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Institut für Klinische Mikrobiologie, Immunologie und Hygiene, Universität Erlangen, Wasserturmstraße 3,

D-91054 Erlangen,2 Germany, and Department of Cell and Tissue Biology, University of
California, San Francisco, 521 Parnassus, San Francisco, California 941433

Received 27 January 2006/Returned for modification 18 March 2006/Accepted 6 April 2006

By generating a calcineurin mutant of the Candida albicans wild-type strain SC5314 with the help of a new
recyclable dominant selection marker, we confirmed that calcineurin mediates tolerance to a variety of stress
conditions but is not required for the ability of C. albicans to switch to filamentous growth in response to
hypha-inducing environmental signals. While calcineurin was essential for virulence of C. albicans in a mouse
model of disseminated candidiasis, deletion of CMP1 did not significantly affect virulence during vaginal or
pulmonary infection, demonstrating that the requirement for calcineurin for a successful infection depends on
the host niche.

Calcineurin is a conserved Ca2�/calmodulin-activated, serine/
threonine-specific protein phosphatase that regulates a variety
of physiological processes in eukaryotic organisms. We and
others had recently investigated the requirement of calcineurin
for virulence of Candida albicans, the major fungal pathogen of
humans. C. albicans mutants in which the gene encoding the
catalytic (CMP1/CNA) or the regulatory (CNB1) subunit of
calcineurin was inactivated were hypersensitive to salt, alka-
line, and membrane stress and avirulent in a mouse model of
disseminated candidiasis (1, 2, 4, 11). All these calcineurin
mutants had been constructed using the URA3 gene as a se-
lection marker for targeted gene inactivation in a ura3 auxo-
trophic host strain. However, it has recently become evident
that using the URA3 marker for the generation of C. albicans
mutants can cause phenotypes that are unrelated to target
gene inactivation (13). An alternative approach avoiding all
potential problems related to the use of auxotrophic markers
and host strains is inactivation of the target gene in a C.
albicans wild-type strain with the help of a recyclable dominant
selection marker (10, 17). In the present work we used this
strategy to confirm the role of calcineurin in resistance to
various types of stresses and to investigate its importance for
the virulence of C. albicans in different host niches.

The previously described MPAR marker, which confers re-
sistance to mycophenolic acid (MPA), is a mutated derivative
of the C. albicans IMH3 gene encoding IMP dehydrogenase,
the target of MPA. When MPAR was used in C. albicans,
sometimes a high proportion of MPA-resistant transformants
apparently had substituted the MPAR marker for the genomic
IMH3 gene but did not contain the mutagenesis cassette in-
serted into the target gene locus (16). In contrast, when the

MPAR marker was used for targeted gene inactivation in the
related species Candida dubliniensis, virtually all MPA-resis-
tant transformants had specifically integrated the cassette into
the target locus, because the sequence divergence between the
two species prevented integration of the C. albicans-derived
MPAR marker into the orthologous C. dubliniensis IMP dehy-
drogenase gene IMD1 (14). These observations suggested that
a similar MPAR marker derived from C. dubliniensis should
also improve targeted insertion into the C. albicans genome.
Therefore, we cloned the IMD1 gene from C. dubliniensis and
introduced the same A251T mutation that conferred MPA
resistance on IMP dehydrogenase from C. albicans (8). The
resulting CdMPAR marker was substituted for the MPAR marker
in the MPAR flipper cassette (17) to generate the CdMPAR flip-
per, which was then inserted between flanking sequences of the
CMP1 gene (Fig. 1A). This deletion cassette was used to trans-
form the C. albicans wild-type strain SC5314 to MPA resis-
tance. Southern hybridization analysis demonstrated that 10
out of 17 tested MPA-resistant transformants had specifically
inserted the CdMPAR flipper cassette into one of the two
CMP1 alleles. One correct transformant, strain SCCMP1M1
(Fig. 1C, lane 2), was used to excise the CdMPAR flipper by
FLP-mediated recombination, generating the MPA-sensitive
heterozygous cmp1 mutant SCCMP1M2 (Fig. 1C, lane 3). Af-
ter transformation of this strain with the same deletion cas-
sette, integration was successfully targeted to the remaining
wild-type CMP1 allele in the resulting strain SCCMP1M3 (Fig.
1C, lane 4), and subsequent excision of the CdMPAR flipper
generated the homozygous cmp1-null mutant SCCMP1M4
(Fig. 1C, lane 5). To exclude the possibility that any phenotype
of the cmp1� mutant was caused by a nonspecific mutation, an
intact copy of the CMP1 gene was reintroduced into its original
genomic locus. For this purpose, the 5� CMP1 flanking region
in the deletion construct was replaced by the complete CMP1
open reading frame (ORF) and upstream sequences (Fig. 1B).
The complementation cassette was used to transform the
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cmp1� mutant SCCMP1M4, resulting in strain SCCMP1MK1,
in which the CMP1 ORF, together with the CdMPAR flipper,
was reinserted into one of the inactivated cmp1� alleles
(Fig. 1C, lane 6). Subsequent excision of the CdMPAR flip-
per generated the complemented strain SCCMP1MK2 (Fig.
1C, lane 7). This experimental design ensured that the cmp1�
mutant differed from the wild-type parent and the comple-
mented strain only by the deletion of both CMP1 alleles, but
not by the presence or absence of a selection marker.

We first tested the sensitivity of the cmp1� mutant to various

stress conditions using previously described assays (1). Com-
pared with the parental strain SC5314, the cmp1� mutant
SCCMP1M4 exhibited increased susceptibility to elevated salt
concentrations (NaCl, LiCl, MnSO4, or CaCl2), sodium dode-
cyl sulfate, fluconazole, and alkaline pH. Reintroduction of an
intact CMP1 copy into the cmp1� mutant restored growth to
wild-type levels, demonstrating that all the phenotypes of the
cmp1� mutant were caused by inactivation of the CMP1 gene
and not by nonspecific mutations. As reported previously (1),
deletion of CMP1 did not affect the ability of the mutants to

FIG. 1. Construction of the C. albicans cmp1 deletion mutant and complemented strain. (A) Structure of the CMP1 deletion cassette (top) and
genomic structure of the CMP1 locus in the parent strain SC5314 (bottom). The CMP1 coding region is represented by the white arrow, and the
upstream and downstream sequences by the solid lines. The direct repeats of the 34-bp FRT site (black arrows) bordering the CdMPAR flipper
cassette are not drawn to scale. The SAP2 promoter (PSAP2) is indicated by the bent arrow, the caFLP gene by the hatched arrow, the transcription
termination sequence of the ACT1 gene (TACT1) by the black diamond, and the CdMPAR marker by the gray arrow. The diagnostic BglII sites are
shown, and the DNA fragments used for Southern hybridization analysis of the mutants are indicated by thick bars (probe 1 and probe 2).
(B) Structure of the DNA cassette (top) which was used for reintegration of an intact CMP1 copy (white arrow) into one of the inactivated cmp1�
alleles (bottom). (C) Southern hybridization of BglII-digested genomic DNA of the parent strain SC5314 and mutant derivatives with the
CMP1-specific probe 1. The sizes of the hybridizing fragments (in kilobases) are given on the left of the blot, and their identities are indicated on
the right.
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switch to filamentous growth in all solid and liquid hypha-
inducing media tested (synthetic low-ammonium dextrose me-
dium, Lee’s medium, 10% serum).

To assess whether the previously reported attenuated viru-
lence of cmp1� mutants constructed in the ura3 strain CAI4
was due to a position effect of URA3 or the loss of CMP1
function, we compared the virulence of the cmp1� mutant
SCCMP1M4, its parental strain SC5314, and the comple-
mented strain SCCMP1MK2 in a mouse model of systemic
candidiasis. BALB/c mice (Charles River Breeding Laborato-
ries, Sulzfeld, Germany) were inoculated with 5 � 105 viable
cells by intravenous injection and monitored for survival es-
sentially as described previously (1, 12). Kaplan-Meier survival
curves were compared using the log rank test (9). A P value of
�0.05 was considered significant. Five out of six mice infected
with the wild type or the complemented strain died within 18
and 19 days, respectively, whereas all mice infected with the
cmp1� mutant survived beyond day 70 (P � 0.02) (Fig. 2A).
These results confirmed our previous observation and those of
others that calcineurin is essential for the ability of C. albicans
to cause a systemic infection via the bloodstream (1, 2, 11).

To investigate whether calcineurin is generally required for
virulence of C. albicans in a mammalian host, we assessed the
capacities of the strains to infect other host niches. Infection of
the vaginal canal was initiated by inoculating estradiol-treated
mice intravaginally with 5.0 � 104 stationary-phase cells in 20
�l of phosphate-buffered saline (6, 15). Vaginal lavage was
performed using 100 �l of phosphate-buffered saline at spec-
ified time points following infection. The number of C. albicans
CFU was measured by limiting dilution analysis and calculated
by the most-probable-number (MPN) method according to the
Poisson distribution (3, 7). The number of negative wells was
used to calculate the MPN of live C. albicans bacteria in lavage
fluids (7). For pulmonary infection, mice treated with Endoxan
(200 mg kg of body weight�1 given intraperitoneally; Baxter
Oncology, Frankfurt, Germany) were anesthetized with 200
mg of Ketavet kg of body weight�1 (Pharmacia & Upjohn,
Erlangen, Germany), and 2.0 � 105 blastoconidia were admin-
istered intranasally (5). The immunosuppressed status of mice
was maintained for the duration of the experiment. Generation
and comparison of survival curves were performed as men-
tioned above.

In the pulmonary model of C. albicans infection, the cmp1�
mutant exhibited virulence similar to that of the control strains,
although killing of animals infected with the cmp1� mutant
was slightly delayed compared with the parental strain SC5314
or the complemented strain SCCMP1MK2 (P � 0.1) (Fig. 2B).
Similarly, in the mouse model of vaginal candidiasis, no signif-
icant differences in the number of CFU grown from the lavage
fluids at various times after infection were measured between
the cmp1� mutant and the control strains (P � 0.5) (Fig. 2C).
These results demonstrate that the requirement of calcineurin
for the virulence of C. albicans depends on the host niche. Both
Sanglard et al. (11) and Blankenship et al. (2) reported that C.
albicans calcineurin mutants are unable to survive in serum,
a phenotype that had not been investigated in our previous
study (1). For a direct comparison with the cnb1 mutants,
serum sensitivity tests with our cmp1� mutants and comple-
mented strains constructed in the wild-type strain SC5314
and from strain CAI4 were performed in the laboratory of

J. Heitman. All mutants were efficiently killed by serum, and
reintroduction of a functional CMP1 copy restored serum
resistance (J. Reedy and J. Heitman, personal communica-
tion). The serum sensitivity may therefore explain why cal-
cineurin mutants were avirulent after infection via the

FIG. 2. Virulence of the C. albicans cmp1� mutant in different
infection models. (A and B) Survival of mice after intravenous (A) or
intranasal (B) infection with the wild-type parental strain SC5314, the
cmp1� mutant SCCMP1M4, or the reconstituted strain SCCMP1MK2
(cmp1� plus CMP1). (C) Vaginal fungal burden in mice infected
intravaginally with the cmp1� mutant and control strains was mea-
sured by determining the CFU in vaginal lavage fluid at the indicated
times.
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bloodstream but retained virulence during vaginal or pul-
monary infections.
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