
UC Merced
UC Merced Previously Published Works

Title
Ssn6 Defines a New Level of Regulation of White-Opaque Switching in Candida albicans 
and Is Required For the Stochasticity of the Switch.

Permalink
https://escholarship.org/uc/item/7739s0zn

Journal
mBio, 7(1)

ISSN
2150-7511

Authors
Hernday, Aaron D
Lohse, Matthew B
Nobile, Clarissa J
et al.

Publication Date
2016

DOI
10.1128/mbio.01565-15
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7739s0zn
https://escholarship.org/uc/item/7739s0zn#author
https://escholarship.org
http://www.cdlib.org/


Ssn6 Defines a New Level of Regulation of White-Opaque Switching
in Candida albicans and Is Required For the Stochasticity of the
Switch
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Department of Molecular and Cell Biology, School of Natural Sciences, University of California, Merced, Merced, California, USAa; Department of Microbiology and
Immunology,b Tetrad Program, Department of Biochemistry and Biophysics,c and Department of Biochemistry and Biophysics,d University of California, San Francisco, San
Francisco, California, USA

* Present address: Matthew B. Lohse, Department of Biology, BioSynesis, Inc., San Francisco, California, USA.

A.D.H., M.B.L., and C.J.N. contributed equally to this work.

ABSTRACT The human commensal and opportunistic pathogen Candida albicans can switch between two distinct, heritable
cell types, named “white” and “opaque,” which differ in morphology, mating abilities, and metabolic preferences and in their
interactions with the host immune system. Previous studies revealed a highly interconnected group of transcriptional regulators
that control switching between the two cell types. Here, we identify Ssn6, the C. albicans functional homolog of the Saccharomy-
ces cerevisiae transcriptional corepressor Cyc8, as a new regulator of white-opaque switching. In a or � mating type strains, dele-
tion of SSN6 results in mass switching from the white to the opaque cell type. Transcriptional profiling of ssn6 deletion mutant
strains reveals that Ssn6 represses part of the opaque cell transcriptional program in white cells and the majority of the white cell
transcriptional program in opaque cells. Genome-wide chromatin immunoprecipitation experiments demonstrate that Ssn6 is
tightly integrated into the opaque cell regulatory circuit and that the positions to which it is bound across the genome strongly
overlap those bound by Wor1 and Wor2, previously identified regulators of white-opaque switching. This work reveals the next
layer in the white-opaque transcriptional circuitry by integrating a transcriptional regulator that does not bind DNA directly but
instead associates with specific combinations of DNA-bound transcriptional regulators.

IMPORTANCE The most common fungal pathogen of humans, C. albicans, undergoes several distinct morphological transitions
during interactions with its host. One such transition, between cell types named “white” and “opaque,” is regulated in an epige-
netic manner, in the sense that changes in gene expression are heritably maintained without any modification of the primary
genomic DNA sequence. Prior studies revealed a highly interconnected network of sequence-specific DNA-binding proteins that
control this switch. We report the identification of Ssn6, which defines an additional layer of transcriptional regulation that is
critical for this heritable switch. Ssn6 is necessary to maintain the white cell type and to properly express the opaque cell tran-
scriptional program. Ssn6 does not bind DNA directly but rather associates with specific combinations of DNA-bound transcrip-
tional regulators to control the switch. This work is significant because it reveals a new level of regulation of an important epige-
netic switch in the predominant fungal pathogen of humans.
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Complex, interlocking networks of transcriptional regulators
and their target genes lie at the foundation of many important

cell fate choices. The white-opaque switch in the fungal species
Candida albicans is an example that occurs in a unicellular eu-
karyote. As such, the white-opaque switch represents a cell fate
decision amenable to extensive genetic, biochemical, and systems
level dissection.

C. albicans is a part of the normal human microbiota and is
also an opportunistic pathogen that can reside in many diverse
niches within the human host. C. albicans can undergo a num-
ber of morphological changes, including the well-studied

switch from the “white” to the “opaque” cell type (1–6). These
two cell types are heritable for many generations (~104), and
the switch between them occurs epigenetically, that is, without
any change in the primary DNA sequence of the genome. White
cells are spherical and produce shiny, domed colonies under
standard laboratory conditions, while opaque cells are elon-
gated and produce flatter, darker colonies (4) (Fig. 1). In addi-
tion to these physical distinctions, the two cell types display
different mating abilities (7), metabolic preferences (8), and
interactions with host immune cells (9–13). Several environ-
mental inputs influence the frequency of switching between the
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two cell types; these include temperature (14), carbon dioxide
levels (15), and carbon source (16, 17).

The white-opaque switch in C. albicans is one of the most ex-
tensively studied epigenetic switches in any eukaryotic organism.
Currently, six sequence-specific DNA binding proteins (Wor1,
Wor2, Wor3, Czf1, Efg1, and Ahr1) are known to regulate the
switch (17–24) (Fig. 1). Wor1, the “master regulator,” is highly
upregulated in opaque cells, drives mass switching to the opaque
cell type when overexpressed, and, when deleted, “locks” cells in
the white cell type. Under standard laboratory conditions and in
standard laboratory strains, Wor1 is repressed by the a1-�2 het-
erodimer, and for this reason, only strains homozygous at their
mating type locus are switching competent (7, 18, 19, 21). Wor2,
Wor3, and Czf1 are also upregulated in opaque cells and are re-
quired to maintain the opaque cell type and permit switching at
the appropriate frequency (17, 22, 23). Analogous to Wor1, but
acting in the opposite direction, Efg1 is a white-cell-enriched reg-
ulator that, when overexpressed, drives switching from opaque-
to-white (23–25). The recently identified regulator Ahr1, which
represses the switch from white-to-opaque in an Efg1-dependent
manner (20, 24), is the first identified regulator of white-opaque
switching that is not differentially transcriptionally regulated be-
tween the two cell types.

In this paper, we identify Ssn6 as a core regulator of white-
opaque switching. Unlike the six previously described regulators
of white-opaque switching, Ssn6 does not bind DNA directly and
specifically; rather, based on the behavior of its ortholog in Sac-
charomyces cerevisiae, it is recruited to DNA by sequence-specific
DNA binding proteins. Our results establish that Ssn6 represents a
second layer of white-opaque switching regulation, where it re-
presses genes through association with the previously described
sequence-specific regulators.

RESULTS
Deletion of SSN6 results in cells that are locked in the opaque
phenotype (opaque-locked cells). To identify additional mem-
bers of the white-opaque regulatory network, we extensively ana-
lyzed the available genome-wide chromatin immunoprecipitation
and transcriptional profiling data for the white-opaque regulatory
circuit (17, 23, 24, 26). We found that three of the six known
regulators (Wor1, Wor2, and Efg1) bind upstream of the SSN6
gene (orf19.6798). On the basis of this evidence, we hypothesized
that Ssn6 plays a role in regulating white-opaque switching.

To test the hypothesis that Ssn6 controls white-opaque
switching, we converted an a/� ssn6 deletion strain (27) to the
switching-competent a/� and �/� states, where either the a
locus or the � locus had been deleted. Normally, a/� and �/�
strains switch back and forth between white and opaque cells,
but the a/� ssn6 and �/� ssn6 deletion strains exclusively
formed cells and colonies that phenotypically resembled
opaque cells; we were unable to isolate any white cells (see
Table S1A in the supplemental material). To confirm this re-
sult, we generated an independent ssn6 deletion mutant strain
in a “standard” switching background (an a/a strain produced
by sorbose selection). Again, the a/a ssn6 deletion strain gave
rise exclusively to opaque-looking cells (Fig. 2), and several
independent switching assays supported the conclusion that
these strains were “locked” in the opaque cell type (Table 1).

Because mating is a hallmark of the opaque cell type of C. al-
bicans, we performed quantitative mating assays with wild-type
and ssn6 deletion opaque strains to further test whether a or � ssn6
deletion strains are phenotypically opaque. We observed that both
a/� ssn6 and �/� ssn6 deletion strains (which are opaque locked)
mate with efficiencies that are within 10-fold of those of wild-type

FIG 1 Working model for the white-opaque regulatory circuit. The figure shows the regulatory network in white cells (center left) and opaque cells (center
right), based on previously published ChIP-chip data (17, 23, 24). Arrows represent direct binding interactions for the various transcriptional regulators. Images
of typical white (far left) and opaque (far right) cells are also shown. Bar, 5 �m.

FIG 2 Single-cell morphology of strains deleted for SSN6. Typical cells of wild-type white and opaque strains as well as ssn6 and ssn6 wor1 deletion strains of the
indicated mating types grown overnight at room temperature are shown. Bar, 10 �m.
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opaque cells and are at least 1,000-fold higher than the efficiencies
seen in mating between wild-type a and � white cells (see Table S2
in the supplemental material).

We note that a/a heterozygous SSN6/ssn6 strains exhibited a
normal white-to-opaque switch frequency (~5%; Table 1), sug-
gesting no haploinsufficiency of Ssn6 in relation to its role in reg-
ulating white-opaque switching. Ectopic expression of SSN6 in
white cells did not prevent switching to the opaque cell type, and
ectopic expression in opaque cells did not result in mass switching
to the white cell type (see Table S1B in the supplemental material),
results consistent with the fact that SSN6 is not differentially reg-
ulated between the two cell types. These results are also consistent
with the idea that Ssn6 is recruited to DNA by sequence-specific
DNA binding proteins. In the absence of the relevant DNA-bound
proteins, overexpression of SSN6 would be expected to produce
little effect.

In S. cerevisiae, Ssn6 (Cyc8) is tightly bound to Tup1, and the
two function together as a complex. This is most clearly evidenced
by the fact that tup1 and cyc8 deletions produce virtually the same
phenotypes in S. cerevisiae and result in the same genes being
derepressed. This is not the case in C. albicans. García-Sánchez et
al. showed, using microarrays and deletion strains, that Ssn6 and
Tup1 control different sets of genes in a/� cells (28). Park and
Morschhäuser showed that a tup1 deletion has only a modest ef-
fect, if any, on white-opaque switching (29). This is in contrast to
the large effects observed here for the ssn6 deletion. Taken to-
gether, these results indicate that, in C. albicans, Ssn6 functions
independently of Tup1. To confirm this, we converted an a/� tup1
deletion strain (27) to the switching-capable a/� background and
compared it to an a/� ssn6 strain. Again, the two deletions pro-
duced very different phenotypes: the tup1 deletion is hyperfila-
mentous, whereas the ssn6 deletion is not (see Fig. S1 in the sup-
plemental material).

Wor1 is necessary for establishment of the opaque cell type
in the ssn6 deletion mutant. To date, expression of WOR1 has
always proven necessary for both the establishment and mainte-
nance of the opaque cell type. To determine if deletion of SSN6
could circumvent the requirement for Wor1, we constructed an
a/a ssn6 wor1 double-deletion strain. Just as for a wor1 deletion
strain, the ssn6 wor1 double-deletion strain produced no opaque
sectors or colonies (Table 1). This strain exhibited single-cell mor-
phologies similar to those seen with the a/� ssn6 deletion strain

(which is incapable of switching to the opaque form) (Fig. 2).
These results show that Wor1 remains necessary for the establish-
ment and maintenance of the opaque cell type, even in the absence
of SSN6; that is, WOR1 is epistatic to SSN6.

Transcriptional profiling of the ssn6 deletion mutants. We
next examined the transcriptional changes produced by deleting
SSN6. On the basis of the results seen with its ortholog in S. cerevi-
siae, we predicted that Ssn6 should function as a repressor in C. al-
bicans. Consistent with this expectation, transcriptional profiling
of the various deletion mutants (i.e., comparison of the a/� ssn6,
a/a ssn6, and a/a ssn6 wor1 mutants to the wild-type) revealed that
the transcriptional levels of differentially regulated genes largely
increased rather than decreased upon deletion of SSN6 (see Ta-
ble S3 and Data Set S1 in the supplemental material). We note that
our overall array results obtained with the a/� ssn6 deletion strain
are in good agreement with the results obtained by García-
Sánchez et al. using an independently derived a/� ssn6 deletion
strain (28).

A number of genes were upregulated in all three of our ssn6
deletion mutant strains (the a/� ssn6/ssn6, a/a ssn6/ssn6, and a/a
ssn6/ssn6 wor1/wor1 strains) relative to the white or opaque pa-
rental strains. These genes, which are neither white- nor opaque-
phase-enriched, appear to represent a “general” ssn6 regulon un-
related to white-opaque switching (see Fig. S2 in the supplemental
material).

Ssn6 represses the opaque cell transcriptional program in
white cells. We next considered the role of Ssn6 in specifying the
white and opaque cell types. We focus here on a conservative set of
41 genes that are significantly upregulated in white cells compared
to opaque cells (14 genes) or vice versa (27 genes) (see Data Set S1
in the supplemental material). These genes were chosen as being
white- or opaque-phase-enriched at least 3-fold in each of four
different studies (24, 26, 30; this study).

Of the 27 opaque-phase-enriched genes, 26 were upregu-
lated relative to wild-type white cells when SSN6 was deleted
from a/a cells. As described above, these cells are locked in the
opaque form, so it is not surprising that the opaque-phase-
enriched genes are upregulated. However, when SSN6 was de-
leted from a/� cells, only 7 of these genes were upregulated
compared to the wild-type a/� cell results (Fig. 3). Six of these
same seven genes were upregulated when SSN6 was deleted
from wor1 deletion strains. These results divide the opaque-
phase-enriched genes into two groups: Wor1-independent
genes (7 genes) and Wor1-dependent genes (20 genes). We
note that we observe a similar division of opaque-enriched
genes into Wor1-independent and Wor1-dependent sets when
considering an expanded set of white- and opaque-phase en-
riched genes (see Fig. S2 in the supplemental material).

Ssn6 represses the white cell transcriptional program in
opaque cells. We next considered the behavior of the 14 repre-
sentative white-phase-enriched genes. When SSN6 was deleted,
most of these genes were expressed at higher levels in opaque
cells (Fig. 3). In other words, Ssn6 is required to repress the
white cell transcriptional program in opaque cells (this trend
also held true when we analyzed an expanded set of white-
phase-enriched genes). We noted that when SSN6 was deleted
in the a/a background, the resulting cell type, although an
opaque cell in appearance and colony morphology, also had
many white-phase-enriched genes expressed. Thus, although
these cells phenotypically resemble opaque cells, their tran-

TABLE 1 Ssn6 deletion strain white-to-opaque and opaque-to-white
switching frequencies

Switching direction and strain Switch frequency (%) n

White-to-opaque
a/a wild-type white 8.62 580
a/a SSN6/ssn6 white 4.96 605
a/a ssn6 whitea (100) NA
a/a ssn6 wor1 white �0.16 629
a/a ssn6 wor1 white �0.15 666
a/� ssn6 white �0.37 273
a/a wor1 white �0.17 586

Opaque-to-white
a/a wild-type opaque 5.78 450
a/a ssn6 opaque �0.29 350

a We were unable to get a white isolate of this strain and so were unable to perform the
normal white-to-opaque switching assay.
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scriptome is not identical to that of conventional opaque cells.
This may explain why SSN6 is not differentially regulated be-
tween the two cell types, since it likely plays an important role
in both white and opaque cells. This may also help explain why
the efficiency of mating of ssn6 deletion cells was slightly below
that of true opaque cells.

The transcriptional profile of the three ssn6 deletion strains
suggests that the behavior of significant portions of the white and
opaque regulons (roughly 70% and 25%, respectively) is orches-
trated through Ssn6-dependent regulation. In other words, while
the cell type determination is determined by the balance between
Wor1 and Efg1, large portions of both cell type programs can be
expressed at the same time and Ssn6 is involved in the mutual
repression of these programs according to the cell type.

Identification of “direct” targets of Ssn6 in white and opaque
cells. In order to identify the direct targets of Ssn6 and to evaluate
the degree to which Ssn6 is incorporated into the known white-
opaque regulatory network, we performed genome-wide chroma-
tin immunoprecipitation (ChIP-chip) experiments for Ssn6 in
both white and opaque cell types.

In white cells, we identified 38 high-confidence Ssn6 binding
sites corresponding to 22 intergenic regions positioned upstream
of 31 genes (Fig. 4A and B; see also Fig. S3A, Data Set S1, and Data
Set S2 in the supplemental material). Of these 31, 11 (6 opaque-
phase-enriched and 5 white-phase-enriched genes) are differen-
tially expressed by at least 2-fold between white and opaque cells
based on our transcriptome sequencing (RNA-seq) data (26) (see
Data Set S1). We examined the degree of overlap of the peaks of
Ssn6 binding in white cells and those of Ahr1, Czf1, and Efg1,
which are expressed in white cells (24). Roughly 40% of Ssn6-
bound intergenic regions are also bound by at least one of these
other three regulators (Fig. 4B; see also Data Set S3A and B). This
result is consistent with the transcriptional profiling data and in-
dicates that an important role of Ssn6 is to repress the opaque
program in white cells. Consistent with the transcriptional profil-
ing results, the Ssn6 ChIP results show that Ssn6 plays additional
roles in white cells that are not directly related to white-opaque
switching.

In opaque cells, Ssn6 binds to 237 high-confidence sites
corresponding to 166 intergenic regions upstream of 232 genes
(see Data Set S1 and S2 in the supplemental material). Of these
232 potential target genes, 107 (59 opaque-phase-enriched and
48 white-phase-enriched genes) are differentially expressed by
at least 2-fold between white and opaque cells based on our
RNA-seq data (26) (see Data Set S1). Strikingly, more than 99%
(165 of 166) of Ssn6-bound intergenic regions are bound by at
least one of the other six regulators of white-opaque switching
(Wor1, Wor2, Wor3, Czf1, Efg1, and Ahr1), more than 90% of
the Ssn6-bound intergenic regions are bound by either Wor1
or Wor2, and approximately 80% of these are also bound by
Efg1 (Fig. 4C and D; see also Fig. S3B and C). In addition to the
propensity to bind in association with Wor1 and Wor2, Ssn6
tends to be found at sites bound by multiple regulators; more
than 85% of Ssn6 binding events are at locations where three or
more other regulators are also bound. These trends are much
greater than would be expected by chance (see Data Set S3D).
The change in the distribution of Ssn6 across the genome be-
tween white and opaque cells represents a complete reconfigu-
ration of Ssn6; it appears largely driven by the presence of
Wor1, Wor2, and Efg1 in opaque cells. As might be expected

FIG 3 Microarray analysis of the ssn6 and ssn6 wor1 deletion strains relative
to white and opaque cells for a core set of 41 white- and opaque-phase-
enriched genes. Transcriptional changes in a/� (lanes 2 to 3 and 7) and a/a
(lanes 5 and 9) ssn6 deletion strains as well as the a/a wor1 ssn6 deletion strain
(lanes 4 and 8) relative to the white (lanes 2 to 5) and opaque (lanes 7 to 9)
parent strains are shown. Opaque (lane 1) or white (lane 6) enrichment of
these genes in the wild-type background from the same transcriptional profil-
ing are included for comparison. Three groups of genes emerged from the
cluster analysis: normally opaque-phase-enriched genes that are not upregu-
lated in the a/� ssn6 or the a/a wor1 ssn6 deletion strains (group 1), opaque-
phase-enriched genes that are upregulated in all of the deletion backgrounds
(group 2), and white-phase-enriched genes that are not downregulated in the
opaque a/a ssn6 deletion strain (group 3). The 41 genes shown were differen-
tially regulated at least 3-fold between white and opaque cells in this study as
well as in three others (24, 26, 30).
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from such a result, a search for DNA sequences overrepre-
sented in the Ssn6 binding sites produced the canonical Wor1
motif (WTTWARSTTT) (24, 31) (see Fig. S3C and D). How-
ever, the rules of Ssn6 recruitment cannot be as simple as the
requirement of the presence of Wor1, Wor2, and/or Efg1, as
there are many sites in the genome bound by one or both of
these regulators that are not enriched for Ssn6 binding. As has
been established in S. cerevisiae, numerous combinations of
regulatory proteins can recruit Ssn6 to sites on DNA; for C. al-
bicans, the precise “rules” of recruitment remain to be worked

out, although we know that Wor1, Wor2, and Efg1 are key
players.

DISCUSSION

The regulatory network controlling white-opaque switching in C.
albicans is large, complex, and highly interconnected. Three proper-
ties of the network suggest rationales for this complexity. (i) The
circuit exhibits an extreme example of bimodality, with each state
being stable for ~104 cell generations. (ii) The circuit controls the
expression of about 20% of the protein coding genes in the C. albicans

FIG 4 The white and opaque cell regulatory networks as determined by ChIP-chip analysis. The core regulatory networks in white (a) and opaque (c) cells as
well as the full white (b) and opaque (d) regulatory networks are shown. The white cell network consists of four core regulators (Ahr1, red; Czf1, green; Efg1, blue;
Ssn6, brown), while the opaque cell network consists of three additional regulators (Wor1, orange; Wor2, pink; Wor3, light blue), for a total of seven regulators.
(a and c) The white cell (a) and opaque cell (c) core regulatory networks. Arrows represent direct binding interactions for the various transcriptional regulators.
(b and d) The full white cell (b) and opaque cell (d) regulatory networks. The core regulators are represented by the large circular hubs, while target genes are
represented by the smaller circles. Target genes are connected to their respective regulators by white lines, indicative of a direct binding interaction assessed by
ChIP-chip analysis. Genes differentially regulated as determined by RNA-seq performed by Tuch et al. (26) in opaque compared to white cells are shown in yellow
for genes upregulated in opaque cells, in light purple for genes downregulated in opaque cells, and in gray for genes with no change. ChIP-chip data are taken from
the present study as well as from several previous studies (17, 23, 24).
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genome. (iii) The extent to which genes are white- or opaque-phase-
enriched varies enormously from one gene to the next: some are
tightly shut off in one of the two cell types, but most exhibit more
graded expression differences. In this paper, we demonstrate that the
Ssn6 transcriptional corepressor is a key regulator of the white-
opaque circuit. Ssn6 is critical for the stability of the white cell type
and also plays a widespread role in the regulation of both the white
and the opaque cell transcriptional programs.

The characterization of Ssn6’s role in the white-opaque regu-
latory network requires a refinement to our current conception of
how switching between the two cell types is regulated. In a wild-
type strain, under normal laboratory conditions, switching to the
opaque cell type occurs in a stochastic manner. When either EFG1
or AHR1 is deleted from a or � cells, the switch to the opaque cell
type still occurs randomly, although at a significantly higher fre-
quency than in wild-type a or � cells. Deletion of SSN6, however,
results in immediate and complete switching to the opaque cell
type as long as an intact WOR1 gene is present. This deterministic,
as opposed to stochastic, nature of switching in the ssn6 deletion
mutant indicates that white cells actively repress the machinery
needed to trigger the switch to the opaque cell type, with Ssn6 at
the center of this repression. In other words, Ssn6 is necessary for
the stochastic nature of the switch.

In addition to maintaining the stochastic properties of white-
to-opaque switching, Ssn6 also plays a role in the proper expres-
sion of the transcriptional program specific to both white and
opaque cells. Ssn6 is required to prevent activation of the opaque
cell specification program in white cells; however, the majority of
that regulatory control is exerted indirectly through the mainte-
nance of low-level WOR1 expression. In other words, Ssn6 does
not directly repress the entire opaque cell transcriptional program
in white cells but, rather, prevents excitation of the transcriptional
circuit that leads to elevated WOR1 expression and transition to
the opaque state. As discussed above, there are a few opaque-
phase-specific genes whose expression is directly repressed by
Ssn6, independently of Wor1.

The role of Ssn6 expands in opaque cells, as it occupies many
more regions of the genome and appears to be recruited largely by
the opaque-phenotype-specific “master” transcriptional regula-
tors, most prevalently Wor1 and Wor2. Thus, in opaque cells,
Ssn6 is important for the specification of the opaque cell pheno-
type and is required for the repression of the majority of the white
cell transcriptional program. In addition to these cell type-specific
roles, Ssn6 also is important for the repression of a number of
other genes whose expression is not enriched in either cell type
(Fig. 5).

The work in this paper adds another layer of complexity to the
regulation of white-opaque switching in C. albicans. Previous
analysis concentrated on a group of sequence-specific DNA bind-
ing proteins that underlie the switch, and the current work shows
that Ssn6, recruited by certain combinations of these proteins, is
equally important to the switch. In particular, when SSN6 is de-
leted, cells are tightly locked in the opaque cell type and the sto-
chastic nature of the switch is lost. Although it appears to act as a
general repressor, regulating many genes of diverse functions (in-
cluding those that have little, if any, relation to the white-opaque
switch), there is a dramatic shift in the distribution of Ssn6 across
the genome when cells switch from the white cell type to the
opaque cell type. Our work indicates that this shift is crucial both

for the specification of the two distinctive cell types and for con-
trolling the frequency of switching between them.

MATERIALS AND METHODS
Growth conditions. All strains were grown on synthetic complete media
supplemented with 2% glucose and 100 �g/ml uridine (SD � aa � uri) at
room temperature unless otherwise noted. Both white and opaque cell
cultures for ChIP-chip or expression microarray experiments were as-
sessed by microscopy to ensure a homogenous cell population.

Plasmid construction. A list of plasmids used in this study can be
found in Data Set S4A in the supplemental material. A list of oligonucle-
otides used in this study can be found in Data Set S4B. Plasmids for
deleting one copy of the mating type locus (pJD1 [32]), the recyclable
SAT1 (nourseothricin resistance [NATr]) flipper system (pSFS2a [33]),
and N-terminal 7� Myc epitope tagging of a gene (pADH70 [34]) have
been previously reported.

The SSN6 ectopic expression construct was generated by cloning the
SSN6 open reading frame (ORF) with BglII and XmaI restriction sites at
the 5= and 3= ends, respectively. This fragment was then cloned into the
BamHI and XmaI restriction sites in the previously reported pADH33
pMET3-SAT1 vector (17) to generate plasmid pADH58. Unmodified
pADH33 served as an empty vector control for pADH58.

Plasmid pADH109, containing a nourseothricin resistance cassette
flanked by 500 bp of genomic DNA sequence from either side of the
C. albicans MTL locus, was assembled in vitro via circular polymerase
extension cloning (35). Fragment 1 contained an Escherichia coli plasmid
backbone plus the MTL flanking sequence amplified from pJD1 (31) with
AHO1001 and AHO1002. Fragment 2 contained the C. albicans NATr

cassette amplified from pSFS2a (32) using AHO997 and AHO1003. Oli-
gonucleotide sequences are included in Data Set S4B in the supplemental
material.

Strain construction. A list of strains used in this study can be found in
Data Set S4C in the supplemental material. The initial white-opaque
switching-capable ssn6 deletion strains were generated by converting a/�
ssn6 deletion strain TF121 (27) to a/� and �/� using the pJD1 mating type
locus knockout vector (32).

An independent ssn6 deletion mutant strain was generated using a
previously reported sorbose-selected a/a strain (RZY47 [21]) as previ-
ously described (36). Briefly, DNA sequences flanking the SSN6 ORF were
amplified, fused to either the HIS1 or LEU2 marker by stitching PCR, and
transformed into RZY47. Correct chromosomal integration and orienta-
tion of each marker were verified by colony PCR, as was the loss of the
SSN6 ORF.

FIG 5 Model of a subset of Ssn6 repression in the white and opaque cell types.
(a) In white a/a cells, some opaque-phase-enriched genes are directly or indi-
rectly repressed by Ssn6 independently of Wor1 (top) in coordination with an
undetermined “X” cofactor. (b) In opaque a/a cells, a majority of white-phase-
enriched genes are directly or indirectly repressed by Ssn6, possibly in combi-
nation with Wor1, Wor2, and/or Efg1 (top). In both cell types, Ssn6 represses
a number of genes that are neither white enriched nor opaque enriched (bot-
tom). Arrows and bars represent activation and repression, respectively, and
reflect both direct and indirect regulation.
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In order to construct the ssn6 wor1 double-deletion mutant strain, we
first made a new wor1 deletion strain using the recyclable SAT1 flipper
system (33). Using primers with homology to the flanks of the WOR1
ORF, we amplified the SAT1-flp cassette from pSFS2a (33). We then
transformed this strain into the RZY47 background, verified proper inte-
gration through colony PCR, recycled the SAT1 marker, and repeated the
transformation to knock out the second copy of WOR1. Deletion of
WOR1 was confirmed via colony PCR, and the SAT1 marker was again
removed. We then deleted both copies of SSN6 as described above.

The a/� tup1 deletion strain was generated by converting a/� tup1
deletion strain TF117 (27) to a/� using the pJD1 mating type locus knock-
out vector (32).

The empty vector control strains for the ectopic overexpression exper-
iments have been previously reported (17). The SSN6 ectopic expression
strains were generated by integrating linearized pADH58 (SSN6) at the
RP10 (RPS1) locus. Correct integration and orientation of the expression
construct were verified by colony PCR.

N-terminal epitope tagging of Ssn6 with 7� Myc was performed using
pADH70 (34) as previously described (37).

Nourseothricin-resistant arg-negative (arg�) MTLa strains (AHY604
and AHY611) were created by replacing the MTL� locus with a NATr-
marked integration cassette (contained within plasmid pADH109).
MTL� knockouts were confirmed by colony PCR with the following
primer pairs: MTLa-specific primers AHO983 and AHO987 and MTL�-
specific primers AHO985 and AHO986 (see Data Set S4B in the supple-
mental material for oligonucleotide sequences). AHY613 was derived
from AHY604 by spontaneous white-to-opaque switching.

Switching assays. Plate-based quantitative white-opaque switching
and ectopic expression assays were performed as previously described (7,
23). For the quantitative white-opaque switching assay, strains were
grown for 1 week at room temperature. Five entirely white or opaque
colonies were resuspended in water, diluted, plated on SD � aa � uri,
allowed to grow for 1 week at room temperature, and scored for switching
events (both colonies of the starting cell type with one or more sectors of
the other cell type and colonies fully of the other cell type). Due to the
altered colony phenotypes exhibited by the strain with the ssn6 deletion in
the a/� background, we examined cells from representative colonies un-
der a microscope prior to scoring plates in order to properly match the
colony with the single-cell morphology. It was not possible to perform a
standard quantitative white-to-opaque switching assay for the a/a ssn6,
a/� ssn6, and �/� ssn6 deletions due to the locked opaque nature of these
strains.

Strains for ectopic expression assays were grown for 1 week on repress-
ing media (Met� Cys�). Five entirely white or opaque colonies were re-
suspended in water, diluted, and then plated on either repressing or in-
ducing (Met� Cys�) media, allowed to grow for 7 days at room
temperature, and scored with the empty vector strains used as negative
controls.

Cell microscopy images were taken from overnight cultures (SD � aa
� uri at room temperature) started from representative colonies. Micro-
scopic images were taken using a Zeiss Axiovert 200M microscope.

Mating assays. Quantitative mating assays were performed using the
MTLa and MTL� mating pairs indicated in Table S2 in the supplemental
material. All strains were grown on SD plus amino acid (SD � aa) agar
plates at 25°C for 7 days to isolate white or opaque colonies. Two inde-
pendent single colonies were selected for each strain, inoculated into SD
� aa liquid media, and cultured overnight at 25°C with orbital shaking.
Overnight cultures were diluted to an optical density (OD) of 0.2 and
cultured at 25°C with shaking until the OD reached 0.5. For each mating
cross, ~2 � 107 cells of the “tester” strain were mixed with ~4 � 106 cells
of the limiting “donor” strain. Mating mixtures were pelleted by centrif-
ugation at 6,000 � g for 2 min, resuspended in 20 �l of SD � aa media,
spotted onto Spider medium plates, and incubated at 25°C for 48 h. The
samples from each mating mixture were then recovered with a sterile
applicator stick, resuspended in 1 ml SD without amino acids (SD�aa),

and homogenized 5 times for 1 min each time in a Bransonic M3800 bath
sonicator. After normalizing each mating mixture to ~2 � 107 cells per
ml, 1 ml of each mating mixture was pelleted by centrifugation (2 min at
10,000 � g) and then washed, resuspended, and diluted serially in SD � aa
media. Dilutions were plated on SD without arginine (arg) and with
nourseothricin (300 �g/ml) to select for mating products and plated on
SD-arginine to select for the mating products plus the limiting parent.
Plates were cultured for 3 days at 30°C and scored for colony growth.
Mating frequency was calculated as follows: mating frequency � [number
of mating products (SD � arg � NAT)]/[(number of mating products �
number of limiting parents (SD � arg)].

Microarrays. Three independent microarray experiments were per-
formed for each strain. One replicate (replicate C) used cells grown to
mid-log phase in SD � aa � uri at 25°C. The other two replicates (repli-
cates A and B) used cells grown under identical conditions but with argi-
nine supplemented into the growth media at a concentration of 2.5 mg/ml
to accommodate a growth defect likely associated with the arg� genotype
of our a/� strains. RNA isolation and cDNA synthesis were performed as
previously described (38). A pooled reference was made using equal pro-
portions of aa-cDNA from each strain to be hybridized on the array. The
pooled reference was labeled with Cy3, and the experimental strains were
all labeled with Cy5. Equal amounts of Cy3-labeled and Cy5-labeled sam-
ples were hybridized to 8x15K microarrays (AMADID no. 020166), and
arrays were scanned using a GenePix 4000B microarray scanner. Array
images were gridded using GenePix Pro version 7, and global LOWESS
normalization was performed for each array using a Goulphar script writ-
ten for R (39). Normalized data for independent probes corresponding to
the same ORF was then collapsed using a Python script. Processed, trans-
formed data for key comparisons can be found in Data Set S1 in the
supplemental material.

The three repeats for each strain were divided into three groups
(groups A, B, and C), keeping replicates processed on a given day together.
There was an extra replicate of the a/a ssn6 deletion in each group, giving
six total repeats for this genotype. Transformations (i.e., a/a opaque versus
a/a white) were performed within each group (i.e., a/a opaque A versus a/a
white A, a/a opaque B versus a/a white B, and so on), with the three extra
a/a ssn6 deletion replicates also transformed against the same strains that
the first copy was transformed against (i.e., a/a ssn6 deletion A and a/a ssn6
deletion repeat A versus a/a white A).

Lists of genes meeting specific criteria (i.e., enriched by at least 3-fold
in a deletion strain relative to the wild type) were developed as follows.
Whether three or six replicates were available, we required that the me-
dian value exceed the given threshold. The number of genes changing in a
given deletion strain excludes the gene or genes that were deleted in that
case (i.e., SSN6 in an ssn6 deletion strain). Lists of white-phase-enriched
and opaque-phase-enriched genes are based on the data from this tran-
scriptional analysis as well as on previously reported RNAseq data (26). In
addition, we created a high-confidence set of genes that were white or
opaque phase enriched 2- or 3-fold in each of four different experiments
(24, 26, 30; this study). Figure 3 and Fig. S2 in the supplemental material
show the median value for each set of transformations.

ChIP-chip analysis. Cultures for chromatin immunoprecipitation
were harvested during mid-log phase by centrifugation. Chromatin im-
munoprecipitation, strand displacement amplification, dye coupling, and
hybridization to a custom 1x244K Agilent tiling microarray (AMADID
no. 016350) were performed as described previously (34, 37). We used
two custom antibodies against Ssn6 as well as an anti-Myc monoclonal
antibody (Invitrogen AHO0062) for N-terminally Myc-tagged Ssn6. Ssn6
custom antibodies were raised against the sequences CPPAKPH-
GAPQQRTG (residues 664 to 677; referred to here as anti-664) and CE-
TKKDTTKTSPAKQ (residues 1005 to 1018; referred to here as anti-1005)
(GenScript). Full-genome ChIP-chip experiments on Ssn6 in white cells
used anti-664 antibodies and were performed twice. Full-genome ChIP-
chip experiments on Ssn6 in opaque cells were performed once with each
custom antibody and once with anti-Myc for the 7� Myc-Ssn6 strain.
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Arrays were scanned using a Genepix 4000B scanner (Axon Instruments/
Molecular Devices) and processed as described previously (34) with the
following exception: minimum enrichment cutoffs for MochiView (40)
peak detection were set to the default 0.58 value for the tagged/wild-type
arrays and to 0.27 for the untagged/deletion arrays. Peak sizes were set to
500 bp. These settings are identical to those previously used for the anal-
ysis of Wor1, Wor2, Wor3, Czf1, Efg1, and Ahr1 binding (17, 24). Peaks
were then filtered by the subtraction of a previously reported set of likely
artifactual peaks which show variable but substantial enrichment in many
control ChIP-chip experiments performed using antibodies against a de-
leted target (17, 24).

For the white cell Ssn6 ChIP-chip experiments, two independent ex-
periments were performed with anti-664 against a wild-type a/a white
strain and two independent control experiments were performed against
an a/a strain deleted for ssn6. The two experimental and control experi-
ments were merged and the peaks then identified by MochiView using the
settings described above. One peak was manually added (upstream of
orf19.1906 and orf19.1907) based on a manual examination of the data.

For the opaque cell Ssn6 ChIP-chip experiments, the processed peak
calls from the three independent experiments (262 in anti-Myc, 91 in
anti-664, and 178 in anti-1005) were then further processed as follows.
Any binding sites in the Myc data set that overlapped a peak from either of
the custom antibodies (176 peaks) were taken, and the location was de-
fined based on that of the Myc data set. Peaks in the Myc data set that did
not directly overlap a custom antibody peak but that were part of the
flanking enriched area of a broader custom antibody peak (47 sites) were
also taken. A further 5 Myc data set sites that did not follow these criteria
were also taken on the basis of visual inspection of all datasets at that
location. A further 9 locations that were not called in the Myc data set but
that were called in both custom antibody datasets were also taken; the
anti-1005 data set locations and enrichment were used for these peaks.
This resulted in a total of 237 peaks of size 500 bp which we used for all
subsequent analysis. The analyzed ChIP-chip data are included in Data
Set S1 in the supplemental material. Plots of the areas of peak enrichment
for Ssn6 in both cell types are included in Data Set S2.

Subsequent analysis of the ChIP-chip binding sets (binding overlap
determination, calculation of the number of events observed versus num-
ber expected) was performed using MochiView as previously described
(17, 24). The list of transcriptional regulators is based on Dataset S1 in the
supplemental material provided by Homann et al. (27) as modified in
Hernday et al. (24). Binding sites for the other six regulators of white-
opaque switching were taken from the ChIP-chip datasets previously re-
ported (17, 23, 24).

Accession numbers. Raw gene expression array data determined in
this work are available at the Gene Expression Omnibus (GEO) (http://
www.ncbi.nlm.nih.gov/geo; accession no. GSE74011). Raw ChIP-chip
data are also available at GEO (accession no. GSE58054).
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