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Immunoscreening of a Candida albicans expression library resulted in the isolation of a novel gene encoding
a 32.9-kDa polypeptide (288 amino acids), with 27.7% homology to the product of Saccharomyces cerevisiae
YGR106¢, a putative vacuolar protein. Heterozygous mutants in this gene displayed an altered budding growth
pattern, characterized by the formation of chains of buds, decreasingly in size towards the apex, without
separation of the daughter buds. Consequently, this gene was designated ABG1. A conditional mutant for ABG1
with the remaining allele under the control of the MET3 promoter did not grow in the presence of methionine
and cysteine, demonstrating that ABGI was essential for viability. Western analysis revealed the presence of
a major 32.9-kDa band, mainly in a particulate fraction (P40) enriched in vacuoles, and tagging with green
fluorescent protein confirmed that Abglp localized to the vacuole. Vacuole inheritance has been linked to the
regulation of branching frequency in C. albicans. Under repressing conditions, the conditional mutant had an
increased frequency of branching under hyphal inducing conditions and an altered sensitivity to substances
that interfered with cell wall assembly. Repression of ABGI in the conditional mutant strain caused distur-
bance of normal size and number of vacuoles both in yeast and mycelial cells and also in the asymmetric
vacuole inheritance associated with the characteristic pattern of germ tubes and branching in C. albicans.
These observations indicate that ABG1 plays a key role in vacuole biogenesis, cytokinesis, and hyphal

branching.

Candida albicans is the major fungal pathogen of humans
(10) and now represents the fourth most common agent of
microbial lethal septicemia in immunocompromised patients
(20). Yeast-hypha morphogenesis has often been considered to
be a component of the repertoire of factors influencing viru-
lence in this fungus (12, 26, 37, 44). Hyphal forms are invasive,
and this property could promote tissue penetration during the
early stages of infection, whereas the yeast form might be more
suited for dissemination in the bloodstream (57). The cell cycle
of C. albicans is intimately involved with the regulation of this
morphogenetic process correlated with growth in vivo, since
the cell cycle must be regulated to enable changes in cell shape
(5). Recently, correlation between vacuolar inheritance and
modulation of the cell cycle of C. albicans during true hyphal
growth has been described (4). While vacuolar volume of
mother and daughter cells of C. albicans at cytokinesis in yeast
and pseudohyphal forms is similar (67), hyphal cell division is
asymmetric and cytoplasm is partitioned predominantly to the
proximal apical cell and most vacuole is inherited by the sub-
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apical mother yeast cell or hyphal intercalary compartment (4).
Accordingly, the concept of size-regulated cell cycle control
has been refined to propose that it is the cytoplasmic volume
minus vacuolar volume (and that of other organelles) rather
than total cell volume that is relevant in cell size-regulated
control of the eukaryotic cell cycle (4). Consequently, muta-
tions in genes that influence normal vacuolar inheritance will
in turn influence the branching frequency of C. albicans.

During mycelial growth, vegetative growth is achieved by
elongation and branching of hyphal filaments. Germ tube
emergence is accompanied by a rapid increase in the vacuolar
volume in the mother yeast cell (4, 27), but the cellular cyto-
plasmic volume remains relatively constant while the overall
cell volume increases linearly. The remaining cell space in
these expanding cells is occupied by an expanding vacuole or
vacuoles. The vacuolation process has been reported to be a
general feature of the growth of the C. albicans mycelial form
(27, 28) and of a number of other fungi that also exhibit
extensive vacuolation during hyphal growth (50, 56). Forma-
tion of secondary germ tubes from mother cells or of branches
from subapical compartments occurs only after regeneration of
the cytoplasm at the expense of the vacuole.

The mechanism by which vacuole expansion occurs during
germ tube formation and its inheritance remains mostly un-
known, although it has been reported that a C. albicans vac8A
mutant, defective in vacuolar inheritance, had an increased
branching frequency (C. Barelle, R. Mathias, C. Gaillardin, N.
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TABLE 1. Strains of C. albicans

Strain Parental strain Genotype Source or reference
26555 Wild type ATCC*
SC5314 Wild type 24
CAI4 SC5314 ura3A:Nimm434/ura3A::Nimm434 21
CAI4-URA3 CAl4 ura3A::Nimm434/ura3A::\imm434, RPS10::URA3 This work
WO-1 52
ClI1 CAl4 ura3A:Nimm434/ura3A::Nimm434; abgl A::URA3-dp1200/ABG 1 This work
CJ2 Cl1 ura3A:Nimm434fura3A::Nimm434; abgl A::dp1200/ABG1 This work
CV1 CAl4 ura3A:Nimm434/ura3A::Nimm434; abgl A::hisG-URA3-hisG/ABG1 This work
Cv2 CV1 ura3A:Nimm434/ura3A::Nimm434; abgl A::hisG/ABG1 This work
CV3 CVv2 ura3A:Nimm434/ura3A::Nimm434; abgl A::hisGlabgl A:URA3-MET3p-ABG1 This work
CGA4 CAI4 CAl4 derivative, pACT-ABG1-GFP This work

“ American Type Culture Collection.

Gow, and A. Brown, Abstr. Yeast Gen. Mol. Biol. Meet., abstr.
103, 2000). A C. albicans vpsl1A mutant, homologue of the S.
cerevisiae class C VPS genes, has also been described recently
(45). This mutant presented phenotypes that closely resembled
those of class C vps mutants of S. cerevisiae, including the
absence of a vacuolar compartment, and was defective in yeast-
to-hypha morphogenesis; it was concluded that C. albicans
VPS11 is required for vacuole biogenesis and also for germ
tube emergence. Results reported by Palmer et al. (45) suggest
that vacuole protein-sorting pathways, as well as vacuolar in-
heritance, are important during the yeast-to-hypha transition.
In addition to the evidence that the vacuole plays a role in the
morphological transition and in branching, it has also been
suggested that vacuolar ABC transporters directly influence
fungal virulence (60).

Here, we report the isolation, sequencing, and expression
analysis of ABGI, a novel and essential C. albicans gene that
codes for a vacuolar protein. The cellular localization of the
protein was determined by tagging with the green fluorescent
protein (GFP). Functional characterization of Abglp included
the construction of a conditional null strain. ABG1 heterozy-
gous and conditional mutants were analyzed and shown to be
defective in vacuole biogenesis and cytokinesis and also exhib-
ited an increased rate of hyphal branching.

MATERIALS AND METHODS

Microorganisms, media, and growth conditions. C. albicans strains used in this
study are listed in Table 1. Cells were routinely grown in YPD (2% glucose, 1%
yeast extract, 2% Bacto peptone [Difco]) or YNB (0.67% yeast nitrogen base
without amino acids, 2% glucose) media at 28°C with shaking. Media were
supplemented with uridine (25 pg/ml) when appropriate. For repressing condi-
tions for the MET3 promoter, C. albicans strains were grown in YNB with 5 mM
methionine and 2 mM cysteine. For sensitivity assays, plates containing solid
(1.5% agar) YNB plus 2 mM methionine and 0.5 mM cysteine were supple-
mented with Congo red (200 pg/ml), sodium dodecyl sulfate (SDS) (0.025%),
Calcofluor white (125 pg/ml), NaCl (1 M), glycerol (2.5 M), and H,O, (6 mM).

Different conditions were used to induce germ tube formation: (i) 10% (vol/
vol) fetal calf serum (Sigma) in water (27), (ii) changes in pH and temperature
(pH 4 to 7.5 and 25 to 37°C) in modified Lee’s medium (47), or (iii) starvation-
stimulated dimorphism (15). In this latter case, cells were grown in Lee’s medium
at 28°C overnight. Cells were next collected by centrifugation, washed twice in
sterile distilled water, and resuspended in sterile distilled water at a final con-
centration of 2 X 107 cells/ml. This cellular suspension was incubated at 28°C
with shaking (200 rpm) for 3 h and then subjected to a starvation period at 4°C
for 48 h. After this period, cells were collected by centrifugation and resuspended
in Lee’s medium, prewarmed at 37°C to give the same final cell density men-
tioned above. To obtain yeast cells under similar conditions, the same protocol
was followed but final incubation was performed at 28°C. For further phenotypic

analysis, the CAI4 strain was transformed with CIp10 integrating vector using the
RPS10 locus for the URA3 gene integration (42) to obtain the URA™Y CAI4-
URA3 strain. Reintegration of URA3 at an appropriate expression locus such as
RPS10 offsets most problems related to the phenotypic changes associated with
ectopic expression of URA3 during Ura-Blaster-mediated gene disruptions (6).

Transformation of C. albicans. C. albicans was transformed by the lithium
acetate procedure, described by Gietz et al. (24). Ura™ segregants were selected
in minimal medium containing uridine and 5-fluoroorotic acid (1 pg/ml).

Isolation and cloning of the ABGI gene. Immunoscreening of a cDNA library
of C. albicans ATCC 26555 in the expression vector Agt11 with a specific germ
tube polyclonal antibody, previously obtained by our group (15), was performed
by standard methods (1). Eight immunoreactive clones were detected, and
cDNAs from these clones were amplified by PCR and sequenced by using Agt11
universal primers. Sequence analysis was carried out in the Stanford Genome
Technology Center (http://sequence.standford.edu/group/candida/search.html)
and Minnesota University (http:/alces.med.umn.edu/gbsearch/ybc.html) data-
bases. The isolated clone described in this work contained an incomplete open
reading frame (ORF) which encodes a putative polypeptide of 288 amino acids
showing 99% identity with contig 5-3205. Primers FC4 and RC4 (Table 2)
amplify a 2,200-bp product from CAI4 genomic DNA that includes the entire
OREF plus 700 bp of upstream sequence and 500 bp of downstream sequence.
This product was digested with BamHI and HindIII and cloned into the vector
pUC19 (66), also digested with BamHI and HindIII.

Genomic library screening. Hybridization screening of a C. albicans genomic
library (strain WO-1) constructed in the plasmid vector pEMBLYe23 (2) was
carried out as described elsewhere (52), using as a probe a 500-bp fragment from
the ORF downstream sequence amplified with primers PF2F and PF2R (Table
2).

DNA and RNA manipulation methods. Plasmid and phage DNA purification,
digestion with restriction enzymes, subcloning, and Southern and Northern blot-

TABLE 2. Primers

Primer Sequence (5'-3")

AgtllF........ GGTGGCGGACGACTCCTGGAGCCCG

Agtl1R TTGACACCAGACCAACTGGTAATG

FC4.. GAAAGGATCCAATTTTGGCTCG

RC4. TGCTAAGCTTTGGTGACTTAGCGTGG
FP4....... GCGCGGATCCATGGTTTCACTTTCTAATTT
RP4 ... GCGCGAATTCTTATTTTTATCAAAATCAATTTG

PF1F........... GCGCAAGCTTCTGGATAAATTGGAAATGAAGGCC

PRIF.......... GCGCCTGCAGTATCTCTAGTGCTCCGTATA

PF2F........... GCGCAGATCTCTGGACTTGAATTGTTATTC

PR2F.......... GCGCGGTACCTCTTCCGCTCAGCAAATAAACAA

N4F ........... AGTAGCAAAAGAGATAAACAAAGTGACAATGAAAATGA
TGCCGAAATCGAACAAGAAATTGCATTTTTTAACCAAT
AGGCCG

MA4R ........... AGTATCGAAAATGCTGACAGGGTCTGACTCCTCGGAAGC
TAAGGATTCAGCACCTTCAAAATTGTGTGGAATTGTGA
GCGGATA

POREF......... GCGCCTGCAGCTTTCCTTAATAATTTCATCT

RGFP......... CCCGGGTTCATTTTTTTTATC
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ting were carried out by standard protocols (1). The digoxigenin detection kit was
used for nonradioactive probe labeling and hybridization. All reagents were
purchased from Roche Molecular Biochemicals. Genomic DNA was extracted
from C. albicans cells as reported by Rose et al. (51), and total RNA was isolated
using a RNeasy kit (QIAGEN) according to the manufacturer’s instructions and
extracted as described by Ausubel et al. (1).

ABGI gene disruption. The PCR-based gene disruption method (65) was used
to attempt to generate an ABG1 knockout strain. Primers N4F and M4R (Table
2) were designed to contain 20 bp homologous to PCR disruption plasmid
(pDDB57) flanked with 80 bp of sequence to direct homologous integration into
the ABG1 OREF. Ura-Blaster protocol (22) was also used to attempt to generate
an ABGI null mutant. One 700-bp HindIII-PstI fragment from the 5’ ABGI
upstream noncoding region was amplified by PCR by using PF1F and PRIF
primers (Table 2), digested, and cloned into the HindIII-PstI site from vector
pBB510 (7, 46) to generate p510V. A 500-bp fragment from the 3’ downstream
noncoding region was amplified by PCR by using PF2F and PR2F primers (Table
2), digested with BglIT and Kpnl, and cloned into p5S10V also digested with these
restriction enzymes, to form plasmid p510VV. The ABGI disruption cassette was
excised from plasmid p5S10VV with HindIII and Kpnl before transformation into
the C. albicans CAI4 strain. For the construction of the ABGI conditional
mutant, a 200-bp PCR product was amplified from the ABG! locus of the CAl4
strain using primers FP4 and PORF (Table 2). The amplified product was cut
with BamHI and PstI and ligated in pCaDis plasmid (14) to generate pMD
plasmid. Before transformation into ABGI heterozygous strain (abglA::hisG/
ABG1I), pMD was linearized with Bsgl (New England Biolabs).

Abglp localization by fusion with GFP. Plasmid pAG-ADH-ABG1-GFP for
expression of GFP-tagged Abglp from the constitutive promoter ADHI was
created by amplifying ABGI ORF from CAI4 genomic DNA with primers FP4
and RGFP (Table 2) and ligated into the ADH-GFP plasmid (pAG1) at BamHI
and Smal sites. The pAG-ADH-ABGI-GFP construction was used to transform
the CAI4 strain, generating strain CGA4.

Microscopy. Wet mounts of yeast cells grown in liquid culture medium and
hyphal cells grown on poly-L-lysine-coated microscope slides (18), placed in petri
dishes containing 10% (vol/vol) newborn calf serum (Gibco) in water plus amino
acids, were examined with a Nikon Eclipse E800 microscope. Chitin localization
was assessed with Calcofluor white staining as described previously (48). Nuclei
were stained with a DAPI (4',6-diamidino-2-phenylindole) (1 mg/ml), and vacu-
oles were stained with the vital stain FM4-64 (Molecular Probes) as described by
Vida and Emr (62). GFP, DAPI, Calcofluor, and FM4-64 preparations were
examined with a Leica DMR fluorescence microscope.

Antibodies. The germ tube-specific polyclonal antibody (PAb anti-gt) against
purified walls from mycelial cells of C. albicans was obtained as described else-
where (15). An antibody recognizing Abglp protein was prepared by Sigma-
Genosys, by using a synthetic peptide selected from the deduced amino acid
sequence from the ABGI gene. PADb anti-Abglp was raised against a 16-mer
residue (ISSKRDKQSDNENDAC) derived from the N-terminal domain of the
protein.

Subcellular fractionation. Cells grown in YPD liquid medium at 28°C over-
night were collected by centrifugation (4,000 X g, 10 min) and washed twice with
chilled 1 mM phenylmethylsulfonyl fluoride in 10 mM Tris hydrochloride buffer
(pH 7.2) (buffer A) and broken by shaking with glass beads (425 to 600 wm;
Sigma). The procedure resulted in complete cell breakage as assessed by exam-
ination of the preparation in a phase-contrast microscope. The cell walls were
pelleted (4,000 X g for 10 min) from the cell-free homogenate, washed four times
with chilled buffer A, and then boiled for 5 min with 2% SDS in glass-distilled
water to remove noncovalently bound proteins; they were finally washed four
more times with buffer A. After sedimentation, the purified cell walls were
digested in buffer A containing 0.5 mg/ml of Zymolyase 20T (ICN Biomedicals
Inc.) for 3 h at 28°C. After treatment, the wall residue was removed by centrif-
ugation (3,000 X g, 30 min) and discarded. The solubilized material was con-
centrated by freeze-drying. The supernatant fluid obtained subsequent to cell
breakage (after cell wall sedimentation) was centrifuged at 40,000 X g for 40 min
to obtain a mixed membrane fraction (P40), and the resulting supernatant was
then centrifuged at 100,000 X g for 1 h to obtain a microsomal fraction (P100).
The supernatant obtained (cytosolic fraction) was kept. The total sugar content
in the cell wall digests was determined by the method of Dubois et al. (19),
whereas the protein contents in the other samples (P40, P100, and the cytosolic
fraction) were determined following the method described by Lowry et al. (39).

SDS-PAGE and Western blotting. SDS-polyacrylamide gel electrophoresis
(PAGE) under denaturing conditions was performed basically as described by
Laemmli (36) with 12% linear gels. Electrophoretic transfer to nitrocellulose
paper was carried out as described previously (15). Blotted proteins were immu-
nodetected by using the primary specific antibodies (PAb anti-gt and PAb anti-
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Abglp; see above) diluted (1:1,000 and 1:500, respectively) in 0.01 M Tris-HCI
buffer (pH 7.4), containing 0.9% NaCl, 0.05% Tween 20, and 3% bovine serum
albumin as a blocking agent. Peroxidase-conjugated secondary antibodies
(Bio-Rad Laboratories) were used at 1:2,000 dilution. Immunoreactive species
were detected by the enhanced chemiluminescent method from Amersham Bio-
sciences, following the manufacturer’s instructions.

Nucleotide sequence accession number. The newly identified sequence homol-
ogous to assembly 5 was submitted to DBBJ/EMB/GenBank (accession number
AY193774).

RESULTS

Isolation and cloning of the ABGI gene. An expression li-
brary of C. albicans strain ATCC 26555 was immunoscreened
with PAD anti-gt (15). Several positive clones were isolated,
and the cDNAs of these clones were amplified by PCR using
the universal \ primers; the resulting sequences were analyzed
by BLAST against the genome database of Candida albicans
(http://Candida.stanford.edu/btComb.html). The nucleotide
sequence of the clone described in this work was shown to
include a novel incomplete ORF contained in contig 5-3205.
This ORF encodes a putative polypeptide of 288 amino acids
with a calculated molecular mass of 32,921 Da and a theoret-
ical pl of 4.79. Heterozygous and conditional strains for this
ORF displayed an altered budding growth pattern (see below).
For this reason this gene was designated ABGI. A genomic
clone of the gene was obtained by PCR using two primers
deduced from the contig sequence (Table 2; see Materials and
Methods). The 2,200-bp BamHI-HindIII fragment amplified
contained the complete ORF and upstream and downstream
sequences and was cloned in pUC19. The nucleotide sequence
of the fragment was shown to be identical to contig 5-3205.

Revision and analysis of the ABG1 sequence. In the last
Stanford’s Assembly of Candida albicans Sequence Project (as-
sembly 19), contig 5-3205 containing the ABGI sequence was
restructured. Thus, the ABGI upstream noncoding region is
now contained in contig 19-1523. In this assembly, a 366-nu-
cleotide sequence, including part of the ORF, is missing and
the last fragment of the gene was contained in the contigs
19-10122 and 19-20122, encoding a different putative polypep-
tide of 189 amino acids (Fig. 1A). A similar arrangement for
ABG]1 exists in the European Candida albicans Database
(http://genolist.pasteur.fr/CandidaDB/). To address this, a hy-
bridization screening of a C. albicans WO-1 genomic library
was performed using as a probe the region of ABGI that
remained unchanged between assemblies 5 and 19 and that
corresponded to the downstream noncoding region. Two pos-
itive clones were obtained and subsequently sequenced. The
nucleotide sequence of both clones was shown to be identical
and exhibited 100% identity with our preliminary results and
with assembly 5. These results were also confirmed by South-
ern analysis (Fig. 1B). Chromosomal DNA of two different C.
albicans strains, SC5314 and CAI4, was digested with different
combinations of restriction enzymes and hybridized using the
same probe employed for the hybridization screening (the
downstream noncoding region of the gene). In all cases, one
hybridizing band that matched the restriction map provided in
assembly 5 was found, confirming our previous data and sug-
gesting that there is only one homologous sequence in the
genomic DNA. Database searches revealed that ABGI dis-
played no homology with any mammalian gene. The best match
(27.7% overall identity) was found with a hypothetical ORF
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FIG. 1. Revision of the C. albicans ABG1 sequence. (A) Diagram of contigs 5-3205, 19-10122, 19-20122, and 19-1523 showing the location of
the ABGI gene (striped arrow). (B) Southern analysis of the ABG1 alleles. Genomic DNA from SC5314 (lanes 1, 2, and 3) and CAI4 (lanes 4,
5, and 6) strains was digested with BamHI/HindIII (lanes 1 and 4), BamHI/Smal (lanes 2 and 5), and with Xbal/HindIII (lanes 3 and 6). A 1,400-bp
DNA fragment from the coding sequence of ABG1 in contig 5-3205 was used as a probe. In all cases fragment sizes observed were consistent with
the restriction map of contig 5-3205 from Candida albicans Sequence Project (Stanford University).

from Saccharomyces cerevisiae (YGR106¢; accession number
NC001139) that encoded a putative polypeptide of 293 amino
acids. Analysis of the two sequences performed with the Dense
Alignment Surface Program (16) revealed that both predicted
polypeptides share a potential transmembrane domain and a
signal peptide sequence. Thus, Abglp has a putative signal
peptide from positions 7 to 22, with a possible cleavage site
between amino acids 22 and 23 and one transmembrane do-
main between amino acids 241 and 260, while the YGR106¢
gene product had a putative signal peptide at positions 8 to 16
and a transmembrane domain between amino acids 222 to 244.

ABGI is transcribed in both yeast and hyphal C. albicans
cells. The expression profile of the ABG1 transcript was deter-
mined by Northern analysis during C. albicans starvation-stim-
ulated morphological transition. Yeast and hyphal cells of
strain CAI4 were obtained (see Materials and Methods) and

total RNA was isolated from starved cells at 30, 60, and 120
min after inoculation. The ABGI1 ORF was used as a probe,
and ABGI mRNA expression was detected 30 min after the
induction of the morphological yeast-to-mycelium transition;
mRNA levels remained constant for at least 2 h in all samples.
ABGI was also expressed in cells grown under other germ tube
induction conditions tested (see Materials and Methods). This
pattern of mRNA expression was found to be consistent with
the results from the gene disruption experiments performed,
since a constitutive expression could be expected for an essen-
tial gene (see below).

Abglp resides in the vacuolar membrane of C. albicans yeast
and hyphal cells. To identify the gene product encoded by
ABG]I, the protein species present in several subcellular frac-
tions (different cell wall extracts, total whole-cell homogenate,
P40, P100, and cytosol; see Materials and Methods) obtained
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FIG. 2. SDS-PAGE and Western analysis of subcellular fractions from the C. albicans CAl4 strain. Linear 12% polyacrylamide gels were loaded
(50 pg of each sample expressed as total protein content per well) with whole-cell lysate (lane 1), SDS cell wall extract (lane 2), Zymolyase cell
wall digest (lane 3), P40 fraction (lane 4), P100 (lane 5), and soluble (cytosol) fraction (lane 6). After electrophoresis, gels were stained with
Coomassie blue (panel A) and polypeptides were subsequently transferred to nitrocellulose sheets and immunodetected with PAb anti-Abglp
(panel B). Molecular weight standards were run in parallel with the different samples (lane labeled St in panel A). The arrows point to the band

corresponding to Abglp.

from the CAI4 strain were analyzed by SDS-PAGE and West-
ern analysis using PADb anti-Abglp as a probe. An immunore-
active 32.9-kDa major species was detected in all samples as-
sayed except SDS cell wall extract and cytosol fraction (Fig. 2).
These results were consistent with the suggested cytoplasmic
membrane localization for the Abglp protein. Although PAb
anti-Abglp appears to be specific, reactivity of the antibody
was also detected in the same samples towards species of 35
and 37 kDa which may correspond to polypeptides sharing
common epitopes with Abglp species or, alternatively, may
represent different states (e.g., phosphorylation levels, since
bioinformatic analysis revealed several possible phosphoryla-
tion sites in the Abglp sequence) of the Abglp polypeptide
that could affect its electrophoretic mobility. To examine
Abglp localization in live Candida cells, a fragment encoding
the codon-optimized yEGFP (17) was fused in frame to the 3’
end of ABG . The fusion construct was placed under control of
the ADHI promoter in an ARS/URA3-containing plasmid.
Tagged cells containing this construction and growing under
yeast and hyphal induction conditions showed ring-like GFP
fluorescence within the cytoplasm (Fig. 3). Costaining with
FM4-64, a membrane-specific styryl dye that labels the com-
partments of the endocytotic pathway and ultimately the vac-
uolar membrane (62), revealed that the Abglp-GFP fusion
proptein was associated mainly with the vacuole in C. albicans
(Fig. 3). However, the Abglp species could also be associated
with other subcellular membranes (i.e., plasma membrane), as

revealed by the reactivity towards PADb anti-Abglp observed in
the SDS extract (Fig. 2, lane 2) and in the P100 sample (Fig. 2,
lane 5).

ABG1 is an essential gene for C. albicans. Initial attempts to
construct an abgl Alabgl A null mutant using a PCR-based gene
disruption method (65) were unsuccessful. The first copy of
ABG]1 was disrupted by integration of the URA3 cassette (see
Materials and Methods). More than 100 transformants recov-
ered after the second round of transformation were analyzed,
but all of them still contained a wild-type ABGI allele. At-
tempts to disrupt the second allele using the Ura-Blaster
method also failed. These results suggested that ABG1 was
essential. In order to test this possibility, the second ABGI
allele in the heterozygous strain (CV2 strain; Table 2) was
placed under the control of the MET3 promoter (14). pMD
cassette (see Materials and Methods) was used to transform
the CV2 strain, generating a conditional mutant (CV3). South-
ern analysis was used to confirm the genotypes of strains CV1
and CV2 and the disruption and replacement of the second
ABG]1 allele with a new Met3p-driven ABG1 allele in the
conditional strain (data not shown). To check the regulation of
ABG]I expression by the MET3 promoter in the conditional
strain, Northern analysis was performed. CV3 strain was grown
in YNB for 24 h and then inoculated at a low cell density
(optical density at 600 nm of 0.1) in YNB supplemented with
methionine and cysteine. After 4 h under repressing condi-
tions, no ABG1 expression was detected, although normal
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FIG. 3. Abglp localizes in the vacuole membrane of C. albicans yeast cells (A) and mycelial filaments (B). Phase-contrast image (1),
Calcofluor-stained cells (2), Abglp-GFP (3) and FM4-64 staining (4) fluorescence micrographs, and a merge image (5) of CAI4 cells expressing
GFP-tagged Abglp. Bars in panels 1 of part A (5 pm) and part B (10 pm) are representative of the corresponding series of panels (1 to 5) for

each part of the figure.

ABG]I expression was found when the CV3 strain was inocu-
lated in YNB without amino acids. This loss of expression was
not found to be influenced by methionine or cysteine supple-
mentation of growth media since in the presence of both amino
acids normal ABGI expression was found in the parental
CAI4-URAS3 strain (data not shown). When CV3 was plated on
solid YNB supplemented with amino acids, no growth was
detected, although CAI4-URA3 and the heterozygous Ura™
strain grew normally. When plated in YNB without methionine
and cysteine, CV3 grew as well as CAI4-URA3 and the Ura™

heterozygous strain, thus confirming that ABG1 is an essential
gene in C. albicans (Fig. 4).

Repression of ABGI results in morphological alterations in
yeast and hyphal cells and in vacuolar morphology defects.
Heterozygous strains obtained by both disruption techniques
displayed an altered budding growth pattern, characterized by
the formation of chains of buds that decreased in size towards
the chain end (Fig. 5B). Southern blot analysis revealed no
polymorphisms in the ABG1 sequence (see above; Fig. 1B);
consequently, the phenotype displayed by the heterozygous
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CAI-4-URA3

CAI-4-URA3

< / .
MET3p-4BG1/abglA::h

MET3p-4BG1/abgIA::h

ABGI /abgIA::hUh ABG1 /abgIA::hUh

YNB (-ura-met-cys) YNB (-ura+met+cys)

FIG. 4. ABG1I is an essential gene. CAI4-URA3 and ABG1I heterozygous (CV1) and hemizygous (CV3) strains were plated on YNB medium
in the absence (A) and in the presence (B) of methionine and cysteine.

mutant appears to not be allele specific. Since the heterozy-
gous mutant displayed a morphological phenotype, overex-
pression of ABGI was tested by introduction of an extra copy
of ABG1 under the control of ACT promoter, but no apparent
effect on phenotype was observed. The conditional strain
grown in the absence of amino acids behaves exactly the same
way as the heterozygous strain; therefore, all phenotypic stud-
ies were done in the presence of both methionine and cysteine,
since parental and heterozygous strains were not affected by
the presence of these two amino acids in the culture medium
(data not shown). When the conditional mutant was incubated
under conditions that normally support budding growth (YPD
medium supplemented with methionine and cysteine, incu-
bated at 28°C), it displayed defects in cytokinesis (Fig. 5C and
D) similar to those observed in the heterozygous strain (see
above). When the conditional CV3 mutant strain was incu-
bated under hypha-inducing conditions, the branching fre-
quency was higher than that observed in the parental strain.
This is predicted from previous models inferring that asym-
metric vacuole inheritance is associated with nonbranching
hyphae (4). Since previous reports (4) also indicated that the
delay between cytokinesis and the formation of a germ tube or
branch in the newly formed subapical compartment was de-
pendent on the serum concentration, we examined the branch-
ing frequency of the conditional ABGI mutant cells growing
overnight in 10% (vol/vol) serum on poly-L-lysine-coated mi-
croscope slides. Since the lengths of cell compartments were
found to be similar in the parental and conditional mutant
strains, parameters employed to quantify branching frequency

were (i) the number of branches per hypha and (ii) the number
of cell compartments that exhibited a branch. Using these
criteria, about 95% =+ 5% of hyphae in the CV3 strain had one
or more branches, compared to 20% * 5% in the case of the
CAI4-URA3 strain. Moreover, 37% = 11.4% of cell compart-
ments in hyphal filaments in the CV3 strain had one branch
(Fig. 6D to G) compared to 6% =+ 4% in the control strain.

Because the ABGI gene product was located in the vacuolar
membrane (see above), vacuolar morphology in the condi-
tional mutant was examined with the vital dye FM4-64 (see
Materials and Methods). Vacuolar compartments in yeast (Fig.
7A to D) and hyphal (Fig. 8A to B) cells of the wild-type strain
occupied a significant portion of the cell, whereas in the con-
ditional mutant strain vacuoles were smaller (Fig. 7E to F; Fig.
8C to F). Moreover, in CV3 yeast cells, single, apparently
fragmented vacuolar compartments were observed (Fig. 7E to
F), whereas in hyphal cells, several nonfragmented, smaller
vacuoles were observed in each cellular compartment (Fig. 8C
to F). Despite these vacuolar defects, distribution and mor-
phology of other subcellular organelles such as nuclei were
unaffected in the ABG1 conditional strain. In all cases, there
were no apparent defects in the uptake and/or the transport to
the vacuole of FM4-64, as concluded from the homogeneous
vacuolar membrane staining observed.

ABGI heterozygous and conditional mutants have defects in
the cell wall. Phenotypes indicative of defective cell wall struc-
ture and/or composition in ABGI heterozygous and condi-
tional mutants were assessed by determining the sensitivity of
CAI4-URA3, CV1, and CV3 strains to Calcofluor white, SDS,
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FIG. 5. Phase-contrast microscopy observations of CAI4-URA3 (A), CV2 (B), and CV3 (C and D) strains grown under conditions to induce
budding growth (see Materials and Methods). Cells in panels A, C, and D were grown in YPD medium supplemented with methionine and
cysteine, whereas cells in panel B were grown in the absence of both amino acids. Bar = 10 pm in all panels.

and Congo red. These tests were carried out in YNB agar
supplemented with amino acids, since total repression of
ABG]1 expression in the CV3 strain was required and the pres-
ence of methionine and cysteine in the culture medium does
not affect the response of CAI4-URA3 and CV1 strains to the
agents assayed (data not shown). Heterozygous (CV1) and
ABG]1 conditional (CV3) strains were unable to grow on YNB
agar supplemented with 125 wg/ml Calcofluor white, an agent
which binds to nascent chitin chains and prevents cross-linking
of the chitin chains to form microfibrils. In this context, mu-
tants with elevated chitin levels or with other additional defects
in cell wall are hypersensitive to Calcofluor white (49). The

CV3 strain also exhibited an increased sensitivity to Congo red
and a decreased sensitivity to SDS, thus suggesting an addi-
tional defect in the B-1-3 p-glucan assembly (34) and an alter-
ation of the chemical composition of the cell wall (Fig. 9).

DISCUSSION

Immunoscreening of a cDNA library with a germ tube-spe-
cific polyclonal antibody (15) led to the isolation of a novel
gene encoding a putative polypeptide of 288 amino acids,
which on the basis of the altered budding growth pattern ex-
hibited by the heterozygous and conditional strains for this
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FIG. 6. Phase-contrast microscopy observations of CAI4-URA3 (A, B, and C) and CV3 (D, E, F, and G) incubated under conditions to induce
hyphal growth (see Materials and Methods). Bar = 10 wm in all panels. Arrows in panels D, E, F, and G point to branches in hyphal filaments.

gene, was designated as ABG1. A search for sequence similar-
ities in the current protein databases revealed that there was
no obvious homologue of the ABGI gene product (Abglp) in
mammals, although the best match (27.7% overall identity)
was found with a hypothetical ORF from the most-related
organism S. cerevisiae that encodes a putative polypeptide of
293 amino acids. In this work we report isolation and charac-
terization of ABG1, a novel C. albicans gene that encodes a
vacuolar protein. Evidence supporting the vacuolar localiza-
tion for the ABGI gene product included analysis of the de-
duced amino acid sequence from Abglp, which showed the
presence of a potential transmembranal domain and a signal
peptide, and the use of specific PAb anti-Abglp antibody,
which allowed the identification in Western immunoblots of a

32.9-kDa immunoreactive polypeptide mostly in the mixed
membrane fraction (P40) (but also in SDS cell wall extract and
in the P100 fraction); in this context, it should be stressed that
Western blotting was the only suitable procedure for immuno-
logical detection of ABGI product, since the presence of a
thick cell wall in C. albicans represents an unavoidable obstacle
(along with the plasma membrane) for immunoglobulins to
access cytosolic space. Besides, the GFP-tagged gene product
of the possible S. cerevisiae homolog (YGR106¢) for the ABG1
C. albicans gene was found to be located in yeast vacuolar
membrane (32); and finally, Abglp tagged with the GFP lo-
calized in the vacuolar membrane of living C. albicans cells, in
both yeast and hyphal forms. Although vacuolar mislocaliza-
tion of GFP-tagged proteins has been reported (35), these
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FIG. 7. Vacuole morphology in yeast cells. Phase-contrast (A, C, and E) and FM4-64-staining fluorescence observations (B, D, and F) of
CAI4-URA3 (A-D) and CV3 (E-F) strains. Cells of the wild-type strain exhibited single, large vacuolar compartments (B and D), while in the
conditional mutant strain cells a single vacuole was also observed, although in this case the vacuoles were smaller and showed a collapsed

appearance (F). Bar = 10 wm in all panels.

species were NH,-terminal GFP fusion products in contrast
with the COOH-terminal fusion protein used in this work, and
vacuolar targeting signals are usually within the NH,-terminal
sequences of proteins (33, 40). Besides, reverse transcription-
PCR analysis demonstrated that ABGI endogenous promoter
has a similar expression level as ACT promoter (results not
shown), so an overproduction of Abglp-GFP product which
may be responsible for its vacuolar mislocalization is not likely;
on the other hand, the location of Abglp is consistent with its
involvement in vacuole morphology and inheritance, since mu-
tant strain cells exhibited an altered vacuolar morphological
appearance, as revealed by fluorescence microscopy observa-
tion of FM4-64-stained cells.

Despite the low homology between ABG1 and YGR106c,
both gene products share the characteristic of being located at
the vacuolar membrane level, so complementation experiments

to confirm that these two genes actually are homologs could be
an interesting possibility, although this experimental approach
has severe limitations since (i) the S. cerevisiae YGR106cA
mutant has no detectable phenotype and (ii) the YGR106c
ORF contains at least one CUG codon which in C. albicans is
translated as serine instead of the universal leucine (53).

The fact that antibodies raised against purified cell wall
preparations may also cross-react with nonwall cell compo-
nents released during the isolation and purification processes is
not unusual since similar results have also been reported by
different authors (4, 21, 23). Since the vacuole is a large com-
partment in the cytoplasm of hyphal cells (27), it is possible
that contamination with vacuolar components may occur dur-
ing the cell wall purification process, and consequently poly-
clonal antiserum raised towards purified cell walls (PAb anti-
gt) may also contain antibodies to vacuolar components.
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FIG. 8. Vacuole morphology in hyphal cells. Phase-contrast (A, C, and E) and FM4-64-staining fluorescence observations (B, D, and F) of
CAI4-URA3 (A and B) and CV3 (C-F) strains. ABG! conditional mutant cells had several small vacuoles in each cellular compartment (D, F),
while in the wild-type cells a single, large vacuole that occupied almost all the cytoplasmic volume was observed (B). Bar = 10 pm in all panels.

Construction of a conditional strain for ABGI under MET3
promoter control enabled us to demonstrate that this novel
gene coding for a vacuolar protein is essential for C. albicans,
since the growth of the conditional strain was completely in-
hibited in the presence of methionine and cysteine at levels
that allowed the normal growth of the CAI4-URA3 strain.
Methionine- and cysteine-mediated repression of ABG1I in the
conditional strain was used to study the effects of Abglp de-
pletion on the morphogenesis of C. albicans. Under repressing
conditions, yeast cells of the conditional strain exhibited a
morphological phenotype characterized by a failure in the cy-
tokinesis that lead to the formation of bud chains. When hy-
phal growth was induced in the presence of amino acids, nor-
mal hyphal induction was observed in the conditional strain but
an altered hyphal branching vacuolation pattern was observed.
Overall, these observations suggest that Abglp may be in-
volved in cytokinesis and vacuole biogenesis. The observed
alterations in the number and in the morphology and size of
vacuoles may be correlated with the increased rate of hyphal
branching, which is in agreement with the relationship between
vacuolar volume and cell cycle progression as reported by

Barelle et al. (4). Loss of ABGI function also resulted in
pleiotropic effects on structure and/or composition of the cell
wall.

Such changes have been the focus of the research of numer-
ous groups, since many of the biological functions related to
the biology, pathogenicity, and virulence in this microorganism
reside in the cell wall (9, 11, 13, 31, 38, 41, 43, 54). The
conditional mutant exhibited more sensitivity to Calcofluor
white and Congo red, although the cytokinesis defects ob-
served could also be related to alterations in wall structure,
which in turn may account for the increased sensitivity to cell
wall-perturbing agents. Chitin deposition in the mutant strain
did not appear to be affected; however, the sensitivity of CV1
and CV3 strains to SDS was decreased. The secretory pathway
could also be affected by ABG1 disruption, which in turn may
affect, directly or indirectly, cell wall biogenesis.

However, little is known about the role that intracellular
organelles, such as the vacuole, play in growth and pathoge-
nicity of C. albicans. The vacuole is a multifunctional compart-
ment involved in hydrolysis like the mammalian lysosome and
in storage, calcium ion homeostasis, and osmoregulation in the
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FIG. 9. Sensitivity to cell wall-disturbing agents. Drops (5 1) of serial cell suspensions containing from 10° to 10* cells per ml (from left to right
in each panel) of parental (CAI4-URA3), heterozygous (CV1), and conditional (CV3) strains were spotted onto YNB medium supplemented with
SDS (0.025%), Calcofluor white (CW; 125 wg/ml), and Congo red (CR; 200 pg/ml).

case of the plant vacuole; in fungal cells, vacuoles are required
for compartmentalization of metabolites as well as toxic sub-
stances (33, 59).

Known roles suggested for vacuoles in yeast are described as
degradation of cellular proteins, cytoplasmic homeostasis, and
survival during periods of stress (3, 58). In this context, several
genes encoding proteins related to vacuolar morphology and/or
functions have been characterized. None of the phenotypes
displayed by C. albicans mutants for VAM, VMA, VAC, and
VPS genes (i.e., sensitivity to calcium chloride and 37°C tem-
perature, sensitivity to osmotic stress [e.g., glycerol or sodium
chloride], vacuolar morphology, or inheritance) (8, 45, 61, 63,
64) resemble the characteristic phenotype exhibited by ABG!
mutants, which appear to be affected in cytokinesis and branching
processes and were not sensitive to osmotic, oxidative, and
temperature stress (data not shown).

How organelle biogenesis and inheritance is linked to cell
division is poorly understood in fungi. Loss of Abglp leads to
a defect in yeast cell cytokinesis, causing an altered budding
growth and also an increase in branching frequency during
hyphal development. Interestingly, Cln3p, a G, cyclin de-

scribed in S. cerevisiae, controls initiation of cell division and
also vacuolar biogenesis and segregation (30). Organelle con-
tribution to overall cell size is not usually taken into consider-
ation in studies of cell size control, but the results from in-
creased branching in hyphae in the CV3 conditional strain
suggest that vacuoles are playing an essential role in the cell
size control. Thus, the CV3 cells have an increased frequency
of division, indicated by a higher number of branches in hy-
phae, with respect to the parental strain which correlated with
the presence of more but smaller vacuoles in each cellular
hyphal compartment when compared with the wild-type strain.
On the basis of the observed correlation between vacuolation
and cell cycle progression (4), the concept of size-regulated cell
cycle control must be refined; that is to say, the cell size is
related to its cytoplasmic volume minus the vacuole (and other
organelle) space rather than total cell volume. The gene prod-
uct of ABG1 links vacuole biology with cellular morphogenesis,
cell wall biosynthesis, and cell cycle progression. All of these
processes are intimately associated with virulence traits in C.
albicans. In addition, Abglp is the first essential vacuolar pro-
tein described in C. albicans and has no homology with mam-
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malian genes, suggesting that this gene product could be re-
garded as a potential target for antifungal chemotherapy.
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