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Candida albicans must undergo a switch from white to opaque to mate. Opaque cells then release mating type-specific
pheromones that induce mating responses in opaque cells. Uniquely in C. albicans, the same pheromones induce
mating-incompetent white cells to become cohesive, form an adhesive basal layer of cells on a surface, and then generate
a thicker biofilm that, in vitro, facilitates mating between minority opaque cells. Through mutant analysis, it is
demonstrated that the pathways regulating the white and opaque cell responses to the same pheromone share the same
upstream components, including receptors, heterotrimeric G protein, and mitogen-activated protein kinase cascade, but
they use different downstream transcription factors that regulate the expression of genes specific to the alternative
responses. This configuration, although common in higher, multicellular systems, is not common in fungi, and it has not
been reported in Saccharomyces cerevisiae. The implications in the evolution of multicellularity in higher eukaryotes are

discussed.

INTRODUCTION

Both single cell organisms and the individual cells of mul-
ticellular organisms must respond to a variety of environ-
mental signals (Dorsky et al., 2000; Baldzsi and Oltvai, 2005).
In addition, in higher eukaryotes different cell types fre-
quently respond to the same signal in unique ways (Rincén
and Pedraza-Alva, 2003; Bacci et al., 2005; Dailey et al., 2005).
In most cases, different signals interact with unique surface
receptors that activate different signal transduction path-
ways, as has been demonstrated in Saccharomyces cerevisiae
(Leberer ef al., 1997; Gustin et al., 1998, Madhani and Fink,
1998; Elion, 2000). The mitogen-activated protein (MAP)
kinase pathways have evolved as highly efficient, multipur-
pose signal transduction systems. S. cerevisize uses multiple
MAP kinase pathways, each one for a distinct signaling
system, including the mating process, the filamentation pro-
cess, cell wall integrity, ascospore formation, and osmoreg-
ulation (Levin and Errede, 1995; Gustin et al., 1998; Saito and
Tatebayashi, 2004; Chen and Thorner, 2007). Several of these
pathways share a limited number of components, but all are
presumed to use different receptors to elicit very different
responses. In the mating process of S. cerevisiae, a cells re-
lease a-factor that interacts with the a-receptor on « cells,
and « cells release a-factor that interacts with the a-receptor
on a cells. These alternative signals are then transduced
through the same heterotrimeric G protein to activate the
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same MAP kinase pathway, which in turn activates the same
downstream regulators that elicit similar mating responses,
including G1 arrest, polarization, and shmooing (Sprague et
al., 1983; Bender and Sprague, 1986; Leberer et al., 1997).
Other fungi, including Magnaporthe grisea (Dixon et al., 1999;
Zhao et al., 2005b) Neurospora crassa (Li et al., 2005), and
Cryptococcus neoformans (Davidson et al., 2003; Kraus ef al.,
2003; Bahn et al., 2005) also use MAP kinase pathways for a
variety of responses (Kruppa and Calderone, 2006).

The pathogenic yeast Candida albicans also uses MAP ki-
nase pathways in the mating process (Chen et al., 2002;
Magee et al., 2002), filamentation (Liu et al., 1994; Csank et al.,
1998; Navarro-Garcia et al., 1998), and osmoregulation
(Alonso-Monge et al., 1999; Smith et al., 2004). But C. albicans
has one additional and unique response to mating phero-
mones that so far has not been identified in other yeast
(Daniels et al., 2006). To mate, MTL-heterozygous strains of
C. albicans must undergo homozygosis to a/a or /o (Hull et
al., 2000; Magee and Magee, 2000), then switch from the
mating-incompetent white phenotype to the mating-compe-
tent opaque phenotype (Miller and Johnson, 2002; Lockhart
et al., 2003a). Although pheromones induce mating re-
sponses in opaque a/a and a/a cells, including G1 arrest,
polarization, and shmooing, as in S. cerevisize, they do not
induce these responses in white cells (Bennett et al., 2003;
Lockhart et al., 2003a,b; Zhao et al., 2005a; Daniels et al.,
2006). They do, however, elicit in white cells a dramatic
increase in cohesion, adhesion, and biofilm development
(Daniels et al., 2006). These changes have been demon-
strated, at least in vitro, to result in a thicker white cell
biofilm that provides a protective environment for sponta-
neously arising opaque cells to undergo mating (Daniels et
al., 2006; Soll and Daniels, 2007).

957



S. Yietal

Although mutational studies using complementation of
auxotrophic traits as an assay for mating indicated that the
a-receptor Ste2p; the MAP kinases Ceklp and Cek2p, ho-
mologues of S. cerevisiae Ksslp and Fus3p; and a key target
transcription factor, Cphlp, the homologue of S. cerevisiae
Stel2p, were necessary for mating in C. albicans a/a cells
(Chen et al., 2002; Magee et al., 2002; Bennett et al., 2003), the
receptors, signal transduction pathways, and downstream
transcription factor(s) that mediate the unique white cell
response to pheromone remained unknown.

There existed at least three possible scenarios for this
pathway. First, the same receptor, G protein complex, MAP
kinase pathway, and targeted transcription factor could me-
diate both the opaque cell mating response and the white
response. Second, select components of the signal transduc-
tion pathway regulating the opaque pheromone response
could be shared with the pathway regulating the white
pheromone response. Third, completely different receptors
and transduction pathways, with no overlap, could mediate
the alternative opaque and white responses. To distinguish
between these possible scenarios, we generated deletion
derivatives in a natural a/a strain for components mediating
the mating response, including the a-pheromone receptor
gene, STE2; the gene for the B-subunit of the heterotrimeric
G protein, STE4; the genes for the MAP kinases, CEK1 and
CEK?2; the gene for the downstream trans-acting factor CPH1
(the S. cerevisine STE12 homologue); and the gene for the
downstream cyclin-dependent kinase inhibitor, FARI. We
also generated deletion derivatives in natural o/« strain for
the a-pheromone receptor gene, STE3, and for FAR1. Mutant
and complemented strains were analyzed for the phero-
mone response of opaque cells and the pheromone response
of white cells.

Our results demonstrate that the pathways regulating the
alternative responses in opaque and white cells to the same
pheromone share the same receptor, heterotrimeric G pro-
tein, and MAP kinase cascade, but they do not share the
same downstream transcription factor(s). This represents a
configuration in which two different cell types, white and
opaque, respond to the same signals, and use the same
receptors, heterotrimeric G protein, and the same MAP ki-
nase cascade, but different downstream transcription factors,
Cphlp in the opaque cell response and an as-yet-unidenti-
fied transcription factor in the white cell response. This
configuration, which has no analogous example in S. cerevi-
siae, is found in a variety of multicellular systems in which
the same signal is transduced in different cell types by the
same signal transduction pathway, but results in different
cellular responses (Rincén and Pedraza-Alva, 2003). We ar-
gue that several aspects of the signaling system between
opaque and white cells suggest that it may represent an
antecedent to multicellularity in higher eukaryotes.

MATERIALS AND METHODS

Strain Maintenance and Growth

Strains used in this study and their origins and genotypes are listed in
Supplemental Table S1. Cells of the natural strains P37005 (a/a) (Lockhart et
al., 2002), P57072 (a/ ) (Lockhart et al., 2002), and WO-1 (a/ ) (Slutsky et al.,
1987), the derived mutants, and complemented strains were maintained at
25°C on agar containing modified Lee’s medium (Bedell and Soll, 1979) or
YPD medium (Sherman et al., 1986). For distinguishing between white and
opaque phase sectors or colonies, colonies were grown on modified Lee’s agar
medium supplemented with 5 ug/ml phloxine B, which differentially stained
opaque phase cells red (Anderson and Soll, 1987). Before use, white and
opaque phase cells were verified microscopically for the unique differences in
cell shape and vacuole formation (Anderson and Soll, 1987; Slutsky et al.,
1987).
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Generation of Null Mutants

In this study, the following null mutants were generated: ste2A, ste4A, cek1A,
cek2A, cek1A cek2A, cph1A, and far1A in the natural a/a strain P37005; and ste3A
in the natural a/« strain P57072. In addition, a farlA mutant was generated in
the natural o/« strain WO-1. The recyclable flipper cassette from pSFS2A
(Reuss et al., 2004), containing a dominant nourseothricin resistance marker
(CaSAT1), was used to create all mutants. The plasmid pSFS2A was a gener-
ous gift from Joachim Morschhauser (The University of Wiirzburg, Germany).
The 4.2-kb Xhol-Sacll fragment SAT1-2A of the cassette was blunt-ended
with T4 polymerase before its use in ligations to create the deletion cassettes.

All of the primers used to create gene deletions are provided in Supple-
mental Table S2. To obtain a homozygous mutant strain for a particular gene,
deletion cassettes I and II were generated in a two-step disruption strategy.
Deletion cassette I was constructed as follows: 5" and 3’ flanking regions of
each target gene were amplified by polymerase chain reaction (PCR) by using
the primers provided in Supplemental Table S2. The 5’ region and 3’ region
were then each digested by Smal and ligated together using T4 ligase. The
5'-3" fusion product was amplified by PCR and subcloned into the pGEM-T
Easy vector (Promega, Madison, WI). The SAT1-2A fragment was then in-
serted into the Smal-digested, dephosphorylated plasmid. This plasmid was
digested with Sacl plus Sphl to generate the deletion cassette, which was then
used to transform C. albicans strain P37005, P57072, or WO-1 by electropora-
tion (De Backer et al., 1999). For each gene, two independent transformants
were confirmed as heterozygous by both PCR and Southern analysis. The
heterozygotes were then subjected to a pop-out strategy in the maltose-
containing medium YPM (1% yeast extract, 2% Bacto-peptone, and 2% mal-
tose) to excise the CaSAT1 marker. Deletion cassette II was constructed in a
similar manner. The new 5’ and 3’ flanking regions that contained sequences
deleted in the first step were amplified by PCR, by using the primers noted for
each gene in Supplemental Table S2. The resulting plasmid was digested with
Sacl and Sphl, and it was used to transform the heterozygous mutant deriv-
atives. Two independent null mutants were confirmed by both PCR and
Southern analysis for each gene.

Mutant Complementation

Complementation was performed for the mutants ste2A, steA3, ste4A, cek1A,
cek2A, cphlA, and farlA, generating ste2A/STE2, ste3A/ste3, ste4A/STE4,
cek1A/CEK1, cek2A/CEK2, cphlA/CPHI1, and farlA/FARI. The CaSATI
marker was deleted by a pop-out protocol from each null mutant as described
for heterozygous mutants. The 5’ and 3’ regions flanking the stop codon were
amplified by PCR with the primers noted for each gene in Supplemental Table
S2. The 5'-3" fusion product was amplified by PCR and subcloned into
PGEM-T Easy (Promega). For complemented strains, a DNA fragment con-
taining both green fluorescent protein (GFP) and CaSAT1 was amplified by
PCR with the primers noted in Supplemental Table S2, using plasmid pK91.6
(Srikantha and Soll, unpublished data) as template. GFP was inserted into the
plasmid for future experiments and not used in this study. The GFP-CaSAT1
fragment was digested with BamHI plus Bglll, and it was ligated into the
BglIl- or BamHI-digested, dephosphorylated plasmid containing the 5'-3’
fusion product of the gene. This plasmid contained the transformation mod-
ule for targeting to the gene locus. The in-frame GFP-gene fusion was con-
firmed by sequencing. This plasmid was digested with Xhol or Stul and used
for transformation into the null mutant of each gene. Transformants were
verified by both PCR sequencing and Southern analysis.

Opaque Cell Shmooing and Mating

Opaque cells were grown in liquid modified Lee’s medium in a rotary water
bath shaker (250 rpm) at 25°C to early saturation phase (~5 X 107 cells/ml)
(Lockhart et al., 2003b). Cells were then pelleted, resuspended at 10° cells/ml
in fresh medium containing 3 X 107¢ M synthetic 13-mer a-pheromone
(Bennett et al., 2003; Panwar ef al., 2003) and incubated at 25°C in a shaker (250
rpm). The 13-mer peptide (GFRLTNFGYFEPG), synthesized by Open Biosys-
tems (Huntsville, AL), was dissolved in dimethyl sulfoxide (DMSO). In
controls not treated with pheromone, equivalent amount of DMSO was
added. Shmooing and conjugation tube growth were monitored microscopi-
cally. Cell concentration was also monitored over time. To test for a-phero-
mone-induced shmoo formation, a transwell assay was performed according
to Daniels et al. (2006).

To test for mating (Lockhart et al., 2003a), opaque cells of an a/a or o/«
mutant were grown to early saturation phase and mixed with an equal
concentration of WO-1 (a/a) or P37005 (a/a) opaque cells, respectively, in
liquid culture. The mating mixtures were incubated at 25°C in a rotary shaker
(250 rpm), and they were monitored for fusants microscopically over a 48-h
period.

White Cell Cohesion and Adhesion Assays

To test for a-pheromone-induced cohesion according to the methods of
Daniels et al. (2006), a/a white cells from a saturation phase culture (~4 X 108
cells/ml) of strain P37005 or mutant derivatives were resuspended in fresh
medium at a concentration of 5 X 107/ml. The medium was supplemented
with the 13-mer synthetic a-pheromone at a concentration of 3 X 107¢ M. The
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culture was rotated at 250 rpm at 25°C. Samples were taken from the suspen-
sion culture after 6 h, and they were examined microscopically for cell
aggregates. To test for a-pheromone-induced cohesion of white cells of strain
P57072 and the mutant derivative ste3A, a 50:50 mixture of opaque P37005 and
WO-1 cells was added to a suspension of either white P57072 or ste3A cells so
that the former-inducing mixture made up 1% of cells. Opaque P37005 cells
(a/a), stimulated by opaque WO-1 («/«a) cells, released a-pheromone.

To test for a-pheromone-induced adhesion of white cells of the natural a/a
strain P37005 and its mutant derivatives to plastic, the methods of Daniels et
al. (2006) were used. Two milliliters of cells (5 X 107/ml) were incubated in a
well of a Costar six-cluster well plate (Corning Life Sciences, Lowell, MA) in
the presence of 3 X 10~° M synthetic 13-mer a-pheromone. After 16 h at 25°C,
the wells were gently washed with phosphate-buffered solution and photo-
graphed. Gray scale images were subsequently pseudocolored for clarity.
Three hundred microliters of a 0.05% trypsin-EDTA solution (Invitrogen,
Carlsbad, CA) was added to each well. After 15 min, the cells on the dish
bottom were released into 300 ul of supplemental Lee’s medium containing
10% calf serum, and the number of adhering cells was determined in a
hemocytometer. To test for a-pheromone-induced adhesion of a/a strain
P57072 and its mutant derivative ste3A, 1% opaque cells of a/a strain P37005
and o/« strain WO-1 were added to the well culture. After 16 h at 25°C,
adhesion was analyzed as described above.

Biofilm Thickness

Biofilm enhancement was quantitated in strain P37005 and mutant deriva-
tives according to a protocol described previously (Daniels et al., 2006), with
one exception. Although in earlier experiments, a minority mixture (50:50) of
opaque a/a and «/«a cells was found more stimulatory than opaque «/ « cells
alone in enhancing a majority (90%) white a/a cell biofilm formation, recent
experiments proved that minority opaque a/«a cells (WO-1) alone induced
near maximum enhancement of majority white biofilms. Therefore, a mixture
of 90% white a/a test cells and 10% opaque a/a WO-1 cells (a total of ~5 X
107 cells in 2.5 ml of RPMI 1640 medium) was distributed on a silicone
elastomer square in a well and incubated for 90 min. To test for enhancement
of white cell biofilms of strain P57072 and the mutant derivative ste3A, opaque
a/a cells (P37005) (10%) were added to majority a/« cells in the presence of
3 X 107° a-pheromone. The square was then rinsed and incubated in RPMI
1640 medium on a rocker at 29°C for the subsequent 48 h. Biofilms were
prepared in triplicate cultures. The biofilm was fixed, stained with calcofluor,
and the thickness was measured using Bio-Rad LaserSharp software in a
Bio-Rad Radiance 2100 MP laser scanning confocal microscope (LSCM) (Bio-
Rad, Hermel, Hamstead, United Kingdom).

Quantitative Fluorescence Analysis of DNA

Two methods were used. In the first method, described in detail in Zhao et al.
(2005a), opaque cells were grown to saturation phase, and then they were
resuspended in fresh medium at 10° cells/ml. Cells were treated with syn-
thetic a-pheromone (13-mer) in suspension, and then they were fixed after 3 h
in 70% ethanol and treated overnight with RNase. Nuclei were stained with
25 uM Sytox Green (Invitrogen). Fluorescent quantitation of the staining of
individual nuclei was performed using a confocal method we described in
detail previously (Zhao et al., 2005a). Using the projected confocal image, a
line profile of pixel intensity was measured across the center of each nucleus.
In both control P37005 and far1A cell populations, only the nuclei of cells that
had formed shmoos were scanned. That represented ~60-70% of the P37005
cell population and 25% of the far1A cell population. In a second method, cell
cycle status was determined by fluorescence-activated cell sorting (FACS).
Cells were prepared as described above, with modification. RNase treatment
was followed by proteinase K digestion. The final cell suspension was then
stained overnight with 1 uM Sytox Green. The cells were sonicated briefly to
disrupt cell aggregates, and then they were analyzed with a FACScan (BD
Biosciences, Mountain View, CA). Cell cycle status was analyzed using Mod-
FitLT version 2.0 software (BD Biosciences).

Northern and Southern Analyses

Northern and Southern analyses were performed as described previously
(Lockhart et al., 2003b; Srikantha et al., 2006). For northern analyses, cells from
saturation phase cultures were diluted into fresh medium in the absence or
presence of 3 X 107¢ M a-pheromone, and they were pelleted after 4 h. Total
RNA was extracted using the RNeasy Mini kit (QIAGEN, Valencia, CA).
PCR products were used for probing Northern and Southern blots. The
primers used to generate the PCR probe for each gene are listed in
Supplemental Table S2.

RESULTS

The Pheromone Response Pathway Plays No Role in
Switching

The deletion mutants ste2A, ste4A, cek1A, cek2A, cek1A cek2A,
cphlA, and far1A were generated in the natural a/a strain
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P37005 (Lockhart ef al., 2002). The deletion mutant ste3A
(a/ @) was generated in the natural o/« strain P57072 (Lock-
hart ef al., 2002) and a far1A deletion mutant was generated
in the natural o/« strain WO-1 (Slutsky et al., 1987). Each
mutant and complemented derivatives were individually
tested for spontaneous white-opaque switching by plating
cells from single white colonies at low density on nutrient
agar containing phloxine B, which differentially stained
opaque cells red (Anderson and Soll, 1987). One thousand
derivative colonies were scored for each strain. In every
case, red colonies and/or sectors formed after 7 d at low
frequencies similar to wild type (~107° opaque colonies).
Cells from every tested red colony or sector of each mutant
were found to exhibit the unique elongate opaque cell shape
(data not shown). When these opaque cells were in turn
plated at low density on agar, they formed a majority of
opaque colonies and a minority of white colonies, demon-
strating reversibility for every mutant. The same was true
for the complemented strains ste2A/STE2, ste3A/STE3,
ste4A/STE4, cek1A/CEK1, cek2A/CEK2, cphlA/CPHI, and
far1A/FAR1 (a/a). Zordan et al. (2006) demonstrated previ-
ously that switching was unimpaired in deletion mutants of
STE2, CEK2, and FARI generated in an a cell background in
a laboratory strain derived from strain SC5314. Together,
these results demonstrate that the genes in the pheromone
response pathway are not essential for white-opaque switch-
ing. This allowed ready isolation of white and opaque cells
for each mutant and complemented strain, which were then
tested for the alternative pheromone responses.

Opagque Cell Pheromone Response of ste2A, ste3A, and
stedA

No shmoo formation was observed in opaque cells of parent
strain P37005 in the absence of a-pheromone. Seventy-five
percent formed shmoos after 4 h of treatment with a-pher-
omone and 91% after 8 h (Figure 1, A, B, and M). Neither
opaque cells of the ste2A mutant nor of the ste4A mutant
formed shmoos in response to a-pheromone (Figure 1, C
and D, respectively; and M). The complemented strains
ste2A/STE2 and ste4A/STE4 regained the capacity to form
shmoos in response to pheromone, and to the same extent as
parental P37005 cells (data not shown). Bennett ef al. (2003)
also found that STE2 was required for opaque a cells to
undergo shmoo formation.

Opaque cells of the a-receptor mutant ste3A could not be
tested with synthetic pheromone, because a-pheromone is
not readily synthesized chemically due to extensive post-
translational modification (Chen et al., 1997a,b; Huyer et al.,
2006). Therefore, mutant ste3A cells were compared with
parent P57072 cells for their response to a-pheromone re-
leased by opaque a/a cells (P37005) mixed with wild-type
opaque o/« cells (P57072) that up-regulated a-pheromone
production in the former. This inducing mixture was sepa-
rated from opaque ste3A cells or a/a wild type cells by a
micropore filter in a transwell chamber (Figure 2A) (Daniels
et al., 2006). Whereas opaque cells of parent strain P57072
cells were induced to form shmoos (Figure 2B), opaque cells
of ste3A were not (Figure 2C). Opaque cells of the comple-
mented strain ste3A/STE3 regained shmoo formation in re-
sponse to a-pheromone (data not shown).

Opaque cells of the mutants ste2A and ste4A were also
compared with opaque cells of parent strain P37005 for their
ability to mate with opaque cells of the o/« strain WO-1, by
using microscopically identified fusion as an assay (Lock-
hart et al., 2003a). Although 27% of opaque cells in a 50:50
mixture of opaque a/a P37005 cells and opaque o/a WO-1
opaque cells fused (Figure 3, A and K), no fusions were

959



S. Yi et al.

A. P37005 B. P37005 C. ste2A
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I. cek1A cek2A  J. cph1A K. far1A
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<
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4 hr (+ pheromone)

4 hr (+ pheromone)

M. Shmoo formation in response to a-pheromone

D.

8 hr (+ pheromone)

ste4A

Figure 1. o-Pheromone does not induce con-
jugation tube (“shmoo”) formation in opaque
cells of the mutants ste2A, ste4A, the cek1A
cek2A double mutant, or cphlA, derived from
the natural a/a strain P37005. (A and B) Rep-
resentative images of P37005 cells in the ab-
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observed between opaque ste2A or ste4A cells, and opaque
WO-1 cells (Figure 3, B and C, respectively; and K). Opaque
cells of the complemented strains ste2A/STE2 and ste4A/
STE4 regained the capacity to mate with opaque WO-1 cells
(data not shown). Using complementation between a and o
auxotrophs as a fusion assay, Bennett ef al. (2003) had pre-
viously demonstrated that STE2 was essential for mating.

The ste3A mutant was also incapable of mating. Whereas
the parent a/ a strain P57072 mated readily with the natural
a/a strain P37005 (Figure 3, D and K), ste3A did not (Figure
3, E and K). Opaque cells of the complemented strain ste3A/
STE3 mated with opaque cells of the a/a strain P37005 (data
not shown). Together with the pheromone response data,
these results indicated that the a-pheromone receptor,Ste2p
and the B-subunit of the heterotrimeric G protein Ste4p were
essential for a-pheromone—induced shmooing and fusion of
opaque a/a cells, and that the a-pheromone receptor Ste3p
was essential for a-pheromone-induced shmooing and fu-
sion of opaque a/a cells.
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White Cell Pheromone Response of ste2A, ste3A, and
ste4dA

White cells of the mutants ste2A and ste4A were compared
with white cells of the parental strain P37005 for the a-pher-
omone-stimulated white cell response, which included dra-
matic increases in cohesion, adhesion, and enhanced biofilm
development (Daniels et al., 2006). To assess pheromone-
induced cohesion, ste2A and ste4A cells were incubated in
suspension either in the absence or in the presence of
a-pheromone for 6 h. Cells were then distributed on a slide,
and the average number of cells per aggregate was calcu-
lated. As we described previously (Daniels ef al., 2006), the
majority of white P37005 cells remained largely separated or
formed small aggregates in the absence of a-pheromone
(Figure 4I), but in the presence of a-pheromone, the majority
of cells formed large aggregates (Figure 4, A and I). In the
absence (data not shown) or presence of a-pheromone, the
majority of white ste2A and ste4A cells remained largely
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A. Transwell Assay B. P57072 (op)
a»

Figure 2. a-Pheromone does not induce conjugation tube forma-
tion in opaque cells of the mutant ste3A, derived from the o/« strain
P57072. (A) Transwell apparatus for a-pheromone induction of o/«
cells. (B) Representative image of opaque P57072 cells after 7 h of
incubation in the response well. (C) Representative image of ste3A
after 7 h in response well. Bar (C), 5 um.

Figure 3. Opaque cells of the mutants ste2A,
ste3A, ste4dA, the double mutant cekIA cek2A,
and cph1A do not mate (i.e., undergo fusion)
with opaque cells of opposite mating type in
suspension cultures, whereas mutants cek1A,
cek2A, and farIA mate, but at reduced fre-
quency. (A and D) Selected image of mating
opaque cells of parent strain P37005 (a/a)
with opaque cells of strain WO-1 (a/a), and
P57072 («/ ) with P37005 (a/a), respectively.
Selected images of mixtures of opaque cells of
ste2A (B), ste4A (C), ste3A (E), the double mu-
tant cek1A cek2A (H), and cphlA (I), with mat-
ing partners, none of which mated. Selected

cek1A +WO-1

Pheromone Response Pathways of C. albicans

separated or formed small aggregates (Figure 4, B and I, and
4, C and I, respectively). White cells of the complemented
strains ste2A/STE2 and ste4A/STE4 regained the aggrega-
tion response to a-pheromone (data not shown).

To assess pheromone-induced adhesion, ste2A and ste4A
cells were incubated on a plastic surface in the absence or in
the presence of 3 X 10~° M synthetic a-pheromone for 16 h.
As described previously (Daniels et al., 2006), in the absence
of a-pheromone, white P37005 cells did not form a tight
adhesive film on the dish bottom (Figure 5A), but in the
presence of pheromone they did (Figure 5B). In contrast,
neither white ste2A cells nor white ste4A cells formed a tight
adhesive film on the plastic dish bottom in the absence of
pheromone (Figure 5]) or presence of a-pheromone (Figure
5, C and D, respectively; and J). White cells of ste2A/STE2
and ste4A/STE4 regained the capacity to form an adhesive
film in response to a-pheromone (Figure 5J).

To test for the enhancement of a majority white cell bio-
film by minority opaque cells of opposite mating type, a
mixture of 10% opaque WO-1 (a/a) cells and 90% ste2A
(a/a) or ste4A white (a/a) cells was incubated on a silicone
elastomer surface for 48 h, and biofilm thickness was mea-
sured using LSCM (Daniels et al., 2006). In the absence of
opaque WO-1 (a/a) cells, white P37005 cells formed a bio-
film with an average thickness of 21 = 2 um (Figure 6M). In
the presence of minority opaque a/a cells, the majority of
white a/a P37005 cells formed a biofilm with an average
thickness of 61 = 6 um, >3 times the thickness of biofilms
formed by untreated cells (Figure 6, A and M). In the ab-
sence of opaque a/a cells, white ste2A or ste4A cells formed
biofilms of approximately the same thickness as untreated
white P37005 cells (data not shown); in the presence of

Tek1A cek2A +WO-1

7 5T far1A +WO-1

cek2A +WO-1 cph1A +WO-1

K. Mating efficiency (48 hr)

images of mixtures of opaque cells of cekIA Percent of Percent
(F), cek2A (G), and far1A (J), with mating part- Mating ~ No. of Cells No. of Cells cells that reduction in
ners, which underwent mating. (K) Quantita- Strain Partner analyzed? in fusants mated mating
tion of mating efficiency. “Percentage of re- P37005 WO-1 3984 1078 27% —
duction in mating” was computed as follows.

The percentage of opaque cells of the different ste2A wo-1 3013 0 0% 100%
strains that fused with opaque cells of oppo- ste4A WO-1 3226 0 0% 100%
site mating type was subtracted from the per- = o 9
centage of the parent strain that fused with cek1A Wk o158 2 0.01% SR80
opaque cells of opposite mating type. The dif- cek2A WO-1 3501 96 2.7% 90%
ference was then divided by the percentage of cek1A cek2A WO 3322 0 0% 100%
parent strain cells that fused, and the fraction

multiplied by 100%. The percentage of mating cph1A WO-1 3479 0 0% 100%
cells of the complemented strains ste2A/STE2, fariA WO-1 5058 12 0.2% 99.26%
ste3A/STE3, ste4A/STE4, cek1A/CEK1, cek2A/

CEK2, cphlA/CPHI, and farlA/FARI was P57072 P37005 3890 823 21% -
similar to that of the parent wild type strains ste3A P37005 3537 0 0% 100%
from which they were derived (data not

shown). Bar (A), 5 um. @Sum of three independent experiments.
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Figure 4. White cells of the mutants ste2A,

125

ste4A, and cekIA cek2A do not form large ag-
gregates in response to pheromone as do

100

wild-type cells, but mutants cphIA and farlIA
do. White cells of cekIA and cek2A form
clumps of intermediate size. Cells of each

75

strain from saturation phase cultures were di-
luted into fresh medium in the absence of

pheromone (—) or in the presence of 3 X 107°
M a-pheromone (+). Samples were incubated

50

Average cell number per aggregate

25

P37005  P37005 ste2A StedA cek1A cek2A
Pheromone —_ + + + + + +

opaque «/« cells, majority white ste2A or ste4A still formed
biofilms approximately half as thick as those formed by
stimulated white cells of strain P37005 (Figure 6, B and C,
respectively; and M). The majority of white cells of both
complemented strains ste2A/STE2 and ste4A/STE4 regained
the capacity to form biofilms comparable with those of stim-
ulated white cells of strain P37005 in the presence of minor-
ity opaque o/« cells (Figure 6, I and ], respectively; and M).
Together with the cohesion and adhesion data (Figures 4
and 5), these results indicate that the same a-pheromone
receptor and heterotrimeric G protein that regulate the
a-pheromone-induced opaque cell response also regulate
the pheromone-induced white cell response.

Because of the unavailability of chemically synthesized
a-pheromone, we tested whether natural a-pheromone re-
leased from opaque cells induced cohesiveness between
white cells in a mixture maintained in suspension. In this
protocol, majority white a/a P57072 cells (99%) were mixed
with minority opaque a/a P37005 (0.5%) and opaque a/«a
WO-1 (0.5%) cells, the latter opaque cells added to stimulate
the former to release a-pheromone. Whereas white a/«a
P57072 cells were induced by minority opaque a/a cells to
form large clumps, majority white ste3A cells were not (Sup-
plemental Figure S1). The cohesive response to a-phero-
mone, similar to that of parent a/a strain P57072, was
restored in the complemented strain ste3A/STE3 (Supple-
mental Figure S1).

To test whether a-pheromone induced ste3A cells to form
a tight adhesive film on a plastic surface, majority white cells
(99%) of either strain P57072 or strain ste3A, were mixed
with a minority (1%) of half opaque P37005 (a/a) cells
and opaque WO-1 (a/a) cells. As in the previous strategy,
opaque o/« cells stimulate the release of a-pheromone by
opaque a/a cells, which then stimulates white-specific re-
sponses in white o/« cells (Daniels et al., 2006). Whereas
white P57072 cells were induced to form an adhesive film on
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cek1A cek2A cph1A far1A

6 h before analysis. (A-H) Representative im-
ages of cells from parent and mutant strains in
the presence of pheromone. (I) Average num-
ber of cells (error bar represents standard de-
viation) in aggregates. In total, 20 cell aggre-
gates were analyzed for each strain. Bar (A), 5
+ + jm.

the plastic well bottom, ste3A cells were not (Supplemental
Figure S2). Pheromone-induced substrate adhesion was re-
stored in the complemented strain ste3A/STE3 (Supplemen-
tal Figure S2). Minority opaque a/a cells (P37005) stimulated
by a-pheromone also enhanced biofilm formation by major-
ity white P57072 cells, but not majority white ste3A cells
(Supplemental Figure S3). The former were close to twice as
thick as the latter (Supplemental Figure S3). Enhancement of
biofilm formation by minority opaque cells similar to that in
parent strain P57072 was restored in the complemented
strain ste3A/STE3 (Supplemental Figure S3). Together, these
results demonstrate that the same a-pheromone receptor
(Ste3p) regulates the a-pheromone-induced opaque cell re-
sponse and white cell response, just as the same Ste2p re-
ceptor regulates the a-pheromone responses of opaque and
white a/a cells.

Opaque Cell Pheromone Response of cek1A, cek2A, and
the Double Mutant

Opaque cells of the individual MAP kinase mutants cek1A
and cek2A, which were generated in the natural a/a strain
P37005, formed shmoos in response to a-pheromone, but the
response in both cases was delayed, and the proportion of
cells that responded after 4 h was reduced (Figure 1, E and
G, respectively; and M). The percentage of cells that
shmooed in both mutants increased after 8 h of treatment
(Figure 1, F and H, respectively; and M). Opaque cells of
both mutants also underwent mating with opaque cells of
the o/« strain WO-1 (Figure 3, F and G, respectively), but
the proportion of fusants was reduced by >99% for cek1A
and by 90% for cek2A (Figure 3K). Pheromone-induced
shmooing and mating of opaque cells was restored in the
complemented strains cekIA/CEK1 and cek2A/CEK2 (data
not shown).

However, opaque cells of the double mutant cek1A cek2A
neither shmooed in response to a-pheromone (Figure 1, I

Molecular Biology of the Cell
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Figure 5. In response to pheromone, white cells of the mutants
ste2A, ste4A, and the double mutant cek1A cek2A do not form an
adhesive film on the bottom of a plastic well. White cells of the
individual mutants cekIA and cek2A form films nearly as dense as
wild type, and white cells of the mutants cphlA and farlA form
normal films. Dish bottoms were examined for a cell film after 16 h.
Pseudocolor images (in orange) are provided. (A and B) Represen-
tative images of the dish bottom of P37005 cultures in the absence
(—) and presence (+) of pheromone. (C-I). Representative images of
the dish bottom of mutant cultures in the presence (+) of a-phero-
mone. (J) Quantitation of cells adhering to the dish bottom. The
“number of adherent cells” has been computed for the entire bottom
of three separate wells. The average number is presented. Bar rep-
resents standard error. Data are also presented in J for comple-
mented strains ste2A/STE2, ste4A/STE4, ceklA/CEK1, and cek2A/
CEK2.

and M) nor underwent mating with opaque cells of the a/«a
strain WO-1 (Figure 3, H and K). These results were consis-
tent with those obtained with null mutants of KSS1 and
FUS3, the respective orthologues of CEK1 and CEK2, in S.
cerevisiae (Elion ef al., 1991), and they confirm and extend
earlier observations by Chen et al. (2002) on cek1A, cek2A, and
the cek1A cek2A double mutant of C. albicans strain CAl4, in
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which complementation was used between auxotrophic a
and « strains as an assay for mating.

White Cell Pheromone Responses of cek1A, cek2A, and the
cek1A cek2A Double Mutant

In the absence of a-pheromone, white cek1A and cek2A cells
formed only small aggregates in suspension cultures (data
not shown), as did white P37005 cells (Figure 4I). In response
to a-pheromone, both white cek1IA and white cek2A cells
formed aggregates that were, on average, larger than in the
absence of a-pheromone (Figure 4, D and E, respectively),
but still far smaller than those formed by a-pheromone-
treated P37005 cells (Figure 4A). The average number of cells
per clump for treated white cekIA and cek2A cells was 35 and
25, respectively, compared with 125 for white P37005 cells
(Figure 4I). In response to a-pheromone, white cekIA and
white cek2A cells formed a film on a plastic surface (Figure 5,
E and F, respectively). Quantitation revealed that the num-
ber of adherent cells in these films was greater than that in
unstimulated cultures, but consistently smaller (p < 0.001)
than that of pheromone-stimulated P37005 cells (Figure 5]).
This adhesive response was regained in the complemented
strains cek1A/CEK1 and cek2A/CEK2 (Figure 5]). A minority
of a/a opaque cells of strain WO-1 did not enhance the
thickness of biofilms formed by majority cek1A or cek2A
white cells over a 48-h period (Figure 6, D and E, respec-
tively), as it did white P37005 cells (Figure 6M). Enhance-
ment of the thickness of white cell biofilms by minority o/«
opaque cells returned in the complemented strains (Figure 6,
K and L, respectively; and M).

In the presence of a-pheromone, white cells of the double
mutant cek1A cek2A formed only small clumps (Figure 4, F
and I) like untreated cells (data not shown). White cek1A
cek2A cells also did not form a film on a plastic surface in
response to a-pheromone (Figure 5, G and J]). Finally, mi-
nority «/a opaque cells of strain WO-1 did not stimulate an
increase in the thickness of a majority a/a white cell biofilm
of the cek1Acek2A mutant on a silicone elastomer surface
(Figure 6, F and M). These results demonstrate that as was
the case for STE2, STE3, and STE4, the partially redundant
functions of CEK1 and CEK2 are necessary for both the
opaque and white cell responses, suggesting that the re-
sponse pathways from receptor through the MAP kinase
cascade are shared.

Opagque Cell Pheromone Response of cphlA

Opaque cells of the frans-acting factor mutant cphlA, which
was generated in the natural a/a strain P37005, neither
formed shmoos in response to a-pheromone (Figure 1, ] and
M), nor mated with opaque cells of the a/a strain WO-1
(Figure 3, I and K). The complemented strain cph1A/CPH1
reacquired these responses (data not shown). These results
support and extend earlier observations by Magee et al.
(2002) and Chen ef al. (2002) in which complementation
between auxotrophs was used as an assay to demonstrate
that mating depends on CPH1 function.

White Cell Pheromone Response of cphlA

Although deletion of CPH1 completely blocked pheromone-
induced formation and mating of opaque cells, it did not
block the white cell pheromone response. Treatment of
white cphl1A cells with a-pheromone stimulated aggregation
in suspension cultures (Figure 4, G and I) to levels compa-
rable with that of treated white P37005 cells (Figure 4, A and
I). Treatment with a-pheromone also induced cphlA cells to
form a tightly adhering film on a plastic surface (Figure 5, H
and ]) comparable with that formed by treated white P37005
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Figure 6. The thickness of biofilms formed
by white cells of mutants ste2A, ste4A, and
cek1A, cek2A, and the double mutant cekl1A
cek2A, was not enhanced by minority (10%)
opaque cells of opposite mating types, as was
the thickness of the biofilms of parent strain
P37005, cphlA and farlA. A mixture of 90%
white test cells and 10% opaque a/« cells was
inoculated onto a silicone square and incubated
for 48 h. The z-series projections were viewed
from the side (90° tilt) of stacked multiphoton

Strain ~ 10% op Thickness (um)  Strain 10% op Thickness (um) laser scanning confocal microscope scans. (A-L).
P37005 _ 2142 cph1A N 63+9 Rel,-presentatwe z-series pr()]echons: of'pa}ren-
P37005 + 6146 fariA + 6049 tal, mutant and Fomplemented strain b19f11ms.

- - (M) Average thickness (*+standard deviation)
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StedA * 3113 Sted/STE4 + 62+3 that included multiple cultures. Arrow span A
cek1A * 2512 cek14/CEKT + 55+6 represents 75 uwm. Enhancement returned in
cek2A + 37+6 cek24/CEK2 + 6712 the complemented strains ste2A/STE2, ste4A/
cek1A cek2A + 28+4 STE4, cek1A/CEK1, and cek2A/CEK2.

cells (Figure 5, B and ]). Finally, minority a/« opaque cells of
strain WO-1 stimulated an approximate threefold increase in
the thickness of majority white cphlA cell biofilms (Figure 6,
G and M), an increase comparable with that induced by o/«
cells in white P37005 biofilms (Figure 6, A and M). These
results clearly demonstrate that the white cell response to
pheromone does not require the downstream target Cphlp.
Therefore, although the pheromone response pathway from
receptor through the MAP kinase pathway is shared, the
downstream components of the pathways regulated by the
MAP kinases differ.

Opagque Cell Pheromone Response of farlA

It was demonstrated previously that white cells do not
shmoo (Bennett et al., 2003; Lockhart et al., 2003b) and that
they do not arrest in G1 in response to a-pheromone (Zhao
et al., 2005a). Therefore, one might not expect FARI to play
a role in the white cell response, because the role FAR1 plays
in the analogous mating process of S. cerevisiae is in the
polarization of cells in a gradient of pheromone and Gl
arrest (Chang and Herskowitz, 1990; Valtz et al., 1995; Butty
et al., 1998). However, in supplemental data to Roberts et al.
(2000), it was reported that STE12 was not up-regulated by
pheromone in a farIA mutant, indicating that Farlp played a
role in the up-regulation of pheromone-induced genes.
Therefore, we considered the possibility that Farlp may also
be involved in the up-regulation of genes by pheromone in
the white cell response. The farIA mutant of S. cerevisiae
shmoos in response to a-pheromone, but the shmoos do not
polarize in a gradient of pheromone, and far1A cells are not
blocked in G1 by pheromone (Chang and Herskowitz, 1990;
Dorer et al., 1995; Valtz et al., 1995). The far1A mutant of S.
cerevisiae is capable of mating, but the frequency of mating is
significantly reduced, presumably because far1A cells cannot
efficiently find partners because they are defective in che-
motropism (Valtz et al., 1995).

Opaque cells of the C. albicans farlA mutant generated in
the a/a strain P37005, exhibited mating-associated abnor-
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malities similar to those in S. cerevisize. Opaque cells of C.
albicans far1A shmooed in response to a-pheromone (Figure
1, K and L), but the percentage of shmooing was reduced by
57% after 4 h and 81% after 8 h (Figure 1M). The C. albicans
farl1A mutant also exhibited a strong mating defect (99.26%
reduction) compared with the parental strain P37005 (Figure
3, ] and K). To test whether bilateral mating between far1A
(a/a) and a farlA (a/«) strain completely blocked mating,
we generated a far]lA mutant in the a/a strain WO-1. More
than 4000 cells were scanned in mixtures of opaque far1A
(a/a) and far1A (a/a). No mating was observed (data not
shown). These results suggest that FARI is not essential for
shmooing in response to pheromone, although the fre-
quency is reduced, but FART seems to be essential for fusion.
Full shmooing and mating responses were restored in the
complemented C. albicans strain farlA/FAR1 (data not
shown).

To test whether FARI was required for a pheromone-
induced block in G1 during shmoo formation in C. albicans,
the DNA content of the nuclei of opaque cells of strain
P37005, the far1A derivative, and the complemented far1A/
FARI1 strain undergoing shmooing was assessed by measur-
ing the pixel intensity of a line scan through the nucleus of
cells stained with Sytox Green according to methods de-
scribed previously (Zhao et al., 2005a). At saturation phase in
liquid culture, the distributions of maximum pixel intensi-
ties of the stained nuclei of 27 independently scanned
opaque cells of each of strain P37005 (Figure 7A), far1A/
FAR1 (Figure 7B), and far1A (Figure 7C), which in all three
cases were primarily unbudded, were similar, ranging be-
tween ~100 and 150 relative units. When opaque cells from
saturation phase cultures of P37005, far1A/FARI, or farlA
were diluted into fresh medium and incubated for 3 h in the
absence of a-pheromone, the range of maximum pixel in-
tensities in all cases increased. In the control P37005 or
far1A/FARI1, the range increased to ~150-250 relative units,
and in far1A, to 110250 relative units (data not shown),
indicating a lag in farIA cells. If cells from the two control

Molecular Biology of the Cell
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Figure 7. Opaque cells of far1A, although induced by pheromone to form shmoos, are not arrested in G1. Parental P37005, complemented
far1A/FARI1, and far1A cells were grown to saturation at 25°C in liquid culture (saturation phase), and then they were released into fresh
medium in the absence of pheromone (— pheromone) or in the presence of pheromone (+ pheromone) and incubated for 3 h. Cells were then
fixed, stained with Sytox Green for DNA, and the intensity of staining in the nucleus of cells forming shmoos quantitated by LSCM (Zhao
et al., 2005a). Alternatively, the same cell preparation was analyzed by FACS analysis. (A—C) Distributions of maximum intensity measure-
ments of 27 individual nuclei from saturation phase cells and saturation phase cells diluted into fresh medium containing 3 X 107 M
a-pheromone and incubated for 3 h, for P37005, far1A/FAR1, and far1A cells, respectively. (D and E) Examples of line profile scans of the
intensity of nuclei of opaque farlA/FARI1 cells that formed shmoos, with fluorescent nucleus overlaid on differential interference contrast
(DIC) cell images. Similar results were obtained for opaque P37005 cells (data not shown). (F-I) Representative line profile scans of the
intensity of nuclei of opaque farIA cells that formed shmoos, with fluorescent nucleus overlaid on DIC images. (J) FACS analysis of
far1A/FAR1 and far1A. The percentage of reduction due to the addition of a-pheromone in the proportion of cells undergoing DNA
replication is presented at the two tested concentrations of a-pheromone. R, average replicated state estimate; U, average unreplicated state
estimate.

strains P37005 and far1A/FAR1 were diluted into fresh me-
dium containing a-pheromone and incubated for 3 h, the
increases in DNA content of cells forming shmoos in the
population did not occur (Figure 7, A and B). However, if
cells from far1A were diluted into fresh medium containing
a-pheromone, the increase still occurred (Figure 7C). In
Figure 7, D and E, examples are presented of representative
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line scans of the relative DNA content of nuclei of far1A/
FAR1 cells undergoing shmoo formation in response to
pheromone. In Figure 7, F-I, examples are presented of
representative line scans of the relative DNA content of
nuclei of farlA cells undergoing shmoo formation in re-
sponse to pheromone. Note that the two cells in Figure 7, H
and I, are undergoing DNA replication and, hence, are not
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blocked in G1. Together, these results indicate that just as in
S. cerevisiae, FAR1 plays a role in the pheromone-induced G1
block in mating-competent opaque cells.

We used confocal line scans of individual nuclei because
the more common method for assessing cell cycle, FACS,
does not allow one to assess the DNA content of a morpho-
logically identified cell. This proved to be an issue because
the proportion of cells that formed shmoos differed between
saturation phase opaque farIA cells and control cells that
had been released into fresh medium containing a-phero-
mone (Figure 1M). Even so, a FACS analysis revealed that
when saturation phase far1A opaque cells were released into
fresh medium containing a-pheromone and incubated for
3 h, a reproducibly higher proportion underwent DNA rep-
lication than control far1A/FAR1 cells treated similarly. In
the absence of pheromone, the proportion of the control
population undergoing DNA replication after 3 h was 0.35,
and the proportion of far1A cells was 0.32 (Figure 7J). In the
presence of 3 X 107° or 3 X 107> M a-pheromone, the
proportion in the control population undergoing DNA rep-
lication decreased by 63 and 51%, respectively, from that in
the absence of pheromone (Figure 7J). For farl1A cells, the
decrease was 19 and 22%, respectively, from that in the
absence of pheromone (Figure 7J). Similar results were ob-
tained in repeat experiments. Therefore, the difference in the
proportion of opaque cells undergoing DNA replication in
the absence and presence of a-pheromone was approxi-
mately threefold higher in the farlA mutant than in the
parental strain (data not shown) or complemented strain
(Figure 7]). These results are consistent with the confocal
microscopy line scan data of individual cells. However, the
small decrease in the proportion undergoing DNA replica-
tion that did occur in opaque cells treated with pheromone
suggests that regulation other than through FARI also has
an effect on the cell cycle.

White Cell Pheromone Response of farlA

As one would expect given its characteristics, deletion of
FAR1 had no effect on the white cell pheromone response.
When treated with a-pheromone, white cells of the farlIA
mutant formed large clumps in suspension (Figure 4, H and
I), like white parental P37005 cells (Figure 4, A and I), and
thick films on plastic surfaces (Figure 5I) with the number of
cells adhering comparable with that of films formed by
a-pheromone-treated white cells of strain P37005 (Figure
5]). Furthermore, minority opaque a/a cells stimulated ap-
proximately a threefold increase in the thickness of majority
white cell biofilms of the farIA mutant on a silicone elas-
tomer surface (Figure 6, H and M), as they did biofilms of
white cells of strain P37005 (Figure 6, A and M). These
results demonstrate that Farlp is not involved in the white
cell response to pheromone.

Regulation of CPHI1 Expression

It had been demonstrated previously that CPHI was up-
regulated by a-pheromone in opaque a/a cells (Bennett et
al., 2003; Zhao et al., 2005a). In S. cerevisiae, the orthologue to
CPH1, STE12, is expressed at a basal level in untreated a
cells, and, as in C. albicans, it is up-regulated by a-phero-
mone (Crosby et al., 2000; Roberts et al., 2000). In the absence
of a-pheromone, CPH1 was expressed at a low but repro-
ducible level in opaque cells of strain P37005 (Figure 8). In
the presence of a-pheromone, CPH1 was up-regulated (Fig-
ure 8). In opaque cells of the mutants ste2A, ste4A, and cek1A
cek2A, CPHI expression was undetectable in the absence or
presence of pheromone (Figure 8), indicating that basal level
expression was dependent on STE2, STE4, and on CEK1 and
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Figure 8. Northern analysis of the expression of the downstream
opaque cell regulator CPH1, the a-pheromone gene MFA1, and the
cell surface hydrophobicity gene CSHI in the mutant strains ste2A,
ste4A, the double mutant cekIA cek2A, cphlA, and far1A. Each gene
was probed in white (Wh) and opaque (Op) cells grown to satura-
tion phase in liquid medium at 25°C, and then released and incu-
bated in fresh medium in the absence (—) or presence (+) of a-pher-
omone for 3 h. White and opaque samples were hybridized in
unison on the same blot, and the sequence of images was separated
for clarity. It should be noted that longer exposures reveal very low
level up-regulation of CSHI in pheromone-treated ste2A and ste4A
cells, but not cek1A cek2A, an observation now being explored. To
demonstrate equal loading of RNA among lanes, 18S rRNA levels
are provided. In addition, hybridization was performed with the
white and opaque blots for ACT1, a constitutively expressed actin
gene. Furthermore, it should be noted that white and opaque sam-
ples were exposed to the probe on the same autoradiograms,
scanned, and then digitally separated, so exposure times are equal.

CEK2. However, CPH1 was expressed at a low basal level in
far1A cells in the absence of pheromone, indicating that basal
level expression of CPH1 was not dependent on FARI. How-
ever, CPH1 expression was not up-regulated in far1A cells by
pheromone, indicating that up-regulation was dependent on
FAR1, as it is in S. cerevisiae (Roberts et al., 2000) (Figure 8).
Pheromone induction of CPH1 expression was regained in the
complemented strain farlA/FARI (Supplemental Figure S4).

In white cells of strain P37005, CPH1 was expressed at
levels that were barely detectable, far below the basal levels ob-
served in opaque cells (Figure 8). In addition, CPHI was not
up-regulated in response to pheromone in white cells (Figure 8).
Similar results were obtained for the mutants ste2A, ste4A,
cek1A cek2A, and far1A (Figure 8). These results indicate
that the pheromone response pathway functions in the
basal level expression of CPHI in opaque cells, but not
white cells.

Molecular Markers for the Alternative Phenotypic
Responses to Pheromone

The alternative phenotypic responses to pheromone of white
and opaque cells must depend upon the activation of alter-
native batteries of genes. Activation of such genes must
exhibit the same dependencies on the components of the
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pheromone response pathways as the cell type-specific phe-
notypic responses. Hence, up-regulation of genes in the
opaque battery must depend on an intact pathway from
receptor (STE2) through transcription factor (CPH1I); alter-
natively, genes in the white battery must depend on an
intact pathway from receptor (STE2) through the MAP ki-
nases (CEK1 and CEK2), but not on CPHI. Genes exhibiting
these alternative dependencies were identified.

In S. cerevisiae, there are two genes for the a-pheromone,
MFA1 and MFA2 (Gething, 1985; Michaelis and Herskowitz,
1988). The expression of these genes is selectively up-regu-
lated in a cells by a-pheromone (Roberts et al., 2000). C.
albicans has only one a-pheromone gene, MFA1, which is
also selectively up-regulated in opaque a/a cells by a-pher-
omone (Dignard et al., 2007). Up-regulation of this gene
exhibited the same dependencies on components of the
opaque pheromone response pathway as shmooing and
mating. MFA1 expression was undetectable by Northern
analysis in white cells of strain P37005 and white cells of all
tested mutants in the absence or presence of a-pheromone
(Figure 8). In opaque P37005 cells, MFA1 was up-regulated
by a-pheromone (Figure 8). It was not similarly up-regu-
lated by a-pheromone in the mutants ste2A, ste4dA, cek1A
cek2A, or cph1A (Figure 8). However, it was up-regulated by
a-pheromone in the mutant farIA. MFA1 thus exhibits the
dependencies expected of genes up-regulated by phero-
mone in opaque cells.

Because pheromone induces both cohesiveness and adhe-
siveness in white cells but not opaque cells, we screened a
set of genes encoding cell surface proteins by Northern
analysis for an expression pattern consistent with the white
cell pheromone response (Sahni, Yi, Srikantha and Soll, un-
published data). The screen revealed that the cell surface
hydrophobicity gene CSH1 (Singleton and Hazen, 2004; Sin-
gleton et al., 2005) was strongly up-regulated by a-phero-
mone in white cells, but not opaque cells, of parent strain
P37005 (Figure 8). Up-regulation of this gene exhibited the
same dependencies on components of the white pheromone
response pathway as increased cohesion, adhesion, and bio-
film development. CSHI was expressed at a very low to
negligible level in opaque P37005 cells in the absence of
a-pheromone, and it was not up-regulated by the addition
of pheromone (Figure 8). In white P37005 cells, CSH1 ex-
pression was low in the absence of a-pheromone, but it was
up-regulated in the presence of a-pheromone (Figure 8).
CSH1 was expressed at low levels in white cells of the
mutants ste2A, ste4A, and cek1A cek2A cells in the absence or
presence of a-pheromone, demonstrating that normal pher-
omone-induced expression depended on the pheromone re-
ceptor, heterotrimeric G protein and MAP kinase cascade
(Figure 8). However, CSH1, was fully up-regulated by
a-pheromone in both the cphlA and far1A mutants (Figure
8), demonstrating that pheromone-induced expression was
independent of CPH1 or FARI.

Effects of Low and High Concentrations of Pheromone

Suboptimal concentrations of a-pheromone that do not in-
duce shmooing in haploid a cells of S. cerevisiae have been
shown to induce invasive growth (Moore, 1983). Therefore,
we entertained the possibilities that in C. albicans high con-
centrations of pheromone may be necessary to induce
shmooing in white cells and suboptimal concentrations of
a-pheromone may induce the white response or filamentous
growth in opaque a/a cells. We discovered early in our
studies that the chemically synthesized a-pheromone 13-
mer at a concentration of 3 X 10~¢ M was sufficient to induce
maximum opaque and white cell responses. Furthermore,
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FACS analysis revealed that concentrations of a-pheromone
between 10~° and 10~° M caused a maximum G1 block after
3 h (i.e., the DNA of ~90% of opaque a/a cells of natural
strain P37005 remained in the unreplicated state), that a
concentration of 1077 M a-pheromone resulted in <90% of
cells in the unreplicated state after 3 h, and that concentra-
tions ranging from 10~# through 107'© M, or no added
pheromone, resulted in 60-70% of cells in the unreplicated
state after 3 h (data not shown). These results supported our
use of 3 X 107° M a-pheromone as the inducing concentra-
tion for both the opaque and white cell responses.

To test whether a-pheromone concentrations higher than
3 X 107° M induced shmooing in white cells, we diluted
saturation phase white P37005 cells into fresh medium con-
taining a 10-fold higher concentration of a-pheromone, 3 X
10~> M. FACS analysis revealed no decrease in the propor-
tion of cells undergoing DNA replication (data not shown),
and absolutely no shmoo formation (>10,000 white cells
were assessed after 3 and 6 h of treatment).

To test whether suboptimal concentrations of pheromone
induced filamentation or the white response among opaque
cells, saturation phase P37005 opaque cells were diluted into
fresh medium containing a-pheromone in the range of 10~
to 1071 M. Suboptimal concentrations did not induce cohe-
sion in suspension or adhesion to plastic, and they did not
induce either pseudohypha or hypha formation (data not
shown). These results demonstrate that high concentrations of
pheromone do not block white cells in G1 or induce shmoo
formation, and low concentrations do not induce opaque cells
to undergo the white cell response or filamentation.

DISCUSSION

We demonstrated previously that the pheromones released
by opaque C. albicans cells to induce mating responses in
opaque cells of opposite mating type also signal white cells
to become both cohesive and adhesive so that they can more
readily form incipient biofilms that then develop into ma-
ture biofilms twice as thick as those formed by untreated
white cells (Daniels et al., 2006). We hypothesized previ-
ously, based on in vitro results, that these white cell biofilms
might function as protective environments that facilitate
mating between minority opaque cells of opposite mating
type in nature (Daniels et al., 2006). Using biotinylated
a-pheromone, we further demonstrated that white cells
bound pheromone to their surfaces and that the binding of
pheromone then down-regulated the receptors (Daniels et
al., 2006). However, the staining pattern of receptors on the
surface differed between white and opaque cells, and reap-
pearance of receptors after down-regulation occurred only
in opaque cells (Daniels et al., 2006). Here, we have pre-
sented evidence that the same pheromone signal, receptor,
heterotrimeric G protein, and MAP kinase cascade, but dif-
ferent downstream regulators, mediate the disparate pher-
omone responses of opaque and white cells of C. albicans.
In the fungi, including plant pathogens, there are numer-
ous examples of the conservation of components of MAP
kinase cascades in different pathways regulating a variety of
responses, but in the majority of cases, the signals, receptors,
and differing numbers of components along the transduc-
tion pathways are distinct (Banuett, 1998; Xu, 2000). In S.
cerevisiae, the signals and receptors triggering the mating
response of the alternative mating types differ, as also occurs
in other yeast (Leberer et al., 1997; Elion, 2000; Davidson et
al., 2003; Li et al., 2005). In S. cerevisiae, the signals, receptors,
and the majority of components of the signal transduction
pathways differ among several environmental responses,
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Figure 9. Comparison of the pheromone response pathways of opaque cells (A) and white cells (B). The roles of some of the components
(the trimeric G protein « and vy subunits and CST20) in the models were not analyzed here, but they were inferred from the conserved and
more thoroughly studied pheromone response pathway of S. cerevisiae. The distinctive points of the comparison are that the components of
pathways from receptor through the MAP kinase cascade are shared, whereas the terminal regulatory component, the response-specific
transcription factor, differs. Although CPH1 is the downstream regulator in the opaque pheromone response pathway, the downstream
regulator in the white pheromone response pathway remains unidentified, hence the question mark. Although FARI plays a major role as
a downstream regulator in the opaque pheromone response pathway, its functions have no analogies in the white pheromone response

pathway, so it has not been represented in the opaque model.

including the mating response to pheromones, filamenta-
tion, ascospore formation, and osmoregulation (Gustin et al.,
1998; Chen and Thorner, 2007). However, we found no
definitive example in other fungi of the scenario we have
described for white and opaque cells of C. albicans, specifi-
cally, that the same signal interacts with the same receptor,
activating the same upstream signal transduction pathway,
but different downstream regulators in two different cell
types, resulting in completely different responses. This is not
to say that this scenario does not exist in other fungi, but
simply that it has not yet been fully described, if it does.
However, in higher eukaryotes, there are several examples
of this signaling scenario. For example, both CD4" and
CD8" T cells respond to the same mitogenic signals, and
through the same T cell receptor, MAP kinase kinase
(MAPKK) (MKK4/7) and MAP kinase (MAPK) (JNK2), in-
duce interleukin (IL)-2 expression in CD4™" cells, but repress
IL-2 expression in CD8* cells ( Rincén and Pedraza-Alva,
2003). In addition, both cell types transduce the same signal
through the same receptor, MAPKK (MKK4/7) and MAPK
(p38), but the response in CD4™" cells is survival, whereas
that in CD8™" cells is apoptosis ( Rincén and Pedraza-Alva,
2003). There seem to be a variety of additional examples in
higher eukaryotes, especially in developing systems (Bacci et
al., 2005; Dailey et al., 2005), of the same signal, receptor, and
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upstream components in the transduction pathway, but dif-
ferent downstream regulators in different cell types.

Common Upstream Components

Although we have presented evidence that the same up-
stream components, including receptors, heterotrimeric G
protein, and MAP kinase cascade, are shared in the phero-
mone response pathways of opaque and white cells (Figure
9), we cannot exclude the possibility that additional, parallel
pathways involved in the alternative pheromone responses
are activated by the same or even different receptors. We can
also not exclude the possibility that CEK1 and CEK2 have
nonoverlapping and overlapping functions in the opaque
and white responses, given that the effects of neither cek1A
nor cek2A were complete for the majority of assayed phero-
mone responses in both white and opaque cells, in compar-
ison with the double mutant cek1A cek2A. The cek1A mutant
exhibited stronger defects than the cek2A mutant in a major-
ity of the measured responses. Therefore, the individual
roles of CEK1 or CEK2 remain to be elucidated.

Difference in Downstream Component(s)

Our evidence demonstrates that although the transcription
factor Cphlp represents the downstream transcription factor in
the opaque pheromone response pathway, it does not seem to
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play any distinct role in the white pheromone response path-
way (Figure 9). Here, we have demonstrated that although
MFA1 is up-regulated by the opaque pheromone response
pathway through CPH1, CSH1 is up-regulated by the same
pheromone response pathway, but through a different down-
stream transcription regulator, which is yet to be identified.
Recent experiments, using both expression arrays, and North-
ern analyses of both putative cell surface adhesion molecules
and transcription factors, have revealed additional pheromone-
induced genes in white cells, the up-regulation of which de-
pends on the same pathway that regulates CSHI (Sahni, Yi,
Srikantha, and Soll, unpublished data). Identification of the
downstream transcription factor in the white pheromone re-
sponse pathway represents our immediate challenge.

FARI1, which encodes a cyclin-dependent kinase inhibitor
(Chenevert et al., 1994; Valtz et al., 1995), proved to play no
apparent role in the white cell response. This was expected
because white cells neither become blocked in G1 nor form
shmoos in response to pheromone, the former response
dependent on FARI and the latter influenced by FARI both
in S. cerevisiae and C. albicans.

Regulation of CPH1

As is the case for the orthologue STE12 in haploid S. cerevi-
sine (Roberts et al., 2000), CPH1 is up-regulated by phero-
mone in opaque cells of C. albicans (Zhao et al., 2005a). Here,
we have shown that it is not similarly up-regulated by
pheromone in white cells. We have found that CPHI is
expressed at a basal level in opaque cells in the absence of
pheromone and that basal expression depends on a func-
tional receptor, heterotrimeric G protein, and MAP kinase
cascade, as was indicated by the results of Roberts et al.
(2000). However, basal expression of CPH1 is not dependent
on FARI. Therefore, the possibility must be considered that
basal expression of CPHI may depend on a complete
opaque pheromone response pathway, including CPH1, in
which case, expression would depend on autoregulation at
the level of transcription.

In contrast, pheromone induction of CPHI expression in
opaque cells is dependent on FARI, just as is pheromone
induction of STE12, its orthologue in S. cerevisiae (see sup-
plement to Roberts et al., 2000). However, this result is
paradoxical both for S. cerevisiae and C. albicans. If the target
transcription factor of the pheromone response pathway is
not up-regulated by pheromone in the farIA mutant of both
haploid S. cerevisine and MTL-homozygous C. albicans cells,
how does pheromone induce shmoo formation in a significant
proportion of far1A cells? The answer may lie in posttransla-
tional modification or stability. STE12 activity has been dem-
onstrated to be enhanced posttranslationally by pheromone
through FUS3-mediated phosphorylation (Elion et al., 1993)
and its stability decreased through the effect of pheromone on
ubiquitin-mediated degradation (Esch et al., 2006).

Evolutionary Implications of the Pheromone Response
Pathways of C. albicans

We noted previously (Daniels et al., 2006) that signaling of
mating-incompetent white cells by mating-competent
opaque cells to form a biofilm that facilitates mating, at least
in vitro, was very much akin to the types of inductive events
in embryogenic development, most notably between germ
cells and somatically derived follicle cells (Gilchrist et al.,
2004). Our demonstration here that white and opaque cells
respond to the same signal through the same receptor, het-
erotrimeric G protein, and MAP kinase cascade, but different
target transcription factors (Figure 9), reveals a configura-
tion more common in higher eukaryotes ( Rincéon and
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Pedraza-Alva, 2003; Bacci et al., 2005), adding support to the
suggestion (Daniels et al., 2006) that the interactions between
opaque and white cells may represent an antecedent to
higher eukaryotic multicellularity.
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