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The opportunistic fungal pathogen, Candida albicans, is reported to have several potential virulence factors.
A potentially significant factor is the ability to undergo morphological transition from yeast to hypha. This
alteration of form is accompanied by many changes within the cell, including alterations in gene expression and
cell wall composition. We have isolated a gene that encodes a highly conserved serine/threonine kinase that
appears to be involved in the regulation of proteins associated with the cell wall. We have assigned the
designation CBK1 (cell wall biosynthesis kinase 1) to this gene. Mutants lacking CBK1 form large aggregates
of round cells under all growth conditions and lack the ability to undergo morphological differentiation.
Additionally, these mutants show an altered pattern of expression of several transcripts encoding proteins
associated with the cell wall. The results suggest that the kinase encoded by CBK1 plays a general role in the
maintenance and alteration of the cell wall of C. albicans in all morphologies.

Candida albicans is a member of the gastrointestinal normal
microbiota of humans. This fungus is also a significant oppor-
tunistic pathogen capable of causing a wide range of infections
in the compromised host (20). Advances in the understanding
of the processes responsible for virulence in C. albicans have
often come from the isolation and characterization of ho-
mologs responsible for similar processes in other fungi.

The corn pathogen Ustilago maydis alternates between the
yeast and hyphal phases of growth during the infectious pro-
cess. It was reported that a conserved serine/threonine kinase
encoded by the UKC1 gene affected morphogenesis and viru-
lence (7). Disruption of UKC1 resulted in strains that grew
more slowly than wild-type strains, exhibited aberrant cellular
morphology, produced more pigment, and had lost virulence.
The homolog from Neurospora crassa, encoded by the cot-1
gene, is necessary for maintenance of normal cellular and
colonial growth. Strains containing a temperature-sensitive
cot-1 mutation showed compact growth, excessive branching,
and lack of conidiation at the nonpermissive temperature (28).
In the fission yeast, Schizosaccharomyces pombe, orb6 encodes
this conserved kinase. orb6 is an essential gene in S. pombe that
is involved in the maintenance of asymmetrical growth and
reorganization of actin after mitosis (27).

We report here the isolation of the C. albicans homolog,
which we have designated CBK1 (cell wall biosynthesis kinase)
after the Saccharomyces cerevisiae homolog (22). CaCBK1
shows extensive homology to the other members of this family
of kinases, a subgroup of the “AGC” kinases (11), within the
defined kinase domain. cbk1 null mutants demonstrate aber-
rant morphology and show an altered pattern of expression of
several genes encoding cell wall proteins and altered expres-

sion of two hypha-related transcripts. The results suggest that,
like the other homologs, Cbk1p is involved in the maintenance
and regulation of cellular morphology.

Isolation and identification of the UKC1 homolog. Sequence
data for C. albicans were obtained from the Stanford DNA
Sequencing and Technology Center website (http://www-se-
quence.stanford.edu/group/candida/ [revision date, Jan. 2001;
last date accessed, July 2001]). A TBLASTN search of the C.
albicans genome sequence database with the U. maydis Ukc1p
sequence identified a single homologous sequence. Homology
searches were conducted using the BLAST algorithm (1). An
826-bp fragment beginning 213 bp 5� to the start site of CBK1
was amplified by PCR, and this product was used as a probe for
hybridization screening of a �GEM-12 genomic library (4). A
5.5-kb EcoRI insert containing the entire CBK1 open reading
frame (ORF) was subcloned into pUC18, generating the plas-
mid pMM1. A partial sequence of the CBK1 ORF was deter-
mined by cycle sequencing with AmpliTaq DNA polymerase,
the ABI Prism Ready Reaction Kit (Perkin-Elmer), and cus-
tom oligonucleotide primers. The sequence obtained from
pMM1 was identical to the ORF designated YLN161 of Con-
tig6-2278 that is available on the Stanford DNA Sequencing
and Technology Center website (http://www-sequence.stanford
.edu/group/candida/).

A BLASTP comparison with the GenBank database re-
vealed that the predicted protein showed extensive homology
with Cbk1p from S. cerevisiae (22), Ukc1p from U. maydis (7),
orb6p from S. pombe (27), cot-1p from N. crassa (28), and
multiple other members of the AGC family of eukaryotic ki-
nases (5, 6, 11, 12).

To determine the role CBK1 plays in C. albicans, a cbk1 null
mutant was constructed by replacing a 2,167-bp segment of the
CBK1 coding region with a hisG-URA3-hisG cassette (Fig. 1A).
A 3.5-kb EcoRI-HindIII fragment from pMM1 was subcloned
into like sites in pUC18. The resulting plasmid, pMM2, was
digested with XbaI and filled in using Klenow DNA polymer-
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ase to create a blunt end. The blunt-ended linearized plasmid
was then digested with BglII. This resulted in the deletion of
the CBK1 ORF from position �1 to 2161. This region was
replaced with a BglII-PstI fragment from pMB7 (9), containing
the hisG-URA3-hisG cassette. The PstI end was made flush
with Klenow DNA polymerase prior to ligation. This plasmid,
pMM3, was cut with XmnI and BbsI to liberate the disruption
cassette with 151 bp 5� and 166 bp 3� of CBK1. Eight micro-
grams of digested plasmid DNA was used to transform C.
albicans strain CAI4 (ura3�::imm434/ura3�::imm434) by using
a lithium acetate-mediated procedure (10). Reconstitution of
the cbk1 null strain was achieved by integration of plasmid
pMM4. This plasmid was constructed by cloning an AatI-NarI

fragment from pSMS44 (24), containing the entire URA3 ORF
and surrounding sequences, into pMM2 digested with the
same enzymes. This plasmid was linearized at a BsrGI site
located 566 bp upstream of the CBK1 ORF and it was used to
transform strain CAMM 292-27.

A BbsI-XmnI fragment containing the cassette flanked by
portions of CBK1 was used to transform strain CAI4 (9) to
uridine prototrophy. One representative transformant, termed
CAMM-29 (ura3�::imm434/ura3�::imm434/cbk1-�1::hisG-
URA3-hisG/CBK1), was plated on 5-fluoroorotic acid (5-FOA)
to select for intrachromosomal recombination between the
repetitive hisG sequences, resulting in the loss of the URA3
selectable marker (9). The resulting strain, CAMM-292
(ura3�::imm434/ura3�::imm434/cbk1-�1::hisG/CBK1), was
transformed with the disruption cassette to delete the second
allele. The cbk1 null mutant strain was named CAMM-292-4
(ura3�::imm434/ura3�::imm434/cbk1-�1::hisG/cbk1-�1::hisG-
URA3-hisG). This strain was plated on 5-FOA to isolate the
Uri� null mutant strain, CAMM-8 (ura3�::imm434/ura3�::
imm434/cbk1-�1::hisG/cbk1-�1::hisG). Proper integration
events were verified in each strain by Southern blot analysis.
Southern blot analysis was performed by standard methods (2).
Blots were washed twice with 2� SSC (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate
(SDS) (5 and 10 min) and twice with 0.1� SSC, 0.1% SDS (15
min). All washes and hybridizations were performed at 68°C.

Genomic DNA was isolated from all representative isolates,
digested with HpaI, and hybridized with a HindIII-BglII frag-
ment upstream of CBK1 (Fig. 1B). The parental strain dis-
played a single hybridizing band of approximately 4.3 kb. The
heterozygous Uri� cbk1/CBK1 strain exhibited one band of 4.3
kb and a second band of approximately 6.3 kb, the predicted
size of the replaced allele. One hybridizing band of approxi-
mately 3.1 kb, corresponding to the cbk1::hisG allele, and a
second band of 6.3 kb were exhibited in the null mutant strain.
The cbk1/cbk1 Uri� strain, CAMM-8, was transformed with
BsrGI-linearized plasmid pMM4 to reintroduce a wild-type
allele of CBK1. The revertant strain was named CAMM-81 and
exhibited the predicted 11.1-kb hybridizing band indicative of a
proper integration event. Lack of expression of CBK1 message
in the null mutant and detection of a hybridizing band in the
revertant strain, determined by Northern blot analysis, con-
firmed the validity of the Southern blot analyses (data not
shown).

CBK1 is required for maintenance of normal cellular mor-
phology. The effects of deletion of CBK1 were analyzed using
various liquid and agar-solidified media. Cells were grown to
stationary phase in yeast-peptone-dextrose (YPD) at 30°C, and
106 cells were spotted on agar plates. The null mutant lacked
the ability to form lateral hyphae at 37°C on medium 199
buffered at pH 7.0 and on Lee’s medium (14) plates (Fig. 2).
The heterozygous strain showed a decrease in hyphal radiation
under these conditions (Fig. 2). Filamentation by the null mu-
tant was also absent on spider medium (15) and 10% serum
plates incubated at 37°C (data not shown). In addition to
lacking hyphae, colonies of the cbk1 strain had irregular bor-
ders and a rough appearance. This phenotype was noted on all
media mentioned above at both 30 and 37°C (data not shown).
In liquid Lee’s medium at both 30 and 37°C, the null mutant
strain formed large aggregations of cells (Fig. 2). This aggre-

FIG. 1. Disruption of C. albicans CBK1. (A) Partial restriction map
of the CBK1 locus. The HindIII/EcoRI fragment was subcloned into
pUC18, generating pMM1. The BglII/XbaI fragment of the CBK1
locus was replaced with the BglII/PstI hisG-URA3-hisG fragment to
construct the disruption cassette. (B) Southern blot of genomic DNA
digested with HpaI and hybridized with a CBK1-specific probe. Geno-
types of the strains are indicated above each lane.
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gation phenotype was also noted at 37°C in liquid medium 199
at pH 7.0, 10% serum, and YPD and at 25°C in YPD, 10%
serum, and medium 199 at pH 4.0 (data not shown). These
aggregates could not be disrupted by the addition of SDS or
EDTA, suggesting a physical attachment between cells. When
grown under conditions that normally lead to yeast growth, the
heterozygous strain grew essentially normally; however, more
pseudohyphae were present at 37°C than in the control strain
(Fig. 2). Reintroduction of the wild-type gene into the null
mutant reverted all associated phenotypes. These results were
reproduced with a set of two independently constructed mu-
tants.

Altered expression pattern of cell wall- and hypha-related
genes. The phenotype associated with disruption of CBK1 in C.
albicans is similar to that caused by disruption of the CBK1
gene in S. cerevisiae. It has been reported that in S. cerevisiae
cbk1 mutants, expression of the gene encoding chitinase,
CTS1, is altered (22). Furthermore, disruption of CTS1 results
in strains that form aggregations of cells under all culture
conditions (13). C. albicans has three genes potentially encod-
ing chitinases, but only two, CHT2 and CHT3, have been
shown to be expressed (16, 17). The possibility that altered
expression of these two genes is at least partially responsible
for the cbk1 null mutant phenotype was examined by Northern
blot analysis.

RNA was prepared by growing cultures to stationary phase
at 30°C in YPD. Cells from these cultures were used to inoc-
ulate 500 ml of medium 199 buffered at pH 7.0 or pH 4.0,
prewarmed to either 25 or 37°C, at an initial density of 4 � 106

cells per ml. Cultures were incubated at either 25 or 37°C for

3 h on a rotary shaker at 180 rpm. RNA was extracted from the
cultures as previously described (2). Blotting and hybridization
were conducted as described above for Southern blot analyses.
Blots were hybridized with one of the following probes: a
1,063-bp AatII-NdeI fragment from within the ORF of PHR1;
a 1,257-bp BamHI-NheI fragment of PHR2; a 1,078-bp PCR
product from within the ORF of CHT2; an 804-bp PCR prod-
uct from the ORF of CHT3; a 984-bp StyI-XbaI fragment of the
CBK1 ORF; a 1.6-kb BamHI-EcoRV fragment of the ECE1
ORF; or a 4.3-kb EcoRI fragment containing the entirety of
the HWP1 ORF. All probes were labeled by random priming
using [�-32P]dCTP and Ready-to-go DNA labeling beads (Am-
ersham Pharmacia Biotech).

The CBK1 wild-type control strain showed the expected
pattern of CHT2 and CHT3 expression (Fig. 3). The cbk1 null
mutant strain, CAMM-292-4, showed decreased expression of
both genes under these conditions compared to the control
strain. The cbk1/CBK1 strain showed a level of expression of
both genes similar to that of the control strain. While there was
a reduction in the level of expression of the two chitinase-

FIG. 2. Effects of CBK1 deletion on colonial and cellular morphol-
ogy. (A and B) Strains were spotted on medium 199 (A) or Lee’s
medium (B) plates and incubated at 37°C for 5 days. (C and D) Strains
were grown overnight in YPD at 25°C and then inoculated into the
Lee’s medium at 25°C (C) or 37°C (D) for 4 h.

FIG. 3. Effect of CBK1 mutations on gene expression. Total RNAs
were isolated from CAI-4, CAMM-29, CAMM-292-4, and CAMM-81
(lane groupings 1 to 4, respectively) as mentioned in Materials and
Methods. Cultures were incubated under conditions which favor yeast
(medium 199 at 25°C and pH 4.0) (Y) or hyphae (medium 199 at 37°C
and pH 7.0) (H). Hybridization probes are listed on the left.
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encoding genes in the cbk1 null mutant strain, abundant
mRNA for both was apparent.

It has been noted in S. cerevisiae strains lacking a functional
CBK1 gene that the expression of more than 50 genes is altered
by more than 2.2-fold (3). Because the decrease in the level of
expression of CHT2 and CHT3 was not considered likely to be
the sole cause of the complex morphological phenotype seen in
the cbk1 strain, the expression of several genes encoding
known cell wall proteins was analyzed. PHR1 and PHR2 are
regulated by external pH and are expressed in a reciprocal
pattern to each other (19, 24). It has recently been suggested
that the homologous proteins encoded by PHR1 and PHR2 are
putative glycosidases necessary for proper construction of the
cell wall (8, 18). The cbk1 null mutant strain showed a pattern
of expression of PHR1 identical to that of the control strain
(Fig. 3). However, the cbk1/cbk1 strain showed an increased
level of expression of PHR2 at pH 7.0 when compared to the
control strain (Fig. 3). Deletion of CBK1 had no effect on the
expression of PRR1 and RIM101/PRR2, two known regulators
of PHR1 and PHR2 expression (data not shown) (21, 23).
Additionally, CBK1 expression is unaffected in prr1 and
rim101/prr2 null mutant strains (data not shown).

Expression of the hypha-associated transcripts, ECE1 (4)
and HWP1 (25, 26), was also analyzed in the cbk1 null mutant.
Both ECE1 and HWP1 are expressed under conditions that
lead to hyphal growth. The cellular location of Ece1p has not
been identified, but Hwp1p has been shown to be a cell wall
protein (26). Under conditions that led to hyphal growth of the
control strain, both ECE1 and HWP1 showed a high level of
induction (Fig. 3). The cbk1 strain showed a lack of complete
induction of ECE1 at pH 7.0 and 37°C but, like the control
strain, it lacked expression at pH 4.0 and 25°C. HWP1 expres-
sion in the cbk1 null mutant strain grown at pH 7.0 and 37°C
was essentially identical to that of the control strain, but it
showed a lack of complete repression under normally nonin-
ducing conditions. Reintroduction of a functional copy of
CBK1 in the revertant strain, CAMM-81, restored a normal
pattern of expression of CHT2, CHT3, ECE1, HWP1, and
PHR2. Whether Cbk1p affects expression of these genes di-
rectly or indirectly is not known, and further analysis will be
necessary to elucidate its function in the maintenance of nor-
mal morphological development.
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