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at least one WPRE and at least one OPRE at this stringenCSH1in both the parental and complemented control strains by
threshold (Figure 1D; supplemental Table S5 and S6). more than five- and six-fold, respectively (Figure 2@)heromone
also up-regulated expression BGEA10and CSH1in the WPRE

WPRE regulates pheromone-induced white-specific gene deletion mutants, but to less than a third of the stimulated level in
expression the parental or complemented control strains (Figure 2B).

Although sequence analyses revealed potentisacting
elements, only functional analyses can establish their roles £BR1 )
such. To test whether the putative WPRE functioned as a N the absence ofa-pheromone, PBR1 expression was
pheromone-responsiwisacting sequence for white-specific genesundetectable in the white cells of the parental strain, comple-
one allele of each of the four white-specific geBaB1 PGA1p  Mented control and the WPRE deletion mutant (Figure 2B). There
CSH1and PBR1selected from the group of 12 genes, was delete@ppeared, therefore, to be no basal expression, as there was for the
in the naturala/a strain P37005 to generate the heterozygousOther three genes testeda-pheromone up-regulated PBR1.
deletion mutants EAP1 eapl PGA10pgalp CSH1 cshl and expression in the parental and complemented control strain
PBR1 pbrl The WPRE in the promoter of the retained allele in (Figure 2B). It also up-regulatéBR1expression in the WPRE
each heterozygote with the highest homology to the wpRedeletion mutant, but to a level only one tenth that of stimulated
consensus sequence was then selectively deleted, resulting in Bgental and complemented control cells (Figure 2B).
WPRE deletion mutant€EAP Lypre/ €apl PGALQ,pre/ Pgalo The low but reproducible levels of expressiorPGA1Q CSH1

CSHlypre/ cshland PBRLypra/ pbrl The WPRE deletion and _PBRlinduced by a-pheromone in_the respective WPRE
derivative of each of these mutants was then replaced with thgeletlon mutants could have b_een mediated by a second, weaker
native gene and promoter to generate the Comp|ememe(pheromone-response element in the promoters of each of the three

. We identified a lower consensus WPRE (IcCWPRE) in the
controls EAP -EAP1eapl PGAl -PGA10pgalp 9€nes
CSHLVPRED—CSIII,{V;Z?hJand PBFF;LVPRD-PBQFI;IRSID)rl All copngple- promoter of each of the three genP&A10 CSH1and PBR1
mented strains contained a GFP tag at theBd of the open located betweeg 432 and2 418,2 408 and2 394, and2 262 and

reading frame for protein localization studies and western analysig 248 bp, respectively. Low consensus WPRE sequences in all 12

; white-specific pheromone-induced genes are described in supple-
I:ﬁ gﬁ?;gﬁggfﬁ?gﬁgc’; sr:ué?eﬁﬂllt;eyazggeziglﬁr?:ﬁg;gﬂi ng mental Table S5. To test whether these sites could be responsible for

alleles in the original heterozygous mutant. low level pheromone induction, we deleted them from strains

EAP1 encodes a glycosylphosphatidylinositol-anchored cell wa SHlverep/Cshl and - PBRIyera/pbrl, - generating str_alns
protein that functions as an adhesin in biofilm developmenS.in SHlyprmicwere/Csh1 and PBRIprmicwere/pbrL Deletion
cerevisiag well as in aa/ a strain ofC. albicarf85-37] PGAlOaIsc.) of the lCWPR.E _in the promoter§ of b(.)th of the WPRE mutan_t S
known asRBT51 encodes a puta{tive hydrophoBic extracellular completely eliminated low level induction by pheromone in white

. . . .. cells (Figure 2C). These results indicate that the IcCWPRES in the
?ee\/rglzﬁr:ani?;eg atgtar;ir??f%:s a?bicrglgsé? Ir??hr:aezg)r:plirr]r?en?g)c:"m promoters ofCSH1land PBR1were responsible for the low level of
strains EAPyprayEAPT eapl and PGALQpmem-PGALDpgall residual induction by pheromone observed in the WPRE deletion

. . mutants (Figure 2B). We also compared, by western analysis using
GFP-tagged Eapl and GFP-tagged Pgal0, respectively, IOCaI'Z‘adal"flitibody against the GFP tags, the levels of the proteins Cshl

the surface oh-pheromone-induced white cells (Figure 2B5H1 and Pbrl in the WPRE deletion mutant€SH1ypram/cshl
encodes a protein involved ieltsurface hydrophobicity ia/ a cells and CSHlyprmewerp/cshl  and  PBRIypre/pbrl  and

. . g C
[39,40] and PBR1W|II be shown here to play a role in biofilm PBRLyprmcwrre/pbrL respectively, with the complemented
development inMTL-homozygous cells. In the complemented .,ni1o1s. The levels of proteins were remarkably consistent with
controlsCSH1ypr-CSH1 cshland PBRJNPR_,D-PBRI p_brl GF_P- _ the transcription levels (Figure 2D).
tagged Csh1 and GFP-tagged_Pbrl, respe_ctlvely, Ioc_allzed primarily in Finally, we found that as is the case for other white-specific
the cytoplasm oé-pheromone-induced white cells (Figure 2A). genes [25,26], up-regulation of the four selected geEkB]

To test whethera-pheromone activated the four white-specific PGA1Q CSH1 and PBR1 by pheromone was blocked in the
genes through the putative pheromone response eleMWRE  mtantssted/steand the double mutantekl/cekl cek2/cei
expression of each gene was compared by northern analysis @yt in the mutant cphl/cphi(data not shown). These results
the parental strain P37005, the homozygous deletion mutant, thglemonstrate that as is the case for white-specific genes in general,
WPRE deletion mutant and the complemented control, in the up-regulation of these genes by pheromone depends upon the
absence and presenceapheromone. MAP kinase pathway, but not the target transcription factor Cph1.

EAP1 OPRE regulates pheromone-induced opaque-specific

In the absence dd-pheromone EAP1was expressed at a basal yene expression
level in white cells of the parental (P37005) strain, the WPREg To assess whether the putative opaque pheromone response
deletion mutant and the complemented control strain (Figure 2B)gjement OPRE mediated pheromone induction of opaque-specific
a-pheromone up-regulated expression in both the parental a”‘benes, heterozygous deletion mutants were generate@HbiL

complemented contro_l strains (Figure 2B). E_xpression in straiBng MFAL genes selectively up-regulated &ypheromone in
EAPlypren/ eaplremained at the basal level in the absence orgpague but not white cells [25FPH1encodes the gene for the

presence oé-pheromone (Figure 2B). downstream transcription factor that activates opaque-specific
genes andMFA1 encodes the gene for theepheromone. The
PGA1Gand CSH OPRE in the promoter of the retaine@PH1and MFA1 copy of

In the absence ofa-pheromone, PGA10and CSH1 were  the heterozygot€PH1/cphland MFAl/mfal respectively, were
expressed at basal levels in white cells of the parental strain, titleen selectively deleted, resulting in the OPRE deletion mutants
complemented control strains and the WPRE deletion mutantSCPHlprepn/ cphland MFAlopren/ mfal The CPHIoprep and
(Figure 2B)a-pheromone up-regulated expressionPééAl0and the MFAloprep cOpy in the respective mutants were then
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Figure 2. Localization of Eapl, Pgal0, Cshl and Pbrl and the role of WPRE in the induction of transcription. A. GFP visualization
reveals that Eapl and Pgal0 localize primarily to the cell surface, and Csh1 and Pbrl localize primarily in the cytosol upon inductepbgromone.

The complemented strainEAP{prp-EAP1/eaplPGAL1Qprp-PGA10/pgalCSHypre-CSH1/cshand PBRyprp-PBR1/pbriwhich were tagged at

the carboxy terminus with GFP, were examined. B. Northern analysis of mMRNA levels of the parental control, deletion mutants and complemented
strains of the four genes in the absence2() and presence ) of a-pheromone. C. Northern analysis of pheromone-induced expression@sHland
PBRIn deletion mutants missing both the high consensus (strong) WPRE and the low consensus (Ic) (weak) WPRE, ICWPRE, in the éb}jamck (
presence ¢) of a-pheromone @-ph). D. Western analysis of pheromone-induced expression@sHland PBR1n deletion mutants, as in panel C,
using anti-GFP antibody.

doi:10.1371/journal.ppat.1000601.9002
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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

White Cell Biofilm in Candida

[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 eapl/eapl, pgal0/pgal0, cshl/cshl and pbrl/pbrl, the
induced levels were 24%, 43%, 38% and 14%, respectively, that

Figure 4. The genes FAPI, 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 10~® M a-pheromone (chemically synthesized
13-mer). At least 1,000 cells, the sum of four independent experiments, were analyzed and the meanzstandard 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 meanzstandard deviation of the
percent presented. C. Examples of shmoo formation. D. Examples of mating fusants with a/a strain WO-1. —, absence of a-pheromone; +, presence of

a-pheromone. Scale bars in C and D represent 4 mm.
doi:10.1371/journal.ppat.1000601.9g004

@ PLoS Pathogens | www.plospathogens.org

October 2009 | Volume 5 | Issue 10 | 1000601






White Cell Biofilm inCandida

four complemented strains 868 nm, which represented increases results indicate that pheromone-induced, white specific genes
in thickness of 45% and 43%, respectively, over that in theinvolved in adhesion and biofilm development do not play a role in
absence of opaque cells (Figure 6A). The differences in the absenbe transduction of the pheromone signal or in up-regulation of
and presence of minority opaque cells were significant (Figure 6Adther pheromone induced genes.

In both the absence and presence of minority opaque cells, the

biofilms formed by white cells of the parent. and ComplementedQverexpressinQPBR]in the other deletion mutants

control stra_uns po_ssesst_ed a basal Iaye!r of white c_ells, anql above th'ﬁomozygous and WPRE deletion mutants of the four white-
layer a region of intertwined hyphae oriented vertically (Figure 6Bspecific genes exhibited large but incomplete reductions in

C). These biofilms contained an extracellular matrix that stainedadhesion (Figure 5A). The largest effect was by the homozygous
with calcofluor (supplemental Figure S1A). Measurements WerSnd WPRE deletion mutants &BRI1(Figure 5A, B). These results

also made of the concentration lafglucan in the supernatant of -
biofilm cultures of the parental strain P37005 in the absence an lé?]gezfgﬁdrg;?ortgz ?T?;;nglé“ggfhoifmtjhe%g?]lérertfs;% %%r;?ﬁsvéo _trhoe

resence of minority opaque cells [41]. The concentration was . - . )
28% higher in the [))/resper?ce of opa[qul cells than it was in theexplore this hypothe§|s, we transformed the parent strain P37005,
absence (Figure 6E). The difference was significant. angltggg\{fﬁ E Sjlestﬁgr?:ju;%nF?QPERa/fsv?tiZGcf\)%mglt';Sg?/in

In the absence of opaque cells, the thickness of the biofilms gf% h PR der th PRI ? he inducible i

the four homozygous deletion mutants average &&m and which PBR1was under the control of the inducibketracycline
that of the four WPRE deletion mutants 6@ nm (Figure 6A) promoter [42]. The construct was targeted to one of the two alleles

These biofilms were, therefore, on average 20% thinner than thos ftptg%f‘?:l ger;e |[4E2,kPThe ;;su't'ln% tsp}rBaén;GV\flre PZ’Z/O%'
of parental and complemented control cells (Figure 6A). Thes c (the control), lvprep/eapl-tetPBF Wer

differences were significant (supplemental Table S7). The presenegg?;ﬁtjplgRE?H.J’VPR?/%Shl'tetPBThnd PBIRJ"’;RED/pbr;' h
of opaque cells had only a marginal effect on the thickness of thig? i p-regulatlog of t el_tetracycw(;e regulate dgeneb ydt €
biofilm formed by the deletion mutants (Figure 6A). Examples ofcracycline analog doxycycline was demonstrated to be dose-

the pixel intensity scans used to measure thickness for control affPendent and independent of pheromone, as demonstrated in
mutant cell biofilms are presented in Figure 6F. PBRvpre/pbrl-tetPBR{Figure 8A).

In both the absence and presence of opaque cells, the biofilms Miséxpression dPBR1in the absence of pheromone caused an
formed by the deletion mutants had no consistent white cell basdficréase in adhesion in the transformed parental strain P37005
layer: the cells at the substratum were sparse or patchy (Figure 6Bt Was approximately one third of the increase inducedaby
D). The matrix also strained far less intensely than that of controP€romone (Figure 8B, C). Misexpression in the four transformed
strains (Figure 6B and supplemental Figure S1B). In addition, th¥/PRE deletion mutants in the absenceaspheromone resulted
hyphae formed as patches and were orientated horizontajyr( N Similar levels of induction (Figure 8B, C). In the presenc- of
parallel with the substratum) (Figure 6B, D), rather than verticallyPheromonePBR1misexpression in both the transformed parental
in contrast to the vertical orientation in control cell biofims Strain and the four WPRE deletion mutants resulted in a level of
(Figure 6B, C). This aberrant orientation may have been due tc@dhesion greater than wheRBR1 was misexpressed in the
the dramatic decrease in matrix suggested by the staining resuf@sence oé-pheromone or when cells were only treated véth
(supplemental Figure S1). Measurementsbejlucan in the Ppheromonei(e, in the absence of doxycycline) (Figure 8B, C).
supernatant of biofilms revealed significant differences betweehhese results indicated that the expressioRBR1in the absence
mutants and the parental stain both in the absence and presence 6f pheromone-induced expression of the other three test genes
minority opaque cells. For the WPRE deletion mutants resulted in increased adhesion, and that simultaneBBR1
EAP1yprev/eapl and PBR1ypre/pbrl, the levels ofb-glucan — misexpression and-pheromone induced native gene expression
were on average 33% and 19% lower, respectively, in the absendwd an additive effect on adhesion. To explore this point further,
of opaque cells, and 44% and 42% lower, respectively, in theve transformed the double mutanekl/cekl cek2/c§kd] with
presence of opaque cells (Figure 6E). These differences provéiee misexpression module at tABH1 locus. This mutant did not
significant. Together these results demonstrate that each of thendergoa-pheromone induction dEAP1 PGA1QCSH1or native
four a-pheromone-induced, white-specific genes analyzed waBBR1(Figure 8D). Misexpression BBR1in the double mutant in
essential for normal biofilm formation and architecture in the the absence or presenceaspheromone resulted in an increase in
absence as well as in the presence of opaque cells. adhesion to a level again one third of tagopheromone-induced

level in the parental control (Figure 8E). This result supports the
Expression patterns in deletion mutants of components suggestion that expression BBR1 alone results in increased
of the pheromone response pathway adhesion, but not to control levels.

Although the four WPRE-regulated white-specific genes are Since the WPRE deletion mutants BAP1 PGA1Gand CSH1
activated by a downstream transcription factor that is induced byeXpress these genes at basal or slightly induced levels (Figure 2B),
the pheromone-activated MAP kinase pathway [25,26], this doegnisexpression dPBR1in these WPRE deletion mutants might
not exclude them from playing a role in regulating upstream gene§till result in interactions between Pbrl and the gene products
in the pheromone response pathway by a loop-back controEapl, Pgal0 or Cshl, respectively. To test further for indepen-
mechanism. We, therefore, tested whether pheromone updence, the deletion mutanteapl/eapland cshl/cshlwere
regulated thea-pheromone receptor gen§TE2and the mating  transformed with the vector containing REBR1to generate
factor a gene,MFA1 in the homozygous and WPRE deletion eapl/eaptetPBR1andcshl/cshiietPBR1 and adhesion assessed
mutants of EAPland PBR1 We also tested wheth&@SH1and in the absence or presenceaspheromone and/or doxycycline.
PBR1were up-regulated by-pheromone in theEAP1deletion  The results were highly similar to those obtained with the WPRE
mutants, and whethe€SH1and EAP1were up-regulated in the mutants transformed with tEBR1 (Figure 8C). These results
PBR1deletion mutants. No effects were observed on expressiosupport the suggestion that the white-specéipheromone-
(Figure 7A, B). Similar results were obtained for the homozygoumduced genes may confer adhesion independently and
and WPRE deletion mutants d€SH1(data not shown). These additively.
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Figure 6. The genes EAPI PGA1Q CSHIand PBRI:all are necessary for white a/a cell biofilm development in the absence or presence

of minority opaque cells.  A. Biofilm thickness measured imm 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 weeddalfid 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() 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 absehg®( presence ) of
opaque (Op) cells. Maximum matrix staining is representative &s++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 representedras-+and +, respectively. Hyphal
orientation (Hyph. orient.) was either vertical (vert.) and intertwined (int.), or horizontal (hor.). C, D. Scanning confocal microscopic imagestmasal
layer and hyphal region of biofilms of theEAPIcomplemented control and WPRE deletion mutant dEAP1E.b-glucan measurements of biofilm
supernatants F. Examples of the pixel intensity scans used to measure thickness, for the complemented control and WPRE deletion mutaAPaf
respectively.

doi:10.1371/journal.ppat.1000601.g006
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