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In previous work, we cloned a Candida albicans cDNA for the glycolytic enzyme enolase and found a single,
abundant enolase transcript on Northern (RNA) blots and a single protein on immunoblots, using antiserum
raised against a recombinant enolase fusion protein. Because C. albicans enolase is abundantly produced
during infection and elicits strong host immune responses, the mechanisms regulating enolase production are
important for understanding the growth of C. albicans in vivo. To obtain more information on enolase gene
expression by C. albicans, we used the enolase cDNA clone to investigate the genetic organization of enolase
genes and the steady-state levels of enolase mRNA under several growth conditions. Gene disruption tech-
niques in combination with Southern blot analyses of genomic DNA showed the presence of two enolase gene
loci that could be distinguished by the locations of ClaI and MnlI sites in their 3* flanking regions. Enolase
steady-state mRNA levels were greatest during the middle phase of the logarithmic growth curve and were low
during stationary phase. Minimal differences in enolase mRNA levels between yeast cells and hyphae were
found. Propagation of C. albicans in glucose did not cause increased enolase mRNA levels compared with
growth in a nonfermentable carbon source (pyruvate). It was concluded that two gene loci exist for C. albicans
enolase and that enolase mRNA is constitutively produced at high levels during active metabolism.

Enolase, 2-phospho-D-glycerate hydrolyase (EC 4.2.1.11), is
a cytoplasmic enzyme required for glycolysis. Enolase genes
from a wide variety of eucaryotic cells exist as a gene family
whose members encode isozymes that are developmentally
regulated (28, 33, 48). Three isozymes that display tissue-spe-
cific expression are found in mammalian cells (28, 43, 44). In
plants, enolase mRNA levels vary depending on the tissue
source and on the stage of the fruit ripening process (33, 61).
Enolase has been studied in two yeast species, Saccharomyces
cerevisiae and Candida albicans, and in both it has been found
that enolase and enolase mRNA are among the most abundant
proteins and mRNAs in vegetative cells (18, 55, 56). In S.
cerevisiae, enolase is encoded by two genes, ENO1 and ENO2,
that are differentially regulated depending on carbon source
and growth phase (32) but are coordinately regulated with
other glycolytic enzymes (29). Regulated expression of enolase
genes in mammalian cells and in S. cerevisiae is mediated
primarily through cis-acting promoters and trans-acting DNA-
binding proteins that affect transcription (2, 5, 60). Although
examples of plants and bacteria with single enolase genes exist
(24, 66), the presence of multiple genes that are developmen-
tally regulated is a characteristic feature of enolase gene ex-
pression throughout evolution in the majority of organisms
that have been studied.
C. albicans is a diploid pathogen whose life cycle is charac-

terized by facile interconversion between budding yeast and
filamentous hyphal forms. Morphogenesis between budding
and filamentous growth is correlated with pathogenesis in vivo
and is regulated in vitro by changes in environmental factors
such as temperature, pH, and carbon and nitrogen sources (7,
19, 41). The ecological niche of C. albicans is the gastrointes-
tinal tract of warm-blooded animals, where the organism usu-

ally exists in harmony with other microbial flora and the host.
However, severe infections occur in immunosuppressed hosts
or those with other physiological, mechanical, or iatrogenic
risk factors such as antibiotic treatment, presence of indwelling
catheters, surgical trauma, or diabetes (39). Management of
candidiasis is troublesome because of the small number of
available nontoxic antifungal drugs and the difficulties inherent
in recognizing internal infections (65).
C. albicans enolase is abundantly expressed both in vivo and

in vitro (56, 64). The in vivo abundance is shown by its pres-
ence in the blood of patients with disseminated candidiasis and
as such has been shown to be useful as a marker of internal
infection (64). In addition, C. albicans enolase is an immuno-
dominant antigen in that elevated antibody responses, com-
pared with responses to other proteins in crude candidal extracts,
are produced in infected patients who are not immunosuppressed
(54). The presence of antibodies to enolase is associated with
abnormal overgrowth and proliferation of C. albicans and thus
can be useful in differentiating those who are infected from
those who are merely colonized (16, 62). Recently, patients
allergic to C. albicans have also been shown to have antibodies
to C. albicans enolase (20).
The abundance of C. albicans enolase during infections and

the presence of homologous host immune responses suggest
that enolase is necessary for in vivo growth and contributes to
host-parasite interactions. Despite its potential importance in
infections, little is known about mechanisms regulating pro-
duction of C. albicans enolase. To obtain more information on
enolase gene expression by C. albicans, we used a recently
isolated cDNA clone to investigate the genetic organization of
enolase genes and the steady-state levels of enolase mRNA
under several growth conditions. Gene disruption techniques
in combination with Southern blot analyses of genomic DNA
showed the presence of two enolase gene loci. Enolase steady-
state mRNA levels were greatest during the middle phase of
the logarithmic growth curve and were low during stationary
phase. Minimal differences in enolase mRNA levels between
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yeasts and hyphae were found. Growth of C. albicans in glu-
cose did not cause increased enolase mRNA levels compared
with growth in a nonfermentable carbon source (pyruvate). It
was concluded that two gene loci exist for C. albicans enolase
and that enolase mRNA is constitutively produced at high
levels during active metabolism.

MATERIALS AND METHODS

Reagents. DNA polymerase and T4 DNA ligase were purchased from Gibco
BRL Life Technologies, Gaithersburg, Md. Restriction enzymes, BAL 31 exo-
nuclease, and T4 polynucleotide kinase were from Promega Corp., Madison,
Wis. [a-32P]dGTP, [g-32P]dATP, and [a-32P]dATP were purchased from DuPont
NEN, Wilmington, Del. Avian myeloblastosis virus reverse transcriptase, Seque-
nase, and sequencing reagents were purchased from U.S. Biochemical, Cleve-
land, Ohio. RNase A and Sephadex G-50 Quickspin columns were from Boehr-
inger Mannheim Corp., Indianapolis, Ind. Random hexamers for random primer
labeling were from Pharmacia Biotec Inc., Piscataway, N.J. Nitrocellulose was
purchased from Schleicher & Schuell, Inc., Keene, N.H. Qiagen columns were
from Qiagen, Inc., Chatsworth, Calif. Geneclean was from Research Products
International Corp., Mount Prospect, Ill. DNA and RNA standards were from
BRL. Amino acids, salts, b-glucuronidase, and other chemicals were from Sigma
Chemical Company, St. Louis, Mo. Zymolyase was from ICN Biomedicals Inc.,
Costa Mesa, Calif. Yeast nitrogen base, yeast extract, and peptone were from
Difco Laboratories, Detroit, Mich.
Strains. Fungal strains used in this study are described in Table 1 and were

maintained at 2708C in media with 15% glycerol. Fungal strains from freezer
stocks were cultured on YPD (42) medium (1% yeast extract, 2% peptone, 2%
glucose, plus 1.5% agar for solid medium) at 258C for 2 days and then stored at
48C. New cultures were prepared from freezer stocks every 2 to 3 weeks. Esch-
erichia coli HB101 (4) was used as a transformation host to amplify p24enura.
Strain PS-1, a derivative of NM522 blue containing plasmid p24eno, was pre-
pared as described previously (55). Bacterial strains were cultured on LB me-
dium (46) (1% tryptone, 0.5% yeast extract, 1% sodium chloride, plus 1.5% agar
for solid medium) at 378C overnight. Strains containing plasmids were cultured
on LB with 100 mg of ampicillin per ml.
Growth of organisms. Conditions for growing organisms in yeast or hyphal

forms in modified Lee’s medium (7), using cells in balanced growth as an
inoculum, have been described previously (55, 58). To collect cells in various
phases of logarithmic growth, C. albicans was grown overnight to stationary
phase in modified Lee’s medium (pH 4.5) at 308C and then diluted into fresh
medium at a cell density of 20 Klett units, using a 520- to 580-nm-pore-size filter.
Organisms were harvested in early, middle, or late logarithmic phase or station-
ary phase (60, 150, 220, or .250 Klett units, respectively). To prepare glucose-
or pyruvate-grown cells, C. albicans was grown overnight to stationary phase in
yeast nitrogen base supplemented with either glucose or pyruvate (100 mM) as
the carbon source at 308C. Cultures were diluted to a density of 20 to 25 Klett
units in fresh medium and incubated at 308C with shaking (250 rpm) to mid-log
phase (145 and 85 Klett units for cells grown in media with glucose and pyruvate,
respectively). The generation times of cells grown in glucose and pyruvate were
1.75 and 3.54 h, respectively.
Plasmids, probes, and constructs. The plasmids used to prepare probes are

described in Table 2. Isolation of plasmid p24eno containing the C. albicans
enolase cDNA (cENO) has been previously described (55). Plasmid p24enura
was constructed from p24eno by replacement of 445 bp within the enolase gene
with the C. albicans URA3 gene (21) (Fig. 1). The combined effect of the 445-bp
deletion and the 1.3-kb insertion resulted in a net increase of 0.85 kb of the
disrupted enolase cDNA relative to the wild-type cDNA.
Disruption of C. albicans enolase. Plasmid p24enura was digested to comple-

tion with XbaI and XhoI to release the 2.3-kb URA3-disrupted cENO from
p24enura (Fig. 1). To ensure that DNA ends were within C. albicansDNA rather
than polylinker sequences, the 2.3-kb XbaI-XhoI fragment was briefly digested
with BAL 31 nuclease according to the directions of the manufacturer. Approx-
imately 70 bp, consisting of approximately 30 bp of polylinker region and 40 bp
of cENO, were removed from each end of the 2.3-kb construct. Transformation
of the C. albicans ura3 mutant CAI-4 (12) by using 10 mg of digested plasmid
DNA was performed as described by Kurtz et al. (23), taking advantage of the

fact that in C. albicans, linear DNA containing sequences homologous to those
in the genome recombine at the corresponding locus in C. albicans genomic
DNA (22). Three ura1 C. albicans (UnoPP1 to -3) transformants were isolated
on selective medium lacking uridine. The transformants were tested for the
ability to produce germ tubes in TCM199 as previously described (59).
Southern blot analysis. Procedures for Southern blot analyses were similar to

those previously described (58), with minor modifications. Genomic DNA was
prepared by the method of Scherer and Stevens (47), and electrophoresis was
performed by using 0.8% agarose gels (20 by 20 cm) according to standard
procedures (46). Nitrocellulose blots were probed with 2 3 106 cpm of gel-
purified DNA probes (Table 2) that had been labeled with [a-32P]dGTP by the
random primer method (10, 11) in a solution containing 50% deionized form-
amide, 53 Denhardt’s solution (13 Denhardt’s solution is 0.1% Ficoll, 0.1%
bovine serum albumin, and 0.1% polyvinylpyrrolidone), 53 SSPE (203 SSPE is
3.6 M NaCl plus 200 mM NaH2PO4 plus 20 mM EDTA [pH 7.4]), and 100 mg
of denatured salmon sperm DNA per ml. Filters were hybridized overnight at
378C with gentle agitation. Filters were washed twice at room temperature for 15
min in a solution of 0.1% sodium dodecyl sulfate and 0.53 SSC (13 SSC is 0.15
M NaCl plus 0.015 M sodium citrate [pH 7.0]). In experiments in which the
hybridization signals of enolase (cENO) and actin (ACT1) nucleic acid probes
were compared, probes were radiolabeled to similar specific activities (1.113 106

and 8.86 3 105 cpm/ng for cENO and ACT1, respectively), using ethidium
bromide fluorescence to estimate the DNA concentration (46). Similar proce-
dures have been used previously to compare levels of hybridization of different
probes (27, 58).
Autoradiographic intensities of hybridization bands were measured following

exposure times in the linear range of the film, using a scanning densitometer
(model GS300; Hoefer Scientific Instruments, San Francisco, Calif.). Raw values
were adjusted to account for differences in size and nucleotide composition (42.8
and 34.7% GC for cENO and ACT1, respectively) of the two probes. The ratio
of the cENO to ACT1 hybridization band intensities was determined.
Slot blot analysis. Total RNA from yeast or hyphal growth forms was prepared

by the method of Schmitt et al. (49). Slot blot analysis was performed as previ-
ously described (55), with minor modifications. Briefly, total RNA samples were
dissolved in a 50% formamide–7% formaldehyde–150 mM sodium chloride–15
mM sodium citrate solution and incubated at 688C for 15 min. Samples were
cooled on ice and applied to the nitrocellulose by vacuum filtration, using a slot

FIG. 1. Diagram of p24enura. The 445-bp StyI fragment in the center of the
enolase coding region was replaced with a 1.3-kb RsaI-XbaI fragment containing
the C. albicans URA3 gene (22). E and X represent restriction enzymes EcoRI
and XbaI, respectively.

TABLE 1. C. albicans strains used

Strain Genotype Parent
strain Reference

SC5314 Wild type 23
CAI-4 Dura3::imm434/Dura3::imm434 SC5314 12
UnoPP-1, 2,
and 3

Dura3::imm434/Dura3::imm434
Deno1::URA3/ENO1

CAI-4 This work

TABLE 2. Plasmids and DNA probes

Plasmid Probe Fragment Reference

p24eno cENO 1.4-kb XbaI-XhoI 55
cENO-mid 0.48-kb EcoRI (see Fig. 5) 55
cENO-39 0.62-kb EcoRI (see Fig. 5) 55

pMK22 URA3 1.3-kb RsaI-XbaI 22
pCAct1 ACT1 2.0-kb SalI 25
pLE219 LEU2 2.7-kb EcoRI 21
p24enura This work
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blot apparatus (model PR648; Hoefer Scientific Instruments). Slot blot analyses
were performed on three different RNA samples for each condition. Hybridiza-
tion of slot blots was performed as described for Southern blot analysis.
Primer extension. A DNA oligonucleotide probe (ppenol) complementary to

nucleotides 25 through 45 downstream of the AUG initiation codon was pre-
pared with an automated Milligen Cyclone Plus Synthesizer using phosphora-
midite precursors. Primer extension was performed according to standard tech-
niques (46). The length of the primer extension product was determined by
electrophoresis adjacent to a sequencing ladder that was generated by using the
synthesized oligonucleotide, ppenol, as a primer and cENO as the template.
Samples were separated on a sequencing gel containing 6% polyacrylamide and
7.5 M urea.

RESULTS
Southern blot analysis. A C. albicans cDNA clone encoding

enolase (55) was used to investigate the genetic organization of
enolase DNA. Southern transfers of C. albicans SC5314
genomic DNA digested with the restriction endonucleases
AvaI, PvuII, and XbaI, which do not cut within the enolase
coding region, showed that a single DNA fragment hybridized
to the labeled 1.4-kb cENO probe (Fig. 2). The presence of
single hybridization fragments for each enzyme suggested the
presence of a single gene locus. However, this result would also
be consistent with the presence of multiple closely related loci.
Additional experiments were designed to investigate the num-
ber of enolase gene loci in C. albicans.
First, experiments were performed to compare the hybrid-

ization signals of cENO and probes for known single-locus
genes. Since the C. albicans actin gene has been shown by
Lasker and Riggsby (25) to be present in single copy, a nitro-
cellulose membrane containing three different concentrations
of AvaI-digested genomic DNA was simultaneously probed
with ACT1 and cENO as described in Materials and Methods.
ACT1 and cENO hybridized to AvaI fragments of 11.6 and 6.6
kb, respectively (Fig. 3). For each concentration, the hybrid-
ization signal intensity for the cENO probe was approximately
twofold greater than that generated by ACT1. Equivalent re-
sults were obtained in four separate experiments performed as
described above. Similar results were obtained when a probe
for LEU2, which is also a single-locus gene (21), was used
instead of actin (not shown). It is unlikely that the differing
hybridization intensities seen with the ACT1 and cENO probes
were a result of differences in transfer efficiency because hy-
bridization intensities of larger fragments were not less than
those of smaller ones when cENO was used as the probe (Fig.
4A; compare lane 4 with lanes 2 and 6). These results led to
skepticism regarding the presence of a single gene locus en-
coding enolase in C. albicans and suggested that multiple loci
might be present.
Since closely related genes can sometimes be distinguished

by sequence differences in their 59 and 39 nontranslated re-
gions, additional Southern blots were performed with enzymes
with unique sites in cENO that would release genomic DNA
fragments with one end in the enolase coding region and the
other in either the 59 or 39 flanking region. An internal EcoRI
fragment, representing the central 478 bp of cENO, that did

not contain restriction sites for the selected enzymes was used
as a probe. The locations of the restriction sites and the probe
(cENO-mid) are shown in Fig. 5. If two similar enolase loci
with differences in flanking regions were present, DNA di-
gested with one or more of the restriction enzymes would
result in two rather than one hybridization band in Southern
blot analyses.
Although digestion of genomic DNA with several restriction

endonucleases resulted in a single fragment that hybridized to
the internal probe, two fragments were released following di-
gestion with ClaI (Fig. 4A, lane 5). The ClaI data suggested
that there were two enolase gene loci differing in their 39
untranslated regions, one having a proximal and the other
having a distal ClaI site relative to the coding region. Identical
results were found with three other wild-type strains of C.
albicans (441B, B311, and ATCC 38696) (not shown). Both of
the ClaI fragments most likely represent enolase DNA and not
cross-hybridization of the intragenic probe with other glyco-
lytic enzyme genes because of the stringency of the hybridiza-
tion conditions used and because of the lack of nucleotide
sequence conservation between glycolytic enzymes, despite
striking secondary structure conservation (13). Digestion with
MnlI, which also digests cENO at a unique site upstream of the
probe, similarly produced two hybridization fragments (Fig.
4B). The relative positions of the ClaI and MnlI sites on the
two putative gene loci are not known. The fact that digestion
with SalI produced a single fragment of 6.9 kb suggested that
the differences in 39 flanking regions were limited. No variabil-
ity was found in the 59 flanking regions of the two putative loci,
as shown by the presence of a single hybridization band when
restriction enzymes AvaII, BglII, and Bsp 1286 were used.
Other experiments showed that the EcoRI sites in the flanking
regions did not show variability (not shown). A diagram of the
restriction sites in the 59 and 39 flanking regions of the enolase
loci derived from Southern blot analysis of C. albicans genomic
DNA, including the variable positions of ClaI andMnlI sites, is
shown in Fig. 5.
Disruption of one of the C. albicans enolase genes by URA3.

Although the previous results strongly implicated the presence
of two gene loci for enolase in C. albicans, the possibility
remained that the two fragments that hybridized to cENO

FIG. 2. Southern blot analysis of C. albicans SC5314 genomic DNA digested
with AvaI, PvuII, and XbaI (X) and probed with cENO.

FIG. 3. Southern blot analysis of increasing amounts of SC5314 genomic
DNA digested with AvaI and probed simultaneously with cENO and ACT1. The
intensities of hybridization bands were quantitated by densitometry.
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following digestion with ClaI andMnlI could also have resulted
from chromosomal restriction fragment length polymorphisms
since C. albicans is diploid. Models of C. albicans genomic
DNA representing one or two gene loci for enolase are dia-
grammed in Fig. 6. A useful method for distinguishing between
the two models is gene disruption. Replacement of one of the
genes with recombined enolase DNA containing a selectable
marker would result in transformants whose genomic DNA
would or would not contain both ClaI fragments identical in
size to those of the parental strain, depending on whether one
or two enolase loci were present. The expected Southern blot
results for disruption of one of the genes having a proximal
ClaI site are shown beneath each model. Regardless of the
gene copy number, a new hybridization band that would reflect
the size increase of the disrupted enolase DNA relative to
wild-type DNA was predicted. The new hybridization band
should be detectable with individual probes for the selectable
marker as well as for enolase DNA. Importantly, in the dual-
locus model, both parental ClaI cENO hybridization bands
would still be visible in the disrupted strains because simulta-
neous disruption of enolase DNA on both homologs is un-
likely. Alternatively, if a single locus with a restriction fragment
length polymorphism between homologs were present, only
one of the parental ClaI bands would remain in DNA from
disrupted strains.
To disrupt one of the enolase genes of C. albicans, we con-

structed p24enura, containing cENO with a central portion of
the coding region replaced by the selectable URA3 marker
(Fig. 1). Prior to transformation, the construct was digested to
completion with restriction enzymes to release the recombined
enolase DNA from the plasmid (see Materials and Methods).
To isolate C. albicans strains with wild-type enolase DNA
replaced by the recombined DNA, the digested DNA was
transformed into a C. albicans SC5314 isogenic ura mutant
(CAI-4) (12). Three independent transformants, UnoPP-1, -2,
and -3, were isolated on selective medium without uridine.
Southern blot analysis of AvaI-digested genomic DNA from
the wild-type, parental, and transformed C. albicans strains,
using the URA3 gene and a fragment containing the 39 portion
of the enolase gene (cENO-39 shown in Fig. 5) as probes,
confirmed that the construct had replaced one of the enolase
genes. In addition to the parental cENO hybridization band, an
extra fragment was present in the three transformants (Fig. 7).
Southern blot analysis using genomic DNA digested with ClaI
showed that a gene with a proximal ClaI site (1.1 kb) had been
disrupted in each transformant. The size of the new fragment
was 2.1 kb, consistent with the increased size of the construct
relative to enolase cDNA (see Materials and Methods). To
verify that the transformants were not derived from incom-
pletely digested plasmid DNA, ClaI-digested genomic DNA
from the transformants, wild-type, and parental strains were
probed with the plasmid vector pIBI24. No hybridization was

FIG. 4. Southern blot analysis of C. albicans SC5314 genomic DNA digested with restriction endonucleases that have unique sites in the 59 or 39 coding region of
cENO. (A) Genomic DNA was digested with AvaI (AI), AvaII (AII), BglII (B), Bsp 1286 (b), ClaI (C), and SalI (S) (lanes 1 to 6) and probed with the internal 478
bp of cENO (see Fig. 5). (B) Genomic DNA (5 mg [lanes 1 and 3] and 10 mg [lanes 2 and 4]) was digested with ClaI (C) and MnlI (M) and probed with cENO-39 (see
Fig. 5).

FIG. 5. Genetic organization of enolase genes derived from Southern blot analysis of genomic DNA. The coding region of the genomic DNA is indicated by the
shaded box and the expanded region in the genetic organization diagram. Restriction sites in genomic DNA were determined by using the indicated enzymes and the
cENO-mid probe (solid area in the expanded region). Italicized and boldfaced text denote enzymes used to map DNA in the 59 and 39 enolase coding regions,
respectively. Sites for restriction enzymes are abbreviated as follows: A II (AvaII), E (EcoRI), B (BglII), b (Bsp 1286), S (SalI), C (ClaI), and M (MnlI). The proximal
and distal sites for ClaI are written as c9 and c0. The proximal and distal sites for MnlI are written as m9 and m0. The hatched area shows the location of the cENO-39
probe that is produced by cutting at EcoRI sites in the coding region of cENO (the 39 site) and in the cloning vector (55).
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found (not shown). These results strongly supported the pres-
ence of two enolase gene loci in C. albicans as diagrammed in
Fig. 6. As expected, the new ClaI and AvaI fragments specific
to the transformants hybridized to URA3 as well as to cENO-
39. To provide evidence that changes in the genetic organiza-
tion of genes unrelated to enolase had not occurred, Southern
transfers were stripped and probed with C. albicans ACT1 and
LEU2 (not shown). No differences between transformants, pa-
rental, and wild-type strains were seen in the sizes of LEU2 and
ACT1 hybridization bands. The data support the presence of
two enolase loci, each locus having two genes, since C. albicans
is diploid. Microscopic analysis of log-phase cells of C. albicans
SC5314 and UnoPP-1, 2, and 3 revealed no differences among
the three strains. All were able to undergo the yeast-to-hypha
conversion normally, and growth rates were indistinguishable
(not shown).
Mapping the translational start site(s) of enolase mRNA.

Primer extension analysis was used to map the translational
start site(s) of the enolase mRNA. The results were similar to
those found by others (31). We detected two primer extension
products whose start sites were found to be 36 and 44 nucle-
otides upstream from the AUG initiation codon.
Steady-state enolase mRNA levels in C. albicans under var-

ious growth conditions. Slot blot analysis using cENO as the
probe was used to determine relative enolase mRNA levels
under various conditions. However, Northern (RNA) blot
analysis was performed prior to slot blot analyses to ensure
that RNA samples were not degraded. In all experiments, a
single, focused mRNA species of 1.5 kb, as described previ-
ously (55), was found (not shown).
(i) Effect of morphology. RNA from hyphae (grown in Lee’s

medium pH 6.5 at 378C) was compared with RNA from yeasts
grown in Lee’s media pH 4.5 and 6.5 at 258C and pH 4.5 at
378C. A representative slot blot is shown in Fig. 8A. The
relative amounts of enolase under the four conditions as de-
termined by densitometry were yeast (258C, pH 6.5) . hyphae
(378C, pH 6.5) . yeast (258C, pH 4.5) . yeast (378C, pH 4.5).
The differences in enolase mRNA levels between yeast forms
grown at 258C and hyphal forms were minimal. The ratios of
enolase mRNA levels from hyphal forms (pH 6.5, 378C) to
yeast forms grown at room temperature were close to 1 (1.3
and 0.7 for cells grown at pH 4.5 and 6.5, respectively). Thus,
subtle variations in enolase mRNA levels were seen but were
not correlated with cellular morphology.
(ii) Effect of growth phase. Slot blot analysis of total RNA

isolated from C. albicans SC5314 during early, middle, and late
logarithmic phases and stationary phase and probed with la-
beled cENO indicated that levels of enolase increase during
logarithmic growth but are lower in stationary phase (Fig. 8B).
Densitometric scans of the corresponding autoradiograms in-
dicated that levels of enolase mRNA doubled in mid-log phase
relative to early log phase. Levels in late log phase decreased
by 25% relative to mid-log phase. Stationary phase cells con-
tained very little enolase mRNA.
(iii) Effect of carbon source. C. albicans SC5314 was grown

to mid-log phase in medium containing either 100 mM glucose
or pyruvate as the carbon source as described in Materials and
Methods. Relative to total RNA, enolase mRNA levels were
similar in the two media (Fig. 8C) despite the twofold-lower
growth rate of cells grown in pyruvate compared with glucose-
grown cells (see Materials and Methods).

FIG. 6. Predicted arrangement of enolase genes in the genome of C. albicans DNA based on the presence of one or two enolase gene loci. For simplicity, the
expected results are drawn only for disruption of an enolase gene with a proximal ClaI site. The ENO1 proximal and distal ClaI sites are written c9 and c0, respectively.
The expected Southern blot results are shown below each model.
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DISCUSSION

Results from our previous studies and those of other inves-
tigators suggested that a single gene locus encodes enolase in
C. albicans (31, 54, 55, 56). A single protein was detected in
immunoblotting and immunoprecipitation experiments (55,
56), arguing against the presence of multiple isozymes of C.
albicans enolase as is found in other organisms, including S.
cerevisiae (15, 32, 50). In addition, a single mRNA species was
detected in Northern blotting experiments using an enolase
cDNA probe (31, 55, 56). Similarly, results of our initial South-
ern blotting experiments agreed with those of others (31) and

also suggested the presence of a single locus. However, the
frequent presence of multiple genes for enolase in other or-
ganisms prompted us to investigate the enolase gene copy
number in C. albicans more thoroughly. Further investigation
using three experimental approaches pointed to the existence
of two enolase gene loci in the genome of C. albicans. First,
comparison of hybridization intensities with single-locus genes
suggested multiple loci. Second, restriction enzyme analysis of
genomic DNA suggested the presence of sequence variation in
the 39 flanking regions of two putative loci. The strongest
evidence was provided by a gene disruption experiment, in
which DNAs representative of both parental enolase loci were
present in three independent transformants. This result could
not have occurred if only a single locus were present.
Although the experiments described in this report did not

provide direct evidence that both loci produce functional
genes, the presence of nonfunctional enolase genes is unlikely.
Duplicated genes are expected to be maintained only if the
extra copies are beneficial to the organism (1). The fact that no
differences in growth rate were found between the disruptants
and wild-type C. albicans does not necessarily mean that the
disrupted gene was not functional, since a loss of one of four
copies might not have led to a measurable decrease in growth
rate. Finally, although the incidence of nonfunctional genes in
C. albicans is not known, nonfunctional genes in an organism
of similar genome size, S. cerevisiae, is low (40).
Comparative studies of gene expression between yeast and

hyphal forms of C. albicans are important for understanding
differences between the two forms that could contribute to
infections. Genes whose mRNA is present only during elon-
gated hyphal growth (3) or only during yeast growth (53) have
recently been described, establishing the existence of differen-
tial gene expression during morphogenesis. In contrast to these
genes, C. albicans enolase mRNA levels were not related to
morphology. Similar results have been reported for EF-1a,
EF-3, actin, exoglucanase, and calmodulin genes (8, 26, 37, 57,
58). These findings are consistent with early studies comparing
protein profiles of yeast and hyphae: it was concluded that
most genes are not differentially expressed (6, 7, 30).
Several studies have shown that enolase and other glycolytic

enzymes of S. cerevisiae are regulated by controlling the

FIG. 7. Southern blot analysis of the ura31 transformants of C. albicans
CAI-4. Genomic DNA was digested with AvaI (AI) or ClaI (C) and probed with
39-terminal EcoRI fragment (hatched region in Fig. 5) of cENO (A) or URA3 (B)
from C. albicans SC5314 (lane 1), CAI-4 (lane 2), and UnoPP-1, 2, and 3 (lanes
3 to 5).

FIG. 8. Expression of enolase mRNA under various growth conditions. (A) Comparison of enolase mRNA levels in yeast and hyphal growth forms of C. albicans.
Twofold dilutions of total RNA from yeast forms (Y) grown at 258C (room temperature) at pH 4.5 and 6.5 (lanes 2 and 4, respectively) and at 378C at pH 4.5 (lane
3) and from hyphal forms (H) grown at 378C, pH 6.5 (lane 1), were applied to a nitrocellulose membrane and probed with cENO. (B) Relative enolase mRNA levels
in C. albicans cells in early, middle, and late logarithmic and stationary phases of growth. Two-fold dilutions of total RNA from yeast forms grown at 308C to early,
middle, and late logarithmic and stationary growth were applied to a nitrocellulose membrane and probed with cENO. (C) Slot blot analysis to compare enolase mRNA
levels in yeast forms of C. albicans grown in fermentable and nonfermentable carbon sources. Twofold dilutions of total RNA from yeasts grown with pyruvate (P) or
glucose (G) as the carbon source were applied to a nitrocellulose membrane and probed with cENO.
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amount of mRNA. Cells grown in glucose have higher glyco-
lytic enzyme mRNA levels relative those grown in nonferment-
able carbon sources such as ethanol, lactate, or a combination
of glycerol and lactate (32, 36). The possibility existed that C.
albicans enolase mRNA levels were also modulated by the
carbon source used to propagate the cells. In attempts to de-
fine growth conditions suitable for investigating the effect of
carbon source on C. albicans enolase mRNA levels, we found
that growth of C. albicans was minimal on ethanol and that no
growth was found when glycerol, lactate, or acetate was used
(not shown). Poor growth on ethanol has previously been re-
ported for C. albicans (9, 67). However, the twofold-higher
growth rate of C. albicans on pyruvate relative to glucose was
similar to the growth rates of S. cerevisiae on nonfermentable
carbon sources relative to glucose (32, 36). Therefore, pyruvate
was considered to be a suitable nonfermentable carbon source
for similar studies of C. albicans. The finding that no differ-
ences in enolase mRNA levels (relative to total RNA) were
found between C. albicans grown on glucose and pyruvate
underscored early observations that glycolytic enzyme activity
is less affected by glucose in C. albicans cells than in S. cerevi-
siae cells (29). In general, C. albicans responses to glucose
appear different from those of S. cerevisiae. For example, in
contrast to S. cerevisiae, C. albicans respiration is glucose in-
sensitive (38) and the kinetics of the plasma membrane H1-
ATPase are less affected by glucose (35).
The most dramatic changes in enolase mRNA levels were

observed during the growth cycle, with the highest levels oc-
curring in mid-log phase followed by minimal levels in station-
ary phase. These results suggest that C. albicans is adapted to
production of high levels of enolase mRNA during periods of
high metabolic activity, a finding that is consistent with enolase
production in other organisms (51, 61). Overall, the results are
consistent with unregulated constitutive expression of C. albi-
cans enolase during most environmental conditions.
Although reasons for the presence of two enolase genes are

unknown, it is possible that gene-specific regulation is present
and functions in adaptation to changing environmental condi-
tions. Such regulation would not have been detected in this
study since the mRNA levels reflected the combined expres-
sion of multiple genes. Alternatively, multiple genes might
contribute to the large amount of enolase in C. albicans. It has
been estimated that enolase constitutes 0.7 and 2% of the total
protein of yeast and hyphal forms of C. albicans, respectively
(56). Other abundant fungal proteins encoded by gene families
include glyceraldehyde-3-phosphate dehydrogenase (17),
EF-1a (57), ribosomal proteins (14, 34), and histones (52).
The production of abundant enolase in patients with dissem-

inated candidiasis reflects the use of the glycolytic pathway by
C. albicans in vivo and suggests that enolase and possibly other
glycolytic enzymes might be useful antifungal targets. Further
support for the hypothesis that interference with fungal glyco-
lysis could modulate candidiasis is given by experiments show-
ing that mice that were fed glucose-supplemented diets con-
tracted more severe mucosal infections than control animals
did (63). The enhanced susceptibility of individuals with dia-
betes (39) and the correlation of high-carbohydrate diets with
candidiasis (45) also support the importance of glucose in
promoting growth of C. albicans in vivo. Further studies on the
mechanism of expression of genes that are expressed in re-
sponse to glucose-rich environments are essential for under-
standing the proliferation of C. albicans in vivo.
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