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We recently characterized the histidine kinase receptor genes of Candida lusitaniae. For the present study, we
have further investigated the role of SSK1 and SKN7, encoding response regulators. The results of functional
analysis of mutants indicated that Ssklp is involved in osmotolerance and pseudohyphal development, whereas
Skn7p appears crucial for oxidative stress adaptation.

It is now accepted that two-component signal transduction
pathways are essential for stress adaptation, morphogenesis,
quorum sensing, and the regulation of virulence in fungi (28).
In Saccharomyces cerevisiae, the two-component signaling sys-
tem contains different proteins that work together in a phos-
phorelay pathway consisting of the sensor histidine kinase re-
ceptor (HKR) SInlp, the histidine-containing phosphotransfer
(HPt) protein Ypdlp, and the two response regulators (RR)
Ssk1p and Skn7p. Differences in stimulus determine which RR
is activated or inactivated. The Ssklp branch of this pathway
regulates a large palette of physiological processes, among
which the Hogl-mediated osmoadaptation is the most docu-
mented. The Skn7p branch is involved in oxidative stress ad-
aptation, cell wall biosynthesis, and the cell cycle (for a review,
see references 9 and 15).

The budding yeast Candida lusitaniae (teleomorph, Clavis-
pora lusitaniae) is an emerging pathogen which is characterized
by its propensity to develop resistance to antifungal agents
during treatment (14, 22, 26). Furthermore, this opportunistic
yeast can efficiently switch to pseudohyphal growth (13). As a
laboratory model, C. lusitaniae is an experimentally tractable
haploid organism offering formal genetic tools based upon a
complete sexual cycle reproducible in vitro (11, 23, 31) and an
integrative transformation system for gene disruption (10,
30, 31).

We recently characterized three C. lusitaniae genes (SLN1,
NIKI, and CHKI) potentially encoding HKRs (6) and showed
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that Slnlp is crucial (i) for oxidative stress adaptation when C.
lusitaniae strains grow as budding yeast and (ii) in the early
steps of pseudohyphal development, especially in hyperos-
motic and oxidative conditions. For the current study, we
characterized downstream elements, such as HPt and RR pro-
teins. Blast analysis (2) of the C. lusitaniae database (Broad
Institute Fungal Genome) revealed a single gene, YPDI, en-
coding a putative HPt protein, and two genes, SSK7 and SKN7,
potentially encoding two-component RRs. The characteriza-
tion of these genes and their corresponding proteins is re-
ported in Table S1 and Fig. S1 in the supplemental material.
Null mutants were constructed for both SSK7 and SKN7 genes
by using an improved integrative transformation system based
upon the “URA3-blaster” strategy (6, 25) (see Fig. S2 in the
supplemental material). All disruptant and reintegrant strains
are listed in Table S2 in the supplemental material. However,
we failed to obtain homologous integration of the YPDI dis-
ruption cassette at the corresponding target locus. The results
of Southern blot analysis revealed that Ura™ transformants
derived either from ectopic integrations of the disruption cas-
sette (50%) or from gene replacement at the ura3 locus (50%)
(see Fig. S3 in the supplemental material). This result sug-
gested that the ypdIA mutant could be inviable in C. lusitaniae,
as reported in several other fungal species (3, 4, 12, 19).

We first analyzed the growth, osmotolerance, drug sensitiv-
ities, and oxidative stress responses of ssk1A, skn7A, and ssk1A
skn7A mutants. The single mutant ssk/A and the double mu-
tant sskIA skn7A exhibited increased generation times com-
pared to that of the wild type when cultured in yeast extract-
peptone-dextrose (YPD) or yeast nitrogen base medium (see
Table S2 in the supplemental material). The growth of both the
sskIA and the sskIA skn7A mutants is slightly affected on
high-osmolarity medium (1.5 M sorbitol, NaCl or KCI) (Fig. 1),
indicating that C. lusitaniae Ssklp could be involved in the
growth and in the capacity for adaptation to hyperosmotic
conditions of yeast cells. Furthermore, the sskIA and the ssk1A
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FIG. 1. Sensitivity of the wild-type strain, representative single mutants ssk/A and skn7A, double mutant ssk/A skn7A, and reintegrant strains
sskIA+SSKI and skn7A+SKN7 to different stresses. All strains were grown overnight in YPD liquid medium, the cells were counted, and then
dilutions (10° to 10 cells) were spotted onto YPD plate supplemented or not (control) with 1.5 M sorbitol, NaCl or KCI, 6 mM of H,0,, 25 mM
methyglyoxal, 2 pg ml~! fludioxonil, or 25 g ml~" iprodione. To test UV sensitivity, cells on YPD plates were exposed to UV for 12 s (2,880 J
m ). Each plate was further incubated for 2 days at 35°C and photographed. For high-temperature sensitivity, spotted cells were incubated for
1 day at 43°C and photographed. This experiment was done in triplicate, and pictures show representative plates for each condition. WT, wild type.

skn7A mutants exhibited hypersensitivity to UV irradiation
(2,880 J - m~?) and high temperature (43°C), implying that
Ssklp is also essential for responses to these signals. Moreover,
both the ssk/A and the sskIA skn7A mutants were hypersen-
sitive to methylglyoxal (25 mM), suggesting that Ssklp is re-
quired to protect cells from this metabolic by-product (1, 20).
Interestingly, both the skn7A and the sskIA skn7A mutants
exhibited strong sensitivities to H,O,, suggesting that Skn7p
has a role in the regulation of oxidative stress in C. lusitaniae
(Fig. 1).

Neither hypersensitivity nor resistance of mutants toward the
clinical antifungals amphotericin B, 5-flucytosine, and fluconazole
(FLC) was observed. The cell-mediated immunities (CMIs) of all
null mutants were similar to those observed for the wild-type
strain (amphotericin B CMI, <1 wg - ml~'; 5-flucytosine CMI,
=4 pg - ml™'; and FLC CMI, <8 pg - ml™ ") (data not shown).
Because in the filamentous fungi Neurospora crassa and Coch-
liobolus heterostrophus, mutations of HKR or RR genes are re-
sponsible for severe dicarboximide and phenylpyrrole resistance
(16, 17, 24), we tested the effects of these antifungal drugs on our
null-mutant strains. Both the ssk/A and the ssk1A skn7A mutants
were resistant to fenpiclonil and iprodione (Fig. 1). These data
demonstrate that in C. lusitaniae cells, as with the NIKI gene
disruption (6), the sskl deletion confers resistance to these com-
pounds.

We next assessed the effects of the deletion of SSK7 and
SKN7 on the morphological changes occurring during the sex-
ual reproduction of C. lusitaniae, notably during conjugation
(11). All mutants were still able to reproduce sexually in vitro
when mated unilaterally or bilaterally (crosses are listed in the
mating test section of the supplemental material) with the
appropriate opposite mating type. Our data imply that, con-
trary to the human pathogen Cryptococcus neoformans, in
which the Tcolp HKR governs sexual reproduction via the

Ssklp branch (3), the RR proteins of C. lusitaniae do not play
an obvious role in the mating process.

We finally investigated the capacity of the mutants to differ-
entiate pseudohyphae as described in reference 6. Figure 2
shows representative pictures of pseudohyphal formation after
48 h of growth on yeast carbon base (YCB) medium supple-
mented or not with the most discriminatory concentration of
sorbitol (1 M), NaCl (0.5 M), KCI (0.5 M), or H,O, (1 mM).
Those concentrations were used because higher and lower
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+ NacCl
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FIG. 2. Pseudohyphal-growth ability of mutants. Amounts of 10°
cells (contained in drops of 5 pl) of the wild-type strain, representative
single mutants ssk/A and skn7A, double mutant ssk/A skn7A, and
reintegrant strains ssk/A+SSK1 and skn7A+SKN7 were spotted onto
YCB solid medium supplemented or not with discriminatory concen-
trations of sorbitol (1 M), NaCl (0.5 M), KCI (0.5 M), and H,O, (1
mM). Observations were made 48 h after spotting. This experiment
was done in triplicate, and pictures show representative structures
observed for each sample. The lengths of pseudohyphae emerging
from the edge of the colonies are reported in Table S4 in the supple-
mental material. WT, wild type. Bar, 300 pm.
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FIG. 3. Models for the action of Ssklp and Skn7p in C. lusitaniae and comparison with simplified models for S. cerevisiae (9) and C. albicans
(8, 18, 27). A possible mechanism that incorporates our experimental results from this study and our previous study (6) is proposed. The RR
protein Ssklp could operate downstream of the SInlp HKR and the HPt protein Ypdlp to regulate the osmotic stress response, pseudohyphal
growth, UV adaptation, and the heat shock response. Genes encoding Ssk2p, Pbs2p, and Hoglp mitogen-activated protein kinase cascade
components (dotted boxes) are located in the C. lusitaniae genome (unpublished data) and probably act downstream of Ssklp. In addition, the
Nik1p-Ypdlp-Ssklp-mediated transduction pathway probably regulates dicarboximide (Dicarb.) and phenylpyrrole (Phenylp.) sensitivity. The RR
protein Skn7p acts in oxidative stress adaptation, possibly through SInlp and Ypdlp elements. Dotted arrows indicate mechanisms or interactions
not yet fully elucidated. MAPK, mitogen-activated protein kinase; MAPKK, MAPK kinase; MAPKKK, MAPK kinase kinase.

concentrations were either too toxic or had no effect on the
pseudohyphal development of the wild-type strain. The lengths
of pseudohyphae emerging from the edge of the colonies are
reported in Table S4 in the supplemental material. Homoge-
neously distributed pseudohyphae were obtained for all strains
on unsupplemented YCB medium, but both the ssk/A and the
ssk1A skn7A mutants displayed a reproducible reduction of
pseudohyphal length. This reduction in pseudohyphal devel-
opment could result either from a delay in the morphogenetic
transition induced by the mutation or from global growth de-
fects. The addition of 1 M sorbitol produced a homogeneous
reduction of the pseudohyphal growth of the wild-type strain
and strongly inhibited the pseudohyphal development of the
ssk1A, skn7A, and ssk1A skn7A mutants. Similar results were
observed in the presence of 0.5 M KClI, whereas all strains
presented equivalent pseudohyphal growth when NaCl (0.5 M)
was added. These observations imply that both the SSK7 and
the SKN7 gene play key roles in pseudohyphal development
when C. lusitaniae is grown on high-osmolarity medium. The
addition of 1 mM H,O, produced a similar reduction of the
pseudohyphal formation of the wild-type and complemented
strains and completely inhibited the pseudohyphal develop-
ment of the skn7A and the sskIA skn7A mutants. Intriguingly,
the pseudohyphal growth is 10 to 20% greater in the ssklA
mutant than in the wild type in these conditions.

In summary, C. lusitaniae, like Candida albicans, possesses
two RR proteins which could act as downstream or cross-talk
elements of the Slnlp-, Nik1p-, and Chklp-mediated transduc-
tion pathways. However, despite these similarities, the results
of functional analysis of the C. lusitaniae mutants described
above also reveal significant differences (Fig. 3). First, only the
skn7A mutant is hypersensitive to oxidant conditions in C.

lusitaniae, whereas both the skn7A and the ssk1A mutants are
affected by oxidative stress in C. albicans (5, 21, 29). Second,
while C. albicans chklA and ssk1A mutants are hypersensitive
toward FLC (7), the corresponding C. lusitaniae mutants are
not (6; this study). Finally, contrary to findings for C. albicans,
where the absence of SSKI and SKN7 results in dramatic
defects in true-hypha formation (5, 29), only SSKI appears to
be involved in pseudohyphal differentiation in C. lusitaniae.
This difference clearly reveals that a set of specific genes con-
trols the switch between true- and pseudohyphae. However, we
cannot exclude the possibility that the HKR-mediated signal-
ing of C. albicans behaves similarly to that of C. lusitaniae when
C. albicans is undergoing pseudohyphal formation. Finally, the
results of the current study (in addition to those of our previ-
ous study [6]) show that in spite of a close conservation of the
His-to-Asp phosphorelay components (Slnlp, Niklp, Chklp,
Ypdlp, Ssklp, and Skn7p), the transduction pathways are dif-
ferently regulated in C. albicans and C. lusitaniae (Fig. 3).

We acknowledge the Broad Institute Fungal Genome Initiative for
making the complete genome sequence of C. lusitaniae available. We
thank Denise Zickler and Sandrine Castella for critical reading of the
manuscript.
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