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Hgc1, a novel hypha-specific G1 cyclin-related
protein regulates Candida albicans hyphal

morphogenesis
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The human fungal pathogen Candida albicans switches
from yeast to hyphal growth when exposed to serum or
phagocytosed. However, the importance of this morpho-
logical switch for virulence remains highly controversial
due to the lack of a mutant that affects hyphal morpho-
genesis only. Although many genes specifically expressed
in hyphal cells have been identified and shown to encode
virulence factors, none is required for hyphal morpho-
genesis. Here we report the first hypha-specific gene
identified, HGCI, which is essential for hyphal morpho-
genesis. Deletion of HGCI abolished hyphal growth in all
laboratory conditions tested and in the kidneys of systemi-
cally infected mice with markedly reduced virulence.
HGC1 expression is co-regulated with other virulence
genes such as HWP1 by the cAMP/protein kinase A
signaling pathway and transcriptional repressor Tupl/
Nrgl. Hgcl is a G1 cyclin-related protein and co-precipi-
tated with the cyclin-dependent kinase (Cdk) CaCdc28. It
has recently emerged that cyclin/Cdk complexes promote
other forms of polarized cell growth such as tumor cell
migration and neurite outgrowth. C. albicans seems to
have adapted a conserved strategy to control specifically
hyphal morphogenesis.

The EMBO Journal (2004) 23, 1845-1856. doi:10.1038/
sj.embo0j.7600195; Published online 8 April 2004

Subject Categories: chromatin & transcription; microbiology
& pathogens

Keywords: C. albicans; Cdc28; hyphal morphogenesis;
polarized growth; virulence

Introduction

Candida albicans (Ca) is one of the most important fungal
pathogens of humans (Odds, 1988; Berman and Sudbery,
2002). It may cause serious infections when the host is
immunocompromised by factors such as HIV infection and
anticancer and immunosuppressive therapies. If the pathogen
enters the blood stream, it may colonize internal organs
leading to the death of patients. Understanding its biology,
particularly the aspects that directly contribute to infection
and virulence, is necessary for developing antifungal therapies.
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Many microbial pathogens undergo morphological
changes during infection, which may assist the pathogens
to exploit and adapt to certain host environments and en-
hance their survival and infectivity (Lengeler et al, 2000; Gow
et al, 2002). C. albicans yeast cells switch to hyphal growth
when phagocytosed or exposed to host serum, which is
thought to facilitate its invasion of host tissues and escape
from phagocytotic destruction (Odds, 1988; Lo et al, 1997).
Several signaling pathways mediate hyphal morphogenesis,
among which the cAMP/protein kinase A (PKA) and mito-
gen-activated protein (MAP) kinase pathways are best de-
fined (Liu et al, 1994; Lo et al, 1997; Liu, 2001). The cAMP/
PKA and MAP kinase pathways target two transcription
factors Efgl and Cphl, respectively (Lo et al, 1997; Stoldt
et al, 1997). The former seems to play a major role, because
its inactivation blocks hyphal growth in most conditions. On
the other hand, a transcriptional inhibitor Tupl associates
with DNA-binding protein Nrgl or Rfgl to repress the hyphal
program in yeast cells (Braun and Johnson, 1997, 2000;
Braun et al, 2001; Kadosh and Johnson, 2001; Murad et al,
2001b; Saville et al, 2003). TUPI deletion causes constitutive
filamentous growth (Braun and Johnson, 1997). Hypha-in-
ducing conditions activate the expression of hypha-specific
genes (HSGs), many of which are also derepressed in tuplA
mutant (Braun and Johnson, 2000; Murad et al, 2001c).
Although many HSGs identified so far encode virulence traits,
surprisingly none seems to be required for hyphal morpho-
genesis (Berman and Sudbery, 2002; Gow et al, 2002).

A knowledge gap exists between the functions of the
known HSGs and the machineries that control and execute
morphogenesis. However, studies of Saccharomyces cerevisiae
(Sc) morphogenesis may provide some hints. A currently
predominant model is that cell cycle machinery controls
morphogenesis in the budding yeast (Lew and Reed, 1993;
Rua et al, 2001). The G1 cyclins, Clnl and 2, in association
with the Cdk Cdc28, promote apical bud elongation, whereas
Clb2-Cdc28 kinase triggers a switch to isotropic bud expan-
sion. A premature or delayed activation of this switch results
in round or elongated morphology, respectively. In support of
this, a delay in the G2/M transition was observed during
pseudohyphal growth that produces chains of elongated cells
(Kron et al, 1994; Rua et al, 2001).

Experiments have been carried out to assess the possibility
that the cyclin/Cdks for cell cycle control may have a role in
regulating C. albicans hyphal growth. Deletion of CaFKHZ, a
homolog of the transcription factors FKHI,2 that regulate
CLB2 transcription in S. cerevisiae, caused pseudohyphal
growth (Bensen et al, 2002). A similar phenotype was re-
ported for mutants deleted of CaCDC5 (Bachewich et al,
2003) or CaMCMI1 (Rottmann et al, 2003), genes having
roles in cell cycle control. Cell cycle toxins, such as hydro-
xyurea and nocodazole, were found to cause cell elongation
(Bai et al, 2002; Bachewich et al, 2003). While all these may
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suggest a possible role of cell cycle control in hyphal mor-
phogenesis, there have also been contradicting observations.
For example, deletion of the G1 cyclin gene, CaCLNI, has
only limited effect on hyphal growth (Loeb et al, 1999), and
no significant differences were detected in cell cycle progres-
sion between yeast and hyphal cells (Hazan et al, 2002). This
confusion is further compounded by the recent reports that
the initiation of hyphal growth could occur at any phase of a
cell cycle and some polarity proteins, which normally localize
to distinct sites in different cell cycle phases during yeast
growth, exhibited cell cycle-independent tip localization dur-
ing hyphal growth (Hazan and Liu, 2002; Hazan et al, 2002;
Zheng et al, 2003). These results immediately challenge any
model proposed on the basis of the cyclin/Cdk activities to
explain how the periodic cyclin/Cdk activities promote the
cell cycle-independent hyphal growth.

Here we report the identification of a novel gene HGCI that
has a specific and critical role in C. albicans hyphal morpho-
genesis. We describe the characterization of its properties and
regulation, its role in controlling hyphal morphogenesis and
its importance for virulence. The results provide valuable
insights into the molecular mechanisms that control hyphal
morphogenesis and help to settle the current debate over the
importance of the yeast-to-hypha morphogenesis for viru-
lence.

Results

Identification of a G1 cyclin-related protein in C. albicans
Based on the known roles of G1 cyclins in promoting bud
elongation in S. cerevisiae and the need to explain the cell
cycle-independent hyphal growth of C. albicans, we hypothe-
sized that a Clnl- or 2-like protein that is activated by the
hypha-inducing but not the cell cycle signals might be able to
promote the persistent hyphal growth in C. albicans. A
previous investigation did not detect significant differential
expression of CaCLN1 and 2 between yeast and hyphal cells
(Hazan et al, 2002). To explore the possibility that C. albicans
may contain other G1 cyclin-related proteins, we used ScClnl
cyclin box sequence to search C. albicans genome database
(http://www-sequence.standford.edu/group/candida). ~We
found three significant matches. The highest identity of
47.3% was scored to a 785-amino-acid (aa) protein annotated
CIn21 (contig6-2213, orf6.3156), followed by 39.1 and 34.5%
to CaClnl and 2, respectively. In the database, CIn21 is
annotated as a G1 cyclin by homology with unknown func-
tion. Despite the high sequence identity over the cyclin box,
CIn21 shares low overall identity to ScClns (~20%). We next
carried out more detailed sequence comparisons of all the
cyclin family proteins found in C. albicans and S. cerevisiae.
Like all other G1 cyclins, Cln21 contains one cyclin box near
the amino terminus, distinct from the B-type cyclins each
containing two cyclin boxes in the carboxyl-terminal half
(Figure 1A). The cyclin box of Cln21 shares 28.7-47.3%
identities to those of other G1 cyclins, which are significantly
higher than the identities to those of the B-type cyclins
ranging from 2.4 to 28.2%. Cln21 is also very different from
the Pho85 cyclins, Pcls, in both the sizes of the proteins and
the cyclin box sequence identities (4.5-12.4%). The amino-
acid identities are also very low between the cyclin box of
Cln21 and those of CaSrbll (18%) and ScSbrll (15.6%). A
phylogenetic analysis of the cyclin box sequences revealed
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five well-separated clusters, with each embracing only the
members of each type of cyclins (Figure 1B). Cln21 is
enclosed in the cluster containing all other G1 cyclins.
Taken together, the results of the sequence comparisons
strongly suggest that Cln21 is a G1 cyclin-related protein.

The cyclin box sequence alignment shows that Cln2l
contains a stretch of 37 aa that is not present in CaClnl and
2 (Figure 1C), which might suggest that Cln21 may have
distinct functions. Interestingly, the cyclin boxes of ScClnl
and 2 contain 22 of the 37 aa, and 11 of the 22 are shared by
all three sequences.

Hypha-specific expression of CLN21

To determine whether CLNZ2I expression is regulated in
response to hyphal induction, RNA samples were prepared
from C. albicans yeast and hyphal cells for Northern blot
analysis (Figure 2A). Yeast cells were cultured in YPD at 30°C
and hyphal growth was induced in YPD containing 10%
serum at 37°C. We did not detect CLN21 expression in the
yeast cells despite prolonged exposure of up to 3 days.
However, an ~3.5kb mRNA, sufficiently large to encode
the predicted protein, was clearly detected after 16-h expo-
sure from the hyphal RNA. The level of this mRNA was
largely constant from 0.5 to 5h, suggesting a rapid activation
of the gene upon hyphal induction. This mRNA was not
detected in the cln21A mutant (see below for this mutant)
under the same conditions.

To assess the possibility that CLN21 might be expressed
only transiently at a certain cell cycle stage, we prepared G1
yeast cells by centrifugal elutriation to grow a synchronous
yeast culture. A budding index was first determined to
approximate cell cycle progression (Figure 2B, left). The
buds of the first and second cell cycles started to appear at
around 100 and 185 min, respectively. We then collected cells
for Northern analysis at 20-min intervals between 70 and
200 min. Again, at no time point was CLN2I mRNA detected.
As a control, CaCLN1 mRNA was found to oscillate with cell
cycle progression (Figure 2B), exhibiting high levels around
the beginning of a cell cycle (90-110 and 180-200 min) and
significantly lower levels at 130 and 150 min. To investigate
whether CLN21 expression is cell cycle regulated during
hyphal growth, the synchronous yeast cultures at 70 min
described above were induced for hyphal growth. As de-
scribed by Hazan et al (2002), the beginning of the first cell
cycle was estimated to be around the time of the appearance
of the first chitin ring along the germ tubes, and the appear-
ance of the second chitin ring near the hyphal tips would
indicate the beginning of the second cell cycle. By determin-
ing the percentage of cells with the first and second chitin
rings at 15-min intervals (Figure 2B, right), we found that the
first and second cell cycles started at ~115 and 190 min,
respectively. We then collected cells every 20 min from 70 to
200 min for RNA preparation. Northern analysis showed that
during this period of time CaCLN1 exhibited cell cycle-de-
pendent expression in a similar pattern as in the yeast cells,
whereas CLN21 mRNA had reached near peak level at 90 min
(20 min after the addition of serum) and remained rather
constant throughout the experiment, indicating that CLN2I
mRNA level is not regulated in a cell cycle-dependent manner
during hyphal growth.

It has been documented that the response of C. albicans
yeast cells to hyphal induction is cell cycle independent
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Figure 1 Relationship of Cln21 with other cyclin family proteins in S. cerevisiae and C. albicans. (A) Localization and sequence relatedness of
the cyclin box sequences. Cyclin boxes are identified using the Simple Modular Architecture Research Tool (http://smart.embl-heidelberg.de)
and are shown in black. The percentage values above each box were scored against Cln21. All the sequences were retrieved from the S.
cerevisiae genome database (http://www.yeastgenome.org). (B) Phylogenetic relatedness of CIn21 to G1 cyclins. The tree was reconstructed
using the Clustal W method in the DNASTAR sequence analysis software. (C) Alignment of the cyclin boxes of G1 cyclins. The invariable
positions are shaded and other conserved positions are denoted by asterisks.

(Hazan et al, 2002). Although we have shown above that
CLN21 expression can be induced in G1 cells, we wanted
to examine whether it can also be induced in yeast cells
in other cell cycle phases. We obtained S and G2/M cells by
treating random yeast cultures with the cell cycle inhibitory
drugs hydroxyurea (200mM) and nocodazole (50uM), re-
spectively. Fluorescence-activated cell sorting (FACS) analy-
sis showed that the two drugs at the concentrations used
arrested the yeast cells in respective phases within 1h
and the arrest persisted for at least 3 more hours (Figure 2C,

©2004 European Molecular Biology Organization

left), consistent with previous reports (Bai et al, 2002;
Bachewich et al, 2003). We then added 10% serum to the
yeast cells that had been arrested for 2 h for 30-min hyphal
induction at 37°C in the presence of the drugs before RNA
preparation. Northern blot analysis (Figure 2C, right) de-
tected CLN21 expression in the arrested cells only after but
not before the 30-min exposure to the hypha-inducing con-
dition. Taken together, we conclude that CLN2I expression
can be activated in the yeast cells of different cell cycle
phases.
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Figure 2 CLNZI expression. (A) Hypha-specific expression of CLN21. Overnight yeast cultures of SC5314 and cin21A were inoculated into fresh
YPD at 2 x 10° cells/ml and §rown at 30°C for 2 h before RNA preparation. For hyphal RNA analysis, overnight yeast cells were inoculated into
YPD + 10% serum at 2 x 10° cells/ml and grown at 37°C for the time indicated on top. (B) CLN2I expression in synchronous yeast (left) and
hyphal (right) cells. SC5314 G1 yeast cells were prepared by centrifugal elutriation and released into YPD at 30°C at ~2 x 10° cells/ml. Aliquots
were collected every 15 min to score the percentage of budded cells (n =150). Guided by the budding index, aliquots of similar yeast cultures
were harvested every 20 min from 70 to 200 min for RNA preparation. To obtain a synchronous hyphal culture, 10% serum was added to the
synchronous yeast culture at the 70-min time point as described above and the culture was incubated at 37°C. Samples were taken every 15 min
for Calcofluor staining to score the percentage of hyphal cells (n=150) containing the first and second chitin rings. For Northern analysis,
samples were taken every 20 min between 70 and 200 min. (C) CLN21 expression in S and G2/M yeast cells. Hydroxyurea or nocodazole was
added to a mid-log-phase yeast culture of SC5314 at 200 mM and 50 pM, respectively. Aliquots were harvested for FACS analysis every 30 min
(left panel). For Northern blot analysis (right panel), RNA was prepared from the following cells: a, untreated yeast cells; b, yeast cells arrested
with hydroxyurea for 2 h in YPD at 30°C; ¢, 10% serum was added to the arrested cells described in ‘b’ for 30 more minutes of growth at 37°C;
d, yeast cells treated with nocodazole for 2h in YPD at 30°C; and e, 10% serum was added to the arrested cells described in ‘d” for 30 more

minutes of growth at 37°C.

hgc1A was defective in hyphal growth

To better reflect its hypha-specific expression and relatedness
to G1 cyclins, we propose to rename the gene HGCI. Next, we
constructed HGCI mutants to study its cellular functions. The
two copies of HGC1 were sequentially replaced with ARG4
and HISI in strain BWP17. The heterozygous mutant (HGC1/
hgclA:: ARG4) exhibited normal growth rate, morphology
and response to serum induction and thus was not studied
further, whereas the homozygous mutant (hgclA::ARG4
hgclA::HIS1, referred to as hgclA for simplicity throughout
the paper) exhibited profound defects in hyphal morpho-
genesis. To compare HGCI and hgcIA strains in otherwise
identical genetic background, a Ura™ hgclA strain was trans-
formed either with a CIp10 vector that contains a URA3 gene
by integration at the RPI0 locus yielding a Ura™* hgcIA strain
(WYZ12.2) or with the CIpl0 plasmid carrying a copy of
HGC1 with its own promoter by integration at its original
genomic locus generating a Ura® hgclA::HGCI strain
(WYZ12.1). Southern blot verification of the mutants and
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WYZ12.1 is shown in Supplementary Figure 1. WYZ12.1 was
found to be phenotypically indistinguishable from the wild-
type strain SC5314 in all the experiments described below and
thus is used to represent the wild type unless indicated
otherwise. We examined the growth of higclA in a range of
hypha-inducing and noninducing conditions. In all the non-
inducing liquid media used, such as YPD, GMM and Lee’s
medium (pH 4.0) at 30°C, HGCI and hgclA strains were
similar in morphology (data not shown) and growth rate
(Figure 3A). However, hgcIA did not form filaments in any
of the liquid inducing media used, including serum, Lee’s
(pH 7.0) and RPMI at 37°C (Figure 3B). A closer examination
revealed that hgclA exhibited some limited response to
hyphal induction. hgcIA G1 yeast cells formed a wide surface
protrusion giving the cell a pear-like shape. The protrusion is
presumably equivalent to the germ tubes of normal G1 cells,
because they appeared at similar time and at random posi-
tions. Later, a bud emerged at the tip of the protrusion and
grew apically to a length ~1.5-2 times that of the mother
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Figure 3 HGCI is required for hyphal morphogenesis. (A) Growth
curves of yeast cells. Strain WYZ12.2 (hgcl1A) was compared with
WYZ12.1 (HGCI). Overnight yeast culture was inoculated into YPD
at 2 x 10° cells/ml and grown at 30°C. Cell numbers were counted
every 2 h using a hemacytometer. (B) igc1A was defective in hyphal
growth in liquid media. Yeast cells of overnight cultures were
inoculated into inducing media at 2 x 10°cells/ml and samples
were examined at timed intervals. Photos were taken using differ-
ential interference phase contrast (DIC). The cells shown were
induced in YPD+ 10% serum at 37°C and are representative of
cells induced in GMM + 10% serum, Lee’s medium (pH 7.0) and
RPMI. The scale bars indicate 5 pm throughout the paper. (C) hgclA
was defective in hyphal growth on solid media. The media used are
shown on top and the cultures were 2 days old. (D) hgclA was
defective in hyphal growth in the kidneys of mice. Mice injected
with 1 x10° cells via the tail vein were killed after 2 days and
kidneys were removed for histology. The photos show the cortex
sections and the arrows denote C. albicans cells.

cell, which is markedly shorter and wider than normal
hyphal cells. The mother and daughter cells separated after
cytokinesis and thus filaments were not formed. The results
demonstrate that hgcIA is severely impaired in the control of
germ tube/hyphal morphology and the maintenance of cell-
cell attachment after cytokinesis. However, the results also
indicate that hgclA remains responsive to hyphal induction,
capable of initiating hyphal growth with a largely normal
spatiotemporal pattern. hgcIA was also defective in filamen-
tous growth in solid hypha-inducing media, such as Lee’s
(pH 7.0), Spider’s and serum, and when embedded in agar
(Figure 3C). The morphology of the colonies and the cells
removed from the colonies were examined daily for 1 week
and the mutant did not show any hyphal growth at any time.
Furthermore, the mutant grew almost exclusively as slightly
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elongated yeast cells in the kidneys of systemically infected
mice in sharp contrast to the HGCI strain that produced
masses of long filaments (Figure 3D). Taken together, these
results indicate that HGCI function is critically required for
hyphal growth in all the laboratory conditions tested and in
systemically infected mice. Thus, HGCI is the first HSG
identified so far that is critically required for hyphal morpho-
genesis.

HGCT1 is required for the filamentous phenotype of
tup1A mutant

TUPI encodes a transcriptional inhibitor for many HSGs,
presumably including those required for hyphal growth
(Braun and Johnson, 1997, 2000). Indeed, tuplA grows
constitutively as branched filaments with highly elongated
cells. However, it is not clear whether the mechanism that
leads to this filamentous growth is the same as the one
underlying normal hyphal growth, partly because informa-
tion is incomplete on the identities of all the genes activated
in the hyphal cells and those derepressed in tupIA. To
determine whether HGCI is required for the filamentous
phenotype of tupIA, we deleted HGCI together with TUPI.
Strikingly, deletion of HGCI abolished the constitutive cell
elongation of tupIA and weakened cell-cell attachment after
cytokinesis in both liquid and solid media, virtually convert-
ing the long branched filaments of tupIA to short chains of
yeast cells (Figure 4). The growth rates of tupIA and tupIA
hgclA mutants were similar (data not shown) and the nuclear
divisions in the double mutant appeared normal, suggesting
that the loss of the constitutive filamentous growth in tupIA
hgclA is unlikely the result of the disruption of cell cycle
progression. These results further established the critical role
of HGCI in hyphal morphogenesis and indicate that a com-
mon mechanism is responsible for both the normal hyphal
growth and the filamentous growth caused by TUPI deletion.

HGC1 is not required for the expression of HWP1, HYR1
and ECE1

In S. cerevisiae, a MAP Kkinase pathway activates the tran-
scription factor Stel2, which in turn controls the expression
of genes required for pseudohyphal growth (Liu et al, 1993,

Liquid medium
|1

Solid medium

Figure 4 HGCI is required for the filamentous phenotype of tup1A.
Strains CaWY6 (tuplA) and WYZ15 (tuplA hgclA) were grown in
liquid GMM (left) at 30°C to mid-log phase or on GMM plates (right)
at 30°C for 2 days. Nuclei were stained with 4/, 6-diamidino-2-
phenylindole (DAPI).
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Figure 5 HGCI expression is regulated by the cAMP/PKA pathway
and transcriptional factors Efgl, Tupl and Nrgl. (A) Deletion of
HGCI did not affect the expression of HWP1, HYRI and ECE1. HGCI
and hgclA yeast cells were grown in YPD at 30°C and hyphal growth
was induced in YPD+10% serum at 37°C for 1, 3 and 5h before
RNA preparation. (B) HGCI was not expressed in efglA and
Cacdc35A but induced normally in cphIA under inducing condi-
tions. Cells of each strain (indicated on top) were grown in YPD at
30°C (Y) or YPD+10% serum at 37°C for 1h (H). (C) HGCI
expression was derepressed in tuplA and nrglA. All strains were
grown in GMM at 30°C to mid-log phase.

1994). A cyclin/Cdk complex, Srbll/Srbl0, is known to
modulate Stel2 activity and thereby pseudohyphal growth
(Nelson et al, 2003). In C. albicans, CaCLNI is also needed for
the expression of several HSGs in Lee’s medium (Loeb et al,
1999). To determine whether HGCI deletion blocks the
signaling pathways that activate the expression of HSGs, we
examined the expression of three well-known representative
genes, HWPI (Staab et al, 1999), HYRI (Bailey et al, 1996)
and ECE1 (Birse et al, 1993), in yeast and hyphal cells. We
found that the expression patterns of these genes were
unaffected in hgcIA (Figure 5A), indicating that the signaling
pathways that activate their expression remain intact.

HGC1 expression is regulated by the cAMP/PKA
pathway and Tup1

The hypha-specific expression of HGCI suggests that it may
be co-regulated with other HSGs by the same signaling path-
ways. To identify the pathways that regulate HGCI expres-
sion, we examined its expression in cphIA and efglA
mutants, in which the MAP kinase and cAMP/PKA pathways
are blocked respectively (Liu et al, 1994; Lo et al, 1997;
Murad et al, 2001c), and in tupIA, nrglA and rfgIA mutants,
in which many HSGs are constitutively expressed (Braun and
Johnson, 1997, 2000; Braun et al, 2001; Murad et al, 2001c).
Figure 5B shows that HGCI mRNA was not detected in efgIA
mutant under inducing conditions but induced normally in
cphlA, suggesting that HGCI expression may be activated via
the cAMP/PKA pathway. This was confirmed by the absence
of induced HGCI expression in a strain deleted of CaCDC35,
the gene encoding the adenylyl cyclase that catalyzes
cAMP production (Rocha et al, 2001). Under noninducing
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conditions, HGC1 expression was readily detected in tuplA
and nrglA mutants but undetectable in rfglA (Figure 5C),
implying that HGCI is repressed by Tupl and Nrgl. These
results suggest that HGCI should be positioned at the same
level as the typical HSGs, such as HWPI1, HYRI and ECEI, in
the entire cascade of events activated by the hypha-inducing
signals.

Constitutive overexpression of HGC1 alone is not
sufficient to induce hyphal growth

Among the many known HSGs, HGCI is the only one found to
have a critical role in hyphal growth. To assess whether
constitutive expression of HGCI is sufficient to cause hyphal
growth, we expressed HGCI under the control of ACTI
promoter in hgcIA and CAIl4 strains. HGCI expression in
the transformants was confirmed by Northern analysis
(Supplementary Figure 2). Although the construct fully re-
stored the induced hyphal growth in hgclA, both strains grew
as yeast under noninducing conditions, such as GMM and
YPD at 30 or 37°C (data not shown), indicating that HGCI
expression alone is not sufficient for hyphal growth. We also
wanted to assess whether other G1 cyclin genes, when made
hypha-inducible or constitutively expressed, are able to sup-
press the defects of hgclA. CaCLN1 or 2 was expressed in
hgclA under the control of either HGCI or ACTI promoter
(Supplementary Figure 2). None of the constructs was able to
suppress the hyphal growth defects of hgcIA (data not
shown), implying that the function in promoting hyphal
morphogenesis is specific to Hgcl.

Physical and functional interaction between Hgc1

and CaCdc28

Hgcl shares high sequence identities to the G1 cyclins
specific for Cdc28 but very low similarities to those for
other Cdks, suggesting that it might be an interacting partner
of CaCdc28. To determine whether Hgcl and CaCdc28 phy-
sically interact with each other, we tagged CaCdc28 with myc
and Hgcl with hemagglutinin (HA) epitopes at the carboxyl
and amino termini respectively, and performed co-immuno-
precipitation. Both fusion proteins were expressed from their
endogenous promoters. A strain expressing CaCdc28-myc
alone was used as control. Similar levels of CaCdc28-myc,
which is of the expected size of ~44kDa, were detected in
both strains (Figure 6A, top). From the protein extract of the
cells coexpressing CaCdc28-myc and HA-Hgcl, anti-HA anti-
body precipitated HA-Hgcl (~94kDa) together with
CaCdc28-myc (Figure 6A, middle) and the precipitant exhib-
ited histone H1 kinase activity (Figure 6A, bottom). In
comparison, neither CaCdc28-myc nor the kinase activity
was detectable in the anti-HA precipitant from the cells
expressing CaCdc28-myc alone. Together, these results indi-
cate physical interaction between Hgcl and CaCdc28.
However, at this stage, we do not know whether this inter-
action is required for hyphal morphogenesis. We observed
that the HA-Hgcl band appeared diffuse (Figure 6A, middle),
suggesting possible post-translational modification of this
protein. We are currently investigating the nature and sig-
nificance of this modification.

In S. cerevisiae, any one of the three G1 cyclins alone is
sufficient to sustain cell growth (Andrews and Measday,
1998). We thought if HGCI may do likewise, it would provide
further evidence supporting functional as well as physical
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Figure 6 Interactions of Hgcl with Cdc28. (A) Hgcl co-immunoprecipitates with CaCdc28. The strain expressing CaCdc28-myc alone (WYZ19)
and that coexpressing CaCdc28-myc and HA-Hgcl (WYZ20) were induced in serum for 1 h. Protein extracts (top) and the immunoprecipitant
pulled down by anti-HA antibody (middle) were Western-blotted and probed by anti-myc or anti-HA antibody. The immunoprecipitant was
assayed for histone H1 kinase activity (bottom). (B) HGCI supports the growth of an S. cerevisiae mutant without endogenous G1 cyclins
(strain US454). Strains were grown on minimal medium plates containing 2% glucose (GMM) or galactose (GalMM) with or without
methionine (Met) at 30°C for 2 days. (C) US454 cells expressing HGCI are highly elongated. The US454 cells transformed with HGCI or CaCLN1
under the control of Gall-10 promoter were first cultured in GMM before being transferred to GalMM containing 2 mM methionine and grown
for 6-8 h. Rhodamine-phalloidin was used to stain actin structures and DAPI for nuclei (arrows).

interaction of Hgcl with CaCdc28. Our repeated efforts in
constructing a C. albicans strain with HGCI as the only G1
cyclin were not successful, probably due to technical diffi-
culties in deleting multiple copies of the CaCLNs from this
diploid organism. Alternatively, we tested this in an S.
cerevisiae strain US454 (Li and Cai, 1999) deleted of all
three G1 cyclin genes, which was kept alive by a copy of
ScCLN3 under the control of MET3 promoter. HGC1 or
CaCLN1 was introduced into this strain under the control of
Gall-10 promoter on a centromeric plasmid. All the strains
grew on GMM plate lacking methionine (Figure 6B), a con-
dition that allows ScCLN3 expression, while no strain, except
the wild type, grew on GMM containing 2mM methionine
where the expressions of ScCLN1, HGCI1 and CaCLN1 were
suppressed. When glucose in the GMM + Met medium was
replaced by galactose, only the strains expressing either
CaCLN3 or HGCI grew, although the strain expressing
HGC1 grew considerably more slowly. The same test in liquid
media produced similar results (data not shown).
Interestingly, ~50% of the cells expressing HGCI as the
only G1 cyclin exhibited significantly elongated morphology,
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with multiple constrictions and with actin patches and cables
polarized toward the bud tip (Figure 6C). We also noticed that
~70% of the polarized cells contained a single nuclear mass,
suggesting possible defects in cell cycle progression.
However, these features were not observed in the cells
expressing CaCLN1I as the only G1 cyclin. Although these
results show that Hgcl may be only partially functional in
driving cell cycle progression, they nevertheless support the
interaction between Hgcl and Cdc28 and suggest functional
differences between Hgcl and CaClnl. The polarized mor-
phology of the S. cerevisiae cells expressing HGCI alone
might be a reflection of its intrinsic ability in promoting
morphogenesis, but we cannot exclude the possibility that
it may be caused by problems in cell cycle progression (Lew
and Reed, 1993; Rua et al, 2001).

HGC1 is required to maintain hyphal tip localization

of actin and CaSpa2

Some polarity proteins localize persistently to the hyphal tips
(Hazan and Liu, 2002; Hazan et al, 2002; Zheng et al, 2003).
Actin and CaSpa2 are two examples. To determine how HGCI
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Figure 7 Role of Hgcl in maintaining tip localization of actin and CaSpa2. G1 yeast cells of strains WYZ5 (HGCI) and WYZ14 (hgclA)
expressing CaSpa2GFP were induced for hyphal growth in YPD 4 10% serum and samples were harvested at regular intervals. The DIC photos
are shown on the top and the fluorescence ones for actin staining (left) and CaSpa2GFP (right) are shown at the bottom. The cells that have
completed cell division (the 150" sample for HGCI and 120" sample for hgclA, left panel) were also stained with DAPI. The arrows indicate the

position of septum.

deletion affects the cellular localization of these proteins, we
used rhodamine-phalloidin to stain the actin structures and
tagged CaSpa2 with the green fluorescent protein (GFP) at its
carboxyl terminus. The CaSpa2GFP fusion protein is func-
tional (Zheng et al, 2003). Synchronous G1 yeast cells were
treated with serum at 37°C and examined at regular intervals.
In response to hyphal induction, both actin and CaSpa2GFP
in hgclA cells rapidly polarized to a site at the cell surface and
later were observed at the tip of the broad surface protrusion
and bud throughout most of the cell cycle (Figure 7).
However, they disappeared from the bud tip and appeared
at the bud neck at the time of cytokinesis. In contrast, both
proteins localized to the tips throughout hyphal growth in
HGCI cells. The results show that under inducing conditions
hgclA is able to localize CaSpa2 and actin to the site of
polarized growth through a large part of the cell cycle but
loses this ability around the time of cytokinesis. It suggests
that Hgcl may have a role in maintaining actin and CaSpa2
at the hyphal tips when the cells undergo cytokinesis, which
is probably required to ensure persistent hyphal tip growth
and prevent cell separation.

HGC1 is required for virulence

The importance of hyphal morphogenesis for C. albicans
virulence remains controversial due to its co-regulation
with many genes encoding other virulence traits (Berman
and Sudbery, 2002; Gow et al, 2002). Our results above show
that HGCI deletion abolished hyphal morphogenesis without
detectable effect on the yeast growth and the expression of
HWPI, HYRI and ECE1. Thus, hgclA should serve as the best
test so far available to evaluate the role of hyphal morpho-
genesis in virulence. Using the mouse systemic infection
model, we found that 70% of the mice infected with 1 x10°
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Figure 8 hgclA exhibits markedly reduced virulence. Yeast cells of
strains WYZ12.1 (HGCI), WYZ12.2 (hgclA) and WYNRI1 (efgl
cphl) were grown in YPD to mid-log phase. Each mouse was
injected via the tail vein with 1x10° cells and monitored for
death for 30 days. The test was performed twice yielding nearly
identical trends.

yeast cells of hgclA remained alive 30 days post infection and
the rest died between days 20 and 30, whereas the same
inoculum killed all the mice infected by an isogenic strain
carrying a copy of HGCI within 7 days (Figure 8). For
comparison, efgl cphl mutant did not kill any of the mice
at the same inoculum. These results show that HGCI is
required for C. albicans virulence, strongly supporting the
view that the yeast-to-hypha morphogenesis is important for
pathogenesis. However, the results also indicate that other
factors, which are blocked in efgl cphl, are also required for
the full virulence.
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Discussion

This study discovered and characterized the first hypha-
specific gene identified so far that is critically required for
C. albicans hyphal morphogenesis. We showed that the
deletion of HGCI blocked hyphal growth under a range of
experimental conditions that are thought to activate distinct
signal sensing/transducing mechanisms that converge to
promote hyphal morphogenesis, such as serum, neutral pH,
and embedment in agar matrix and the kidneys of mice. We
also demonstrated that hgclA was significantly weakened in
virulence. HGCI expression was found to be specifically
induced during hyphal growth, and its regulation, like
many other known HSGs, was mediated by the cAMP/PKA
pathway and transcriptional inhibitors Tupl and Nrgl. As
one of many HSGs, the effect of deleting HGCI was observed
to be limited primarily, if not entirely, to hyphal morphogen-
esis. HGCI encodes a G1 cyclin-related protein and exhibited
physical and functional interaction with the cell cycle regu-
lator CaCdc28, allowing us to propose a highly plausible
mechanism for the control of hyphal morphogenesis.

Role of Hgc1 in virulence

C. albicans yeast-to-hypha transition has been shown in many
studies to facilitate its invasion of host tissues and escape
from phagocytosis, two processes important for microbial
virulence (Odds, 1988; Lo et al, 1997; Berman and Sudbery,
2002). The observed specific function of HGCI in promoting
C. albicans hyphal morphogenesis and its requirement for
virulence suggests that the role of HGCI in virulence is most
likely attributable to its activity in regulating hyphal growth,
although we cannot exclude the possibility that some other
virulence attributes may be compromised in the HGCI dele-
tion mutants. The transcriptional co-regulation of HGCI with
the genes encoding other virulence traits further supports its
intimate involvement in virulence. The signaling pathways for
hyphal growth activate the expression of a group of proteins
responsible for diverse, infection-related functions such as
adhesins, secreted aspartyl proteinases, and iron acquisition
(Staab et al, 1999; Braun and Johnson, 2000; Kapteyn et al,
2000; Ramanan and Wang, 2000; Naglik et al, 2003). Hgcl, a
new member of this group, seems to be responsible for the
morphogenetic aspect of infection. It is evident that the
evolution of C. albicans has coordinated a range of biochemi-
cally distinct cellular functions in a ‘pathogenesis program’
under the same transcriptional control because of each one’s
specific contribution to different stages of infection. Hence,
these genes are collectively responsible for the full virulence
of the pathogen. This is consistent with the various degrees of
partial loss of virulence when each individual function is
blocked and the nearly complete loss of virulence in efgl
cphl in which most of these functions are compromised.

Role of Hgc1 in hyphal morphogenesis

The core mechanisms underlying universal cellular processes
in eucaryotes are often highly conserved. Cell cycle progres-
sion and polarized cell growth are two well-known examples
(Drubin, 2000; Nurse, 2000). In S. cerevisiae, the CInl1,2/
Cdc28 kinases have been repeatedly demonstrated to pro-
mote bud elongation, and mutants that enhance or prolong
the activities of Clnl1,2/Cdc28 sometimes cause significant
bud elongation that morphologically resembles the germ

©2004 European Molecular Biology Organization

HGC1 controls C. albicans hyphal growth
X Zheng et al

tubes of C. albicans (Lew and Reed, 1993; Rua et al, 2001).
Recently, the cell cycle regulator Cdc2-cyclin B2 was shown
to promote actin assembly and cell migration in mammalian
cells (Manes et al, 2003), and Cdk5 kinase was found to
promote neurite outgrowth (Nikolic et al, 1996). The involve-
ment of cell cycle regulators in promoting distinct forms of
polarized cell growth in yeast and mammals suggests that a
highly conserved mechanism may be specifically modified in
different cell types or organisms to control different forms of
polarized cell growth.

Our discovery of Hgcl and the characterization of its
sequence features, expression pattern and cellular functions
suggest that C. albicans may have adapted the mechanism
that normally promotes the apical bud elongation during the
G1 phase in the yeast cells to control specifically hyphal
growth. Here we propose that Hgcl might have diverged from
other G1 cyclins having lost its function in cell cycle control
but retaining the function of promoting apical bud extension
like the corresponding activity of ScCInl and 2 (Lew and
Reed, 1993; Rua et al, 2001). Concurrently, its transcriptional
regulation has been placed under the control of the hypha-
inducing signals instead of the cell cycle signals that regulate
the periodic expression of other cyclin genes. The loss of cell
cycle function and the gain of the hypha-specific expression
would ensure that Hgc1 is produced at any time of a cell cycle
when the cells are exposed to hypha-inducing signals and
remains continuously present as long as the inducing condi-
tions are maintained with minimal or no effect on the cell
cycle progression. Once produced, Hgcl may recruit a frac-
tion of Cdc28 to promote hyphal morphogenesis, leaving the
rest of the Gl and mitotic cyclins to control cell cycle
progression. The Cdks for cell cycle control are well docu-
mented to associate with different cyclins to regulate simul-
taneously multiple cellular processes (Nurse, 2000). If Hgcl
activity should require interaction with Cdc28, the constant
presence of Cdc28 in the cell would permit its availability. In
addition, Hgcl might also play an important role in prevent-
ing cell separation by sequestering some polarity proteins
from the site of cytokinesis. This model accommodates well
the main properties of Hgcl characterized in this study and
agrees in principle with the currently prevailing model on the
mechanism underlying cell morphogenesis in S. cerevisiae. It
also provides a satisfactory explanation for the cell cycle-
independent occurrence of hyphal growth and the lack of
effect of CaCLN1 deletion on hyphal growth (Loeb et al,
1999). The pseudohyphal growth reported in mutants deleted
of CaFKH2 (Bensen et al, 2002), CaCDCS (Bachewich et al,
2003) or CaMCM1 (Rottmann et al, 2003) or in cells treated
with cell cycle toxins (Bai et al, 2002; Bachewich et al, 2003)
is likely the consequence of altering the normal cell cycle
control, which may not involve Hgcl.

Other factors are also required for hyphal growth

Although Hgcl is of critical importance, we found that its
constitutive expression is not sufficient to cause hyphal
growth, indicating that other unknown proteins or cellular
processes coactivated with Hgcl by the hypha-inducing
signals are also needed. The germ tube emergence in hgclA
cells, although morphologically aberrant, exhibited nearly
normal spatiotemporal control, suggesting that other factors
are responsible for the initiation and limited maintenance of
the polarized growth. Potential candidates may include the
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polarity proteins Rho3 and Bem2, whose expression was
recently shown to be rapidly elevated upon hyphal induction
(Enjalbert et al, 2003). Stochastic spontaneous polarization
might be another possible mechanism that initiates the ran-
domized germ tube emergence (Wedlich-Soldner et al, 2003).
The molecular links between Hgcl activity and the proteins
that execute polarized growth, such as the Rho family GTPase
Cdc42, its regulators and the actin assembly machinery
(Drubin, 2000; Etienne-Manneville and Hall, 2002) remain
to be established. It will be interesting to identify the sub-
strates or other interacting partners of Hgcl/CaCdc28.

The evolution of C. albicans seems to have incorporated a
conserved mechanism into a complex program that coordi-
nates multiple events required for infection and virulence.
Elucidation of the underlying mechanisms may provide valu-
able insights into a fundamental biological process—polar-
ized cell growth—as well as new means to develop novel
anti-Candida therapies.

Materials and methods

Strains and culture conditions

All the strains used are listed in Table I. C. albicans yeast was grown
at 30°C in YPD (2% yeast extract, 1% bactopeptone and 2%
glucose) or in GMM (2% glucose and 1 x yeast nitrogen base) or
GMM supplemented with nutrients. For hyphal growth, the yeast
cells were inoculated into YPD+10% serum, Lee’s (pH 7.0)
medium (Lee et al, 1975), RPMI-1640 or Spider’s medium and
grown at 37°C. Solid media contain 1.5% agar. G1 yeast cells were
prepared by centrifugal elutriation as described (Zheng et al, 2003).

C. albicans gene deletion

Deletion of HGC1 copies with ARG4 and HISI cassettes from BWP17
produced strain WYZ12 by following the strategy described by
Zheng et al (2003). HGCI coding region with ~1000-bp 5'- and

Table I C. albicans and S. cerevisiae strains used in this study

1700-bp 3/-UTR was PCR-amplified and cloned between the Kpnl
and Spel sites of plasmid CIp10 (Murad et al, 2001a). This plasmid
(pCIp10HGC1) was linearized at the Xbal site in the promoter and
integrated into HGCI promoter in WYZ12, yielding strain WYZ12.1.
CIp10 alone was also introduced into WYZ12 at the RPIO locus to
yield strain WYZ12.2. A second hgcIA strain was constructed from
BWP17 using ARG4 and HisG-URA3-HisG cassettes yielding WYZ13
and WYZ13.1 after looping out URA3 on 5-FOA plate. WYZ13.1 was
used to construct strains WYZ15, 19 and 20.

Chitin, actin and nuclear staining and fluorescence
microscopy

Chitin, actin and nuclear stainings were carried out as described
(Zheng et al, 2003). A Leica DMR fluorescence microscope and a
Hamamatsu digital camera interfaced with METAMORPH software
(Universal Imaging) were used for imaging.

Mouse systemic infection

Systemic infection of mice and histology were performed as
described (Bai et al, 2002). Each animal was injected with 1 x10°
yeast cells and two groups of 12 mice were used for each strain. Two
animals were killed 2 days after injection for histology and the rest
were kept for 30 days to monitor survival.

Co-immunoprecipitation and Western blot

The nucleotide sequences for x 6HA (YPYDVPDYA) and x 6myc
(LDEESILKQE) were synthesized with restriction sites added to the
ends. The x 6myc sequence was inserted in front of the stop codon
of CaCDC28 in a DNA fragment corresponding to the 3’ half of the
gene containing a unique Xhol site. The DNA fragment was cloned
in a modified pCIp10 in which the CaURA3 gene had been replaced
by HISI. After Xhol cleavage, the plasmid was used to replace the 3’
end of a copy of CaCDC28 in WYZ13.1 yielding WYZ19. The x 6HA
tag was inserted after the start codon of HGCI in pCIpl0HGC1,
linearized with Xbal and integrated at the promoter in WYZ13.1
yielding WYZ20. Both CaCdc28-myc and HA-Hgcl are functional,
because they could support normal cell growth as the sole allele.
Protein extract was prepared as described (Surana et al, 1993). For
immunoprecipitation of HA-Hgcl, ~1 mg of protein was incubated
with rabbit anti-HA antibody Y-11 (Santa Cruz Biotechnology Inc.)
for 1 h at 4°C and then with protein A-sepharose beads (Pharmacia)

Strains Relevant genotype Source

C. albicans

SC5314 Clinical isolate from London Mycological Reference Laboratory

CAI4 ura3::imm434/ura3::imm434 Fonzi and Irwin (1993)
BWP17 ura3::imm434/ura3::imm434 hisl::hisG/his1 :: hisG arg4::hisG/arg4:: hisG Enloe et al (2000)
CR153 cacdc35D/cacdc35D Rocha et al (2001)
CaWys 1fglA::HIS1/rfgl1A::URA3 Hu et al (2002)
CaWY6 tup1A::HIS1/tuplA::URA3 Hu et al (2002)
Cawy7z nrglA::HIS1/nrglA::URA3 Hu et al (2002)
JKC19 cphlA::hisG/cphlA:: hisG-URA3-hisG Liu et al (1994)
HLC52 efglA::hisG/efglA:: hisG-URA3-hisG Lo et al (1997)
WYNRI1 efglA::hisG/efglA:: hisG cphlA::hisG/cphlA:: hisG-URA3-hisG This study

WYZ5 CaSPA2/Caspa2::CaSPA2GFP URA3 Zheng et al (2003)
WYZ12 ura3::imm434/ura3::imm434 hgclA:: ARG4/hgclA::HIS1 This study
WYZ12.1 hgclA:: ARG4/hgclA::HIS1, HGCI URA3 This study
WYZ12.2 hgclA:: ARG4/hgclA::HIS1, URA3 This study
WYZ13 his1::hisG/his1::hisG hgclA::ARG4/hgclA:: hisG-URA3-hisG This study
WYZ13.1 ura3::imm434/ura3::imm434 hisl::hisG/his1::hisG hgclA:: ARG4/hgclA:: hisG This study
WYZ14 hgclA:: ARG4/hgclA::HIS1, CaSPA2/CaspaZ2::CaSPA2GFP URA3 This study
WYZ15 hgclA:: ARG4/hgclA::HisG tuplA::HIS1/tuplA::URA3 This study
WYZ16 hgclA:: ARG4/hgclA::HIS1, ACT1-promoter-HGC1 URA3 This study
WYZ17 hgclA:: ARG4/hgclA::HIS1, HGCI-promoter-CaCLN1 URA3 This study
WYZ18 hgclA:: ARG4/hgclA::HIS1, ACTI1 promoter-CaCLN1 URA3 This study
WYZ19 hgclA:: ARG4/hgclA::HisG, CaCDC28-6MYC HIS1 This study
WYZ20 hgclA:: ARG4/hgclA::HisG, CaCDC28-6MYC HIS1 6HA-HGCI URA3 This study

S. cerevisiae

W303 MATa ade2 ura3 leu2 trpl his3 Li and Cai (1999)
US454 MATa clnlA cln2A cin3A ade2 ura3 (pMET3-CLN3) Li and Cai (1999)
WYZ21 MATa clnl cln2 cln3 ade2 ura3 (pMET3-CLN3) pGAL-HGCI This study
WYZ22 MATa clnl cln2 cln3 ade2 ura3 (pMET3-CLN3) pGAL-CaCLN1 This study
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for 1 h. Anti-HA and -myc antibodies were used to detect HA-Hgcl
and CaCdc28-myc (Clontech) in Western blot. Histone H1 kinase
was assayed as described (Surana et al, 1993). HGCI and CaCLN1
were cloned in a CEN plasmid under the control of Gall-10
promoter.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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