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Candida albicans vacuoles are central to many critical biological processes, including filamentation and in vivo virulence. The
V-ATPase proton pump is a multisubunit complex responsible for organellar acidification and is essential for vacuolar biogene-
sis and function. To study the function of the V1B subunit of C. albicans V-ATPase, we constructed a tetracycline-regulatable
VMA2 mutant, tetR-VMA2. Inhibition of VMA2 expression resulted in the inability to grow at alkaline pH and altered resistance
to calcium, cold temperature, antifungal drugs, and growth on nonfermentable carbon sources. Furthermore, V-ATPase was
unable to fully assemble at the vacuolar membrane and was impaired in proton transport and ATPase-specific activity. VMA2
repression led to vacuolar alkalinization in addition to abnormal vacuolar morphology and biogenesis. Key virulence-related
traits, including filamentation and secretion of degradative enzymes, were markedly inhibited. These results are consistent with
previous studies of C. albicans V-ATPase; however, differential contributions of the V-ATPase Vo and V1 subunits to filamenta-
tion and secretion are observed. We also make the novel observation that inhibition of C. albicans V-ATPase results in increased
susceptibility to osmotic stress. Notably, V-ATPase inhibition under conditions of nitrogen starvation results in defects in au-
tophagy. Lastly, we show the first evidence that V-ATPase contributes to virulence in an acidic in vivo system by demonstrating
that the tetR-VMA2 mutant is avirulent in a Caenorhabditis elegans infection model. This study illustrates the fundamental re-
quirement of V-ATPase for numerous key virulence-related traits in C. albicans and demonstrates that the contribution of V-
ATPase to virulence is independent of host pH.

The fungal pathogen Candida albicans is the fourth most com-
mon cause of hospital-acquired bloodstream infections and is

a major cause of catheter-associated infections, sepsis, and device-
related infections. It is also an extremely common cause of urinary
and mucosal infections. Despite its clinical significance, the diag-
nosis and treatment of disseminated candidiasis remain limited by
an incomplete understanding of its molecular pathogenesis. The
fungal vacuole, a degradative organelle roughly equivalent to the
mammalian lysosome, plays an important role in numerous bio-
logical processes in C. albicans, including key aspects of pathogen-
esis. Previous studies have established that C. albicans mutants
compromised in vacuolar function are defective in yeast-to-hypha
transitioning, a major virulence-related trait, and exhibit reduced
virulence in vivo (1, 2).

An essential component of vacuolar biogenesis and function is
the vacuolar H�-ATPase (V-ATPase) proton pump, which is a
multisubunit complex responsible for the acidification of internal
organelles. V-ATPase is located at the vacuolar membrane and
throughout the endomembrane system, including prevacuolar
compartments and the Golgi complex (1). The acidification of
these organelles has several important functions: first, the protons
pumped into the compartment by V-ATPase energize multiple
secondary transporter systems, such as those involved in metal ion
homeostasis, and second, the acidic pH created by V-ATPase is
necessary for the activity of degradative enzymes. Accordingly, in
both Saccharomyces cerevisiae and C. albicans, mutations in V-
ATPase lead to the Vma� phenotype, which is characterized by
poor growth at alkaline pH as well as defective metal sequestra-
tion, glycerol metabolism, and other responses to environmental
stress conditions (1, 3–6). V-ATPase mutants are also impaired in

vacuolar biogenesis due to defects in both vacuolar membrane
fusion and fission (7). In addition to its requirement for intraor-
ganellar pH homeostasis, V-ATPase function has been implicated
in cytosolic and extracellular pH homeostasis (1, 8–11), under-
scoring the far-reaching importance of this pump to overall cellu-
lar homeostasis. V-ATPase inhibition also interferes with viru-
lence-related traits in C. albicans, including the secretion of
degradative enzymes and yeast-to-hypha transitioning (3, 4, 12,
13). Notably, V-ATPase previously has been shown to be impor-
tant for in vivo virulence in C. albicans (3, 13); however, the re-
quirement of acidic environmental pH for the growth of V-
ATPase mutants complicates the interpretation of these studies
due to the growth-limiting alkaline pH in the bloodstream of the
murine host.

V-ATPase is composed of two multisubunit domains, Vo and
V1. Vo is embedded in the organellar membrane and is the site of
proton transport. V1 contains the catalytic subunits of the com-
plex responsible for ATP hydrolysis at the cytosolic side of the
membrane. The catalytic portion of V-ATPase is a hexamer com-
posed of three copies of V1 subunit A (V1A) and three copies of V1
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subunit B (V1B), which alternate in configuration. V1A is the pri-
mary site of ATP hydrolysis, whereas V1B (encoded by the VMA2
gene) plays a regulatory role in ATP hydrolysis and contributes to
ATP-binding sites (6). Studies of S. cerevisiae have shown that
disruption of VMA2 completely inhibits both ATPase activity and
proton transport by the V-ATPase (14). We have previously in-
vestigated the contribution of several subunits of C. albicans V-
ATPase to cell biology and virulence-related traits (4, 12). This is
the first study analyzing a subunit of the catalytic hexamer in the
V1 domain of V-ATPase in C. albicans. We generated a tetracy-
cline-regulatable mutant of VMA2 in order to establish the con-
tribution of the V1B subunit of the V-ATPase to pH and stress
response, V-ATPase function, and vacuolar morphology. We also
analyzed VMA2 contribution to C. albicans virulence-related
traits, including filamentation and secretion of degradative en-
zymes. We next studied the effect of V-ATPase inactivation on
autophagy, the recycling of cellular building blocks in response to
starvation and stress, by monitoring long-term survival during
nitrogen starvation and turnover of the autophagy-related protein
Ape1p. Finally, we utilized a Caenorhabditis elegans model of in-
fection in the first study of V-ATPase contribution to virulence in
an acidic host environment.

MATERIALS AND METHODS
Strains and media. The strains used in this study are listed in Table 1.
Standard growth was completed at 30°C in yeast peptone dextrose (YPD;
1% yeast extract, 2% peptone, and 2% glucose) supplemented with 80
�g/ml uridine where required. When needed, doxycycline (DOX) was
added to a final concentration of 20 �g/ml. Media were buffered to pH 4.0
to 5.0 using 50 mM succinic acid–50 mM Na2PO4 or to pH 7.5 to 8.5 using
50 mM morpholineethanesulfonic acid (MES) hydrate–50 mM morpho-
linepropanesulfonic acid (MOPS) where required. Unless otherwise spec-
ified, agar plates were prepared with 2% agar. For all experiments, cells
were grown for 24 h in unbuffered YPD with or without DOX prior to the
start of the experiment to ensure the complete turnover of extant Vma2p.
Where the pH of the media is not explicitly stated, the media used were
not buffered to a specific pH (i.e., unbuffered media). All plates were
incubated at 30°C for 48 h unless otherwise stated.

Statistical analyses. Results were analyzed for statistical differences
using one-way analysis of variance (ANOVA), followed by Tukey’s mul-

tiple-comparison test (GraphPad Prism 6). A result was considered sig-
nificant when P � 0.05 compared to all other treatments.

C. albicans sequence data. Sequence data for C. albicans were ob-
tained from the Candida Genome Database website at http://www
.candidagenome.org.

Attempted disruption of C. albicans VMA2. The primers used in this
study are listed in Table 2. A BLASTp search of the Candida Genome
Database (http://www.candidagenome.org/) revealed a single potential
ortholog to S. cerevisiae Vma2p (http://www.yeastgenome.org/), C. albi-
cans orf19.6634. We first attempted to generate a VMA2 null mutant in C.
albicans using a PCR-based gene disruption strategy (15). Primers
VMA2-5DR and VMA2-3DR were used to amplify the dpl200-URA3-
dpl200-containing plasmid pDDB57 (from A. Mitchell, Carnegie Mel-
lon University). C. albicans BWP17 was transformed with the VMA2�::
dpl200-URA3-dpl200 PCR amplicon using the lithium acetate method.
Because vma mutants exhibit poor growth at alkaline pH, selective media
were buffered to pH 4.0 to 5.0 to facilitate VMA2 disruption. Genomic
DNA was extracted from transformants as described previously (16). The
transformants were screened for homologous reintegration via PCR with
primers VMA2-5Det and VMA2-3Det. Disruption of the second allele of
VMA2 was attempted using the VMA2-5DR and VMA2-3DR primers to
amplify the plasmid pRS-ARG4�SpeI (from A. Mitchell, Carnegie Mellon
University) (17). This VMA2�::ARG4 PCR amplicon was used to trans-
form the BWP17-VMA2�/� strain via the lithium acetate method using
selective media, without arginine, buffered to pH 4.0 or 5.0. The genotype
of the transformants was assessed by allele-specific PCR using primers
VMA2-5Det and VMA2-3Det.

Construction of a tetracycline-regulated VMA2 gene. One C. albi-
cans VMA2 allele was deleted from the THE1 strain background (18)
using PCR-based gene disruption (15) and lithium acetate transforma-
tion. Primers VMA2-5DR and VMA2-3DR (Table 2) were used to amplify
plasmid pDDB57. Strain THE1 then was transformed with the resulting
PCR amplicon to generate VMA2�/� (Table 1). Correct genomic inte-
gration of the gene disruption cassette was confirmed via PCR using prim-
ers VMA2-5Det and VMA2-3Det. The VMA2�/� strain then was plated
to 5-fluoroorotic acid (5-FOA) agar media, and the resultant 5-FOA-
resistant colonies were screened via PCR for the VMA2/VMA2�::dpl200
genotype using primers VMA2-5Det and VMA2-3Det. The tetracycline-
regulatable system described by Nakayama et al. (18), with modifications
described by Bates et al. (19), was used to place the remaining VMA2 allele
under a tetracycline-regulatable promoter. Plasmid p99CAU1 (from H.
Nakayama, Suzuka University) was amplified using primers tetVMA2-

TABLE 1 List of strains used in this study

Strain Parent Relevant genotype Source

BWP17 SC5314 ura3�/ura3� arg4�/arg4� his�/his1� VMA2/VMA2 Wilson et al.
(17)

BWP17-VMA2�/� BWP17 ura3�/ura3� arg4�/arg4� his�/his1� VMA2/VMA2�::dpl200-URA3-dpl200 This study
THE1 CAI8 ade2�::hisG/ade2�::hisG ura3�::imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3�

HA-ADE2 VMA2/VMA2
Nakayama et al.

(18)
THE1-CIp10 THE1 ade2�::hisG/ade2�::hisG ura3�::imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3�

HA-ADE2 RP10/RP10::URA3 VMA2/VMA2
Bernardo et al.

(20)
VMA2�/� THE1 ura3�::imm434/ura3�::imm434 VMA2/VMA2�::dpl200-URA3-dpl200 ade2�::hisG/ade2�::hisG

ura3�::imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3� HA-ADE2
This study

VMA2�/� FOA VMA2�/� ura3�::imm434/ura3�::imm434 VMA2/VMA2�::dpl200 ade2�::hisG/ade2�::hisG ura3�::imm434/
ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3� HA-ADE2

This study

tetR-VMA2 VMA2�/� FOA ura3�::imm434/ura3�::imm434 VMA2�::dpl200::99t-VMA2-URA3 ade2�::hisG/ade2�::hisG ura3�::
imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3� HA-ADE2

This study

tetR-VMA3 VMA3�/� FOA ura3�::imm434/ura3�::imm434 VMA3�::dpl200::99t-VMA3-URA3 ade2�::hisG/ade2�::hisG ura3�::
imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3� HA-ADE2

Rane et al. (4)

T-LAP41-GFP THE1-CIp10 ade2�::hisG/ade2�::hisG ura3�::imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3�
HA-ADE2 RP10/RP10::URA3 VMA2/VMA2 LAP41/LAP41-GFP-NAT1

This study

tV2-LAP41-GFP tetR-VMA2 ura3�::imm434/ura3�::imm434 VMA2�::dpl200::99t-VMA2-URA3 ade2�::hisG/ade2�::hisG ura3�::
imm434/ura3�::imm434 ENO1/eno1�::ENO1-tetR-ScHAP4AD-3� HA-ADE2
LAP41/LAP41-GFP-NAT1

This study

Rane et al.
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5DR and tetVMA2-3DR. The resulting PCR amplicon was inserted up-
stream of the remaining VMA2 allele of the VMA2�/� 5-FOA strain via
lithium acetate transformation. Transformants were screened for the cor-
rect insertion of the tetR-VMA2 allele using primers tetVMA2-5Det and
tetVMA2-3Det (Table 2). Reverse transcription-PCR (RT-PCR) was per-
formed to assay expression of VMA2 in both the THE1-CIp10 control
strain and the tetR-VMA2 strain after 24 h of growth in YPD with or
without DOX. After 24 h of growth in YPD with or without DOX, RNA
was extracted from cells using the RiboPure yeast kit (Ambion) according
to the manufacturer’s protocol, with 1 �l of the RNase inhibitor RNasin
(Promega) added after the binding, elution, and DNase I steps to prevent
RNA degradation. mRNA then was extracted from total RNA using the
PolyATtract mRNA isolation system (Promega) according to the manu-
facturer’s instructions. One �l RNasin was added to each treatment after
the final elution step. Finally, RT-PCR was completed with the Access
RT-PCR system (Promega) according to the manufacturer’s instructions
using primers RT-VMA2-5Det and RT-VMA2-3Det and 5 �g total
mRNA as the template. The absence of contaminating DNA was tested in
parallel PCR-based reactions.

pH and stress response. The ability of tetR-VMA2 to respond to var-
ious pHs was tested on complete synthetic media (CSM; 0.67% yeast
nitrogen base without amino acids [YNB], 0.079% complete synthetic
mixture, 2% glucose) agar plates buffered to pH 4.0 to 8.5 with or without
DOX. The THE1-CIp10 control strain, a strain from the THE1 back-
ground with URA3 reintegrated into the genome (20), was used as an
additional control in this and all subsequent experiments. THE1-CIp10
also was studied with and without DOX to control for the effect of DOX
on this and all subsequent experiments. The ability of tetR-VMA2 to grow
on unbuffered media was tested on CSM with or without DOX; unbuf-
fered CSM has a pH of �6. Cells from overnight cultures were washed and
counted as previously described (21); next, 108 cells per ml were inocu-
lated in phosphate-buffered saline (PBS). Five 5-fold dilutions then were
completed in 96-well plates, and cells were stamped onto agar plates using
a multiblot replicator per the manufacturer’s instructions (VP 408H; VP
Scientific). Plates were incubated at 30°C for 48 h. Growth at pH 4.0 to 8.5
also was tested in liquid media: cells from overnight cultures were diluted
to an optical density at 600 nm (OD600) of 0.05 in CSM, pH 4.0 to 8.5, with
or without DOX. Cells were grown at 30°C using a Synergy H1 microplate
reader (Biotek) with double orbital shaking at fast speed and 2-mm fre-
quency; OD600 readings were taken at 15-min intervals.

The ability of tetR-VMA2 to respond to various stress conditions was
tested on agar plates with or without DOX. The calcium stress response
was tested on unbuffered YPD plus 200 mM CaCl2. Plates used to test the
response of strains to media containing glycerol as the sole carbon source
contained unbuffered yeast extract plus peptone (YEP)–2% ethanol–3%
glycerol. Plates used to test the response of strains to oxidative stress con-
tained CSM, pH 4.0, with 5 mM H2O2; for the oxidative stress assay, plates
were incubated at 30°C for 72 h rather than 48 h. The ability of strains to
respond to challenge with antifungals was tested on YPD, pH 4.0, with or
without DOX with 0.00625 to 0.5 �g/ml amphotericin B (AMB); 0.05
�g/ml caspofungin (CAS); 10 to 20 �g/ml flucytosine (FCT); or 0.6125,
1.25, 2.5, 5, or 10 �g/ml fluconazole (FLU). For fluconazole susceptibility
studies, the tetR-VMA3 strain also was included (4). Temperature sensi-
tivity was assessed by stamping cells onto unbuffered YPD with or without
DOX agar plates and incubating at 25°C, 30°C, 37°C, or 42°C for 48 h.
CSM, pH 4.0, with or without DOX plates containing either 1 M NaCl,
200 �g/ml Congo red, or 50 �g/ml calcofluor white also were tested. For
all plates, cells were stamped onto media using a multiblot replicator as
described above.

V-ATPase assembly and activity assays. Starter cultures were grown
for 6 to 8 h in YPD, pH 4.0, with or without DOX. Vacuoles were prepared
by resetting cells in YPD, pH 4.0, with or without DOX and growing to
them to an OD600 of 1.0 to 1.5 (18 h). Total growth time in YPD, pH 4,
with or without DOX before vacuolar membrane purification was 24 h to
26 h. Ficoll density gradient centrifugation (22) was used to purify vacu-
olar membranes. For Western blotting, 80 �g of vacuolar protein was
separated by SDS-PAGE and transferred to nitrocellulose at 150 mA over-
night. The V1A subunit was visualized with a 1:1,000 dilution of anti-
human V1A rabbit polyclonal antibody, which cross-reacts with C. albi-
cans Vma1p (aka V1A) (23).

In order to quantify ATP hydrolysis, 15 �g purified vacuolar vesicles
was used in an enzymatic assay in which the rate of ATP hydrolysis is
coupled to the oxidation of NADH, measured as a loss of A340 over time
(24) in the presence and absence of the V-ATPase inhibitor concanamycin
A (12, 25). Proton transport of 30 �g purified vacuolar vesicles was mea-
sured via quenching of 1 �M 9-amino-6-chloro-2-methoxyacridine
(ACMA) upon the addition of 0.5 mM ATP–1 mM MgSO4 (MgATP) as
described previously (25, 26). Fluorescence at excitation and emission
wavelengths of 410 nm and 490 nm, respectively, was monitored for 60 s
prior to MgATP addition and for 40 s after. Proton transport was calcu-

TABLE 2 Primers used in this study

Primer Primer sequence (5=–3=) Source

VMA2–5DR ATGGAAAAAGAGAGAGTAATTGGCCGTTTCTTATCGTCCTTTTGTTGTACTCTTTTAAATTTTTCA
TTTAGTTTTCCCAGTCACGACGTT

This study

VMA2–3DR ATAGATAATTTTTGTCAGAATTAAAAAAAATGAAAATAATAATGATAATAATAGTAAATAAAACTA
ATGATGTGGAATTGTGAGCGGATA

This study

VMA2–5Det GCAACGAATGGGACATAGTG This study
VMA2–3Det GATATGATTGCCAAGGACGG This study
tetVMA2–5DR TGATCGAATCTATACCGAGTCTACTACGAATACGGAGGTTACTCAGATCCCAAAAAAATTTGACACTA

AAGTAATACGACTCACTATAGGG
This study

tetVMA2–3DR ATTTTAAACCCTTCTGTGACTGCTTTTTTGTTTAATTCAAACAATTCTTTATCAGAGAGTGACATTATT
GCTAGTTTTCTGAGATAAAGCTG

This study

tetVMA2–5Det GTCATCTGTCGAGCCTGCAG This study
tetVMA2–3Det CCATTGACACCACCAACAGT This study
tetINS-3Det CTAGTTTTCTGAGATAAAGCTG Rane et al. (4)
RT-VMA2–5Det CCACGTTTGGCCTTGACTAC This study
RT-VMA2–3Det TCTTCTGTAGACAATGCTTC This study
LAP41-GFP-5DR ATTAGGTATTAAATTCTTCTATGGTTTCTTCAAGAATTGGAGAGATGTCTATGATAATTTTGTTGATTT

AGGTGGTGGTTCTAAAGGTGAAGAATTATT
This study

LAP41-GFP-3DR TAAACTAACAAATAACTAATACTTGCAAATCAACTTTTAATGATTCCTTTTCCTGTTGTTCAATGTTCG
ACGTTAGTATCGAATCGACAGC

This study

LAP41-GFP-5Det GCCTTGGCTGAAGAATTGGC This study
GFP-UP CACCTTCACCGGAGACAG Milne et al. (33)
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lated as the change in fluorescence for the first 15 s following MgATP
addition. For both assays, 100 nM concanamycin A, a specific V-ATPase
inhibitor, was used to assess V-ATPase-specific activity.

Vacuolar acidification assays. Quinacrine staining was performed
to visualize acidified vacuoles as described previously (27), with mod-
ifications as indicated previously (4). Briefly, cells were grown for 24 h
in unbuffered YPD with or without DOX and then reset in fresh un-
buffered YPD with or without DOX and grown to early log phase. Cells
were stained with 200 �M quinacrine in YPD buffered with 50 mM
Na2PO4, pH 7.6, for 10 to 15 min. Cells were washed and resuspended
in 100 mM HEPES–50 mM Na2PO4, pH 7.6 –2% glucose before visu-
alization via differential interference contrast (DIC) and fluorescence
microscopy. Vacuolar pH was quantified as described previously (12)
using 2=-7=-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein-ace-
toxymethyl ester (BCECF-AM; from Invitrogen).

Vacuolar morphology. For all vacuolar staining, DOX was added to
the appropriate treatments upon each medium change. To simultane-
ously stain vacuoles with FM4-64 [N-(3-triethylammoniumpropyl)-4-
(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide] and
CMAC (7-amino-4-chloromethyl coumarin), cells were grown for 24 h in
unbuffered YPD with or without DOX. Cells then were reset in fresh
unbuffered YPD with or without DOX and grown to early log phase. Cells
were resuspended to an OD600 of 2 to 4 in unbuffered YPD containing 40
�M FM4-64 and incubated for 15 min at 30°C, reset in fresh unbuffered
YPD, and incubated for 45 min at 30°C. Cells were resuspended to an
OD600 of 0.1 in 10 mM HEPES, 5% glucose, pH 7.4. CMAC was added to
a concentration of 100 �M, and cells were incubated at room temperature
for 15 min and examined via DIC microscopy and fluorescence micros-
copy with a Zeiss Axio Imager (Carl Zeiss AG, Germany) using Texas red
(FM4-64) and 4=,6-diamidino-2-phenylindole (DAPI) (CMAC) filters.

Filamentation and secretion assays. Filamentation was assessed on
solid and in liquid media with or without DOX. Media tested were YPD
plus 10% fetal calf serum (FCS), medium 199 supplemented with L-glu-
tamine (M199), Spider medium as previously described (28), and RPMI–
L-glutamine. All media were tested unbuffered as well as buffered to pH
4.0. Spider medium was prepared with 1.35% (wt/vol) agar. Three �l cells
from overnight cultures were spotted to agar plates and incubated at 37°C
for 120 h. Filamentation in liquid media was tested in RPMI–L-glutamine,
pH 5.0, with or without DOX. Media were inoculated with cells from
overnight cultures to a starting density of 5 � 106 cells per ml, and cells
were grown at 37°C, 200 rpm for 2 to 24 h. Cells were visualized via DIC
microscopy using a Zeiss EC Plan-NeoFluar 63�/1.25 oil objective (Carl
Zeiss AG, Germany) at selected time points.

Aspartyl protease and lipase secretion was assessed on solid media.
Extracellular protease secretion was assayed on unbuffered bovine serum
albumin (BSA) plates (29), and lipase secretion was assayed on plates
containing unbuffered YNB plus 2.5% Tween 80 (30). All plates were
prepared with or without DOX. First, cells were grown in YPD with or
without DOX for 24 h. Three �l cells then was spotted onto plates. BSA
plates were incubated at 30°C for 48 h, and Tween 80 plates were incu-
bated at 37°C for 120 h. For aspartyl protease secretion, the relative halo
size was calculated using the software program TotalLab 100. First, THE1-
CIp10 and tetR-VMA2 were grown in YPD with or without DOX for 24 h,
and then 3 �l cells from each treatment was spotted onto six BSA plates
and onto six BSA-plus-DOX plates. Plates were grown at 30°C for 48 h and
scanned. For each colony spot, the areas, in pixels of the colony alone and
of the halo and colony combined, were quantified using TotalLab 100.
The relative area of the halo was calculated as the area of the halo and
colony divided by the area of the colony alone; a relative halo size of 1
would indicate a lack of detectable halo. Relative halo size is given as the
averages 	 standard deviations from 6 replicates. One-way ANOVA was
used to compare the relative halo area for each treatment.

Long-term survival during nitrogen starvation. In order to assess the
ability of tetR-VMA2 to survive long-time nitrogen starvation, we ana-
lyzed tetR-VMA2 resistance to nitrogen starvation using a previously de-

scribed assay (31). Strains THE1-CIp10 and tetR-VMA2 first were grown
for 24 h in unbuffered YPD 	 DOX, and then 108 cells per treatment were
transferred to a microcentrifuge tube and washed twice in 1 ml nitrogen
starvation media (i.e., SD � N; 0.17% YNB without ammonium sulfate or
amino acids plus 2% glucose) before resuspending in 1 ml SD � N. One
hundred �l of this cell suspension was added to 4.9 ml SD � N with or
without DOX for a final cell concentration of 2 � 106 cells per ml. At 24-h
intervals, fresh DOX to a concentration of 20 �g/ml was added to appro-
priate treatments. Dilutions (1:1,000) were completed at selected time
points. One hundred �l of the resulting dilution was plated to YPD in
triplicate for CFU counts. On days 0, 10, 20, and 30 of the experiment, the
pH of the media was tested by transferring 100 �l SD � N from each
treatment to pH test strips (Sigma-Aldrich).

In order to further study the contribution of VMA2 to autophagy, we
utilized the commonly used autophagy marker aminopeptidase I (Ape1),
encoded by the C. albicans LAP41 gene (31, 32). Ape1p was C-terminally
tagged with green fluorescent protein (GFP) in the THE1-CIp10 and tetR-
VMA2 backgrounds to generate strains T-LAP41-GFP and tV2-LAP41-
GFP (Table 1). First, primers LAP41-GFP-5DR and LAP41-GFP-3DR
(Table 2) were used to amplify the GFP-NAT1 cassette from plasmid
pGFP-NAT1 (from S. Bates, University of Exeter) (33); these primers use
70 nucleotides of LAP41 homologous targeting sequences as previously
described (31), combined with sequences for amplification of the GFP-
NAT1 cassette (33). Strains THE1-CIp10 and tetR-VMA2 were trans-
formed with the resulting PCR amplicon as previously described (33), and
transformants were selected for on Sabouraud-dextrose agar (BD, Frank-
lin Lakes, NJ) containing 200 �g/ml nourseothricin (Gold Biotechnology,
St. Louis, MO). Primers LAP41-GFP-5Det and GFP-UP (Table 2) were
used to screen for correct integration of the LAP41-GFP allele. For visu-
alization of Ape1-GFP, strains T-LAP41-GFP and tV2-LAP41-GFP were
grown for 24 h in unbuffered YPD with or without DOX prior to the start
of the experiment. Cells then were washed twice in PBS, resuspended to an
OD600 of 0.2 in fresh SD � N with or without DOX, and grown at 30°C for
1 h at 200 rpm. FM4-64 was added to a concentration of 40 �M. Cells were
grown at 30°C for 15 min at 200 rpm, spun down, and resuspended in
fresh SD � N with or without DOX media to remove excess FM4-64 stain.
Cells were grown at 30°C for 20 days at 200 rpm, with fresh DOX added to
appropriate treatments to a concentration of 20 �g/ml at 24-h intervals.
After 2, 4, 6, 24, 48, 120, and 240 h in nitrogen starvation media, cells were
visualized with a Zeiss Axio Imager and AxioVision 4.7 software (Carl
Zeiss AG, Germany). Ape1-GFP fluorescence images were acquired using
a GFP cube (400-ms exposure time), and FM4-64 fluorescence images
were acquired using a Texas red cube (100-ms exposure time).

C. elegans infection assays. C. elegans solid medium killing assays
were performed as described previously (34), with some important mod-
ifications. First, all infection assays were completed at 30°C rather than
25°C due to the cold sensitivity of the tetR-VMA2 strain upon DOX re-
pression (see Fig. 2A). Further, previous studies have utilized either C.
elegans glp-4;sek-1 nematodes rather than wild-type nematodes (35) or
treatment with 5-fluoro-2=-deoxyuridine (34) to avoid the complicating
presence of eggs and larvae during the infection assay. However, because
our experiments were conducted at 30°C, a temperature at which C.
elegans reproduction, but not viability, is completely inhibited (36), we
were able to use the C. elegans wild-type strain, N2. To ensure that expo-
sure to chronic heat stress or doxycycline was not the primary cause of
worm mortality, we utilized negative controls in which nematodes were
exposed to heat-killed C. albicans cells, which have previously been shown
to be avirulent (34). Negative controls were maintained at an elevated
temperature (30°C) with or without DOX for the duration of the experi-
ment.

Routine maintenance of C. elegans N2 nematodes was performed at
15°C as described previously (37). Prior to the start of the infection assay,
nematodes were synchronized to the same life stage via egg axenization as
described previously (37) and then incubated on plates of nematode
growth media (NGM; 3 g NaCl, 2.5 g peptone, 17 g agar supplemented
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with 1 mM CaCl2, 5 �g/ml cholesterol, 1 mM MgSO4, and 25 mM KPO4

buffer, as described previously [37]) plus E. coli OP50 at 15°C until worms
reached the L4 stage. For the infection assay, C. albicans THE1-CIp10 and
tetR-VMA2 cells first were grown in YPD with or without DOX for 24 h to
ensure complete repression of VMA2. Plates of YPD (pH 4) with or with-
out DOX then were seeded with a lawn of 50 �l THE1-CIp10 or tetR-
VMA2 cells that had been pretreated with DOX or left untreated. For
negative controls, lawns of heat-killed cells were prepared on agar plates of
YPD, pH 4, with or without DOX as described previously (34). The plates
were incubated at 30°C for approximately 16 h. Synchronized L4 worms
were washed from plates with sterile M9 buffer and collected via centrif-
ugation for 1 min at 6,000 rpm. Approximately 500 worms were trans-
ferred to the center of the C. albicans lawns. For negative controls, approx-
imately 500 worms were transferred to the center of lawns containing
heat-killed yeast. All plates were incubated at 30°C for 4 h. After the 4-h
infection, C. elegans nematodes were washed from the plate, taking care
not to disturb the yeast lawn, and were washed in sterile M9 buffer and
collected via centrifugation for 1 min at 6,000 rpm. Worms in M9 buffer
were transferred to the center of unseeded NGM with or without DOX
plates and incubated at 30°C to allow the M9 buffer to dry. Once dry, 80 to
100 nematodes per treatment were pick transferred using a platinum wire
to a plate of fresh, unseeded NGM with or without DOX. Worms were
monitored twice daily for survival, and surviving nematodes were trans-
ferred via platinum wire pick to plates of fresh, unseeded NGM with or
without DOX once daily. Transfer to fresh NGM with or without DOX
served two purposes: first, to avoid DOX oxidation due to light exposure,
and second, to minimize the growth of C. albicans originating from either
the original infection plate or from the worms’ intestines. C. albicans
lawns are opaque under a dissecting microscope, making monitoring
worm survival difficult. Nematodes on heat-killed yeast lawns were not
transferred daily. Worms were scored as dead if they did not respond to
stimulation with a platinum wire pick. GraphPad Prism 6.0 was used to
plot survival curves, calculate differences in survival (log-rank and Wil-
coxon tests) via the Kaplan-Meier method, and calculate the LT50 (de-
fined as the time for half of the worms to die). Dead worms were visualized
via light microscopy at selected time points.

RESULTS
VMA2 is repressed by DOX in the tetR-VMA2 strain. Our initial
attempt to disrupt C. albicans VMA2 by generating a vma2� ho-
mozygous null mutant on acidic media was unsuccessful; after
screening over 150 transformants from three separate lineages of
heterozygous null mutants, a homozygous null mutant was not
recovered. These results are consistent with previous attempts to

disrupt V-ATPase genes in C. albicans (4). Therefore, we con-
structed the strain tetR-VMA2, a tetracycline-regulatable VMA2
mutant in which the VMA2 gene is repressed upon the addition of
DOX (18). A strain from the THE1 background with URA3 rein-
tegrated into the genome, THE1-CIp10, was used as an additional
wild-type control (20). In order to confirm repression of VMA2
with DOX, we utilized RT-PCR to analyze VMA2 expression in
the tetR-VMA2 strain (see Fig. S1 in the supplemental material).
We have previously shown that, in a tetracycline-regulatable
VMA3 mutant, the VMA3 transcript remained present for up to
18 h after treatment with DOX but disappeared completely after
24 h (4). Therefore, we pretreated THE1-CIp10 cells and tetR-
VMA2 cells for 24 h in YPD with or without DOX before extract-
ing mRNA for use in our transcriptional analysis. Treatment with
DOX did not affect the VMA2 transcript level in the THE1-CIp10
control (see Fig. S1 in the supplemental material). Elevated levels
of VMA2 transcript were detected in tetR-VMA2 without DOX
compared to the levels of VMA2 transcript in the controls of
THE1-CIp10 with or without DOX; this is consistent with higher
levels of expression observed in other genes when placed under the
tetracycline-regulatable (tetR) promoter (18). After 24 h of treat-
ment with DOX, no VMA2 transcript was detected in the tetR-
VMA2 strain (see Fig. S1). Thus, for all subsequent experiments,
cells from the THE1-CIp10 and tetR-VMA2 strains were grown
for 24 h in YPD with or without DOX to ensure complete repres-
sion of the VMA2 gene.

tetR-VMA2 exhibits the Vma� phenotype upon repression
of VMA2. V-ATPase inhibition is lethal under certain conditions,
including alkaline pH, the presence of heavy metals, and nonfer-
mentable carbon sources; these traits are referred to collectively as
the Vma� phenotype (6). To test whether inhibition of C. albicans
VMA2 results in the Vma� phenotype, we tested the growth of
tetR-VMA2 cells that had been pretreated with DOX on CSM with
or without DOX plates that were either unbuffered or buffered to
pH 4 to 8.5. Wild-type C. albicans cells grew as well on media
buffered to pH 4 to 8.5 as on unbuffered media (Fig. 1). tetR-
VMA2 cells grew comparably to wild-type cells without DOX un-
der all conditions tested but grew poorly on alkaline media with
DOX (Fig. 1, pH 7.5 and pH 8.5). It is worth noting that although
tetR-VMA2 cells with DOX grow as well as the wild type on un-

FIG 1 tetR-VMA2 exhibits the Vma� phenotype. Serial dilutions of cells grown in YPD with or without DOX for 24 h were spotted onto CSM agar media with
or without DOX and incubated for 48 h at 30°C. Strains are indicated on the left, with an arrow signifying decreasing cell densities (1 � 108, 2 � 107, 4 � 106, 8 �
105, 1.6 � 105, and 3.2 � 104 cells per ml) of the strains spotted onto each plate. From left to right, growth was tested on unbuffered CSM, CSM buffered to pH
4 and 5 with 50 mM succinic acid–50 mM Na2PO4, and CSM buffered to pH 7.5 and 8.5 with 50 mM MES hydrate–50 mM MOPS.
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buffered media and media buffered to pH 4 or 5, wild-type cells
but not tetR-VMA2 cells with DOX treatment form hyphae under
these conditions, as evidenced by a wrinkly rather than smooth
appearance caused by filamentous structures radiating from the
colony. Therefore, inhibition of C. albicans VMA2 expression
leads to the Vma� growth phenotype, indicating that V-ATPase
function is significantly impaired. The Vma� phenotype also was
observed in liquid cultures of CSM, pH 4.0 to 8.5 (data not
shown).

Repression of VMA2 inhibits various stress responses in C.
albicans. V-ATPase is involved in multiple stress responses, par-
tially due to the formation of a membrane potential across the
vacuolar membrane that drives secondary transporters, resulting
in the sequestration of harmful compounds inside the vacuole. To
test VMA2 contribution to stress response in C. albicans, we grew
tetR-VMA2 cells under various stress conditions. First, we tested
the temperature response by plating DOX-pretreated tetR-VMA2
cells on YPD with or without DOX plates and incubating them at
25°C, 30°C, and 37°C. The THE1-CIp10 control strain with or
without DOX and the tetR-VMA2 strain without DOX grew ro-
bustly at all three temperatures (Fig. 2A). These strains began to
filament at 30°C and formed filamentous structures at 37°C; high
temperature is one of many filamentation-induction signals in C.
albicans (38). Upon repression of VMA2 with DOX, the tetR-
VMA2 strain grew poorly at 25°C compared to controls, indicat-
ing poor tolerance of low temperature (Fig. 2A). We also observed
the absence of filamentous structures in tetR-VMA2 plus DOX at
both 30°C and 37°C (Fig. 2A).

V-ATPase function also is necessary for stress response under
conditions such as growth on media containing high concentra-
tions of calcium chloride and media containing glycerol as the sole
carbon source (6). Therefore, we tested the response of the tetR-
VMA2 strain to these stress conditions. Compared to the controls
(THE1-CIp10 with or without DOX), tetR-VMA2 grew poorly
upon repression of VMA2 on CSM plates plus 200 mM CaCl2 and
on YEP plates plus 2% ethanol plus 6% glycerol (Fig. 2B). The
tetR-VMA2 strain grew at wild-type levels on plates containing
high concentrations of sodium chloride and on plates containing
high concentrations of the cell wall stressors Congo red and cal-
cofluor white (data not shown); these growth conditions have not
been associated with the Vma� phenotype.

V-ATPase also has been shown to be important for the re-
sponse to hypoxia in S. cerevisiae; S. cerevisiae V-ATPase mutants
are hypersensitive to oxidative stress, and a S. cerevisiae vma2�
mutant exhibits high levels of reactive oxygen species and oxida-
tive protein damage even in the absence of an oxidant (39). Oxi-
dative stress response is of particular interest in fungal pathogen-
esis, as it has been shown to be important for host colonization in
C. albicans (40–42). Therefore, we tested tetR-VMA2 response to
oxidative stress by growing strains on plates of CSM, pH 4, con-
taining 5 mM H2O2. In the presence of 5 mM H2O2, repression of
VMA2 led to a dramatic decrease in cell viability (Fig. 2B).

V-ATPase has been hypothesized to contribute to the activity
of two classes of antifungal drugs: azoles, such as fluconazole, and
polyenes, such as amphotericin B (43, 44). We asked whether the
tetR-VMA2 strain was susceptible to four classes of antifungal
drugs: echinocandins, polyenes, the antimetabolite flucytosine,
and azoles. We tested tetR-VMA2 growth in the presence of sub-
lethal concentrations of a polyene-class drug, amphotericin B; an
echinocandin, caspofungin; and an antimetabolite, flucytosine.

THE1-CIp10 and tetR-VMA2 cells were plated on CSM, pH 4,
with or without DOX with 0.00625 to 0.5 �g/ml amphotericin B,
0.05 �g/ml caspofungin, or 10 to 20 �g/ml flucytosine. VMA2
repression decreased the resistance of the tetR-VMA2 strain to
caspofungin (Fig. 2C) in accordance with previous results (4). In
the presence of either 0.00625 �g/ml amphotericin B or 10 �g/ml
flucytosine, tetR-VMA2 cells treated with DOX grew at levels
comparable to those of the wild type (Fig. 2C). No difference in
growth in the presence of higher levels of either amphotericin B or
flucytosine was observed (data not shown).

FIG 2 tetR-VMA2 has decreased tolerance for various stress conditions. Serial
dilutions of cells grown in YPD with or without DOX for 24 h were spotted
onto different agar media with or without DOX and incubated for 48 h at 30°C.
For the oxidative stress assay, plates of CSM, pH 4, plus 5 mM H2O2 were
incubated at 30°C for 72 h rather than 48 h. Strains are indicated on the left,
with an arrow signifying decreasing cell densities (1 � 108, 2 � 107, 4 � 106,
8 � 105, 1.6 � 105, and 3.2 � 104 cells per ml) of the strains spotted onto each
plate. (A) tetR-VMA2 grows poorly on unbuffered YPD plus DOX at 25°C.
From left to right, growth was tested on unbuffered YPD agar with or without
DOX incubated at 25°C, 30°C, and 37°C. (B) Repression of VMA2 leads to
reduced tolerance to calcium, nonfermentable carbon sources, and oxidative
stress. From left to right, tetR-VMA2 growth was tested on unbuffered CSM
with or without DOX with 200 mM CaCl2 added, on unbuffered yeast extract
plus peptone (YEP) plus 2% ethanol plus 6% glycerol with or without DOX,
and on CSM, pH 4.0, with or without DOX with 5 mM H2O2 added. (C)
tetR-VMA2 has increased susceptibility to caspofungin. From left to right,
growth was tested on CSM, pH 4.0, with or without DOX with 0.00625 �g/ml
amphotericin B, 0.05 �g/ml caspofungin, and 10 �g/ml flucytosine.
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Because fluconazole activity has been linked previously to V-
ATPase function (43), we studied tetR-VMA2 response to flu-
conazole in further detail. We tested various concentrations of
fluconazole (0.6125 to 10 �g/ml) in tetR-VMA2 and the previ-
ously studied V-ATPase Voc-deficient strain tetR-VMA3 (4). In-
terestingly, repression of VMA2 and VMA3 in tetR-VMA2 and
tetR-VMA3 cells, respectively, increased C. albicans growth on
plates containing fluconazole at concentrations ranging from 1.25
to 2.5 �g/ml (Fig. 3). At higher concentrations, the growth of the
tetR-VMA2 and tetR-VMA3 strains was suppressed to levels com-
parable to those of wild-type cells regardless of the absence or
presence of DOX (Fig. 3). Therefore, repression of either V-
ATPase Vo or V1 components results in increased resistance to
fluconazole.

Repression of VMA2 inhibits V-ATPase assembly and activ-
ity and leads to vacuolar alkalinization. To establish the effect of
VMA2 suppression on V-ATPase assembly and catalytic activity,
we purified vacuolar membrane vesicles from cells grown in YPD,
pH 4.0, with or without DOX for 24 h by density gradient centrif-
ugation. Western blots using an antibody against the catalytic sub-
unit A of V1 (V1A or Vma1p) did not detect the V1A subunit in
vacuolar membrane fractions under repressing conditions (Fig.
4A), indicating that V-ATPase complexes are not fully assembled.
As expected, deletion of the V1B subunit in C. albicans prevented
assembly of the V1 domain at the membrane.

The V1 domain contains the three catalytic sites where ATP
binds and is hydrolyzed, whereas the Vo domain contains the sites
of proton binding and transport. Thus, structural coupling of V1

and Vo is necessary for V-ATPase function (1). The assembly de-
fect of the V-ATPase complex upon depletion of Vma2p is pre-
dicted to significantly reduce ATP hydrolysis and proton trans-
port. Therefore, we measured both ATP hydrolysis and proton

transport in purified vacuolar membrane vesicles. ATP hydrolysis
was measured spectrophotometrically using a coupled enzymatic
assay (24). Upon repression of VMA2, concanamycin A-sensitive
ATP hydrolysis decreased by 91.5% (Fig. 4B). Proton transport
was measured fluorometrically using ACMA (25, 26). Repression
of VMA2 with DOX in tetR-VMA2 completely abrogated proton
transport (101.2%) (Fig. 4C). These results are in agreement with
the alkalinization of the vacuole in tetR-VMA2 plus DOX and
show that C. albicans VMA2 is required for both ATPase hydroly-
sis and proton transport by the V-ATPase.

To confirm that VMA2 repression inhibits vacuolar acidifica-
tion by V-ATPase, THE1-CIp10 and tetR-VMA2 cells with or
without DOX were stained with quinacrine, a basic dye that accu-
mulates in the vacuole and fluoresces in acidic environments. The
THE1-CIp10 control with or without DOX and the tetR-VMA2
strain grown without DOX exhibited wild-type quinacrine stain-
ing of an acidic vacuole (Fig. 4D). In contrast, the tetR-VMA2
strain grown in the presence of DOX lacked quinacrine staining of
the vacuoles, indicating an alkalinized vacuole (Fig. 4D). In order
to quantitatively confirm this phenotype, cells were stained with
BCECF, a pH-sensitive fluorophore that accumulates in the vac-
uole. By comparing the fluorescence profile of BCECF-treated
cells to that of a calibration curve, vacuolar pH can be quantita-
tively determined (10, 25, 45). We previously studied vacuolar pH
in the THE1-CIp10 strain both with and without DOX; the vacu-
olar pH was approximately 6.25 under both conditions (4). The
vacuolar pH in the tetR-VMA2 strain without DOX was 6.099 	
0.1475. Repression of VMA2 with DOX resulted in an increase in
pH to 6.924 	 0.05126, indicating vacuolar alkalinization.

Repression of VMA2 leads to abnormal vacuolar morphol-
ogy. V-ATPase has been implicated in vacuolar biogenesis, a phe-
notype attributable to the role of V-ATPase in vacuolar membrane

FIG 3 tetR-VMA2 and tetR-VMA3 have decreased susceptibility to fluconazole. Serial dilutions of THE1-CIp10, tetR-VMA2, and tetR-VMA3 cells grown in
YPD with or without DOX for 24 h were spotted onto CSM agar media with or without DOX and incubated for 48 h at 30°C. Strains are indicated on the left, with
an arrow signifying decreasing cell densities (1 � 108, 2 � 107, 4 � 106, 8 � 105, 1.6 � 105, and 3.2 � 104 cells per ml) of the strains spotted onto each plate.
Conditions tested in the top row are, from left to right, CSM, pH 4.0, as a control, CSM, pH 4, plus 0.6125 �g/ml fluconazole (FLU), and CSM, pH 4, plus 1.25
�g/ml FLU. The bottom row shows, from left to right, CSM, pH 4, plus 2.5 �g/ml FLU; CSM, pH 4, plus 5 �g/ml FLU; and CSM, pH 4, plus 10 �g/ml FLU.
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fission and fusion (7, 46, 47). Therefore, we assessed the effect of
VMA2 suppression on vacuolar morphology by simultaneously
utilizing two vacuolar stains, FM4-64 and CMAC. FM4-64 is a
vital dye that is endocytosed to the vacuole, where it stains the
vacuolar membrane (48). CMAC passively accumulates in the
vacuolar lumen and stains the vacuolar lumen under both acidic
and alkaline conditions. THE1-CIp10 cells both with and without
DOX showed well-defined vacuoles, with the FM4-64 membrane
stain and the CMAC lumenal stain remaining distinct from one
another (Fig. 5A). Without DOX, the tetR-VMA2 cells showed
vacuolar morphology indistinguishable from that of the wild type
(Fig. 5A). However, upon DOX repression of VMA2, the FM4-64
membrane and the CMAC lumenal stain showed considerable
overlap, with membranous structures on the interior of the vacu-
ole revealed by FM4-64 staining (Fig. 5A). We additionally ana-
lyzed vacuolar morphology in tetR-VMA2 cells with or without
DOX using thin-section electron microscopy. Vacuolar morphol-
ogy in the THE1-CIp10 strain, both with and without DOX, has
been analyzed previously (20). The tetR-VMA2 cells without DOX

FIG 4 V-ATPase assembly and activity assays. (A) The V-ATPase is not fully
assembled at the vacuolar membrane upon VMA2 repression. Western blots of
vacuolar membrane fractions isolated from THE1-CIp10 and tetR-VMA2
with or without DOX were probed with anti-human-V1A rabbit polyclonal
antibody. (B) DOX repression of VMA2 leads to decreased ATPase activity.
V-ATPase-specific activity (concanamycin A-sensitive ATP hydrolysis) was
measured in isolated vacuolar membrane vesicles from THE1-CIp10 and tetR-
VMA2 cells with or without DOX in an enzymatic assay. (C) Proton transport

is absent upon repression of VMA2. Proton transport in isolated vacuolar
membrane vesicles isolated from THE1-CIp10 and tetR-VMA2 with or with-
out DOX cells was measured using ACMA. Fluorescence was monitored for
60 s prior to MgATP addition and for 40 s afterwards. Proton transport was
calculated as the change in fluorescence for the first 15 s following MgATP
addition. The asterisk denotes statistical significance compared to all other
treatments (P � 0.05). (D) DOX-treated tetR-VMA2 vacuoles do not stain
with quinacrine in vivo. Cells were grown for 24 h in unbuffered YPD with or
without DOX before staining with 200 mM quinacrine and observation via
DIC and fluorescence microscopy.

FIG 5 Vacuolar morphology. (A) FM4-64 and CMAC dual staining of vacu-
oles. To simultaneously stain vacuoles with FM4-64 and CMAC, cells were
grown for 24 h in unbuffered YPD with or without DOX. Cells then were reset
in fresh unbuffered YPD with or without DOX and grown to early log phase
before costaining with FM4-64 and CMAC. Cells were examined via DIC and
fluorescence microscopy using Texas red (FM4-64) and DAPI (CMAC) filters.
(B) Thin-section electron microscopy showing the tetR-VMA2 strain after
growth in unbuffered YPD with or without DOX for 24 h. In each panel, the
black arrow is pointing to the vacuole.
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addition displayed wild-type vacuolar morphology, as indicated
by the presence of a single, large vacuole (Fig. 5B). However, when
treated with DOX for 24 h, the tetR-VMA2 cells had enlarged
vacuoles with excessive internal membranous structures (Fig. 5B).
This phenotype is consistent with a defect in vacuolar membrane
fission (7).

VMA2 contributes to C. albicans virulence-related traits.
Vacuolar function has been implicated in several key traits of C.
albicans pathogenesis, including the ability to switch between hy-
phal and yeast forms of growth. Therefore, we assessed the ability
of the tetR-VMA2 strain to form hyphae in vitro. On solid media
(YPD plus FCS, M199, and Spider media), the tetR-VMA2 strain
exhibited dramatically reduced filamentation (data not shown).
However, because the tetR-VMA2 strain has reduced growth at
alkaline pH, these results were difficult to interpret. Therefore, we
assessed in vitro filamentation by tetR-VMA2 on solid and in liq-
uid media buffered to pH 4.0 or pH 5.0. The THE1-CIp10 control
strain readily formed hyphae even under acidic conditions (4). On
all types of media tested, the tetR-VMA2 strain grown under non-
repressing conditions produced hyphae at levels comparable to
that of the THE1-CIp10 control strain. In contrast, under repress-
ing conditions, the tetR-VMA2 strain did not produce hyphae on
serum or M199 plates and produced less robust hyphal structures
on RPMI plates (Fig. 6A). Interestingly, on Spider media, which
causes induction of filamentation in response to nutrient-poor
conditions (49), the tetR-VMA2 strain produced hyphae to the
same degree as the THE1-CIp10 control even upon repression of
VMA2. Lastly, we tested in vitro filamentation in liquid RPMI,
pH 5. Under repressing conditions, tetR-VMA2 cells were present
predominantly in the yeast form even after 24 h of incubation in
liquid RPMI, pH 5, at 37°C (Fig. 6B).

The secretion of degradative enzymes also is involved in C.

albicans pathogenesis by assisting in the invasion of host tissues
(50, 51). We assayed in vitro secretion of lipases and aspartyl pro-
teases on YNB-Tween 80 and BSA media, respectively (Fig. 7).
Wild-type C. albicans cells spotted onto media containing lipids,
such as YNB-Tween 80 media, secrete lipases resulting in a halo of
precipitation around the colony. Under repressing conditions,
tetR-VMA2 exhibited decreased lipolytic activity on YNB-Tween
80 agar (Fig. 7). C. albicans cells spotted on media containing BSA
as the sole nitrogen source secrete secreted aspartyl proteases
(SAPs) that digest the BSA, resulting in a halo of proteolysis
around the colony (29). The THE1-CIp10 control strain and the

FIG 6 Filamentation on solid and in liquid media. (A) Filamentation on hypha-inducing agar plates. Cells were grown in unbuffered YPD with or without DOX
for 24 h. Three �l cells was spotted onto agar plates containing YPD plus FCS, M199, Spider, or RPMI with or without DOX. All plates were buffered to pH 4 with
50 mM succinic acid–50 mM Na2HPO4. Plates were incubated at 37°C for 5 days. (B) Filamentation in liquid RPMI. Cells were grown in unbuffered YPD with
or without DOX for 24 h, and then 5 � 106 cells/ml were added to RPMI, pH 5.0, with or without DOX and grown for 24 h at 37°C. Filaments were visualized
via DIC microscopy. A representative image from each treatment is shown.

FIG 7 SAP and lipase secretion on Tween 80 and BSA agar. Cells were grown
in unbuffered YPD with or without DOX for 24 h, and then 3 �l of cells was
spotted onto unbuffered Tween 80 agar plates and unbuffered bovine serum
albumin (BSA) agar plates with or without DOX. Unbuffered plates of Tween
80 with or without DOX were incubated at 37°C for 5 days, and plates of
unbuffered BSA with or without DOX were incubated at 30°C for 48 h. The
relative amount of lipolytic and proteolytic degradation is indicated by the
halo surrounding the fungal colony.
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tetR-VMA2 strain exhibited normal proteolytic activity under de-
repressing conditions. DOX repression partially inhibited extra-
cellular proteolytic activity in the tetR-VMA2 strain (Fig. 7). Be-
cause the defect in protease secretion was partial, we quantified the
size of the proteolytic halo relative to the size of the colony. For
reference, a relative halo size of 1 indicates a lack of detectable
halo. For the THE1-CIp10 strain with and without DOX, the rel-
ative sizes of the proteolytic halos were 3.605 	 0.4848 and
3.655 	 0.8016, respectively. For the tetR-VMA2 strain without
DOX, the relative size of the proteolytic halo was 2.915 	 0.5017.
Upon repression of VMA2, the relative size of the halo decreased
to 1.639 	 0.1371; this decrease was statistically significant com-
pared to all three controls (P � 0.01). Because BSA media cannot
be buffered to acidic pH without denaturing the BSA, we were
unable to utilize growth-permissive media for these experiments.
However, because the BSA medium utilized was not buffered to a
specific pH (i.e., unbuffered) and tetR-VMA2 grows similarly to
the wild type on unbuffered media (Fig. 1), this defect likely is not
due solely to slow growth by the tetR-VMA2 strain under repress-
ing conditions.

VMA2 is involved in autophagy. V-ATPase activity has previ-
ously been implicated in survival under conditions of nitrogen
starvation (52); however, its exact role remains unclear (53).
Therefore, we assessed the contribution of VMA2 to long-term
survival under conditions of nitrogen starvation using a 30-day
assay to monitor resistance to nitrogen starvation (31). Because
the growth of V-ATPase-deficient cells is pH sensitive, we mea-
sured the initial pH of the nitrogen starvation media (pH 4.5) and
that over the course of the experiment. Periodic measurements of
the medium pH in all treatments revealed no significant changes
(pH 4.0 to 5.0; data not shown). The cells were grown in nitrogen
starvation media with or without DOX for a period of 30 days,
with samples taken at select time points for CFU counts. The
THE1-CIp10 control strain with or without DOX and the tetR-

VMA2 strain without DOX exhibited a gradual decrease in CFU
over the 30-day period (Fig. 8). However, repression of VMA2
with DOX caused a dramatic decrease in CFU that persisted over
the 30-day period (Fig. 8). Interestingly, while repression of
VMA2 impaired resistance to nitrogen starvation, it did not lead to
complete cell death.

Survival of C. albicans under conditions of nitrogen starvation
is accomplished via autophagic recycling of cellular material;
therefore, resistance to nitrogen starvation is an indirect measure
of autophagy (31). To confirm the role of VMA2 in autophagy, we
sought to monitor the fate of an autophagic marker. The hydro-
lase aminopeptidase I (Ape1) is encoded by the C. albicans LAP41
gene (orf19.1628). Ape1p makes up the cytosol-to-vacuole target-
ing complex, which is engulfed by autophagosomes under starva-
tion conditions (54, 55). Consequently, Ape1-GFP has been used
commonly as an autophagic marker in C. albicans (31) and S.
cerevisiae (55). Upon translation, the preform of Ape1 aggregates
in the cytosol to form a homododecameric complex, also known
as the cytosol-to-vacuole targeting (Cvt) complex. Under au-
tophagic conditions, the Cvt complex is selectively shuttled to the
vacuole by autophagosomes, where maturation of Ape1 occurs
(54–56). Visualization of Ape1-GFP localization and processing
upon nitrogen starvation can be used to identify defects in the
autophagic pathway; Ape1-GFP originates in the cytosol and can
be observed as intense fluorescent dots. Ape1-GFP then is traf-
ficked to the vacuole, where it is visible first as intense spots and
over time disperses throughout the vacuolar lumen as autophago-
somes are degraded. We used a nourseothricin selection method
to construct C. albicans strains, in both the THE1-CIp10 and tetR-
VMA2 backgrounds, in which the C terminus of Ape1p was tagged
with GFP. The two anticipated localizations of Ape1-GFP (cytosol
and vacuolar lumen) and its subsequent vacuolar dispersion were
observed in THE1-CIp10 cells with or without DOX as well as
tetR-VMA2 cells without DOX 2 h after the transfer to nitrogen

FIG 8 tetR-VMA2 contribution to autophagy. (A) Resistance to nitrogen starvation in tetR-VMA2. Long-term survival of autophagy was determined by CFU
counts. Cells were grown for 24 h in unbuffered YPD with or without DOX. Cells then were reset in nitrogen starvation media (SD � N) and grown for 30 days,
with samples taken at select time points for CFU counts. (B) Ape1-GFP turnover in tetR-VMA2. T-LAP41-GFP and tV2-LAP41-GFP cells were transferred to
liquid nitrogen starvation media (SD � N with or without DOX) after 24 h of growth in rich media (YPD with or without DOX). After 115 min of growth at 30°C,
cells were coincubated with FM4-64 for 15 min, resuspended in fresh nitrogen starvation media, and grown at 30°C. Cells were visualized via DIC and
fluorescence microscopy to detect Ape1-GFP and FM4-64 fluorescence 2 h and 4 h after transfer to nitrogen starvation media.
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starvation media (Fig. 8B). We noted the presence of dispersed
Ape1-GFP in all vacuoles, indicating active autophagic processes.
In contrast, upon repression of VMA2 with DOX in tetR-VMA2
cells, intense spots of Ape1-GFP accumulated in the vacuole after
2 h (Fig. 8B). In THE1-CIp10 cells with or without DOX, the
Ape1-GFP signal decreased from 2 h to 4 h (Fig. 8C). Without
DOX, Ape1-GFP levels in tetR-VMA2 cells were indistinguishable
from those of the wild type (Fig. 8C). Unlike the control strains,
Ape1-GFP remained present in vacuoles of the tetR-VMA2 cells
plus DOX after 4 h in nitrogen starvation media (Fig. 8C). At all
time points, tetR-VMA2 cells treated with DOX exhibited mark-
edly higher levels of Ape1-GFP (Fig. 8B and C and data not
shown). These data indicate a delay in autophagy upon repression
of VMA2. Of note, a defined vacuolar compartment was no longer
visible in tetR-VMA2 cells treated with DOX past 24 h in nitrogen
starvation media (data not shown). In contrast, an enlarged vac-
uolar compartment was clearly visible in control cells (both
THE1-CIp10 with or without DOX and tetR-VMA2 without
DOX).

VMA2 is required for virulence in an acidic infection model.
C. albicans vma7�, which is expected to lack all V-ATPase activity
and exhibited the Vma� growth phenotype, is avirulent in a
mouse model of systemic candidiasis (3). However, the pH-de-
pendent phenotype of vma mutants makes interpretation of viru-
lence models difficult, as in most model systems the physiological
pH is restrictive for the growth of vma mutants. Therefore, we
tested tetR-VMA2 virulence in a C. elegans model of infection
(34). C. elegans is an ideal organism for the study of virulence in C.
albicans vma mutants, as the pH of the larynx and intestine of C.
elegans nematodes, where C. albicans infection occurs (34, 35),
ranges from 3.5 to 5.5 (57). For these studies, we analyzed infec-
tion at the permissive pH and temperature, under acidic pH con-
ditions (pH 4.0) and at 30°C, because tetR-VMA2 is unable to
grow at neutral pH and low temperatures (i.e., 25°C). The wild-
type worms were infected at 30°C and maintained at 30°C postin-
fection, with daily monitoring for survival. To ensure that neither

high temperature (30°C) nor treatment with DOX were responsi-
ble for worm mortality, we included negative controls where
worms were not infected with live C. albicans but rather were fed
heat-killed C. albicans cells, which have been shown previously to
be avirulent (34). Upon repression with DOX, tetR-VMA2 exhib-
ited attenuated virulence in the C. elegans model (Fig. 9A). Nota-
bly, survival of the worms infected with doxycycline-repressed
tetR-VMA2 was not significantly different from survival of un-
treated worms after 90 h (88.0% 	 3.6% survival for tetR-VMA2
plus DOX compared to 87.9% 	 3.4% and 85.1% 	 3.5% survival
for the negative controls with and without DOX, respectively). C.
elegans nematodes were killed by infection with the THE1-CIp10
controls, with an LT50 of 66 h. Without DOX, nematode killing by
the tetR-VMA2 strain was not statistically significant (P � 0.001)
compared to that of the THE1-CIp10 controls, with an LT50 of 66
h. In contrast, the LT50 of worms infected with the tetR-VMA2
strain with DOX was 144 h, comparable to the negative-control
nematodes fed heat-killed yeast. Further, worms scored as dead in
the assay were subjected to analysis via light microscopy (Fig. 9B).
Worms infected with THE1-CIp10 with or without DOX or tetR-
VMA2 without DOX cells had visible hyphae piercing the worm
cuticle, indicative of hypha-mediated killing. In contrast, worms
infected with DOX-repressed tetR-VMA2 cells had no visible hy-
phal protrusions. We conclude that tetR-VMA2 is avirulent in the
acidic C. elegans infection model.

DISCUSSION

The contribution of several V-ATPase subunits to C. albicans cell
biology and virulence has been studied previously (3, 4, 12, 13).
Here, we present the study of C. albicans VMA2, which encodes
the B subunit of the V-ATPase V1 domain; this is the first compo-
nent of the catalytic hexamer of the V1 complex to be studied in
depth in C. albicans. Repression of VMA2 in C. albicans results in
the Vma� phenotype, characterized by poor growth at alkaline pH
and on nonfermentable carbon sources as well as reduced ability
to respond to environmental stressors. This is in accord with pre-

FIG 9 tetR-VMA2 contribution to virulence in the in vivo C. elegans model. (A) Survival curve of nematodes infected with C. albicans strains THE1-CIp10 and
tetR-VMA2, with and without DOX, or fed with heat-killed C. albicans THE1-CIp10 with and without DOX. Worm survival was monitored at select time points;
worms that did not respond to stimulation with a platinum wire pick were scored as dead. Inhibition of VMA2 leads to avirulence; survival of nematodes infected
with DOX-repressed tetR-VMA2 was not significantly different from survival of nematodes fed heat-killed C. albicans cells. (B) Light microscopy of nematodes
infected with C. albicans strains. Black arrows indicate C. albicans hyphae piercing the C. elegans cuticle.

pH-Independent Role of VMA2 in Stress and Virulence

September 2014 Volume 13 Number 9 ec.asm.org 1217

http://ec.asm.org


vious studies of V-ATPase subunits encoded by a single gene in C.
albicans, such as the V-ATPase structural genes VMA7 and VMA3
(3, 4). Genetic repression of C. albicans VPH1 or STV1, which
encode isoforms of the V-ATPase subunit Voa, does not result in
the Vma� phenotype (12, 13). As expected, repression of VMA2
leads to complete inhibition of V-ATPase-specific (concanamycin
A-sensitive) ATP hydrolysis and proton transport activities, sim-
ilar to findings in studies of VMA3 and VPH1 (4, 12).

We previously studied susceptibility to fluconazole in a tetra-
cycline-repressible VMA3 strain and reported no difference in flu-
conazole susceptibility upon repression of VMA3 (4). However,
only one concentration of fluconazole was reported (5 �g/ml).
Here, we extended those studies by testing both the tetR-VMA2
and tetR-VMA3 strains under a range of fluconazole concentra-
tions (0.6125 to 10 �g/ml). Interestingly, repression of both
VMA2 and VMA3 decreased C. albicans susceptibility to subin-
hibitory concentrations of fluconazole despite an overall impair-
ment in the ability of these mutants to respond to stress. More
than one possibility exists to explain this phenomenon. Upon re-
pression of VMA2 or VMA3, cells may compensate for V-ATPase
loss by unknown mechanisms that may also lead to a decrease in
the susceptibility to fluconazole. Alternatively, the dose-depen-
dent antifungal activity of fluconazole may be directly attributable
to effects on V-ATPase activity, as previously suggested (43). It is
worth noting that null mutants of genes involved in ergosterol
biosynthesis exhibit a similar decrease in fluconazole susceptibil-
ity (58, 59). The similar phenotype regarding fluconazole response
in ergosterol and V-ATPase mutants further supports the notion
that there is a link between V-ATPase and ergosterol.

Our phenotypic analyses of VMA2 also revealed its contribu-
tion to filamentation on M199, YPD plus FCS, and RPMI media,
but not to filamentation on Spider medium, even at acidic pH.
Spider medium induces filamentation under conditions of carbon
deprivation (28). These results are in contrast to those of our
previous study of VMA3, which was unable to produce filaments
on any medium tested, including Spider (4). It is conceivable that
the Vo domain plays a role in filamentation under nutrient depri-
vation conditions; further work is required to address this possi-
bility. This concept is supported by the fact that S. cerevisiae
vma2� cells assemble Vo domains at the membrane but vma3�
cells do not (60).

In addition to the differential contribution of VMA2 and
VMA3 to filamentation under nutrient-poor conditions, the se-
cretion of protease enzymes is also different following DOX-me-
diated suppression of VMA2 and VMA3. Although inhibition of
VMA2 and VMA3 completely abolished lipase secretion (4), only
inhibition of VMA3 fully impairs aspartyl protease secretion (4),
whereas inhibition of VMA2 results in a moderate decrease in
aspartyl protease secretion. Notably, the V-ATPase Vo domain,
but not V1, has been shown previously to play a role in membrane
fusion; SNARE complexes tether fusing membranes together, and
the proteolipid ring of V-ATPase Vo complexes located on the
vesicular membrane enlarges to create a fusion pore through
which materials can flow (61). Our results could be explained if
the Vo proteolipid ring and its involvement in membrane fusion
are necessary for the secretion of aspartyl proteases but not lipases
in C. albicans. Notably, we have shown that deletion of VPH1, a
vacuolar isoform of Voa that does not contribute to the Vo prote-
olipid ring, results in alkalinized vacuoles, complete elimination
of lipase activity, and partial reduction of aspartyl protease activity

(12) in a manner strikingly similar to that of VMA2 repression.
These overlapping results suggest that secretion of lipases depends
on vacuolar acidification, whereas secretion of aspartyl proteases
is maintained partially even in the presence of alkalinized vacu-
oles.

During both infection and colonization, C. albicans must sur-
vive robust oxidative stress conditions, and this ability to respond
to oxidative stress previously has been correlated with virulence
(62). Studies in S. cerevisiae V-ATPase mutants indicate that vma
mutants cannot tolerate H2O2 and that the cells exhibit chronic
oxidative stress (39). In the present study, we showed a role for C.
albicans V-ATPase in response to oxidative stress, indicated by
increased sensitivity to H2O2 upon repression of VMA2 at acidic
pH. This is a novel mechanism by which V-ATPase may contrib-
ute to virulence in C. albicans. Further studies are needed to clarify
the exact role of V-ATPase in the C. albicans oxidative stress re-
sponse pathway. Nonetheless, this finding emphasizes the multi-
factorial nature of the roles played by V-ATPase in fungal patho-
genesis.

Autophagy is the process by which cells degrade cellular mate-
rial in order to recycle cellular building blocks and is essential for
survival under starvation conditions. Autophagy also is important
for stress response, development and aging, and programmed cell
death. In yeast, nutrient depletion in the cell causes a signaling
cascade that induces autophagosome formation. The newly form-
ing autophagosomal membrane elongates to enclose cellular com-
ponents, such as cytoplasmic material, mitochondria, and nuclei.
Autophagosomes then are transported to the vacuole and subse-
quently broken down. In S. cerevisiae, V-ATPase previously has
been implicated in autophagic processes; V-ATPase mutants ac-
cumulate autophagosomes in the vacuole (52). In C. albicans, au-
tophagy-deficient mutants are not impaired in filamentation or
virulence in a mouse model of systematic infection (63, 64). How-
ever, autophagy has been implicated in survival within neutro-
phils and also may be important for commensalism by allowing
long-term survival within the host (65). We showed that V-
ATPase inhibition by repression of VMA2 leads to defective au-
tophagy, even under growth-permissive acidic conditions. Cells
repressed for VMA2 failed to survive nitrogen starvation and ac-
cumulated ApeI-GFP in the vacuole. Since the last step in au-
tophagy is altered, our results suggest that lack of vacuolar acidi-
fication upon repression of VMA2 is responsible for this effect.

V-ATPase is emerging as a potential antifungal target due to its
far-reaching cellular importance (1, 5, 66). C. albicans V-ATPase
mutants have been studied in mouse virulence models (3, 13). For
example, C. albicans vma7� has reduced virulence, upholding the
potential value of V-ATPase as a drug target (3). However, the
pH-dependent growth of V-ATPase mutants can be a confound-
ing factor in studies of V-ATPase and underlines the importance
of studying phenotypes of interest under permissive pH condi-
tions (pH 4.0 to 5.0) whenever possible. Whether reduced viru-
lence is due merely to decreased growth at alkaline physiological
pH rather than a role of V-ATPase in virulence-specific processes
has remained unclear to date. Here, we present the first study of
V-ATPase inhibition in an acidic model of infection. Caenorhab-
ditis elegans is a soil-dwelling nematode that feeds on bacteria and
fungi and is exposed in situ to a wide range of ingested pathogens
(67). C. elegans is a useful system to study fungal pathogenesis due
to its sophisticated, pathogen-specific immune system that in-
cludes immune response pathways conserved with mammals (34,
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67–69). In fact, bacterial and fungal genes identified as important
for pathogenesis in C. elegans infection assays have considerable
overlap with genes previously identified as important for patho-
genesis in mammalian infection models (69, 70). These character-
istics underline the utility of C. elegans as a model host organism.
In the C. albicans-C. elegans infection assay, C. elegans nematodes
ingest C. albicans cells, which then persist within the C. elegans
gastrointestinal tract and cause an infection. At this point, C.
elegans immune defenses are induced, including fungus-specific
transcriptional changes involving antimicrobial, secreted, or de-
toxification proteins (34). The infection culminates in C. albicans
hyphae piercing the C. elegans cuticle and killing the worm (35).
Because the C. elegans gastrointestinal tract and pharynx have very
low pH, ranging from pH 5.5 in the pharynx to pH 3.5 in the lower
intestine (57), C. elegans is an ideal model to study V-ATPase-
mediated pathogenesis in vivo. We tested the contribution of
VMA2 to C. albicans virulence in an acidic environment, i.e., un-
der pH conditions permissible for growth of V-ATPase-deficient
cells. To establish this growth-permissive, acidic environment, we
utilized both acidic media and an infection model where the site of
infection is highly acidic. Upon repression of VMA2, the tetR-
VMA2 strain is avirulent. Therefore, we can conclude that the
contributions of V-ATPase to stress responses, filamentation, and
virulence are not attributable to its pH-dependent growth pheno-
type. Rather, intact V-ATPase function has a direct role in C. al-
bicans pathogenesis. Ongoing studies in our laboratories to fur-
ther elucidate the cell biology underpinning that role are in
progress.
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