




at least one WPRE and at least one OPRE at this stringent
threshold (Figure 1D; supplemental Table S5 and S6).

WPRE regulates pheromone-induced white-specific gene
expression

Although sequence analyses revealed potentialcis-acting
elements, only functional analyses can establish their roles as
such. To test whether the putative WPRE functioned as a
pheromone-responsivecis-acting sequence for white-specific genes,
one allele of each of the four white-specific genesEAP1, PGA10,
CSH1and PBR1selected from the group of 12 genes, was deleted
in the natural a/ a strain P37005 to generate the heterozygous
deletion mutants EAP1/ eap1, PGA10/ pga10, CSH1/ csh1 and
PBR1/ pbr1. The WPRE in the promoter of the retained allele in
each heterozygote with the highest homology to the WPRE
consensus sequence was then selectively deleted, resulting in the
WPRE deletion mutantsEAP1WPRED/ eap1, PGA10WPRED/ pga10,
CSH1WPRED/ csh1and PBR1WPRED/ pbr1. The WPRE deletion
derivative of each of these mutants was then replaced with the
native gene and promoter to generate the complemented
controls EAP1WPRED-EAP1/ eap1, PGA10WPRED-PGA10/ pga10,
CSH1WPRED-CSH1/ csh1and PBR1WPRED-PBR1/ pbr1. All comple-
mented strains contained a GFP tag at the 39 end of the open
reading frame for protein localization studies and western analysis.
The homozygous deletion mutantseap1/eap1, pga10/pga10, csh1/
csh1and pbr1/pbr1, were also created by deleting the remaining
alleles in the original heterozygous mutant.

EAP1 encodes a glycosylphosphatidylinositol-anchored cell wall
protein that functions as an adhesin in biofilm development inS.
cerevisiaeas well as in ana/ a strain ofC. albicans[35–37].PGA10, also
known asRBT51, encodes a putative hydrophobic extracellular
membrane protein that plays a role in adhesion and biofilm
development in ana/ a strain ofC. albicans[38]. In the complemented
strains EAP1WPRED-EAP1/ eap1 and PGA10WPRED-PGA10/ pga10,
GFP-tagged Eap1 and GFP-tagged Pga10, respectively, localized at
the surface ofa-pheromone-induced white cells (Figure 2A).CSH1
encodes a protein involved in cell surface hydrophobicity ina/ a cells
[39,40] and PBR1 will be shown here to play a role in biofilm
development in MTL-homozygous cells. In the complemented
controlsCSH1WPRED-CSH1/ csh1and PBR1WPRED-PBR1/ pbr1, GFP-
tagged Csh1 and GFP-tagged Pbr1, respectively, localized primarily in
the cytoplasm ofa-pheromone-induced white cells (Figure 2A).

To test whethera-pheromone activated the four white-specific
genes through the putative pheromone response elementWPRE,
expression of each gene was compared by northern analysis to
the parental strain P37005, the homozygous deletion mutant, the
WPRE deletion mutant and the complemented control, in the
absence and presence ofa-pheromone.

EAP1
In the absence ofa-pheromone,EAP1was expressed at a basal

level in white cells of the parental (P37005) strain, the WPRE
deletion mutant and the complemented control strain (Figure 2B).
a-pheromone up-regulated expression in both the parental and
complemented control strains (Figure 2B). Expression in strain
EAP1WPRED/ eap1remained at the basal level in the absence or
presence ofa-pheromone (Figure 2B).

PGA10and CSH
In the absence ofa-pheromone, PGA10 and CSH1 were

expressed at basal levels in white cells of the parental strain, the
complemented control strains and the WPRE deletion mutants
(Figure 2B).a-pheromone up-regulated expression ofPGA10and

CSH1in both the parental and complemented control strains by
more than five- and six-fold, respectively (Figure 2B).a-pheromone
also up-regulated expression ofPGA10and CSH1in the WPRE
deletion mutants, but to less than a third of the stimulated level in
the parental or complemented control strains (Figure 2B).

PBR1
In the absence ofa-pheromone, PBR1 expression was

undetectable in the white cells of the parental strain, comple-
mented control and the WPRE deletion mutant (Figure 2B). There
appeared, therefore, to be no basal expression, as there was for the
other three genes tested.a-pheromone up-regulated PBR1
expression in the parental and complemented control strain
(Figure 2B). It also up-regulatedPBR1expression in the WPRE
deletion mutant, but to a level only one tenth that of stimulated
parental and complemented control cells (Figure 2B).

The low but reproducible levels of expression ofPGA10, CSH1
and PBR1 induced by a-pheromone in the respective WPRE
deletion mutants could have been mediated by a second, weaker
pheromone-response element in the promoters of each of the three
genes. We identified a lower consensus WPRE (lcWPRE) in the
promoter of each of the three genesPGA10, CSH1and PBR1,
located between2 432 and2 418,2 408 and2 394, and2 262 and
2 248 bp, respectively. Low consensus WPRE sequences in all 12
white-specific pheromone-induced genes are described in supple-
mental Table S5. To test whether these sites could be responsible for
low level pheromone induction, we deleted them from strains
CSH1WPRED/csh1 and PBR1WPRED/pbr1, generating strains
CSH1WPREDlcWPRED/csh1 and PBR1WPREDlcWPRED/pbr1. Deletion
of the lcWPRE in the promoters of both of the WPRE mutants
completely eliminated low level induction by pheromone in white
cells (Figure 2C). These results indicate that the lcWPREs in the
promoters ofCSH1andPBR1were responsible for the low level of
residual induction by pheromone observed in the WPRE deletion
mutants (Figure 2B). We also compared, by western analysis using
antibody against the GFP tags, the levels of the proteins Csh1
and Pbr1 in the WPRE deletion mutantsCSH1WPRED/csh1
and CSH1WPREDlcWPRED/csh1, and PBR1WPRED/pbr1 and
PBR1WPREDlcWPRED/pbr1, respectively, with the complemented
controls. The levels of proteins were remarkably consistent with
the transcription levels (Figure 2D).

Finally, we found that as is the case for other white-specific
genes [25,26], up-regulation of the four selected genesEAP1,
PGA10, CSH1 and PBR1 by pheromone was blocked in the
mutantsste4/ste4and the double mutantcek1/cek1 cek2/cek2, but
not in the mutant cph1/cph1(data not shown). These results
demonstrate that as is the case for white-specific genes in general,
up-regulation of these genes by pheromone depends upon the
MAP kinase pathway, but not the target transcription factor Cph1.

OPRE regulates pheromone-induced opaque-specific
gene expression

To assess whether the putative opaque pheromone response
element OPRE mediated pheromone induction of opaque-specific
genes, heterozygous deletion mutants were generated forCPH1
and MFA1, genes selectively up-regulated bya-pheromone in
opaque but not white cells [25].CPH1encodes the gene for the
downstream transcription factor that activates opaque-specific
genes andMFA1 encodes the gene for thea-pheromone. The
OPRE in the promoter of the retainedCPH1and MFA1 copy of
the heterozygoteCPH1/cph1and MFA1/mfa1, respectively, were
then selectively deleted, resulting in the OPRE deletion mutants
CPH1OPRED/ cph1and MFA1OPRED/ mfa1. The CPH1OPRED and
the MFA1OPRED copy in the respective mutants were then
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Figure 2. Localization of Eap1, Pga10, Csh1 and Pbr1 and the role of WPRE in the induction of transcription. A. GFP visualization
reveals that Eap1 and Pga10 localize primarily to the cell surface, and Csh1 and Pbr1 localize primarily in the cytosol upon induction bya-pheromone.
The complemented strainsEAP1WPRED-EAP1/eap1, PGA10WPRED-PGA10/pga10, CSH1WPRED-CSH1/csh1and PBR1WPRED-PBR1/pbr1, which were tagged at
the carboxy terminus with GFP, were examined. B. Northern analysis of mRNA levels of the parental control, deletion mutants and complemented
strains of the four genes in the absence (2 ) and presence (+) of a-pheromone. C. Northern analysis of pheromone-induced expression ofCSH1and
PBR1in deletion mutants missing both the high consensus (strong) WPRE and the low consensus (lc) (weak) WPRE, lcWPRE, in the absence (2 ) and
presence (+) of a-pheromone (a-ph). D. Western analysis of pheromone-induced expression ofCSH1and PBR1in deletion mutants, as in panel C,
using anti-GFP antibody.
doi:10.1371/journal.ppat.1000601.g002
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between opaque a/a mutant cells and opaque a/a WO-1 cells

(Figure 4D), were indistinguishable from those of the parental

strain P37005. These results indicate that pheromone-induced,

white-specific genes do not play a role in the mating process of

opaque cells.

All four test genes play a role in the white cell adhesion
response

In response to pheromone, white cells undergo dramatic

increases in cohesion, as well as adhesion to a substratum

[20,25,26]. To test whether the four selected white-specific genes

up-regulated by a-pheromone played a role in adhesion, we

compared this pheromone response between parent and mutant

strains. a-pheromone induced more than 90% of the white cell

populations of parental strain P37005 to adhere to the bottom of a

plastic dish (Figure 5A). This represented more than a 100 fold

increase over untreated cells. Although a-pheromone also

induced increases in adhesion in the four homozygous deletion

mutants eap1/eap1, pga10/pga10, csh1/csh1 and pbr1/pbr1, the

induced levels were 24%, 43%, 38% and 14%, respectively, that

Figure 4. The genes EAP1, PGA10, CSH1 and PBR1 are not necessary for a-pheromone-induced shmoo formation or mating. A.
Quantitation of shmoo formation of control and mutant strains in response to 4 hr treatment with 36 1026 M a-pheromone (chemically synthesized
13-mer). At least 1,000 cells, the sum of four independent experiments, were analyzed and the mean6standard deviation of the percent shmoo
formation presented. N.S., not significant. B. Quantitation of fusion between control and mutant opaque cells, with opaque a/a cells of the mating
partner WO-1. At least 2,000 cells of each strain, the sum of four independent experiments, were analyzed and the mean6standard deviation of the
percent presented. C. Examples of shmoo formation. D. Examples of mating fusants with a/a strain WO-1. 2, absence of a-pheromone; +, presence of
a-pheromone. Scale bars in C and D represent 4 mm.
doi:10.1371/journal.ppat.1000601.g004
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four complemented strains 986 4 mm, which represented increases
in thickness of 45% and 43%, respectively, over that in the
absence of opaque cells (Figure 6A). The differences in the absence
and presence of minority opaque cells were significant (Figure 6A).
In both the absence and presence of minority opaque cells, the
biofilms formed by white cells of the parent and complemented
control strains possessed a basal layer of white cells, and above this
layer a region of intertwined hyphae oriented vertically (Figure 6B,
C). These biofilms contained an extracellular matrix that stained
with calcofluor (supplemental Figure S1A). Measurements were
also made of the concentration ofb-glucan in the supernatant of
biofilm cultures of the parental strain P37005 in the absence and
presence of minority opaque cells [41]. The concentration was
58% higher in the presence of opaque cells than it was in the
absence (Figure 6E). The difference was significant.

In the absence of opaque cells, the thickness of the biofilms of
the four homozygous deletion mutants averaged 566 6 mm and
that of the four WPRE deletion mutants 566 4 mm (Figure 6A).
These biofilms were, therefore, on average 20% thinner than those
of parental and complemented control cells (Figure 6A). These
differences were significant (supplemental Table S7). The presence
of opaque cells had only a marginal effect on the thickness of the
biofilm formed by the deletion mutants (Figure 6A). Examples of
the pixel intensity scans used to measure thickness for control and
mutant cell biofilms are presented in Figure 6F.

In both the absence and presence of opaque cells, the biofilms
formed by the deletion mutants had no consistent white cell basal
layer; the cells at the substratum were sparse or patchy (Figure 6B,
D). The matrix also strained far less intensely than that of control
strains (Figure 6B and supplemental Figure S1B). In addition, the
hyphae formed as patches and were orientated horizontally (i.e., in
parallel with the substratum) (Figure 6B, D), rather than vertically,
in contrast to the vertical orientation in control cell biofilms
(Figure 6B, C). This aberrant orientation may have been due to
the dramatic decrease in matrix suggested by the staining results
(supplemental Figure S1). Measurements ofb-glucan in the
supernatant of biofilms revealed significant differences between
mutants and the parental stain both in the absence and presence of
minority opaque cells. For the WPRE deletion mutants
EAP1WPRED/eap1 and PBR1WPRED/pbr1, the levels ofb-glucan
were on average 33% and 19% lower, respectively, in the absence
of opaque cells, and 44% and 42% lower, respectively, in the
presence of opaque cells (Figure 6E). These differences proved
significant. Together these results demonstrate that each of the
four a-pheromone-induced, white-specific genes analyzed was
essential for normal biofilm formation and architecture in the
absence as well as in the presence of opaque cells.

Expression patterns in deletion mutants of components
of the pheromone response pathway

Although the four WPRE-regulated white-specific genes are
activated by a downstream transcription factor that is induced by
the pheromone-activated MAP kinase pathway [25,26], this does
not exclude them from playing a role in regulating upstream genes
in the pheromone response pathway by a loop-back control
mechanism. We, therefore, tested whether pheromone up-
regulated thea-pheromone receptor gene,STE2and the mating
factor a gene,MFA1, in the homozygous and WPRE deletion
mutants ofEAP1and PBR1. We also tested whetherCSH1and
PBR1were up-regulated bya-pheromone in theEAP1deletion
mutants, and whetherCSH1and EAP1were up-regulated in the
PBR1deletion mutants. No effects were observed on expression
(Figure 7A, B). Similar results were obtained for the homozygous
and WPRE deletion mutants ofCSH1(data not shown). These

results indicate that pheromone-induced, white specific genes
involved in adhesion and biofilm development do not play a role in
the transduction of the pheromone signal or in up-regulation of
other pheromone induced genes.

OverexpressingPBR1in the other deletion mutants
Homozygous and WPRE deletion mutants of the four white-

specific genes exhibited large but incomplete reductions in
adhesion (Figure 5A). The largest effect was by the homozygous
and WPRE deletion mutants ofPBR1(Figure 5A, B). These results
suggested that the contributions of the four tested genes to the
adhesion response may be both independent and additive. To
explore this hypothesis, we transformed the parent strain P37005,
and the WPRE deletion mutantsEAP1WPRED/eap1, PGA10WPRED/
pga10, CSH1WPRED/csh1and PBR1WPRED/pbr1 with a construct in
which PBR1 was under the control of the inducibletetracycline
promoter [42]. The construct was targeted to one of the two alleles
of the ADH1 gene [42]. The resulting strains were P37005-
tetPBR1 (the control),EAP1WPRED/eap1-tetPBR1, PGA10WPRED/
pga10-tetPBR1, CSH1WPRED/csh1-tetPBR1and PBR1WPRED/pbr1-
tetPBR1. Up-regulation of the tetracycline regulated gene by the
tetracycline analog doxycycline was demonstrated to be dose-
dependent and independent of pheromone, as demonstrated in
PBR1WPRED/pbr1-tetPBR1(Figure 8A).

Misexpression ofPBR1in the absence of pheromone caused an
increase in adhesion in the transformed parental strain P37005
that was approximately one third of the increase induced bya-
pheromone (Figure 8B, C). Misexpression in the four transformed
WPRE deletion mutants in the absence ofa-pheromone resulted
in similar levels of induction (Figure 8B, C). In the presence ofa-
pheromone,PBR1misexpression in both the transformed parental
strain and the four WPRE deletion mutants resulted in a level of
adhesion greater than whenPBR1 was misexpressed in the
absence ofa-pheromone or when cells were only treated witha-
pheromone (i.e., in the absence of doxycycline) (Figure 8B, C).
These results indicated that the expression ofPBR1in the absence
of pheromone-induced expression of the other three test genes
resulted in increased adhesion, and that simultaneousPBR1
misexpression anda-pheromone induced native gene expression
had an additive effect on adhesion. To explore this point further,
we transformed the double mutantcek1/cek1 cek2/cek2[25] with
the misexpression module at theADH1locus. This mutant did not
undergoa-pheromone induction ofEAP1, PGA10, CSH1or native
PBR1(Figure 8D). Misexpression ofPBR1in the double mutant in
the absence or presence ofa-pheromone resulted in an increase in
adhesion to a level again one third of thea-pheromone-induced
level in the parental control (Figure 8E). This result supports the
suggestion that expression ofPBR1 alone results in increased
adhesion, but not to control levels.

Since the WPRE deletion mutants ofEAP1, PGA10and CSH1
express these genes at basal or slightly induced levels (Figure 2B),
misexpression ofPBR1in these WPRE deletion mutants might
still result in interactions between Pbr1 and the gene products
Eap1, Pga10 or Csh1, respectively. To test further for indepen-
dence, the deletion mutantseap1/eap1and csh1/csh1were
transformed with the vector containing tetPBR1 to generate
eap1/eap1-tetPBR1and csh1/csh1-tetPBR1, and adhesion assessed
in the absence or presence ofa-pheromone and/or doxycycline.
The results were highly similar to those obtained with the WPRE
mutants transformed with tetPBR1 (Figure 8C). These results
support the suggestion that the white-specifica-pheromone-
induced genes may confer adhesion independently and
additively.
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Figure 6. The genes EAP1, PGA10, CSH1and PBR1all are necessary for white a/a cell biofilm development in the absence or presence
of minority opaque cells. A. Biofilm thickness measured inmm in the absence (2 Op) and presence (+Op) of 10% opaque cells, for the
complemented control strains, homozygous deletion strains and WPRE deletion strains of the four test genes. The opaque cells were halfa/a and a/a.
For each strain and condition, three individual biofilms were analyzed through three random regions, providing nine measurements. P values are
provided for the measurements in the absence (2 ) and presence (+) of 10% opaque cells (Op). In supplemental Table S7, the p values are presented
for comparisons of the complemented control and the two deletion mutants. B. Comparisons of biofilm compositions of the parent strain P37005, the
complemented control strains, the homozygous mutants and the WPRE deletion mutants of the four test genes, in the absence (2 ) or presence (+) of
opaque (Op) cells. Maximum matrix staining is representative as++++and minimum as+. The presence or absence of a white cell basal layer (Wh cell
bas. layer) is denoted as+ or 2 , respectively. Maximum and minimum hyphal density (Hyph. des) is represented as++++ and +, respectively. Hyphal
orientation (Hyph. orient.) was either vertical (vert.) and intertwined (int.), or horizontal (hor.). C, D. Scanning confocal microscopic images of the basal
layer and hyphal region of biofilms of theEAP1complemented control and WPRE deletion mutant ofEAP1. E.b-glucan measurements of biofilm
supernatants F. Examples of the pixel intensity scans used to measure thickness, for the complemented control and WPRE deletion mutant ofEAP1,
respectively.
doi:10.1371/journal.ppat.1000601.g006
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