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The G,/S transition is a critical control point for cell proliferation and involves essential transcription
complexes termed SBF and MBF in Saccharomyces cerevisiae or MBF in Schizosaccharomyces pombe. In the
fungal pathogen Candida albicans, G,/S regulation is not clear. To gain more insight into the G,/S circuitry, we
characterized Swi6p, Swi4p and Mbplp, the closest orthologues of SBF (Swi6p and Swi4p) and MBF (Swi6p
and Mbplp) components in S. cerevisiae. The mbpIA/A cells showed minor growth defects, whereas swi4A/A
and swi6A/A yeast cells dramatically increased in size, suggesting a G, phase delay. Gene set enrichment
analysis (GSEA) of transcription profiles revealed that genes associated with G,/S phase were significantly
enriched in cells lacking Swidp and Swi6p. These expression patterns suggested that Swidp and Swi6p have
repressing as well as activating activity. Intriguingly, swi4A/A swi6A/A and swi4A/A mbplA/A strains were
viable, in contrast to the situation in S. cerevisiae, and showed pleiotropic phenotypes that included multibud-
ded yeast, pseudohyphae, and intriguingly, true hyphae. Consistently, GSEA identified strong enrichment of
genes that are normally modulated during C. albicans-host cell interactions. Since Swidp and Swi6p influence
G, phase progression and SBF binding sites are lacking in the C. albicans genome, these factors may contribute
to MBF activity. Overall, the data suggest that the putative G,/S regulatory machinery of C. albicans contains
novel features and underscore the existence of a relationship between G, phase and morphogenetic switching,

including hyphal development, in the pathogen.

The G, phase of the cell cycle is the stage when cells commit
to mitosis and proliferation or embark on developmental path-
ways in response to environmental and internal cues (54, 81).
A crucial feature of the G,/S transition involves transcriptional
regulation (64). In mammals, cyclin-dependent kinase (CDK)
activity involving CDK4/cyclin D acts upstream of the G,/S
circuit and functions to inactivate retinoblastoma protein
(pRD), a repressor of the E2F G,/S transcription factor. Acti-
vation of E2F triggers a transcriptional cascade that is required
for cell proliferation (38). In Saccharomyces cerevisiae, the
CDK Cdc28p associates with the G, cyclin CIn3p and activates
the SBF/MBF G,/S transcription factor complexes, which are
composed of ankyrin repeat proteins (9). Specifically, SBF is
composed of the transcriptional activator Swi6p in association
with the DNA binding factor Swi4p and mediates G,/S early
events, such as cyclin expression, budding, and cell wall depo-
sition. SBF is activated through Cdc28p/Cln3p-mediated inac-
tivation of WhiSp, a repressor of SBF and, thus, the functional
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equivalent of pRB (24, 29). MBF is composed of Swi6bp in
combination with the DNA binding element Mbplp (77). MBF
represses its targets, many of which are associated with DNA
replication, outside of G; phase with the assistance of the
corepressor Nrm1p (28). SBF and MBF bind SCB (Swi4/6 cell
cycle binding box) and MCB (Mlul cell cycle box) elements,
respectively (17), although cross-binding can occur (12). Their
numerous targets include other transcription factors, TOS4,
HCM1, and FKH?2, for example, and the G, cyclins CLN1 and
CLN2 (41). SBF/MBF activity is also regulated by Bck2p and
Stblp (25, 31). In Schizosaccharomyces pombe, a single MBF
complex mediates G,/S transcription and is composed of the
activating factor Cdc10p and at least two DNA binding ele-
ments, Reslp and Res2p (9, 19, 55, 84). SBF and/or MBF
complexes are crucial for G,/S control in fungi, since their
absence results in a G, phase arrest and/or inviable cells (3, 11,
44, 55, 60).

The G,/S circuitry is also linked to development. CDK in-
hibitors or downregulation of CDK activators can induce a G,
phase arrest, which precedes cell differentiation (54). For ex-
ample, in S. cerevisiae, Cln3p is downregulated and G, phase is
blocked or delayed in response to external signals that trigger
meiosis, conjugation tube formation, and pseudohyphal growth
(35, 81). In higher organisms, G,/S regulators, including pRB,
E2F, and CDK inhibitors, can also regulate differentiation
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independent of their cell cycle functions (30, 54). Thus, G,
phase is tightly coordinated with development in most systems,
and G,/S regulatory factors can play independent roles in con-
trolling developmental events.

Candida albicans is one of the most prevalent fungal patho-
gens in humans. Its ability to differentiate into a variety of cell
types, including white phase yeast, mating-competent opaque
phase yeast, pseudohyphae, hyphae, or chlamydospores (79), is
a crucial virulence-determining trait (49, 66). Thus, it is impor-
tant to identify the mechanisms underlying basic cell prolifer-
ation and differentiation in this organism. However, a detailed
picture of the G,/S circuit based on functional analyses is
lacking. Cote et al. (26) reported cell cycle-dependent tran-
scription patterns in opaque yeast cells of C. albicans, which
were most similar to those in S. cerevisiae. However, some
unique features in putative G,/S circuitry were noted, including
the potential involvement of fungal-specific genes (26). More-
over, sequence orthologues of key players, including BCK2,
WHIS, and NRM1, are lacking, the G, cyclin CIn3p is essential
for G,/S progression (7, 22), unlike in S. cerevisiae, and the C.
albicans genome lacks predicted SCB elements, which raises
the possibility that an MBF complex mediates G,/S transcrip-
tion (26). Thus, a framework of the G,/S circuit in C. albicans
is emerging, but identification of additional players and crucial
functional studies are required. It is also not known whether
this circuitry is the same in white and opaque cells; some
aspects of cell cycle regulation differ between C. albicans cell
types (7, 67).

It is less clear how the G,/S circuit may be integrated with
development in C. albicans. Hyphal growth is stimulated by
environmental conditions and mediated by several signaling
pathways (79). However, maintenance of hyphal growth does
not correlate with one cell cycle stage (37) and there are
conflicting data on whether hyphal initiation is restricted to G,
phase (37, 70). Orthologues of G,/S-associated factors in other
systems can influence hyphal growth in C. albicans, including
the cyclins Cenlp and Hgclp, the CDK Cdc28p, and the F-box
protein Cdcdp (2, 50, 76, 83). With the exception of Cenlp,
however, none of these factors were shown to influence G,/S
phase itself. Depletion of the G, cyclin Cln3p, on the other
hand, resulted in a G, phase arrest in yeast cells and subse-
quent development of hyphae and pseudohyphae (7, 22), sup-
porting a link between G, phase and hyphal development.
Depletion of CIn3p in S. cerevisiae, on the other hand, did not
activate development (27, 59), and blocking/delaying other cell
cycle stages in C. albicans did not result in true hyphae (1, 5, 6,
10, 13, 14, 18, 47, 68, 75, 80, 83).

In order to gain new insight into the G,/S circuitry and
potential mediators of Cln3p in C. albicans, we characterized
orthologues of Swi6p, Swidp, and Mbplp. Our results suggest
that Swi4p and Swi6bp are important for cell proliferation, but
in contrast to the situation in other organisms, their combined
function is not essential for G,/S progression. We also dem-
onstrate that Swidp and Swi6bp influence morphogenesis, in-
cluding hyphal differentiation. Together, our results reveal
unique variations in the cell cycle circuitry of C. albicans and
support the existence of a relationship between G, phase and
hyphal development.
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TABLE 1. Candida albicans strains used in this study

Strain Genotype Parent/source

BWP17 ura3A::imM434/ura3A::imm434 33
his1A::hisG/his1 A::hisG
argdA::hisGlarg4A::hisG

BH101 swioA::HIS1/SWI6 BWP17

BH104 swi4A::hisG-URA3-hisG/SWI4 BWP17

BH113 swi4A::hisG/ISWI4 BWP17

BH115 swidA::hisG/SWI4 BWP17

BH120 swi6A::HIS1/swi6A::URA3 BWP17

BH137 mbplA::HIS1/MBP1 BWP17

BH140 swi4A::hisG/SWI4 swioA::HIS1/SWI6 BWP17

BH150 swi4A::hisGIMET3::SWI4-ARG4 BWP17

BH160 swi4A::hisGIMET3::SWI4-ARG4 BWP17
swibA::HIS1/SWI6

BH180 swi4A:HIS1/SWI4 BWP17

BHI185 swi4A::URA3/swi4A::HIS1 BWP17

BH190 swi4A::hisGIMET3::SWI4-ARG4 BWP17
swi6::HIS1/swi6::URA3

BH261 mbplA::HIS1/mbplA::URA3 BWP17

BH270 swi4A::hisGIMET3::SWI4-ARG4 BWP17
mbplA::HIS1/MBP1

BH277 swi4A::hisGIMET3::SWI4-ARG4 BWP17
mbplA::HIS1/mbplA::URA3

BH339 swi4A::hisG/swi4A::URA3 BWP17

BH342 swi4A::hisG/swi4A::URA3 BWP17
mbplA::HISI/MBPI

HH62 swi4A::hisG/swi4A::URA3 BWP17
mbplA::HIS1/mbplA::ARG4

BH420 BWP17 (pRM100 pBS-CaARG4) BWP17

BH440 BWP17 (pBS-CaHIS1 pBS-CaURA3) BWP17

CB540 swi4A::URA3/SWI4 BWP17

CB547 swi4A::URA3IMET3::SWI4-ARG4 BWP17

CB557 swi6A::URA3/MET3::SWI16-HIS1 BWP17

CB600 SWI6/MET3::SWI6-HIS1 BWP17

AG160 swi4A::hisG/swi4A::URA3 BWP17
swibA::HIS1/SWI6

AG168 swi4A::hisG/swi4A::URA3 BWP17
swi6A::HIS1/swi6A::ARG4

KMCa4a mbplA::URA3/MET3::MBP1-ARG4 BWP17

MATERIALS AND METHODS

Media and growth conditions. Candida albicans strains were grown at 30°C on
solid or in liquid glucose minimal medium (0.67% yeast nitrogen base without
amino acids, 2% glucose) supplemented with all amino acids except during
selection for URA3, HIS1, or ARG4 phototrophs. For MET3 conditional strains,
cells were grown in inducing (—MC) or repressing (+MC) minimal medium with
or without 2.5 mM methionine and 0.5 mM cysteine, respectively (20). For
analysis of cell phenotype, cells were grown overnight in minimal medium,
diluted the following day to an optical density at 600 nm (ODg) of 0.1 in fresh
medium, and incubated at 30°C.

Strain construction. Strains, oligonucleotides, and plasmids are listed in Ta-
bles 1, 2, and 3, respectively. In order to construct a strain lacking SWI4, alleles
were replaced with URA3 and HIS1 markers in strain BWP17, using 2-step PCR
fusion constructs (62, 82). Fragments approximately 750 bp in length correspond-
ing to the 5" and 3’ flanks of SWI4 were amplified with oligonucleotides BH10F
and BH10R and BH14F and BH14R, respectively. A HISI fragment from plas-
mid pBS-CaHISI was amplified with oligonucleotides BH13F and BH13R. The
products were amplified with oligonucleotides BH10F and BH14R to produce a
2,916-bp product that was transformed into strain BWP17, resulting in strain
BH180 (swi4A::HIS1/SWI4). To delete the second copy of SWI4, a PCR fusion
construct containing the same 5’ and 3’ flanks as described above and a 1,765-bp
URA3 fragment, amplified from plasmid pBS-CaURA3 with oligonucleotides
BHI13F and BH13R, was utilized. The final 2,926-bp construct was transformed
into strain BH180, resulting in strain BH185 (swi4A::HIS/swi4A::URA3). A pro-
totrophic control strain (BH440) was created by sequentially transforming strain
BWP17 with plasmids pBS-CaHIS and pBS-CaURA3.

In order to confirm that the phenotype of strain BH185 was due to the deletion
of SWI4, a conditional strain carrying a single copy of SWI4 under the control of
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TABLE 2. Oligonucleotides used in this study
Sequence (5'-3")

Oligonucleotide

GAAGATTCATTGATATGTGTGGTAAGGCAC
CCAGCGTTTATAATGATAACGTTCAGCTTC
GAAGCTGAACGTTATCATTATAAACGCTGGTATAGGGCGAATTGGAGCTC
.CACGGGGAATTAGAAGTATACATGTGTTCGGACGGTATCGATAAGCTTGA
.CGAACACATGTATACTTCTAATTCCCCGTG
TTCCACATCCATACTAAATCTTACTACAGC
GTAACAATACCTTTATCAGAGGATTCACCC
.GATGTGATGGGTTGATAAATGAAATGAGCG
.CGCTCATTTCATTTATCAACCCATCACATCTATAGGGCGAATTGGAGCTC
GGATGCTGGTAAAGTAGTAGAGTATGATAAGACGGTATCGATAAGCTTGA
TTATCATACTCTACTACTTTACCAGCATCC
.GTTCCTATTATCTGTTGCTTGTGTTGCCCA
AGCAGTATCTACATGAGAATTAATCAGATG
TTGGTATAACATACATTTGAGTAGGTAGCT
AGCTACCTACTCAAATGTATGTTATACCAAGGATCCCCCCTTTAGTAAGA
ACACCTTCTCATAATTGAGGACTCGTTCATCATGTTTTCTGGGGAGGGTA
ATGAACGAGTCCTCAATTATGAGAAGGTGT
CGATCAATGTATTTCCATTGTCAATCGGTT
AGCTACCTACTCAAATGTATGTTATACCAATATAGGGCGAATTGGAGCTC
TTGTTCCGATTTAATTTCCCCCATCTATCGGACGGTATCGATAAGCTTGA
.CGATAGATGGGGGAAATTAAATCGGAACAA
AATATTTGTGTTGGCCACATTTGAGTCTGA
CCAAATGGGATATATATGAAGATTCATTGATATGTGTGGTAAGGCACAACTTACACTCTAGCATACCCAAAT
GGTTTCGGTATAGGGCGAATTGGAGCTC
CBI115R.......c.c.e. CAAACTCCTGAAGCTAGAGTAGATAGATATTTCCAGTTGTTGGGCAAAGACAAGAATACCGACAAATTAGA
TTTGAATGAGACGGTATCGATAAGCTTGA

CB119F ACGCGTCGACTCTAATTGACATGGATACGA

CB119R... ACGCTAGAGCTCTCTGGATTAGTCACATCTTC

CBI120F ... ACGCTAGGATCCTCGTACTGGCAATGTATAACT

CB120R.................. ACGCTATAGATCTCATCGGTCTAGATTGTAATAT

CBI122F ........c....... CTACTACATAATGTCTGAACCTCCCCAAGTATTTCGAGCTACCTACTCAAATGTATGTTATACCAATGTTTCT
TAACTTCTATAGGGCGAATTGGAGCTC

CBI122R.........c.c...... CAATGCACTAAAGTTCTAGATCCTCGCAGATAATAAAGTTGTTTGATACATGAACATCGAGTGCCTTTTCTA
ATATTGGAGACGGTATCGATAAGCTTGA

CBI127F .....ccceuueee. CCAAATGGGATATATATGAAGATTCATTGATATGTGTGGTAAGGCACAACTACACTCTAGCATACCCAAAT
GGTTTCGGGGATCCTGGAGGATGAGGG

CBI127R......ccccucuuee. ATTGTTGTTATTTATATGGGTCTCGAATAATTTTTGTTGAATTGACTGTGTTGTCAAGTCACCAATGTGTATA

GGAGAATCCATGTTTTCTGGGGAGGGT

CB129F CGTTCAGCTTCCTTTCAATGAAATAAGTAT

CB129R... TCAGCAGACACAACAAGATACTGATACTTG

CB130F ... .GAACACATGTATACTTCTAATTCCCCGTGT

CB130R.................. ATTTGAGGCAGCTTCGACAGGCCACGTATT

CBI131F ................. ATACTTATTTCATTGAAAGGAAGCTGAACGTATAGGGCGAATTGGAGCTC
CB131R.........c...... ACACGGGGAATTAGAAGTATACATGTGTTCGACGGTATCGATAAGCTTGA

the MET3 promoter was created. A 3-kb fragment containing the SWI4 open
reading frame and approximately 1 kb of 3’ and 5’ flanking sequences was
amplified from genomic DNA (gDNA) with oligonucleotides CB119F and
CB119R and cloned into Sall/Sacl sites of pUC18, producing plasmid pCB180.

TABLE 3. Plasmids used in this study

Reference or

Plasmid Description
source
pBS-CaURA3 pBluescript CaURA3 A.J. P. Brown
pBS-CaHIS! pBluescript CaHIS! C. Bachewich
pBS-CaARG4 pBluescript Ca4RG4 C. Bachewich

pFA-MET3p-CaURA3
pFA-MET3p-CaHIS1
pFA-MET3p-CadRG4
p3921

pRM100

pCB180

pCB181

pFA-MET3p-CaURA3
pFA-MET3p-CaHIS1
pFA-MET3p-CaARG4
pUCI18-hisG-URA3-hisG
pUC19 URA3HIS1
pUCI18-SWi4
pUCI18-hisG-URA3-hisG
with SWI4 flanks

This study
This study

Primers CB120F and CB120R were then used to amplify the flanking and vector
sequences from pCB180, into which the BamHI/BgIII hisG-URA3-hisG cassette
(p5921) (33) was cloned, resulting in plasmid pCB181. The SWI4 deletion con-
struct was liberated using Sall and Sacl restriction enzymes and transformed into
strain BWP17. The resulting strain, BH104, was grown overnight in yeast extract-
peptone-dextrose (YPD) medium and then plated onto 5-fluoroorotic acid (5-
FOA) to select for URA3™ auxotrophs. PCR screening confirmed strain BH113
(swi4A::hisG/SWI4). To place the second copy of SWI4 under the control of the
METS3 promoter (20), fragments corresponding to the 5" and 3’ flanks of SWI4
were amplified using oligonucleotides BHI0F and BH10R and BHI12F and
BHI12R, respectively. The MET3 promoter from plasmid pFA-CaARG4-MET3
(36) was amplified with oligonucleotides BH11F and BH11R. The final 4,895-bp
construct was amplified from the three PCR products using oligonucleotides
BHI10F and BH12R and transformed into strain BH115, producing strain BH150
(swi4A::hisG/IMET3::SWI4-ARG4). Alternatively, oligonucleotides CB122F and
CB122R amplified a URA3-containing deletion construct from pBS-CaURA3,
which was transformed into strain BWP17, resulting in strain CB540
(swi4A::URA3/SWI4). The second copy was placed under the control of the
MET3 promoter as described above, resulting in strain CB547
(swi4A::URA3/MET3::SWI4-ARG4).

In order to delete one copy of MBPI, a similar PCR fusion strategy was
utilized. PCR fragments corresponding to the 5’ and 3’ flanks of MBPI were
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amplified using oligonucleotides BH7F and BH7R and BH9F and BHOR, re-
spectively. A HISI fragment was amplified from plasmid pBS-CaHISI using
oligonucleotides BHSF and BHSR. The final 3,006-bp fusion construct was
amplified with oligonucleotides BH7F and BHIR and transformed into strain
BWP17, resulting in strain BH137 (mbplA::HIS1/MBPI). The second copy of
MBPI was replaced with a similar PCR fusion construct containing a URA3
fragment that was amplified from plasmid pBS-CaURA3 with oligonucleotides
BHSF and BHS8R. The final 3,016-bp fusion product was transformed into strain
BH137, resulting in strain BH261 (mbplA::HIS1/mbpIA::URA3).

In order to create a SWI6 deletion strain, a HISI-containing construct con-
taining 80 bp complementary to the 5" and 3’ flanks of SWI6 was amplified with
oligonucleotides CB115F and CB115R from pBS-CaHIS1 and transformed into
strain BWP17, resulting in strain BH101 (swi6A:: HIS1/SWI6). The second copy
of SWI6 was deleted using a PCR fusion construct. Oligonucleotides BH2F and
BH2R and BH4F and BH4R amplified 5" and 3’ flanking fragments of SWI6,
respectively. The URA3 marker from pBS-CaURA3 was amplified with oligonu-
cleotides BH3F and BH3R. The final 2,721-bp fusion construct was amplified
with oligonucleotides BH2F and BH4R and transformed into strain BH101,
resulting in strain BH120 (swi6A::HISI/swi6A::URA3). A strain containing a
single conditional copy of SWI6 was created by placing one allele of SWI6 under
the control of the MET3 promoter, using a construct created with oligonucleo-
tides CB127F and CBI127R that contained 80 bp complementary to regions
immediately up- and downstream of the SWI6 start codon, respectively, and 20
bp homologous to plasmid pFA-MET3-HIS1 (36). The final product was trans-
formed into strain BWP17, producing strain CB600. The second allele of SWI6
was deleted using a PCR fusion construct. Oligonucleotides CB129F and
CB129R and CBI130F and CB130R amplified the 5’ and 3’ flank of SWI6,
respectively. The URA3 marker from pBS-CaURA3 was amplified with oligonu-
cleotides CB131F and CB131R. The final 3,000-bp fusion construct was ampli-
fied with oligonucleotides CB129F and CB130R and transformed into strain
CB600, resulting in strain CB557 (swi6A::URA3/MET3::SWI6-HIS]I).

In order to create a strain depleted of both Swi4p and Swib6p, the first copy of
SWI6 was deleted from strain BH115 (swi4A::hisG/SWI4) using a PCR construct
created with oligonucleotides CB115F and CB115R, as described above. The
final 1,508-bp product was transformed into strain BH115, resulting in strain
BH140 (swi4A::hisG/SWI4 swi6A::HIS1/SWI6). The second copy of SWI4 was
then placed under the control of the MET3 promoter using a PCR fusion
construct created with oligonucleotides BH10F and BHI0R, BH11F and
BH11R, and BH12F and BH12R, as described above. The final 4,895-bp product
was transformed into strain BHI40, resulting in strain BHI160
(swidA::hisG/IMET::SWI4-ARG4 swi6A::HIS1/SWI6). The second copy of SWI6
was deleted using a PCR fusion construct created from oligonucleotides BH2F
and BH2R, BH3F and BH3R, and BH4F and BH4R as described above, and the
final 2,721-bp product was transformed into strain BH160, resulting in strain
BHI190 (swi4A::hisG/IMET::SWI4-ARG4 swi6A::HIS1/swi6A::URA3). A prototro-
phic control strain was created by sequentially transforming plasmids pRM100
and pBS-Ca4RG4 into strain BWP17, resulting in strain BH420. To confirm the
phenotype of strain BH190, a strain with both SWI4 and SWI6 deleted was
created. The remaining SWI4 allele in strain BH113 was replaced with a URA3-
containing construct created with oligonucleotides BH10F, BHI10R, BH13F,
BH13R, BHI14F, and BH14R and pBS-CaURA3, resulting in strain BH339
(swi4Az:hisG/swi4A::URA3). A SWI6 allele was then replaced with a HISI-
containing construct, created with oligonucleotides CB115F and CB115R and
pBS-CaHISI1, resulting in strain AG160 (swi4A:hisG/swi4A::URA3
swi6A::HIS1/SWI6). The remaining SWI6 allele was replaced with an ARG4-
containing construct created with oligonucleotides CB115F and CB115R and
pBS-Ca4RG4. The final product was transformed into strain AG160, resulting in
strain AG168 (swi4A::hisG/swi4A::URA3 swi6A::HIS1/swi6A::ARGH).

To create a strain that lacked SWI4 and MBPI, the first copy of MBPI
was deleted from strain BH150 (swi4A::hisG/MET::SWI4-ARG4) by trans-
forming a HISI-containing PCR fusion construct as described above
into strain BH150, resulting in strain BH270 (swi4A::hisG/MET::SWI4-ARG4
mbpIlA::HISI/MBPI). The second copy of MBPI was replaced with a URA3
marker as described above, resulting in strain BH277 (swi4A::hisG/MET::SWI4-
ARG4 mbp1A::URA3/mbp1A::HISI). To confirm the phenotype of strain BH277
under repressing conditions, a strain with both SWI4 and MBPI deleted was
created. A copy of MBPI was deleted from strain BH339 using a HISI
replacement construct as described above, resulting in strain BH342
(swi4A:z:hisG/swi4A::URA3 mbplA::HIS1/MBPI). The second copy of MBPI was
replaced with a PCR fusion construct as described above but containing an
ARG4 marker that was amplified with oligonucleotides BHSF and BHSR. The
final 3,785-bp product was transformed into strain BH342, resulting in strain
HH62 (swi4A::hisG/swi4A::URA3 mbplA::HIS1/mbplA::ARG4).
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PCRs were performed with Expand long template polymerase (Roche). Cells
were transformed using lithium acetate (23, 36) with modifications. Transforma-
tion mixtures were incubated overnight at 30°C and heat shocked at 43°C for 15
to 60 min prior to plating on selective medium. gDNA was extracted according
to the method of Rose et al. (65a). All strains were screened by PCR and by
Southern blot analysis using a DIG (digoxigenin) hybridization system kit
(Roche) (data not shown).

Transcriptional profiling. For transcription profiling of strains lacking Swi4p
and Swibp, overnight cultures of strains BH190 and BH420 were diluted to an
ODy of 0.2 in 10 ml of repressing medium and collected after 7 h of incubation
at 30°C. Cell pellets were fast-frozen and stored at —80°C until use. Microarray
hybridizations were conducted with four pairs of RNA preparations produced
from independent cultures. RNA from cell pellets was extracted using a
MasterPure yeast RNA purification kit (Epicentre Biotechnologies, Inter-
Science, Markham, ON, Canada). Total RNA (40 pg) was used in direct labeling
with dCTP linked to Cy3 or Cy5. Sample labeling and hybridizations to oligo-
nucleotide microarrays were performed as described previously (57). Slides were
scanned and quantified with an Axon GenePix pro 4.0 scanner (Axon Instru-
ments, Inc., Sunnyvale, CA). Data normalization using LOWESS and statistical
analyses were performed with GeneSpring, version 7.3 (Agilent Technologies,
Santa Clara, CA). Genes with a significant change in transcript abundance were
identified in a Volcano plot using a 1.7-fold-change cutoff along with a ¢ test
function using as the confidence level a P value of <0.05. To construct pie chart
distributions of the total set of modulated genes, the data were manually sorted
into select categories. The data were also sorted according to biological processes
using the gene ontology (GO) Slim Mapper at Candida Genome Database
(CGD) (http://www.candidagenome.org/cgi-bin/GO/goTermMapper).  Signifi-
cant enrichment of genes within a particular process was determined by com-
paring the number of modulated genes within Swi4p- and Swi6bp-depleted cells
that grouped to a particular process to the total number of genes within the
genome that sorted to the same process, using the Fisher exact test. Alterna-
tively, we used gene set enrichment analysis (GSEA) (56, 72) to compare a
ranked list of genes modulated in the Swi4p- and Swi6p-depleted cells to 29 lists
of 64 to 558 genes that exhibit cell cycle-dependent periodic expression in C.
albicans opaque cells (26) or significant changes during polar morphogenesis,
including yeast-to-hypha transitions and the production of highly elongated buds
due to M or S phase arrest (5, 34, 43, 53, 58, 71). We used the “classic”
Enrichment statistic setting and calculated the false discovery rate (FDR) by
performing 10,000 permutations. Selected result graphs are shown, and the
complete GSEA output folder is included as GSEA data file S1 in the supple-
mental material.

Cell imaging. Nuclei and septa were visualized by fixing cells in 70% ethanol
for 1 h, followed by incubation in 1 wg/ml 4',6'diamidino-2-phenylindole dihy-
drochloride (DAPI) (Sigma) for 20 min. After rinsing with double-distilled
water, cells were incubated in 1 pg/ml calcofluor white (Sigma) for 10 min.
Nomarski differential interference contrast (DIC) and fluorescent images were
obtained with a Leica DM6000B microscope (Leica Microsystems Canada, Inc.,
Richmond Hill, ON, Canada) equipped with a Hamamatsu ORCA ER camera
(Hamamatsu Photonics, Hamamatsu City, Japan) using 63X or 100X objectives
and DAPI (460-nm) filter sets. Images were captured with Openlab software
(Improvision, Inc., PerkinElmer).

RESULTS

Cells lacking SWI4 or SWI6 demonstrate dramatic changes
in growth pattern, unlike cells lacking MBP1. Candida albicans
open reading frames (ORFs) 19.5855, 19.4545, and 19.4725 are
annotated as MBPI, SWI4 and SWI6, respectively, in the Can-
dida Genome Database (http:/candidagenome.org) and are
29, 23, and 26% identical to orthologues in S. cerevisiae at the
protein level. The factors contain ankyrin repeat domains, sim-
ilar to SBF/MBF components in other fungi (9). However,
leucine zippers found in Swidp and Swi6p of S. cerevisiae (69)
are lacking, and all three C. albicans factors contain a KilA-N
DNA binding domain, which is absent in Swi6bp of S. cerevisiae.

The functions of Mbplp, Swidp, and Swi6p in C. albicans
were determined by sequentially replacing alleles with URA3
and HISI markers in strain BWP17, creating strains BH261,
BH185, and BH120, respectively. An isogenic control strain,
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FIG. 1. Deletion of SWI4 or SWI6 results in dramatic changes
in growth pattern, including cell enlargement and induction of fila-
ments, in contrast to deletion of MBPI. (A) Cells from strains BH440
(MBP1/MBPI SWI6/SWI6 SWI4/SWI4 URA3™ HISIT), BH261
(mbplA::URA3/mbplA::HIST), BHI120 (swi6A:URA3/swi6A::HIST),
and BH185 (swi4A::URA3/swi4A::HIS1) were incubated in minimal
medium overnight and then diluted into fresh medium and incubated
for 7 h at 30°C. (B) Strains BH120, BH185, and BH440 at higher
magnification. Bar = 10 pm.

BH440, and conditional strains for MBP1 (KMCad4a), SWI4
(BH150), and SWI6 (CB557), respectively, were also con-
structed. To determine effects on cell growth, overnight cul-
tures were diluted into fresh minimal medium and incubated
for 7 h at 30°C. Most mbpIA/A cells (BH261) were normal in
morphology, but 7.4% (n = 309) were elongated, compared to
0.3% (n = 343) in the control strain (Fig. 1). When the con-
ditional MBPI strain KMCa4a was incubated in inducing
(—MC) or repressing (+MC) medium, most cells were in a
normal yeast form (see Fig. S1 in the supplemental material).
Our results agree with large-scale screens of C. albicans mu-
tants which showed that mbpIA/A colonies grew normally (40,
61). In S. cerevisiae, the absence of MBPI resulted in a 20%
increase in cell volume and a 5% increase in the proportion of
budded cells (12). We did not quantify cell volumes, but the
length-to-width measurements of mbpIA/A cells (20.1 * 1.2
wm? [mean *+ standard error of the mean], n = 100) were
similar to those of control cells (18.5 = 0.5 um? n = 101) (Fig.
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FIG. 2. Distribution of yeast size, represented by length-to-width
measurements (um?), in cells lacking Swi4p, Swi6p, or Mbplp.
Cells from strains BH440 (MBPI/MBP1 SWI6/SWI6 SWI4/SWI4
URA3™ HISI"), BH261 (mbplA:URA3/mbplA::HISI), BH120
(swi6A::URA3/swi6A::HIST), and BH185 (swi4A:URA3/swi4A::HIST)
were incubated in liquid glucose minimal medium overnight and then
diluted into fresh medium and incubated for 7 h at 30°C. Strain BH190
(swibA::URA3/swi6A::HIS1 swidA::hisG/MET3::SWI4-ARG4) was incu-
bated in repressing medium for 7 h.

2). Thus, Mbplp is not essential for normal cell growth and has
only a mild influence on morphology in C. albicans.

In contrast, cells lacking SWI4 (BH185) or SWI6 (BH120)
showed a dramatic and pleiotropic change in growth pattern,
including enlarged budding yeast cells and a diversity of elon-
gated and filamentous cells (Fig. 1). Length-to-width measure-
ments of yeast cells in strains lacking SWI4 (30.6 = 1.3 pm?,
n = 102) and SWI6 (30.9 = 1.2 um? n = 100) were greater
than those of control cells (18.5 = 0.5 um?, n = 101) (Fig. 2).
In addition, approximately 46% (n = 193) and 44% (n = 144)
of cells from strains BH185 and BH120, respectively, were
elongated or filamentous. Similarly, in large-scale phenotypic
screens (40, 61), swi4A/A colonies and cells showed growth
defects, although colony morphology on solid spider medium
was not affected. We also found that swi4A/A and swi6A/A
colonies did not show dramatic changes in morphology on solid
minimal medium (data not shown), which suggests that envi-
ronmental conditions, including liquid versus solid medium,
can influence the phenotype. Consistent with the deletion phe-
notypes, conditional SWI4 (BH150) and SWI6 (CB557) strains
grew predominantly in the yeast form under inducing condi-
tions and showed growth and phenotype defects in repressing
medium, although the effects were not as severe in strain
CB557 (see Fig. S1 in the supplemental material). Thus, Swi6p
and Swi4p influence yeast size and growth patterns in a similar
manner, whereas Mbp1p has only a minor effect. The dramatic
increase in yeast cell size raises the possibility of a delay in G,
phase and a role for Swi6p and Swidp in G,/S regulation. In
comparison, swi4A or swi6A cells in S. cerevisiae also demon-
strated cell enlargement, bud defects, slow growth, and some
elongation but did not produce filaments as seen in the C.
albicans mutants (32, 51, 60).

Cells lacking both Swi6ép and Swidp or Swidp and Mbplp
are viable and do not arrest in G, phase. Factors comprising
MBF in S. pombe or SBF/MBF in S. cerevisiae are crucial for
cell cycle entry; cells lacking either Cdc6, Resl, and Res2,
Swidp and Swibp, or Swidp and Mbplp are inviable and/or
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FIG. 3. Depletion of both Swidp and Swi6p or Swi4p and Mbplp results in viable cells with phenotypes similar to those of swi4A/A or swi6A/A
cells. (A) Cells from strains BH420 (SWI6/SWI6 SWI4/SWI4 URA3' HISIT ARG4+), BH190 (swi6A:URA3/swi6A::HISI swidA::hisG/
MET3::SWI4-ARG4), and BH277 (mbp1A::URA3/mbp1A::HIS1 swi4A::hisG/MET::SWI4-ARG4) were incubated in inducing (—MC) or repressing
medium (+MC) for 7 h at 30°. (B) Strains AG168 (swi4A::hisG/swi4A::URA3 swi6A::ARG4/swi6A::HIST), HH62 (swi4A::hisG/swi4A::URA3
mbplA::ARG4/mbp1A::HIST), and BH420 were cultured in minimal medium overnight and then diluted into fresh medium and incubated for 7 h

at 30°C.

blocked in division (3, 11, 44, 55, 60). In order to obtain
additional evidence that Swi4p and Swi6p play a role in G,/S
regulation in C. albicans, we created a conditional strain lack-
ing both copies of SWI6 and carrying a single copy of SWI4
under the control of the MET3 promoter (BH190), as well as
an isogenic control strain (BH420). Overnight cultures of cells
were incubated in fresh inducing or repressing medium for 7 h
at 30°C. Under repressing conditions, strain BH190 was viable
and showed yeast cell enlargement comparable to that in the
single deletion strains, based on length-to-width measurements
(33.1 = 1.3 wm? n = 100) (Fig. 2 and 3A). However, the
number of elongated or filamentous cells was moderately
higher in repressing medium than in inducing medium (66%,
n = 150, versus 37%, n = 230, respectively). In contrast, con-
trol cells (BH420) were in a normal yeast form (Fig. 3A). In
confirmation of the phenotype, subsequent deletion of both

SWI6 and SWI4 (AG168) resulted in similar effects (Fig. 3B).
Thus, in contrast to the situation in S. cerevisiae, the combined
functions of Swi4p and Swi6p are important but not essential
for cell proliferation in C. albicans.

We next investigated whether the combined functions of
Swi4p and Mbplp were essential for growth. A conditional
strain (BH277) lacking both copies of MBPI and carrying a
single copy of SWI4 under the control of the MET3 promoter
was created. In inducing medium, few cells (6.9%, n = 153)
showed elongation, comparable to mbplA/A cells (Fig. 3A). In
repressing medium, cells remained viable and appeared similar
to swi4A/A cells (Fig. 3A), with 37% (n = 230) in an elongated
or filamentous form. Since strain BH277 was viable, a strain
with SWI4 and MBP1 deleted was constructed (HH62). The
phenotype was similar to that of strain BH277 under repressing
conditions, with 30.8% (n = 221) elongated or filamentous
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cells (Fig. 3B). The slight reduction in filamentation compared
to that seen in other mutants could reflect a mild synergistic
effect. Collectively, these data show that Mbplp plays a minor
role in growth, that Swi4p and Mbp1p are not highly redundant
in function, and that cells lacking both factors can progress
through the cell cycle, unlike the situation in S. cerevisiae (44).

The gene expression patterns in cells lacking Swiép and
Swidp suggest that these factors influence G,/S progression.
Cote et al. (26) reported the transcription profiles of synchro-
nized opaque phase cells as they pass through the cell cycle,
which consisted of four waves of expression. Each wave was
represented by a specific set of keynote genes, many of which
resembled those expressed at similar cell cycle stages in S.
cerevisiae (40). The four waves were also associated with pu-
tative core transcription factor regulators, including Fkh2p (S/
G,), Mcmlp (G,/M), and Ace2p (M/G,). The wave of G,/S-
associated gene expression was suggested to be mediated by a
single ankyrin motif-containing MBF complex, as seen in S.
pombe, since MCB elements were present in promoters of the
G,/S cluster of genes and the C. albicans genome lacked SCB
elements (26). Since Swidp and Swi6p in C. albicans have
pronounced and similar effects on cell size and growth pattern,
our results raise the possibility that these factors may be critical
components of MBF in C. albicans, with Mbp1p playing only a
minor role. To obtain additional evidence for this model, we
first investigated whether the MCB-containing G, cyclins
PCL2 and CCNI (15, 26) were downregulated in cells lacking
Swidp and Swibp. Overnight cultures of swi6A/swi6A
swi4A/MET3::SWI4 (BH190) and SWI4/SWI4 SWI6/SWI6
(BH420) cells were incubated in fresh repressing medium for
7 h at 30°C, and RNA was extracted for Northern blot analyses.
Both cyclins were repressed in strain BH190 (Fig. 4A), sug-
gesting that Swi4p and Swi6p influence G,/S progression.

In order to gain more evidence that Swidp and Swi6p con-
tribute to G,/S regulation, we used oligonucleotide microar-
rays to measure the transcription profiles of Swi4p- and Swi6p-
depleted cells, despite the fact that asynchronous growth and a
pleiotropic phenotype could dilute relevant cell cycle stage-
specific expression patterns. Indeed, when a similar approach
was used with swi4A cells of S. cerevisiae, very few SBF targets
were identified, which was attributed in part to the lack of cell
synchrony (42). However, it is difficult to obtain synchronous
cell populations and subsequent time course-based transcrip-
tion profiles in C. albicans (26), and some expression patterns
may be strong enough to overcome the barriers imposed by
asynchrony and pleiotropic phenotypes. Overnight cultures of
SWI6A/swibA swidA/MET3::SWI4 and SWI4/SWI4 SWI6/SWI6
cells were thus incubated in repressing medium for 7 h at 30°C
and processed for microarray analysis. Significantly modulated
genes were initially obtained using a 1.7-fold cutoff and a ¢ test
function with a P value of <0.05 (see Table S1 in the supple-
mental material for a complete list of genes). Based on this
method, a small proportion (11.0%) of genes was found to
overlap with the total set of periodically expressed cell cycle-
regulated genes of Cote et al. (26) (Fig. 4B). Of these, 31.0%
corresponded to the G,/S cluster, while 25.0, 22.5, and 21.5%
corresponded to S/G,, G,/M, and M/G;, clusters, respectively
(see Table S2 in the supplemental material).

To confirm whether G,/S cluster genes were significantly
enriched in Swi4p- and Swi6bp-depleted cells, we used gene set
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enrichment analysis (GSEA) (56, 72), a computational method
that determines whether defined sets of genes exhibit a statis-
tically significant bias in their distribution within a ranked gene
list. Since GSEA is a rank-based method that is not limited to
an arbitrarily defined set of significantly modulated genes, it
allows us to detect more subtle changes in transcript profiles.
In addition to calculating a P value for any observed enrich-
ment, this method also calculates a false discovery rate (FDR)
by performing a permutation analysis on 10,000 randomly dis-
tributed datasets. The Broad Institute maintains an extensive
web page on this tool, including a detailed guide on interpret-
ing GSEA results (http:/www.broadinstitute.org/gsea/doc
/GSEAUserGuideFrame.html). We thus compared a ranked
list of the 5,675 genes whose transcript profiles were measured
in cells lacking Swi4p and Swi6p to the distribution of the four
cell cycle gene clusters defined by Cote et al. (26), as well as 25
gene sets representing morphogenetic switching, including the
yeast-to-hypha transition, in C. albicans (5, 34, 43, 53, 58, 71).
As seen in Fig. 5 and in Table S3 in the supplemental material,
genes of the G,/S cluster showed a highly significant bias to-
ward upregulation (normalized enrichment score [NES] =
3.41, P < 0.0001, FDR < 0.01%) in cells lacking Swi4p and
Swibp. Fifty-three percent of the G,/S cluster genes were pres-
ent in the leading edge, which is defined as genes that were
ranked at an earlier position than the maximal enrichment
score. We also observed an enrichment of the upregulated
G,/M cluster genes, although it was not as strong as the G,/S
cluster. There was no significant enrichment of the S/G, and
M/G; cluster genes. These results suggest that cultures lacking
Swidp and Swi6p have a greater proportion of cells in the G,/S
phase than a culture of control cells, supporting a role for
Swidp and Swi6p in G,/S regulation. Impaired progression
through G,/M is also possible but not as clear.

Of the genes that were strongly modulated and in common
with the periodic cell cycle set of Cote et al. (26), the MCB-
containing G, cyclin PCL2 was the most strongly downregu-
lated gene (see Tables S1 and S2 in the supplemental mate-
rial). CCNI was not included in the list, in contrast to the
Northern blot results. However, its exclusion was due to the
fact that it has a very low expression level and was only de-
tected on two of the microarray experiments, where it was
strongly downregulated. Additional downregulated MCB-con-
taining factors include the G,/S keynote genes HCM1 and
GIN4 (26), the chromatin cohesin factor MCDI, and genes of
unknown function. More G,/S-associated genes were upregu-
lated, in agreement with the GSEA results, including the key-
note gene YOXI (26), a target of SBF in S. cerevisiae, and
factors associated with DNA synthesis and DNA repair
(RNRI1, DUTI, PMS1, MLH]I, and TERT) and other functions
(see Table S2 in the supplemental material). These expression
patterns raise the possibility that Swi4p and Swi6p have re-
pressing and inducing activities. In support of this, MBF is a
transcriptional repressor of genes predominantly associated
with DNA replication and repair in S. cerevisiae; the absence of
MBPI or SWI4 and MBPI resulted in elevated levels of DNA
repair genes (12, 28). Moreover, the absence of Resl or Res2
in S. pombe resulted in the repression or induction, respec-
tively, of MBF target genes (11). Few other MCB-containing
genes which were not identified by Cote et al. (26) were mod-
ulated in cells lacking Swidp and Swi6bp. These included un-



Vor. 10, 2011

A +/+
SWib/swi6  swi6/swi6

.y

B

Swi4p,Swibp- Periodic cell
depleted cells  cycle genes
C Down-regulated genes

@ SBF/MBF Targets 1.2%
mCyclins 0.3%
OCell Cycle (Other) 3.5%

m|1.2%
m0.3%
03.5%

OHistones 0.9%

® Chromatin Remodeling/
Transcription 9.0%

©DNA - Replication/Repair 0.6%

®Ribosome Biosynthesis/

Translation 24 8%
0O Opaque and Mating-associated

Associated 4.4%
| Other Transcription Factors 2.9%

021.0%
D Other Kinases 1.5%
0 Other Phosphatases 1.5%
@0.0%
B47%
02.0%

®Drug Sensitivity/ Transporters/
Permeases 6.1%
m Nuclear Transport 0.7%

@iron-Associated 1.2%

01.2% ma4%
@1.2% u29% OCell Wall 1.2%
m0.0% 01.5% O Amino Acid Synthesis 2.0%
u6.1%

@ Mitochondria-associated 4.7%
01.5%

@ Ergosterol Biosynthesis 0%
© Others 21%

W Unknowns 12.2%

CONTROL OF C. ALBICANS GROWTH AND DEVELOPMENT BY Swi4p/-6p

1.2% :
| Signal Transduction, Filamentation-

391

swi4/swi4 MET3::SWl4/swid

Up-regulated genes

@ SBF/MBF, Targets 0.5%
m Cyclins 0.3%
C1Cell Cycle (Other) 0.5%
m03% | m08% 8 ONA ~ Replication/Repair 3.0%
B30%
m05%

0.5% m Ribosome Biogenesis/ Translation

0.5%

0 Opaque and Mating-associated
3.2%

m Signal Transduction, Filamentation-
Associated 7.0%

m Other Transcription Factors 2.7%

0 Other Kinases 2.2%

0 Other Phosphatases 2.2%

W Drug Sensitivity/ Transporters/
Permeases 7.8%

m Secreted Aspartyl Proteinases
(SAPS) 1.1%

W Heat Shock Proteins (HSPs) 1.1%

@lron-Associated 1.4%

O Cell Wall 5.7%

00.8%

O Ubiquitin-associated 0.8%

04.1% 0 Amino Acid Metabolism 4.1%

016%
@ Vacuole-Associated 1.6%
@ Mitochondria-Associated 1.6%
O Others 30.3%
B Unknowns 21.6%

FIG. 4. Gene expression patterns in cells depleted of Swi6p and Swidp. (A) Northern analysis demonstrating downregulation of G, cyclins
CCNI and PCL2 in cells depleted of Swibp and Swidp. A total of 20 pg of RNA from strains BH420 (SWI4/SWi4 SWI16/SWI6 URA3" HISI*
ARG4"), AG168 (swi4A::hisG/swidA::URA3 swi6A::ARG4/swi6A::HIST), and BH190 (swi6A::URA3/swi6A::HISI swi4A::hisG/MET3::SWI4-ARG4)
grown under repressing conditions was loaded on the gel. ACT1 was used a loading control. (B) Venn diagrams comparing significantly modulated
genes in strain BH190 with the total number of genes in C. albicans that show cell cycle-dependent periodic expression patterns (26). Strains BH190
and BH420 were incubated in repressing medium for 7 h and processed for microarray analysis. Data obtained from four microarray chips
representing four separate samples were normalized with Lowess using GeneSpring software. Significantly modulated genes were determined
based on a 1.7-fold cutoff and # test function with a P value of <0.05. (C) Pie categorization of significantly modulated genes in cells depleted of
Swidp and Swi6p. Gene names and functions were identified through GeneSpring analysis and updated using the Candida Genome Database
(CGD) at http://candidagenome.org/. Different colors represent different categories as indicated. Genes were manually categorized according to

a single function, although several have multiple functions.

characterized genes (orf19.6048, orf19.4664, and orf19.413), a
putative ion exchanger (orf19.2397), and a transcriptional re-
pressor of hyphal formation that is responsive to DNA damage
(RFX2). Of the S/G, cluster genes, the putative central G,/M
regulator FKH?2 (26) was repressed, as well as histones (HHO1
and HTA3), gamma tubulin (7TUB4), and other factors, most of
which had unknown functions. The strongly modulated G,/M-
associated genes did not include cell cycle regulatory factors,
with the exception of a spindle midzone-associated protein
(ASEI) (see Table S2 in the supplemental material). M/G,
factors notably included the keynote gene CDC6, encoding a

component of the prereplicative complex (see Table S2). In-
triguingly, the putative central regulator of the M/G; cluster
genes, MCM1, was also repressed. Thus, the expression profiles
revealed modulation of some key MCB-containing genes, as well
as several core putative regulators of subsequent cell cycle phases.
Modulation of genes associated with other cell cycle stages could
reflect additional functions for Swidp and Swibp, particularly in
G,/M phase, based on GSEA results. Alternatively, this may
represent indirect effects of the initial impairment in G,/S pro-
gression; cell cycle-dependent transcription patterns are regulated
by a hierarchy of sequentially expressed networks of transcription



392 HUSSEIN ET AL.

G1-S CLUSTER G2-M CLUSTER

LML

p<0.001 FDR<0.1% p =0.048 FDR = 5%

BMDM

1=

M-G1 CLUSTER

" LAMM0

CDC5_7H_UP PHAGOCYTOSIS_UP

EukaryoT. CELL

S-G2 CLUSTER

IR

p =0.903 FDR = 90% p=0.118FDR=11%

HU_6H_UP RHE90_UP

m.llllljl[l]ﬂ]lW]ﬂHlWlHHlHHil w::.I]l[llllmﬂlljllﬂmMHIIIHI\IH\IHI Mzg.ﬂlﬂ]ﬂlﬂﬂﬂlﬂ]ﬂmﬂﬂr (11l HZZWMMWWIHH [l

p<0.001 FDR<0.1% p <0.001 FDR <0.1%

BMDM

CDC5_7H_DN PHAGOCYTOSIS_DN

p <0.001 FDR<0.1% p <0.001 FDR <0.1%

T R R

p<0.001 FDR<0.1% p<0.001 FDR<0.1%

HU_6H_DN RHE90_DN

o

iMUMlLLUJUJ[l]lIMIMI‘IIIIIlH

p <0.001 FDR<0.1% p <0.001 FDR<0.1%

FIG. 5. Gene set enrichment analysis (GSEA) of the transcriptional profile of Swid4p- and Swi6p-depleted cells. A ranked list of genes
modulated in Swidp- and Swi6p-depleted cells was compared to 29 gene sets of 64 to 558 genes that exhibit cell cycle-dependent periodic expression
in C. albicans opaque cells (26) or significant changes during polar morphogenesis, including yeast-to-hypha transitions and the production of
highly elongated buds due to M or S phase arrest (5, 34, 43, 53, 58, 71). Genes in the ranked list are organized along the x axis with upregulated
genes to the left and downregulated genes to the right. The positions of the genes in each gene set are illustrated by the vertical black bars, while
the green curve represents the cumulative value of the enrichment score (y axis). Graphs of selected results are shown, while the complete GSEA
output folder is included as GSEA data file S1 in the supplemental material. BMDM, bone marrow-derived monocytes; RHE90, reconstituted

human epithelial cells; HU, hydroxyurea.

factors (64), and in S. cerevisiae, SBF/MBEF indirectly act on genes
in subsequent cell cycle stages through their transcription factor
targets and subsequent effectors (41).

Cells lacking Swi4p and Swi6p demonstrated strong modu-
lation of additional genes associated with many other cellular
processes (Fig. 4C; also see Table S1 in the supplemental
material). Although the majority of these genes lack MCB
elements and the responses likely reflect indirect effects, some
of the expression patterns further support an influence on G,
phase. For example, ribosome biogenesis and RNA metabo-
lism genes were downregulated (see Table S1) and identified
by gene ontology (GO) term analysis as being the most signif-
icantly enriched in Swi4p- and Swi6bp-depleted cells (Table 4).

TABLE 4. GO term analysis of significantly modulated genes in
cells lacking Swi4p and Swi6bp®

GO genes GO genes
GO category” P value® in set in genome
(834 total)? (6,804 total)®
Ribosome biogenesis 2.7E—13 88 746
Biological process unknown 8.3E-7 263 2,741
RNA metabolic process 1.7E-6 123 627
Response to chemical stimuli  4.5E—3 93 741
Carbohydrate metabolism 23E-3 47 787

@ Strains analyzed were BH190 (lacking Swi4p and Swi6p) and BH420 (wild
type).

> The GO type was biological process.

¢ Significance of overrepresentation of GO categories represented in signifi-
cantly modulated genes based on the Fisher exact test.

4 Number of genes within total significantly induced gene set of Swi6p- and
Swidp-depleted cells that are associated with the select GO category.

¢ Total number of genes within the genome that associate with the selected
GO category.

In addition, orthologues of TOR (rarget of rapamycin) path-
way-dependent regulators of cell size, proliferation, and ribo-
some biogenesis, including SFPI, SCHY (48), and TBF1 (39),
were repressed in Swidp- and Swi6p-depleted cells (see Table
S1). Regulation of ribosome biogenesis is not clear in C. albi-
cans, but it is intriguing that ribosome biogenesis is sensed and
initiated at start in S. cerevisiae (16). PESI, a pescadillo ortho-
logue important for yeast growth in C. albicans (67) but not
identified in the periodic data set of Cote et al. (26), was also
downregulated (see Table S1). Paradoxically, the G, cyclin
CLN3 was induced in cells lacking Swidp and Swi6p (see Table
S1). While Yox1p negatively regulates CLN3 expression in S.
cerevisiae (41), both of these factors were induced in Swidp-
and Swi6p-depleted cells of C. albicans, demonstrating another
example of subtle rewiring within the otherwise generally sim-
ilar framework of cell cycle expression patterns in the two
organisms (26). Collectively, these results demonstrate that
Swidp and Swi6p influence G,/S phase progression and, thus,
may contribute to MBF activity.

Swidp and Swi6p influence morphogenesis, including differ-
entiation of hyphae. G,/S circuit components can regulate de-
velopmental processes independent of their cell cycle function.
For example, E2F and pRb in mammals are linked to neuronal
and adipocyte differentiation (54), whereas the SBF targets
Tos4p and Yox1p in S. cerevisiae regulate genes associated with
mating and pseudohyphal growth, respectively (41). However,
the absence of SBF alone does not lead to changes in cell fate
in the latter. To determine whether Swi4p and Swi6p also
influenced developmental events in C. albicans, the phenotypes
of cells lacking these factors were examined more closely.
Strains lacking SWI4 (BH185) or SWI6 (BH120) or both
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A swi6/swi6 swi4/MET3:SWi4 SWi6/SWI6 SWI4/SWi4
+MC 3.5h +MC 7 h

+MC 7 h

B SWI6/SWi6 SWi4/SWi4
+serum 3 h

FIG. 6. Yeast cells lacking Swidp and/or Swi6p show pleiotropic changes in morphology and form true hyphae. (A) Cells of strain BH190
(swi6A::URA3/swi6A::HIS1 swidA::hisGIMET3::SWI4-ARG4) (a, b), BH185 (swi4A:URA3/swi4A::HIST) (d to g), and BH420 (SWI4/SWI4 SWI6/
SWI6 URA3™ HISI" ARG4™") (c) were incubated for the indicated times in repressing medium at 30°C, fixed, and then stained with DAPI and
calcofluor. Arrowheads indicate subapical, unconstricted septa, thin arrows show the first septa positioned away from the bud neck, and thick
arrows demonstrate the first septa at the bud neck. (B) Strain BH420 was incubated for 3.0 h in the presence of 10% serum at 37°C for comparison

of hyphal characteristics. Bars = 10 pm.

(AG168 and BH190) demonstrated a pleiotropic phenotype.
Of the yeast cells, many were multibudded (Fig. 1 and 6Ad and
g), suggesting defects in cell separation similar to those of
swi4A and swi6A cells of S. cerevisiae (60). DAPI staining dem-
onstrated that most cells contained a single nucleus, but a
proportion showed multinucleation (11.4%, n = 158, strain
BH185; 9.4%, n = 180, strain BH190; and 3.8%, n = 160,
strain BH420) (Fig. 6Ad and e), indicating deregulation of
nuclear division in some cases. Intriguingly, some yeast cells
were bean shaped, resembling opaque phase cells, and con-
tained four nuclei (Fig. 6Ae and f). Most striking, however, was
the presence of highly filamentous cells resembling elongated
buds, pseudohyphae, true hyphae, or a combination of these
cell types. The extent of filamentation increased when over-
night cultures of cells were diluted into fresh medium and
incubated for 7 h. The presence of true hyphae within the
population was evident from filamentous cells containing un-
constricted septa along their lengths (Fig. 6Ab and d, arrow-
heads). In addition, the first septa was positioned away from

the bud neck in many of these cells (Fig. 6Aa and b, thin
arrows), as seen in true hyphae that form in G, phase (73, 74).
Intriguingly, other filamentous cells demonstrated uncon-
stricted septa in the subapical regions, but the first septa was
located at the bud neck (Fig.6Ad, thick arrow), as described for
pseudohyphae (73, 74). At earlier time points in fresh medium
(3.5 h), the majority of cells were yeast or pseudohyphae.
However, some true hyphae were also present at this time,
based on the position and unconstricted appearance of the first
septa (Fig.6Aa, thin arrow). Collectively, these results demon-
strate that a variety of cell types and morphologies result from
the absence of Swi4 and/or Swibp, including true hyphal cells.
The presence of pseudohyphal and hyphal features within sin-
gle cells suggests that additional changes in fate may be taking
place.

Consistent with the phenotypes of cells lacking Swi4p and
Swibp, transcription profiles based on a 1.7-fold cutoff and a P
value of <0.05 revealed the induction of several hypha-asso-
ciated and regulatory genes, including HWPI, RBRI1, RBTI,
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PHRI, and IHDI, for example, at high levels (21, 43, 58) (see
Table S4 in the supplemental material). This provides addi-
tional evidence that true hyphae can form upon the depletion
of Swi4p and Swi6p. Some hyphal regulators were simulta-
neously repressed, including CZF1, TPKI, and PDE?2 (see Ta-
ble S4). When we used GSEA to compare the transcriptional
profiles of the Swi4p- and Swi6p-depleted cells to the results of
other microarray-based experiments based on morphogenetic
switching, including yeast-to-hyphal cells, the strongest enrich-
ments were seen with gene sets obtained from Cdc5p-depleted
or hydroxyurea-treated cells, which form hypha-like elongated
buds (5) (Fig. 5). Intriguingly, the analysis also revealed very
strong enrichments of gene sets from the profiles of C. albicans
interacting with host cells, such as primary mouse macrophages
(53), reconstituted oral human epithelium (71), or polymor-
phonuclear leukocytes (34). In contrast, gene sets from labo-
ratory-induced hyphae (43, 58) were not as enriched, mostly
due to the fact that their upregulated genes tended to cluster
at both the top and the bottom of the ranked gene list of
Swidp- and Swi6bp-depleted cells (data not shown). These re-
sults suggest that Swidp and Swi6p can influence the signaling
associated with host cell-induced morphogenetic switching, in-
cluding hyphal induction.

DISCUSSION

The G,/S transition serves as the gateway to cell prolifera-
tion but is not well characterized in C. albicans. Ankyrin-repeat
motif proteins, including Swidp, Swi6bp, and Mbplp in S. cer-
evisiae and Cdc10, Resl, and Res2 in S. pombe (9), comprise
the major components of G,/S transcription factor complexes
in fungi studied to date and are crucial for growth. Here, we
show that the closest orthologues of Swidp and Swi6p in C.
albicans are important for cell proliferation and, thus, may
contribute to MBF activity but that their combined function is,
surprisingly, not essential for growth. We also show that these
factors strongly influence morphogenesis, including hyphal dif-
ferentiation, and expression patterns normally induced by in-
teractions with host cells, supporting the existence of an im-
portant relationship between G,/S phase of the cell cycle and
hyphal development in C. albicans.

Swi6p and Swidp are important for yeast cell proliferation
and may contribute to MBF activity. Our results provide func-
tional evidence that orthologues of Swidp and Swi6p are im-
portant for yeast cell proliferation in C. albicans, influence
G,/S progression and, thus, may contribute to MBF activity.
First, key MCB-containing G,/S genes (26) were modulated in
cells lacking Swidp and Swi6p, including the G, cyclins PCL2
and CCNI (15), the transcription factor YOXI, and factors
associated with DNA synthesis/repair, including RNRI. G,/S
cluster genes were significantly enriched and represented the
highest proportion of periodically expressed cell cycle genes
modulated in the cells. The G,/M cluster genes were also
enriched but to a lesser extent, which could imply a role for
Swidp and Swi6p in regulating additional cell cycle stages,
given the rewiring in the cell cycle circuitry of the pathogen
(15, 26). Alternatively, G,/M gene modulation may be an in-
direct response to a G,/S delay, since G,/S events influence
transcription in subsequent cell cycle stages in S. cerevisiae
(41), and the basic cell cycle expression program in C. albicans
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is very similar (26). The total number of MCB-containing
genes modulated in cells lacking Swi4p and Swi6bp was not high,
which could imply that Swidp and Swi6p do not function via
interaction with MCB elements. Alternatively, asynchronous
growth, pleiotropy in phenotype, and/or redundancy from
other unknown factors could mask specific expression patterns,
particularly those that are subtle. Indeed, transcription profiles
of Aswi4 cells in S. cerevisiae did not reveal modulation of many
SBF targets, which was attributed in part to asynchronous
growth (42) and could also be due to compensation from
Mbplp (12). Our use of GSEA circumvented these problems
in part, revealing significant enrichment of G,/S genes. Second,
cells lacking Swi4p and/or Swi6p showed similar growth de-
fects, including a dramatic increase in yeast cell size, suggesting
a delay in G, phase. Although an increase in size could occur
by slowing G,/M phase, our results suggest that G, phase is a
major and possibly primary target of Swi4p and Swi6p. Third,
additional expression patterns in cells lacking Swi6p and
Swidp, including repression of ribosome biogenesis genes, sug-
gest a role for these factors in G,/S regulation. Ribosome
biogenesis, controlled in part by the TOR pathway, is coordi-
nated with cell cycle initiation in other organisms (46, 65) and
feeds back on start in S. cerevisiae via Whi5p (16). Finally, the
ability to form true hyphae upon depletion of Swidp and Swi6p
also supports a role for these factors in G, phase progression.
Previous work demonstrated that true hyphae with active cell
cycles could form when G, phase was blocked through deple-
tion of the G, cyclin CLN3 (7, 22). True hyphae also formed in
the absence of the SCF ubiquitin ligase F-box protein Cdc4p,
which has a G,/S-associated function in S. cerevisiae (2). In
contrast, blocking or slowing other cell cycle phases in C.
albicans results in elongated buds and/or pseudohyphal growth
(15). Collectively, the results strongly suggest that Swidp and
Swibp influence G,/S progression and, thus, may contribute to
MBF activity. Future investigations involving chromatin immu-
noprecipitation-microarray (ChIP-chip) analysis will help to
clarify the precise binding sequences and targets of these fac-
tors.

Swidp, Swi6p, and Mbplp show unique features compared
to orthologues in other systems. Our results highlight key dif-
ferences in the proposed functions of Swi4p and Swi6p com-
pared to orthologues in other systems. A central finding is that
the combined function of C. albicans Swidp and Swi6p is not
essential for cell proliferation. In contrast, the absence of both
orthologues in S. cerevisiae results in nonviable cells; Mbplp
does not compensate (17, 44). Although we cannot rule out
whether Mbplp compensates for the lack of Swi4p and Swi6bp
in C. albicans, it plays a limited role in growth and shows low
redundancy with Swi4p, based on the different phenotypes of
swi4A/A and mbp1A/A cells and the lack of synergistic effects in
the absence of both genes. This suggests that other factors may
be involved in controlling cell proliferation. The viability of
swi4A/A mbp1A/A cells of C. albicans is also novel and contra-
dicts the lethal effects resulting from the absence of both or-
thologues in S. cerevisiae (44) or of both Reslp and Res2p in S.
pombe (11, 55). It is possible that Swi6bp in C. albicans can
compensate under these conditions, since it contains a KilA-N
DNA binding domain, unlike Swibp in S. cerevisiae. However,
the Swi6p orthologue Cdcl0 in S. pombe also contains this
domain but does not bind DNA directly or compensate for loss
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of Resl and Res2 (78). Thus, additional elements may be
involved in G,/S control in C. albicans. Candidate factors in-
clude the APSES domain-containing proteins Efglp or Efhlp,
which can bind Mlul sites (63). However, there is currently no
evidence supporting a role for either factor in regulating cell
proliferation. Additional ankyrin-repeat domain proteins of
unknown function and low homology to Swidp, Swi6p, or Mbp1
exist in C. albicans, and we are currently exploring their po-
tential contributions.

Another difference in the putative functions of Swidp and
Swibp includes the possibility that they possess both activating
and repressing activity, based on the repression and induction
of G,/S cluster genes. More genes were induced, and these
included factors associated with DNA synthesis and repair.
Intriguingly, MBF in S. cerevisiae represses its targets, which
include DNA synthesis and repair factors, in cell cycle phases
other than G,/S with the assistance of the corepressor Nrm1p
(27). In contrast, the SBF complex activates its targets. In S.
pombe, the heteromeric MBF has two constitutive DNA bind-
ing elements, Resl and Res2, but G, transcripts increased or
decreased in resIA versus res2A cells, respectively (11). Since
the absence of Swidp or Swi6p in C. albicans produced a similar
phenotype, it is not likely that one is an activator while the
other is a repressor. The putative dual function of Swi4p and
Swi6p in regulating targets may be mediated by cofactors. In
support of this, a candidate Nrm1lp homologue exists in C.
albicans that genetically interacts with and antagonizes puta-
tive Swidp/Swibp function (D. Kornitzer, personal communi-
cation).

If Swidp, Swi6p, and other factors contribute to MBF activ-
ity, the resulting organization of this complex in C. albicans is
not clear. The absence of Swi4p and Swi6p resulted in syner-
gistic effects on filamentation, suggesting that these factors
may act separately. However, this did not extend to cell cycle
function, as the single and double mutants showed similar
increases in yeast cell size. In addition, Swidp and Swi6p phys-
ically interact in C. albicans (C. Bachewich, unpublished ob-
servations). Given that S. cerevisiae contains two G,/S tran-
scription units as a potential consequence of undergoing a
whole-genome duplication (26), it is unexpected that C. albi-
cans, with its more simplified genome and absence of SCB
elements, would also require several G,/S transcription com-
plexes. The potential contribution of Mbplp is also not clear,
but it may be more important under different conditions or in
different cell types, since Res2 of S. pombe contributes to
mitotic cell proliferation but plays a stronger role during mei-
otic division (4, 55, 84). Overall, our results highlight potential
variations in the putative G,/S regulatory circuit in C. albicans
versus other fungi.

Swidp and Swi6p play additional roles in morphogenesis
and influence hyphal differentiation. The absence of Swidp
and Swi6p resulted in pleiotropic morphologies, due in part to
defects in budding. The pleiotropy could reflect variability in
the levels of G, cyclins and/or other regulatory factors which
influence the timing of progression through G,/S phase and,
perhaps, subsequent cell cycle stages, generating different cell
shapes and types. The phenotype of cells lacking Swidp and
Swi6bp was reminiscent of that of Grrlp mutants (47), with the
exception that true hyphae could also form, based on strong
modulation of several hyphal-associated genes and the pres-
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ence of unconstricted septa. The relationship between hyphal
development and G, phase in C. albicans is complex, since
there is conflicting information on whether hyphal initiation
can occur at later cell cycle stages (15, 37, 70). A G, phase-
dependent bias for hyphal initiation could exist (15, 70), but
strong environmental inducers, such as serum, may be able to
override this relationship, allowing hyphal formation at other
cell cycle stages (37). Consistent with this, hyphae and pseu-
dohyphae form when yeast cells of C. albicans are arrested in
G, phase through depletion of the G, cyclin Cln3p (7, 22). In
contrast, arresting or slowing other cell cycle phases results in
elongated buds or pseudohyphae, respectively (15). The pres-
ence of true hyphae within the filamentous population of cells
lacking Swi6bp and Swidp suggests that these factors may me-
diate, in part, the effect of Cln3p on hyphal development. The
transcription profiles of Swid4p- and Swi6p-depleted cells,
which show strong enrichment of gene sets from profiles of C.
albicans interacting with a diversity of host cells, further sug-
gest that Swi4p and Swi6bp function may contribute to host
cell-induced morphogenetic switching, including hyphal induc-
tion. The factors may lie downstream of additional pathways,
since Swidp is a mitogen-activated protein kinase (MAPK)
target (8, 45, 52). Alternatively, it is possible that hyphal
growth is a general response to aspects associated with a G,
phase delay and that Swidp and Swi6p play only an indirect
role. The initial presence of pseudohyphal followed by hyphal
characteristics in some cells supports this point. However, true
hyphae could also form directly from yeast, and intriguingly,
G,/S transcription regulators can independently influence de-
velopmental gene expression in other systems (41, 54). Many
yeast cells lacking Swidp and Swi6p also resembled opaque
phase cells. Since a downstream target of SBF in S. cerevisiae
functions as a repressor of mating, it is possible that Swi4p and
Swi6p function and/or the G,/S circuit influence additional
developmental pathways in C. albicans, which is currently un-
der investigation.

In summary, we have demonstrated that Swi4p and Swi6p
are important for cell proliferation and influence G,/S progres-
sion, suggesting that they may contribute to MBF-like activity
in C. albicans. Our results also suggest that the emerging G,/S
regulatory circuit in C. albicans has unique features compared
to those in other ascomycetes and is linked to aspects of hyphal
development, possibly through Swidp and Swi6p function. Fu-
ture work addressing the composition, regulation, and targets
of MBF and the G,/S regulatory machinery in C. albicans will
significantly advance our understanding of the thematic varia-
tions in how cells regulate basic proliferation and coordinate
this process with developmental events, which are critical for
virulence in an important fungal pathogen of humans.
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