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We previously demonstrated that genes encoding a putative two-component histidine kinase (CHK1) or a
response regulator (CSSK1) are each required for virulence in a murine model of hematogenously disseminated
candidiasis and that strains with each gene deleted are also defective in morphogenesis under certain growth
conditions. In the present study, the role of these two genes in the adherence to and colonization of reconsti-
tuted human esophageal tissue (RHE) is described. We compared strains of Candida albicans with deletions of
chk1 (strain CHK21) and cssk1 (strain CSSK21) to wild-type cells (CAF2), as well as strains with CHK1 and
CSSK1 reconstituted (strains CHK23 and CSSK23, respectively). Adherence and colonization of RHE were
evaluated in periodic acid-Schiff-stained sections, as well as by SEM. We observed that both deletion-contain-
ing strains colonized the RHE to a lesser extent than did CAF2 and that the percent germination by both
strains was reduced in comparison to that of control strains at 1 h postinfection. Expression of CHK1 or CSSK1
was quantitated by reverse transcription (RT)-PCR from RHE tissues infected with wild-type C. albicans yeast
cells. Expression of both CHK1 and CSSK1 increased over the 48-h period following infection of the tissue,
although expression of CHK1 was greater than that of CSSK1. By RT-PCR, we have also shown that expression
of CHK1 and CSSK1 in the strains with cssk1 and chk1 deleted, respectively, was similar to that of CAF2,
indicating that CHK1 and CSSK1 do not regulate each other but probably encode signal proteins of different
pathways. Our observations indicate that CHK1 and CSSK1 are each partially required for colonization and
conversion to filamentous growth on RHE tissue.

Candida albicans accounts for the largest number of noso-
comial fungal infections, and mortality due to this form of
candidiasis is believed to be approximately 35% (32). Immune
protection against candidiasis seems to be site specific, empha-
sizing the complex nature of the disease (4, 5). As an endog-
enous commensal of human mucosal epithelial tissue, C. albi-
cans probably exists predominantly in the yeast form. During
disease development, the organism utilizes the yeast-hyphal
transition (morphogenesis) to carry out tissue invasion, al-
though direct persorption of yeast cells by mucosal cells has
also been observed (6, 14, 17, 20). Another critical event in the
disease process that precedes morphogenesis is adherence of
the organism to host cells, and several cell surface adhesins
have been demonstrated to promote the virulence of the or-
ganism (6). Subsequent to adherence and morphogenesis is
invasion of mucosal epithelia and dissemination via the blood-
stream (6).

Morphogenesis of C. albicans cells in vitro is dependent
upon the integration of a variety of environmental signals.
Likewise, the organism is able to adapt its growth to a variety
of sites in the human host (ecological niches), each with very
different environmental stress conditions. Therefore, it is likely
that C. albicans utilizes several parallel and cross-talking signal
transduction pathways to integrate environmental signals (6, 7,

20, 22, 23). These signal pathways, in turn, regulate the expres-
sion of growth phase-specific proteins, cell wall proteins, and,
most likely, cell wall biosynthesis (18, 22, 23). For instance, in
Saccharomyces cerevisiae, the Hog1 (hyperosmotic glycerol)
mitogen-activated protein kinase signal transduction pathway
has been shown to adapt cells to changes in osmotic growth
conditions (25). In C. albicans, strains with deletions in genes
comprising the Hog1 pathway (SLN1, SSK1, and HOG1) are
defective in morphogenesis (12, 21). Further, other histidine
kinases typical of two-component signaling proteins (Chk1p
and Nik1p/Cos1p) likewise seem to be required for morpho-
genesis or phenotypic switching (1, 6–9, 12, 21, 31, 33).

Strains of C. albicans with deletions in genes that encode
signal transduction pathway proteins or transcriptional activa-
tors of morphogenesis have reduced virulence (6, 7,20, 30, 33).
For example, we have previously demonstrated that mutants
lacking either CHK1 or CSSK1 are avirulent in the hematog-
enously disseminated murine candidiasis model (10, 12). In the
present study, we have examined the role of CHK1 and CSSK1
in the adherence and germination of cells on reconstituted
human esophageal (RHE) tissues grown in vitro. This model
allowed us to measure and correlate the temporal expression
of these genes with events such as adherence and morphogen-
esis. Similarly, Schaller et al., in a series of papers, determined
the temporal expression of individual secretory aspartyl pro-
teinase (SAP) genes by reverse transcription (RT)-PCR in
vitro using models of reconstituted human and rat oral epithe-
lia, as well as samples from patients with oral candidiasis (27–
29); these events were correlated with invasion. In our study,
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we chose human esophageal tissue for study since it constitutes
a target site for the organism during disease in AIDS patients.
Temporal studies of expression are reported, along with an
analysis of the ability of strains with deletions in CHK1
(CHK21) and CSSK1 (CSSK21) to colonize and germinate on
esophageal tissue. In a previous report, we showed that human
blood and esophageal isolates of C. albicans, the latter of which
cause extensive host inflammation, are more adherent to hu-
man esophageal tissue than are commensal type collection
cultures or esophageal isolates that do not induce a severe
inflammatory response (3). This observation indicates that the
RHE model is a reasonable way of studying the pathogenesis
of esophageal candidiasis. An additional reason to utilize this
in vitro system is that what constitutes virulence of C. albicans
may be tissue specific. For example, the chk1 mutant strain
(CHK21) of C. albicans is avirulent in the invasive murine
model but is virulent in a rat vaginitis model (10). Therefore,
the role of CHK1 and CSSK1 in the colonization and germi-
nation of human esophageal tissue was explored to understand
their role at another tissue site. Our analysis of phenotypic
traits was done by using both histopathological sections and
scanning electron microscopy (SEM) of infected RHE.

MATERIALS AND METHODS

Strains, media, culture conditions, and preparation of esophageal tissue. The
C. albicans strains used in this study are listed in Table 1. Mutant strains were
constructed by the “urablaster” procedure (16) and have been described previ-
ously (9, 12). All strains were maintained as frozen stocks and then cultured on
YPD (1% yeast extract, 2% glucose, 2% peptone) agar. For inoculation of
human esophageal tissue, C. albicans CAF2 (parental strain), CHK21 (chk1/chk1
mutant), and CSSK21 (cssk1/cssk1 mutant), as well as strains reconstituted with
either CHK1 or CSSK1 (revertants CHK23 and CSSK23, respectively), were
routinely grown in 10 ml of YPD broth at 30°C with shaking at 250 rpm for 14 h.
Cells were harvested by centrifugation at 2,000 � g for 15 min at 4°C. The cell
pellets were washed twice with 20 ml of Hanks balanced salt solution (HBSS;
Gibco BRL) and then suspended in 20 ml of HBSS for inoculation of esophageal
tissue.

RHE was supplied by SkinEthic Tissue Culture Laboratories (Nice, France).
The tissue was prepared by culturing the Kyse-510 cell line (German Collection
of Microorganisms and Cell Cultures, Braunschweig, Germany), which was de-
rived from a human esophageal squamous cell carcinoma on an inert polycar-
bonate membrane (3). Within 3 to 5 days, a 0.5-cm2 tissue consisting of several
cell layers formed on the polycarbonate membrane when cells were grown in
medium MCDB153 containing insulin at 5 �g/ml (3). Antibiotics were not
included in any growth medium. At 24 h prior to infection studies, the growth
medium was replaced with a maintenance medium (supplied by SkinEthic Lab-
oratories). The maintenance medium was changed every 24 h if the tissues were
not used. The RHE tissues were washed, and the maintenance medium was
replaced with 1 ml of HBSS containing 5 � 106 C. albicans yeast cells. Similarly
prepared, uninfected RHE tissues were used as controls for the RT-PCR studies
described below. All issues were incubated at 37°C, 5% CO2, and saturated
humidity and sampled at the times designated below.

Histopathology. At 1 and 4 h postinfection, all RHE tissues were fixed with
10% formaldehyde at room temperature, washed several times with HBSS,
dehydrated, and embedded in paraffin. Semithin sections were prepared and
examined by light microscopy for qualitative determination of adherence and
germination of strains on esophageal tissues (magnification, �400) following
staining with periodic acid-Schiff (PAS) reagent.

SEM. For SEM, each sample was fixed in 2.5% glutaraldehyde and 2.0%
formaldehyde in phosphate-buffered saline buffer (pH 7.4), washed with phos-
phate-buffered saline buffer three times, and then postfixed in 1% osmium
tetroxide in water for 20 min. All samples were washed three times with water,
dehydrated with a series of graded ethanol solutions, and dried with a critical-
point dryer. Gold coating of samples was performed with a Hummer I apparatus
(Technics Inc.), and specimens were examined with a scanning electron micro-
scope (Hitachi SuperScan Elite 751). Student’s t test was used to evaluate
differences among strains with regard to germination, length of germ tubes, and
gene expression.

RNA extraction. All of the experiments described below were performed three
times with sets of RHE tissues. At designated times following infection with
parental (CAF2), CSSK21, or CHK21 cells, the esophageal tissues were imme-
diately frozen at �80°C. Total RNA was prepared by a modified version of the
procedure described by Collart et al. (15). Frozen esophageal tissue samples
were transferred into Eppendorf tubes containing 0.6 ml of TES solution (10 mM
Tris-HCl, 10 mM EDTA, 0.5% sodium dodecyl sulfate, pH 7.5) and centrifuged
at 12,000 � g and 4°C for 10 min. The pellets were then treated with 0.2 ml of
a digestion solution (0.5% Tween 20, 0.5% Nonidet P-40, 0.5% Triton X-100) at
37°C for 20 min and centrifuged. The supernatant was discarded, and the pellets
were suspended in 0.5 ml of TES–0.5 ml of acid phenol (pH 4.6)–0.5 ml of glass
beads (400 to 600 �m; Sigma). Samples were vortexed three times (for 2 min
each time) with a TurboMix (Fisher Scientific, Inc.) attached to a Fisher vortex.
The samples were kept on ice between vortexing and then incubated at 65°C for
1 h with an occasional, brief vortexing. After a 10-min centrifugation at 12,000 �
g (4°C), the aqueous phase was extracted with phenol and chloroform. Total
RNA was precipitated with ethanol and sodium acetate and then treated with
140 �l of DNase (Gibco BRL) per sample at 30°C for 1 h. DNA-free RNAs were
extracted twice with phenol, phenol-chloroform, and chloroform and finally
precipitated with 2.5 volumes of ethanol. The concentration and purity of the
RNA preparations were determined by measuring the A260 and A280 on a DU-6
spectrophotometer (Beckman). Purified RNA from each sample was confirmed
to be DNA free by the absence of amplified products when specific primer sets
for CHK1 and CSSK1 (mentioned below) were used in PCRs.

RT-PCR. In order to quantitate expression of CHK1 and CSSK1 during the
infection of human esophageal tissue, RT-PCR was performed for each gene at
different times postinfection. As an internal control, a primer set for the C.
albicans actin-encoding gene (ACT1) was designed on the basis of the variable
region of the actin-encoding gene that was specific for C. albicans ACT1 (ACT1
[5�-GACGGTGAAGAAGTTGCTGC-3�] and ACT2 [5�-CAAACCTAAATCA
GCTGGTC-3�]). This primer set amplified an 800-bp fragment in all of the RHE
tissue samples infected with C. albicans but failed to amplify uninfected RHE,
thus confirming that human actin was not amplified.

The RT-PCR primer set for CHK1 gene expression (CHK1 [5�-GAGCTACA
AACTAGACAGGGG-3�] and CHK2 [5�-GTCCGACCGATAATCCACAAC-
3�]) amplified a 506-bp region of C. albicans CHK1 from infected tissues. Simi-
larly, a primer set for CSSK1 gene expression (SSK1 [5�-TCACGCCCAGC
AATTCGATC-3�] and SSK2 [5�-GAATTTGGTGAAGAAACTGG-3�]) was
designed to amplify a 744-bp region of CSSK1 from infected RHE samples.

Each RT-PCR for ACT1, CHK1, and CSSK1 gene expression was performed
in triplicate on a PTC-100 thermal controller (MJ Research, Inc., Waltham,
Mass.) with total RNA from RHE infected with C. albicans. The One-Step
RT-PCR kit (Qiagen, Valencia, Calif.) was used in this study with all samples in
a 50-�l reaction mixture containing 10 �l of buffer, 10 �l of Q solution, 2.0 �l of
10 mM deoxynucleoside triphosphate, 1.0 �M each primer for CHK1 or CSSK1
(0.6 �M each primer for ACT1), 1.0 �l of OneStep RT-PCR Enzyme Mix, and
10 U of RNase inhibitor. Template total RNA (900 ng for CHK1 or CSSK1 gene
expression or 300 ng for ACT1 gene expression) was added to each mixture. The
RT reactions were initiated immediately for 30 min at 54°C for CSSK1 and ACT1
or 52°C for CHK1. All reactions were inactivated by heating the samples to 95°C
for 15 min, followed by activation of the Hot Start Taq DNA polymerase. cDNA
was amplified for 30 cycles for ACT1 and 35 cycles for CHK1 and CSSK1 for the
following cycling times: denaturation at 94°C for 1 min, annealing at 55°C for 1
min for CSSK1 and ACT1 or 56°C for CHK1, extension at 72°C for 1 min, and a
final extension of 72°C for 10 min. Five microliters of each PCR amplification
reaction from ACT1, CHK1, and CSSK1 was separated on a 1.2% agarose gel and
stained with ethidium bromide. The integrated density value (IDV) of each band

TABLE 1. C. albicans strains used in this study

Strain Relevant genotype

CAF2 ura3::imm434/URA3
CHK21 ura3::imm434/ura3::imm434/ura3 cahk1::hisG/cahk1::

hisG-URA3-hisG
CHK23 ura3::imm434/ura3::imm434/cahk1::hisG/CaCHK1::

URA3-hisG
CSSK21 ura3::imm434/ura3::imm434/ura3 cassk1::hisG/cassk1::

hisG-URA3-hisG
CSSK23 ura3::imm434/ura3::imm434/cssk1::hisG/CaSSK1::

URA3-hisG
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on the gel was obtained with an Alphaimager 2000 (Alpha Innotech Co., San
Leandro, Calif.). All RT-PCR experiments were repeated three times.

PCR amplicons of the same size were obtained with specific PCR primer sets
for CHK1 and CSSK1 by using p CHK1 and plasmid pBR34, which includes the
entire encoding region of CHK1 and CSSK1, respectively. A negative control in
each RT-PCR assay was used that omitted the RNA template in RT-PCRs, as
well as the RNA sample from intact but noninfected esophageal tissue.

RESULTS

Adherence and morphogenesis of C. albicans strains on
RHE tissue. As an opportunistic pathogen, C. albicans is a
commensal of mucosal surfaces, where it most likely survives as
a budding yeast. The organism can become invasive when a
human host is debilitated, and associated with this invasiveness
is a change in its morphology to a filamentous growth as it
integrates a wide variety of environmental stimuli through sig-
nal transduction pathways. In order to correlate the early
events of pathogenesis (adherence and morphogenesis) with
CHK1 and CSSK1 gene expression, we used an in vitro model
of RHE tissue to mimic the disease process. Uninfected esoph-
ageal tissue, derived from a human esophageal squamous cell
cancer cell line, maintained its structural integrity even after
incubation in HBSS for up to 4 days (data not shown). Dys-
keratotic cells (hyperchromatic nuclei or irregular chromatin)
were rarely seen so that the tissue can be used as a reasonable
model for the study of host-pathogen relationships. Other in-
vestigators have also shown that RHE tissues maintain an
array of keratins typical of stratified epithelia (24).

The interactions of C. albicans CAF2, CHK21 (chk1/chk1),
and CSSK21 (cssk1/cssk1) with RHE tissue were observed by
light microscopy (Fig. 1) and SEM (Fig. 2) at various time
points following infection. As germination of yeast cells usually
occurs in vitro after 1 to 4 h at 37°C, we chose to make visual
observations in this time interval. SEM was especially useful
for also obtaining measurements of germ tubes on the esoph-
ageal tissue. Compared to uninfected RHE tissue, there were
no obvious morphologic alterations in the esophageal tissues
during the early stages of infection. C. albicans CAF2 adhered
to the outer layer of the esophageal tissue as early as 1 h after
inoculation, and short germ tubes were also observed at this
same time point (Fig. 1A and insert). After 4 h of incubation,
adhering CAF2 cells were still visible and a greater percentage
of cells had germinated; as expected, the germ tubes of many
cells were considerably longer than at 1 h post infection (Fig.
1B and insert). At 4 h, penetration of the RHE was not ob-
served by light microscopy of PAS-stained tissues; in previous
studies, we found that invasion of esophageal tissue did not
begin until 8 h postinfection with C. albicans SC5314 (3).

As stated above, strains CHK21 and CSSK21 are avirulent in
a hematogenously disseminated model of murine candidiasis
(10, 12) and both mutants also have defects in morphogenesis
under certain growth conditions (9, 12). Therefore, we mea-
sured the ability of these strains to adhere to and form hyphae
on RHE tissue. By the first hour of infection, the adherence of
both CHK21 (Fig. 1C and insert) and CSSK21 (Fig. 1E and
insert) to the RHE was lower than that of strain CAF2 or their

respective revertants, CHK23 and CSSK23. Adherence of
CHK21 and CSSK21 was about 25 and 38%, respectively, in
contrast to the 81% adherence of CAF2. The adherence of the
revertant strain (CHK23) was approximately 53.3%, but rever-
tant CSSK23 was similar to CSSK21 in its adherence to RHE.
Compared to that of CAF2, the germination of CHK21 and
CSSK21 was greatly reduced after 1 h of infection (Fig. 1C and
E and inserts). Adherence was difficult to measure at 4 h
postinfection because of the apparent growth of the strains on
the RHE, but germination appeared to be less frequently ob-
served with both mutants (Fig. 1 D and F and inserts).

The early events (adherence and germination) were also
studied by SEM (Fig. 2). We again included strains with CHK1
(CHK23) and CSSK1 (CSSK23) reconstituted in measure-
ments of adherence and germination. It should be stated that
when examining specimens by SEM, it was difficult to locate
the mutant strains on tissues, especially at 1 h postinfection,
probably because their adherence was reduced compared to
that of CAF2. Similar to the observations made by light mi-
croscopy, the adherence of CAF2 to RHE tissue was readily
visualized and by 1 h, yeast cells had begun to germinate (Fig.
2A). By 4 h, most of the cells had germinated and extensive
hyphal development had occurred (Fig. 2B). In contrast, strain
CHK21 had not germinated by 1 h (Fig. 2C), while the strain
with the reconstituted gene (CHK23) had initiated germina-
tion at 1 h postinfection (Fig. 2E), albeit less than CAF2. By
4 h, both CHK21 and CHK23, like CAF2, had germinated
(Fig. 2D and F). Similar observations were noted for CSSK21
and the corresponding strain with the reconstituted gene
(CSSK23) at 1 and 4 h (Fig. 2G to J). The germination of
CSSK21 was much less than that of CAF2 or CSSK23 at 1 h
postinfection (compare Fig. 2G to Fig. 2A and I) but similar to
that of CSSK23 at 4 h (Fig. 2H and J).

Using SEM, we calculated the percentage of germinating
cells of all of the strains and the lengths of the germ tubes
(micrometers) at 1 and 4 h postinfection (Table 2). The data in
Table 2 indicate that at 1 h postinfection, the percent germi-
nation, as well as the length of those cells that did germinate,
was significantly reduced in the mutant strains (CHK21 and
CSSK21; P � 0.005) and the strains with the reconstituted
genes (CHK23 [P � 0.005] and CSSK23 [P � 0.05]) compared
to that of CAF2. The differences in germ tube length were also
apparent at 4 h postinfection for both null strains (P � 0.005),
but no difference in germ tube length was observed for
CSSK23 and CHK23 (Table 2). On the other hand, the ger-
mination percentages of all of the strains were similar at 4 h
(Table 2). The results of the SEM study thus support our
observations with light microscopy in regard to adherence.

Temporal CHK1 and CSSK1 gene expression during coloni-
zation of RHE. We investigated the temporal expression of
CHK1 and CSSK1. At 1, 4, 8, 24, and 48 h postinfection, total
RNA was extracted from uninfected RHE, as well as RHE
infected with C. albicans CAF2 (Fig. 3). As a control, ampli-
fication was not observed by RT-PCR of ACT1, CHK1, or
CSSK1 from uninfected RHE tissue (data not shown). In order

FIG. 1. PAS-stained sections of RHE infected with CAF2 (A and B), CHK21 (C and D), or CSSK21 (E and F). The sections were taken from
tissues infected with these strains for 1 h (A, C, and E) or 4 h (B, D, and F).
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FIG. 2. SEM of RHE infected with CAF2 (A and B), CHK21 (C and D), CHK23 (E and F), CSSK21 (G and H), or CSSK23 (I and J) for either
1 h (A, C, E, G, and I) or 4 h (B, D, F, H, and J).
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to quantitate expression of CHK1 and CSSK1 by RT-PCR,
ACT1 gene expression was used as an internal control. The
linear range of amplification (30 amplification cycles with 300
ng of total ACT1 RNA and 35 cycles with 900 ng each of total
CHK1 and CSSK1 RNAs) was chosen based upon the data
curves determined from IDV using different cycles. Under

these conditions, ACT1 was constitutively and equally ex-
pressed in all of the C. albicans strains tested (Fig. 3). There-
fore, the density signal of ACT1 was used to normalize the data
from each sample for CHK1 and CSSK1 expression in order to
minimize any difference in the quality of the RNA for each
extraction. Extractions of infected and noninfected tissues were
done on three separate occasions, and all RT-PCRs were per-
formed in triplicate. Amplification of ACT1, CHK1, and CSSK1
from infected tissue was not observed in the absence of reverse
transcriptase, verifying the absence of genomic DNA contam-
ination. Relative IDVs from different experiments were adjust-
ed to the IDV of a common band from each gel so as to account
for any differences that might occur during electrophoresis.

The expression profiles of CHK1 and CSSK1 correlated with
adherence, germination, and hyphal growth on RHE tissue.
ACT1 was amplified as an 800-bp fragment, and CHK1 was
amplified as a 506-bp fragment, while the CSSK1 amplicon was
744 bp in size (data not shown). ACT1 expression was almost
the same in samples from each time point and was about 30
times higher than that of either CHK1 or CSSK1, even with
fewer PCR cycles (Fig. 3). The expression of both CHK1 and
CSSK1 as measured by RT-PCR was detected as early as 1 h
after infection and increased thereafter up to 48 h postinfec-
tion, although expression of CHK1 was greater than with
CSSK1 (Fig. 3). In fact, expression of CHK1 was 2 to 2.5 times
higher than that of CSSK1 with the same amount of total RNA

FIG. 3. Expression of CHK1, CSSK1, and ACT1 at 1 to 48 h from RHE infected with C. albicans strain CAF2. The IDVs were deduced from
300 ng of total RNA for CHK1 (u) and CSSK1(o) and 10 ng of total RNA for ACT1(■ ).

TABLE 2. Germination of wild-type C. albicans and CHK and
CSSK mutants on RHE tissue as determined by SEMa

Strains or
comparison

1 h 4 h

Avg germ tube
length (�m)

� SD

% of
germ
tubes

Avg germ tube
length (�m)

� SD

% of
germ
tubes

CAF2 6.6 � 1.5 83 19 � 4.0 90
CHK21 3.5 � 0.66** 5** 13 � 2.9** 88
CHK23 4.6 � 0.98* 18** 15 � 3.5 88
CSSK21 3.6 � 0.94** 13** 9.7 � 1.9** 80
CSSK23 5.0 � 1.0 25** 19 � 3.1 82

Among all groups ** ** **
CHK21 vs CSSK23 * *
CSSK21 vs CSSK23 * **

a Ten cells of each strain were measured for germ tube length. Approximately
100 cells were counted for germination. The five genotypes were tested by
one-way analysis of variance (germ tube length) and chi square tests (percentage
of germ tubes). The four mutations were compared against the wild type and null
mutants were compared to revertants by Bonferroni-corrected post-hoc tests
(*, corrected P � 0.05; **, corrected P � 0.01).
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extracted during infection of RHE. We also measured the
expression of CHK1 in the CSSK21 mutant and CSSK1 expres-
sion in the CHK21 mutant (Fig. 4A and B). The reason for
doing these experiments was to establish if CHK1 regulates the
expression of CSSK1 (or if the opposite is true). We did not
observe any statistically significant difference in the expression
of CHK1 in the CSSK21 (cssk1/cssk1) mutant and in CAF2 at
4 h (Fig. 4A). Likewise, deletion of CHK1 did not affect the
expression of CSSK1 (Fig. 4B).

DISCUSSION

Among the virulence attributes of C. albicans, host cell rec-
ognition by cell surface biomolecules (adhesins), morphogen-
esis, extracellular protease and lipase production, and pheno-
typic switching have been studied more extensively (6). Several
signal pathways that regulate morphogenesis have been iden-
tified, as well as transcription factors that either activate or
repress hypha-specific genes (6, 20, 22, 23). The Hog1 pathway
is among those that may regulate morphogenesis (6, 7). In S.
cerevisiae, the Hog1 pathway is regulated by a two-component
signal transduction system. Cells use this pathway to adapt
their growth to changes in osmolarity (25). While this pathway
appears to have a secondary role in adapting C. albicans cells
to osmotic stress, the functional activity of homologues of the
Hog1 pathway is also associated with regulation of morpho-
genesis (7, 12, 21). For example, C. albicans SSK1 (the re-
sponse regulator gene of the Hog1 pathway) can complement
the ssk1 mutation of S. cerevisiae but ssk1 mutant strains of
C. albicans, while not osmosensitive, are defective in hyphal
formation under certain conditions (12).

Two-component signal transduction has been identified in
bacteria, archaea, lower eukaryotes, and higher plants but is
not found in humans (2, 19). In C. albicans, three hybrid
histidine kinase genes and a single response regulator gene
have been isolated and strains with a deletion in each were
constructed (1, 7–9, 11–13, 21, 30, 31, 33). Mutant strains have
defects in morphogenesis, switch phenotypes, and are either

attenuated or avirulent in a murine model of hematogenously
disseminated candidiasis. While each strain with a single gene
deleted is still viable, deletions in both sln1 and cos1/nik1 are
lethal (33). Thus, two-component signal proteins may repre-
sent useful targets for drug discovery (2) since they are specific
to the pathogen and provide important functions for the or-
ganism (7). Further, a histidine kinase has also been identified
in Aspergillus fumigatus, an important pathogen of immuno-
compromised patients (26), and any new antifungal drug
should be able to target a broad range of fungal pathogens.

CHK1 of C. albicans encodes a putative hybrid histidine
kinase (8) that is required for disease development in a murine
model of hematogenously disseminated candidiasis, similar to
CSSK1 (putative response regulator) (10, 12). CHK1 is appar-
ently not required for vaginal infections, since rats infected
with a strain with this gene deleted still develop a disease
similar to that caused by the wild-type strain (10). This obser-
vation implies that site specificity may indeed be operative in
determining the requirements for disease development.

The intent of this study was to evaluate the role of these two
genes in the colonization of human esophageal tissue. To ac-
complish this objective, we utilized RHE tissue to examine the
early events of gene expression and colonization/morphogen-
esis on RHE tissues. In previous studies, this model seemed
appropriate for evaluation of the virulence of strains of C.
albicans since we observed that blood isolates and esophageal
isolates from patients (the latter with a high degree of tissue
inflammation), but not commensal isolates or those from pa-
tients with esophagitis with reduced tissue inflammation, were
able to colonize and invade RHE tissue and adhered better to
a human esophageal cell monolayer (3). Thus, disease severity
correlated directly with the pathogenic potential of C. albicans
strains. We conducted studies on gene (CHK1 and CSSK1)
expression and the role of these genes in adherence and mor-
phogenesis by infecting RHE with strains with CHK1 and
CSSK1 deleted or reconstituted. Among our observations were
that expression of CHK1 and CSSK1 increased during the
course of infection of the RHE and that these events corre-

FIG. 4. (A) Expression of CHK1 and ACT1 at 1 and 4 h postinfection of RHE in the ssk1/ssk1 strain of C. albicans (wild type) (u) and CSSK1
(■ ) (�, P � 0.051). (B) Expression of CSSK1 and ACT1 at 1 and 4 h postinfection of RHE in the chk1/chk1 strain of C. albicans (wild type) (u)
and CHK21 (■ ).
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lated temporally with the adherence and germination of cells.
Of the two, expression of CHK1 appeared to be greater than
that of CSSK1. The expression of CSSK1 was not affected in
the chk1 null strain, and likewise, the expression of CHK1 was
not reduced in the cssk1 mutant (CSSK21) compared to that in
CAF2.

The microscopic studies (light microscopy and SEM) re-
vealed that strains with deletions in either chk1 or ssk1 colo-
nized the RHE less than did the parental strain or a strain with
the reconstituted gene. Likewise, at a similar time point (1 h),
germination of both strains was also reduced by each deletion.
It is important to note the difficulty of finding mutant strains on
RHE tissue by using SEM at 1 h. At 4 h postinfection, both
mutant strains had initiated germination but the hyphae of
germinating cells were shorter than those of the parental strain
or that with the reconstituted gene. Thus, our data indicate
that CHK1 and CSSK1 are expressed during the colonization
of RHE tissue and that strains with deletions in each gene are
less able to establish themselves on the tissue.

The downstream structural proteins regulated by CHK1 or
CSSK1 are being identified. In preliminary observations, it
appears that both the mannan and glucan profiles of the CHK1
null strain (CHK21) are abnormal compared to those of CAF2.
These differences are not apparent in the cssk1 null strain
(CSSK21). This observation, along with the fact that CHK1
does not regulate expression of CSSK1 (and vice versa), may
indicate that each gene encodes proteins of different signal
pathways.
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