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Regulation of hyphal morphogenesis in Candida albicans can occur through quorum sensing (QS). A QS
signal, farnesol, is produced during high-density growth and inhibits morphogenesis. However, the signal
transduction pathway that regulates QS is unknown. Here, we show that a C. albicans mutant lacking Chklp
but not either the SInlp or the Niklp histidine kinase is refractory to the inhibitory effect of farnesol both in
cell suspension and during the formation of a biofilm. This study is the first to demonstrate a role for a
two-component signal transduction protein in QS by a eukaryotic organism.

Cell density is a critical factor in the regulation of Candida
albicans hyphal morphogenesis. At a density of >10° cells/ml,
yeast cells do not shift (germinate) to hyphae or do so at low
frequencies, while at a density of <10° cells/ml, germination
occurs (3). The relationship between cell density and new gene
transcription (hyphal morphogenesis) resembles quorum sens-
ing (QS) in some bacteria (14). Recent observations indicate
that a QS system operates in C. albicans and that the isopre-
noid farnesol is the QS autoinducer signal (12). Cells exposed
to farnesol do not germinate, even at low cell densities. How-
ever, the regulatory and signal transduction events that direct
QS are unknown, not only for C. albicans but for other fungi
and eukaryotes in general. In some bacteria, two-component
signaling regulates QS. Since C. albicans has several two-com-
ponent signal proteins that are critical to a number of processes,
including cell wall biosynthesis, adaptation to stress conditions,
and virulence, our rationale was that farnesol sensing could be
mediated through two-component proteins. C. albicans has
three hybrid-histidine kinases, two of which have orthologues
in Saccharomyces cerevisiae (Slnlp) and Neurospora crassa
(Nik1p) that are presumed to play a role in an osmotic stress
response (1, 15, 19, 20). The third histidine kinase, Chk1p, has
some similarity to two Schizosaccharomyces pombe proteins,
Mak2p and Mak3p, which are known to function as sensors for
oxidative stress (2, 5). In addition to the histidine kinases, C.
albicans has two response regulator proteins, Ssk1p and Skn7p,
whose S. cerevisiae homologs act downstream of the Slnlp
histidine kinase (11). In C. albicans, Ssk1p and Skn7p function
in the adaptation of cells to oxidant stress, while Ssklp, in
addition, regulates the expression of structural cell wall pro-
teins and negatively regulates Chklp expression (7, 18).
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The C. albicans strains used for this study have been de-
scribed previously (4, 6, 9, 20). Unless noted, cells were rou-
tinely cultured in YPD (1% yeast extract, 2% dextrose, 2%
peptone) or YNB (0.67% yeast nitrogen base [pH 7.0], 50 mM
glucose) at 30°C. To assess whether the two-component signal
transduction proteins of C. albicans play a role in QS, all
strains (see Table 1) were first cultured overnight at 30°C in
YPD. Subsequently, the cells were washed twice and then
inoculated into 10 ml of prewarmed medium 199 (pH 7.5) with
or without 250 wM ftrans,trans-farnesol (Sigma-Aldrich, St.
Louis, Mo.) at a concentration of 5 X 10° cells/ml. Cells were
incubated at 37°C for 4 h, in order to allow germination to
occur. Identical experiments were performed with 10% serum
at 37°C as the inducing condition. The percentages of yeast
cells and hyphae were then determined by light microscopy.
Photographs were taken using a Canon digital camera, and
figures were prepared with Adobe Photoshop 6.0. The C. al-
bicans sinl, nikl, and chkl histidine kinase mutants and the
ssk1 response regulator mutant were compared to strain
CAF2-1 (wild type) in hypha-inducing medium (10% serum or
medium 199 [pH 7.5] with or without 250 uM farnesol). In
medium 199 (pH 7.5) lacking farnesol, germination proceeded
normally (89 to 96%) for all strains (Fig. 1, left column; Table
1). In the presence of farnesol, the percentages of germination
for CAF2-1 and for strains S (slnl/sinl), N (nikl/nikl), and
SSK21 (sskl/sskl) decreased significantly to values ranging
from 15 to 30%, while germination of the chkl mutant
(CHK21) was 84% of that of CAF2-1 (Fig. 1, right column;
Table 1). The germination of a strain reconstituted with a
single copy of CHKI (CHK23) was intermediate to that of
CAF2-1 and the null counterpart (Fig. 1, right column, panel
for CHK23; Table 1), indicating that the phenotype observed
may be a result of the gene dosage. Similar results were seen
when strains were grown in 10% serum (data not shown),
indicating that the farnesol response is not medium dependent.

An important aspect of the effect of farnesol on C. albicans
is its influence on biofilm formation (8, 16). C. albicans forms
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FIG. 1. Representative photomicrographs of C. albicans grown without (left) and with (right) 250 uM farnesol. Strains were grown for 4 h at

37°C in medium 199 (pH 7.5) at a density of 5 X 10° cells/ml.

biofilms on a variety of substrates both in vitro and in clinical
settings, such as indwelling intravenous catheters of patients
(8). In the clinical setting, biofilm formation also represents a
problem for therapeutic management of patients due to the
resistance of the biofilm cells to antifungal therapy. In vitro
studies indicate that farnesol inhibits biofilm formation, possi-
bly by inhibiting the ability of the organism to shift to a fila-
mentous morphology (16). Since our data indicate that the
chkl null mutant is not morphologically responsive to farnesol
compared to parental and other mutants, the effect of farnesol
on biofilm formation by this mutant was determined. C. albi-
cans strains were grown overnight in YNB (pH 7) containing
50 mM glucose at 30°C, harvested, and washed twice in phos-
phate-buffered saline (PBS). The cell density was standardized
to 107 CFU/ml, and cells (100 pl of cell suspension) were
allowed to adhere to the bottoms of 96-well microtiter plates.
After 90 min of incubation at 37°C, the nonadhered cells were

removed by washing twice with 200 pl of PBS. Then, 200 pl of
YNB (pH 7) containing 50 mM glucose with or without farne-
sol (25 or 250 wM) was added, and biofilms were allowed to
develop for 48 h at 37°C while being shaken at 150 rpm. The

TABLE 1. Germination of C. albicans in the presence or
absence of 250 pM farnesol”

Without farnesol With farnesol

Strain

% Yeast cells % Hyphae % Yeast cells % Hyphae

CAF2-1 (wild type) 4518 95518 70110 299 =*10
CHK21 (chkIA) 5742 9434 82=*8 91.8 £8

CHK23 (chk1/CHKI) 327 97 £27 40420  59.6 =20
S (sinIA) 104 =7 89.6 +7 69.4+19  30.6 =19
N (nikIA) 128 =8 87 +8 72 +29 28 =29
SSK21 (ssk1A) 67*18 933+18 843+12 157=*12

“ All strains were grown in medium 199 (pH 7.5) at 37°C. The values presented
are the means of results from three experiments; standard deviations are indicated.
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FIG. 2. Influence of farnesol on biofilm formation. CHK21 (chk1/
chklA) is nonresponsive to farnesol. Biofilm formation was assessed
using the XTT metabolic assay. The percentages of CHK21 and
CHK23 cells that formed a biofilm are indicated relative to that of
CAF2-1 without farnesol (black bars), with 25 pM farnesol (white
bars), and with 250 wM farnesol (grey bars). The data represent aver-
ages of the results from four experiments.

biofilms were washed twice with 200 pl of PBS and incubated
in a solution containing 150 pl of PBS with 50 mM glucose,
25 mg of XTT [2,3-bis(2-methoxy-4-nitro-sulfophenyl)-5-
[(phenylamine)carbonyl]-2H-tetrazolium hydroxide]/ml, and 2
wM menadione (Sigma-Aldrich) (16). After 2 h of incubation
at 37°C, 100 pl of each sample was transferred to a fresh plate,
and the reduction in XTT was determined by measuring the
optical density of the sample at 492 nm. In the absence of
farnesol, biofilm formation occurred for all strains (Fig. 2).
However, in the presence of subinhibitory concentrations of
farnesol (25 wM), CAF2-1 biofilm formation was reduced by
60%, while strain CHK21 (chkl/chkl) formed a biofilm that
was approximately twofold greater than that of CAF2-1 (Fig.
2). At a 250 uM concentration of farnesol, CAF2-1 again
produced a biofilm that was approximately 40% of the size of
that produced in the absence of farnesol by that strain. In
contrast, the biofilm formation of the chkl mutant exceeded
that of CAF2-1. At a 25 uM concentration of farnesol, strain
CHK?23, containing one copy of CHKI, formed a biofilm some-
what intermediate in size to those formed by strain CAF2-1
and the CHK21 null mutant (averaging 55% of the sizes of
those formed by CAF2-1 and CHK21) (Fig. 2). With 250 uM
farnesol, biofilm formation by CHK23 was equal to that of
CAF2-1. The sskl, slnl, and nikl null mutants resembled
CAF2-1 and formed biofilms only in the absence of farnesol
(data not shown). The data on biofilm formation by these
strains support the observed effects of farnesol on germination
(Fig. 1; Table 1).

Our observation of the role of the two-component signal
transduction protein Chklp in QS is the first for a eukaryotic

EUKARYOT. CELL

organism. However, it is unclear how new gene transcription is
initiated upon perception of the farnesol signal. Since Chklp is
a cytoplasmic protein, it is possible that another protein, which
is upstream of Chklp, perceives the farnesol signal and then
activates a pathway that includes Chklp. This hypothesis may
be quite likely since no apparent motifs are found in Chklp
that would suggest a binding site for farnesol. The histidine box
domain and the receiver domain of Chklp contain residues of
histidine and aspartate, respectively, that may be sequentially
phosphorylated during signal transfer. In addition, a partial
mitogen-activated protein kinase domain that may also be crit-
ical to signal transfer is located in the N-terminal half of Chklp
(5). The phenotype of the chkl mutant in the presence of
farnesol suggests that this kinase participates in a signal path-
way. If so, this pathway would be unique among organisms that
utilize two-component signal transduction.

Our observation that QS is mediated through a two-compo-
nent pathway may help in developing new strategies to inhibit
hyphal morphogenic shifting in yeast cells. Furthermore, QS
inhibitors in bacteria have been shown to be successful as
antibiotics against biofilm formation (10). Since two-compo-
nent signaling genes are not found in humans, it is likely that
the development of two-component inhibitors may be useful in
the treatment of candidiasis and candidal biofilms as well as in
the dissection of the QS pathway. Such studies have recently
been reported (13, 17).
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