Global Gene Deletion Analysis
Exploring Yeast Filamentous Growth
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The dimorphic switch from a single-cell budding yeast to a filamentous form enables Saccharomyces
cerevisiae to forage for nutrients and the opportunistic pathogen Candida albicans to invade
human tissues and evade the immune system. We constructed a genome-wide set of targeted
deletion alleles and introduced them into a filamentous S. cerevisiae strain, £1278b. We identified
genes involved in morphologically distinct forms of filamentation: haploid invasive growth, biofilm
formation, and diploid pseudohyphal growth. Unique genes appear to underlie each program,
but we also found core genes with general roles in filamentous growth, including MFG1 (YDL233w),
whose product binds two morphogenetic transcription factors, Flo8 and Mss11, and functions as a
critical transcriptional regulator of filamentous growth in both S. cerevisiae and C. albicans.

accharomyces cerevisiae can undergo a
Sreversible developmental transition from a

single-cell budding yeast form into a mul-
ticellular filamentous form (7). This dimorphic
switch enables haploid cells to invade agar in
response to carbon deprivation (haploid invasive
growth) (2, 3) and to form biofilms on semisolid
medium (4), whereas diploid cells form chains of
clongated cells called pseudohyphae in response
to nitrogen starvation (5). In the opportunistic
pathogen Candida albicans, the capacity to tran-
sition between yeast and filamentous growth is
correlated to virulence (6). Because some of the
key S. cerevisiae signaling pathways that con-
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trol filamentous growth are highly conserved in
C. albicans and other more distantly related fungi
(6), S. cerevisiae provides a model system for
the identification of genes controlling fungal di-
morphism and pathogenesis.

S. cerevisiae filamentous growth is regulated
by the nutrient-sensing cyclic adenosine mono-
phosphate (cAMP)-protein kinase A (PKA) path-
way (5, 7, 8) and a mitogen-activated protein
kinase (MAPK) pathway (9, 10), whose signals
converge on FLOII (MUCI), a downstream ef-
fector of both pathways (/7). FLOII encodes a
cell-surface protein that mediates haploid inva-
sive growth, biofilm formation, and diploid pseu-
dohyphal growth phenotypes (12, 13). The FLOI1
promoter is controlled by numerous transcriptional
regulators—including Rim101, which is regulated
by a complex signaling pathway that also responds
to pH stress (/4); the PKA-regulated transcrip-
tion factor Flo8 (/7); the MAPK-regulated tran-
scription factor complex Stel2/Tecl (11, 15); as
well as the transcription factor Mss11 that is reg-
ulated by both the PKA and the MAPK signal
transduction cascades (/6). Our understanding of
the diverse signals affecting the FLOI] promoter
remains incomplete. Further, the emerging com-
plexities of this regulatory circuitry and others
governing filamentous growth necessitate func-
tional genomic analysis of the dimorphic switch.

We amplified a genome-wide set of deletion
alleles from the S288c reference strain deletion
mutant collection (/7) with each deletion con-
struct carrying ~200 base pairs (bp) of flanking
DNA for efficient integration and gene replace-
ment. This enabled us to construct a set of gene
deletions in the S. cerevisiae strain £1278b, which,
unlike S288c, is competent for filamentous growth
(5). We generated heterozygous diploid dele-
tion mutants and viable haploid mutants of both
mating types, which were then mated together
to produce homozygous diploid deletion mutants.
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In total, we covered ~90% of the strains in the
S288c reference collection (table S1) (/8). Because
the £1278b and S288c genomes are closely re-
lated, most deletion mutants should show a similar
phenotype; however, some genes may exhibit a
background-specific or conditional phenotype (19).
We compared a subset of the X1278b and S288c
haploid deletion mutants and found that 267 of
298 mutants tested (~90%) exhibited consistent
phenotypes in the two strain backgrounds (table
S2) (18).

We screened the X1278b deletion mutant col-
lection (Fig. 1 and table S3) and identified 577,
700, and 688 genes, including many of the well-
characterized filamentous growth genes, with poten-
tial roles in haploid invasive growth, pseudohyphal
growth, and biofilm development, respectively
(table S3). Although haploid invasive growth and
biofilm formation were significantly correlated
with fitness (r2 =0.19 and 7* = 0.26, respectively;
P<<10"% ftest relative to random distribution;
fig. S1), the majority of mutants identified in these
assays (67% haploid invasive growth mutants and
64% biofilm mutants) are not slow growing, sug-
gesting that these genes have roles in filamentous
growth that do not affect fitness.

We also screened two C. albicans deletion
mutant collections for filamentous growth de-
fects (20, 21). One collection is based on genes
encoding transcription factors (20), another spans
genes involved in a range of different cellular
processes (21), and they combine to cover ~13%
of the genome. The mutants were scored for en-
hanced filamentation under conditions that favor
yeast-form growth and for reduced filamentation
under filament-inducing conditions (fig. S2). In
total, 151 of 829 (~18%) of C. albicans mutants
had altered filamentation in at least one condition
(table S4), a hit rate similar to our S. cerevisiae
screen. We tested whether C. albicans orthologs
of the S. cerevisiae morphogenetic regulators
identified in our X1278b screen were enriched
for altered filamentation phenotypes and found
104 of the £1278b S. cerevisiae genes that in-
fluence morphogenesis with C. albicans ortho-
logs; 43 of 104 (~41%) of these mutants had
altered filamentation (table S4), with significant
enrichment for morphogenetic regulators (P <
0.0001, % test).

We identified genes required specifically for
each one of the developmental programs, includ-
ing polyamine biosynthetic genes (Fig. 2), re-
quired for biosynthesis of spermine, which were
required only for pseudohyphal growth and whose
defect was rescued by exogenous spermine (fig.
S3). We focused on a set of 61 genes required for
all three filamentous growth programs (defined
as “core” genes) (Fig. 2 and table S3). Notably,
the deletion mutants for the majority of core genes
with previously unknown roles in filamentous
growth were reconstructed and retested for simi-
lar phenotypes. Haploid invasive growth and bio-
film formation phenotypes were confirmed for
43/46 (93%) and 45/46 (98%) of haploid mu-
tants tested, respectively (table S5). Moreover,
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the pseudohyphal growth phenotype was also con-
firmed for all 16 homozygous diploid mutants
tested (table S5). FLOI1 is critical for all forms
of filamentous growth, and a number of the core
genes code for proteins that regulate FLOII ex-
pression, including three components of the Rpd3L
histone deacetylase complex, 10 members of the
Rim101 signaling pathway, and four FLO!! tran-
scriptional regulators: Mitl, Tecl, Flo8, and Mss11.

The core filamentous growth set also con-
tained a previously uncharacterized gene, MFGI
(YDL233W) (Fig. 2). The relative expression of
a FLOI11pr-GFP reporter, in which the FLO1/
promoter drives the expression of green fluores-
cent protein (GFP), enabled us to test genes for
roles in FLOI1 expression. Indeed, in a colony
assay, deletion mutants of known positive reg-
ulators of FLOI1 expression exhibited reduced
FLOI11pr-GFP expression, whereas dig/A cells,
which lack a negative regulator, showed increased
FLOI1Ipr-GFP expression (Fig. 3A and fig. S4).
Similar results were observed in a biofilm assay
(fig. S4). The mfgIA deletion mutant also showed
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Fig. 1. (A) (Top) Haploid invasive growth mutants after plate wash and
regrowth; (bottom) distribution of quantitative phenotypes. Mutants with a
phenotypic score < —0.7 or > 0.7 were classified as hypoinvasive or hyper-
invasive, respectively (18). (B) (Top) Pseudohyphal growth mutants after
5 days growth on SLAD medium; (bottom) distribution of quantitative
pseudohyphal growth phenotypes. Mutants with scores < —7 were clas-
sified as hypopseudohyphal, whereas scores > 10 were considered to have
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reduced FLO11pr-GFP expression (Fig. 3A) and
exhibited extreme phenotypes in our quantita-
tive filamentous growth assays, similar to the
phenotype associated with the deletion mutants
of FLOS and MSS11, which encode important
transcriptional regulators of filamentous growth
(Fig. 1 and table S3).

Consistent with a filamentous growth tran-
scriptional regulatory role, we found that an Mfg1-
GFP fusion protein localized to the nucleus in
21278b cells (fig. S5). Although Mfgl does not
contain a characterized DNA-binding motif, Mfgl
physically interacts with Flo8 and Mss11, which
bind directly to the FLO!I promoter (Fig. 3B). Fur-
thermore, chromatin immunoprecipitation (chIP)
analysis demonstrated that Mfgl associates with
the FLO!I promoter in a region that overlaps with
the Flo8-binding domain (—1.1 kb from the AUG
codon), and it does so in a Flo8- and Mssl1-
dependent manner (Fig. 3C). chIP analysis also
showed that the binding of Flo8 and Mssl11 to the
FLOII promoter was reduced in the absence of
Mfgl, suggesting that Mfgl may control FLO11
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gene expression as part of a promoter-bound com-
plex with Flo8 and Mss11.

In order to assess the global spectrum of
genes regulated by Mfgl, Flo8, and Mss11, we
performed calling-card analysis, which identi-
fies promoters bound by transcription factors
in vivo (18, 22). At a P value cutoff of 10°#, 154
promoters were bound significantly by Mfgl,
174 bound by Flo8, and 268 bound by Mss11
(table S6). In total, 136 of the Mfg1-bound pro-
moters overlapped those bound by Flo8 (P <
6.4 x 1072, hypergeometric test), and 118 of the
Mfgl-bound promoters overlapped those bound
by Mssll (P < 2.2 x 10'?*, hypergeometric
test), with 111 Mfgl-bound promoters overlap-
ping with both Flo8 and Mssl11 (Fig. 3D). Mfgl,
Flo8, and Mssl1 all directed calling cards to the
FLOI1 promoter as well as promoters of genes
involved in FLOII expression, and 45 of the
Mfgl-, Flo8-, and Mssl1-bound promoters reg-
ulate genes that lead to filamentous growth phe-
notypes when deleted. We performed calling-card
analysis in a Flo8-tagged mfg/A strain and a
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a hyperpseudohyphal phenotype (18). (€) (Top) Biofilm mat-forming mu-
tants after 5 days growth on 0.3% agar; (bottom) distribution of quantita-
tive biofilm formation phenotypes. Mutants with scores < —26 were classified
as hypopseudohyphal, whereas scores > 26 were considered to have a biofilm
formation phenotype (18). The fraction of mutants with hypoactive pheno-
typic scores is shown in blue, and the fraction of mutants with hyperactive
scores is shown in yellow.
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Fig. 2. Venn diagram of the total number of mutants tested in all three phenotypic assays that showed
significant dimorphism phenotypes. Examples of core genes required for all three phenotypes and
polyamine biosynthetic genes required specifically for pseudohyphal growth are highlighted.
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MFG1 To assess the extent to which Mfgl contrib-
utes to FLO1] expression, we examined pseudo-
hyphal growth in double mutants. We combined
SPE1 deletion alleles that are defective for negative
SPE2 regulators of FLOI11 expression, including sfl/A,
474 SPE3 diglA, and sok2A, with deletion alleles of sig-
SPE4 naling molecules and transcriptional activators
that control FLOI1 expression. This generated a
double-mutant epistasis profile for each of the
deletion alleles and revealed that mjfg/A and
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Mfgl-tagged flo8A strain, such that the tagged
protein is assessed for target binding in the ab-
sence of the other transcription factor (table S7),
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Fig. 3. (A) Expression of FLO11pr-GFP relative to RPL39B-RFP in haploid de-
letion mutants grown for 4 days on 2% agar. (B) Mfgl physically interacts with
Flo8 and Mss11 in X1278b cells as determined by coimmunoprecipitation
coupled with mass spectrometry. (C) chIP of Mfgl, Mss11, and Flo8 at —1.1 kb
of the FLO11 promoter. Error bars indicate SEM. (D) Venn diagram depicts the
overlap of promoter enrichment by Mfgl, Mss11, and Flo8 assessed by calling-
card analysis. (E) Decreased levels of Flo8 target gene interactions as measured
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by calling-card analysis in mfgIA mutant versus wild-type cells. (F) Double
homozygous diploid mutant phenotypes for genes that affected pseudohyphal
growth. Single mutants annotated with a hyperfilamentous phenotype are listed
on the vertical axis, and single mutants annotated with a hypofilamentous phe-
notype are on the horizontal axis. Double mutants exhibiting no, a hypofila-
mentous, or a hyperfilamentous phenotype relative to the single mutant
control are highlighted by black, blue, and yellow squares, respectively.
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Fig. 4. (A) Morphology of cells grown in liquid yeast extract, peptone,
and dextrose medium (YPD) at 30°C for 8 hours or under different filament-
inducing conditions, as indicated. (B) Cells were plated on YPD agar and
grown at 39°C for 5 days to assess colony morphology. (C) Biofilms were
grown in standard C. albicans RPMI growth conditions, and metabolic ac-

If MFG1 is a conserved regulator of filamen-
tous growth, then the orthologous gene encoding
a similar protein in C. albicans should have a role
in dimorphism and pathogenicity. The previously
uncharacterized gene Ca MFGI (orf19.3603) is
the ortholog of S. cerevisiae MFG1 but was absent
from the examined C. albicans mutant libraries.
Deletion of Ca_MFG]1 blocked filamentation and in-
vasive growth in response to numerous environmen-
tal cues, similar to deletion of Ca_FLOS (Fig. 4A,
B). The homozygous diploid Ca_mfgIA/Ca_mfgIA
deletion mutant was also defective in the forma-
tion of biofilms (Fig. 4C), resembling the pheno-
type of mutants lacking Ca FLOS or Ca EFGI
(Fig. 4C), both of which are known to be critical
for this process (6). Consistent with the impor-
tance of morphogenetic plasticity for virulence,
the Ca_mfgIA/Ca_mfgIA mutant had decreased
virulence in the greater wax moth Galleria mellonella
infection model (Fig. 4D). Complementation of
the Ca_mfgIA/Ca_mfgIA mutant with a wild-
type Ca_MFGI allele restored wild-type pheno-
types (fig. S7). Lastly, we analyzed Ca Mfgl
protein interactions and found that Ca Mfgl
physically interacts with Ca_Flo8 and Ca_Mss11
(Fig. 4E and tables S8 and S9). These findings
highlight conserved cellular circuitry controlling
filamentous growth and identify Ca Mfgl as a
previously unknown component of the C. albicans
Flo8-Mss11 complex, which is integral for filamen-
tous morphogenesis (23, 24). We conclude that
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mass spectrometry.

systematic genetic analyses of diverse S. cerevisiae
strains provides a powerful and general approach
to identify not only the function of previously un-
characterized genes within this model system but
also the function of orthologous genes across dis-
tantly related yeast strains, including our under-
standing of filamentation in fungal pathogens.
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