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Abstract

The regulatory networks governing morphogenesis of a pleomorphic fungus, Candida albi-
cans are extremely complex and remain to be completely elucidated. This study investi-
gated the function of C. albicans yeast casein kinase 2 (CaYck2p). The yck2A/yck2A strain
displayed constitutive pseudohyphae in both yeast and hyphal growth conditions, and
formed enhanced biofilm under non-biofilm inducing condition. This finding was further sup-
ported by gene expression analysis of the yck2A/yck2A strain which showed significant
upregulation of UMEB, a key transcriptional regulator of hyphal transition and biofilm forma-
tion, and cell wall protein genes ALS3, HWP1, and SUN41, all of which are associated with
morphogenesis and biofilm architecture. The yck2A/yck2A strain was hypersensitive to cell
wall damaging agents and had increased compensatory chitin deposition in the cell wall
accompanied by an upregulation of the expression of the chitin synthase genes, CHS2,
CHS3, and CHSS8. Absence of CaYck2p also affected fungal-host interaction; the yck24/
yck2A strain had significantly reduced ability to damage host cells. However, the yck2A/
yck2A strain had wild-type susceptibility to cyclosporine and FK506, suggesting that
CaYck2p functions independently from the Ca+/calcineurin pathway. Thus, in C. albicans,
Yck2p is a multifunctional kinase that governs morphogenesis, biofilm formation, cell wall
integrity, and host cell interactions.

Introduction

Candida albicans is a part of the normal microbiota of human hosts. As an opportunistic path-
ogen, it can cause life-threatening infections under immunocompromised conditions [1, 2].
Its ability to switch morphologies in various host environments is a key virulence trait [3-8].
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Morphologic transition is regulated by complex pathways [9-12], and regulatory cross talk
among the signaling pathways plays a significant role in governing morphogenesis in response
to various environmental cues [13, 14]. Morphogenesis is closely associated with biofilm for-
mation. The C. albicans biofilm architecture contains a mixture of yeast and hyphal cells in
structured layers [15-18], and is largely related to its dimorphic nature in response to environ-
mental factors such as temperature, pH, and media composition [19-21]. Previous studies sug-
gest that many genes involved in hyphal formation are also tied to genes governing biofilm
formation [16, 22-24]. It is also known that cell wall biogenesis directly contributes to the mor-
phogenesis and pathogenicity of C. albicans, as the cell wall structure dynamically changes dur-
ing progression of the cell cycle [25]. Thus, it is necessary to understand the interconnections
amongst the various regulatory pathways that govern cell wall biogenesis and morphogenesis
for therapeutic and prophylactic interventions.

CaYck2p is one of the fungal homologs of the casein kinase 1 (CK1) family of highly con-
served serine/threonine kinases that are present in most eukaryotic organisms [26]. In higher
eukaryotes, the CK1 family is part of the Wnt signaling pathway [27] and regulates cellular dif-
ferentiation [28], membrane trafficking [29], DNA damage response [30], and circadian
rhythms [28]. The Candida genome project has revealed three CK1 paralogs (YCK2, YCK3,
and HRR25) that share amino acid similarity to other fungal CK1s, such as ScYcklp and
ScYck2p in Saccharomyces cerevisiae (S1 Fig). In S. cerevisiae, CK1 members are functionally
related, governing the cell cycle, morphology, and cell wall integrity [26, 31, 32]. Furthermore,
in S. cerevisiae, ScYcklp and ScYck2p are known to regulate endocytosis, cell morphogenesis,
mRNA localization, and nutrient sensing [26, 31, 33, 34]. Based on its sequence similarity to
ScYcklp and ScYck2p, C. albicans Yck2p (CaYck2p) is predicted to play a role in nutrient
sensing [34, 35]. A recent large-scale screening of a C. albicans protein kinase insertion library
revealed that CaYck2p and CaYck3p are critical for cell wall regulation [36]. Yet, further analy-
sis of individual CK1s in C. albicans has not been performed.

Our previous study discovered that transcription of the YCK2 gene was significantly upre-
gulated when C. albicans interacted with host endothelial cells, and analysis of a yck2 insertion
mutant suggested that CaYck2p may govern host cell interactions [37]. However, a limitation
of this work was that it analyzed a yck2 mutant in which the insertion cassette was integrated
at bp 1130 in the YCK2 open reading frame. As a result, the truncated 376 amino acid-protein
likely retained partial function (S1 Fig). To better elucidate the function of CaYck2p in C. albi-
cans and to determine the functional conservation among members of the fungal CK1 family,
we generated and investigated a homozygous yck2A/yck2A strain in which the entire protein
coding region of the YCK2 was deleted. We identified a new function of CaYck2p in governing
cell growth and hyphal transition, in vitro biofilm formation, and cell wall biogenesis. We also
uncovered several potential downstream molecules affected by CaYck2p that govern these cel-
lular processes of C. albicans.

Materials and methods
Strains and media

All C. albicans strains constructed and used in this study are listed in S1 Table. Strains were
maintained on YPD agar (1% yeast extract (Difco), 2% peptone (Difco) and 2% glucose) at
30°C. Synthetic complete medium [SC, 0.67% yeast nitrogen base without amino acids
(Difco), 0.065% synthetic complete supplement mixture without histidine, arginine, and uri-
dine (Qbiogene), 2% glucose, and 2% agar, supplemented with 100 pg/ml arginine, 50 ug/ml
histidine, and 20 ug/ml uridine as needed] was used for strain construction and screening.
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YPD, RPMI 1640 (Hyclone), Spider (1% nutrient broth, 1% mannitol, 0.2% K,PO,) and
YPGly (YP, 2% glycerol) broth were used for testing hyphal induction and biofilm formation.

Strains construction

The yck2A/yck2A strain was derived from C. albicans BWP17 by successive transformation
with ARG4 and HIS! deletion cassettes generated by PCR using the primers YCK2 KO-5 and
YCK2 KO-3 (S2 Table) [38]. Transformants with ARG4 and HISI markers were selected on SC
medium supplemented with 50 pg/ml histidine and 20 pg/ml uridine amino acids, respectively.
The resulting yck2A/yck2A strain was subsequently transformed with Not I (Promega) and Pst
I (Promega) digested 3.8 Kb pBSK-URA3 to re-integrate URA3 at its native locus as previously
described [39]. To construct the YCK2 complemented strain (yck2A/yck2A::YCK2), a 2.85 Kb
fragment containing YCK2 was amplified from SC5314 genomic DNA with the primers YCK2
Comp-5 and YCK2 Comp-3 by high fidelity PCR (Takara). This PCR product was then cloned
into Not I digested pBSK-URA3 [39]. The resulting construct was linearized with Nru I for
direct integration at the URA3 locus of the yck2A/yck2A strain. Targeted deletion of YCK2 was
confirmed by whole cell PCR with the primers, YCK2 Confirm-5 and YCK2 Confirm-3.

Morphology analysis

To induce hyphal growth of C. albicans, the cells were grown in 3 ml YPD medium for over-
night. The blastopores were then harvested by centrifugation for 10 min at 1000 x g and
washed twice with 1X phosphate buffered saline (PBS). The final concentration of 3 x 10°
cells/ml blastospores were added into RPMI 1640 medium (Hyclone) and incubated at 37°C
for 3 h. Then 10 pl aliquots of the final resuspension was added to glass slides and mixed with
10 pl Vectashield Antifade Mounting Media (Vector Laboratories) for microscopic evaluation
under a Zeiss Apotome microscope (Zeiss).

Biofilm assay

The extent of biofilm formation by the various C. albicans strains was measured by a 96-well
microtiter plate biofilm assay [40]. Briefly, the overnight grown cells were washed with PBS
and then diluted to 107 cells/ml, in various media, and 100 pl of each suspension was trans-
ferred in quadruplicate into 96-well polystyrene, round-bottom microtiter plates (Thermo
Fisher Scientific). Medium without C. albicans cells was used as a baseline control. The extent
of biofilm was quantified after 24 h by crystal violet staining. First, the wells were washed twice
with 200 pl of PBS and then dried for 45 minutes at room temperature. Then, 110 ul of 1%
crystal violet solution (Thermo Fisher Scientific) was added and incubated for 45 minutes at
room temperature. The wells were then washed four times with 350 pl sterile water to remove
the unbound crystal violet. Finally, the biofilm-associated crystal violet was solubilized with
110 pl of 95% ethanol (Sigma-Aldrich) at room temperature for 45 min. Subsequently, 100 pul
was transferred into a new 96 well plate for reading at 570 nm (VictorX, Perkin Elmer, Wal-
tham, MA).

Susceptibility testing

A spot dilution assay was used to test the susceptibility of various C. albicans strains to the cell
membrane and cell wall stressors, as previously described [41]. Briefly, the cells were grown for
overnight in YPD at 30°C and counted using a hemocytometer. Serial 10-fold dilutions of the
strains in 5 pl PBS (range 10° to 10" colony forming units (CFU) per spot) were then plated
onto YPD agar containing 300 pg/ml congo red, 10 pg/ml calcofluor white, 2 mg/ml protamine
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sulfate, 0.1% sodium dodecyl sulfate, 10 pg/ml cyclosporine A, 5 pg/ml FK506 and 5 pg/ml
pyrvinium pamoate, respectively, and incubated at 30°C for 48 h. The plates were photo-
graphed in UVP Gel Doc-It system (UVP, CA).

The minimum Inhibitory Concentrations (MIC) of various C. albican strains to fluconazole
and caspofungin were tested using the broth microdilution method of the CLSI according to
document M27-A3 [42]. MIC values were determined after 24 h and 48 h of incubation.

Calcofluor white staining and fluorescent microscopy

The C. albicans strains were grown to log phase in YPD medium at 30°C and then further
incubated with 0.05% calcofluor white solution (Sigma) for 5 min, after which they were
washed once and resuspended in PBS. To mount the cells, 10 pl of final resuspension was
added to the glass slide and mixed with 10 pl of Vectashield Antifade Mounting Media (Vector
Laboratories). To compare the degree of the calcofluor white fluorescent signal, the UV laser
intensity and the exposure time were fixed at the same level for all observation. The images
were photographed with 63X magnification under a Zeiss Apotome microscope.

Host cell damage assay

Human umbilical vein endothelial cells (HUVECs) were harvested as previously described
[43]. The cells were maintained in M-199 medium (Gibco) supplemented with 10% fetal
bovine serum, 10% bovine calf serum, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 pg/ml
streptomycin. The immortalized oral mucosal keratinocytes (OKF6/TERT) were kindly pro-
vided from Dr. Rheinwald [44] and the immortalized vaginal epithelial cells (VK2/E6E7) were
purchased from American Type Culture Collection (ATCC) [45]. The immortalized cells were
maintained in keratinocyte serum-free medium (Gibco) supplemented with 50 pg/ml bovine
pituitary extract, 0.1 ng/ml epidermal growth factor, 100 U/ml penicillin, and 100 pug/ml strep-
tomycin [44, 45]. All cells were grown at 37°C in a humidified environment containing 5%
CO,. The extent of damage caused by various C. albicans strains was measured using a °'Cr
release assay as described previously [46]. The host cells were grown in a 96-well tissue culture
plate with detachable wells and incubated overnight with 6 pCi Na,>'CrO, (MP Biomedicals)
per well. The following day, the unincorporated tracer was removed by extensive rinsing.
When HUVECs were used, they were infected with 4 x 10* C. albicans blastospores per well in
RPMI 1640. As the epithelial cells are less susceptible to C. albicans-induced damage, they
were infected with 10° C. albicans blastospores per well in the same medium. To measure the
spontaneous release of >*Cr, uninfected host cells were exposed to medium alone. The infected
host cells were incubated for 3 h and then, the amount of >'Cr released into the medium and
retained by the cells was determined by liquid scintillation counter 6500 (Beckman Coulter).

Quantitative real time RT-PCR analysis

C. albicans cells were grown overnight in 3ml of YPD and adjusted to a 3 x 10° cells/ml subcul-
ture. The cells were then incubated for two h in YPD at 30°C for yeast phase growth and in
RPMI at 37°C for hyphal growth. Total RNAs were extracted with RiboPure RNA extraction
kit following the manufacturer’s protocol (Ambion). cDNAs were synthesized from 1 pg of
total RNAs with Retroscript Reverse Transcription Kit (Ambion) following the manufacturer’s
protocol. Quantitative real-time PCR was carried out using 5-Prime SYBR green PCR kit
(Thermo Fisher Scientific) and Eppendorf Realplex System (Eppendorf) following the manu-
facturers’ protocol. The primers used in this study are listed in S2 Table. Relative gene expres-
sion was calculated by the 2**“" method [47] using the transcript level of CAACT1 as the
endogenous control [37].
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Statistical analysis

Unless stated otherwise, each experiment was performed in triplicate on at least three separate
occasions. Raw data were analyzed with Microsoft Excel software and statistical significance of
any differences between experimental groups was determined by ANOVA with Dunnett’s test
posthoc analysis. *, **, and *** denotes a p value of < 0.05, < 0.001, and < 0.0001, respectively.

Results
Yck2p governs morphologic transition of C. albicans

C. albicans switches morphologies between yeast and hyphae forms in response to various
environmental cues. We sought to define the role of CaYck2p during C. albicans morphogene-
sis. The yck2A/yck2A strain was constructed as summarized in S1 Fig and YCK2 transcription
was found to be below detection (p<0.001, Fig 1A). As there are two additional paralogs of
CK1 family, YCK3 and HRR25, their transcription was measured to determine any compensa-
tory upregulation in the absence of YCK2. As shown in Fig 1A, YCK3 transcript levels
increased (p<0.05), but HRR25 transcript levels were not changed in the yck2A/yck2A strain
compared to the wild-type strain and the yck2A/yck2A+YCK2 complemented strain.

The colony morphology of the yck2A/yck2A strain was significantly different from the wild-
type strain when grown on YPD agar at 30°C. As shown on Fig 1B, the wild-type strain formed
smooth convex colonies. The phenotype of the yck2 insertion mutant strain (yck2-Tn7::UAU1/
yck2-Tn7::URA3, called yck2 insertion strain hereafter) [37] generated in our previous study
was similar to that of the wild-type strain. By contrast, the yck2A/yck2A strain formed wrinkled
colonies with a rough texture, which were different from both the wild-type and the yck2 inser-
tion mutant strains. Complementing the yck2A/yck2A strain with an intact copy of YCK2
(yck2A/yck2A+YCK2, complemented strain hereafter) restored the wild-type colony morphol-
ogy, indicating that the wrinkled colonies of the yck2A/yck2A strain were solely due to the com-
plete loss of functional YCK?2 alleles. In contrast, all strains formed wrinkled colonies on YPD
with 10% serum agar at 37°C as shown in S2 Fig. It was noted that the wild-type and the com-
plemented strain formed more flat and fuzzy colonies than the yck2A/yck2A strain.

Next, the cells were viewed by microscopy to observe the morphology of the yck2A/yck2A
strain as shown on Fig 1C. The wild-type strain grew as yeast in YPD medium at 30°C, and
grew as hyphae in RPMI 1640 medium at 37°C. Similarly, the yck2 insertion strain grew as
yeast form in YPD medium at 30°C and formed short hyphae in RPMI medium at 37°C, simi-
larly to our previous study [37]. However, the yck2A/yck2A strain grew as chains of elongated
yeast cells in both YPD medium at 30°C and RPMI medium at 37°C. The chains of elongated
cells were reminiscent of pseudohyphae. The complemented strain had wild-type morphology,
indicating that the observed pseudohyphal-like morphology of the yck2A/yck2A strain was
solely due to the loss of functional YCK2 alleles.

Yck2p is involved in biofilm formation

While assessing the morphology of the yck2A/yck2A strain, we noticed that the cells were
aggregated and adhered to the plastic culture tubes in YPD broth at 30°C, which was not usu-
ally observed with the wild-type strain. Therefore, we suspected that the yck2A/yck2A strain
may have increased biofilm capability. First, we assessed the extent of biofilm by the wild-type
strain in various conditions, to determine the effect of media and temperature on biofilm for-
mation (S2 Fig). Growth in RPMI 1640 medium induced the noticeable biofilm formation by
the wild-type strain at 30°C, whereas neither YPD nor YPGly media induced biofilm forma-
tion at 30°C. The Spider medium induced less biofilm formation by the wild-type strain at
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Fig 1. Morphology of the yck2A/yck2A strain. A, relative mRNA expression of YCK2 (a), YCK3 (b), and HRR25 (c) for the
designated strains. Shown are mean + S.D. of three biological replicates (* p<0.05, ** p<0.001). B, colony morphologies of
the wild-type (a), the yck2/yck2insertion mutant (b), the yck2A/yck2A (c), and the yck2A/yck2A+YCK2 complemented (d)
strains grown on YPD plate at 30°C for 2 days. C, microscopic morphologies of the wild-type (a and e), the yck2/yck2insertion
mutant (b and f), the yck2A\/yck2A (c and g), and the complemented (d and h) strains grown in YPD medium for two h at 30°C
and in RPMI 1640 medium at 37°C, respectively.

https://doi.org/10.1371/journal.pone.0187721.9001

30°C. Thus, we considered the spider medium at 30°C as a moderate biofilm inducing condi-
tion. The extent of biofilm formed at 37°C suggest that all media except YPGly at 37°C are bio-
film-inducing conditions for the wild-type strain.
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Next, we measured the extent of biofilm formed by the yck2A/yck2A strain in both non-bio-
film inducing and biofilm-inducing conditions. Indeed, the yck2A/yck2A strain formed signifi-
cantly increased biofilm in all non-biofilm inducing conditions as compared to the wild-type
strain. As shown in Fig 2A, the wild-type strain did not form a biofilm in either YPD or YPGly
media at 30°C. In contrast, the yck2A/yck2A strain developed 28-fold (p<0.05) and 80-fold
(p<0.001) more biofilm in YPD and YPGly, compared to the wild-type strain. The insertion
mutant and the complemented strains did not form biofilms in those conditions, similar to the
wild-type strain. The extent of biofilm by all strains grown in RPMI 1640 medium at 30°C was
comparable, whereas the yck2A/yck2A strain formed 2 fold increased biofilm as compared to
the wild type strain under spider medium at 30°C. Fig 2B demonstrates that the yck2A/yck2A
strain formed 6-fold (p<0.001) increased biofilm relative to the wild-type strain in YPGly at
37°C, a non-biofilm inducing condition for the wild-type strain. This result suggests that the
yck2A/yck2A strain has an enhanced capacity to form biofilms when grown under conditions
that induce minimal biofilm formation by the wild-type strain. The yck2A/yck2A strain also
formed a similar level of biofilm as the wild type did in biofilm inducing condition, suggesting
that the yck2A/yck2A strain likely formed a constitutive biofilm in all conditions tested for this
study.

Yck2p is required for normal host cell damage by C. albicans

The ability of C. albicans to switch morphology greatly affects its ability to damage host cells
[3, 10]. We analyzed whether the yck2A/yck2A strain with constitutive pseudohyphae was capa-
ble of damaging host cells in vitro. As shown in Fig 2C, the yck2A/yck2A strain caused signifi-
cantly less damage to all three types of host cells, human umbilical vein endothelial cells
(HUVECsS), immortalized oral mucosal keratinocytes (OKF6/TERT), and immortalized vagi-
nal epithelial cells (VK2/E6E7), as compared to the wild-type strain. Complementing the
yck2A/yck2A strain with a wild-type copy of YCK2 restored its capacity to damage host cells.
This result suggests that CaYck2p is required to damage both endothelial and epithelial cells in
vitro.

YCK2is involved in cell wall integrity of C. albicans

The yck2A/yck2A strain displaying altered morphology and biofilm likely has cell wall architec-
ture change, which often leads to altered cell wall integrity that in turn may impact cell mem-
brane function. Thus, we examined the susceptibility of the yck2A/yck2A strain to various cell
wall and cell membrane stressors. As shown in Fig 3A, the yck2A/yck2A strain had markedly
increased susceptibility to protamine, SDS, congo red, and calcofluor white. In contrast, the
yck2A/yck2A strain grew normally in the presence of NaCl or H,O,, indicating that CaYck2p is
not required for its resistance to either osmotic or oxidative stress. This result suggests that
CaYck2p is involved in governing cell wall integrity but is not related to either osmotic or oxi-
dative stress response.

To further investigate the degree of hypersensitivity of the yck2A/yck2A strain to the cell
wall stressors, the minimum inhibitory concentration (MIC) values of fluconazole and caspo-
fungin were measured. As shown on Table 1, the 24 h and 48 h fluconazole MICs for the
yck2A/yck2A strain were 0.062 pug/ml and 0.125 pg/ml, respectively, which were hypersuscepti-
ble compared with those for wild type (0.5 pg/ml at 24 h and 1 pg/ml at 48 h) and comple-
mented strains (0.25 pg/ml at 24 h and 0.5 pg/ml at 48 h). The MIC values of caspofungin
demonstrated similar results; the MICs for yck2A/yck2A strain were significantly lower
(0.031 pg/ml at 24 h and 0.125 pg/ml at 48 h) than those for the wild-type strain and the com-
plemented strains (0.5 pg/ml at 24 h and 1 pg/ml at 48 h).
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Fig 2. Functional analysis of YCK2 deletion. A and B, The extent of biofilm formation by the indicated
strains after 48 hin YPD, RPMI1640, YPGly, and Spider media at 30°C (A) and at 37°C (B). (* p<0.001). C,
The extent of cell damage of endothelial cells (HUVECS), oral epithelial cells (OKF6/TERT), and vaginal
epithelial cells (VK2E6/E7) after 180 min co-incubation with the indicated strains. (*, p<0.001 compared to
both the wild-type strain and complemented strain).

https://doi.org/10.1371/journal.pone.0187721.g002

We sought to identify potential regulatory mechanisms by which CaYck2p maintains cell
wall integrity. To test whether CaYck2p is associated with the Ca®*/calcineurin pathway in
governing cell wall integrity, the susceptibility of the yck2A/yck2A strain to cyclosporine A and
FK506 was tested [48]. As shown on Fig 3B, the wild-type strain was resistant to 10 pg/ml
cyclosporine A and 5 pg/ml FK506. The C. albicans vps15A/vps15Astrain is known to be hyper-
susceptible to both inhibitors [37], and, thus, was used as a positive control for susceptibility to
these drugs. The yck2A/yck2A strain grew similarly to the wild-type strain, suggesting that
Yck2p does not influence cell wall integrity via the calcineurin pathway. To test the conserved
function of the CK1 family among eukaryotic system, the yck2A/yck2A strain was also tested
for its susceptibility to pyrvinium pamoate, a drug that modulates the CK1 and Wnt signaling

YPD
A wild-type (X ER
yck2n/yck2a L X X KB

Protamine CFW

SDS Congo Red

yck2A/yck2A+YCK2
YPD+DMSO  Cyclosporine A FK506 Pyrvinium pamoate
B TN @009 0000|0000 :|000 s
yck2d/yck2a X X R ArY X g
yck2nfyck2a+yc2f K A N BRI Y F R EA X X F I L X K

vps158/vps15A £ K K UG B (X X X B

Wild-type yck2/yck2 yck2n/yck2n yck2D/yck20+YCK2

Calcofluor

Fig 3. Effect of YCK2 deletion on cell wall integrity. A, susceptibility of the indicated strains to various cell wall
stressors, 2 mg/ml protamine sulfate, 0.1% SDS, 300 pg/ml congo red, and 10 pg/ml calcofluor white (CFW) after
48 h at 30°C. B, susceptibility of the designated strains to calcineurin inhibitors, 10 ug/ml cyclosporine A and 5 pg/
ml FK506 and 5 pg/ml pyrvinium pamoate. Shown are representative images for three independent experiments
with the same outcome. C, microscopic analysis of chitin deposition in the cell wall of the wild-type (a, €), the
insertion mutant (b, f), the yck2A/yck2A (c, g), and the complemented (d, h) strains grown in YPD at 30°C and
stained with 0.05% calcofluor white.

https://doi.org/10.1371/journal.pone.0187721.9003
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Table 1. Minimum inhibitory concentrations of fluconazole and caspofungin for the yck2A/yck2A
strain.

Minimum Inhibitory Concentration (ug/mL)

C. albcans strains Fluconazole Caspofungin
24h 48 h 24h 48 h
Wild-type (DIC185) 0.5 1 0.5 1
yck2A/yck2A (1041U) 0.062 0.125 0.031 0.125
yck2M\/yck2A + YCK2 (10410) 0.5 0.5 0.5 1

https://doi.org/10.1371/journal.pone.0187721.t001

pathways [49, 50]. The yck2A/yck2A strain displayed significantly increased sensitivity to pyrvi-
nium pamoate as compared to the wild-type strain (Fig 3B), which provides evidence that
CaYck2p is functions in the CK1 and Wnt signaling pathways.

Compensatory chitin synthesis was induced by the loss of Yck2p
function

The finding that the yck2A/yck2A strain was sensitive to cell wall targeting drugs suggested that
the yck2A/yck2A strain may have a compensatory increase in chitin deposition. When the
yck2A/yck2A strain was stained with calcofluor white to assess chitin levels and distribution in
the cell wall, there was notably increased fluorescence in the cell wall and the septum of the
yck2A/yck2A strain as compared to both the wild-type and the complemented strains (Fig 3C).
This result suggests that there is an increased chitin synthesis in the absence of functional
CaYck2p.

Transcriptional analysis of the chitin synthase genes in the yck2A/yck2A strain demon-
strated that the expression of CHS2, CHS3, and CHS8 genes was induced by 5-fold (p<0.0001),
3.3-fold (p<0.01), and 3-fold (p<0.01), respectively, compared to the wild-type strain and the
complemented strains (Fig 4A). CHSI expression was slightly, but not significantly increased
in the yck2A/yck2A strain. These data suggest that the loss of functional CaYck2p results in
impaired cell wall integrity, which then leads to a compensatory increase in chitin synthase
mRNA expression, leading to enhance cell wall chitin deposition. However, the transcription
level of glucan synthase genes (FKSI, GSL1, GSL2) were similar between the yck2A/yck2A and
the wild-type strains (Fig 4B).

Yck2p is involved in hyphal specific gene regulation

To determine how CaYck2p regulates C. albicans morphology, biofilm formation, and host
cell damage, we assessed the transcription levels of the genes associated with these processes.
First, we tested the mRNA expression of a transcription factor, UMES6, for which has increased
expression during the yeast-to-hyphal transition [51]. UME6 mRNA levels in the yck2A/yck2A
strain grown yeast-inducing condition (YPD at 30°C) were 35-fold higher than in the wild-
type strain (p<0.001) (Fig 5A, top left). The complemented strain expressed wild-type levels of
UMEG6. When the strains were grown under hyphal inducing conditions, all strains expressed
similar levels of UMES6 (Fig 5A, top right). The increased UME6 expression in the yck2A/yck2A
strain is likely the cause of its pseudohyphal growth and increased biofilm formation under
yeast-inducing condition. We also measured the transcription of ALS3 and HWPI, both of
which are highly expressed by hyphae, and involved in biofilm formation [52]. Fig 5A (bot-
tom) demonstrated that there was a 4-fold increased expression of ALS3 (p<0.001) and a
32-fold increased level of HWPI (p<0.001) relative to the wild-type strain, even when the
organisms were grown under yeast-inducing conditions.
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Fig 4. Quantitative gene expression analysis of cell wall synthase genes. A, the relative mRNA expression
of chitin synthase genes compared to wild type in the indicated strains grown in YPD at 30°C to mid log phase
(** p<0.001 and *** p<0.0001). B, the relative mRNA expression of glucan synthase genes compared to wild
type in the indicated strains grown in YPD at 30°C to mid log phase.

https://doi.org/10.1371/journal.pone.0187721.g004

To further elucidate the molecular mechanisms of the altered phenotype of the yck2A/yck2A
strain, we measured the mRNA expression levels of BCR1, CPH1, and EFG1, which encode
transcription factors known to be responsible for hyphal transition and/or biofilm formation.
CPH 1 expression was slightly decreased but the change was not statistically significant. Either
BCRI or EFGI was not differentially expressed in the yck2A/yck2A strain relative to the wild-
type, as shown on Fig 5B, suggesting that CaYck2p is not involved in the transcriptional regu-
lation of these genes. The transcription of HOGI and MKCI, which specify MAP kinases
involved in stress response, was not altered in the yck2A/yck2A strain as compared to the wild-
type strain. The expression of transcription genes encoding the repressor proteins, NRG1,
RFG1I, and TUPI, which represses UME6 transcription and hyphal transition was also tested.
Only TUPI expression was decreased in the yck2A/yck2A strain as compared to the wild type.
The expression of SUN41 was increased in the yck2A/yck2A strain as compared to the wild-
type strain, which is consistent with previous finding that increased UMEG6 expression
enhances SUN41 transcription [23]. Collectively, these results suggest that CaYck2p is associ-
ated with de-repression of UMEG6 and its downstream hyphal specific genes, ALS3, HWPI, and
SUN41 when C. albicans is grown under yeast-inducing conditions.
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Fig 5. Quantitative gene expression analysis. A, relative mRNA expression of UMEG, ALS3, and HWP1in
the indicated strains grown in YPD at 30°C and in RPMI at 37°C, respectively. Shown are means + S.D. of
three independent experiments (** p<0.001). B, relative mRNA expression of genes involved in morphology
transition and biofilm formation in the yck2A/yck2A strain compared to the wild type strain grown in YPD at
30°C. Shown are means * SD for three biological replicates (* p<0.05).

https://doi.org/10.1371/journal.pone.0187721.g005

Discussion

This study identified a new function of the C. albicans yeast casein kinase 2 (CaYck2p) in con-
trolling morphogenesis, biofilm formation, host cell damage, and cell wall integrity. Our
results suggest that CaYck2p is the dominant CK1 homolog of C. albicans, by which governs
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similar biological processes as ScYcklp/ScYck2p [26, 31, 53, 54] of S. cerevisiae and other fun-
gal CK1 homologs [32, 55, 56]. We noticed that the morphology of the yck2A/yck2A strain dif-
fered significantly from that of the insertion mutant strain reported in our previous study [37].
The insertion mutant strain, expressing a truncated CaYck2p with the conserved catalytic
domain, had delayed yeast-to-hyphal transition [37]. By contrast, the yck2A/yck2A strain was
not able to switch between yeast and hyphae and formed constitutive pseudohyphae-like cells.
Thus, the N-terminus catalytic domain of CaYck2p seems to be crucial for the yeast-to-hyphal
transition. The transcription of YCK3 was increased in the yck2A/yck2A strain, suggesting that
there was compensatory upregulation of the other CK1 homolog in the absence of CaYck2p.
Still, CaYck2p and CaYck3p do not seem to play interchangeable function as the lack of func-
tional CaYck2p alone resulted similar morphological changes, similar to the double ScYcklp/
ScYck2p mutations [26, 31, 53, 54].

The yck2A/yck2A strain grew as a constitutive pseudohyphae-like form in both yeast and
hyphal growth conditions. Yet, the microscopic observation alone did not provide adequate
evidence of whether the mutant filaments were bona fide pseudohyphae or defected filamenta-
tion under hyphal inducing condition. The capacity of C. albicans to switch between yeast,
pseudohyphae, and hyphae forms contributes significantly to its ability to form biofilm [23, 52,
57]. The yck2A/yck2A strain formed a biofilm under various non-biofilm inducing conditions,
and formed similar wild-type biofilm under strong biofilm inducing conditions. Thus, it is
likely that the constitutive pseudohyphae of the yck2A/yck2A strain enabled the organism to
form a biofilm even under non-inducing condition. Studies suggest that the pseudohyphae are
intermediate to yeast and hyphae and the genes associated with pseudohyphal form are a sub-
set of those with hyphal form [7, 58]. Of those genes, UMES is transcriptionally regulated, and
its mRNA expression levels escalate as the cell transition from yeast to pseudohyphae to true
hyphae. Previous studies also demonstrated that overexpression of UME6 in a non-biofilm
forming mutant restored biofilm formation [20, 59] and significantly increased levels of ALS3,
which encodes an agglutinin-like protein [60-62] and invasin [63, 64], and HWPI, which
specifies a hyphal specific protein involved in adherence and biofilm formation [52, 65-67].
We found that the yck2A/yck2A strain overexpresses UMEG, as well as ALS3, and HWPI. Thus,
we speculate that in the yck2A/yck2A strain, de-repression of UMEG6 led to the increased ALS3
and HWPI to the enhanced biofilm formation.

As the filamentous growth program is initiated by relief of transcriptional repression [68],
CaYck2p is likely associated with transcriptional repression of UME6 and its downstream
genes. It was reported that the transcription of UMEG6 is upregulated by Efglp and negatively
regulated by Nrglp-Tuplp and Rfglp-Tuplp repression complexes [51, 69, 70]. Thus, it is pos-
sible that CaYck2p interacts with the transcription factors that regulate UME6 transcription.
Our study found the expression of TUPI was slightly decreased in the yck2A/yck2A strain.
Thus, reduced TUPI expression in the yck2A/yck2A strain likely decreases the repressive activ-
ity the Tupl complexes, leading to de-repression of UMEG transcription. Nevertheless, the
yck2A/yck2A strain is locked in pseudohyphae form even with the elevated UMEG expression,
in contrast to the previous result that constitutive expression of UMEG6 induces the formation
of true hyphae under non-hyphae inducing condition [7, 23, 51, 71]. As tupIA/tupIA mutant
is known to grow constitutively as pseudohyphae [4], reduced TUPI expression may be one
reason that the yck2A/yck2A strain has this morphology. Therefore, we conclude that the ele-
vated UMEG expression is insufficient to induce the formation of true hyphae in the absence of
functional CaYck2p. This study also suggests that true hyphal formation is not required for in
vitro biofilm formation; the increased ALS3 and HWPI expression in pseudohyphae of the
yck2A/yck2A strain was sufficient to promote constitutive biofilm formation. Still, the biofilm
formed by the yck2A/yck2A strain might have different ultrastructure as compared to the wild-
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type strain. In the future, a closer investigation of the role of Yck2p in governing biofilm archi-
tecture and the process of cell dispersal from mature biofilms will provide additional insight
into the role of Yck2p in biofilm formation and dispersal.

Many studies suggest that the C. albicans strains with impaired morphogenesis also have
reduced virulence [72, 73]. Our result demonstrated that the yck2A/yck2A strain, even with
increased expression of UME6 and its downstream cell surface adhesins, ALS3 and HWPI, had
significantly decreased ability to damage both endothelial and epithelial cells tested in this
study. These results strongly suggest that the yck2A/yck2A strain would have reduced virulence
in mouse models of mucosal and disseminated infection.

Cell wall dynamics are controlled by a broad signaling network [74, 75] and are tightly
linked to C. albicans growth, morphogenesis, and pathogenicity [76]. The yck2A/yck2A strain
was hypersensitive to cell wall stressors and demonstrated increased chitin deposition in the
cell wall. Transcriptional analysis confirmed increased expression of three chitin synthase
genes, CHS2, CHS3, and CHS8, which is consistent with previous studies showing that fungal
cells increase chitin synthesis to overcome compromised cell wall integrity [77-79]. The tran-
scription of SUN41, a cell wall glycosidase involved in cell wall biogenesis and biofilm forma-
tion [80], was also induced in the yck2A/yck2A strain as compared to the wild-type. Taken
together, these results indicate that CaYck2p is important to cell wall integrity. These data are
also consistent with those of a previous study that found that CaYck2p is a part of a carbohy-
drate utilization protein kinase cluster involved in cell wall biogenesis [36].

One possible mechanism by which CaYck2p is involved in regulation of cell wall integrity is
by interacting with one of the cell wall integrity regulatory pathways [81-84]. Our results indi-
cated that the yck2A/yck2A strain displayed wild-type sensitivity to cyclosporine A and FK506,
suggesting that the absence of CaYck2p does not activate the calcineurin pathway. The
PKC-Mkclp pathway regulates cell wall integrity by directly increasing chitin synthase gene
expression when the cell wall is damaged by cell wall perturbing drugs [36, 85, 86]. As the
yck2A/yck2A strain had increased chitin deposition on the cell wall and the upregulation of chi-
tin synthase genes, it is likely that aberrant cell wall formation in the yck2A/yck2A strain mim-
ics stress conditions and leads to constitutive upregulation of compensatory chitin synthesis. A
previous study suggested that Ccklp, the CK1 homolog in C. neoformans, regulates the expres-
sion and phosphorylation of Mpklp and Hoglp under oxidative and osmotic stress conditions
[32]. By contrast, we found that the yck2A/yck2A strain displayed wild-type resistance to
osmotic and oxidative stress. Thus, it is likely that there is functional divergence of CK1 family
among fungal species. Finally, we found that pyrvinium pamoate, an anthelminthic agent
known to modulate CK1 and Wnt signaling pathway in higher eukaryotic systems, has specific
inhibitory effect on the yck2A/yck2A strain. This result indicates that Yck2p functions in the
CK1/Wnt signaling pathway and suggests that the combination of pyrvinium pamoate and a
CK1 inhibitor could be developed into a new antifungal agent.

In summary, the fungal CK1 homologs have conserved their functions in maintaining cel-
lular processes, but species specific functional divergence has occurred. In C. albicans, Yck2p
regulates a range of cellular functions including morphogenesis, biofilm formation, cell wall
integrity, and host cell interaction. In particular, CaYck2p likely plays a significant role in gov-
erning genetic repression of hyphal specific genes, and in regulating compensatory cell wall
biogenesis.

Supporting information

S1 Fig. Sequence analysis of CaYck2p and construction of the homozygous deletion strain.
(A) Protein similarity analysis of C. albicans Yck2p, Yck3p, S. cerevisiae Yckl1p, and Yck2p.
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(B) The protein conserved domain information of the CaYck2p (http://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi). (C) Illustration of two-step gene disruption with HIS1 and
ARG4 markers. (D) PCR amplified YCK2 alleles with YCK2 Confirm-5 and YCK2 Confirm-3
primers. Indicated strains’ genomic DNAs were amplified with YCK2 Confirm-5 and YCK2
Confirm-3 primers, run on 0.8% agarose gel with 1 Kb ladder (New England Biolabs), and
imaged with UVP Gel Doc-It system (UVP, CA).

(TIFF)

S2 Fig. Colony morphology of the yck2A/yck2A strain. Colony morphologies of the wild-
type (a), the yck2A/yck2A (b), and the yck2A/yck2A+YCK2 complemented (c) strains grown on
YPD with 10% serum plate at 37°C for 2 days.

(TIFF)

S3 Fig. Extent of biofilm formation by the wild-type strain in various conditions. The
extent of biofilm formation in RPMI1640, spider, YPD and YPglycerol media at 30°C and
37°C was tested by colormetric absorbance analysis at 595nm. (** p<0.01 in OneWay
ANOVA with Dunnett’s test posthoc analysis).
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S1 Table. Strains used in this study.
(PDF)

S2 Table. Primers used in this study.
(PDF)
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