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Candida albicans interacts with oral epithelial cells during oropharyngeal candidiasis and with vascular
endothelial cells when it disseminates hematogenously. We set out to identify C. albicans genes that govern
interactions with these host cells in vitro. The transcriptional response of C. albicans to the FaDu oral epithelial
cell line and primary endothelial cells was determined by microarray analysis. Contact with epithelial cells
caused a decrease in transcript levels of genes related to protein synthesis and adhesion, whereas contact with
endothelial cells did not significantly influence any specific functional category of genes. Many genes whose
transcripts were increased in response to either host cell had not been previously characterized. We con-
structed mutants with homozygous insertions in 22 of these uncharacterized genes to investigate their function
during host-pathogen interaction. By this approach, we found that YCK2, VPS51, and UEC1 are required for
C. albicans to cause normal damage to epithelial cells and resist antimicrobial peptides. YCK2 is also necessary
for maintenance of cell polarity. VPS51 is necessary for normal vacuole formation, resistance to multiple
stressors, and induction of maximal endothelial cell damage. UEC1 encodes a unique protein that is required
for resistance to cell membrane stress. Therefore, some C. albicans genes whose transcripts are increased upon
contact with epithelial or endothelial cells are required for the organism to damage these cells and withstand
the stresses that it likely encounters during growth in the oropharynx and bloodstream.

Candida albicans is the most common cause of oropharyn-
geal candidiasis in patients with human immunodeficiency vi-
rus infection or AIDS, Sjogren’s syndrome, diabetes mellitus,
and head and neck cancers (52, 54, 55, 61, 74). This organism
is also the most common cause of hematogenously dissemi-
nated candidiasis in neonates and in adult patients with central
venous catheters, cancer, or recent surgery (3, 23, 51). The
predominance of C. albicans in these infections suggests that
this organism expresses unique virulence factors that enable it
to cause disease in susceptible hosts.

Some aspects of the pathogenesis of oropharyngeal candidi-
asis and disseminated candidiasis are comparable. For exam-
ple, during the development of oropharyngeal candidiasis, the
organism adheres to and invades the epithelial cells of the oral
mucosa (8, 14, 30, 31, 40, 69, 78). Similarly, during the initia-
tion of hematogenously disseminated candidiasis, C. albicans
adheres to and invades the endothelial cell lining of the blood
vessels (19, 21, 49, 57). In addition, this organism invades both
oral epithelial cells and endothelial cells in vitro by inducing its
own endocytosis (14, 15, 19, 49, 57, 78). This endocytosis re-

quires functional host cell microfilaments and is induced in
part by Als3 on the fungal surface binding to E-cadherin on
epithelial cells and N-cadherin on endothelial cells (19, 47, 49,
50, 57). Invasion of both cell types by live C. albicans results in
damage and eventual death of these host cells (47, 48, 50, 59,
78). Moreover, the capacity of C. albicans to form hyphae is
required for maximal virulence during both oropharyngeal and
disseminated candidiasis (34, 47, 62).

There are also distinct differences between the pathogenesis
of oropharyngeal and disseminated candidiasis. The microen-
vironment of the oropharynx, which contains epithelial cells,
antimicrobial salivary proteins, and numerous species of bac-
teria, is distinct from that of the blood vessels, which contain
endothelial cells, blood cells, and plasma proteins, and is nor-
mally sterile. Furthermore, some C. albicans genes, such as
TPK2 and CKA2, are required for normal virulence in a murine
model of oropharyngeal candidiasis, but not disseminated can-
didiasis (9, 47). In contrast, C. albicans IRS4 and NRG1 are
necessary for maximal virulence during disseminated candidi-
asis, but not oropharyngeal candidiasis (4, 41, 43). These find-
ings have led us to hypothesize that different virulence deter-
minants and regulatory pathways enable C. albicans to initiate
and maintain an infection in different host microenvironments.

Here we set out to test this hypothesis through transcrip-
tional profiling and subsequent functional analysis. We have
used the interactions of C. albicans with epithelial and endo-
thelial cells as surrogates for animal models of disease in order
to compare these distinct pathogen-cell interactions under
controlled in vitro conditions. Our results distinguish gene
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expression patterns and functional requirements for each of
these pathogenic interactions and lend overall support to the
evolving view that niche-specific responses are critical for in-
fection (6).

MATERIALS AND METHODS

C. albicans strains and growth conditions. The C. albicans strains used in this
study are listed in Table 1. All strains were maintained on YPD agar (1% yeast
extract [Difco], 2% peptone [Difco], and 2% glucose plus 2% Bacto agar). C.
albicans transformants were selected on synthetic complete medium (2% dex-
trose, 0.67% yeast nitrogen base [YNB] with ammonium sulfate, and auxotrophic
supplements). For use in the experiments, the strains were grown in YPD broth
at 30°C in a shaking incubator overnight. The resulting blastospores were har-
vested by centrifugation and enumerated with a hemacytometer as previously
described (19). The strains were adjusted to the desired concentration in RPMI
1640 medium and warmed to 37°C prior to adding them to the host cells.

Epithelial and endothelial cells. The FaDu oral epithelial cell line, originally
isolated from a pharyngeal carcinoma, was purchased from the American Type
Culture Collection. This cell line was maintained in Eagle’s minimum essential
medium with Earle’s balanced salt solution (Irvine Scientific) containing 10%
fetal bovine serum, 1 mM pyruvic acid, 2 mM L-glutamine, 0.1 mM nonessential
amino acids, 100 IU/ml penicillin, and 100 IU/ml streptomycin. Endothelial cells
were harvested from human umbilical veins by the method of Jaffe et al. (28).
The cells were grown in M-199 medium (Gibco) supplemented with 10% fetal
bovine serum, 10% defined bovine calf serum, and 2 mM L-glutamine with
penicillin and streptomycin (16). All cell cultures were grown at 37°C in a
humidified environment containing 5% CO2.

Microscopic observation of C. albicans. C. albicans blastospores were added to
tissue culture-treated plastic, or 95% confluent FaDu oral epithelial cells and
human umbilical vein endothelial cells at 105 blastospores per cm2. After incu-
bation for various times at 37°C, the cells were rinsed once with Hanks balanced
salt solution (Irvine Scientific) to remove the unbound organisms and then fixed
with 3% paraformaldehyde. The cells were washed three times with phosphate-
buffered saline and imaged using differential interference contrast with a Leica
Microsystems confocal microscope.

The vacuolar morphology of the C. albicans strains was visualized by pulse-
chase staining with FM4-64 by a minor modification of the method of Subrama-
nian et al. (68). Briefly, each strain was grown to log phase in YPD broth at 30°C.
The cells were harvested by centrifugation and resuspended in YPD broth, after
which FM4-64 (Invitrogen) was added to achieve a final concentration of 25 �M.
The cells were incubated at 30°C for 30 min and then harvested by centrifugation.
They were resuspended in fresh YPD broth and incubated for an additional 90
min. During the last 60 min of this incubation, a polyclonal anti-C. albicans
antibody (Biodesign International) conjugated with Alexa Fluor 488 (Molecular
Probes) was added to the medium to label the cell surface of the organisms. Next
the cells were rinsed once in phosphate-buffered saline, resuspended in YNB
broth (0.17% YNB, 2% glucose), and imaged by confocal microscopy.

Adherence and endocytosis assay. The time course of C. albicans adherence to
and endocytosis by oral epithelial and endothelial cells was determined by our
standard differential fluorescence assay, as described previously (47, 48). Briefly,
the host cells were grown on 12-mm-diameter glass coverslips and inoculated
with 105 blastospores of C. albicans CAI4-URA in RPMI 1640 medium. After,
45, 90, and 180 min, the nonadherent organisms were removed by rinsing with
Hanks balanced salt solution, after which the cells were fixed with 3% paraform-
aldehyde. The adherent, extracellular organisms were stained with the anti-C.
albicans rabbit antiserum conjugated with Alexa Fluor 568 (red fluorescence;

TABLE 1. Strains used in this study

Strain Genotype Source or reference

CAI4-URA ura3�::imm434/ura3�::imm434::URA3 Y. Fu (59)
36082 Wild type (human blood isolate) American Type Culture Collection
7392 Wild type (human oral isolate) T. Patterson (50)
BWP17 ura3�::�imm434/ura3�::�imm434his1::hisG/his1::hisG arg4::hisG/arg4::hisG A. Mitchell (75)
DAY286 ura3�::�imm434/ura3�::�imm434pARG4::URA3::arg4::hisG/arg4::hisG A. Mitchell (13)
DAY185 pARG4::URA3::arg4::hisG/arg4::hisG pHIS1::his1::his1/his1::hisG A. Mitchell (13)
EpKO1 atm1-Tn7::UAU1/atm1-Tn7::URA3 This study
EpKO2 orf19.4656-Tn7::UAU1/orf19.4656-Tn7::URA3 This study
EpKO3 orf19.4793-Tn7::UAU1/orf19.4793-Tn7::URA3 This study
EpKO4 orf19.2398-Tn7::UAU1/orf19.2398-Tn7::URA3 This study
EpKO5 clp1-Tn7::UAU1/clp1-Tn7::URA3 This study
EpKO6 opt26-Tn7::UAU1/opt26-Tn7::URA3 This study
EpKO7 cdc47-Tn7::UAU1/cdc47-Tn7::URA3 This study
EpKO8 orf19.1504-Tn7::UAU1/orf19.1504-Tn7::URA3 This study
JJH34 yck2-Tn7::UAU1/yck2-Tn7::URA3 This study
JJH34H yck2-Tn7::UAU1/yck2-Tn7::URA3::pHIS1 This study
JJH34C yck2-Tn7::UAU1/yck2-Tn7::URA3::pHIS1-YCK2 This study
BL35-1 vps51-Tn7::UAU1/vps51-Tn7::URA3 This study
BL35-2 vps51-Tn7::UAU1/vps51-Tn7::URA3 This study
BL35-1H vps51-Tn7::UAU1/vps51-Tn7::URA3::pHIS1 This study
BL35-1C vps51-Tn7::UAU1/vps51-Tn7::URA3::pHIS1-VPS51 This study
BL36 orf19.6168-Tn7::UAU1/orf19.6168-Tn7::URA3 This study
BL37 orf19.1766-Tn7::UAU1/orf19.1766-Tn7::URA3 This study
BL38 orf19.3740-Tn7::UAU1/orf19.3740-Tn7::URA3 This study
BL39 orf19.4142-Tn7::UAU1/orf19.4142-Tn7::URA3 This study
BL40 orf19.4791-Tn7::UAU1/orf19.4791-Tn7::URA3 This study
BL41-1 uec1-Tn7::UAU1/uec1-Tn7::URA3 This study
BL41-2 uec1-Tn7::UAU1/uec1-Tn7::URA3 This study
BL41-1H uec1-Tn7::UAU1/uec1-Tn7::URA3::pHIS1 This study
BL41-1C uec1-Tn7::UAU1/uec1-Tn7::URA3::pHIS1-UEC1 This study
BL42 orf19.3664-Tn7::UAU1/orf19.3664-Tn7::URA3 This study
BL43 orf19.4894-Tn7::UAU1/orf19.4894-Tn7::URA3 This study
BL44 orf19.1980-Tn7::UAU1/orf19.1980-Tn7::URA3 This study
BL45 orf19.1939-Tn7::UAU1/orf19.1939-Tn7::URA3 This study
BL46 orf19.6392-Tn7::UAU1/orf19.6392-Tn7::URA3 This study
BL48 orf19.403-Tn7::UAU1/orf19.403-Tn7::URA3 This study
BL88 orf19.1148-Tn7::UAU1/orf19.1148-Tn7::URA3 This study
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Molecular Probes). Next, the host cells were permeabilized in 0.5% Triton
X-100, after which the cell-associated organisms (the adherent plus endocytosed
organisms) were stained with anti-C. albicans antiserum conjugated with Alexa
Fluor 488 (green fluorescence). The coverslips were mounted inverted on a
microscope slide, and the number of endocytosed and cell-associated organisms
was determined by viewing the cells with an epifluorescent microscope. At least
100 organisms were counted on each coverslip, and organisms that were partially
internalized were scored as being endocytosed. Each experiment was performed
in triplicate on at least three separate occasions.

Damage assay. The time course of oral epithelial and endothelial cell damage
caused by C. albicans was determined using a 51Cr release assay with a minor
modification of our previously described method (19, 47, 70). Briefly, the oral
epithelial or endothelial cells were grown to 95% confluence in a 24-well tissue
culture plate and loaded with 51Cr. They were infected with 106 blastospores of
C. albicans CAI4-URA to yield the same ratio of organisms to host cells as was
used in the transcriptional profiling experiments (see below). After 45, 90, and
180 min, the medium was aspirated from each well and the 51Cr content was
determined by gamma counting. Next, the cells were lysed by the sequential
application of 6 N NaOH and RadiacWash (Atomic Products), after which the
51Cr content of the lysate was measured. The amount of 51Cr released by
epithelial or endothelial cells infected with the various C. albicans strains was
compared with the amount of 51Cr released by uninfected host cells to calculate
the specific release of 51Cr using the following formula: (experimental release �
spontaneous release)/(total incorporation � spontaneous release). Experimental
release was the amount of 51Cr released into the medium by cells infected with
C. albicans. Spontaneous release was the amount of 51Cr released into the
medium by uninfected host cells. Total incorporation was the sum of the amount
of 51Cr released into the medium and remaining in the host cells. Each experi-
ment was performed in triplicate on at least three separate occasions.

Isolation of C. albicans RNA. C. albicans cells suspended in prewarmed RPMI
1640 medium were added to 15-cm-diameter polystyrene tissue culture plates
containing either oral epithelial or endothelial cells. As a control, organisms were
added to empty tissue culture plates that did not contain host cells (hereafter
called “polystyrene”). In all experiments, the final concentration of organisms
was 5 � 105 cells/cm2 and the same RNA extraction procedure was used for both
the experimental and control conditions. The organisms were incubated with the
host cells or plastic for 45, 90, and 180 min. At the end of each incubation period,
the nonadherent organisms were removed by rinsing with ice-cold distilled water.
To reduce the amount of host cell RNA, 10 ml of mammalian cell RNA extrac-
tion buffer (4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% Sarkosyl
[N-lauroyl-sarcosine], and 0.1 M �-mercaptoethanol) (10) was added to each
dish. This buffer lyses the host cells but leaves the fungal cells intact (18). The
fungal cells were collected by centrifugation at 4°C, washed once with ice-cold
diethyl pyrocarbonate-treated water, and snap-frozen in liquid nitrogen. Next,
the cells were thawed on ice and the fungal RNA was extracted by the hot phenol
method (32). The quality of RNA was determined using a Bioanalyzer (Agilent,
Inc.).

To verify that the RNA extraction procedure did not significantly alter the
gene expression profile of C. albicans, an alternative approach was also used. C.
albicans cells suspended in prewarmed RPMI 1640 medium were added to either
empty polystyrene tissue culture plates or tissue culture plates containing endo-
thelial cells. After 90 min, the nonadherent organisms were removed by rinsing
once with ice-cold distilled water. Next, 8 ml of ice-cold diethyl pyrocarbonate-
treated water was added to each dish, and the cells were removed with a cell
scraper. They were vortexed vigorously for 30 s to lyse the host cells, after which
the fungal cells were collected by a 2-min centrifugation at 4°C. They were
quickly resuspended in 400 �l TES buffer (10 mM Tris, 10 mM EDTA, 0.5%
sodium dodecyl sulfate [SDS]) and then snap-frozen in liquid nitrogen. The total
time from rinsing the cells to freezing them in liquid nitrogen was less than 5 min.
The total RNA was extracted from these cells as described above. This RNA was
used for the confirmatory real-time PCR experiments described below.

C. albicans microarray. The microarrays were constructed using the C. albicans
Genome Oligo set (Qiagen), which consists of 70-mer oligonucleotide probes
designed from 6,266 predicted open reading frames (ORFs) in assembly 6 of the
C. albicans Genome Sequencing Project. Because multiple ALS genes were
misassembled in this assembly, we added custom-designed oligonucleotides to
detect ALS1, ALS2, ALS3, ALS4, ALS5/6, ALS7, and ALS9. In addition, we
added probes to detect the following genes that were not represented in the
original set of oligonucleotides: CDC24, CLN2, EFG1, HDA1, HOS2, HSP12,
MAD2, PCL2, PLC2.3, PHO11, RBT2, RBT4, RBT7, RHO3, SNF1, SRA1, STT4,
TEM1, TPK1, and TPK2. The oligonucleotides were spotted onto glass slides.

cDNA labeling and microarray hybridization. Preparation and labeling of the
cDNA and hybridization with the microarrays were performed following stan-

dard protocols (http://microarrays.org/). Briefly, 10 �g of total RNA was reverse
transcribed with Superscript II reverse transcriptase (Invitrogen) in the presence
of 5-(3-aminoallyl)-2�-dUTP (aa-dUTP), using both oligo(dT) and random prim-
ers (Stratagene). The cDNAs from the control and experimental conditions were
coupled with Cy3 or Cy5 monoreactive dyes (Amersham Biosciences), mixed at
1:1 ratio, and concentrated in a Microcon-30 spin column (Millipore). The
concentrated probes were hybridized with the microarray slides in hybridization
buffer 3 (Ambion) at 50°C for 16 h. The arrays were visualized with 428 array
scanner (Affymetrix). At least three hybridizations were performed for each time
point, host cell type, and strain of C. albicans.

Data analysis. The scanned images of both channels were quantified using
ImaGene 5.0 (Biodiscovery). Spots were quantified as the median value of all
pixel intensities in the spot region. The local background values were calculated
from the area surrounding each feature and subtracted from the respective spot
signal values. The data from each array were normalized by locally weighted
linear regression (lowess) analysis using the MIDAS program (http://www.tigr
.org/software/).

Strain CAI4-URA, which was originally derived from the clinical isolate
SC5314 (59), was used as the reference strain, and its response to both oral
epithelial cells and endothelial cells was determined. To increase the power of
our analysis, we also determined the transcriptional response to oral epithelial
cells of another oral isolate, strain 7392 (50). We combined the data from both
CAI4-URA and 7392 and considered a gene to have a significant change in
transcript levels in response to oral epithelial cells only when the following two
criteria were met: (i) there had to be at least a twofold difference in transcript
levels between the two conditions, and (ii) this difference had to be statistically
significant by the Cyber-t test (P � 0.05) (71). We also determined the transcrip-
tional response to endothelial cells of both CAI4-URA and the blood isolate,
strain 36082 (17), and analyzed the data in a similar manner. Strain 7392 adheres
to, invades, and damages oral epithelial cells in vitro and is virulent in a mouse
model of oropharyngeal candidiasis (50; H. Park and S. G. Filler, unpublished
data). Similarly, strain 36082 adheres to, invades, and damages endothelial cells
in vitro and is virulent in a mouse model of disseminated candidiasis (17, 19, 25,
27, 38).

Real-time PCR. C. albicans CAI4-URA was incubated with oral epithelial
cells, endothelial cells, or polystyrene as in the microarray experiments. Next C.
albicans RNA was extracted, treated with DNase I (Ambion), and then used to
synthesize cDNA with Moloney murine leukemia virus reverse transcriptase
(Ambion). Quantitative real-time PCR was carried out using the SYBR green
PCR kit (Applied Biosystems) and an ABI 7000 real-time PCR system (Applied
Biosystems) following the manufacturer’s protocol. The primers used in these
experiments are listed in Table S1 in the supplemental material. The results were
analyzed by the threshold cycle (2���CT) method (33) using the transcript level
of the C. albicans ACT1 gene (CaACT1) as the endogenous control. The mRNA
levels for each gene were determined in at least two biological replicates, and the
results were combined.

Construction of insertion mutants. C. albicans mutants with homozygous
insertions in genes that were verified to be upregulated in response to oral
epithelial cells or endothelial cells were constructed using the Tn7-UAU1 trans-
poson (13, 44). Insertion cassettes were obtained from a library of Tn7-UAU1
insertions in C. albicans CAI4 DNA that were sequenced from one end. The
insertion sites for each clone are listed at http://www.tigr.org/tigr-scripts/e2k1
/qzhao/page.cgi? num	1, and the specific sequence from the end of each inser-
tion may be found through the Seq_ID link. Because insertion cassettes for
orf19.403 and orf19.1148 were not present in this library, they were constructed
using the Tn7-UAU1 transposon using the GPS-M mutagenesis system (NEB),
following the manufacturer’s protocol. Each cloned DNA insert, including the
Tn7-UAU1 insertion, was excised from the plasmid backbone by digestion with
NotI, and then transformed into strain BWP17 (75). Arg� Ura� clones with
homozygous insertions were selected as previously described (13, 44). The pres-
ence of homozygous insertions was verified by whole-cell PCR using the primer
sets listed in Table S1 in the supplemental material. The homozygous insertion
mutant strains were transformed with pGEM-HIS1 (75), linearized with NruI to
generate His� strains.

Complementation of insertion mutants. The same approach was used to com-
plement the yck2/yck2, vps51/vps51, and uec1/uec1 insertion mutants. DNA frag-
ments encompassing the protein-coding regions of YCK2 (orf19.7001), VPS51
(orf19.5568), or UEC1 (orf19.4646) plus 
1,000 bp of upstream sequence and
500 bp of downstream sequence were amplified from genomic DNA of strain
CAI4-URA with high-fidelity polymerase. The primers were YCK2 comp-5 and
YCK2 comp-3 for YCK2, VPS51 comp-f and VPS51 comp-r for VPS51, and
UEC1 comp-f and UEC1 comp-r for UEC1 (see Table S1 in the supplemental
material). Each fragment was cloned into pGEM-T Easy. The fragment contain-
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ing YCK2 was then subcloned into the SphI site of pGEM-HIS1 to yield pHIS1-
YCK2. The fragments containing VPS51 and UEC1 were subcloned into the
NruI site of pGEM-HIS1 to produce pHIS1-VPS51 and pHIS1-UEC1, respec-
tively. pHIS1-YCK2 was linearized with PacI and transformed into strain JJH34.
pHIS1-VPS51 and pHIS1-UEC1 were linearized with SalI and transformed into
strains BL35 and BL41, respectively. Correct integration of the complementation
plasmids was verified by PCR.

Susceptibility to antimicrobial peptides and environmental stressors. Agar
dilution assays were used to test the susceptibility of the various C. albicans
strains to protamine and environmental stressors. Serial 10-fold dilutions of the
strains (range 104 to 101 CFU) in 10 �l were plated onto YPD agar containing
2.8 mg/ml protamine sulfate (Sigma-Aldrich), 200 �g/ml Congo red, 1 M NaCl,
0.05% SDS, or 5 mM H2O2 and incubated at 30°C. The plates were photo-
graphed after 5 days in the protamine experiments and after 2 days when the
other stressors were tested.

The susceptibility of the C. albicans strains to human �-defensin 2 was deter-
mined by a radial diffusion assay as previously described (77). Briefly, late-
logarithmic-phase organisms were suspended in 1% agarose (pH 7.5) at a final
concentration of 106 organisms/ml. The agar was solidified in petri dishes, and
4-mm-diameter sample wells were bored. Ten micrograms of human �-defensin
2 was added to each well, after which the dishes were overlaid with YNB agar.
After incubation at 30°C for 2 days, the diameters of the zone of growth inhibi-
tion around each of the wells were measured.

Statistical analysis. Differences in C. albicans adherence to, endocytosis by,
and damage to the two different types of host cells were compared by analysis of
variance. P values of �0.05 were considered to be significant.

Microarray data accession numbers. The transcriptional profiling data have
been deposited in Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih
.gov/geo/) under accession no. GSE5340 (transcriptional response of C. albicans

to oral epithelial cells) and GSE5344 (transcriptional response of C. albicans to
endothelial cells).

RESULTS

Interactions of C. albicans with oral epithelial cells and
endothelial cells. The interaction of C. albicans with host cells
includes three features: germination of C. albicans to produce
hyphae, binding to and endocytosis by host cells, and damage
to the host cells. We first compared germination of C. albicans
after contact with FaDu oral epithelial cells, endothelial cells,
or polystyrene. We added blastospores of C. albicans to the
different host cells or polystyrene and observed the morphol-
ogy of the organisms. After 45 min, the blastospores had just
begun to germinate (Fig. 1A). At subsequent time points, the
resulting hyphae progressively elongated. We tested three dif-
ferent clinical isolates of C. albicans, and all had similar mor-
phologies at these time points (data not shown). At each time
point, the hyphae that formed in the presence of either host
cell type were of similar length to those grown on polystyrene.
Thus, the host cells did not visibly influence candidal germina-
tion or hyphal elongation at the time points studied. These
findings also indicate that differences discussed below in the
transcriptional profile of C. albicans exposed to these condi-

FIG. 1. Time course of C. albicans interaction with host cells and polystyrene. Blastospores of C. albicans strain CAI4-URA were incubated
with FaDu oral epithelial cells, human umbilical vein endothelial cells, or polystyrene. (A) At the indicated times, the cells were fixed and the
organisms were imaged by differential interference contrast. The scale bar indicates 5 �m. All images were taken at the same magnification.
(B) The number of organisms that were endocytosed by and cell associated with the host cells at the indicated times was determined by a
differential fluorescence assay. Results are means � standard deviations from three independent experiments. �, P 	 � 0.015 compared to oral
epithelial cells at the same time point. (C) The extent of C. albicans-induced host cell damage was measured using a 51Cr release assay. Results
are the means � standard deviations from three independent experiments. �, P � 0.001 compared to oral epithelial cells at the same time point.
Epi, oral epithelial cells; Endo, endothelial cells; HPF, high-powered field.
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tions were the result of factors other than differences in mor-
phology.

Next, we compared the time course of C. albicans adherence
to, invasion of, and damage to oral epithelial cells and endo-
thelial cells. At the 45-min time point, slightly more organisms
adhered to the epithelial cells than to the endothelial cells, and
very few organisms had been endocytosed (Fig. 1B). There was
no detectable damage to either type of host cell at this time
(Fig. 1C). After 90 min, 24% of the cell-associated organisms
had been endocytosed by oral epithelial cells, whereas 50% of
the cell-associated organisms had been endocytosed by endo-
thelial cells. The epithelial cells experienced significantly less
C. albicans-induced damage than did endothelial cells at this
time. By 180 min, endocytosis was largely complete as the
majority of cell-associated organisms had been endocytosed by
both types of host cell. It is noteworthy that the oral epithelial
cells endocytosed significantly more organisms than the endo-
thelial cells, yet C. albicans caused 
50% less damage to the
epithelial cells than to the endothelial cells. The delayed en-
docytosis of C. albicans by oral epithelial cells and the relative
resistance of these cells to C. albicans-induced damage are
consistent with the model that C. albicans interacts differently
with epithelial cells than endothelial cells.

C. albicans responded differently to oral epithelial cells com-
pared to endothelial cells. We used microarray analysis to
determine the transcriptional response of C. albicans to con-
tact with oral epithelial cells and endothelial cells. Organisms
grown on polystyrene were used as the reference condition.
The response of strain CAI4-URA, which was derived from
the sequence strain SC5314, to both cell types was determined.
To increase the power of our analysis, we also determined the
oral epithelial cell response of strain 7392, which was isolated
from a patient with oropharyngeal candidiasis. As our goal was
to determine the core response of C. albicans to oral epithelial
cells, we focused our analysis on genes whose mRNA levels
changed in the same direction in both 7392 and CAI4-URA
(73). Similarly, we determined the endothelial cell response of
strain 36082, which was isolated from a patient with candi-
demia, and focused on genes whose transcript levels changed
in both this strain and in CAI4-URA.

The transcript levels of only 29 C. albicans genes changed
significantly in response to both epithelial and endothelial cells
at 45 min, and the transcript levels of all of these genes were
decreased (see Table 3). A complete list of C. albicans genes
whose transcript levels changed significantly in response to
either host cell type is provided in Table S2 in the supplemen-
tal material. The mRNA levels of 116 genes changed in re-
sponse to epithelial cells at 90 and/or 180 min (Table 3). In-
terestingly, contact with endothelial cells did not alter the
transcript levels of any of these genes. These results indicate
that the response of C. albicans to oral epithelial cells is sub-
stantially different from its response to endothelial cells.

Different strains of C. albicans were used in the epithelial
cell experiments compared to the endothelial cell experiments.
Therefore, it was possible that some of the differences in the
response of C. albicans to the two types of host cells were due
to the difference in C. albicans strains. To evaluate this possi-
bility, we analyzed the microarray data of strain CAI4-URA
alone to oral epithelial cells and endothelial cells. As expected,
when the response of a single strain was used, many more

genes had changes in transcript levels. A total of 1,424 genes
had significant changes in transcript levels after 45, 90, and 180
min of contact with epithelial or endothelial cells compared to
polystyrene. However, only 160 (11%) of these genes had tran-
script levels that changed in the same direction in response to
both cell types. These results support our conclusion that the
response of C. albicans to oral epithelial cells is substantially
different from its response to endothelial cells.

Next, we used Gene Ontology (GO) term analysis to deter-
mine the functional categories of the C. albicans genes whose
transcript level changed in response to epithelial and endothe-
lial cells. A large percentage of these genes did not have GO
terms associated with them (Table 2). As a result, the genes
whose transcripts were increased in response to either type of
host cell were not significantly enriched for any GO term. Also,
no GO term was significantly overrepresented among the
genes whose transcripts were decreased in response to endo-
thelial cells. Interestingly, the genes with reduced transcript
levels in response to epithelial cells were significantly enriched
in three functional categories. Genes related to adhesion were
overrepresented at all three time points (P � 0.04 at each time
point) (Table 3). Also, genes involved in ribonucleoprotein
complex biogenesis were significantly enriched at 45 min (P 	
0.004). Finally, genes related to the protein catabolic process
were overrepresented at 90 min. Collectively, these data sug-
gest that C. albicans responds to contact with epithelial cells by
reducing expression of adhesins. There is also decreased pro-
tein synthesis that may be counteracted by a reduction in pro-
tein catabolism.

Functional analysis of differentially induced genes. We used
real-time PCR using RNA from strain CAI4-URA to verify the
increased transcript levels of selected genes identified in the
microarray experiments. The verification experiments focused
on genes for which Tn7-UAU1 transposon insertion cassettes
(7, 13, 42) were available and whose function had not been
studied previously. Real-time PCR assays verified that the
transcripts of 13 C. albicans genes were significantly increased
in response to oral epithelial cells compared to polystyrene
(Table 2). Similarly, we confirmed that the transcripts of 15 C.
albicans genes were significantly increased in response to en-

TABLE 2. Number of C. albicans genes with significant changes in
transcript levels in response to FaDu oral epithelial cells and

endothelial cells by microarray analysis

Time Direction
of change

No. of genesa % of uncharacterized
genes

Epithelial
cells

Endothelial
cells

Both
cell

types

Epithelial
cells

Endothelial
cells

45 min Increase 31 9 29b 53 44
Decrease 211 54 36 35

90 min Increase 8 35 0 38 43
Decrease 54 19 32 33

180 min Increase 12 33 0 33 27
Decrease 32 23 38 36

a Results represent the combined data from C. albicans strains CAI4-URA
and 7392 for the epithelial cell data and strains CAI4-URA and 36082 for the
endothelial cell data.

b All genes had a decrease in transcript levels.
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dothelial cells. These measurements confirm our microarray
results, thus strengthening the argument that C. albicans inter-
acts with and responds differently to these distinct host cell
types.

To verify that the observed changes in gene transcript levels
were induced by contact with the host cells and not by the
RNA isolation procedure, we infected endothelial cells and
polystyrene with C. albicans CAI4-URA for 90 min. Next, the
host cells were lysed in ice-cold distilled water, after which the
C. albicans cells were collected and then snap-frozen. The total
time between adding the distilled water and snap-freezing the
fungal cells was less than 5 min. We then used real-time PCR
to measure the transcript levels of YCK2, orf19.5568, and
orf19.4646. When CaACT1 was used as the endogenous con-
trol gene, the transcripts of YCK2, orf19.5568, and orf19.4646
increased by 1.8-, 2.2-, and 1.8-fold, respectively, in response to
endothelial cells compared to polystyrene. A similar increase
was also observed when either CaTDH3 or CaTEF1 was used
as the endogenous control gene (data not shown), indicating
that CaACT1 was an appropriate endogenous control gene for
the real-time PCR experiments.

For genes whose transcripts were found by real-time PCR to
be increased by at least 1.5-fold in response to epithelial cells
or endothelial cells, we constructed homozygous insertion mu-
tants using the Tn7-UAU1 transposon insertion cassettes. We
generated mutant strains with homozygous insertions in 8 of
the 13 genes whose transcripts were increased in response to
epithelial cells and 14 of the 15 genes whose transcripts were
increased in response to endothelial cells (Tables 1 and 4).
Among the six genes for which we were unable to construct
homozygous insertion mutants, orf19.202 and orf19.3260 have
essential orthologs in Saccharomyces cerevisiae (MCM7 and
CAB3, respectively). The others are predicted to participate in
vital cellular processes, including cell wall biogenesis, tran-
scription, or mitochondrial function, so that homozygous mu-
tations may cause lethality or very slow growth.

The 22 insertion mutants were screened for defects in viru-
lence-related phenotypes, including hyphal formation and ca-
pacity to damage epithelial and endothelial cells (34, 47, 59,
62). In addition, because C. albicans is likely exposed to host
antimicrobial peptides during oropharyngeal and disseminated
candidiasis, the mutants were tested for their susceptibility to
protamine. Protamine is a helical cationic polypeptide that is
often used to screen for antimicrobial peptide susceptibility
(22, 76).

We found that mutants with insertions in YCK2
(orf19.7001), orf19.5568, orf19.4646, and orf19.1939 had de-
fects in at least one of the following characteristics: hyphal
formation, host cell damage, and protamine resistance (Table
4). These phenotypes were shared with at least one additional
independent insertion mutant for each gene. To verify that
each insertion mutation caused the phenotypic defect, the mu-
tants were complemented with the respective wild-type allele.
This approach linked the mutant phenotypes to insertions in
YCK2, orf19.5568, and orf19.4646. YCK2 encodes the highly
conserved serine/threonine kinase, casein kinase 1 (CK1).
orf19.5568 has no S. cerevisiae ortholog, but the predicted
protein product has limited homology to S. cerevisiae Vps51, a
component of the Vps53 complex. This complex is required for
fusion of endosome-derived vesicles with the late Golgi com-
partment (11, 53, 64). Based on our phenotypic analysis below,
we suggest the provisional name “VPS51” for orf19.5568.
orf19.4646 specifies a unique protein that does not share sig-
nificant homology with any other protein, including the pre-
dicted proteins of the closely related species Candida dublini-
ensis. Because expression of orf19.4646 was increased in
response to endothelial cells, we named it “UEC1” (for up-
regulated by endothelial cells).

YCK2 governs cell polarity and is necessary for maximal
epithelial cell damage. YCK2 mRNA was increased in re-
sponse to contact with either oral epithelial or endothelial
cells, as indicated by real-time PCR measurements (Table 4).
The yck2/yck2 insertion mutant produced multiple short hy-
phae on epithelial cells, endothelial cells, and plastic, suggest-
ing that it had a defect in polarized growth (Fig. 2) (data not
shown). It had significantly reduced capacity to damage oral
epithelial cells, but not endothelial cells, and this defect was
reversed by complementation (Fig. 3). Prior studies indicate
that mutant germination defects are invariably associated with
endothelial cell damage defects (48, 59), so the yck2/yck2 mu-
tant is novel in separating these two phenotypes.

The yck2/yck2 mutant also had impaired response to stress.
It had markedly increased susceptibility to protamine, Congo
red, and SDS (Fig. 4). As predicted by the protamine results,
this mutant also had increased susceptibility to human �-de-
fensin 2 (Fig. 5), which is made by oral epithelial cells (1, 29,
39), All defects of the yck2/yck2 mutant were due to the inser-
tions in YCK2 because complementing this mutant with a wild-
type copy of YCK2 restored the wild-type phenotype in all
assays. Collectively, these results suggest that in C. albicans,

TABLE 3. Overrepresented functional categories of C. albicans genes whose transcript levels were decreased in response to
FaDu oral epithelial cellsa

Time GO term P value Genes annotated to the term

45 min Biological adhesion 0.04 ALS1, ALS3, ALS9, MNT1, MP65, PDE1, RFX2, SAP6, SUN41
Ribonucleoprotein complex

biogenesis
0.004 DIP2, HCR1, MPP10, NIP7, RIA1, RLP24, RPB4, RPL3, RPP0, RPS15, RPS21,

RPS5, RPS6A, RPS7A, RPS8A, TIF5, UTP20, YST1, orf19.1466, orf19.1833,
orf19.2384, orf19.3481, orf19.4479, orf19.501, orf19.6197, orf19.7422

90 min Protein catabolic process 0.006 CDC48, DOG1, RAD16, RAD7, RPN4, SAP1, SAP6, orf19.6672
Biological adhesion 0.02 ALS3, HWP1, MNT1, SAP1, SAP6

180 min Adhesion to host 0.008 ALS3, ALS5, HWP1, TDH3

a The combined data from C. albicans strains CAI4-URA and 7392 were used this analysis.
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YCK2 governs polarized growth, capacity to damage epithelial
cells, and resistance to environmental stress.

VPS51 is required for hyphal elongation, maximal damage
to host cells, and stress resistance. VPS51 mRNA levels were
also increased in response to contact with either oral epithelial
or endothelial cells, as indicated by real-time PCR measure-
ments (Table 4). The vps51/vps51 insertion mutant produced
unbranched hyphae that were shorter than those of the wild-
type strain when it was grown on epithelial cells, endothelial
cells, or plastic (Fig. 2) (data not shown). This mutant had a
severe defect in its capacity to damage both epithelial and
endothelial cells (Fig. 3). Furthermore, the vps51/vps51 inser-
tion mutant had significantly increased susceptibility to all
stressors tested (Fig. 4 and 5). To verify that VPS51 did indeed
specify a protein involved in vacuolar function, we stained the
vps51/vps51 insertion mutant with FM4-64, which stains the
vacuolar membrane (72). The vacuoles of this mutant were
highly fragmented (Fig. 6), similar to the vacuolar morphology
of the S. cerevisiae vps51� mutant (53). In contrast, the vacu-
oles of the wild-type cells were much larger and either single or
multilobed. Complementing the vps51/vps51 insertion mutant
with a wild-type copy of VPS51 rescued all of these defects.
Therefore, VPS51 is necessary in C. albicans for normal vacu-
olar morphology as well as many virulence-related phenotypes.

UEC1 is required for maximal epithelial cell damage and
protamine resistance. UEC1 mRNA levels were increased by
contact with endothelial cells, but not epithelial cells (Table 4).
Under all conditions tested, the uec1/uec1 insertion mutant
produced hyphae that were as long as those of the wild-type
strain but slightly thicker (Fig. 2) (data not shown). Although
UEC1 transcript levels were not increased by contact with
epithelial cells, the uec1/uec1 insertion mutant had significantly
reduced capacity to damage these cells (Fig. 3). However, it did
not have an endothelial cell damage defect. The uec1/uec1
insertion mutant also had significantly increased susceptibility
to protamine, SDS, and human �-defensin 2, as well as a slight
increase in susceptibility to NaCl (Fig. 4 and 5). These defects
were rescued by complementing the insertion mutant with a
wild-type copy of UEC1. Taken together, these results indicate
that UEC1 is necessary for C. albicans to cause normal damage

epithelial cells in vitro, perhaps by governing cell membrane
integrity.

DISCUSSION

The results presented here demonstrate that C. albicans
interacts differently with oral epithelial cells compared to en-
dothelial cells. C. albicans hyphae were endocytosed more
slowly by epithelial cells and caused less damage to these cells
than endothelial cells. Also, the transcriptional response of C.

FIG. 2. Morphology of the yck2/yck2, vps51/vps51, and uec1/uec1
insertion mutants. Blastospores of the indicated strains were incubated
on plastic for 180 min and then were fixed and imaged by differential
interference contrast. The scale bar indicates 5 �m. All images were
taken at the same magnification. WT, wild-type strain DAY185.

FIG. 3. Damage to oral epithelial cells and endothelial cells caused
by the yck2/yck2, vps51/vps51, and uec1/uec1 insertion mutants. The
indicated strains were incubated with FaDu oral epithelial cells or
endothelial cells for 180 min, after which the extent of host cell damage
was assessed using a 51Cr release assay. �, P � 0.01 compared to both
the wild-type (WT) strain (DAY185) and complemented strains.
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albicans to epithelial cells was different from its response to
endothelial cells. Interestingly, the C. albicans genes whose
transcripts were increased in response to either of these cell
types were also different from those that have been reported to
be induced by exposure to monocytes or neutrophils (35, 58).
These divergent responses to different types of host cells likely
enable C. albicans to survive and proliferate in diverse ana-
tomic sites within the host.

To our knowledge, the transcriptional response of C. albi-
cans to endothelial cells has not been determined previously.
However, two other groups of investigators have studied the
response of this organism to contact with vaginal, cervical, and
intestinal epithelial cell lines as compared to polystyrene (60,
65). Both groups found that contact with epithelial cells caused
only a two- to fourfold change in C. albicans gene transcript
levels. This magnitude of differential transcript levels is com-
parable to the results reported here. Sohn et al. (65) found
that, when C. albicans was added to either vaginal or intestinal
cell lines, the transcript levels of most genes changed within 30
to 60 min of contact; the mRNA of very few genes changed
after 120 min of contact with these epithelial cells. Our results
reported here lead to a similar conclusion.

The prior epithelial cell interaction studies (60, 65) reported
that contact with epithelial cells increased mRNA levels of C.
albicans cell surface protein genes, including ALS2, ALS5,
HWP1, PRA1, and PGA7. In contrast, we found that the tran-
script levels of some adhesin genes actually fell in response to
epithelial cells. Sohn et al. (65) noted that HWP1 transcripts
were induced simply by contact with a solid support, so it is
possible that that HWP1 transcript levels were stimulated more
strongly by contact with polystyrene than by contact with epi-
thelial cells. Also, PRA1 orthologs in S. cerevisiae and Aspergil-
lus fumigatus are members of a zinc-responsive regulon (36,
63), and recent results verify the induction of C. albicans PRA1
by zinc limitation (Nobile et al., unpublished data). Thus, it
seems likely that competition for zinc by host cells and C.
albicans cells may have caused the PRA1 induction reported by

Sandovsky-Losica et al. (60), and our failure to detect its up-
regulation may simply reflect a higher zinc level in our me-
dium. Other key differences between these other microarray
studies and ours include differences in the epithelial cell type,
growth media, and strains of C. albicans used.

The microarray studies also suggested that contact with oral
epithelial cells resulted in an early reduction of protein syn-
thesis followed by a decrease in protein catabolism. Inhibition
of genes involved in protein synthesis also occurs when the
organism is ingested by macrophages and neutrophils, and in
response to nitric oxide (20, 24, 35). The downregulation of
genes involved in protein synthesis may be a response to stress
(24, 35). It is known that oral epithelial cells can inhibit the
growth of C. albicans (66, 67). Even though we did not observe
any reduction in growth or hyphal elongation at the time points
studied, it is possible that inhibition of protein synthesis may
have preceded growth inhibition, which might have been de-
tectable after longer incubation times.

Zakikhany et al. (78) used microarrays to analyze the tran-
script levels of C. albicans during infection of reconstituted
human epithelium in vitro. They also analyzed C. albicans gene
expression in samples from patients with pseudomembranous
oropharyngeal candidiasis. In these analyses, the reference
condition was C. albicans blastospores grown to the mid-log
phase in YPD broth. Because contact with epithelial cells in-
duces hyphal formation, the microarray data of Zakikhany et
al. were enriched in hyphal-associated genes, such as ALS3,
HYR1, RBT1, and ECE1 (78). In the present experiments, the
reference condition (contact with polystyrene) caused the or-
ganisms to form hyphae, and thus increased transcript levels
that were induced by hyphal formation alone were not de-
tected. However, Zakikhany et al. found that a large propor-
tion of genes with increased transcript levels during the early
phase of infection had not been previously characterized (78),
similar to the results presented here.

The main value of our expression profiling results comes
from the implication of new genes in the process of C. albicans-
host cell interaction. Our analysis of mutants defective in up-
regulated genes indicates that a relatively modest change in
gene expression can nonetheless be biologically significant. Of

FIG. 5. Susceptibility of the yck2/yck2, vps51/vps51, and uec1/uec1
insertion mutants to human �-defensin 2. The susceptibility of the
indicated strains of C. albicans to human �-defensin 2 was measured
using a radial diffusion assay. The zones of growth inhibition were
imaged after incubation at 30°C for 2 days. WT, wild-type strain
(DAY185).

FIG. 4. Susceptibility of the yck2/yck2, vps51/vps51, and uec1/uec1
insertion mutants to stressors. Serial 10-fold dilutions of the indicated
strains were plated onto YPD agar containing 2.8 mg/ml protamine
sulfate, 200 �g/ml Congo red, 1 M NaCl, 0.05% SDS, or 5 mM H2O2
and incubated at 30°C. The plates containing protamine were photo-
graphed after 5 days, and the other plates were photographed after 2
days. WT, wild-type strain (DAY185).
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the 22 unique insertion mutants reported here, 3 (14%) had
defective capacity to damage epithelial or endothelial cells. In
contrast, our previous screen of unselected C. albicans inser-
tion mutants yielded only 3 (1.6%) of 183 mutants with con-
sistent defects (9). Therefore, the use of microarray data to
guide candidate gene selection significantly improves the effi-
ciency of virulence-associated gene identification.

Mutants with insertion in YCK2, VPS51, and UEC1 all had
defects in damaging oral epithelial cells, while only the vps51/
vps51 insertion mutant had a defect in damaging endothelial
cells. We also found that the wild-type strain of C. albicans
caused less damage to epithelial cells than to endothelial cells.
We hypothesize that oral epithelial cells may be relatively
resistant to C. albicans-induced damage because oral epithelial
cells frequently encounter C. albicans even in normal hosts,
whereas endothelial cells do not. Our microarray data also
suggest the possibility that oral epithelial cells may actually
induce downregulation of some C. albicans genes (such as
those involved in protein synthesis) that are likely required for
the organism to cause maximal epithelial cell damage.

Damage to epithelial and endothelial cells requires that C.
albicans adheres to and invades these cells and that it secretes
lytic enzymes (9, 26, 43, 47, 50). Therefore, it is probable that
the yck2/yck2, vps51/vps51, and uec1/uec1 insertion mutants
have defects in one or more of these processes. Furthermore,
mutants with reduced capacity to damage epithelial cells or
endothelial cells in vitro have a high probability of having
attenuated virulence in mouse models of oropharyngeal or
hematogenously disseminated candidiasis (9, 47, 59). Collec-
tively, our results suggest that YCK2, VPS51, and UEC1 may
influence the virulence of C. albicans.

It was notable that all three insertion mutants also had
increased susceptibility to the antimicrobial peptides, prota-
mine and human �-defensin 2. C. albicans is exposed to anti-
microbial peptides, such as histatins and defensins, when it is in
the oral cavity. The organism also encounters defensins and
antimicrobial chemokines as it disseminates hematogenously
and interacts with leukocytes and endothelial cells. Our finding
that three of the genes that were upregulated in response to
either epithelial or endothelial cells were required for C. albi-
cans to resist antimicrobial peptides suggests that contact with

these host cells induces a protective reaction that enables C.
albicans to withstand these peptides. The capacity to tolerate
antimicrobial peptides is important for C. albicans virulence
because the extent of antimicrobial peptide resistance is di-
rectly related to virulence in animal models of disseminated
candidiasis (22, 76).

C. albicans Yck2 shares extensive homology with S. cerevisiae
Yck2 and slightly less homology with S. cerevisiae Yck1, which
are the two plasma membrane-associated isoforms of CK1 in
this yeast. BLAST searches of the C. albicans genome did not
identify a YCK1 ortholog, suggesting that C. albicans has only
a single plasma membrane-associated isoform of CK1. In S.
cerevisiae, Yck2 and Yck1 are required for normal bud mor-
phogenesis, cytokinesis, and endocytosis (2, 56). Strains of S.
cerevisiae with reduced plasma membrane CK1 activity have
defects in cell polarity (56). The early branching phenotype of
the C. albicans yck2/yck2 insertion mutant suggests that Yck2 is
also required for maintenance of cell polarity in C. albicans.

Vps51 was first identified in S. cerevisiae, where it functions
in a complex with Vps52, Vps53, and Vps54 (53, 64). This
complex is required for retrograde protein traffic from the
early endosome to the late Golgi compartment. Mutants that
lack any of the subunits of this complex have missorting of
vacuolar proteins, abnormal Golgi membrane proteins, and
fragmented vacuoles (12, 53). While vacuoles are not required
for growth under nutrient-rich conditions, they are important
for S. cerevisiae to resist stress due to starvation, changes in
environmental pH, and hyperosmolarity (5). The Vps51-54
complex has not been studied previously in C. albicans. How-
ever, a vps11�/vps11� mutant of C. albicans, which does not
contain a vacuole, has delayed germination and increased sus-
ceptibility to osmotic stress due to glycerol or high NaCl (45).
It also has markedly reduced secretion of secreted aspartyl
proteinases and lipases, enzymes that have been implicated in
damaging host cells (26, 46). The abnormal vacuole, shortened
hyphae, and increased susceptibility to environmental stress of
the C. albicans vps51/vps51 insertion mutant are consistent
with the probable role of Vps51 in vacuolar function. The
impaired capacity of the vps51/vps51 insertion mutant to dam-
age epithelial and endothelial cells is probably due to multiple

FIG. 6. Abnormal vacuolar morphology of the vps51/vps51 insertion mutant. Blastospores of the indicated strains were grown to the mid-log
phase and then pulse-chased with FM4-64 to label their vacuolar membranes. The cell walls were stained with an Alexa Fluor 488-labeled anti-C.
albicans antibody, after which the cells were imaged by confocal microscopy. The cell walls are shown in green, and the vacuolar membranes are
show in red. The scale bar indicates 5 �m. WT, wild-type strain (DAY185).
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factors, including abnormal hyphal formation and possibly re-
duced secretion of hydrolytic enzymes.

Our recommendation that orf19.5568 be named “VPS51” is
based upon three considerations. First, as discussed above, the
C. albicans mutant has several phenotypes that would be ex-
pected to result from a Vps51 defect. Second, although the
homology between CaVps51 and ScVps51 is limited (64% sim-
ilarity over 56 residues; P 	 4.6e�06), it spans the most highly
conserved region of ScVps51 among fungi (residues 90 to 145;
see http://www.yeastgenome.org/cache/fungi/YKR020W.html).
Third, we note that ScVps51 does not have a closer homolog
than CaVps51 among C. albicans predicted proteins. Thus, this
gene name recommendation is based upon independent lines
of evidence.

UEC1 encodes a unique 145-amino-acid protein. The func-
tion of Uec1 cannot be inferred from its primary amino acid
sequence as it has no close orthologs and Pfam analysis does
not reveal any conserved domains. Although UEC1 is listed as
a dubious ORF in the Candida Genome Database, our results
suggest that it is a functional gene for the following reasons.
First, the microarray and real-time PCR data indicate that
UEC1 is transcribed. Second, homozygous insertions in the
UEC1 locus induced a mutant phenotype. In principle, these
properties might be expected for a 5� regulatory transcript, as
has been described for the S. cerevisiae SER3 gene (37). How-
ever, we were able to complement the uec1/uec1 insertion
mutant with a wild-type copy of UEC1, integrated ectopically
at the HIS1 locus, to restore the wild-type phenotype. This
observation argues that the uec1::Tn7-UAU1 insertion pheno-
type does not result from a cis-acting effect on a neighboring
gene. While the exact function of Uec1 remains to be deter-
mined, our finding that the uec1/uec1 insertion mutant had
increased susceptibility to the cell membrane’s stressors, anti-
microbial peptides and SDS, suggests that Uec1 may be re-
quired for maintenance of cell membrane integrity.

In summary, our microarray analysis demonstrates that the
transcriptional response of C. albicans to oral epithelial cells is
significantly different from its response to vascular endothelial
cells. Furthermore, a significant fraction of the C. albicans
genes whose transcript levels are increased upon contact with
either of these host cells are uncharacterized. Some of these
genes, such as YCK2, VPS51, and UEC1, are required for the
organism to damage host cells and resist the types of environ-
mental stress that it likely encounters during growth in the
oropharynx and bloodstream.
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