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We recently reported that a Candida albicans endosomal trafﬁcking mutant continues to grow after treatment with the azole antifungals. Herein, we report
that the vps21Δ/Δ mutant does not have a survival advantage over wild-type isolates after ﬂuconazole treatment in a mouse model of vaginal candidiasis. Furthermore, loss of VPS21 does not synergize with established mechanisms of azole resistance, such as overexpression of efﬂux pumps or of Erg11p, the target enzyme of
the azoles. In summary, although loss of VPS21 function enhances C. albicans survival after azole treatment in vitro, it does not seem to affect azole susceptibility in
vivo.
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T

he azole antifungals inhibit lanosterol demethylase (Erg11p), an enzyme required
for the synthesis of the membrane lipid ergosterol. This leads to accumulation of
the Erg11p substrate lanosterol, a portion of which is converted into the abnormal
sterol 14␣-methylergosta-8,24(28)-dien-3␤,6␣-diol by C-5 sterol desaturase (Erg3p). The
intracellular depletion of ergosterol together with the accumulation of the toxic diol are
thought to cause plasma membrane dysfunction and ultimately the inhibition of fungal
growth. Several well-described mechanisms contribute to azole resistance in Candida
albicans, including increased expression of the target enzyme Erg11p and of drug efﬂux
pumps such as Cdr1p (1), Cdr2p (2), and Mdr1p (3), which expel azoles from the fungal
cell. However, a combination of these mechanisms is usually necessary to confer a
signiﬁcant increase in azole resistance (4). Furthermore, the resistance of many C.
albicans isolates is not fully accounted for by these established mechanisms (5).
We recently reported that a C. albicans vps21Δ/Δ mutant, deﬁcient in membrane
trafﬁcking through the late endosomal prevacuolar compartment (PVC), can continue
growing in the presence of the azole antifungal drugs despite depletion of cellular
ergosterol (6). This phenotype resembles an exaggerated form of the trailing growth
phenomenon, which can be observed in ⬃18% of C. albicans clinical isolates with the
standard CLSI broth microdilution antifungal susceptibility testing protocol (7, 8).
The growth of trailing isolates is inhibited by the azoles, and thus they appear
susceptible after 24 h of incubation. However, signiﬁcant growth can be observed in
the same cultures after 48 h of incubation. This can make these isolates appear to be
azole resistant (9, 10), although they are not typically associated with antifungal
treatment failure, and are therefore considered to be azole susceptible (11). Furthermore, all of the few trailing clinical isolates of C. albicans tested to date were susceptible
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FIG 1 The C. albicans vps21Δ/Δ mutant is susceptible to azole treatment in a mouse model of vaginal
candidiasis. Three groups of 10 estrogen-treated female C57BL/6 mice were inoculated intravaginally with
a wild-type strain (SC5314), a vps21Δ/Δ mutant strain, or an azole-resistant clinical isolate of C. albicans
(AR46606). Each group was then split into two treatment groups of 5 animals. Four days postinoculation,
one group was treated with ﬂuconazole (FLU) 25 g/ml and the second with vehicle (phosphate-buffered
saline) alone by oral gavage. Levels of fungal colonization in each group were then compared at 7 (A) and
10 (B) days p.i., by quantifying CFU from vaginal lavage ﬂuid. Pairwise comparisons were performed using
one-way analysis of variance (ANOVA) with the Kruskal-Wallis test between groups infected with either
strain, with and without ﬂuconazole treatment. The results were not signiﬁcant at P ⬎ 0.05.

to azole treatment in a murine model of disseminated candidiasis (9, 10). Nonetheless,
this pattern of growth suggests that trailing isolates are better able to tolerate the
consequences of Erg11p inhibition by the azoles, at least under some in vitro conditions. The trailing phenotype is especially pronounced in the C. albicans vps21Δ/Δ
mutant, in that signiﬁcant growth can be observed in the presence of elevated azole
concentrations, even at the 24-h time point. The purpose of this study was to
determine whether loss of VPS21 function in C. albicans is sufﬁcient to confer a
survival advantage following azole treatment in vivo. We also determined whether
the mutant’s phenotype can synergize with well-established mechanisms known to
confer azole resistance (see above).
We previously reported that the vps21Δ/Δ mutant had reduced virulence in a murine
model of disseminated candidiasis compared with a wild-type control. However, preliminary studies revealed that the mutant colonized to levels similar to those of the
wild-type control in a mouse model of vaginal infection. We therefore compared the
susceptibility of the vps21Δ/Δ mutant to ﬂuconazole with that of the wild-type control
strain using this model. Estrogen-treated C57BL/6 mice (Charles River) were inoculated
intravaginally with 5 ⫻ 106 C. albicans yeast cells of each strain, then divided into
two groups of ﬁve mice. Four days postinoculation (p.i.), one group was treated with
ﬂuconazole 25 mg/kg by oral gavage and the second group with vehicle (phosphatebuffered saline) alone. Vaginal lavage was then carried out at 3 and 6 days after
treatment, and fungal burden was quantiﬁed as CFU. As expected, the mutant and
wild-type strains colonized to similar levels in the absence of ﬂuconazole, conﬁrming
that the mutant has no signiﬁcant deﬁciency in colonization of the mouse vagina (Fig.
1). Furthermore, ﬂuconazole treatment decreased mutant and wild-type colonization to
similar extents, suggesting that the mutant has no obvious survival advantage and is
ﬂuconazole susceptible, as previously observed in the mouse model of disseminated
candidiasis. At day 10 p.i., colonization by the wild-type strain and the vps21Δ/Δ mutant
had recovered (Fig. 1B). In contrast, colonization levels of the azole-resistant vaginal
isolate AR46606 were unaffected by ﬂuconazole, with similar CFU counts obtained in
the treatment and vehicle groups.
Although alone it was insufﬁcient to affect azole susceptibility in vivo, we next
explored whether the enhanced growth of the vps21Δ/Δ mutant observed in vitro in
the presence of the azoles can synergize with mechanisms known to confer azole
resistance. To test this, we overexpressed three well-characterized azole efﬂux pumps,
i.e., MDR1, CDR1, and CDR2, in vps21Δ/Δ mutant and control strains and compared each
strain’s susceptibility to ﬂuconazole. Overexpression of the major facilitator protein
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FIG 2 Overexpression of ERG11 in the C. albicans vps21Δ/Δ mutant does not result in synergistic azole
resistance. The ERG11 open reading frame was expressed from the TEF1 promoter in CAI4 (wild-type
strain [WT]) and the vps21Δ/Δ mutant. The susceptibilities of the ERG11-overexpressing and control
strains (vector alone) to ﬂuconazole were then evaluated using the standard CLSI broth microdilution
protocol. After 24 (A) and 48 (B) h incubation, growth was measured as optical density at 600 nm (OD600)
and expressed as a percentage of the growth in the minus-drug (dimethyl sulfoxide-alone) control wells
of the vector-alone control strains. The means ⫾ SD of three biological replicates are shown. Growth of
each ERG11-overexpressing strain was compared with the vector-alone control for each drug concentration using two-way ANOVA with Tukey’s test. *, P ⬍ 0.05 for WT versus WT ⫹ TEF1prERG11. §, P ⬍ 0.05
for vps21Δ/Δ versus vps21Δ/Δ ⫹ TEF1prERG11.

coding gene MDR1 or the ABC transporter coding CDR1 and CDR2 modestly reduced
ﬂuconazole susceptibility in mutant and control strains to a similar extent (⬃2-fold for
MDR1 and CDR2; ⬃4- to ⬃8-fold for CDR1) (see Fig. 1 in the supplemental material). This
suggests that the vps21Δ/Δ mutant’s azole-tolerant phenotype does not synergize with
azole efﬂux pump overexpression.
Overexpression of ERG11, encoding the target enzyme of the azoles lanosterol
demethylase, also reduced azole susceptibility of mutant and wild-type strains to a
similar extent (⬃8-fold) (Fig. 2A and B). In addition, overexpression of a gain-of-function
UPC2G648D allele, encoding a transcription factor that enhances expression of the
ergosterol biosynthetic genes (12) and known to confer partial azole resistance, reduced azole susceptibility of wild-type and vps21Δ/Δ mutant strains to a similar extent
(⬃4-fold) (data not shown).
To test potential interactions between Vps21p-mediated azole tolerance and the
resistance mechanism conferred by loss of Erg3p activity, we made a vps21Δ/Δ erg3Δ/Δ
double mutant. However, as both erg3Δ/Δ and vps21Δ/Δ erg3Δ/Δ strains were apparently insensitive to ﬂuconazole at all concentrations tested, no meaningful interactions
were discernable (data not shown). To further examine possible interactions between
these two mechanisms, we overexpressed ERG3 from the powerful TEF1 promoter in
wild-type and vps21Δ/Δ strains. Interestingly, overexpression of ERG3 substantially
diminished trailing growth of the vps21Δ/Δ mutant (see Fig. 2 in the supplemental
material). However, ERG3 overexpression also eradicated the small amount of trailing
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growth observed for the wild-type control strain. As such, while our results indicate that
ERG3 expression levels do generally impact trailing growth in C. albicans, no speciﬁc
interaction was observed in the vps21Δ/Δ mutant.
In conclusion, the mechanisms that confer enhanced survival of the vps21Δ/Δ
endosomal trafﬁcking mutant in the presence of ﬂuconazole in vitro do not confer a
survival advantage in vivo. Moreover, they do not seem to synergize with well-deﬁned
molecular mechanisms known to confer azole resistance. Our results suggest that loss
of Vps21p function is unlikely to provide C. albicans with a clinically relevant means to
survive azole treatment in vivo. Nevertheless, the exaggerated trailing growth observed
in this mutant highlights the need for caution in interpreting the results of the standard
CLSI azole susceptibility assays.
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