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For Candida albicans, evidence has suggested that the mating pheromones activate not only the mating
response in mating-competent opaque cells but also a unique response in mating-incompetent white cells that
includes increased cohesion and adhesion, enhanced biofilm formation, and expression of select mating-related
and white cell-specific genes. On the basis of a recent microarray analysis comparing changes in the global
expression patterns of white cells in two strains in response to �-pheromone, however, skepticism concerning
the validity and generality of the white cell response has been voiced. Here, we present evidence that the
response occurs in all tested media (Lee’s, RPMI, SpiderM, yeast extract-peptone-dextrose, and a synthetic
medium) and in all of the 27 tested strains, including a/a and �/� strains, derivatives of the common laboratory
strain SC5314, and representatives from all of the five major clades. The white cell response to pheromone is
therefore a general characteristic of MTL-homozygous strains of C. albicans.

For a/a and �/� strains of Candida albicans to mate, they
must first switch from the mating-incompetent white pheno-
type to the mating-competent opaque phenotype (7, 9).
Opaque cells of opposite mating types then signal each other
through the release of pheromones to form conjugation pro-
jections and fuse in the mating process, which is similar to that
of Saccharomyces cerevisiae (2, 8). Haploid cells of S. cerevisiae,
however, do not have to undergo the highly complex white-
opaque transition to mate. This species difference raises two
questions. First, why must C. albicans switch to mate, when S.
cerevisiae has no such requirement? And second, what is the
role of the white phenotype? Why are C. albicans cells not
mating competent immediately after they undergo MTL ho-
mozygosis? In studying the role of switching in the mating
process, we made an observation which shed light on these
questions (5). We found that the same pheromones that sig-
naled opaque cells in the mating process also signaled white
cells to become adhesive and cohesive and to form thicker
biofilms, and the same pheromones upregulated both select
mating-related and white cell-specific genes (5, 8, 16). We
hypothesized that by forming a protective biofilm, this unique
white cell response facilitated mating between minority opaque
cells that appeared spontaneously (5).

Although we demonstrated that the white cell response to
�-pheromone occurred in two natural a/a strains, P37005 and
L26, and to a-pheromone in one natural �/� strain, P57072 (5,
16), skepticism concerning the generality of the white cell
response among all C. albicans strains has been voiced formally

and informally. This has arisen in part from observations re-
ported by Bennett and Johnson (3) in a microarray comparison
of �-pheromone-induced gene expressions in white cells of two
strains, RBY717, an a/a derivative of the laboratory strain
SC5314 (2), and P37005, a natural a/a strain (7). Although the
focus of their study was on the effects of pheromone on global
expression patterns of opaque cells in the mating process, they
found by microarray analysis that the global response of gene
expression to �-pheromone by white cells of strain RBY717
was weaker than that of strain P37005 (3). They also found that
the effect of �-pheromone on the global expression patterns of
white cells was affected by the composition of the supporting
medium (3). These results suggested that strain backgrounds
and the supporting nutrient media impacted the intensity of
the white cell response and led to the notion that the white cell
response to pheromone did not occur in all strains or in all
media. Since we believe that the white cell response to pher-
omone may provide a key to understanding the essential role
that white-opaque switching plays in C. albicans mating (5, 13),
we found it imperative to test the generality of the white cell
response in a wide variety of strains representing all of the
major clades of C. albicans (11) and in a variety of common
media. We assayed two characteristics of the white cell re-
sponse that were previously shown to be clear indicators of the
white cell response (5, 16), an increase of more than 100-fold
in cell adhesion to a plastic surface and upregulation of the
pheromone receptor genes and several white cell-specific
genes.

�-Pheromone induction of adhesion. �-Pheromone induces
adhesion and cohesion in white, but not opaque, a/a cells (5).
White cells of 13 a/a strains (see Table S1 in the supplemental
material) were tested for �-pheromone-induced adhesion to
the plastic bottoms of wells in a cluster well plate according to
the methods of Daniels et al. (5) (see the supplemental mate-
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rial). Adhesion to well bottoms was negligible in the absence of
�-pheromone (�106 cells per well bottom) but high in its
presence (1.5 � 108 to 2.7 � 108 per well bottom) for the 13
tested strains (Fig. 1A). The increase was well over 100-fold for
every tested strain (Fig. 1A). The well bottoms for white cells
of the natural a/a strain L26 (7) in the absence and presence
of �-pheromone were representative of all tested a/a strains
(Fig. 1B). In control experiments, we found that �-phero-
mone did not stimulate adhesion in white cells of five tested
�/� strains or in cells of five tested a/� strains; in all of these
controls, levels of adhesion to the well bottom were compa-
rable in the absence and presence of �-pheromone (data not
shown).

a-Pheromone induction of adhesion. a-Pheromone induces
adhesion and cohesion in white, but not opaque, �/� cells (5).
White cells of 14 �/� strains were tested for a-pheromone-

induced adhesion to a plastic surface by a modification of the
procedure of Daniels et al. (5) (see the supplemental material).
a-Pheromone was generated by adding 1% opaque cells, con-
sisting of a 50:50 mixture of opaque �/� cells (strain WO-1)
and opaque a/a cells (strain P37005), to 99% white test cells.
Presumably, the release of �-pheromone by minority opaque
�/� cells upregulated a-pheromone production by minority
opaque a/a cells, which in turn signaled majority white �/�
cells. Adhesion of white cells to the substrate was negligible in
the absence of the opaque cell mixture (�106 cells per well
bottom) but high in its presence (1.0 � 108 to 2.2 � 108 per
well bottom) for all 14 strains (Fig. 2A). The increase was well
over 100-fold for every tested strain (Fig. 2A). The well bot-
toms for white cells of the natural �/� strain WO-1 (10) in the
absence and presence of the minority opaque cell mixture were
representative of all tested �/� strains (Fig. 2B). In control

FIG. 1. �-Pheromone induces a dramatic increase (�100-fold) in adhesion in white cells of all tested a/a strains of C. albicans. The methods
of Daniels et al. (5) were employed (see the supplemental material). In brief, white cells were incubated for 16 h at 25°C in supplemented Lee’s
medium (1) in the wells of cluster well plates in the absence (�) or presence (�) of 10�6 M �-pheromone (13-mer). Well bottoms were then gently
rinsed, photographed, and then scraped and the suspended cells counted. (A) Histogram of the average number of cells adhering to the well bottom
for each of 10 a/a strains. Those strains with a/a in parenthesis were obtained by treating the noted wild-type a/� strain with sorbose (6), screening
for opaque sectors (MTL-homozygous offspring), and genotyping for a/a strains by PCR (9, 15). Three a/a derivatives of the laboratory strain
SC5314 were also tested. The origins and genotypes of the tested a/a strains are provided in Table S1 in the supplemental material. The mean of
results from three well bottoms plus the standard deviation (error bar) are presented for each strain. �-ph, �-pheromone. (B) The well bottoms
for strain L26 in the absence (�) or presence (�) of �-pheromone were representative of all a/a strains tested.
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experiments, we found that the 1% mixture of opaque cells did
not stimulate adhesion in five tested a/� strains; levels of ad-
hesion to the dish bottom in the absence and presence of
minority opaque cells were comparable. We could not test the
effects of a-pheromone on white a/a cells, since the opaque cell
mixture, which is the source of a-pheromone, also produces
�-pheromone.

Pheromone induction of gene expression. We next tested
whether �-pheromone upregulated STE2, the �-pheromone
receptor gene, and three white cell-specific genes, CSH1
(16), orf19.2077 (N. Sahni, S. Yi, K. J. Daniels, T. Srikantha,
and D. K. Soll, submitted for publication), and orf19.6274
(Sahni et al., submitted), in white cells of seven a/a strains
and whether a-pheromone upregulated STE3, the a-phero-

mone receptor gene, and the same three white cell-specific
genes in white cells of seven �/� strains. �-Pheromone up-
regulated STE2 and the three white cell-specific genes in all
tested a/a strains (Fig. 3A), and a-pheromone upregulated
STE3 and the three white cell-specific genes in all �/�
strains (Fig. 3B). �-Pheromone upregulated STE2 but not
the three white cell-specific genes in opaque cells of the
tested a/a strains (data not shown), and a-pheromone up-
regulated STE3, but not the three white cell-specific genes,
in opaque cells of the seven �/� test strains (data not
shown). Strain variation was observed in the expression lev-
els of the assayed genes upon pheromone induction, but
most importantly, pheromone upregulated every tested gene
in every tested strain.

FIG. 2. a-Pheromone induces a dramatic increase (�100-fold) in adhesion in white cells of all tested �/� strains of C. albicans. A modified
version of the methods of Daniels et al. (5) was employed. In brief, majority white cells (99%) of each strain were mixed with minority opaque
cells (1%), the latter composed of a 50:50 mixture of opaque a/a (P37005) and opaque �/� (WO-1) cells. Presumably, the �/� opaque cells in the
mixture produced �-pheromone, which upregulated a-pheromone production in the opaque a/a cells (5). White cells of each test strain, alone or
mixed with the minority opaque cell mixture, were then assayed for adhesion as described in the legend to Fig. 1 for the �-pheromone response
of a/a cells. (A) Histogram of the average number of cells adhering to the well bottom for each of 14 �/� strains. The three �/� strains P48076,
P75010, and P75006 were obtained by growing the natural a/� strains with sorbose (6), screening for opaque sectors (MTL-homozygous offspring),
and genotyping for �/� strains by PCR (9, 15). The four �/� strains P80001, P34048, P37039, and P75063 were spontaneous �/� derivatives of
natural a/� strains. The mean of results from three well bottoms plus the standard deviation are presented for each strain. 1% Op, 1% opaque
cell mixture. (B) The well bottoms for strain WO-1 in the absence (�) or presence (�) of the mixture of minority opaque cells were representative
of all �/� strains tested.
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FIG. 3. Pheromone induces the expression of the pheromone receptor genes and white cell-specific genes in white cells of all tested strains.
Saturation phase white cells of a/a strains were released into supplemented Lee’s medium in the absence or presence of 10�6 M �-pheromone
(13-mer) and incubated for 4 h. Saturation phase white cells of �/� strains were mixed 99:1 with a 50:50 mixture of opaque a/a P37005 and opaque
�/� WO-1 cells and incubated for 4 h. Northern analyses were performed as previously described (14, 16). (A) Northern analysis of the expressions
of STE2 and the white cell-specific, pheromone-induced genes CSH1, orf19.6274, and orf19.2077 in white cells of seven a/a test strains in the
absence (�) or presence (�) of �-pheromone (�-ph). Three a/a derivatives of the laboratory strain SC5314 were tested. (B) Northern analysis of
the expressions of STE3 and the white cell-specific genes CSH1, orf19.6274, and orf19.2077 in white cells of seven �/� strains in the absence (�)
or presence (�) of 1% opaque cell mixture (1% Op). The patterns to the left and right of each panel represent independent experiments, and
therefore, each has one common strain (P37005 for a/a strains and WO-1 for �/� strains). The ethidium bromide-stained 18S rRNA patterns are
provided to demonstrate uniform loading.

FIG. 4. The increase in white cell adhesion induced by pheromone occurs in five common media used in C. albicans research. White a/a cells
of natural strain P37005 (A) and strain RBY717 (B), an a/a derivative of laboratory strain SC5314, were grown and tested with �-pheromone
(�-ph) as described in the legend to Fig. 1, but the media in which they were tested included one of the following: supplemented Lee’s (1), RPMI
(5), SpiderM (3), YPD (3, 14), or SCD (3). The increases in adhesion induced by pheromone varied between �100-fold (in SCD) and �200-fold
(in RPMI).
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White cell response of SC5314 derivatives. In the Bennett
and Johnson (3) study, the �-pheromone-induced pattern of
gene expression was stronger in white cells of the natural a/a
strain P37005 than in the SC5314 a/a derivative RBY717. We
therefore compared the white cell responses to �-pheromone
in the RBY717 and natural a/a strains. We also compared a
second SC5314 a/a derivative generated by Bennett and John-
son (3), RBY731. Similarly, we compared the white cell re-
sponses to a-pheromone in two SC5314 �/� derivatives also
generated by Bennett and Johnson (3), RBY722 and RBY734.
All of these strains were generous gifts from Richard Bennett
of Brown University. Finally, we tested the white cell response
to �-pheromone of the SC5314 a/a derivative GH1011, which
we independently generated (G. Huang, T. Srikantha, and
D. R. Soll, submitted for publication). �-Pheromone induced
adhesion (Fig. 1A) and upregulated gene expression (Fig. 3A)
in white cells of the three SC5314 a/a derivatives, and a-pher-
omone induced adhesion (Fig. 2A) and upregulated gene ex-
pression (Fig. 3B) in white cells of the two SC5314 �/� deriv-
atives. All of the SC5314 derivatives responded to pheromone
as robustly, on average, as the other MTL-homozygous strains
(Fig. 1, 2, and 3). No significant difference was observed be-
tween P37005 and the SC5314 a/a derivatives, including strain
RBY717, in level of adhesion (P � 0.05) or levels of gene
expression induced by pheromone.

White cell responses in different media. Bennett and John-
son (3) observed marked differences in the effects of �-pher-
omone on the global expression patterns of white cells of strain
P37005 and RBY717 in different nutrient media and noted that
the effect of medium composition was more pronounced for
strain RBY717 than for strain P37005. They found that Lee’s
medium was better than SpiderM medium for the white cell
response (3). We therefore tested whether growth medium
influenced the white cell response to pheromone in the natural
a/a strain P37005 and SC5314 a/a derivative RBY717. In five
test media (Lee’s, RPMI, SpiderM, yeast extract-peptone-dex-
trose [YPD], and synthetic complete medium with 2% dextrose
[SCD]), �-pheromone induced adhesion over 100-fold for both
P37005 (Fig. 4A) and RBY717 (Fig. 4B). Differences in the
increases induced by �-pheromone in the different media
ranged from 1.0 � 108 to 2.1 � 108 cells per well bottom (Fig.
4A and B). Pheromone induction was higher in Lee’s and
RPMI media than in SpiderM, YPD, and SCD media for both
P37005 and RBY717 white cells (Fig. 4A and B, respectively).
We found, as did Bennett and Johnson (3), that Lee’s medium
was better in supporting the pheromone response than
SpiderM medium. More importantly, a robust white cell response
to �-pheromone occurred in both strains in all tested media.

Distribution between clades. DNA fingerprinting studies
with the complex probe Ca3 have separated the majority of C.
albicans isolates into five major clades, I, II, III, SA, and E
(11). To assess the generality of the white cell response, we

FIG. 5. Strains exhibiting the white cell response to �-pheromone
or a-pheromone are distributed throughout the major clades of C.
albicans. Two or more strains from each of the five major clades of C.
albicans, I, II, III, E, and SA (11), were tested for and found to exhibit
the white cell response to pheromone. In the dendrogram generated,
the Ca3 hybridization patterns of 25 of the test strains or substrains
that exhibited the white cell response and had been genetically finger-
printed with the DNA fingerprinting probe Ca3 (12) were compared to
the patterns of 50 strains representing the five major clades by com-

puting similarity coefficients (SAB), using the DENDRON software
program (12). The MTL-homozygous strains that were tested for the
white cell response are presented in bold print. The five major clades
are labeled to the right of the dendrogram. The dashed line represents
the threshold for clades (11).
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selected a minimum of two a/a and two �/� test strains from
each of the major clades in testing for the response. Four of the
a/a strains (P37005, L26, P87, and P60002) possessed this ge-
notype at the time of collection, six (P78042, P76068, P75006,
P57096, P76067, and P76055) were natural a/� strains that
were induced by sorbose treatment (2, 6) to undergo MTL
homozygosis, and three (GH1011, RBY717, and RBY731)
were derived from the laboratory strain SC5314 by sorbose
treatment (3). Five of the �/� strains (WO-1, P89011, P57072,
GC75, and 19F) possessed this genotype at the time of collec-
tion, four (P80001, P34048, P37039, and P75063) were natural
a/� strains that underwent spontaneous MTL homozygosis,
three (P48076, P75010, and P75006) were natural a/� strains
induced to undergo MTL homozygosis by sorbose treatment,
and two (RBY722 and RBY734) were derived from laboratory
strain SC5314 by sorbose treatment (3). As noted, white cells
of every a/a and �/� test strain, representing all of the five
major clades, responded to pheromone with an increase in
adhesion of greater than 100-fold (Fig. 1 and 2). A dendrogram
was generated on the basis of the similarity coefficients (4, 11,
12) computed among 25 DNA fingerprinted test strains and 50
other previously DNA fingerprinted strains that were distrib-
uted among the five major clades in order to emphasize the
generality of the white cell response (Fig. 5).

Concluding remarks. We have, therefore, found that a ro-
bust white cell response to pheromone occurred in all of the 27
MTL-homozygous strains tested, both in a/a and in �/� repre-
sentatives of the five major clades of C. albicans. We have
found that white a/a cells responded to �-pheromone similarly
to white �/� cells responding to a-pheromone and that the
basic white cell response occurred in a variety of nutrient
media. Moreover, we found that all of the tested a/a and �/�
derivatives of the common laboratory strain SC5314 under-
went the white cell response to their respective pheromones
and did so with a robustness similar to that of white cells of
strain P37005 and the other strains tested. Variation was ob-
served in strength of response among strains and media, but
the level of induction by pheromone was still robust for each
tested strain and in every medium. The changes in the global
expression pattern induced by �-pheromone in white cells of
laboratory strain RBY717 were demonstrated by Bennett and
Johnson (3), using microarray technology, to be weaker than
the changes induced in the global expression pattern of the
natural strain P37005 in each of the two media. The expression
patterns of RBY717 were also demonstrated to be sensitive to
the composition of the supporting medium. The combined
results, however, suggest that the increase in adhesion and
upregulation of receptor genes and white cell-specific genes
provide more-specific indicators of the white cell response to

pheromone than changes in global expression patterns as-
sessed by microarrays. More importantly, our results demon-
strate that the white cell response to pheromone is a general
characteristic of C. albicans, as is the opaque cell response to
pheromone (2, 8).

We are indebted to Richard Bennett for generously supplying us
with strains.

This research was funded by NIH grant AI2393 and the Develop-
mental Studies Hybridoma Bank-Microbe, a National Resource under
the auspices of NIH.
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