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Morphological transition (yeast-hyphal and white-opaque) is an important biological process in the life
cycle of pathogenic yeast, Candida albicans and is a major determinant of virulence. Earlier reports show
that the amino sugar, N-acetylglucosamine (GlcNAc) induces white to opaque switching in this pathogen.
We report here a new contributor to this switching phenomenon, namely N-acetylglucosamine kinase or
HXK1, the first enzyme of the GIcNAc catabolic cascade. Microarray profile analysis of wild type vs. hxk1
mutant cells grown under switching inducing condition showed upregulation of opaque specific and cell
sl wall specific genes along genes involved ip the oxidative metabolism. Further, our qRT-PCR fmd immu-
White-opaque switching noblot analysis revealed that the expression levels of Worl, a master regulator of the white-opaque
Worl switching phenomenon remained unaltered during this HXK1 mediated transition. Thus the derepression
Rasl of opaque specific gene expression observed in hxkl mutant could be uncoupled to the expression of
WORI1. Moreover, this regulation via HXK1 is independent of Ras1, a major regulator of morphogenetic
transition and probably independent of MTL locus too. These results extend our understanding of multi-
farious roles of metabolic enzymes like Hxk1 and suggest an adaptive mechanism during host-pathogen
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1. Introduction

Candida albicans is an opportunistic fungal pathogen and it can
turn to pathogenic when the host is immunocompromised. It
undergoes different morphological transitions (yeast, hyphae,
white, and opaque) [1-3] in response to various environmental
cues. Each morphological form provides added advantage for the
pathogen in adapting to stressful conditions inside the host [4].
White to opaque transition is one of the important morphological
transitions first reported by Slutsky et al. [5] and later it was also
demonstrated that the switch from white to opaque was an essen-
tial step in the mating process [6,7]. Opaque cells are elongate, or
bean-shaped, and are more virulent than white and are less recog-
nized by host innate immune response system [8,9]. Each of these
states is heritable for many generations, and switching between
these states occurs stochastically, at low frequency. In opaque cells,
WORI levels are high due to the existence of a positive feedback
loop while in white cells its levels are undetectable [10,11].
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Previously it was demonstrated that GIcNAc is a potent inducer
of white to opaque switching [12] and yeast to hyphal transition in
C. albicans [13] wherein RAS1 was suggested to have a potent but
not exclusive role in GIcNAc mediated switching. Our earlier stud-
ies has shown that Hxk1, N-acetylglucosamine kinase regulate the
genes involved in the various cellular processes like filamentation,
GlcNAc metabolism by modulating at chromatin level in associa-
tion with Sir2 [14]. Here we report the involvement of HXK1 in
white-opaque phenotypic switching. Most importantly the HXK1
mediated switching seemed to be independent of major regulators
of morphogenetic transition like RAST or WORI. Although it is
reported that a/o cells are generally switching refractory in
C. albicans, our results probably point towards the existence of
unanticipated diversity in the switching phenomenon including a
MTL locus independent switch too.

2. Materials and methods
2.1. Yeast strains, media, and culture conditions
C. albicans strain GH1013 was used as a parent strain in this

study. The other strains used in this study are listed in Supplemen-
tary Table S1. For routine growth, modified Lee’s medium was used
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[15] with different combinations of glucose, GIcNAc or Galactose
(1.25% w/v) or mannitol (2% w/v). Agar cultures were grown at a
density of 40-80 colonies per 90 mm plate. Phloxine B was added
to nutrient agar for opaque colony staining [16].

For all morphological studies, data has been shown as mean of
three independent experiments.

2.1.1. Construction of C. albicans deletion mutants

HXK1 was deleted by a PCR product-directed disruption proto-
col, as described elsewhere [17]. Briefly, the HIS1 and ARG4 mark-
ers were amplified by PCR from pSN52 and pSN69, respectively.
The oligonucleotide pairs HXK1DEL-F and HXK1DEL-R (Table S3)
were used for PCR amplification. The HIST and ARG4 markers were
sequentially transformed into the host strains GH1013, and hetero-
zygous mutants. The null mutants were selected on SD-His-Arg
plates and confirmed by PCR. For the preparation of MTL homozy-
gous under ras1 and ras1 hxk1 double mutant back grounds, MTLa1
allele was deleted by following a modified Ura-blaster method
[18]. Two long primers (MTL-DEL-F, MTL-DEL-R), each containing
a different 77 and 76 nucleotide sequence homologous to the gene
MTL-a1l, were used for PCR amplification (Supplementary
Table S3). pDDB57, which contains the recyclable URA3-dpl200
marker, was used as template. The PCR product was transformed
into CAN52, and HR1-4-6-2 [14]. Transformants were grown on
selective synthetic defined (SD) medium SD-Ura agar plates. The
transformants were confirmed by PCR by using primers (MTLaF,
MTLaR, MTLaF and MTLaR, Table S3) for absence of MTL-al.

2.1.2. Preparation iWOR1-GFP and hWOR1-GFP strains

Plasmid pMG2120 [19] was used as template with primers
WOR-GFP-F and WOR-GFP-R and the PCR product was transformed
separately in both wild type (GH1013) and hxk1 mutant giving rise
to iWOR1-GFP and hWOR1-GFP strains, respectively. Transformants
were selected on YPD containing 400 pig/ml nourseothricin, and
correct transformants were selected by diagnostic PCR using prim-
ers NATF and NATR to amplify the NAT cassette. In the background
of iWOR1-GFP and hWOR1-GFP, Op4 was tagged with 13X-myc.

2.2. Microarray experiment

Wild type (GH1013) and hxk1 mutant strains were pre-grown
in Lee-Glucose liquid medium till saturation for 7 days at 25 °C,
serially diluted and spread at a density of 60-80 cfus per plate
on Lee Galactose + GIcNAc medium. Well isolated colonies after
3 days of growth were pooled and washed in ice cold water and
RNA was isolated using Tripure Isolation Reagent (Roche). The
RNA concentration was determined using Nanodrop spectropho-
tometer. Microarray experimentation was done as described
elsewhere [14].

2.3. qRT-PCR analysis

For all qRT-PCR experiments, total RNA was treated with RNase-
free DNase I (Invitrogen) to remove any residual DNA. About
500 ng of DNase I-treated RNA was used for single-stranded cDNA
synthesis in 10 pl of reaction mixture using a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems) and used for qRT-
PCR with SYBR green PCR master mix on an ABI Prism 7000 real-
time PCR apparatus (Applied Biosystems). The comparative CT
method (2-24%) was used to determine the relative gene expres-
sion [20]. Control reactions without reverse transcriptase were car-
ried out for each cDNA preparation and ascertained that no
amplification was obtained as judged by high CT [21] values and
gel analysis.

2.4. Immunoblotting

Immunoblotting was performed, as described previously [14].
For Western blot analysis, proteins from gels were electrotrans-
ferred to Hybond C Extra membrane (Amersham Biosciences).
The blot was blocked using 3% skimmed milk in a buffer containing
10 mM Tris, pH 7.4, 15 mM Nacl, 0.05% Tween-20. For detection of
GFP, GAPDH or myc signals, membranes were incubated with anti-
GFP monoclonal antibody (Roche Diagnostics) or anti-GAPDH
(MyBioSource) or anti c-myc (Roche Diagnostics), at a dilution of
1:1000 and a peroxidase conjugated secondary antibody (Amer-
sham Biosciences, UK) at a dilution of 1:20,000. An enhanced
chemiluminescence (ECL prime) detection system (Amersham Bio-
sciences, UK) was used for antibody detection according to the
manufacturer’s instructions.

2.5. Microscopy

Microscopic images of yeast cells and colonies were captured
using a Nikon 80i inverted microscope equipped with a Nikon Dig-
ital DXM1200C camera or Stereo microscope using x40, x100 or
x7 objective.

3. Results and discussion
3.1. Hxk1 regulates genes involved in white-opaque switching

During our colony morphology studies with different hxk1 mu-
tants on YPD plates we came across some interesting phenotypes.
Sectored filamentation was observed in case of rasi/hxk1 double
mutant (MTL heterozygous) colonies compared with rasil single
mutant (Fig. 1A). We also made a striking observation with efg1/
hxk1 double mutant where there was a tendency to switch to opa-
que/grey colonies (data not shown), the frequency of which was
more when compared to that of efg] mutant alone as reported else-
where [22]. These observations prompted us to explore the
involvement of HXK1 in phenotypic switching, more precisely
white-opaque switching.

Therefore, hxk1 was mutated in a background of GH1013 which
is homozygous for the a/a locus and thus has the ability to switch.
Under non-inducing conditions (Lee-Glucose) all the colonies of
hxk1 mutant showed an opaque central area (Fig. 1B) after 5 days.
Interestingly on Lee-mannitol plates approximately 40% of the col-
onies showed opaque sectors after 5 days, 20% of which completely
turned opaque after 9 days of incubation and remaining all the col-
onies had prominent central opaque areas or sectors (Fig. 1C). Cells
taken from such colonies were elongated, bean-shaped, and char-
acteristic of opaque cells in C. albicans [5]. Studies by Huang
et al. [12] identified GIcNAc as a potent inducer of white-opaque
switching. Since the enzyme we were concerned with is a GIcNAc
catabolic enzyme, its mutant was unable to grow on GIcNAc alone
and hence a substitute carbon source like Galactose was added to
GlcNAc to study the switching frequency of hxkl mutant. When
this mutant was grown on Galactose + GIcNAc at 25 °C (Fig. 1C,
lower panel) switching frequency was almost 80% as compared
to the wild type where 30% colonies were opaque. (This reduced
frequency of opaque colonies in wild type was due to the addition
of Galactose which may not be a preferred sugar for switching.)
Apart from this, the general increased frequency of switching in
a hxkl mutant irrespective of the sugar used (Lee-glucose/Lee-
mannitol/Lee-Gal + GIcNAc) reconfirmed the fact that a cross-talk
exists between metabolic flexibility and white-opaque switching
as described by Lan et al. [23].

This finding was further supported by analysis of our
microarray result with hxkl mutant compared to wild type in
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Fig. 1. HxKk1 is involved in morphogenetic transition. (A) ras1/hxk1 (MTLa/o) double mutant colonies showed sectored filamentation compared to ras1 (MTLa/o)) mutant. ras1
and ras1/hxk1 mutants were grown on YPD plates for 7 days. (B) hxk1 (MTLa/a) mutant showed opaque switching in non inducing conditions (Lee-Glucose). In hxk1 mutant
the colonies showed an opaque central area under non-inducing conditions. Cells taken from Opaque colony were elongated and bean-shaped (inset). (C) White-opaque
switching frequency in various media. For Lee-Glucose and Lee-Galactose + GIcNAc media cells were pregrown in Lee-Glucose liquid medium till saturation for 7 days at
25 °C, serially diluted and spread at a density of 60-80 cfus per plate [12]. In case of Mannitol the cells were pregrown in Lee-Glucose plates for 5 days, resuspended in liquid
Lee media, serially diluted and spread as above [10]. Opaque sectored or complete opaque colonies are represented with white arrows, whereas white colonies are

represented with dashed arrows.

Galactose + GIcNAc grown cells that showed upregulation of sev-
eral opaque phase-specific genes (Fig. 2A-C). These genes had been
shown to be involved in metabolic specialization during white-
opaque switching by Lan et al. [23]. The common set of upregu-
lated genes in our array analysis and their study could be broadly
classified into two distinct groups viz. (1) metabolic genes - It in-
cluded genes like PXP2, FOX3, ADH3, ADH2, ACS1, ICL1, POX1-3,
POT1, ALD5, ALD6, FOX2, FDH1 that together contribute towards

the shifting of metabolic flux to morphogenetic transition by aiding
the non-fermentative mode of respiration and lipid metabolism
(The upregulation of genes involved in lipid metabolism is not sur-
prising since earlier reports by Lan et al. [23] propose that in opa-
que cells the fatty-acid B-oxidation is more prominent since these
cells are mostly present in a habitat where free sugars are absent
and lipids predominate). (2) Cell wall specific genes like PGA17,
HGT12, PGA45, HGT13, HGT16, PGA57, PGA32 that reprogram the



K.H. Rao et al./Biochemical and Biophysical Research Communications 445 (2014) 138-144 141

B hxkl /HXK1
(Gal+GlcNAc)
1 2

Avg.  Op/Wh

<-10 0

+10>

hxkl mut

&
&

(2
& &

o

OQS %‘b
19.893 PGAL7
19.1655 PXP2
19.4534 OP4
19.1704 FOX3
19.4505 ADH3
19.246
19.935 AGAI C
19.5113 ADH2
19.3152 AMO2
19.752  POTI
19.1652 POXI-3
19.4873 orf19.4873
19.272  FAA21
19.6254 ANTI
19.5169
19.3684
19.7379 FAA2
19.3029
19.1809
19.5723 POXI1
19.5806 ALDS
19.5921
19.3931 SFCI
19.1124
19.2809 CTN3
19.742  ALD6
19.1809 FOX2
19.638 FDHI
19.2156 NAGI
19.498 HSP70
19.2154 HXKI1
19.4737 TPO3
19.202 HGT6

hxkl/HXK1
(Gal+GlcNAc)

I

Op/Wh

Fig. 2. Transcriptomic perspective of Hxk1 mediated white-opaque switching. (A) hxk1 showed high frequency switching. After 5 days, 70% of the colonies turned to opaque
in wild type (GH1013) when grown on Lee (Galactose + GIcNAc) agar plates, whereas all the colonies were opaque under the same conditions in an hxkl mutant. White
colonies are represented with arrows. (B) Heat map of opaque specific genes differentially expressed in a HXK1 dependent manner in response to GIcNAc. Two-color
microarray data expressed as hxk1/HXKT ratio (1 and 2 are biological replicates with dye swap and average of 1 and 2, Ave) is plotted as heat map. The Op/Wh transcript
profile data by [23] is also shown for comparison. The color scale at the bottom indicates the log2 ratio. (C) Numerical representation of independent and overlapping sub-sets
of upregulated genes (>2-fold) between hxk1/HXK1 by us and opaque specific genes as described by [23].

morphological characteristics. The unique set of genes that got dif-
ferentially regulated in our expression profile analysis also mostly
included genes that fell into the above two categories.

3.2. WOR1 expression levels are unaltered in hxk1 mutant strains

Many challenges remain in understanding white-opaque
switching in C. albicans. One known transcription factor in this
switching phenomenon is WOR1 that maintains a self-sustaining
positive feed-back loop in opaque cells for several generations
[11]. A gqRT-PCR analysis with wild type and hxk1 mutant under
non-inducing and inducing conditions showed that WOR1 tran-
script levels were almost unaltered in either condition (Fig. 3A).
Expression levels of OP4 got upregulated in opaque colony cells
as expected, and these levels were considerable even in hxkl mu-
tant colonies grown on Lee-Glucose plate. WH11 showed down
regulation in all opaque colony cells.

To further strengthen the uncoupling of HXK1 mediated switch-
ing from the master regulator Wor1, Western blotting analysis was

performed to determine the levels of Wor1 in white or opaque cells
collected from wild type and hxk1 mutant. Interestingly, the Worl-
GFP protein levels could not be detected even in opaque colonies of
hxk1 mutant under non-inducing conditions (Lee-Glucose). More-
over, the Wor1-GFP levels were equal in opaque colonies collected
from both wild type and hxk1 mutants grown under inducing con-
ditions (Lee-Gal + GIcNAc) (Fig. 3B). Huang et al., showed that all
the identified and yet unidentified pathways of white-opaque
transition converge at the point of Worl. Our results though preli-
minary, open up the possibility of existence of switching pathways
that can bypass Worl.

3.3. Hxk1 mediated white to opaque switching is independent of RAS1
pathway and may be independent of Mating Type Locus too

RAS1 senses the environmental cues and mediates the signal-
ling through cAMP and MAP kinase pathways to mediate the tran-
scriptional responses [24,25]. To test whether HXK1 mediated
switching response was under the control of this major
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Fig. 3. Wor1 expression levels are unaltered during Hxk1 mediated switching. (A) Quantitative RT-PCR of switching specific gene transcripts from 3 days grown colonies. OP4
and WH11 are selected as switching specific genes. WOR1, the master regulator of switching, showed almost constant level of expression in similar media in either wild type
or hxk1 mutant. NGT1 is a known GlcNAc specific induced transcript. ACT1 has been selected as the endogenous control. The error bars represent co-efficient of variation. The
average relative expression levels of transcripts from three independent experiments have been shown below the graphical representation. (B) Wor1-GFP levels remained
constant at the protein level too whereas the levels of Op4 vary during white-opaque transition. The un-tagged control strain GH1013 or GFP-tagged strains iWOR1-GFP and
hWOR1-GFP were grown on Lee-Glucose or Lee-Gal + GIcNAc medium for 5 days. Western blotting was performed with anti-GFP antibody. Equal loading was confirmed by
reprobing the blot using anti-GAPDH antibody. The levels of Op4 protein detected with anti c-myc antibody vary in white and opaque colonies. Wh and Op at the bottom of

the figure denote White and Opaque colonies, respectively.

morphogenetic regulator, we created a MTL homozygous ras1 and
ras1/hxk1 double mutant (Table S1). Several attempts to select a
homozygote for the MTL locus on sorbose plate failed; hence we
deleted the MTLa allele under rasland hxk1/ras1 mutant back-
ground. Earlier work by Huang et al. [12] showed that ras1 mutant
was locked in white stage even in the presence of switching induc-
ers like GIcNAc. Interestingly, all the colonies of rasi/hxk1 double
mutant were opaque after 10 days incubation on Lee-Gal + GIcNAc
plates (Fig. 4A). Furthermore, a MTL heterozygous ras1/hxk1 double
mutant also gave rise to highly sectored and opaque colonies
(Fig. 4B). Such an observation made us to presume that the phe-
nomenon of white-opaque switching mediated by HXK1 could be
independent of the MTL locus too. This line of thought was quite
in keeping with the recent report by Porman et al. [26] where they
show a MTL independent phenotypic switching in Candida
tropicalis.

The involvement of HXK1 in white-opaque switching in addi-
tion to yeast-hyphal transition could be an added advantage to

the pathogen via metabolic specialization. Huang et al. demon-
strated Ras1 as a predominant factor involved in white-opaque
switching. Our finding of switching in a rasi/hxk1 double mutant
probably opens up the possibility of existence of some minor path-
ways independent of Ras1 and dependent on Hxk1. This presump-
tion is further strengthened by the upregulation of several opaque
specific genes in an hxkl mutant compared to wild type as evi-
denced from our microarray data. Recent studies indicate that
morphological transitions are controlled at chromatin level
through regulation of histone acetylases and methyltransferases
[27,28]. At this point our earlier finding of Hxk1 interaction with
Sir2 could be quite significant [14]. In C. albicans SIR2 has already
been reported to take part in heritable changes in the developmen-
tal pathways involved in the bud-pseudohyphae-hyphae transi-
tions [29] and white-opaque switching. Thus, Hxkl by
interacting with Sir2, could modulate its activity at chromatin level
to repress the phenomenon of switching. Moreover, this extended
role of HXK1 could be independent of MTL locus too as described in
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rasl/ hxk1(MTLa/a)

Fig. 4. ras1hxk1 double mutant showed opaque phenotype. (A) ras1 (MTLx) mutant and ras1hxk1 (MTL«) double mutants were allowed to grow on Lee-Gal + GIcNAc for
10 days and photographed. All colonies turned to opaque in ras1hxk1 double mutant. (B) MTLa/« strains of ras1 and ras1hxk1 double mutants were grown as described above
and photographed. Even when the MTL locus is heterozygous, all the colonies in ras1hxk1 double mutant were opaque.

this study, which could be again a pathogen-specific adaptation
keeping in mind the importance of white-opaque switching in reg-
ulating the program of sexual mating and interactions with the
mammalian host.
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