




We used serum to induce hyphal growth because, among
tested substances, serum was the most effective inducer of
hyphal growth of CAF2-1 and its histidine kinase mutants.
Consistent with the previous report by Alex et al. (3), hyphal
formation was significantly deteriorated in the canik1D null
mutants, even when hyphal development was induced by serum
(Fig. 2). Disruption of CaSLN1 or CaHK1 also impaired hy-
phal formation compared with that of the wild type, CAF2-1
(Fig. 2). Effects of the disruption of a histidine kinase gene on
hyphal formation were more prominent in cahk1D null mu-
tants. The hypha-forming ability was nearly completely abol-
ished in the cahk1D null mutants, whereas the casln1D and
canik1D null mutants inefficiently generated hyphae on the
periphery of the colonies when they were cultured in the pres-
ence of serum (Fig. 2A).

CaSln1p is predicted to be a cell surface protein with an
extracellular sensor domain, whereas both CaNik1p and
CaHk1p are supposed to be cytosolic proteins (Fig. 1) (3, 6, 16,

22). Therefore, we asked if CaSln1p functions upstream of
CaNik1p and CaHk1p. To address this possibility, we created
mutants in which more than one histidine kinase gene was
disrupted. Double disruption of CaSLN1 and CaNIK1 was
impossible, suggesting that a simultaneous disruption of
CaSLN1 and CaNIK1 is lethal. The disruption of CaSLN1 or
CaNIK1 in the cahk1D null mutants partially restored hypha-
forming ability in the presence of serum. Both casln1D cahk1D
null mutants and canik1D cahk1D null mutants developed hy-
phae more efficiently than did cahk1D null mutants (Fig. 2).
These results suggest that CaSLN1 and CaNIK1 are located
upstream of CaHK1 but function in distinct signal transmission
pathways. Furthermore, because both CaSLN1 and CaNIK1
are required for hyphal formation, there may be a negative
regulator between CaHk1p and the other two histidine kinases.

The hypha-forming ability of C. albicans has been thought to
be related to virulence (17). This prompted us to examine the
effects that a deletion of the histidine kinase genes would have
on virulence in a mouse systemic candidiasis model. Immuno-
competent CD-1 mice were intravenously injected with 107

cells of each mutant, and their survival was monitored. As
shown in Fig. 3, all mice that were injected with wild-type

FIG. 2. Effects of disruption of CaSLN1, CaNIK1, and CaHK1 on the hypha
development of C. albicans. Ten million cells of the parental strain, CAF2-1, and
the casln1D, canik1D, cahk1D, casln1D cahk1D, and canik1D cahk1D null mutant
strains were seeded on agar plates containing 10% fetal bovine serum and were
incubated at 37°C for 3 days.

FIG. 3. Effects of the disruption of CaSLN1, CaNIK1, and CaHK1 on the
virulence of C. albicans. Male CD-1 mice were infected with 107 cells of the
parental strain, CAF2-1, and the casln1D, canik1D, cahk1D, casln1D cahk1D, and
canik1D cahk1D null mutant strains. In each experiment, 10 mice were used for
each strain.
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CAF2-1 cells died within 5 days. The virulence of the cahk1D
null mutants was markedly reduced, whereas that of the
casln1D null mutants and canik1D null mutants was only
slightly attenuated compared with that of CAF2-1 (Fig. 3). In
addition, the deletion of CaSLN1 or CaNIK1 in the cahk1D
null mutants partially restored the virulence. The restoration
of the virulence by the deletion of CaSLN1 or CaNIK1 in the
cahk1D background also coincided with the reappearance of
hypha-forming ability in the presence of serum. These results
also support our hypothesis that CaSln1p and CaNik1p are
located upstream of CaHk1p, regulating negative effectors of
CaHk1p. Although Lay et al. reported the positional effects of
URA3 on orotidine 59-monophosphate decarboxylase activity
(12) and virulence, we did not see a clear correlation between
the orotidine 59-monophosphate decarboxylase activities of the
histidine kinase mutants and their virulence.

CaSln1p, CaNik1p, and CaHk1p all possess histidine kinase
domains, but their enzyme activities remain to be established.
To confirm the kinase activities of these proteins, we expressed
the truncated forms of CaSln1p, CaNik1p, and CaHk1p, which
contain their own putative autokinase and response receiver
domains. The recombinant proteins were expressed as GST
fusion proteins in insect cells and purified by affinity chroma-
tography with glutathione–Sepharose CL-4B (Fig. 4). Upon
incubation with [a-32P]ATP, both GST-CaSln1p and GST-
CaNik1p were strongly labelled with 32P, whereas no radioac-
tivity was detected on GST or GST-CaHk1p (Fig. 4). Although
we cannot rule out the possibility that GST-CaHk1p was not
expressed in a correct conformation to sustain the activity, the
above result suggests that at least CaSln1p and CaNik1p utilize
their autokinase activities to initiate the phosphorelay in vivo.

Several histidine kinase genes in eukaryotes were identified,
and they are presumably involved in signal transmission, e.g.,
sensing and adapting to changes of osmolarity in S. cerevisiae
(14) and N. crassa (2) and ethylene sensing in plants (8, 10, 23).
In this study, we have shown that the histidine kinases are
involved in serum-induced hyphal development and virulence
in C. albicans, but the real inducer for signal transmission

remains to be identified. As mentioned above, Hog1p and
Skn7p sense the signal from Sln1p and control the expression
of the downstream genes (13, 14). In addition, it has been
demonstrated that the activation of Hog1p is associated with
the tyrosine phosphorylation of the protein (4, 14). We also
created an anti-Hog1p antibody to see whether the tyrosine
phosphorylation on Hog1p is induced during hyphal induction
and whether it is altered in the mutants with disruptions of the
histidine kinase genes. Detection of the tyrosine phosphoryla-
tion of Hog1p upon hyphal induction and increased osmolar-
ity, however, was unsuccessful, presumably due to strong phos-
phatase activities within the C. albicans cells. In addition, the
hypha-forming ability and virulence of the hog1D null mutants
were not affected by the further disruption of any histidine
kinase gene in the hog1D null mutants. Furthermore, whereas
the hog1D null mutants displayed increased susceptibilities to a
wide variety of stresses, such as hyperosmolarity (11), higher
temperature, anisomycin, and arsenite, none of the histidine
kinase mutants showed retarded growth under these condi-
tions compared with the growth of the wild type, CAF2-1.
Thus, it seems that CaSLN1, CaNIK1, and CaHK1 are all
independent of HOG1 in C. albicans.
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