Hyphal growth in Candida albicans does
not require induction of hyphal-specific
gene expression
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ABSTRACT Various stimuli, including N-acetylglucosamine (GlcNAc), induce the fungal patho-
gen Candida albicans to switch from budding to hyphal growth. Previous studies suggested
that hyphal morphogenesis is stimulated by transcriptional induction of a set of genes that
includes known virulence factors. To better understand hyphal development, we examined
the role of GlcNAc metabolism using a triple mutant lacking the genes required to metabo-
lize exogenous GlcNAc (hxk1A nagTA dac1A). Surprisingly, at low ambient pH (~pH 4),
GlcNAc stimulated this mutant to form hyphae without obvious induction of hyphal genes.
This indicates that GIcNAc can stimulate a separate signal to induce hyphae that is indepen-
dent of transcriptional responses. Of interest, GlcNAc could induce the triple mutant to ex-
press hyphal genes when the medium was buffered to a higher pH (>pH 5), which normally
occurs after GlcNAc catabolism. Catabolism of GlcNAc raises the ambient pH rather than
acidifying it, as occurs after dextrose catabolism. This synergy between alkalinization and
GlcNAc to induce hyphal genes involves the Rim101 pH-sensing pathway; GlcNAc induced
rim101A and dfg16A mutants to form hyphae, but hyphal gene expression was partially de-
fective. These results demonstrate that hyphal morphogenesis and gene expression can be
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regulated independently, which likely contributes to pathogenesis at different host sites.

INTRODUCTION

The human fungal pathogen Candida albicans can infect diverse
niches, ranging from mucosa to life-threatening internal organ in-
fections (Odds, 1988; Heitman et al., 2006). An underlying factor
that promotes C. albicans virulence is the ability to respond to dif-
ferent environmental conditions. One important example of this is
that various stimuli, including serum, alkaline pH, CO,, and
N-acetylglucosamine (GlcNAc), induce C. albicans growing as bud-
ding cells to switch to forming filamentous chains of pseudohyphal
and hyphal cells (Biswas et al., 2007; Whiteway and Bachewich,
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2007; Davis, 2009; Sudbery, 2011; Wang, 2013). The transition to
filamentous growth is important for biofilm formation and for inva-
sive growth in vivo. Induction of the hyphal form also correlates with
increased expression of virulence factors, including adhesin pro-
teins that promote biofilm formation and attachment to human
cells, secreted lytic enzymes that facilitate invasive growth and inac-
tivate the host complement pathway, and antioxidant enzymes that
counteract the immune system (Calderone and Fonzi, 20071,
Whiteway and Oberholzer, 2004; Kumamoto and Vinces, 2005;
Blankenship and Mitchell, 2006).

The ability of GlcNAc to induce C. albicans is interesting because
this amino sugar has been recognized as an important cell-signaling
molecule in a wide range of organisms, from bacteria to humans
(Konopka, 2012). The source of GlcNAc for cell signaling likely comes
from remodeling or degradation of cell surface molecules, as it is a
component of bacterial cell wall peptidoglycan, fungal cell wall chi-
tin, and the extracellular matrix glycosaminoglycans of mammalian
cells (Moussian, 2008). In this regard, it is also significant that GIcNAc
stimulates C. albicans to undergo an epigenetic switch from the
White phase to a distinct morphological state known as the Opaque
phase, which expresses genes that facilitate mucosal infections, an
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environment in which GlcNAc is likely to be present due to remodel-
ing of bacterial cell walls (Huang et al., 2010). C. albicans is emerging
as an important model for GlcNAc signaling because the commonly
studied model yeasts Saccharomyces cerevisiae and Schizosaccha-
romyces pombe lack the genes needed to catabolize this sugar and
do not appear to respond to it. In contrast, GIcNAc can induce a
diverse group of other fungi to undergo filamentous growth, includ-
ing Blastomyces dermatitidis, Candida lusitaniae, Histoplasma
capsulatum, and Yarrowia lipolytica (Perez-Campo and Dominguez,
2001; Reedy et al., 2009; Gilmore et al., 2013). Thus studies on
GlcNAc signaling in C. albicans are leading to new insights, such as
the identification of the first eukaryotic GIcNAc transporter (Alvarez
and Konopka, 2007; Gilmore et al., 2013).

The cAMP pathway plays a key role in inducing hyphae. Induc-
tion of hyphal-specific gene expression by this pathway is believed
to promote the transition from budding to hyphal morphogenesis
(Harcus et al., 2004; Carlisle et al., 2009; Lu et al., 2011, 2013;
Sudbery, 2011). Part of the evidence for this is that cyrTA mutants
that lack adenylyl cyclase and efg1A mutants that lack a key tran-
scription factor fail to induce both hyphal-specific genes and hy-
phal morphogenesis (Stoldt et al., 1997; Rocha et al., 2001; Harcus
et al., 2004). Furthermore, mutation of certain transcriptional re-
pressors, such as NRG1, or increased expression of the transcrip-
tion factor UMEé causes constitutive hyphal growth (Braun and
Johnson, 1997; Liu, 2001; Harcus et al., 2004; Carlisle et al., 2009).
However, the mechanisms by which changes in transcription medi-
ate hyphal morphogenesis are not well understood. The common
set of genes that were stimulated by a group of different hyphal
inducers in C. albicans do not appear to mediate the transition to
hyphal growth (Martin et al., 2013). Further, although the hyphal-
induced gene HGC1 encodes a cyclin that acts with the Cdc28 cy-
clin-dependent kinase to phosphorylate proteins that promote fila-
mentous hyphal growth, HGC1 overexpression is not sufficient to
induce hyphae (Zheng and Wang, 2004; Zheng et al., 2007; Wang
et al., 2009; Sinha et al., 2007; Bishop et al., 2010; Sudbery, 2011).
This indicates that other signals contribute to hyphal growth.

The GlcNAc transporter Ngt1 is important for induction of re-
sponses in C. albicans, indicating that GIcNAc must be taken up into
cells to induce signaling (Alvarez and Konopka, 2007). At least two
pathways are induced by GlcNAc: a cAMP-dependent pathway that
induces hyphal responses and the White-Opaque switch, and a
cAMP-independent pathway that induces the genes needed for ca-
tabolism of GIcNAc (Gunasekera et al., 2010). GIcNAc that has been
taken up into the cell is phosphorylated by Hxk1 to create GlcNAc-
6-PQy, which is either converted into fructose-6-PO, and catabolized
for energy or converted into UDP-GIcNAc and used to synthesize
chitin, N-linked glycosylation, and glycosylphosphatidylinositol an-
chors on proteins (Kumar et al., 2000; Yamada-Okabe et al., 2001;
Milewski et al., 2006; Wendland et al., 2009). However, metabolism
of GleNAc is not required to induce signaling. Deletion of HXKT,
which precludes phosphorylation of GlctNAc and its entry into the
metabolic pathways, did not prevent an hxk1A mutant from being
induced to form hyphae (Naseem et al., 2011). This indicates that
cells can sense nonphosphorylated GlcNAc. This has advantages for
cell signaling by permitting sensitive detection of exogenous non-
phosphorylated GlcNAc, since cells synthesize only phosphorylated
forms such as GlcNAc-6-PO,4 (Milewski et al., 2006; Konopka, 2012).

To determine whether there are other effects of GlcNAc on
C. albicans that are dependent on its metabolism, we analyzed an
hxk1A dacT1A nagTA mutant. This triple mutant fails to metabolize
GlcNACc since it lacks the GlcNAc kinase Hxk1, as well as Dac1 and
Nag1, which deacetylate and deaminate GlcNAc-6-PO, to create
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fructose-6-POy. As part of these studies, we found that GlcNAc me-
tabolism affects the ambient pH. Whereas growth on dextrose acidi-
fies the medium, growth on GlcNAc makes the medium more alka-
line, likely due to release of excess nitrogen as ammonia (Vylkova
et al, 2011). This is significant because hyphal genes are also in-
duced by alkaline ambient pH through a mechanism that involves
the Rim101 transcription factor, which also regulates the expression
of genes needed for cells to grow at high pH (Davis, 2009). Of inter-
est, the hxk1A dacTA nag1A mutant could be induced to form hy-
phae at low pH in the absence of significant induction of hyphal-
specific genes, but these genes were induced when the pH of the
medium was buffered to pH 7. The results indicate that GIcNAc acts
synergistically with ambient pH to induce hyphal genes and that
hyphal morphology can be regulated independently of the expres-
sion of hyphal genes.

RESULTS

GlcNAc catabolism is not needed to stimulate hyphal
morphogenesis at pH 4 but is needed for hyphal cells

to clump

The role of GlcNAc in inducing hyphal responses was examined in a
mutant strain lacking the genes needed to metabolize GlcNAc
(hxk1A nag1A dac1A). For simplicity, this triple-mutant strain will be
referred to as the h-d mutant, since it removes the cluster of three
adjacent GlcNAc genes: HXK1, NAG1, and DACT (Kumar et al.,
2000; Naseem et al., 2011). This mutant can still take up GlcNAc
and be induced to form filamentous cells (Naseem et al., 2011). In
preliminary studies, different responses were observed for the h-d
mutant when it was induced in standard synthetic medium (~pH 4)
versus medium that had been buffered to pH 7 with 1,4-piperazine-
diethanesulfonic acid (PIPES). To examine this further, we used two
types of induction conditions. In one condition, cells were grown to
log phase in medium containing dextrose, washed, and then resus-
pended in medium containing dextrose or GlcNAc for 2 h (Figure
1A). It was necessary to wash out the dextrose because it inhibits the
expression of the GlcNAc transporter (Alvarez and Konopka, 2007).
Cells reinoculated in dextrose medium continued to grow as bud-
ding cells, whereas cells grown in GlcNAc were induced to form
hyphae. Under these conditions, the h-d mutant can continue to
grow by metabolizing the amino acids in the medium. Although
amino acids can induce hyphal growth after a long incubation
(Vylkova et al., 2011), cells grown in medium containing amino acids
but lacking a sugar did not form filamentous cells after a 2-h incuba-
tion (Figure 1A). Care was taken to avoid other conditions that in-
duce filamentous growth, such as a temperature shift or rapid dilu-
tion of cell density, which causes a release from farnesol inhibition
(Enjalbert and Whiteway, 2005). Thus the transition to hyphal growth
required GlcNAc.

Cells were also induced by growing them to early log phase in
galactose medium and then adding GlcNAc and incubating for 2 h
(Figure 1B). Galactose was used because it does not repress the
expression of the GlcNAc transporter and does not induce hyphal
growth under these conditions (Figure 1B). Addition of GlcNAc to
the galactose medium resulted in efficient induction of hyphal
growth for both the wild-type control cells and the h-d mutant.

In the course of these studies, we discovered that the h-d mutant
hyphae differed from wild-type control hyphae in that they were less
clumped in liquid medium at pH 4 than at pH 7. This was readily
apparent by visual inspection of cultures and was documented by
photographing cells at low magnification (Figure 1C). This is signifi-
cant, as it suggested that the h-d mutant is defective in inducing
hyphal genes at pH 4. Clumping is due to induction of a set of
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FIGURE 1: GlcNAc stimulates the h-d mutant to grow in a filamentous manner, but at pH 4, the cells do not clump.
Wild-type control and h-d mutant cells were grown in synthetic medium with amino acids that was buffered to either

pH 4 with citrate or pH 7 with PIPES. (A) Cells grown overnight at 37°C to log phase in dextrose were harvested, washed,
and then resuspended in medium for 2 h with 50 mM dextrose, 50 mM GlcNAc, or no sugar added (minus). Cells in the
minus sample lacking sugar could grow due to the presence of amino acids in the medium. (B) Cells were grown
overnight to log phase at 37°C in buffered medium containing 50 mM galactose, and then one aliquot was induced by
addition of GlcNAc to 50 mM and incubation for 2 h at 37°C (Gal GIcNAc). Black bar, 5 um. (C) Low-resolution
microscope images showing the lack of clumping in h-d mutant cultures grown in galactose medium at 37°C and then
induced for 2 h with 50 mM GlcNAc at pH 4. Large dark areas correspond to clumps of cells. White bar, 500 ym. The

wild-type control strain was DIC185, and the h-d mutant strain was AG738.

hyphal-specific genes that encode cell-surface adhesin proteins,
such as ALS3 and HWP1 (Nobile et al., 2008). Thus the h-d mutant
forms hyphae at pH 4, albeit with reduced clumping.

To examine the filamentous h-d cells in more detail, we induced
cells in galactose plus GlcNAc medium and then stained them with
filipin to detect polarization of lipids at the tips of emerging germ
tubes. Filipin is a fluorescent compound that binds ergosterol in
the plasma membrane (Alvarez et al., 2007). The tips of emerging
germ tubes and hyphae stain more strongly with filipin, but not the
growing tips of pseudohyphae (Martin and Konopka, 2004). Filipin
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staining was readily detected at the tips of the wild-type control
and h-d mutant cells at 30 and 60 min of induction (Figure 2A).
Similar results occurred at both pH 4 and 7. Additional studies
showed that filipin staining was also detected after longer times of
incubation (unpublished data). To examine whether the germ tubes
elongated into true hyphae, we stained the cells that were induced
for 2 h with Pontamine Scarlet 4B to detect the cell walls septae
and Hoechst to detect nuclear DNA. Pontamine Scarlet 4B is a
fluorescent stain that can detect septae similar to Calcofluor White
(Hoch et al., 2005). Unlike Calcofluor White, however, it fluoresces
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The h-d mutant cells induced with GlcNAc display characteristics of true hyphae. Wild-type control and h-d
mutant cells were grown at 37°C in synthetic medium with 50 mM galactose buffered to the indicated pH with citrate or
PIPES and then induced by addition of GIcNAc to 50 mM. (A) Cells were induced with GlcNAc for 30 or 60 min as
indicated, stained with filipin, and photographed with a fluorescence microscope. The tips of growing germ tubes
showed strong staining with filipin for both h-d and wild-type control cells, as expected for true hyphae. Cells induced
for 2 h (B) and 4 h (C) were stained with Pontamine Fast Scarlet 4B to detect chitin-rich septa and Hoechst to detect
DNA. The results show that the h-d mutant forms true hyphae, as indicated by the placement of septa distal to the
mother cells and because the filamentous cells comprise distinct cell compartments each containing a nucleus.

(D) Invasive growth into agar medium after 4 d at 37°C. Cells were spotted onto agar medium containing 50 mM
galactose or 50 mM galactose plus 50 mM GlcNAc. After growth for 4 d at 37°C, the edges of colonies were
photographed. The results show that wild-type control and the h-d mutant colonies invaded into the agar at both pH 4
and 7. The wild-type control strain was DIC185, and the h-d mutant strain was AG738.
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FIGURE 3: GlcNAc stimulates the h-d mutant to form hyphae but does not induce hyphal-specific genes at low ambient
pH. gRT-PCR analysis of the relative expression of the indicated genes normalized to the expression of actin (ACT1) in
each cell type. Cells were grown at 37°C at low ambient pH (~pH 4) in synthetic medium containing amino acids.

(A, D) wild-type control and h-d strains were grown to log phase in medium containing 50 mM dextrose and amino acids
at 37°C, washed, and then incubated in similar medium containing 50 mM dextrose or 50 mM GlcNAc for 2 h. Cells
grown in dextrose are labeled d, and those grown with GlcNAc are labeled n. (B, E) Wild-type control and h-d strains
were grown in synthetic medium containing 50 mM galactose, and then 50 mM GlcNAc was added to one portion for

2 h. (C, F) Top, morphology of wild-type control and h-d cells grown in dextrose; bottom, cells grown in GlcNAc
medium. (G) Summary of microarray analyses carried out in duplicate, showing the relative expression of the most
highly induced hyphal-specific genes for the indicated strains and growth conditions. Scale bar on right, (log 2)-fold
change in expression. The wild-type control strain was DIC185, and the h-d mutant strain was AG738. Cells were grown
at 37°C at low pH (pH 4) in synthetic medium containing amino acids. Error bars on graphs indicate SD.

at a distinct wavelength from Hoechst. This allows double staining
to be used to examine whether cells are forming true hyphae. True
hyphae form a septum at a site distal to the mother cell, whereas
pseudohyphae form a septum at the junction with the mother cell
(Sudbery et al., 2004). The results showed that at both pH 4 and 7,
the h-d mutant formed true hyphae, with parallel walls and septae
distal to the mother cell (red stain; Figure 2B). Hyphal growth was
also evident after 4 h of induction, with the elongated cells show-
ing multiple septae (Figure 2C). Hoechst staining of DNA (blue)
demonstrated that each hyphal cell compartment contained a nu-
cleus, as expected. To examine a later stage of incubation, we
spotted cells onto agar plates buffered to either pH 4 or 7 and
then incubated them at 37°C for 4 d (Figure 2D). The h-d mutant
grew invasively into agar containing galactose plus GlcNAc me-
dium atboth pH 4 and 7, similar to the wild-type control (Figure 2D).
1178 |
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In contrast, cells did not grow invasively in plates containing only
galactose. These results indicate that the h-d mutant forms true
hyphae at pH 4 similar to the wild-type control cells and similar to
the cells grown at pH 7.

Hyphal-specific genes are not significantly induced at low
ambient pH (pH 4) in the h-d mutant, which cannot
metabolize GIcNAc

The ability of the h-d mutant to induce hyphal genes at pH 4 was
analyzed by quantitative real time PCR (qRT-PCR). Of interest,
when h-d cells grown in complete synthetic medium with amino
acids were induced by a change from dextrose to GIcNAc me-
dium for 2 h, they did not stimulate the hyphal-specific genes
ECE1 or HWP1, which were highly induced by GlcNAc in the wild-
type control strain (Figure 3, A and D). This is consistent with the

Molecular Biology of the Cell



failure of h-d mutant to clump at pH 4 (Figure 1C). Microscopic
examination confirmed that the h-d mutant was still induced to
form hyphae under these conditions (Figure 3, C and F). Control
studies showed that GlcNAc still induced expression of both the
NGT1 and GAL10 in the h-d mutant (Figure 3D), which are acti-
vated by a transcriptional mechanism that is distinct from the
cAMP pathway that induces hyphal genes (Gunasekera et al.,
2010).

To examine the failure of the h-d mutant to induce hyphal-spe-
cific genes under another set of conditions, cells were first grown in
galactose medium and then induced by addition of GIcNAc (Figure
3, B and E). As before, GIcNAc induced the h-d mutant to undergo
hyphal morphogenesis and stimulate expression of NGT1 and
GALT10, but the hyphal-specific genes ECET and HWP1T were not
induced.

These results were surprising, since it had been suggested that
induction of hyphal morphogenesis and hyphal-specific genes is
linked, as they both require adenylyl cyclase and the transcription
factor Efg1 (Stoldt et al., 1997; Rocha et al., 2001; Harcus et al.,
2004). However, microarray analysis also indicated that there was
no significant induction of other hyphal-specific genes by GlcNAc
in the h-d mutant at low ambient pH (pH 4; Figure 3G and Sup-
plemental Data). The induction of NGTT in the h-d mutant was
only moderate in these microarrays because there was a high
basal level of expression. Previous studies found that this occurs
as cultures of the h-d mutant grow to higher cell density, appar-
ently because GIcNAc released during the remodeling of cell wall
chitin accumulates in the medium since it cannot be metabolized
by the h-d mutant (Naseem et al., 2011). In contrast, the hyphal-
specific genes showed low basal levels that were not induced by
GlcNAc in the h-d mutant (Supplemental Data). Thus the h-d mu-
tant is broadly defective in inducing hyphal-specific genes at low
ambient pH.

Catabolism of GIcNAc and dextrose has opposite effects

on ambient pH

The role of GlcNAc metabolism on ambient pH was examined next
as a possible difference between wild-type control and h-d mutant
cells. Of interest, growth of wild-type control cells in the presence
of dextrose or GlcNAc had opposite effects on ambient pH.
Growth of wild-type control cells in GIcNAc medium raised the
ambient pH, whereas growth in dextrose medium made it more
acidic (Figure 4A). The pH of the medium for the h-d mutant re-
mained stable in GIcNAc medium. Similar results were observed
when cells were grown in medium containing galactose or galac-
tose plus GlcNAc (Figure 4B). Catabolism of GlcNAc likely raises
the pH because the excess ammonia generated by the deamina-
tion of glucosamine-6-PO,4 will be excreted into the medium, simi-
lar to what was observed for growth of C. albicans on other nitro-
gen-rich media (Vylkova et al., 2011). This indicates that some
effects on cells attributed to GIcNAc may be an indirect conse-
quence of the distinct changes in ambient pH caused by catabo-
lism of dextrose or GIcNAc.

The ability of cells to take up GlcNAc at different levels of ambi-
ent pH was examined to determine whether this might influence
signaling. The results showed that there was similar ability of h-d
and wild-type control cells to take up [PH]GIcNAc at pH levels
ranging from 3 to 8, although there was perhaps a slight drop-off
atpH 8, which was beyond the range of pH levels used in our stud-
ies (Figure 4C). The h-d cells appeared to take up about twofold
less GIcNAc than the wild-type control in these assays. However,
both of these strains took up significantly more GlcNAc than the
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FIGURE 4: Growth of cells in GIcNAc medium raises the ambient pH,
whereas growth in dextrose lowers it. Wild-type control strain DIC185
and h-d strain AG738 were grown in the indicated synthetic media, and
then the pH of the culture was measured at the indicated times. Note
that cells that can catabolize GIcNAc raise the ambient pH, whereas
growth on dextrose lowers it. (A) Cells were grown in synthetic
medium containing dextrose, washed, and then resuspended in
medium containing dextrose or GIcNAc (50 mM). (B) Cells were grown
in galactose and then split into two cultures, with one receiving GIcNAc
(50 mM). (C) Uptake of [*H]IGIcNAc in cells incubated at different pH
levels. The indicated cell types were grown in the presence of 50 mM
galactose and 50 mM GlcNAc for 2 h to induce the GlcNAc transporter
Ngt1, washed, and resuspended in synthetic yeast medium lacking a
sugar that was buffered to the indicated pH; then uptake of 3HGIcNAc
was assayed. The wild-type control strain was DIC185, the h-d mutant
strain was AG738, and the ngt1A strain was YJA3. Error bars, SD.

ngt1A cells, which lack the GlcNAc transporter. At all pH levels, the
GlcNAc uptake by the ngt1A mutant was barely detectable above
background.
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FIGURE 5: GlcNAc induction of HWPT in the h-d mutant is dependent on ambient pH.

(A) Wild-type control and h-d strains were grown in synthetic medium buffered to pH 7 with
PIPES and containing dextrose and amino acids. Cells were then resuspended in the same
medium containing 50 mM dextrose (d) or GlcNAc (n) for 2 h. Samples were analyzed by
qRT-PCR. (B) Wild-type control and h-d strains carrying HWP1-GFP were grown in synthetic
medium with amino acids and 50 mM dextrose (Dex) or 50 mM GlcNAc at 37°C for 2 h, and
then GFP fluorescence was quantified by fluorescence microscopy and shown as relative
units. Culture medium was buffered to the indicated pH using pH 4 sodium citrate, pH 5
succinic acid, pH 6 MES, or pH 7 PIPES. (C) Fluorescence microscope images of the cells
carrying the HWP1-GFP reporter gene. Cells were grown in 50 mM GlcNAc medium buffered
to the pH indicated on the left. The wild-type control strain was SN969, and the h-d strain
was SN971.
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Synergy between GlcNAc and ambient
pH in the induction of hyphal-specific
genes

To test the role of ambient pH in the regula-
tion of hyphal-specific genes, we grew h-d
mutant cells in medium buffered to pH 7 to
mimic the effects of GIcNAc catabolism. Un-
der these conditions, qRT-PCR analysis
showed that GIcNAc strongly stimulated the
h-d cells to express the hyphal genes ECE1
and HWP1 similar to the wild-type control
cells (Figure 5A). This indicates that ambient
pH acts synergistically with GIcNAc to in-
duce hyphal-specific genes. Consistent with
this, the h-d hyphal cells were clumped at
pH 7, indicating that the adhesin genes
were induced (Figure 1C).

The effects of ambient pH on the induc-
tion of hyphal-specific genes were analyzed
further by assaying the ability of GIcNAc to
induce an h-d strain carrying a HWP1-green
fluorescent protein (GFP) reporter gene in
media buffered to different pH levels (Figure
5, B and C). Wild-type cells shifted from
dextrose to GlcNAc medium showed strong
induction of GFP and hyphae between pH 4
and 7, with perhaps a slight increase at the
higher pH levels (Figure 5B). In contrast,
GlcNAc did not detectably induce HWP1-
GFP in the h-d mutant grown in medium
buffered to pH 4. GFP was partially induced
by GlcNAc in medium buffered to pH 5. At
pH 6 or 7, GlcNAc induced the h-d mutant
to produce higher levels of GFP than the
wild-type control. This effect could be due
to h-d mutant cells experiencing higher sus-
tained intracellular levels of GIcNAc, since it
lacks the enzymes to convert it to GlcNAc-
6-PO4 and metabolize it. Unfortunately, the
h-d mutant could not be readily tested for
GlcNAc induction of HWP1-GFP when
grown in galactose medium because it dis-
played a high basal level of GFP. This is likely
due to a combination of the stability of GFP
and an effect of long-term exposure to the
GlcNAc that is released during cell wall re-
modeling but cannot be metabolized by the
h-d mutant (Naseem et al., 2011). This effect
is likely more pronounced for cells grown in
galactose medium because the expression
of the GlcNAc transporter (NGT1) is not re-
pressed as it is in dextrose medium (Alvarez
and Konopka, 2007).

Regulation of the hyphal-specific cyclin
gene HGC1

The expression of HGC1 was examined be-
cause the Hgc cyclin associates with Cdc28
to help promote hyphal growth by phos-
phorylating morphogenesis proteins (Zheng
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FIGURE 6: The basal level of HGCT1 is higher in the h-d mutant but is
not significantly induced by GlcNAc. Relative levels of HGC1 were
determined by qRT-PCR analysis. Wild-type control (DIC185) and h-d
mutant (AG738) cells were grown to log phase at 37°C in pH 4
synthetic medium containing amino acids and 50 mM dextrose,
washed, and then resuspended in medium containing 50 mM
dextrose (d) or GlcNAc (n) for 2 h.

and Wang, 2004; Sudbery, 2011). Induction of HGC1 expression is
believed to be important for hyphal morphogenesis (Zheng and
Wang, 2004). However, microarray analysis of the h-d mutant did
not detect significant induction of HGC1 by GlcNAc at low pH
(pH 4; Figure 3G). To verify this, we carried out qRT-PCR. As ex-
pected, GlcNAc induced HGCT in wild-type control cells ~8.6-fold
(Figure 6). In contrast, gRT-PCR analysis of four independent RNA
preparations showed that HGC1 was not significantly induced in h-d
cells in medium buffered to pH 4. HGC1 appeared to only be in-
duced ~40%, but this was not statistically significant (p = 0.375). In
contrast, in the same experiments, NGT1 was induced more highly
in the h-d mutant than in the wild-type control strain (Figure 6). Sig-
nificantly, the basal level of HGC1 was similar for the two strains and
in fact was slightly higher in the h-d mutant. This is an important dif-
ference between the h-d mutant and mutants that fail to induce
both hyphae and hyphal genes (e.g., adenylyl cyclase mutant cyr1A
or efg1A). The latter mutants make low basal levels of HGC1 that
are not further induced (Stoldt et al., 1997; Harcus et al., 2004).
Thus the basal level of HGC1 in the h-d mutant appears to be suffi-
cient to promote hyphal growth when GlcNAc is added as an in-
ducer. Consistent with this, others have shown that overexpression
of HGCT1 is not sufficient to induce hyphal growth, indicating that a
second type of hyphal signal is required (Zheng and Wang, 2004).

The Rim101 alkaline pH response pathway contributes

to GlcNAc induction of hyphal-specific genes

The synergy between ambient pH and GlcNAc was examined fur-
ther by testing the rim101A and dfg16A mutants, which are defec-
tive in responding to alkaline pH (Davis, 2009). Rim101 encodes a
transcription factor that regulates changes in the expression of
genes needed to adapt to growth at alkaline pH, and it is also
needed to promote hyphal morphogenesis in response to alkaline
pH (Davis et al., 2000). Dfg16 is a plasma membrane protein that is
believed to be part of a complex that senses ambient pH (Barwell
et al., 2005). Both the rim1071A and dfg16A mutants grew well in
GlcNAc medium, as evidenced by their ability to be rapidly stimu-
lated by GlcNAc to form hyphae and induce expression of NGT1
(Figure 7, A-C). However, microarray analysis showed that rim1071A
and dfg16A cells were partially defective in inducing the hyphal-
specific genes (Figure 7D). The rim101A cells appeared to induce
only 3 of the 14 hyphal-specific genes that are most highly induced
by wild-type cells. The dfg16A mutant induced 11 of 14.
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Analysis by qRT-PCR revealed that GIcNAc only weakly induced
the rimT01A mutant to express ECET and HWPT (Figure 7B), al-
though both appeared to be stimulated more strongly by GlcNAc in
the microarray studies (Figure 7D). The ECET and HWP1 genes were
induced approximately three- and sixfold, respectively, in the
rim101A mutant, whereas they were induced ~25- and 48-fold in the
wild-type control strain. In contrast, the rimT07A mutant induced
NGTT to the same level as the wild type. Of interest, dfg16A was
able to induce ECE1 and HWP1 efficiently in response to GlcNAc
(Figure 7C). Perhaps other pH-sensing pathways can compensate
for the lack of Dfg16, or there may be a lower requirement for Dfg16
in GlcNAc induction at neutral or slightly acidic pH, since the func-
tion of Dfg16 appears to be important at more-alkaline pH levels
than used for our studies (Barwell et al., 2005). Nonetheless, it is
significant that Rim101 and an alkaline ambient pH synergize with
GlcNAc to induce hyphal genes.

Role of GIcNAc catabolism in virulence

Previous studies of GIcNAc catabolic mutants indicated that the
ability to use exogenous GlcNAc is important for virulence in a
mouse model of hematogenously disseminated candidiasis (Singh
et al., 2001; Yamada-Okabe et al., 2001). GlcNAc could be present
in vivo as a result of remodeling of fungal cell wall chitin or the mam-
malian extracellular matrix. However, the interpretation of these re-
sults is complicated because it was subsequently shown that the
growth of the nag 1A and dacTA mutants is strongly inhibited by the
presence of exogenous GlcNAc, perhaps due to excess formation
of UDP-GIcNAc (Naseem et al., 2011). In addition, these mutants
did not show a competitive fitness defect in mice when infected as
part of a pool of 48 bar-coded mutants (Noble et al., 2010). GlcNAc
is not inhibitory to the h-d mutant, presumably because the lack of
Hxk1 prevents phosphorylation of GlcNAc and its entry into the
pathway that forms UDP-GIcNAc. Therefore, the h-d mutant was
tested for virulence and found to be strongly defective in causing
systemic infection in BALB/c mice (Figure 8A). Mice infected with
5% 10° h-d mutant cells became moribund an average of ~5 d later
than mice infected with wild-type control C. albicans. Similarly, mice
infected with 2.5 x 10° wild-type control cells became moribund in
~ 9 d, but injection with 2.5 x 10° h-d cells resulted in 67% of mice
(n = 6) becoming moribund at an average of ~11 d, and 33% sur-
vived the infection. A control strain in which the HXK1, NAG1, and
DAC1 genes were reintroduced into the h-d mutant showed a pat-
tern of virulence that was similar to the wild-type control.

There was no obvious difference in the colony-forming units in
the kidneys of the moribund mice infected with either the wild-type
control or the h-d mutant (Figure 8B). However, microscopic inspec-
tion of the kidney homogenates revealed that many of the h-d mu-
tant cells were morphologically abnormal. Whereas the wild-type
control and the complemented control strain formed almost exclu-
sively chains of hyphal cells with parallel walls, some of the h-d mu-
tant cells appeared aberrant or pseudohyphal due to rounded side-
walls (Figure 8C). This was surprising, since the h-d mutant showed
a normal response in vitro to serum, and it is readily stimulated to
form hyphae in response to GlcNAc.

To assess whether the virulence defect of the h-d mutant was
due to an altered response to exogenous GlcNAc or whether it is
important for cells to metabolize exogenous GlcNAc during an in-
fection, we assessed the virulence of an ngt1A mutant that lacks the
GlcNAc transporter (Alvarez and Konopka, 2007). This mutant is de-
fective in transporting GIcNAc into the cell, so it does not show the
altered behavior that is seen for the h-d mutant. When tested for
virulence in the mouse model system, the ngt1A mutant caused
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FIGURE 7: The rim101A and dfg16A mutants are defective in inducing hyphal-specific genes in response to GlcNAc.

(A) The indicated strains were grown in synthetic medium buffered to pH 7 with PIPES and also containing amino acids
and 50 mM dextrose. Cells were washed and then resuspended in medium containing 50 mM dextrose (upper top) or
50 mM GlcNAc (bottom) for 2 h at 37°C, and then cells were photographed. (B, C) Relative expression of NGT1, ECE1,
and HWP1 was determined by qRT-PCR for cells grown as described in A. Wild-type control, rim101A, and dfg16A
strains were grown in medium containing 50 mM dextrose (d) or 50 mM GlcNAc (n) for 2 h, and then cells were
harvested for analysis. (D) Summary of microarray results, displaying the relative expression of the most highly induced

hyphal-specific genes and GlcNAc catabolic genes for the indicated strains grown in dextrose or GlcNAc media for 2 h.

Scale bar on right, log 2 change in expression for cells grown in GlcNAc vs. dextrose. The wild-type control strain was

DIC185, the rim1017A strain was DAY25, and the dfg16A strain was KBC048.

disease very similar to the wild- type control C. albicans (Figure 8A).
This indicates that it is the altered responses of the h-d mutant to
GlcNAc, and not the ability to metabolize GlcNAc, that causes a
defect in systemic infection.

DISCUSSION

Differential regulation of hyphal morphology and hyphal-
specific genes by GIcNAc

GlcNAc was identified as an inducer of hyphal growth in C. albicans
more than 40 yr ago (Simonetti et al., 1974). Since then, it has been
widely used as a potent inducer of the transition from budding to
filamentous growth (Biswas et al., 2007; Davis-Hanna et al., 2008;
Midkiff et al, 2011; Konopka, 2012). Previous studies concluded
that induction of hyphal morphogenesis and transcriptional re-
sponses are interconnected through the cAMP pathway (Biswas
et al., 2007; Sudbery, 2011; Wang, 2013). Consistent with this,
GlcNAc does not induce hyphal formation in mutants lacking either
adenylyl cyclase (cyr1A) or a downstream transcription factor (efg1A)
needed to induce hyphal genes (Lo et al., 1997; Leberer et al., 2001;
Gunasekera et al., 2010; Naseem et al., 2011). Thus it was surprising
that GlcNAc could induce the h-d mutant to form hyphae at low
ambient pH without obviously stimulating the hyphal-specific genes.
Failure to detect significant induction of the hyphal-specific genes in
the h-d mutant was supported by four independent microarrays,
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gRT-PCR assays of three hyphal-specific genes (ECET, HWP1, HGCT)
and the analysis of an HWP1-GFP reporter gene (Figures 3, 5, and 6).
Furthermore, the h-d mutant hyphae induced at low pH did not
clump, consistent with the failure to induce expression of the ad-
hesins (Figure 1). Analysis of the filamentous cells formed by the h-d
mutant at pH 4 indicated that they were true hyphae, as evidenced
by the enriched filipin staining at the tips of emerging germ tubes,
parallel sidewalls, and the placement of septae distal from the
mother cell (Figure 2).

These results indicate that high levels of hyphal-specific gene
induction are not required to promote hyphal growth. A key differ-
ence between the h-d mutant and the cyr1A or efg1A mutant is
that the latter mutants express very low basal levels of hyphal-
specific genes, including the HGCT cyclin that is important for hy-
phal growth (Stoldt et al., 1997; Harcus et al., 2004; Zheng and
Wang, 2004). In contrast, the basal level of HGCT expression in the
h-d mutant was similar to that in the wild-type control cells
(Figure 6). This basal level of HGC1 expression was not sufficient to
promote hyphal growth; the h-d mutant cells still needed a signal
from GlcNAc. This is consistent with previous results that overex-
pression of HGC1 is not sufficient to promote hyphal growth
(Zheng and Wang, 2004). These data suggest that GlcNAc can
transduce a signal to induce hyphal morphogenesis that is distinct
from transcriptional regulation.

Molecular Biology of the Cell
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The h-d mutant is defective in virulence, but the ngt1A
mutant is not. (A) BALB/c mice were injected via the tail vein with either
5% 10° or 2.5 x 10° cells of the indicated C. albicans strain. The day at
which the mice became moribund is shown in the scatter plot. Note the
discontinuity in the y-axis, as two of the mice injected with 2.5 x 10° h-d
mutant cells survived to the end of the experiment (day 28). p < 0.01
for wild-type control vs. the h-d mutant at the 5 x 10° dose, and
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Other data also indicate that hyphal morphogenesis and hyphal-
specific gene expression can be regulated independently. Compari-
son of a set of hyphal inducers found that they varied in their ability
to stimulate different hyphal-specific genes (Martin et al., 2013). In
addition, although efgTA cph1A mutants lacking the key transcrip-
tion factors needed to induce hyphal genes are defective in forming
hyphae under most conditions, they can still be induced to form
hyphae on the surface of the tongue or when imbedded in a matrix
(Riggle et al., 1999). In addition, the filamentous growth that occurs
during chlamydospore formation is promoted by a distinct set of
conditions, further indicating that there are independent mecha-
nisms to regulate hyphal morphology (Staib and Morschhauser,
2007). The ability of cells to independently regulate hyphal morpho-
genesis and hyphal-specific genes under different conditions likely
has special advantages for C. albicans pathogenesis. For example,
because induction of the adhesin genes promotes adherence and
biofilm formation (Blankenship and Mitchell, 2006), failure to induce
the adhesins could help to disseminate an infection by releasing
cells from a biofilm. Similarly, it may be advantageous to regulate
independently hyphal morphology and production of virulence fac-
tors at different body sites that vary in the factors that induce hyphal
growth, including pH, CO,, temperature, and oxidative stress
(Biswas et al., 2007; Sudbery, 2011).

The differential regulation of hyphal growth and gene expression
by GlcNAc contrasts with strong data showing that hyphal morpho-
genesis can be induced by increased transcription of hyphal-specific
genes. For example, deletion of the NRG1 repressor or overexpres-
sion of the UMES transcriptional activator promotes hyphal growth,
clearly demonstrating that transcriptional changes can induce this
morphological switch (Braun and Johnson, 1997; Liu, 2001; Harcus
et al., 2004; Carlisle et al., 2009). One possibility is that there are
distinct pathways for inducing hyphae, including those that are tran-
scription dependent and independent. However, the mechanisms
by which transcriptional regulation induces hyphal morphology are
not known. Although numerous studies have examined hyphal-in-
duced genes, it is not clear that any of the induced genes are di-
rectly responsible for the changes in actin and cell polarity proteins
that initiate hyphal morphogenesis (Sudbery, 2011; Martin et al.,
2013). It is possible that the key genes are difficult to identify be-
cause they are only induced weakly or transiently. Alternatively, the
induction of hyphal-specific genes may act indirectly to promote
hyphal growth, perhaps by altering metabolism.

GlcNAc synergizes with ambient pH signaling to induce
hyphal genes

The ability of the h-d mutant to induce hyphal-specific genes at
pH 7 suggested that GlcNAc synergizes with pH signaling. This syn-
ergy also has physiological significance for wild type C. albicans be-
cause growth on GlcNAc alkalinizes the extracellular medium rather
than acidifying it as occurs during growth in dextrose (Figure 4). It is
not surprising that GIcNAc catabolism alkalinizes the ambient pH.
Previous studies showed that growth of C. albicans on other

p < 0.001 for the 2.5 x 10° dose by log-rank (Mantel-Cox) test. (B) The
CFU/gram of kidney tissue was determined at the time the mice
became moribund or on day 28 for those that survived to the end of
the experiment. (C) Kidney homogenates were stained with Calcofluor
White and then examined by fluorescence microscopy using a 100x
objective. The wild-type control strain was DIC185, the ngt1A strain
was YJA3, the h-d strain was SN973, and h-d Comp refers to an h-d
strain (SN974) that was complemented by reintroduction of the HXK1,
NAGT1, and DAC1 genes.
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nitrogen-rich media alkalinized the ambient environment due to ex-
cretion of the excess nitrogen in the form of ammonia (Vylkova et al.,
2011).

The synergy with GIcNAc involves the conserved pathway for
sensing ambient pH that includes the transcription factor Rim101.
Ambient pH appears to be sensed by a complex of plasma mem-
brane proteins Dfg16, Rim?, and Rim21 (Barwell et al., 2005; Cornet
et al., 2009; Obara et al., 2012). They transduce a signal to Rim8,
which then promotes the Rim13 protease to cleave Rim101 and lib-
erate an N-terminal domain with novel transcription factor activities
(Li et al, 2004). Rim101 induces the genes needed to adapt to
growth at higher pH and is also needed to stimulate hyphal growth
in response to pH (Davis, 2009). Of interest, the rimT01A mutant
behaves similarly to the h-d mutant at low ambient pH, in that it
forms hyphae efficiently but is partially defective in inducing the
hyphal-specific genes (Figure 7). A similar, albeit weaker, defect was
seen for the dfg16A mutant. This indicates that wild-type control
cells take advantage of two signals generated by GlcNAc: one that
is activated by GlcNAc, and another that results from catabolism of
GlcNAc and increases the extracellular pH.

Virulence

Previous studies with GlcNAc catabolic mutants suggested that the
ability to use exogenous GlcNAc is important for a systemic infec-
tion in mice (Singh et al., 2001; Yamada-Okabe et al., 2001). Consis-
tently, the h-d mutant was defective in virulence (Figure 8). However,
an ngt1A mutant that lacks the GlcNAc transporter did not show a
virulence defect. A major difference between these mutants is that
when the h-d mutant is grown to high cell density, it shows abnormal
growth properties that are likely caused by the accumulation
GlcNAc in the medium as a result of cell-wall chitin remodeling
(Naseem et al., 2011). In contrast, the ngt1A mutant responds very
poorly to GlcNAg, since it is defective in transporting this sugar into
the cell (Alvarez and Konopka, 2007). Although this indicates that
use of exogenous GlcNAc is not needed for a systemic infection, it
may be important for growth of C. albicans in the Gl tract. The abil-
ity to use GlcNAc is important for E. coli to colonize the gastrointes-
tinal (Gl) tract (Chang et al., 2004). GlcNAc is available in the Gl tract
due to its release during remodeling of bacterial peptidoglycan,
which is composed in part of GlcNAc (Park and Uehara, 2008). Per-
haps this explains why GlcNAc also induces C. albicans to undergo
an epigenetic switch from the White phase to the Opaque phase,
which shows increased expression of genes that facilitate mucosal
infection (Huang et al., 2010).

Significance for GlcNAc signaling in other organisms

GlcNAc induces physiological changes in a wide range of organisms
from bacteria to humans (Konopka, 2012). For example, GlcNAc
stimulates a diverse set of fungi to switch from budding to hyphal
growth, including Y. lipolytica, C. lusitaniae, H. capsulatum, and
B. dermatitidis (Perez-Campo and Dominguez, 2001; Reedy et al.,
2009; Gilmore et al., 2013). GlcNAc inhibits pathogenic E. coli from
forming pili and CURLI fibers that promote adhesion to host cells
(Barnhart et al., 2006), and it induces soil bacteria to undergo
changes in morphogenesis and produce antibiotics (Rigali et al.,
2008). Factors that increase UDP-GIcNACc levels in animal cells cause
increased branching of N-linked glycans on cell surface proteins that
affect cell signaling (Dennis et al., 2009). It also increases posttrans-
lational attachment of GIcNAc onto Ser and Thr residues on intracel-
lular proteins, which has been implicated in diseases such as cancer
and diabetes (Slawson et al., 2010). The analysis of the h-d mutant
shows that it will also be important in these systems to distinguish
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between direct effects of GIcNAc on cell signaling and effects that
are induced as a result of GIcNAc metabolism. Growth of other or-
ganisms on GlcNAc is also likely to increase the ambient pH, since
excess nitrogen is commonly released as ammonia. In addition, am-
monia may also induce signaling, as it has been shown to promote
differentiation of cells types in S. cerevisiae colonies (Cap et al.,
2012). Thus GlcNAc can stimulate distinct signal pathways that are
both dependent and independent of its metabolism.

MATERIALS AND METHODS

Strains and media

The C. albicans strains that were used in this study are described in
Table 1. The strains described in Table 1 were grown in either rich
yeast extract/peptone/dextrose (YPD) medium or complete syn-
thetic medium containing yeast nitrogen base, amino acids, uridine,
and the indicated sugars (Sherman, 1991). The h-d homozygous de-
letion mutant lacking the genes needed to metabolize GlcNAc
(HXKT NAG1 DACT1) was constructed by homologous recombina-
tion in C. albicans strain BWP17 (arg4A his1A ura3A; Wilson et al.,
1999) as described previously (Naseem et al., 2011). The HXKT,
NAG1, and DACT1 genes are adjacent to each other in the genome,
so it was possible to delete all three in one step to create the ho-
mozygous hxkTA nag1A dacA strain (AG738). For virulence studies,
similar approaches were used to create an h-d mutant and a comple-
mented strain in which URA3 was restored at its native locus (SN973
and SN974). The rim101A and dfg16A strains were kindly provided
by Aaron Mitchell (Carnegie Mellon University, Pittsburgh, PA).

An HWP1-GFP reporter gene was introduced into the indicated
wild-type control and hxkTA nag1A dacTA triple-mutant strains by
homologous recombination of GFP sequences to replace the open
reading frame of one copy of the hyphal-induced gene HWP1, using
previously described methods (Zhang and Konopka, 2010). PCR
primers containing ~70 base pairs of sequence homologous to the 5
and 3’ ends of the HWPT open reading frame were used to amplify
a cassette containing a more photostable version of enhanced GFP
(CaGFPy) and a HIST selectable marker (Zhang and Konopka, 2010).
After transformation into C. albicans, the resulting His* colonies were
confirmed by PCR to be carrying the HWP1-GFP reporter gene.

Microscopy

Cell morphology was assessed after growing cells overnight at
37°C to early log phase in synthetic medium with either dextrose or
galactose. It was important to maintain cells at low density to avoid
spontaneous filamentation of the h-d mutant, as described previ-
ously (Naseem et al., 2011). The cells were then resuspended at
1 % 10¢ cells/ml in synthetic medium containing GlcNAc or galac-
tose plus GlcNAc, as indicated. The cells were grown for the indi-
cated time at 37°C and then photographed using differential inter-
ference contrast microscopy. Cells were stained with Filipin |l
(10 pg/ml; Cayman Chemical Co., Ann Arbor, MI) for 5 min to detect
polarization of lipids at the germ tube tips as described previously
(Martin and Konopka, 2004). To colocalize cell septa and nuclear
DNA, cells were first stained with Hoechst 33342 (2 pg/ml; Invitro-
gen, Grand Island, NY) to detect DNA and then stained with Pon-
tamine Fast Scarlet4B (0.3 ug/ml; gift from Charles Sprecht,University
of Massachusetts Medical School, Worcester, MA) to detect cell wall
and septae. Pontamine Fast Scarlet 4B stains cells similar to Calco-
fluor White (Hoch et al., 2005), but it fluoresces at a distinct wave-
length from Calcofluor White, making it possible to carry out dou-
ble-staining analyses with Hoechst stain. Induction of HWP1-GFP
was detected in cells that were grown overnight to log phase in
synthetic medium buffered to different pH levels with 100 mM
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Strain
BWP17

Genotype

ura3A::\imm434/ ura3A::Aimm434 his1::hisG/
his1::hisG arg4::hisG/arg4::hisG
ura3A::Aimm434/URA3 his1::hisG/ HIST arg4::hisG/
ARG4

Homozygous h-d strain; [hxk1A nag1A
dac1A]::ARG4/[hxk1A nag1A dac1A]::URA3
his1::hisG/his1::hisG ura3A::Aimm434/
ura3A::\imm434 arg4::hisG/arg4::hisG

His* homozygous h-d strain; [hxk1 nag1
dac1]::ARG4/[hxk1 nag1A dac1A]::URA3 HIS1/
his1::hisG ura3A::Nimm434/ ura3A::Limm434
arg4::hisG/arg4::hisG

Complemented h-d strain; [hxk1A nag 1A
dac1A]::ARG4/[hxk1A nag1A dac1A]::URA3
[HXK1T NAG1 DACT1]::HIS1 his1::hisG /his1::hisG
ura3A::\imm434/ ura3A::himm434 arg4::hisG/
arg4::hisG

dfg16::ARG4/dfg16::URA3 HIS1/his1::hisG
ura3A::\imm434/ ura3A::himm434 arg4::hisG/
arg4::hisG

rim101::ARG4/rim101::URA3 HIS1/his1::hisG
ura3A::\imm434/ ura3A::himm434 arg4::hisG/
arg4::hisG

BWP17 except HWP1-GFP::HIS1

AG738 except HWP1-GFP::HIS1

Homozygous h-d strain; [hxk1A nag1A
dac1A]::ARG4/[hxk1A nag1A dac1A]::NAT1 HIS/
his1::hisG URA3/ ura3A::Aimm434 arg4::hisG/
arg4::hisG

Complemented h-d strain; [hxk1A nag 1A
dac1A]::ARG4/[hxk1A nag1A dac1A]::NAT1T [HXK1
NAG1 DACT]::HIST his1::hisG/his1::hisG URA3/
ura3A::\imm434 arg4::hisG/arg4::hisG
ngt1A::ARG4/ngt1A::HIST ura3A::himm434/ URA3
his1::hisG/his1::hisG arg4::hisG/arg4::hisG

DIC185

AG692

AG738

SN778

KBC048

DAY25

SN969
SN971
SN973

SN974

YJA3

TABLE 1: C. albicans strains used in this study.

sodium citrate (pH 4), 150 mM succinic acid (pH 5), 15 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 6), or 15 mM PIPES
buffer (pH 7). Cells were viewed using an Olympus BH2 microscope,
and images were captured with a Zeiss (Thornwood, NY) AxioCam
digital camera. The relative fluorescence of the different cells was
quantified using AxioVision software.

GlcNAc uptake

The ability of cells to take up GlcNAc was assayed essentially as de-
scribed previously (Alvarez and Konopka, 2007). Cells were grown
overnight in complete synthetic medium containing galactose, and
then the GlcNAc transporter Ngt1 was induced by growing cells for
2 h in medium that also contained 50 mM GlcNAc. Cells were har-
vested, washed with yeast nitrogen base, and then resuspended at
1.1 x 108 cells/ ml. Uptake assays were initiated by adding 10 pl of
[PH]GIcNAc (200 uM; American Radiolabeled Chemicals, St. Louis,
MO) to 90 pl of cells. After 2 min, cells were collected on Whatman
GF/C glass microfiber filters (Whatman, Clifton, NJ). The radioactivity
bound to the filters was then quantified using a scintillation counter.
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Microarray analysis of gene expression
The cells were inoculated in synthetic medium containing either
dextrose or galactose as indicated and kept in early log phase at
37°C for ~24 h to avoid induction of hyphal signaling pathways due
to a temperature shift or a release from farnesol inhibition (Enjalbert
and Whiteway, 2005). In some experiments, the medium was buff-
ered with 15 mM PIPES to maintain the cultures at pH 7. The cell
cultures were periodically adjusted to keep the cells in log phase at
37°C for ~24 h before shifting to medium containing GIcNAc or
galactose plus GlcNAc. Dextrose-grown cells were harvested by
centrifugation and then resuspended at a density of 2 x 10° cells/ml
in prewarmed synthetic medium containing 50 mM of either dex-
trose or GlcNAc. Galactose-grown cells were resuspended at 2 x
10¢ cells/ml in 50 mM galactose, and then GlcNAc was added to
one sample to a final concentration of 50 mM. The cultures were
grown for 2 h, and then cell pellets were harvested for analysis.
Microarray analysis of gene expression was carried out with the
help of the Spotted Array Facility at Stony Brook University, as
described previously (Alvarez et al., 2007). RNA purified from 3 x
108 cells using a RiboPure-Yeast RNA isolation kit (Ambion, Grand
Island, NY) was used as a template for cDNA synthesis using a Super-
script Il kit (Invitrogen) in a poly(T)-primed reaction containing a 3:2
mixture of aminoallyl-dUTP:dTTP plus dATP, dCTP, and dGTP. After
treatment with RNase A, the cDNA was purified using a PCR clean-
up column (Qiagen, Valencia, CA) and then coupled to NHS-func-
tionalized Cy3 or Cy5 dyes (GE Biosciences, Piscataway, NJ). The ef-
ficiency of dye incorporation was determined spectrophotometrically.
Microarrays containing 60-mer oligonucleotides representing the
open reading frames in the C. albicans ORF19 database were synthe-
sized by Agilent Technologies (Santa Clara, CA). Five or six indepen-
dent oligonucleotides were included for each gene. Cy3- and Cy5-
labeled samples were hybridized to the microarrays using a Tecan
(Grand Island, NY) HS4300 Pro Hybridization Station, and the arrays
were washed and then scanned using an Agilent G2505B scanner.

Real-time gRT-PCR analysis of mRNA levels

Cells were grown overnight in log phase and maintained at a low cell
density to avoid high basal expression of the GlcNAc-induced genes
in the h-d mutant, as described previously (Naseem et al., 2011).
Cells were then grown in synthetic medium containing the indicated
sugars for 2 h, and then the cell pellets were frozen at —80°C. RNA
was extracted from a pellet of ~3 x 108 cells using a RiboPure-Yeast
RNA isolation kit (Ambion) and was tested by PCR to confirm the
absence of DNA contamination. The RNA was used as a template
for cDNA synthesis using an oligo-dT primer (Invitrogen) and Super-
script |l reverse transcriptase (Invitrogen). The cDNA was separated
from RNA by treatment with RNase A (New England Biolabs, Beverly,
MA), purified using a PCR clean-up column (Qiagen), and then used
as a template for gRT-PCR in an Eppendorf (Hauppauge, NY) Master-
cycler EP Realplex?. The 10-pl reaction mixture included 2x iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA), 1 pl of first-strand cDNA
reaction mixture, and 0.1 pM primers. After a 95°C denaturation
step for 5 min, the amplification program consisted of 40 cycles of
95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. At the end of the
program, a melting curve was carried out to verify the specificity of
the PCR products. The data were analyzed using Mastercycler Real-
plex? software to determine the relative differences in gene expres-
sion, which were normalized to the level of ACT1T mRNA in each
sample. The results represent the average of at least two to four in-
dependent preparations of cells. Two sets of assays, each done in
triplicate, were carried out on each RNA preparation. The primers
used for gRT-PCR analysis were designed using Primer3 software
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(http://frodo.wi.mit.edu/) and custom synthesized by Invitrogen. The
primer sequences used were as follows:

ACT1-F 5-TCCAGAAGCTTTGTTCAGACCAGC-3’
ACT1-R 5-TGCATACGTTCAGCAATACCTGGG-3’
NGT1-F 5-TCGTGCCAAAATTGGTTGGGCT-3
NGT1-R 5-TGGACATGGCTCCCAATACCCA-3’
GIG1-F 5-GCAAACCCCACCCACTTCACCA-3
GIG1-R 5-TGTTTGCTGTCGTGATCGAGCA-3’
GAL10-F 5-AGGAGCAAACAACTTGCATGGTGG-3
GAL10-R 5-GCTTCAAGCTCACCTGGGAACC-3’
ECE1-F 5-TGGCGTTCCAGATGTTGGCCT-3’
ECE1-R 5-GCTAAGTGCTACTGAGCCGGCA-3’
HWP1-F 5-GCTCCTGCCACTGAACCTTCCC-3’
HWP1-R 5-ACTTGAGCCAGCTGGAGCGG-3’

Virulence assays

Cells were grown overnight at 30°C in YPD medium with 80 mg/I
uridine, diluted into fresh medium, and incubated again overnight.
Cells were washed with phosphate-buffered saline and then diluted
so that the desired inoculum could be injected in 0.2 ml. Cell density
was determined using a hemocytometer and confirmed by plating
dilutions of cells onto YPD agar plates. Female BALB/c mice were
injected with the indicated C. albicans strain into the lateral tail vein.
The analysis was carried out in two independent experiments in
which at least three mice were infected each time. Mice were con-
sidered to be moribund if they could no longer reach food and wa-
ter and were then killed humanely. Fungal burden was quantified by
disrupting kidneys for 30 s with a tissue homogenizer (Pro Scientific,
Oxford, CT), plating serial dilutions of the homogenate onto YPD
plates, and then determining the number of colony-forming units
(CFU) per gram of kidney tissue. Samples of homogenized kidney
tissue were also pelleted by centrifugation, resuspended in 20%
KOH, incubated for 1 h at room temperature, stained with Cal-
cofluor White (20 ng/ml) for 10 min (Pringle, 1991), and then exam-
ined by fluorescence microscopy.
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