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Although Candida glabrata has emerged in recent years as a major fungal pathogen, there have been no
reports demonstrating that it undergoes either the bud-hypha transition or high-frequency phenotypic switch-
ing, two developmental programs believed to contribute to the pathogenic success of other Candida species.
Here it is demonstrated that C. glabrata undergoes reversible, high-frequency phenotypic switching between a
white (Wh), light brown (LB), and dark brown (DB) colony phenotype discriminated on an indicator agar
containing 1 mM CuSO,. Switching regulates the transcript level of the MT-II metallothionein gene(s) and a
newly discovered gene for a hemolysin-like protein, HLP. The relative MT-II transcript levels in Wh, LB, and
DB cells grown in the presence of CuSO, are 1:27:81, and the relative transcript levels of HLP are 1:20:35. The
relative MT-II and HLP transcript levels in cells grown in the absence of CuSO, are 1:20:30 and 1:20:25,
respectively. In contrast, switching has little or no effect on the transcript levels of the genes MT-I, AMT-I,
TRPI, HIS3, EPAI, and PDHI. Switching of C. glabrata is not associated with microevolutionary changes
identified by the DNA fingerprinting probe Cg6 and does not involve tandem amplification of the MT-Ila gene,
which has been shown to occur in response to elevated levels of copper. Finally, switching between Wh, LB, and
DB occurred in all four clinical isolates examined in this study. As in Candida albicans, switching in C. glabrata
may provide colonizing populations with phenotypic plasticity for rapid responses to the changing physiology
of the host, antibiotic treatment, and the immune response, through the differential regulation of genes
involved in pathogenesis. More importantly, because C. glabrata is haploid, a mutational analysis of switching

is now feasible.

Candida glabrata has emerged as one of the three most
common Candida species colonizing humans (8, 12). C. gla-
brata now represents the second-most-common Candida spe-
cies causing bloodstream infections (36) and, at least in the
Detroit area, one of the prevalent species responsible for yeast
vaginitis (42, 52). A dramatic increase in the carriage of C.
glabrata has also been demonstrated in dentate individuals
over 80 years of age, and the proportion of elderly individuals
with dentures carrying C. glabrata in one study was found to be
greater than 50% (23). What is most worrisome about the
recent emergence of C. glabrata as a major Candida pathogen
and commensal is that it is naturally resistant to azole drug
therapy (3, 9, 14, 27).

The success of the most prevalent Candida pathogen, C.
albicans, depends in part on its phenotypic plasticity. C. albi-
cans exhibits two developmental programs that provide a por-
tion of its phenotypic plasticity, the bud-hypha transition (11,
44) and high-frequency phenotypic switching (45-47). Transi-
tion to a hyphal growth form provides C. albicans with the
capacity to penetrate tissue and disseminate (35), and mutants
of C. albicans that do not form hyphae exhibit a reduction in
virulence in animal models (20, 37, 43). High-frequency phe-
notypic switching involves the combinatorial regulation of
phase-specific genes (45-47), several of which appear to facil-
itate pathogenesis, including secreted aspartyl proteinases (15,
32, 33, 55) and drug resistance genes (1). Misexpression of
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phase-specific genes in the wrong phase alters the specificity of
virulence in different animal models (18, 19). Surprisingly, C.
glabrata has never been reported to undergo either the bud-
hypha transition or high-frequency phenotypic switching. How,
then, has C. glabrata achieved its recent success both as a
commensal and as a pathogen? One possible answer is that the
developmental plasticity afforded by the bud-hypha transition
and high-frequency phenotypic switching is really not impor-
tant in the overall pathogenesis of an infectious yeast. An
alternative answer is that although these two developmental
programs are important to C. albicans (45) and other highly
related species (50; S. O. Soll, S. R. Lockhart, and D. R. Soll,
unpublished observations), they may not be important for the
pathogenesis of C. glabrata. C. glabrata may have developed
alternative mechanisms that generate the plasticity that these
developmental programs provide for rapid responses to envi-
ronmental challenges. Here, we report results which demon-
strate that C. glabrata possesses at least one of these two
developmental programs. We demonstrate for the first time
that C. glabrata indeed undergoes high-frequency phenotypic
switching that involves the regulation of phase-specific genes,
including a metallothionein gene and a newly discovered he-
molysin gene. Because C. glabrata is haploid, it provides for the
first time a system that is amenable to a mutational analysis of
the switching process.

MATERIALS AND METHODS

Yeast isolates and maintenance. The C. glabrata isolates used in this study
were either collected in a study of oral carriage as a function of age (23) or
obtained from bloodstream infections in the University of Iowa Hospitals and
Clinics. Each isolate was typed as C. glabrata by sugar assimilation pattern and by
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hybridization to the C. glabrata-specific probes Cg6 and Cgl2 (21); then a clone
was stored at room temperature on a YPD agar slant (2% glucose, 2% Bacto
Peptone, 1% yeast extract, 2% agar; Difco Laboratories, Detroit, Mich.) in a
capped tube. The switch phenotypes were propagated on YPD agar plates
containing 1 mM CuSO, at 25°C. Each of the phenotypes was also stored at
—80°C in glycerol.

Measurements of phenotypic switching. To assess the frequency of variant
phenotypes in a clonal population of C. glabrata, cells from a single 3-day-old
colony exhibiting a homogeneous colony phenotype were inoculated into YPD
liquid medium containing 1 mM CuSO, and grown at 25°C for approximately 6
to 8 h to a density of 5 X 10° cells per ml. Cells were then diluted and plated at
a density of approximately 50 cells per agar plate. Plates were incubated at 25°C
for 5 days, and the colony phenotypes were scored.

Growth kinetics. Cells from a 3-day-old single colony exhibiting a homoge-
neous phenotype were inoculated into 10 ml of YPD liquid medium containing
1 mM CuSOy, in a 30-ml test tube and incubated until the concentration reached
107 cells per ml. Then 5 X 10° cells were inoculated into a 250-ml Erlenmyer flask
containing 50 ml of fresh YPD liquid medium plus 1 mM CuSO, and rotated at
25°C for 48 h. Samples were removed every 2 h over a 48-h period and vortexed,
and the concentration of spheres was measured in a hemocytometer.

PCR amplification of C. glabrata genes. To amplify the C. glabrata metallo-
thionein genes MT-I and MT-IIa (28, 29) and the C. glabrata transcription factor
gene AMT-I, which is involved in the regulation of metallothionein genes (58,
59), the following primers were used: for MT-I, MT-I-N5'GCTAACGATTGCA
AATGTCCT3' and MT-I-C5' CTTGCACTCACACTTGTCACC3'; for MT-1la,
MT-II-N5'CCTGAACAAGTCAACTGCCAA3' and MT-1I-C5'GCACTTGCA
TGTTTGACACTT3'; and for AMT1, AMT-N5'ATGGTAGTAATCAACGGG
GT3' and AMT-C5'ACTAGTGTCATTGCAATTTAA3'. To amplify SLFI, a
gene involved in copper homeostasis in Saccharomyces cerevisiae (57), the prim-
ers used were SLFI-N5'ATGTCATCGCAAAACCTCAAT3' and SLFI-C5'CT
GCCTGCTAATTTCACCTTG3'. To amplify the C. glabrata adhesin gene EPAI
(5), the primers used were EPA1-N5'GCGGGGCCCGGTCCCTATGTTCATC
ACTA3" and EPAI-C5'GCGCGCGGATGATTTTAAATCCAGCTCT3'. To
amplify the C. glabrata drug resistance gene PDHI (31), the primers used were
PDHI-N5'GCACAGCAGCAACGAAGTATCCC3' and PDHI-C5'GACCTTT
GTGTCTCTTGTGTGGG3'. PCR products were generated in 100 pl of a
reaction mixture containing 10 mM buffer B (Fischer Scientific, St. Louis, Mo.),
1.2 mM MgCl,, 100 uM deoxynucleoside triphosphate, 50 uM each 5’ primer
and 3’ primer, and 2.5 U of Taq polymerase (Fischer Scientific). Conditions for
PCR cycling of MT-I, MT-Ila, and AMT-I included 40 cycles of denaturation at
92°C for 1 min, annealing at 40°C for 1.5 min, and extension at 68°C for 1.5 min.
To amplify SLFI, the annealing temperature was changed to 37°C. Conditions for
PCR cycling of EPAI differed in that the annealing temperature for the first 3
cycles was 45°C and that for the final 35 cycles was 50°C. PCR products were gel
purified and used as templates for generating radioactive probes. The PCR
product obtained with primers based on the SLFI gene of S. cerevisiae (57) was
cloned in Escherichia coli and sequenced in both directions, using an ABI model
373A automatic sequencing system and fluorescent BigDye terminator chemistry
(Perkin-Elmer/Applied Biosystems Inc., Foster City, Calif.). The alignment of
nucleotide sequences and comparison with sequences in the databases were
performed with the BLASTX-BEAUTY analysis program (10, 56). Plasmids
pCgACT-14 and pCgSCH-3, generous gifts from K. Kitada, Nippon Roche
Research Center, Kamakura, Japan, were used to generate radioactive probes
for the C. glabrata TRPI and HIS3 genes, respectively (17).

DNA fingerprinting and Southern blot analysis. DNA fingerprinting was per-
formed as described elsewhere (40, 47a) with the complex DNA fingerprinting
probes Cg6 and Cgl2 (21). In brief, total genomic DNA from each of the C.
glabrata switch phenotypes was prepared by the method of Scherer and Stevens
(39). Approximately 1 pg of total genomic DNA was digested with EcoRI (4
U/pg of DNA), and the resulting fragments were electrophoresed at 35 V for
15 hin a 0.65% (wt/vol) agarose gel. DNA was transferred by capillary blotting
(24) to a Hybond N nylon membrane (Amersham Pharmacia Biotech, Buck-
inghamshire, England), hybridized with randomly primed [*>P]dCTP-labeled
probe, and autoradiographed as previously described (40). For Southern blot
analyses performed for purposes other than DNA fingerprinting, DNA was
digested with Sall, the digestion fragments were resolved in a 0.8% (wt/vol)
agarose gel, and the Southern blots were hybridized with randomly primed
[*?P]dCTP-labeled probes.

Slot blot and Northern analysis of transcripts. Total cellular RNA was iso-
lated by methods previously described (53), with the following modifications:
pellets of 3 X 10® washed cells from 3-day-old colonies were frozen, mixed with
an equal volume of acid-washed glass beads (400-pwm diameter) and 450 pl of
RNA extraction buffer from a RNAeasy Mini kit (Qiagen Inc., Valencia, Calif.),
and agitated with a bead beater device (Biospec Products, Bartlesville, Okla.).
Two micrograms of total cell RNA was immobilized on a Zetabind nylon mem-
brane (CUNO, Inc., Meriden, Conn.) in a slot blot apparatus (model PR648;
Hoefer Pharmacia Biotech Inc., San Francisco, Calif.), hybridized with randomly
primed *P-labeled probe, and autoradiographed. Hybridization intensities were
compared by scanning the slot blots with the “densitometry of lanes” option of
the DENDRON software package version 2.0 (Solltech Inc., Towa City, Iowa).
To perform successive hybridizations of the slot blot with different probes, the
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previous probe was stripped as previously described (6). Northern blot hybrid-

ization was performed according to methods previously described (19).
Nucleotide sequence accession number. The nucleotide sequence of the HLP

gene fragment has been deposited in the DDBJ under accession no. AF196836.

RESULTS

C. glabrata switches spontaneously, reversibly, and at high
frequency between three major colony phenotypes. In analyz-
ing the sensitivity of a stock culture of C. glabrata 35B11 to
increasing concentrations of Cu®* (4, 29), we observed colo-
nies with different shades of brown on agar containing the
same concentration of CuSO,. Since the stock culture origi-
nated from a single clonal colony, this observation suggested
that C. glabrata may be undergoing high-frequency phenotypic
switching. Cells of the same stock culture were subsequently
plated on YPD agar containing 1 mM CuSO,, and colony
phenotypes were scored after 5 days at 25°C. While the ma-
jority of 5-day-old colonies were light brown (LB) (Fig. 1A), a
minority were either dark brown (DB) or white (Wh) (Fig.
1A). Some of the LB colonies contained Wh or DB sectors
(Fig. 1A). The presence of sectors of varying size suggested
that spontaneous switching occurred from LB to DB and from
LB to Wh during colony growth. The results of this original
plating experiment, therefore, suggested that C. glabrata
switched reversibly and at high frequency between three major
colony phenotypes, Wh (Fig. 2A), LB (Fig. 2B), and DB (Fig.
20).

To test whether switching between the three colony pheno-
types was reversible and to obtain an estimate of the number of
cells expressing alternative phenotypes in clonal populations of
each colony phenotype, cells from single colonies grown at
25°C and exhibiting a homogeneous phenotype were inocu-
lated into liquid YPD medium containing 1 mM CuSO, and
grown for 6 h. Cells were then vortexed to separate clumps and
plated at low density on YPD agar containing 1 mM CuSO,.
Colony phenotypes were assessed after 5 days at 25°C. The
results of this study are presented in Table 1. Cells from LB
colonies formed DB colonies at a mean frequency of 2 X 102
and Wh colonies at a mean frequency of 4 X 10~ (Table 1).
Cells from LB colonies formed LB colonies with DB sectors
(Fig. 2E) and Wh sectors (Fig. 2H) at a combined mean fre-
quency of 10~ (Table 1). Cells from DB colonies formed LB
colonies (Fig. 1B) and Wh colonies (Fig. 1C) at mean frequen-
cies of 3 X 1072 and 5 X 10*, respectively (Table 1). Cells
from DB colonies formed DB colonies with Wh sectors (Fig.
2F and I) and LB sectors at a combined mean frequency of 2 X
1072 (Table 1). Cells from Wh colonies formed both DB col-
onies (Fig. 1D) and LB colonies (Fig. 1E) at mean frequencies
of 2 X 107" and 5 X 1072, respectively (Table 1). Cells from
Wh colonies formed Wh colonies with LB sectors and DB
sectors (Fig. 2D and G) at a combined mean frequency of 3 X
10~" (Table 1). In all cases, colonies exhibiting alternative
phenotypes also sectored, especially when incubated for peri-
ods in excess of 5 days (data not shown), demonstrating se-
quential switching between the three colony phenotypes. Cells
removed from colonies of the three switch phenotypes and
examined microscopically all exhibited a round budding cell
phenotype and were indistinguishable (data not shown).

The frequencies of alternative colony-forming phenotypes in
the cell populations of Wh, LB, and DB colonies have been
placed over vectors in the summary diagram of switching in
Fig. 3. These frequencies, however, are not meant to represent
the rates or frequencies of switch events (see Discussion; also
see references 2, 38, and 45). Rather, they represent the pro-
portion of alternative CFU that accumulate in 5-day-old colo-
nies with apparently homogeneous phenotypes. It should be
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FIG. 1. Switching of Candida glabrata 35B11. (A) Colony phenotypes in the original plating of the stock culture on YPD agar containing 1 mM CuSO,. Note that
although the dominant phenotype is LB, there are a few Wh and DB colonies as well. (B) An LB colony with DB sectors (arrow) among a majority of DB colonies
upon plating cells from a homogeneous DB colony. (C) A Wh colony (arrow) among a majority of DB colonies upon plating cells from a homogeneous DB colony.
(D) A DB colony (arrow) among a majority of Wh colonies upon plating cells from a homogeneous Wh colony. (E) An LB colony (arrow) among a majority of Wh
colonies upon plating cells from a Wh colony. Colonies were incubated for 5 days (A to C) or 7 days (D and E). Average colony size was 5 mm.
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FIG. 2. Examples of individual colony phenotypes and sectored colonies at high resolution. (A) Wh colony; (B) LB colony; (C) DB colony; (D) Wh colony with
LB sector; (E) LB colony with DB sectors; (F) DB colony with Wh sector; (G) Wh colony with dark brown sector; (H) one-third DB, one-third LB, one-third Wh colony;
(I) DB colony with Wh sector. Times of incubation were 8 days for panel F and 5 days for all other panels. Average colony size was 5 mm.

noted that the proportion of alternative CFU increased with
colony age (data not shown), as is the case for the accumula-
tion of opaque-phase cells in white-phase colonies (48), mak-
ing it even more difficult to extract true switching frequencies
from the data in Table 1. Even so, the data in Table 1 suggest
that Wh cells switch to alternative phenotypes with the highest
frequencies and therefore represent the least stable pheno-
type; LB cells switch to alternative phenotypes at the next-
highest frequencies, and DB cells switch to alternative pheno-
types at the lowest frequencies. The order of the mean
frequencies for alternative colony phenotypes is therefore
Wh > LB > DB. The same order was observed in the mean
frequencies of sectored colonies (Table 1).

Two additional phenotypes were observed to arise in LB and
DB colonies, very dark brown (vDB) and very white (vWh)

(Fig. 3). vDB colonies contained Wh, LB, and DB colony-
forming cells at frequencies of 5 X 107, 8 X 1073, and 5 X
10 *, respectively (Fig. 3). In the studies that follow, however,
only the three major colony phenotypes Wh, LB, and DB are
compared.

The growth kinetics of Wh, LB, and DB cells are similar.
Cells from individual Wh, LB, and DB colonies were inocu-
lated into separate growth flasks containing YPD liquid me-
dium plus 1 mM CuSO, and grown to 5 X 10° cells per ml.
Cells from each of the three flasks were reinoculated into fresh
medium, and the growth kinetics of each population were
monitored. Cells of all three phenotypes grew with a genera-
tion time of 2 h. All three cultures reached stationary phase at
a concentration of 3 X 10° cells per ml. Aliquots were removed
at stationary phase and plated on agar to assess phenotype.
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TABLE 1. Frequency of alternative phenotypes in Wh, LB, and DB colonies

Frequency of colonies

Original al No. of
one .
phenotype colonies DB LB Wh Sectored”
LB 1 1,234 3% 1072 3% 10737 4%x107!
2 1,425 2% 1072 6x1073 4x10°"
3 1,833 3% 1072 7x1073 3x 107"
4 1,223 1x1072 <1073 5% 107!
Mean 2% 1072 4x1073 1x107!
(=SD) (£1x1072) (£3X107%) (x1x 107
DB 1 6,418 8§X 1073 <2x1074 3x 1073
2 2,897 3x 1074 1%x1073 1x1073
3 2,719 9x 107 4x10* 2x1073
Mean 3x1073 5x107* 2%x1073
(£SD) (£5X107%) (£5X107% (£1xX1073)
Wh 1 792 4x107" 6x 1072 6x 107"
2 725 4x107! 7 %1072 6x 107!
3 1,509 4x1072 5% 1072 2x 107!
4 928 2% 1072 3% 1072 5% 1072
5 1,422 5% 1072 4x1072 9x 1072
Mean 2% 107! 5%x1072 3x 107"
(£SD) (x2x 107 (£2X1072) (£3x 107

“In each case, the frequencies of sectors exhibiting all alternative phenotypes are combined.

While over 95% of LB and DB cells expressed LB and DB
phenotypes, respectively, after 15 generations, only 60% of Wh
cells expressed the Wh phenotype. This latter observation was
consistent with the respective switching frequencies of the
three phenotypes.

Switching of C. glabrata is not associated with microevolu-
tion identified by the DNA fingerprinting probe Cg6. To verify
that the three major switch phenotypes represented the same
strain and to test whether switching was associated with micro-
evolution, the DNA of cells from Wh, LB, and DB colonies
was individually digested with EcoRI, the digestion products
were separated in a 0.65% agarose gel, and Southern blots
were incubated with the C. glabrata-specific probes Cgb and
Cgl2 (21). Hypervariability in the Cg6 pattern of a strain over
time has been demonstrated to be a strong indicator of micro-
evolution (21). The hybridization patterns for Wh, LB, and DB
probed with Cg6 were identical, as were the patterns with Cg12
(data not shown). DNA polymorphisms were not evident in the
4- to 6-kb range in the Cg6 patterns (data not shown), which is
the molecular mass range in which microevolutionary changes
are identified with this probe (21). These results not only
verified that Wh, LB, and DB cells represent switch pheno-
types of the same strain but also demonstrated that microevo-
lutionary changes identified by Cg6 (21) are not associated
with switching.

Switching involves the regulation of a metallothionein gene.
Detoxification of copper is accomplished in C. glabrata primar-
ily through expression of three metallothionein genes, M7-1, a
single-copy gene, MT-Ila, a tandemly amplified gene, and MT-
IIb, a single-copy gene with a coding region identical to that of
MT-IIa (30). Since the transcripts of MT-Ila and MT-IIb are
indistinguishable, we will refer to their transcripts simply as
MT-II transcripts, as has been done in the past in analyses of
transcription regulation (30, 60). To test whether these genes
were under the regulation of switching, slot blots of total cell
RNA extracted from Wh, LB, and DB cells grown on 1 mM
CuSO, were probed with either the cloned MT-I or MT-Ila
gene. The levels of MT-I transcript were similar in Wh and LB
cells and slightly higher in DB cells (Fig. 4). Densitometric

scans of the slot blots probed with MT-I provided relative
ratios of 1.0:1.3:4.0 for Wh:LB:DB cells (Fig. 4). In contrast,
the levels of MT-II transcripts were very low in Wh cells, far
higher in LB cells, and highest in DB cells grown in the pres-
ence of CuSO, (Fig. 4). Densitometric scans of the slot blots
probed with MT-Ila provided relative transcript ratios of
1:27:81 for Wh:LB:DB (Fig. 4). Northern blots probed with
MT-I and MT-Ila (Fig. 5) verified similar levels of MT-I and
increasing levels of MT-II transcript in Wh:LB:DB cells, as
demonstrated in slot blots (Fig. 4).

Because the levels of MT-I and MT-II transcripts were orig-
inally demonstrated to be regulated by CuSO, (28), slot blots
of total cell RNA purified from Wh, LB, and DB cells grown in
the absence of CuSO, were also probed with the cloned MT-1
and MT-Ila genes. Hybridization signals were either not evi-
dent or barely evident in preparations of Wh, LB, and DB cells
grown in the absence of CuSO, at exposure times sufficient to
visualize MT-I and MT-1Ia hybridization in preparations from
cells grown in the presence of CuSO,. However, at increased
exposure times for both genes, signals were evident for all
three phenotypes grown in the absence of CuSO, (Fig. 4).
Densitometric scans of the slot blots probed with M7-I pro-
vided relative ratios of 1.0:1.0:1.4 for Wh:LB:DB, indicating no
regulation by switching at the level of transcription. In contrast,
densitometric scans of the slot blots probed with MT-Ila pro-
vided relative ratios of 1:20:25 for Wh:LB:DB, indicating that
switching also regulates MT-II transcript levels in the absence
of CuSO,.

Both in the presence and in the absence of CuSO,, the
lowest hybridization signals with MT-Ila were in Wh cells.
Since the Wh cell phenotype was the most unstable, each
analyzed Wh cell population contained a significant number of
DB and LB cells (Fig. 3; Table 1). To minimize this problem,
we used young colonies (3 days, 25°C) that had, on average,
accumulated fewer cells with alternative colony-forming phe-
notypes. Even so, we could not discriminate between the pos-
sibility that the low but measurable level of MT-II transcript in
white-phase cell populations (Fig. 4) was due to a low level of
MT-II transcript in white-phase cells or to M7-II transcripts in
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White

Light Brown

Very Dark Brown

)o\
® Dark Brown

Very White

FIG. 3. Switching repertoire of C. glabrata. Frequencies above vectors refer to proportion of cells forming variant phenotypes in each basic colony phenotype from
which the vector emanates. These frequencies are not to be interpreted as accurate rates of switching, although they are believed to reflect relative rates. Time of

incubation was 5 days (Wh, LB, and DB) or 4 days (vDB and vWh).

contaminating DB and LB cells resulting from the high fre-
quency of switching by Wh cells. The combined results unam-
biguously demonstrate, however, that the level of MT-II tran-
script is regulated by switching as well as CuSO,.

Switching does not affect transcript levels of the transcrip-
tion factor gene AMT-I. The copper-dependent transcription
factor Amtlp plays a role in the activation of MT-I and MT-1I
transcription (58). To test whether the transcript levels of
AMT-I are regulated by switching, slot blots of total RNA from
Wh, LB, and DB cells grown in 1 mM CuSO, were probed with
the cloned AMT-I gene. The levels of transcript in Wh, LB, and
DB cells were similar. Densitometry scans of the slot blots
provided ratios of 1:1:1.4 for Wh:LB:DB (Fig. 4). Northern
blots probed with AMT-I (Fig. 5) verified the slot blot results.
The levels of AMT-I transcript in Wh, LB, and DB cells grown
in the absence of CuSO, were also similar (Fig. 4), and the
levels were similar for cells of each phenotype grown in the

presence and absence of CuSO, (Fig. 4). The transcript level of
AMT-I is, therefore, not regulated by switching. We assume
that the apparently constitutive level of AMT-I transcript in
YPD medium not supplemented with CuSO, reflects induction
by the low levels of residual CuSO,. This sensitivity was sug-
gested by results of previously reported experiments in which
25 uM CuSO, induced near-maximum levels of AMT-I tran-
script (60).

HLP, a gene for a hemolysin-like protein, is also regulated
by switching. Using gene-specific primers for the S. cerevisiae
SLF1 gene (57), we performed a PCR with C. glabrata genomic
DNA as a template and serendipitously cloned a partial DNA
fragment of a C. glabrata homolog of the S. cerevisiae gene
YOLO060c (25), which encodes a putative protein with three
transmembrane domains. The cloned DNA fragment was
1,586 nucleotides in length. The deduced primary sequence of
508 amino acids exhibited 75% identity and 85% similarity to
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+ CuSOq, = CuSO,4
Gene Wh LB DB Ratio Wh LB DB Ratio
Wh:LB:DB Wh:LB:DB

MTI R 3 - 1:1.3:4 -— — - 1:1:14
Mt = = 1:27:81 e — 1:20:30
AMTI - o -_ 1:1.1:14 p— — - 1:1:1.3
HLP - - 1:20:35 e - 1:20:25
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PDH] _ — s 1:1:13 — o - 1:1.1:13
HIS3 1:1.1:1.2 -~ 1:1.1:1.3
TRPI 1:1.1:1.3 - - 1:1.1:1.3

FIG. 4. Transcript levels of genes MT-1, MT-II (MT-Ila plus MT-1Ib), AMT-I, HLP, EPAI, PDHI, HIS3, and TRPI in the Wh, LB, and DB phases of C. glabrata
switching. Slot blots of total cell RNA were probed with radioactive probes. Relative ratios (Ratio Wh:LB:DB) of transcript levels were assessed by densitometric
tracings. The backgrounds bordering the slots have been subtracted from the digitized slot blot images by computer-assisted methods. The grey scale intensities of the

slots, however, are unmodified.

the corresponding region of the S. cerevisiae YOL060c gene
product (Fig. 6). Comparison of the deduced amino acid se-
quence of the fragment with entries in protein databases dem-
onstrated similarity with hemolysins from a variety of patho-
genic and nonpathogenic bacteria as well as eukaryotes (10,
56). In particular, comparison with databases revealed five
regions with high similarity in both position and arrangements
of amino acids between the cloned C. glabrata fragment and
hemolysins from 17 bacteria and Caenorhabditis elegans (Fig.
7). The mean similarity of region 1 of the deduced C. glabrata
protein sequence and hemolysins from 16 unrelated organisms
was 72% = 12%; similarity ranged between 42 and 92% (Fig.
7). The mean similarities of regions 2, 3, 4, and 5 of the
deduced partial C. glabrata protein and the hemolysins of un-
related organisms were 59% = 16%, 50% = 10%, 60% =
14%, and 73% = 11%, respectively (Fig. 7). Furthermore, the
relative positions of all five regions in the deduced partial C.
glabrata protein were similar to those in the majority of hemo-

Wh LB DB

MTI

MTII W“
amr1 W

FIG. 5. Northern blots of total cell RNA of Wh, LB, and DB cells probed
with MTI, MTII, and AMTI. Ethidium bromide-stained 23S rDNA is presented
at the bottom to assess loading.

lysins of other organisms. We therefore have named the par-
tially cloned C. glabrata gene HLP, for “hemolysin-like pro-
tein.”

The level of HLP transcript in the three switch phenotypes
of C. glabrata was assessed by slot blot analysis. The levels of
transcript were lowest in Wh cells, intermediate in LB cells,
and highest in DB cells grown in CuSO, (Fig. 4). Densitomet-
ric scans provided relative ratios of 1:20:35 for Wh:LB:DB
(Fig. 4). Similar differences were observed in the absence of
CuSO,. The ratios in the latter case were 1:20:25, respectively
(Fig. 4). No differences, however, were observed between cells
of each phenotype grown in the presence or absence of CuSO,
(Fig. 4). Therefore, the transcript level of HLP was regulated
by switching in a manner similar to that of MT-II, but in
contrast to MT-1I, transcript levels of HLP were not regulated
by CuSO,.

C. glabrata genes HIS3, TRPI, EPAI, and PDHI are not
regulated by switching or CuSO,. To assess the extent of gene
regulation by high-frequency phenotypic switching, the same
slot blot of total RNA from Wh, LB, and DB cells was probed
successively with TRPI, which is involved in tryptophan metab-
olism (17), HIS3, which is involved in histidine metabolism
(17), EPAI, encoding an adhesin that mediates adherence to
epithelial cells (5), and PDHI, encoding an ABC transporter
gene involved in drug resistance (31). The levels of transcript
of each of the four genes were similar in Wh, LB, and DB cells
grown in 1 mM CuSO, (Fig. 4). Densitometry scans of the slot
blots in all cases resulted in relative ratios of approximately
1:1:1 for Wh:LB:DB (Fig. 4). The levels of transcript of each of
the four genes were also the same in the presence or absence
of CuSO, (Fig. 4). These results demonstrate that, like tran-
scription of MT-I and AMT-I, transcription of TRPI, HIS3,
EPAI, and PDHI is not regulated by switching.
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FIG. 6. Comparison of homologous regions of deduced amino acid sequences of partial gene products of C. glabrata HLP (CgHLP) and S. cerevisiae YOLO060c
(SCYOLO060c). Shaded regions represent identical amino acids; dashes represent amino acids absent in HLP.

MT-II expression is not regulated by amplification during
switching. Mehra et al. (29) demonstrated that MT-Ila was
amplified more than 30 times in tandem when C. glabrata cells
were serially cultured in medium containing increasing con-
centrations of CuSO,. Since Sall restriction sites flank the
MT-Ila tandem repeat region but are absent from the tandem
MT-Ila sequences, the size of the Sall fragment containing
MT-Ila reflects the number of tandem repeats. Total cell DNA
preparations from Wh, LB, and DB cells were digested with
Sall and probed in Southern blots with radiolabeled MT-Ila.
The sizes and intensities of the hybridizing bands were similar
for the three phenotypes (Fig. 8), demonstrating that the reg-
ulation of MT-II transcript levels during switching is not me-
diated by amplification of MT-Ila. Based on size estimates of
the Sall fragment harboring the tandem M7-Ila repeats, the
number of repeats was estimated to be nine in each of the
three switch phenotypes.

High-frequency switching occurs in all tested strains. The
experiments assessing switching and gene expression were per-
formed on strain 35B11, an oral isolate from a healthy, elderly
individual (23). To test whether high-frequency switching was
a general characteristic of C. glabrata, switching was tested in
three additional C. glabrata isolates, 65FLOP, 65TL1, and
75PLI. For each strain, cells from a single colony were first
grown in YPD medium containing 1 mM CuSO, and then
plated at low density on YPD agar containing 1 mM CuSO,,
and colony phenotypes were assessed after 5 days of incubation
at 25°C. In every case, multiple phenotypes based on colony
color (Wh, LB, or DB) were observed at frequencies (Table 2)
roughly similar to those observed for strain 35B11 (Table 1).

These results suggest that switching is a general characteristic
of C. glabrata strains.

DISCUSSION

We found that when cells from a stock culture of C. glabrata
35B11 were plated on YPD agar containing CuSO,, they
formed colonies that were predominantly LB, but they also
formed colonies that were DB and Wh. When cells from a Wh,
DB, or LB colony from this original plating were serially
plated, they formed a minority of the two other colony pheno-
types. Wh was the most unstable and DB was the most stable
phenotype. Cells from 5-day-old Wh colonies contained ap-
proximately 20% DB and LB cells, while cells from 5-day DB
colonies contained approximately 0.3% LB and Wh cells, rep-
resenting a 70-fold difference in the proportion of alternative
phenotypes. Differences in the proportions of alternative col-
ony-forming cells in clonal populations of each phenotype
most probably reflect differences in the rates of switching.
However, the proportions cannot be converted directly to rates
of switching without first determining the differential rates of
growth of each phenotype on agar and competitive effects on
growth in mixed populations. However, frequencies can be
estimated either by applying the Luria-Delbriick fluctuation
formula (38) or by monitoring single cell lineages microscop-
ically (2, 48). The latter method depends on the capacity to
discriminate switch phenotypes at the single-cell level and may
be feasible with coloration used to discriminate between the
different cell types of C. glabrata. The results obtained in this
study, however, demonstrate that the frequency of switching in
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FIG. 7. Comparison of deduced amino acid sequences of five conserved
regions of the partial C. glabrata HLP gene product (CgHLP) and hemolysin
gene products from a variety of organisms. Identity (the same amino acid) is
represented by shading. Percent similarity (%SM) to the deduced amino acid
sequence of each region of the partial HLP protein is presented to the right of
regions of the hemolysins of other organisms. Similarity is based on comparable
charge and functional groups (10, 56). Abbreviations, organisms, and accession
numbers for sequences: C.ele, Caenorhabditis elegans, U4158; B.bur, Borrelia
burgdorferi, AE001130; S.spp, Synechocystis strain PCC6803, P74409; A.aeo,
Aquifex aeolicus, AE000673; H.pyl, Helicobacter pylori, AE000647; S.mut, Strep-
tococcus mutans, AF051356; H.inf, Haemophilus influenzae, 057017; R.pro, Rick-
ettsia prowazekii, AJ235273; B.sub, Bacillus subtilis, 007585; E.coli, Escherichia
coli, P37908; T.mar, Thermotoga maritima, AE001751; M.pne, Mycoplasma pneu-
moniae, P75586; M.gen, Mycoplasma genitalium, 049399; C.pne, Chlamydia pneu-
moniae, AE001623; M.tub, Mycobacterium tuberculosis, 005832; T.pal, Trepo-
nema pallidum, AE001188; B.hyo, Brachyspira hyodysenteriae, 054318; C.tra,
Chlamydia trachomatis, AE001316.

C. glabrata is high, that switching is reversible at high fre-
quency, and that the general order of frequencies appears to be
Wh > LB > DB.

We have demonstrated that in addition to the Wh, LB, and
DB phenotypes, there exist vWh and vDB phenotypes that
appear at lower but significant frequencies. In the case of the
highly analyzed switching system in C. albicans WO-1, virtually
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FIG. 8. The regulation of MT-II transcript levels by switching does not in-
volve tandem gene amplification of MT-Ila as demonstrated by Southern blot
analysis. Total cell DNA preparations from Wh, LB, and DB cells were digested
with Sall, and Southern blots were probed with radioactive MT-Ila.

all research into the molecular basis of switching has focused
on the transition between the white phase and opaque phase
(e.g., references 46 and 47), even though strain WO-1 also
switches reversibly, but at lower frequencies, to three addi-
tional phenotypes that include two distinct fuzzy colony mor-
phologies and an irregular wrinkled morphology (41). By an-
alyzing only the major phenotypic transition between the white
and opaque phases in C. albicans WO-1, significant progress
has been made in elucidating the mechanisms that regulate
switching and phase-specific gene regulation (22, 51, 53, 54).
Similarly, concentrating on the transitions between the Wh,
LB, and DB phenotypes may provide a similar paradigm for
understanding switching in C. glabrata.

Because we have used the presumed reduction of CuSO, to
Cu,S (§7) as an indicator of switching, and since the presence
of CuSO, in growth medium induces expression of the metal-
lothionein genes MT-I and MT-II (28), we tested whether tran-
script levels of the metallothionein genes M7-1 and MT-1I were
regulated by switching at the level of transcription. We have
demonstrated that in addition to regulation by CuSO,, MT-1I
transcript levels are regulated by switching. The level of MT-11
transcripts increased with the intensity of color, in the order
DB > LB > Wh. In the presence of CuSO,, the respective
transcript levels in LB and DB cells were 27 and 81 times
higher than in Wh cells; in the absence of CuSQO,, the respec-
tive transcript levels were 20 and 30 times higher than in Wh
cells. The low level of expression of M7-II in the Wh phase was
very likely due to LB and DB cell contamination as a result of
the high frequency of Wh switching. The MT-Ila and MT-1Ib
genes may, in fact, be silent in the Wh phase. Alternatively, the
very low level of MT-II transcript in Wh cells may reflect
switching-insensitive expression of one of the two MT-II genes
that accounts for the minority of MT-1I transcripts, presumably
MT-IIb (60). Since Mehra et al. (29) demonstrated that by
culturing C. glabrata repeatedly in increasing concentrations of
CuSO,, the cells became more resistant to CuSO, and simul-
taneously underwent tandem amplification of the MT-Ila gene,
we also entertained the possibility that switching involves MT-
Ila amplification. This was not the case. Wh, LB, and DB cells
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of strain 35B11 each contained nine tandem copies of the
MT-Ila gene.

The DNA fragment containing part of the hemolysin-like
protein gene HLP was serendipitously cloned by using primers
developed to amplify a C. glabrata homolog of the S. cerevisiae
gene SLFI1, which has been implicated in copper homeostasis
(57). The fragment showed 76% identity at the deduced amino
acid level to the S. cerevisiae gene YOLO060c (25). It was also
similar to hemolysin-like genes from a variety of organisms,
ranging in complexity from bacteria to nematodes (Fig. 7). The
deduced amino acid sequence of the fragment contained five
hemolysin regions with amino acid similarities ranging from an
average of 50% for the 25 amino acids in region 3 to 73% for
the 20 amino acids in region 5. In addition, organization of the
similar sequences was approximately the same as that in other
hemolysin-like genes. There have been no previous reports of
a hemolysin gene in the Candida species. Ebina et al. (7)
identified a hemolysin gene in Aspergillus fumigatus, and
Manns et al. (26) reported the release of a hemolytic factor
from C. albicans when cells were grown on glucose-enriched
blood agar. We have demonstrated here that expression of
HLP is regulated by switching in a manner similar to that for
MT-II, with the same order of transcript levels: DB > LB >
Wh. However, in contrast to M7-1I, HLP is not regulated by
CuSO,. To test whether MT-II and HLP share common regu-
latory circuitry, a functional analysis of their promoters has
been initiated. To verify that the levels of MT-II and HLP
transcripts were in fact selectively regulated in Wh, LB, and
DB colonies, the transcript levels of additional genes were
analyzed. Transcript levels of MT-I (28), AMT-I (58), TRPI
(17), HIS3 (17), EPA-1 (5), and PDHI (31) were similar in Wh,
LB, and DB cells grown in the presence or absence of 1 M
CuSO,, supporting the conclusion that M7-II and HLP are
selectively regulated by switching.

Finally, we have demonstrated that switching between Wh,
LB, and DB occurs in all tested C. glabrata strains. Therefore,
as in the case of C. albicans (34, 46, 47), the possibility
should be entertained that switching in C. glabrata repre-
sents a general strategy for the combinatorial expression of
genes encoding proteins involved in virulence and therefore
that it represents a mechanism for phenotypic plasticity basic
to pathogenesis. In C. albicans, switching has been demon-
strated to occur at higher frequencies in isolates from deep
versus superficial mycoses (16), at higher frequencies in infect-
ing versus commensal isolates from the oral cavity (13), within
sites of infection (49, 50), and within sites of commensalism
(45). Switching has also been demonstrated to regulate viru-
lence in alternative animal models (18). Similar studies must
now be performed to test whether switching in C. glabrata also
occurs at sites of carriage and infection, whether the switching
frequencies of infecting strains are elevated, whether switching
alters pathogenesis in different models, and whether putative
virulence traits and genes other than HLP and MT-II are reg-

TABLE 2. Switching in three additional pathogenic isolates of C. glabrata

Frequency of colonies

Strai Original No. of

train henotype colonies .
phenotyp Wh* LB DB Sectored” Variant

65FLOP LB 3,775 5.8 %1073 5.8x1073 9% 1.2 %1072

65TL1 LB 2,330 40 x10~* 5.4 %1072 >80% 5.5%x 1072

75PL1 DB 3,290 24 %1073 6.0 x 107 0.4% 3.0x%x 1073

“ Wh colonies were further subdivided into 8 normal smooth white and 14 conus smooth white.
® In platings of both the 65FLOP and 65TL1 cells, the great majority of sectors in LB colonies were DB. In the DB colonies, six Wh sectors, two LB sectors, and

seven VDB sectors were observed.
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ulated by switching. More importantly, however, because C.
glabrata is haploid, a mutational approach to the elucidation of
high-frequency phenotypic switching in the fungi is now pos-
sible. This has not been feasible in C. albicans since it is dip-
loid.
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