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The Mitogen-Activated Protein Kinase Homolog HOGI Gene
Controls Glycerol Accumulation in the Pathogenic Fungus
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The Candida albicans HOG1 gene (HOG1 .,) was cloned by functional complementation of the osmosensitive
phenotype associated with Saccharomyces cerevisiae hoglA mutants. HOGI,, codes for a 377-amino-acid
protein, 78% identical to S. cerevisiae Hoglp. A C. albicans hogl null mutant was found to be sensitive to osmotic
stress and failed to accumulate glycerol on high-osmolarity media.

Fungi, like other microorganisms, are able to respond to
changes in extracellular osmolarity, adjusting their intracellular
composition to prevent the dehydration that could impair nor-
mal cell growth (4). Recently, different signal transduction
pathways involving members of the mitogen-activated protein
(MAP) kinase family have been shown to regulate different
aspects of cell physiology (2, 7, 10, 18), one of them being
responsible for adaptation to high osmolarity in Saccharomyces
cerevisiae (5). The HOGI gene (5) (high-osmolarity glycerol
response pathway) encodes a MAP kinase which plays an es-
sential role in osmoadaptation. Candida albicans is a commen-
sal dimorphic pathogenic yeast which under situations that
diminish the host immune response is able to colonize the
human body and seriously compromise human health (20).
Interest in this organism as a model pathogen has increased in
view of the relevance of the fungal infections that it causes,
especially in industrialized countries (12). The identification of
signal transduction pathways in pathogenic fungi is essential
for understanding fungal mechanisms of adaptation to a com-
plex and changing environment like the human body and also
for identifying potential novel targets in antifungal therapy. In
this work, we have addressed the existence of a HOG pathway
in C. albicans.

A C. albicans gene library (19) was used to screen S. cerevi-
siae JBY10 (MATa ura3 leu2 his3 trpl lys2 ade2 hogl-Al:
TRPI) (obtained from M. Gustin) by electroporation. Of more
than 200,000 transformant clones, 121 were initially selected
for an osmoresistant phenotype on 1 M sorbitol-minimal SD
medium (0.67% yeast nitrogen base without amino acids, 2%
glucose) plates. Three of these positive transformants were
further characterized. Sequencing of approximately 1.6 kb
from the insert present in one of them, pHOG1c24.2 (Fig. 1),
allowed us to identify an open reading frame which encoded a
putative protein, CaHoglp, of 377 amino acids (42.3 kDa),
with an overall 78% identity (86% similarity) to S. cerevisiae
Hoglp, this similarity not being restricted to the 11 MAP
kinase subdomains but also evident within the carboxy-termi-
nal nonkinase domain. CaHoglp was 55.7% identical to S.
cerevisiae Fus3p, 53.9% identical to Homo sapiens Erklp, 52%
identical to C. albicans Mkclp, and 48.8% identical to S. cer-

* Corresponding author. Mailing address: Departamento de
Microbiologia II, Facultad de Farmacia, Universidad Complutense de
Madrid, Avda. Ramén y Cajal s/n, 28040 Madrid, Spain. Phone: 34 1
3941743. Fax: 34 1 3941745. Electronic mail address: cnombela
(@fresno.csic.es.

5850

evisiae Slt2p. A TGY motif, characteristic of hyperosmolarity-
activated MAP kinases (6), is found in subdomain VIII in C.
albicans Hoglp, similar to Xenopus laevis Mpk2 (21) and mam-
malian p38 (14) and CSBP kinases (17), which have been
shown to complement S. cerevisiae hogl A mutants. HOGI,
did not complement S. cerevisiae slt2 or fus3 mutants in either
centromeric or episomal plasmids (data not shown).

The C. albicans HOGI gene was disrupted by a strategy
already described (11). A 3-kb HindIII-HindIII fragment car-
rying the C. albicans HOG1 gene disrupted by introduction of
a 4-kb hisG-URA3-hisG cassette at the Hpal site (Fig. 1) was
used to replace the wild-type HOG1 gene on strain RM1000
(ura3A:imm434fura3Az:imm434  hislA::hisG/his1 Az:hisG), a
derivative of strain SC5314 (wild type) (13), yielding the het-
erozygous hogl mutant strain CNC11 (ura3A:imm434/ura3
Aziimm434 hisl A::hisG/hisIA:hisG HOG1/hogl::hisG-URA3-
hisG) and the homozygous hogl null strain CNC13 (ura3
Azimm434/ura3A::imm434 his1A::hisG/lhis1 A::hisG hogl ::hisG-
URA3-hisG/lhogl::hisG).

CNC13 mutant cells displayed a clear osmosensitive pheno-
type when several osmostressing reagents were used, either in
minimal SD medium or rich YED medium (1% yeast extract,
2% glucose) plates supplemented with 1.0 M KCl, 1.5 M KCI,
0.9 M Na(Cl, 1.5 M NaCl, or 1 M sorbitol, with a less dramatic
effect with 0.1 M CaCl, (Fig. 2). CNC13 cells were almost
unable to grow on YED-2 M sorbitol plates. On minimal SD
liquid medium, both the growth rate (generation time at 37°C
is 2 h) and the final A4, reached after 24 h of growth under
nonselective conditions (A4, of 3.7) were similar to those
attained by CNC11 and SC5314 strains. However, under selec-
tive conditions (0.5 M NaCl), CNC13 was just able to double in
mass, reaching a final A4y, of 0.23 (compared with 2.3 for
SC5314) (data not shown). Interestingly, the heterozygous
hogl (CNCI11) strain showed a partial osmosensitive pheno-
type, being able to resume growth and reach an A4, of 1.6 only
after a lag period of 10 h. These results indicate that C. albicans
HOG] is not an essential gene under normal (non-osmotic
stress) conditions.

In order to analyze the kinetics of C. albicans-compatible
intracellular solute formation, cultures from exponentially
growing cells in YED medium at an A4, of 0.5 were divided
into two halves, one receiving NaCl at a 0.5 M final concen-
tration (from a 5 M NaCl stock) and the other receiving a
similar volume of YED medium. At fixed intervals of time, a
similar amount of cells was collected by low-speed centrifuga-
tion and the total intracellular glycerol content was determined
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FIG. 1. Physical map of the 3-kb insert comprising the C. albicans HOG1

locus (CaHOGT). Open and solid regions indicate, respectively, nonsequenced
and sequenced regions of DNA.
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according to the method of Blomberg and Adler (3) by using
the Boehringer Mannheim glycerol detection kit. Wild-type
cells gave an eightfold increase in glycerol content after 6 h
(Fig. 3), while CNC13 cells only doubled it (1.9%). Higher
concentrations of external NaCl increased the rate of glycerol
accumulation but not the final total intracellular glycerol con-
tent (data not shown). We deduce from these results that
glycerol is a major osmoprotectant in C. albicans and that its
synthesis is under the control of the HOGI gene. The limited
increase in glycerol content in homozygous hogl cells when
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FIG. 2. Osmotic sensitivity of C. albicans hogl mutants. 10, 10°, and 10* cells
of strains SC5314, CNC11, and CNC13 were spotted on solid-agar plates of
either rich (YED) or minimal (SD) medium supplemented with different osmo-
stressing reagents at the concentrations indicated. Plates were then further in-
cubated for 3 days at 37°C before microphotographs were taken.
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FIG. 3. Failure to accumulate glycerol in C. albicans hogl cells subjected to
NaCl in YED medium. The intracellular glycerol content is plotted against time
after the addition of 0.5 M NaCl (open bars) to exponentially growing cultures
of the wild-type strain, SC5314 (A), or the hogl mutant strain, CNC13 (B). As a
nonosmostressed control, one-half of the culture received just YED medium
(solid bars).

osmostressed in NaCl-YED medium suggests the existence of
HOG1-independent mechanisms in glycerol accumulation. In
addition to GPDI—regulated by the HOG pathway (1)—a
second gene involved in glycerol biosynthesis in S. cerevisiae
has been described (9), and this gene is apparently not sub-
jected to osmoregulation. It is feasible that in C. albicans a
similar gene could exist, being at least partially inducible on
high-osmolarity medium. On the other hand, we cannot rule
out the possibility that other HOGI-dependent osmolytes dif-
ferent from glycerol, like trehalose or the polyol p-arabinitol,
which has been described to be present in substantial amounts
in C. albicans cells (16) but which has not been assigned a role,
could mediate osmoprotection. In addition to having this role
in osmoregulation, HOGI ., could also be involved in a more
generalized stress response similar to the situation in Schizo-
saccharomyces pombe (8, 15). This aspect and its putative in-
volvement in pathogenicity are currently being analyzed in our
laboratory.

Nucleotide sequence accession number. The sequence of C.
albicans HOG1 has been deposited in the EMBL data bank
and assigned the accession number X90586.
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