opaque This study
YL899 a/a OP4/OP4::0P4p-GFP Opaque This study
YL900 a/a OP4/0OP4::0P4p-GFP Opaque This study

“ All of the strains were SC5314 derived.

phorylated Hogl proteins, respectively. Blots were developed with Clarity
Western ECL substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Pheromone response assays. To test formation of mating projections,
opaque cells of MTLa/a strains were grown in Spider medium at 25°C
overnight. Overnight cultures (500 pl) were diluted into 3 ml of Spider
broth, and a-pheromone peptide (GFRLTNFGYFEPG; synthesized by
GMbiolab Co., Ltd.) was added to reach a final concentration of 10 pg/ml
as previously described (43). After 8 h of incubation at 25°C, an Eclipse Ti
inverted microscope (Nikon Instruments Inc., Melville, NY, USA) was
used to examine the mating projections.

Quantitative mating assays. To generate auxotrophic strains, ARG4
and LEU2 genes were deleted in MTLa/a and MTLo/a strains, respec-
tively. Opaque cells were grown in Spider medium at 25°C overnight. Cells
(2 X 107) of MTLa/a and MTLa/a strains were mixed and placed on
Spider plates at 25°C for 48 h. The mixture was collected, diluted, and
plated onto selective medium, Arg™, Leu™,and Arg™ Leu™ plates. Mating
efficiencies were calculated by the number of tetraploid colonies on Arg™
Leu™ plates divided by the total colony number on Arg™ or Leu™ plates.

Fluorescence-activated cell sorter (FACS) analysis. Tetraploid cells
from mating progeny were incubated with 95% ethanol for at least 1 h at
4°C and washed with Tris-EDTA (TE) buffer (50 mM Tris-HCI, 5 mM
EDTA, pH 8.0). Samples were incubated with RNase A solution (2 mg/ml
RNase A, 5 mM EDTA, 50 mM Tris-HCI, pH 8.0) for at least 2 h at 37°C
and then with pepsin solution (5 mg/ml pepsin, 55 mM HCI) for 30 min
at 37°C and washed with TE buffer (50 mM Tris-HCI, 5 mM EDTA, pH
7.5). Samples were incubated with Sytox solution (1 mM Sytox green, 5
mM EDTA, 50 mM Tris-HCI, pH 7.5) for 1 h at 4°C. A BD FACSCanto II
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system (Becton, Dickinson and Company, Franklin Lakes, New Jersey,
USA) was used to examine the fluorescence of samples.

Fluorescence microscopy. White cells and opaque cells of OP4 pro-
moter-driven GFP reporter strains of the wild-type (WT) strain or hogIA
mutants were mixed, and the expression of fluorescence was examined by
the use of an Eclipse Ti inverted microscope (Nikon Instruments Inc.,
Melville, NY, USA).

RESULTS
Deletion of the HOG1 gene promotes opaque-cell formation. To
understand the role of Hogl in regulation of white-opaque
switching, hoglA mutants of MTLa/a, MTLa/a, and MTLa/a
white cells were plated on synthetic complete (SC), synthetic com-
plete dextrose (SCD), and N-acetylglucosamine (NAG) media
supplemented with phloxine B to test their switching frequencies.
Figure 1A shows that both a/a and o/a colonies of hogl A mutants
switched to the opaque state (100% switching) when grown on SC
medium, whereas a/a cells remained in the white state. Reintegra-
tion of the HOGI gene in each mutant restored the WT phenotype
on SC medium, with colonies remaining in the white state.
Interestingly, the high rates of switching observed with hogl
mutants were not observed on medium supplemented with glu-
cose (SCD) (Fig. 1B), suggesting that glucose plays a negative role
in opaque-cell formation. Upon NAG treatment, hoglA mutants
from both homozygous strain backgrounds also showed 100%
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TABLE 2 Oligonucleotides used in this study

Hog1 SAPK in Controlling White-Opaque Switching

Oligonucleotide

Sequence (5'-3")

CH1 GGAGCGGGGCCCCGAGCCGAGAACAGACTTTGAAC
CH2 GGAGCGCTCGAGTGTTGTTGTTATTATTCCACGGTG
CH3 GGAGCGCCGCGGTCTTCAAAAATACAAGCTAGCAATTATAG
CH4 GGAGCGGAGCTCTTGCCCACCAAAGTGTTTGG

2 CCTTCAATTGCATCGTAAGTACC

3 GAAGATGACTCAGGTCATGC

4 GTGGTCAATGGAGCTGATAC

5 ACATGTGGTCGCCCAACTCC

10 GGAGCGGGGCCCCACACATGTTTGATTCGATTCTTG

11 GGAGCGCTCGAGAGCTAATGTTGCTGGAGACGAC

70 GGAGCGGGTACCCCCTTCCCCCTGTTAACTTTG

71 GGAGCGCTCGAGGGGCCCTTTTCCAATTGAAC

72 GGAGCGCCGCGGGAGGGAAACCAGAGCTTATTCC

73 GGAGCGGAGCTCAAGACTCCTAAACCGGAATTACAATT
78 GGAGCGGGGCCCTGGTCCAATCTGGTTGGGAG

79 GGAGCGCTCGAGCGCTGTCCCTCTCTCTCGC

80 GGAGCGCCGCGGGCCCAGGTTATTGGGCTGTA

81 GGAGCGGAGCTCCTATGCAAATGGAGGTTGGGAA

114 GGAGCGGGGCCCGACAGGAATCACGTCATCGTTG

115 GGAGCGCTCGAGTGTTGGGATGGCCAGCG

116 GGAGCGGCGGCCGCCTTCCATCACAACACACAACACG
117 GGAGCGCCGCGGGGAATCCATGAACTACCTGCTTC

122 GGAGCGGGGCCCGTTGCTGGGTTTGGTGAAGC

123 GGAGCGCTCGAGTGAAAAAAGGGCACCCCAG

124 GGAGCGCCGCGGGCCTGGTAGATGTAATGGTGGC

125 GGAGCGGAGCTCGAACAAACGAACCACCTCGC

191 ATGAGTAAGGGAGAAGAACTTTTCACT

192 GGAGCGCTCGAGTTATTTGTATAGTTCATCCATGCCAT
193 GGAGCGGGGCCCGATAATGCAAGAGCTCGCCACCAC
194 AGTGAAAAGTTCTTCTCCCTTACTCATTGTAAATTATTTATATTTGTATGTGTGTAGGA

opaque switching rates, whereas the WT and complemented mu-
tant strains showed intermediate (63% to 85%) levels of opaque-
cell formation (Fig. 1C). To test whether opaque-looking cells
were expressing opaque state-specific genes, we expressed the OP4
promoter fused to GFP in both wild-type and hogIA strains. As
shown in Fig. 1D, only the opaque cells exhibited strong GFP
expression, whereas white cells showed no GFP expression. To-
gether, these results demonstrate that Hogl in C. albicans pos-
sesses a novel role in the regulation of white-opaque switching.

Induction of opaque-cell formation in hoglA cells requires
Worl. We observed that hogIA a/a cells remain locked in the
white phenotype (Fig. 1). This is presumably due to the role of the
al/o2 heterodimer in inhibiting WORI expression (30), thereby
impeding opaque-cell formation. To determine whether WORI is
necessary for opaque-cell formation in hogIA mutants, hoglA
worlA double-knockout strains were created. In contrast to the
hoglA mutant, the hogIA worlA mutant lacked the ability to
switch to opaque when plated on SC medium (Fig. 2).

Both Psb2 and Ssk2 are involved in white-opaque switching.
The SAPK signaling cascade consists of three serine/threonine
protein kinases: MAPKKK (Ssk2), MAPKK (Pbs2), and MAPK
(Hogl) (39, 40, 44). Ssk2 phosphorylates Pbs2, which in turn
phosphorylates and activates Hogl. To determine whether Pbs2
and Ssk2 also regulate the white-opaque transition, mutants were
constructed and plated on SC medium. Similarly to the hogIA
mutant (Fig. 1), the pbs2A and ssk2A mutants exhibited 100%
opaque-cell formation on SC medium supplemented with phlox-
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ine B (Fig. 3). Once again, switching occurred only in MTL ho-
mozygous strains and not in the MTL heterozygous strain.

Functions of the SAPK components are well conserved in
both homozygous and heterozygous strains. The Hogl SAPK
pathway is necessary for resistance to osmotic and oxidative
stresses. However, previous studies were performed in C. albicans
a/ocheterozygous cells (45, 46). We therefore compared and tested
the roles of SAPK pathway components in both the heterozygous
and homozygous strain backgrounds. As shown in Fig. 4A, mu-
tants of each SAPK component were highly sensitive to both os-
motic and oxidative stress in a/a, a/a, and o/a cells. Western blot-
ting also revealed that the function of SAPK in C. albicans is
conserved and that Hogl activation is regulated by Ssk2 and
Pbs2 in MTL homozygous strains, as it is in heterozygous
strains (Fig. 4B).

Deletion of HOGI, PBS2, and SSK2 genes results in shorter
mating projections. C. albicans strains must undergo several de-
velopmental steps before having sex (47). Most isolates are diploid
a/a strains and have to undergo homozygosis to generate a/a and
a/a cells. These homozygous cells must then switch from white to
opaque to become mating competent (18, 19). Pheromone treat-
ment of C. albicans opaque cells activates mating responses and
leads to the formation of mating projections (21-23, 43). We fur-
ther examined the mating characteristics of opaque cells obtained
from hogIA, pbs2A, and ssk2A mutants. Surprisingly, mutants of
each SAPK component exhibited marked reductions in the length
of their mating projections (10 to 12 wm) relative to the length
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FIG 1 Deletion of the HOGI gene induces white-to-opaque switching in MTLa/a and MTLa/a strains of C. albicans on SC plates. White cells from YPD medium
were plated onto SC, SCD, or Lee’s N-acetylglucosamine plates containing phloxine B and incubated at 25°C for 4 to 7 days. Opaque cells were stained red. At least
1,000 colonies were examined for each strain. White-to-opaque switching efficiency (percentage of average * standard deviation [SD]) is indicated below each
image. “<<” indicates that no opaque-cell formation was observed. (A) MTLa/a and MTLa/a of hogl A mutants were able to undergo white-to-opaque switching
on SC plates. (B) C. albicans strains were not able to undergo white-to-opaque switching on SCD plates. (C) N-acetylglucosamine induced 100% of white-to-
opaque switching in homozygous hogI A mutants. (D) Only opaque cells expressed the GFP fluorescence in strains of the WT strain and the hogl A mutant. BF,

bright field. Scale bar, 20 pm.

seen with the wild-type strain (24 wm) (Fig. 5). These results in-
dicate that although deletion of HOGI, PBS2, and SSK2 promotes
opaque-cell formation, these mutants are less capable of forming
mating projections of normal lengths.

hoglA worl4 hoglA worlA
<0.1 <0.1

FIG 2 The lack of WORI gene strongly inhibits Hogl—medlated white-to-
opaque switching. White cells of the MTLa/a WT strain, hoglA mutants,
worlA mutants, and hogI A worlA double mutants were plated onto SC plates
supplemented with phloxine B. Images were taken after a 7-day incubation at
25°C. Opaque cells were stained red. The total numbers of cells examined for
each strain were 1,000 to 1,200. Switching frequency was expressed as a per-
centage of the mean * SD and is shown below each image. “<<” indicated that
no opaque or opaque-sectored colony was observed.
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FIG 3 MAPKKK Ssk2 and MAPKK Pbs2 are involved in the regulation of
white-opaque switching. White cells of each mutant were plated onto the SC
medium supplemented with phloxine B and incubated at 25°C for 7 days.
White-to-opaque switching efficiencies were expressed as percentages of aver-
ages * standard deviations (SD) and are shown below each image. At least
1,000 colonies were examined. “<” indicates that no opaque-cell formation
was observed.
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FIG 4 The roles of SSK2, PBS2, and HOGI in regard to osmotic and oxidative
stresses are indistinguishable between homozygous and heterozygous strains
of C. albicans. (A) Serially diluted cells of MTLa/a, MTLa/a, and MTLa/ow
strains of the wild-type, ssk2A, pbs2A, and hogl A mutant strains were spotted
onto Spider medium supplemented with 1 M NaCl or 10 mM hydrogen per-
oxide. (B) Phosphorylation levels of Hoglp were analyzed in MTLa/a,
MTLa/a,and MTLa/a strains of ssk2A and pbs2A mutants. H,0, (10 mM) was
added to exponentially growing cultures, and samples were collected after a
15-min treatment. Anti-Hogl antibody and phospho-p38 (Thr180/
Tyr182) antibody were used to detect Hogl and phospho-Hogl (Hoglp),
respectively.

ssk2A, pbs2A, and hoglA mutants exhibit reduced mating
efficiencies. Given that ssk2A, pbs2A, and hoglA strains exhibited
shorter mating projections (Fig. 5), it is possible that these mu-
tants would also have defects in mating. Opaque MTLa/a and
MTLa/o cells containing different selection markers were con-
structed as described in Materials and Methods. Quantitative mat-
ing assays were performed, and the results are shown in Fig. 6A. As
expected on the basis of the defective mating responses, the mat-
ing efficiencies of ssk2A, pbs2A, and hoglA mutants were 0.6%,
1.6%, and 2.7%, respectively (Fig. 6A). In contrast, the wild-type
strain showed a mating efficiency of 16.7% (Fig. 6A). All the mat-
ing progeny were confirmed by PCR and FACS analysis to be
tetraploid MTLa/a cells (Fig. 6B and C).

DISCUSSION

C. albicans is the most important fungal pathogen in humans,
where many infections arise and the difficulties for treatment are
due to its inherent flexible lifestyle and ability to avoid the im-
mune system. In addition to the yeast-hypha transition, epigenetic
variation via white-opaque switching is perhaps the best example
of morphological plasticity. In this work, we first demonstrated
that the Hogl SAPK signaling cascade is involved in regulating the
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hoglA

pbs24

ssk24

(B)

Strain Mating projections (pm)

WT 24.39 £ 9.46
ssk2/ 12.85 + 4.05%*
pbs2/4 11.04 + 3.88%*
hogliA 10.54 + 4.79*

FIG 5 ssk2A, pbs2A, and hogl A mutants exhibited shorter mating projections.
(A) White cells and opaque cells of the hogIA, ssk2A, pbs2A, and WT strains
were challenged with or without a-factor for 8 h at 25°C. The cells were then
imaged with a Nikon Eclipse Ti microscope. (B) At least 50 cells were analyzed
to measure the projection length after an 8-h pheromone treatment. The mat-
ing projection length of each strain is expressed as the mean = SD. MF-a, C.
albicans pheromone peptide. *, P < 0.001.

white-opaque epigenetic transition. Inactivation of SSK2, PBS2,
and HOGI genes in MTLa/a and MTLo/« strains led to high sen-
sitivity to osmotic and oxidative stresses and also promoted
switching en masse to the opaque cell state under certain culture
conditions. These results indicate that although the SAPK in C.
albicans is evolutionarily well conserved among eukaryotes, the
biological functions of each component kinase are highly depen-
dent on the lifestyles of the species and their environment.

Given that HOGI can impact white/opaque phenotypic states,
we were curious whether the postmodification states of Hog1 dif-
fer between white and opaque cells. However, cells of the two types
showed similar levels of phosphorylation of the Hogl protein
(data not shown). Consistent with previous results, expression
levels of Hogl were also comparable between white and opaque
cells (48). Nevertheless, we cannot rule out the possibility that
changes in gene expression levels or postmodification states of
Hogl occur during the white-to-opaque switching process.

C. albicans Hogl SAPK is activated by many environmental
cues, including osmotic and oxidative stimuli, heavy metal, glu-
cose, and cationic peptides (45, 49-51). Two of them, oxidative-
stress levels and glucose concentrations, have been reported to be
involved in opaque-cell formation and its stability (32, 34, 52).
Our studies highlighted that deletion of HOGI led to switching of
white cells to the opaque state on SC and NAG media. These
observations could be because removal of HOGI causes cells to be
more sensitive to internal and external oxidative microenviron-
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FIG 6 Mating efficiencies of ssk2A, pbs2A, and hoglA mutants were signifi-
cantly reduced. (A) Auxotrophic strains were coincubated on Spider medium
for 48 h, and cells were subsequently plated onto selective medium to deter-
mine the mating efficiencies. Mating efficiencies of each cross are expressed as
means = SD. Experiments were repeated three times at least. (B) The OPBa
gene and OPBa gene (primer pair 2 and 3 and primer pair 4 and 5) were used
to determine the mating type. (C) Progeny ploidies were determined by the use
of a BD FACSCanto II system. *, P < 0.05.

ments that drive cells to the opaque state. Furthermore, it is pos-
sible that a transcription factor regulated by Hogl impacts WORI
expression and switching frequencies (Fig. 7). Indeed, our studies
demonstrated that Worl plays a crucial role in the morphological
change in hogIA mutants, as no white-to-opaque switching was
observed in MTLa/a cells or in hoglA worlA mutants. Whether
genetic control (induction of Worl expression) or environmental
control (increased sensitivity to stress conditions) or a combina-
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FIG 7 A proposed model of Hogl MAPK pathway-mediated white-opaque
switching in C. albicans. The master regulator of Worl and the al/a2 het-
erodimer still control the white-opaque switching. The presence of glucose
could be a negative factor for opaque-cell formation. The dashed lines repre-
sent unknown mechanisms or unidentified regulators for Hogl SAPK in reg-
ulating this phenotypic transition.

tion of these factors induces switching remains an open question.
Despite high switching rates of hoglA mutants on SC and NAG
media, we have not observed opaque-colony formation on SCD
plates. Similar observations have been reported to show that the
presence of glucose (dextrose) inhibited opaque-cell formation
and its stability (34, 52). However, the exact mechanism by which
glucose or its metabolism influences phenotypic switching or the
stability of opaque cells remains obscure (Fig. 7).

The pheromone response for C. albicans is mediated by Cphl,
a downstream target of Cek1/Cek2 MAP kinases (21). Deletion of
the CPHI gene resulted in loss of pheromone-stimulated cell ad-
hesion in white cells and mating-projection formation in opaque
cells (21). Despite loss of Hogl SAPK components promoting
opaque-cell formation, upon pheromone challenge, hoglA,
pbs2A, and ssk2A mutants exhibited projections that were shorter
than those of the wild-type strain. Apparently, the pheromone
response in these mutant cells is decreased relative to the level in
the wild type. These mutants also exhibited a significant decrease
in the level of sexual mating. It is clear that C. albicans cells have to
switch to the opaque state before having sex and that the mecha-
nisms of the switch and mating response are disparate (22, 53).
For example, when the pheromone receptor Ste2 or Cphl is re-
moved, cells are still able to switch to the opaque state but cannot
respond to pheromones and cannot undergo a-a mating (21).

Regulatory interactions between the Hogl and mating path-
ways in Saccharomyces cerevisine have been reported (54—60).
Analyses of the antagonistic manners of the potential interactions
of two MAPKs were conducted via examination of the insulation
mechanism, a physical separation of the shared components of
two cascades (54, 59, 61). Since the Hogl and mating pathways
share several components, including Cdc2, Ste20, Ste50, and
Stell, it is therefore possible that Hogl-mediated phosphoryla-
tion might cause the conformational changes of shared compo-
nents to control cell fate (59, 61). The Ste5 and Pbs2 scaffold
proteins exclusively required for the mating and hyperosmotic
responses, respectively, also appear to regulate and maintain the
response specificity (61). Additionally, pathway cross-inhibition
has been previously addressed (61). When Hogl is deleted or in-
hibited, mating is promoted under conditions of hyperosmotic
stress (54, 57). A recent study further indicated that activation of
Hogl can (i) phosphorylate Ste50, leading to the downregulation
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of mating signal, and (ii) repress the Fus3 response shown by
Rck2, a protein kinase of the cell cycle checkpoint (60). It was
previously noted that S. cerevisiaze contains two osmosensors
(Shol and SIn1) for Hog1 activation (39). The shared components
of Cdc2, Ste20, Ste50, and Stell in S. cerevisiae cooperate only
with the Shol-mediated branch (39, 60). Interestingly, although a
conserved mechanism by which external signals are sensed and
relayed to the SAPK pathway has been observed in C. albicans,
mechanisms for activation of the SAPK pathways in the budding
yeast and C. albicans have diverged. Indeed, Hogl SAPK signaling
in C. albicans is entirely dependent on a sole osmosensor, Slnl,
whereas the Shol branch in C. albicans plays no role in Hogl
activation (39, 46). These results therefore suggest a more inter-
esting issue: the potential mechanisms by which the Hogl SAPK
pathway impacts mating in C. albicans.

Taking the data together, white and opaque cells differ in many
aspects, as they exhibit different colony morphologies and differ-
ent mating efficiencies, colonize different niches in the host, and
have different interactions with host immune cells. Our work has
identified a novel role for the Hogl SAPK pathway in mediating
white-opaque switching. Whether there is a niche in the human
body that inhibits Hogl signaling, leading to increased opaque-
cell formation and potential escape from the immune system, is
therefore an interesting issue. Future studies will investigate the
roles of several key upstream regulatory factors and downstream
targets of the Hogl SAPK pathway to determine if these factors
function in regulating this unique phenotypic transition in the
human fungal pathogen C. albicans.
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