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Saccharomyces cerevisiae generates complex biofilms called mats on low-density (0.3%) agar plates. The mats
can be morphologically divided into two regions: (i) hub, the interior region characterized by the presence of
wrinkles and channels, and (ii) rim, the smooth periphery. Formation of mats depends on the adhesin Flo11p,
which is also required for invasive growth, a phenotype in which the S. cerevisiae yeasts grow as chains of cells
that dig into standard-density (2%) agar plates. Although both invasive growth and mat formation depend on
Flo11p, mutations that perturb the multivesicular body (MVB) protein sorting pathway inhibit mat formation
in a FLOI11-independent manner. These mutants, represented by vps27A, disrupt mat formation but do not
affect invasive growth, FLOI11 gene or protein expression, or Flo11p localization. In contrast, an overlapping
subset of MVB mutants (represented by ESCRT [endosomal sorting complex required for transport] complex
genes such as VPS25) interrupt the Rim101p signal transduction cascade, which is required for FLOI1
expression, and thus block both invasive growth and mat formation. In addition, this report shows that mature
Flo11p is covalently associated with the cell wall and shed into the extracellular matrix of the growing mat.

Microbes exhibit multicellular behaviors such as swarming
and the formation of colonies, fruiting bodies, and biofilms
(1, 14, 34-36). All of these behaviors depend on cells inter-
acting with one another and the local environment. The
baker’s yeast Saccharomyces cerevisiae is able to grow in a
number of different multicellular forms, including pseudo-
hyphae, floating biofilms on sherry wine, and biofilms on the
surface of low-density agar plates (referred to herein as
mats) (9, 30, 42). All of these growth forms are dependent
on the presence of a glycosylphosphatidylinositol (GPI)-
anchored, cell surface adhesion protein called Flo11p, which
is similar to fungal adhesins found in a number of different
yeasts, including several pathogens (38, 39).

This communication is focused on the Flol1p-dependent
multicellular phenotypes of invasive growth and mat forma-
tion. During invasive growth, yeasts grow as chains of cells that
invade into the relatively dry surface of 2% agar plates made
with yeast extract-peptone-dextrose (YPD) medium (8). Dur-
ing mat formation, yeasts grow as biofilms that spread over the
wet surface of 0.3% agar YPD plates. As the mats mature, they
generate two morphologically distinct regions. The central re-
gion of the mat is called the hub and consists of aggregates of
cells that adhere to the agar surface and one another and form
channels and wrinkles that are hallmarks of biofilms. The outer
region of the mat is called the rim, and it is smooth in appear-
ance and consists of a dividing, spreading population of cells
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that are not particularly adherent to one another or the agar
surface (30, 31).

The regulation of Flol1p and its impact on the yeast multi-
cellular behaviors of invasive growth (which occurs in haploid
yeast cells) and pseudohyphal growth (a related phenotype
that occurs in diploid yeast cells) have been the subjects of
numerous studies, many of which have been reviewed previ-
ously (8, 38). Several of these mutations that perturb FLOI1
expression and affect invasive growth, such as mutations in
glucose-sensing pathways and transcription factors that regu-
late inositol biosynthesis, also disrupt mat formation (29, 31).

In contrast, there are examples in the literature of mutations
that cause defects in invasive growth but not mat formation,
and vice versa. The stel2A mutation has only a very minor
effect on mat formation but quite a strong effect on invasive
growth (30). Conversely, a number of Hsp70-encoding genes,
such as SSA1 and SSA2, have strong defects in mat formation
but not invasive growth. These Hsp70 mutants also do not
appear to affect Flo11 protein expression (22).

In this communication, it is examined whether the Rim101p
signal transduction cascade, which is known to control invasive
growth and FLOI1 expression (3, 19), also regulates mat for-
mation. The Rim101p signaling pathway is required for cells to
respond to neutral or basic pH (6, 24) and is necessary for
invasive growth. A model for the Rim101p pathway is that a
plasma membrane receptor called Dfgl6p detects extracellular
signals, such as neutral pH, and is recruited to the endosome
by the B-arrestin-like protein Rim8p (5, 12, 18, 41). This event
recruits several of the ESCRT (endosomal sorting complex
required for transport) complexes (I, II, and III), which are
also required for proper protein sorting in the endosome.
Snf7p of the ESCRT-III complex recruits the Rim13p protease
via the Rim20p scaffolding protein, and Rim13p cleaves off the
Rim101p C-terminal inhibitory domain to activate it.
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TABLE 1. Yeast strains used in this study

Strain Genotype Reference or source
L6906 MATa ura3-52 his3::hisG FLOI1::HA* 11
TRY181 MATa ura3-52 his3::hisG FLOI1:HA3*101 This study
CPY74 MATa ura3-52 his3::hisG FLO11::HA® vps4::kanMX6 This study
CPY15 MATa ura3-52 his3::hisG FLO11:HA* vps25::kanMX6 This study
NY70 MATa ura3-52 his3:hisG FLO11::HA*'Y yps25::kanMX6 This study
CPY160 MATa ura3-52 his3::hisG FLO11:HA> vps28::kanMX6 This study
CPY24 MATa ura3-52 his3::hisG FLO11::HA® vps27:kanMX6 This study
NYo64 MATa ura3-52 his3::hisG FLO11:HA31%15 yps27::kanMX6 This study
CPY105 MATa ura3-52 his3::hisG FLO11::HA® rim13::kanMX6 This study
NY62 MATa ura3-52 his3::hisG FLOI11:HA3*1%% rim13::kanMX6 This study
CPY115 MATa ura3-52 his3:hisG FLO11::HA® rim101::kanMX6 This study
NY78 MATa ura3-52 his3::hisG FLO11:HA3*1%% rim101::kanMX6 This study
TRY120 MATa ura3-52 his3:hisG FLO11::HA® vps27:kanMX6 RIM101-531 This study
NY60 MATa ura3-52 his3::hisG FLOI11:HA3*1% yps27::kanMX6 RIM101-531 This study
TRY118 MATa ura3-52 his3:hisG FLO11::HA® vps25:kanMX6 RIM101-531 This study
NY58 MATa ura3-52 his3::hisG FLOI11:HA3*1%5 yps25::kanMX6 RIM101-531 This study
TRY124 MATa ura3-52 his3:hisG FLO11::HA*'" rim]3::RIM101-531 This study
NYS82 MATa ura3-52 his3::hisG FLO11:HA3*1%Y rim13::kanMX6 RIM101-531 This study
CPY154 MATa ura3-52 his3::hisG FLO11::HA® vps20::kanMX6 This study
CPY9%6 MATa ura3-52 his3::hisG FLO11::HA® rim9::kanMX6 This study
CPY112 MATa ura3-52 his3:hisG FLO11::HA® rim101::kanMX6 This study

The ESCRT complex subunits involved in Rim101p process-
ing (5, 41) are part of a subset of vacuolar protein sorting (vps)
components called class E vps proteins. The original vps mu-
tants were grouped into 6 classes (A through F) on the basis of
distinct vacuolar morphology defects (28). About 13 vps mu-
tants belong to class E and are characterized by the formation
of an aberrant prevacuolar compartment within the endosome,
referred to as the class E compartment (28). The class E vps
mutants perturb the ubiquitin-dependent sorting of proteins
through the endosome to the vacuole by a pathway referred to
as the multivesicular body (MVB) pathway (13, 25). However,
only the ESCRT proteins affect Rim101p signaling (5, 41).

The steps of the MVB cascade involve (i) identification of
the ubiquitinylated cargo by Vps27p and Hselp; (ii) deforma-
tion of the endosomal membrane by the ESCRT-I complex
(Vps37p, Vps28p, Vps23p) to allow subsequent steps of cargo
intake; (iii) formation of invaginations by the ESCRT-II com-
plex (Vps22p, Vps25p, Vps32p), leading to cargo protein en-
gulfment; and finally, (iv) abscission by the ESCRT-III com-
plex (Vps2p-Vps24p, Vps20p-Snf7p) to form intraluminal
vesicles containing the cargo. The complex is disassembled by
the ATPase Vpsdp. Fusion of the limiting membrane of the
endosome with the vacuole ultimately leads to degradation of
the intraluminal vesicles and cargo (the MVB pathway is illus-
trated in Fig. 7) (26, 27, 41).

In this report, we reveal that several MVB mutants that are
not part of ESCRT-I, -II, or -III affect mat formation but not
invasive growth and can be used to genetically separate these
phenotypes. Our results indicate the existence of two overlap-
ping pathways that pass through the MVB and affect mat
formation by FLOII-dependent and -independent mecha-
nisms. The first pathway is the Rim101p pathway, and it affects
invasive growth and mat formation by controlling FLOI1 ex-
pression. The second pathway, which we tentatively call the
biofilm pathway, requires the entire complement of class E vps
components necessary for a properly functioning MVB and
affects mat formation in a FLOI1-independent manner.

MATERIALS AND METHODS

Strains, media, and growth conditions. All strains used in this study belong to
the yeast strain background 21278 (30) (Table 1). The strains found in Table 3
are from a whole-genome deletion collection created in the %1278b background
by Owen Ryan and colleagues in the laboratory of Charles Boone at the Uni-
versity of Toronto. A full characterization of the library and the phenotypes of all
mutants regarding mat formation, invasive growth, and pseudohyphal growth will
be published soon (O. Ryan et al., unpublished data). Mutants were generated by
PCR-based gene disruption methods (20, 31). Primers are listed in Table 2. The
RIM101-531 dominant active allele was also generated by PCR-based disruption
of the C-terminal 95 codons of the RIM10I gene (see Table 2 for primers).
Transformations were performed by the standard lithium acetate transformation
method (37). The yeast strain L6906 (10) carries a hemagglutinin (HA)-tagged
form of FLOI11, with the HA tag between amino acids 30 and 31 (FLOI11-HA),
and this was used for the immunofluorescence analyses. Primers PC675 and
PC676 (Table 2) were used to insert an additional HA tag-encoding DNA
sequence between codons encoding amino acids 1015 and 1016 of Flollp
(FLO11-HA3%'91%) (16) by the method of Schneider et al. (33). All strains were
maintained on standard YPD medium (37), and 250 pg/ml G418 was used for
selection of transformants, with the exception of the RIMI01-531 truncation
transformant, which was selected on minimal medium lacking histidine (37).
Strains grown on low-density agar plates (YPD with 0.3% agar) (30) for 5 days
at 25°C were used for overlay adhesion assays, immunofluorescence, and West-
ern blotting.

Invasive growth assay and overlay adhesion assay. The invasive growth assay
was performed as described previously (29). The overlay adhesion assay was
performed as described previously (31).

rtRT-PCR. Five-day-old mats were used to perform real-time reverse trans-
criptase PCR (rtRT-PCR). The cells from growing mats were collected from the
surface of low-density agar YPD plates using a clean dry spatula and washed with
ice-cold water. Total RNA was extracted as previously described (17). Contam-
inating DNA was removed with a Turbo DNA-free kit (Ambion) according to
the manufacturer’s protocol. rtRT-PCR was performed on a Bio-Rad iCycler
real-time PCR machine using a Verso SYBR green two-step kit with random
primers for the reverse transcription step according to the manufacturer’s pro-
tocol. rtRT-PCR primers for FLOI11 and ACTI (reference gene) are listed in
Table 2.

Immunofluorescence of Flo11-HA*® on the surface of cells from rim and hub.
The immunofluorescence assay was performed as described in reference 31,
where cells were taken from the rim of the growing mats.

Cell fractionation. Fractionation of cells carrying Flo11-HA3*10'5 was carried
out as follows. Mats were grown on low-density-agar YPD plates for 5 days at
25°C. Overlay adhesion assays were performed on the wild-type mats to separate
rim and hub cells. Rim cells were washed off the plastic wrap and into a micro-
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TABLE 2. Primers used in this study”

Primer Purpose Sequence

TRO369 Confirm disruptions GCACGTCAAGACTGTCAAGG

TRO39%4 Disrupt Vps4 CCAACTTCTACGCCAAGTATCCTA

TRO395 Disrupt Vps4 CAATCCTGAAAGTGAAGAATCCA

TRO396 Confirm vps4A TAAGAGCAGTAAACCCGTTAGTGAC

TRO156 Disrupt Vps25 CAAATGATTACACCCCATGAA

TRO157 Disrupt Vps25 AAGGTTCAAGACTGGACCATG

TRO162 Confirm vps25A TTTTAGATATTTGCGTTAGCTAAGG

TRO379 Disrupt Vps28 CGGATCCTTCTAAATTGAGAAGAG

TRO380 Disrupt Vps28 TGGATCAAAGATGATAGTCGCAG

TRO381 Confirm vps28A TCCTTGCCGCCAATAATT

TRO266 Disrupt Vps27 CCGATTTTTTGGTAATATGTCAA

TRO267 Disrupt Vps27 AGCCAGGTGGTCAAAAAACA

TRO268 Confirm vps27A ACAAAAGCAAACTGTTCGGAG

TRO503 Disrupt Rim13 AGTATCTTTGAACCGCGCAG

TRO504 Disrupt Rim13 GGATGGTCGTTCATTATTTTTGAG

TRO505 Confirm rim13A CGTTACCTCCCACAAAACTTTTG

TRO482 Disrupt Rim101 GTCCAGCTCGGAGTTTCTAAA

TRO483 Disrupt Rim101 CGGGATCAACCGATCAAGATA

TRO484 Confirm rim101A ACTTTTCTCTGCCCAGTGACA

TRO516 Generate RIM101-531 dominant allele CAATGGCAGGTGGAACTTCATTGAAGCCTAACTGGG
AATTTAGCCTGAACTGAGGCGCGCCACTTCTAAA

TROS517 Generate RIM101-531 dominant allele TCTTCAATCGCCAGCTTACTCATGATAATATCATTAG
TACAGCTTTTTTGGAATTCGAGCTCGTTTAAAC

TRO518 Confirm RIM101-531 CCGCCTCTACAATCAAAGATACC

PC675 Insert HA tag between residues 1015 and 1016 GGATGCTCTCCAAAGACCCATTACAACTACTGTTCCA
TGTTCAACCAGGGAACAAAAGCTGG

PC676 Insert HA tag between residues 1015 and 1016 GGTAGGTGAAGTGGTTGTTGATT CCGAGGCGGTTT
CGCTTGGACTCTGTAGGGCGAATTGG

TRO621 Real-time PCR primers for FLOI11 CACTTTTGAAGTTTATGCCACACAAG

TRO622 Real-time PCR primer for FLO11 CTTGCATATTGAGCGGCACTAC

TRO632 Real-time PCR primer for ACT1 CTCCACCACTGCTGAAAGAGAA

TRO636 Real-time PCR primer for ACT1 CCAAAGCGACGTAACATAGCTTT

“TRO369 was used as a reverse primer in combination with the primers listed as confirming primers to confirm disruptions on the chromosome by PCR.

centrifuge tube with 1 ml of 50 mM Tris-HCI (pH 7.4) buffer. The adherent cells
forming the central hub or the cells composing the entire mat from defective
mutants were scraped from the agar using a clean dry spatula, paying attention
to bring a minimum carryover of agar during this process. The hub (wild-type) or
mutant cells were then suspended in 1 ml of 50 mM Tris-HCI (pH 7.4). Micro-
centrifuge tubes containing cells from all of these separate samples were then
taped onto a roller barrel and washed for 20 min at 23°C. Twenty microliters of
sample was removed to a separate tube to be used for normalization calculations
for loading sodium dodecyl sulfate (SDS)-polyacrylamide gels (see “Normaliza-
tion of fractionation samples for loading” below). The remaining cells from each
sample were then pelleted, and the supernatant was removed to a separate tube.
This supernatant represents proteins shed from the cell wall (S fraction), and
proteins in this fraction were precipitated as described below (see “Precipitation
of extracellular proteins from the mat” below). The cell pellet was resuspended
in 0.8 ml of 50 mM Tris-HCI (pH 7.4) and ruptured using glass beads in the
presence of protease inhibitors (protease inhibitor cocktail SE; EMD Chemicals
Inc.) by vortexing for 1 min and cooling on ice for 1 min and by repeating this
two-step cycle five times. The liquid above the glass bead layer was removed to
a separate tube and centrifuged at ~13,000 X g to pellet the cell wall and
membranes. The supernatant (SF; representing the cytosolic or soluble fraction)
was stored at —20°C. The membrane/cell wall pellet was resuspended in 100 l
of 50 mM Tris-HCI (pH 7.4) plus 2% SDS and boiled for 5 min, followed by
centrifugation for 10 min. The supernatant containing membrane-bound and
noncovalently attached cell wall proteins was removed to a fresh tube to create
the membrane/noncovalent (M) fraction. The remaining cell wall pellet was
boiled again for 10 min in 100 pl 50 mM Tris-HCl (pH 7.4) plus 2% SDS,
followed by centrifugation. This second membrane supernatant was then com-
bined with the first (membrane fraction) to obtain the total membrane/nonco-
valent (M) fraction. The final cell wall pellet was then resuspended in 100 pl of
50 mM Tris-HCI (pH 7.4) containing 2 units of B-1,3-glucanase (Quantazyme;
MP Biomedicals) and 0.3 pl of B-mercaptoethanol, and the suspension was
incubated for 2 h at 30°C, followed by centrifugation for 10 min at 13,000 rpm.
The supernatant from the B-1,3-glucanase treatment represents the fraction of

proteins that is covalently attached to the cell wall (C fraction). Proteins from
both the membrane/noncovalent (M) and covalent (C) fractions were precipi-
tated by adding 3 volumes of cold acetone and incubating at 4°C overnight. The
samples were then centrifuged and dried in a SpeedVac apparatus, after which
samples were resuspended in loading buffer. The fractions were analyzed by
SDS-PAGE (4% stacking gel, 5% resolving gel), followed by Western blotting
with an anti-HA antibody.

Normalization of fractionation samples for loading. Ten microliters of cells
from the washed mat samples was diluted into 490 wl of deflocculation buffer (50
mM EDTA) and sonicated with a Misonix Microson XL2000 ultrasonic homog-
enizer sonicator set on 4 for 5 pulses (~5 s each). The cells were then enumer-
ated with a hemocytometer.

Precipitation of extracellular proteins from the mat. Precipitation of extra-
cellular proteins from the mat was adapted from reference 4. Proteins from the
extracellularly shed (S) fraction described above were precipitated from the
Tris-HCI buffer by first adding 1/100 volume of 2% sodium deoxycholate (DOC)
and incubating for 30 min at 4°C. A 1/10 volume of 100% trichloroacetic acid
(TCA) was then added for overnight precipitation at 4°C.

RESULTS

Mutations in class E VPS mutants that block Rim101p
processing disrupt invasive growth. The class E VPS genes
that encode members of the ESCRT-I, -II, or -III complex
were hypothesized to regulate haploid invasive growth because
they affect Rim101p processing, which is required for invasive
growth and FLOI11 expression in S. cerevisiae (3, 19, 41). We
refer to these ESCRT-I, -II, or -III mutants as class E-1 mu-
tants. Their orthologs have also been shown to affect filamen-
tous growth in Candida albicans by affecting Rim101p process-
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FIG. 1. Class E vps mutants that affect the Rim101p signaling path-
way (class E-1) cause defects in mat formation and invasive growth, but
class E vps mutants that do not affect the Rim101p pathway (class E-2)
disrupt mat formation but not invasive growth. (A) The class E vps
mutants vps27A, vps28A (ESCRT-I), vps25A (ESCRT-II), vps20A
(ESCRT-III), and vps4A were subjected to the invasive growth assay
(WT, wild type); (B) members of the Rim101p signaling pathway,
riml01A, rim9A, and rim8A, were subjected to the invasive growth
assay; (C and D) representative members of the class E-1 and E-2 vps
mutants (C) and the Rim101p signal transduction pathway (D) were
subjected to the overlay adhesion assay.

ing (18, 41). In contrast, non-ESCRT-I, -II, or -III class E VPS
mutants, such as vps27A or vps4A mutants (which we refer to as
class E-2 mutants), do not affect Rim101p processing in S.
cerevisiae or C. albicans (40) and were expected to not affect
invasive growth in S. cerevisiae.

In the 31278b background of S. cerevisiae, class E-1 mutants
representing three ESCRT complexes, vps28A (ESCRT-I),
vp25A (ESCRT-1I), and vps20A (ESCRT-III) mutants, show a
strong defect in invasive growth (Fig. 1A), while class E-2
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mutants, such as those with vps27A and vps4A mutations, do
not disrupt invasive growth.

Class E-1 mutants exhibit stronger invasive growth defects
than the rimI0IA mutant itself or mutants with mutations in
upstream Rim101p processing components, such as rimI3A or
rim9A. While there is a thin layer of cells left behind in the
riml01A, rim13A, and rim9A Rim101p pathway mutants, there
are practically no cells left behind for the class E-1 mutants
(Fig. 1A and B).

Both class E-1 and E-2 mutants perturb mat formation. On
the basis of the invasive growth assays whose results are shown
in Fig. 1, it was predicted that the mutations that are known to
perturb invasive growth (mutations in class E-1 mutants)
would perturb mat formation. In particular, it was hypothe-
sized that the class E-1 mutants would form defective biofilms
that differ from the wild-type biofilm in three respects. (i) They
would fail to form the wrinkles and channels that are hallmarks
of the hub in the wild type (Fig. 1C). (ii) They would not spread
over as large of a surface area of the agar plates as the wild
type. (iii) They would not adhere to the agar surface when
tested for adhesion. In contrast, the mutations that did not
perturb invasive growth (those in the class E-2 mutants; Fig.
1A) were predicted to have little to no effect on mat formation.

However, when this was tested, it was discovered that both
class E-1 and class E-2 mutants exhibit strong defects in mat
formation that are similar to those of the Rim101p pathway
mutants (Fig. 1C and D). Similar results have been found by
Ryan et al. in the laboratory of Charlie Boone at the University
of Toronto while screening the %1278b whole-genome deletion
collection that they have generated (unpublished data). The
vps4A mutant’s biofilm resembles that of the vps27A strain
(data not shown).

The class E-1 and class E-2 mutants spread poorly compared
to wild type, and they did not generate noticeable patterns on
low-density agar. In addition, they all exhibited defects in ad-
hesion to agar, based on the overlay adhesion assay (31). This
assay is performed by laying a piece of commercial plastic wrap
on the agar over the growing cells and then removing it by
lifting up on both sides. Cells that adhere to the agar surface
stay behind, as seen for the wrinkled center (hub) of the wild-
type mat (Fig. 1C). Cells that are not agar adherent are re-
moved, as seen for the outer edge of the wild type (rim). The
entire cell population of the Rim101p pathway mutants and
the class E-1 mutants were removed by the plastic wrap (Fig.
1C and D and data not shown), a finding which is similar to
what is seen for the flol /A mutant (31). The vps27A and vps4A
mutants adhered to the agar surface slightly better than the
other mutants (only vps27A is shown in Fig. 1C); however, the
cells from these mutants that remained on the agar plate were
poorly adherent compared to the hub cells from the wild type.

FLOI11 expression is diminished in class E-1 mutants but
not class E-2 mutants. One reason for the difference between
the class E-1 and class E-2 mutants might be that the class E-2
mutants exhibit diminished FLO11 gene expression during mat
formation but not invasive growth. In order to test this, both
groups of mutants were compared for FLO11 expression levels
during mat formation by rtRT-PCR. This analysis revealed
that the vps28A, vps25A, and vps20A mutants all expressed
little FLO11 compared to the wild type (Fig. 2). In contrast,



1520 SARODE ET AL.

5
4 o
c
.o
@
2 3"
o
3
= 24
9
w
1
* *
0 iy ¥ l.l'.'— 7

WT 27 28 25 20 4

FIG. 2. FLOII expression is greatly diminished in class E-1 mu-
tants known to affect Rim101p processing, but class E-2 mutants like
vps27A and vps4A mutants do not show a decrease in FLOI11 expres-
sion. Fold change in FLOI1I expression was measured by rtRT-PCR,
and ACT1 was used as a reference gene. WT, wild type; 27, vps27A; 28,
vps28; 25, vps25A; 20, vps204; 4, vps4A. *, P < 0.05 compared to wild
type.

vps27A and vps4A mutants expressed either higher or similar
levels of FLO11 compared to the wild type (Fig. 2).

Two pathways act through the endosome to affect mat for-
mation. A hypothesis to explain the different phenotypes be-
tween the class E-1 and class E-2 mutants is that there are two
distinct, but overlapping, pathways that affect mat formation
and act through the endosome. One pathway is the Rim101p
signal transduction cascade (6), which requires specific
ESCRT-I, -11, and -III components (18, 41) and is required for
FLOI11 expression (3) (Fig. 2) and therefore affects both inva-
sive growth and mat formation (Fig. 1). The other pathway
depends on a functional MVB pathway in general but has little
to no effect on FLOI11 expression and affects only mat forma-
tion and not invasive growth (Fig. 1 and 2).

The hypothesis presented above suggests that the whole
MVB pathway is required for mat formation, but it is possible
that there is a unique role for Vps27p and Vpsdp. This was
tested by examining the invasive growth and mat formation
phenotypes of a collection of vps mutants in the %1278b back-
ground. Analysis of 9 additional class E vps mutants (did4A,
snf8A, vps23A, vps24A, brolA, snf7A, vps36A, vps37A, and
mosI0A) reveals that they all have defects in mat formation,
although the defects in the vps37A and mosI0OA mutants are
less pronounced (Table 3). Consistent with our above-de-
scribed results, there is a correlation between ESCRT muta-
tions known to perturb Rim101p signaling (class E-1 mutants)
and defects in both invasive growth and mat formation. The
vps37A mutant is an exception to this, as it is defective for mat
formation but not invasive growth. However, the vps37A mu-
tant gave mixed results regarding its role in Rim101p process-
ing (32, 41). The results for the vps37A mutant notwithstand-
ing, these results suggest that MVB trafficking is important for
proper mat formation.

An alternative interpretation is that disruption of vacuolar
function may be the root cause of the defect in mat formation.
However, we have tested an additional 25 vps mutants that do
not belong to class E. Of these non-class E vps mutants, 11
have no defect in mat formation, and 8 cause only a partial
defect leaving the mutants with less well defined pattern for-
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mation but a clear rim and hub by the overlay adhesion assay.
Thus, 19 out of 25 non-class E mutants exhibit only a partial
defect or no defect in mat formation (Table 3). Only two genes
represented among these 19 mutants, VPS21 and VPS62, have
relatively close homologs in S. cerevisiae; therefore, for most of
the 19 mutants, the lack of a strong defect in mat formation
cannot be accounted for by redundant gene functions. In ad-
dition, a pep4A mutant, which disrupts vacuolar protease ac-
tivity (2, 15), is also wild type for mat formation (data not
shown).

Thus, there is a second pathway required for mat formation,
which we will tentatively call the biofilm pathway, which is
dependent on the MVB pathway and is hypothesized to act
independently of the Rim101p pathway. If the biofilm pathway
is really independent of the Rim101p pathway, then restora-
tion of Rim101p transcription factor activity via a dominant
allele of RIMI0I should bypass upstream defects in the
Rim101p pathway but not the biofilm pathway. The RIM101-
531 dominant allele encodes a truncated form of Rim101p
missing the inhibitory C-terminal tail following amino acid 531.
This truncated protein is active even when upstream compo-
nents of the signal transduction pathway are disrupted, includ-

TABLE 3. Mat and invasive growth phenotypes of vps mutants

Mutant Mat Invasive growth Class

vpsIA -
vps2A/did4A
vps3A

vps4A

vpsSA

vpsI3A

vpsI5A

vpsI7A

vps20A

vps21A
vps22A/snf8A
vps23A

vps24A

vps25A
vps26A/pep4A
vps27A

vps28A

vps30A
vps31A/brol A
vps32A/snf7A
vps34A

vps35A

vps36A

vps37A

vps38A
vps39A/vam6A
vps41A
vps43A/vam7A
vps44A/nhx1 A
vps46A/did2 A
vpsS1A

vpsS52A

vps53A

vpsS4A
vps60A/mos10A
vps62A

vps64A

Vps66A

vps6SA
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FIG. 3. The RIMI101-531 allele suppresses invasive growth and
FLOI1 expression defects in the vps25A and rimI3A mutants.
(A) Strains carrying the RIM101-531 allele were subjected to the in-
vasive growth assay. Mutants with a capital R are double mutants
carrying the named mutation and the RIM101-531 allele. (B) Fold
change in FLOI11 expression was measured by rtRT-PCR, and ACT1
was used as a reference gene. WT, wild type; 25, vps25A; 25R, vps25A
RIM101-531; 27, vps27A; 27R, vps27A RIM101-531; 13, im13A; 13R,
rim13A RIM101-531. *, P < 0.05 compared to wild type.

ing both class E-1 (i.e., vps28A, vps25A, and vps20A) and non-
MVB (i.e., im13A) components (19).

Addition of the RIM101-531 dominant active allele should
have different predictable phenotypes in the non-MVB, class
E-1, and class E-2 mutants. If RIM101-531 is expressed in a
rimI3A strain (non-MVB), then this should restore FLOII
expression, invasive growth, and mat formation since the
rimI13A mutation should block only Rim101p processing and
not MVB trafficking. In contrast, the RIM101-531 allele in the
vps25A mutant (class E-1) should suppress defects in FLO11
expression and invasive growth but not mat formation, since
the RIM101-531 allele will not restore MVB sorting. Finally,
the RIM101-531 allele should have no impact on the vps27A
mutant (class E-2).

The RIM101-531 allele was introduced into the vps27A,
vps25A, and rimI3A mutants by deleting the C-terminal 95
codons on the chromosome by homologous recombination
(see Materials and Methods). The resulting double mutants
were examined for invasive growth, FLOI1 expression, and
mat formation. The rimI3A RIM101-531 double mutant was
fully restored for invasive growth compared to the rimI3A
single mutant, as was the vps25A RIMI101-531 mutant. The
vps27A RIM101-531 double mutant appears to be no different
from the vps27A mutant (Fig. 3A). Consistent with these re-
sults, FLOI1 gene expression in growing mats measured by
rtRT-PCR is restored in the vps25A RIM101-531 and rim13A
RIM101-531 double mutants and is not significantly different
between vps27A and vps27A RIM101-531 strains (Fig. 3B).

These mutants also behave as predicted in the mat forma-
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rim13A
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FIG. 4. The RIM101-531 allele suppresses the mat formation defect
in the rim13A mutant but not the vps25A or vps27A mutant. Pre, before
the overlay adhesion assay; Post, agar after the overlay adhesion assay.

tion assay. In the rim13A RIM101-531 double mutant, although
mat formation is slightly reduced compared to the wild type,
mat formation is restored compared to the rimI3A parent
strain. It exhibits increased spreading on low-density agar with
formation of patterns such as a clear hub, and it adheres
similarly to the wild type in the overlay adhesion assay, yielding
a distinct hub and rim (Fig. 4; data for plastic not shown). The
vps27A mutant is unaffected by the introduction of the
RIM101-531 allele. In contrast, the vps25A RIM101-531 double
mutant resembles a vps27A single mutant in the overlay adhe-
sion assay (Fig. 4).

Expression of Flo11p is diminished in class E-1 mutants but
is similar to that in wild type in class E-2 mutants. The
above-described experiments support the hypothesis that
there is a biofilm signaling pathway that depends on func-
tional MVB trafficking and is necessary for mat formation
but is independent of Rim101p signaling and FLO11 expres-
sion. However, since the MVB pathway affects protein traf-
ficking within the cell, it seemed possible that the mat
formation defects were due to poor expression or mislocal-
ization of Flol1p. In order to test this, the percentages of
cells expressing Flol1p on the cell surfaces within the mats
of different strains were compared. Flo11p is expressed in a
variegated manner in the X1278b strain, such that only ~40
to 50% of the wild-type cells express the protein on the
surface, as assessed by immunofluorescence (11, 31). Each
of these strains carries on its chromosome an allele of
FLOI11I encoding a protein with an HA epitope tag located
between amino acids 30 and 31 (FLO11-HA?"). Cells were
collected from growing mats in the wild-type strain and in
the vps25A, vps27A, and rimI3A strains plus their respective
RIM101-531 double mutants and subjected to staining with
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FIG. 5. The RIM101-531 allele restores Flo11-HA expression in the vps25A and rimI3A mutants. (A) Cells were subjected to secondary
immunofluorescence with an anti-HA monoclonal primary antibody directed toward the HA tag in strains carrying Flo11-HA®. (B) Quantification
of the percentage of cells expressing Flo11-HA® from each strain. WT, wild type; 25, vps25A; 25R, vps25A RIM101-531; 27, vps27A; 27R, vps27A
RIM101-531; 13, rim13A; 13R, rimI3A RIM101-531. *, P < 0.05 compared to wild type.

anti-HA antibody to assess the percentages of cells express-
ing Flo11-HA?® on their surfaces. Consistent with FLOI1
gene expression results (Fig. 3B), the vps25A strain ex-
pressed little Flo11-HA?°, while the vps25A RIM101-531
strain expressed wild-type levels of the protein (Fig. 5). In
contrast, the vps27A and vps27A RIM101-531 strains were
similar to wild type. The rim13A mutant, like the vps25A
strain, expressed much less Flo11-HA® than the wild type,
but the rim13A RIM101-531 double mutant was restored for
Flo11-HA?° expression.

Flo11p shedding and cell wall localization are not altered in
class E-2 mutants. Although Flo11-HA>" was clearly expressed

on the cell surface of class E-2 mutants, it was recently re-
ported that Flo11p is shed outside the cell wall and that this
extracellular form is important for mat formation (16). A sep-
arate report by another group indicated that Flol1lp is not
covalently attached to the cell wall, unlike other canonical
adhesins (7, 21), but is found in the membranes of yeast cells
or is noncovalently associated with the cell wall (23). Thus, it
seemed possible that although we do not see differences in
Flo11-HA®® expression between wild-type and vps27A strains
on the basis of immunofluorescence, the subcellular localiza-
tion of Flo11-HA® at the surface or outside the cells might be
different. For example, perhaps the mutants shed all or most of
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their Flo11-HA® or its association with the wall or membrane
is altered.

In order to address the above-described concerns, we col-
lected cells from the growing mats and subjected them to
subcellular fractionation. Cells were collected from the wild
type and vps25A (class E-1), vps27A (class E-2), and rim13A
(non-MVB) mutants. The overlay adhesion assay was used to
collect separate populations of rim cells from the wild type,
and the hubs were scraped from the agar with a spatula. Whole
mats from mat-defective vps mutants were collected by scrap-
ping from the agar surface. The cells were then fractionated
(see Materials and Methods for more details) to obtain shed
(S), membrane-associated (M), and covalently attached cell
wall (C) fractions. Protein fractions were then analyzed by
SDS-PAGE and Western blotting against Flo11-HA. Loading
was normalized to the number of cells represented in each
sample from which proteins were extracted (see Materials and
Methods for more details).

When this procedure was performed on the strains carrying
Flo11-HA®, it was found that the expected high-molecular-
mass Flo11p band (>260 kDa) seen by Karunanithi et al. (16)
was seen only in the membrane fraction, and showed substan-
tial degradation, even in the presence of protease inhibitors
(data not shown). Our version of Flol1-HA was tagged be-
tween amino acids 30 and 31 (Flo11-HA?"). Unlike ours, the
Flo11-HA used by Karunanithi et al. (16) was tagged at amino
acid residue 1015 (Flo11-HA'%"). Therefore, another HA tag
was added to FLOII-HA® in our strain at residue 1015 to
create doubly HA tagged Flo11-HA?*'°'> strains, and the frac-
tionation was repeated. In this case, we saw a band correspond-
ing to Flo11p that ran at >260 kDa in the shed (S), membrane/
noncovalent cell wall (M), and covalently attached cell wall (C)
fractions (Fig. 6, Flollp band). These data indicate that
Flo11p is both shed outside the cell wall and covalently at-
tached to the cell wall and is also found in the M fraction
containing both membrane- and noncovalently cell wall-asso-
ciated forms of the protein.

A very-low-molecular-mass band is also present and is found
primarily in the M fraction (Fig. 6, N-HA). Further analysis
revealed this band to be ~17 kDa (see Fig. S1, N-HA, in the
supplemental material), although we do see faint amounts of
an ~37-kDa band as well. We suspect that the ~17-kDa N-HA
band seen in our Western blots corresponds to the N-terminal
33-kDa myc-tagged band of Flo11p reported by Karunanithi et
al. (16) but may differ in size due to strain-associated differ-
ences in protease sites in Flol1p (see Discussion).

We have previously reported that the percentage of cells
expressing Flo11-HA®® in the rim and hub is identical on the
basis of immunofluorescence data (31). Consistent with these
previous results, the Western blot analysis reveals no obvious
or reproducible differences in the overall amounts or distribu-
tion of Flo11-HA3%1%15 in the S, M, or C fraction of the rim or
hub of the wild type (Fig. 6, WT-rim and WT-hub). This is
despite the fact that there is a profound difference in the
manner in which these cell populations adhere to agar in the
overlay adhesion assay (Fig. 1C).

Finally, when Flo11-HA3%'%'> expression and distribution
are compared between the wild-type and mutant strains, there
is a clear decrease in Flo11-HA®®*!'%!> expression in all of the
fractions in the vps25A and rim13A mutants, while there is no
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FIG. 6. Flol1p is both shed from the cell wall and covalently at-
tached to it and is expressed and localized similarly in wild-type and
vps27A strains. Western blotting was performed on fractionated sam-
ples from wild-type, vps27A, vps25A, and rim13A strains carrying
Flo11-HA3*°'5, A high-molecular-mass Flo11p-HA*'%'> band (>260
kDa) was observed in wild-type and vps27A strains in all fractions,
including shed (S), membrane bound/noncovalently cell wall associ-
ated (M), and covalently attached to cell wall (C) fractions. The vps25A
and rim13A mutants show the absence of Flo11p-HA**!*'> in S and C
fractions and considerably decreased signals in the M fraction. A small
N-terminal fragment (17 kDa) referred to as N-HA was consistently
observed in the M fraction.

reproducible difference between wild-type and vps27A strains
(Fig. 6). Thus, these results are once again consistent with
those from the rtRT-PCR and immunofluorescence experi-
ments (Fig. 3 and 5). Therefore, on the basis of three different
measures of FLOI1 gene or Flo11p protein expression (Fig. 2,
3, 5, and 6) it appears that the vps27A mutant does not differ
from the wild type in Flo11p expression, distribution, or shed-
ding. The vps27A mutant’s failure to form a mat is likely at-
tributable to some unidentified effector protein or molecule.
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FIG. 7. Two pathways affect mat formation through MVB. One pathway is the well-characterized Rim101p pathway, which uses components
of the ESCRT-I, -1I, and -III complexes to transduce the signal to activate Rim101p and FLO11 expression, which are necessary for both invasive
growth and mat formation. The second pathway is the putative biofilm pathway, which is hypothesized to have a component that must be properly
sorted by the MVB in order to function. The biofilm pathway is not necessary for FLOI1 expression or invasive growth but is necessary for mat

formation, presumably by altering the cell wall in some unknown way.

DISCUSSION

FLOI1 is clearly necessary for mat formation; however, it is
not sufficient for this phenotype. Martineau et al. (22) reported
a similar finding in which they described several mutants with
mutations in hsp70 homologs that exhibit defects in mat for-
mation but not in Flol1p expression or invasive growth. We
have found that class E-2 mutants cause defects in mat forma-
tion in a manner that is independent of Flol1p expression or
localization. Thus, class E-2 mutants, along with the hsp70
mutants reported previously, reveal that the phenotypes of
invasive growth and mat formation can be clearly separated at
the genetic level.

The differences in the expression of FLOII between the
class E-1 and class E-2 mutants can be ascribed to the different
roles of these two types of mutants in processing of the
Rim101p transcription factor. Class E-1 mutants, such as
vps28A (ESCRT-I), vps25A (ESCRT-II), and vps20A (ESCRT-
IIT) mutants, are necessary for Rim101p processing (41), which
is in turn necessary for FLO11 expression (Fig. 2, 3, and 5) (3).
In contrast, the class E-2 mutants, such as the vps27A mutant,
do not affect Rim101p processing (41) and therefore do not
cause diminished FLOI11 expression.

These data indicate that MVB sorting, the common process
affected by both class E-1 and E-2 mutants, is required for mat
formation but not invasive growth. This hypothesis is further
strengthened by the fact that addition of a RIM101-531 dom-
inant active allele to the vps25A mutant could rescue this class

E-1 mutant’s FLOI1 expression and invasive growth pheno-
types but not its mat formation defect (Fig. 3 and 4). In fact,
the vps25A RIM101-531 double mutant strongly resembled the
vps27A mutant in the overlay adhesion assay with its slightly
adhesive cells (Fig. 4). Thus, even a constitutively active
RIM101-531 allele cannot rescue mat formation as long as
MVB sorting is compromised. As a control, it was found that
the rim13A mutant, which is defective for Rim101p processing
but not MVB function, was rescued for mat formation, invasive
growth, and FLOI11 expression by the RIM101-531 dominant
active allele. Finally, our data support a model suggesting that
class E vps mutants cause mat formation defects by affecting
MVB sorting rather than vacuolar function, as numerous non-
class E vps mutants have little or no defect in mat formation
(Table 3).

Taken altogether, we present a model suggesting that there
are two pathways passing through the endosome that affect
mat formation (Fig. 7). One pathway, the Rim101p pathway,
affects FLOI11 expression, invasive growth, and mat formation,
while the biofilm pathway, which is dependent on proper MVB
sorting, is required for mat formation but not FLOII expres-
sion or invasive growth.

It is suspected that the MVB mutations (class E-1 or class
E-2) cause mislocalization of a component of the biofilm sig-
naling pathway that is necessary for proper mat formation (Fig.
7). We further suspect that this pathway ultimately affects the
cell wall in some way that strongly impacts mat formation in a
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Flol1p-independent manner but has only a very modest effect
on invasive growth. In the future, we plan to identify and
characterize the components of the biofilm signaling pathway.

On the basis of the rtRT-PCR data (Fig. 2 and 3B), one
might get the impression that the class E-2 mutants, such as the
vps27A mutant, actually overexpress FLOI1 and the biofilm
pathway represses FLO11. However, when Flo11-HA is exam-
ined in these mutants (Fig. 5), this does not appear to be the
case. We suspect that the higher expression of FLOI1 mRNA
in the class E-2 mutants may be misleading due to the size of
wild-type mats compared to mutant mats and the fact that
there are more glucose-starved cells within wild-type mats that
are no longer growing, thus giving a large hub population with
diminished FLOI1 expression (31).

What forms of Flo11p are found at the cell surface and shed
extracellularly? Karunanithi et al. (16) recently showed that
Flo11-Myc®®, HA'%' is proteolytically cleaved during its syn-
thesis in a Kex2p-dependent manner and that this leads to the
release of a 33-kDa fragment that includes the N terminus of
the protein (16).

Surprisingly, we find that the N terminus of Flo11p is present
in the cell wall since Flo11-HA®" is detected by immunofluo-
rescence (Fig. 5). Thus, the form of Flo11p in the cell wall of
yeast is present with an intact N terminus. However, the >260-
kDa form of Flo11-HA?" is difficult to detect by Western blot-
ting, even with the addition of protease inhibitors, and is seen
almost exclusively in the membrane fraction (data not shown).

We suspect that release of proteases during cell fraction-
ation may result in cleavage of the Flol1p N terminus, since a
17-kDa N-terminal fragment accumulates in the M fraction
from Flo11-HA3*!°'3 strains (Fig. 6; see Fig. S1 in the supple-
mental material) and Flo11-HA®® strains (data not shown).
This is similar to the findings of Karunanithi et al. (16), who
found a 33-kDa Flo11p N-terminal fragment in the cell pellet,
which would include membrane and noncovalently attached
cell wall proteins. We did not detect the >260-kDa form of
Flo11p in the shed (S) or covalent (C) fractions in Flo11-HA®
strains (data not shown), but we did find it in the S and C
fractions in the Flo11-HA>%'%'3 strains (Fig. 6). The shed frac-
tion is collected from intact cells, so the N terminus may be
normally cleaved during shedding, as suggested by Karunanithi
et al. (16). Since the >260-kDa form of Flo11-HA* is also not
observed in the covalent fractions, the covalent form may be
similarly cleaved (and perhaps it is even a precursor to the shed
form).

Mats are biofilms. As a final point, the discovery by Karu-
nanithi et al. (16) that mucin-like proteins such as Flo11p are
shed extracellularly by Saccharomyces and our follow-up dis-
covery that Flo11p is shed extracellularly in the mat in both the
rim and hub (Fig. 6) suggest to us that Flol1p could itself be
defined as part of an extracellular matrix (ECM). Flol1p
greatly resembles the mucin proteins of mammals that make
gel-like mucous layers. Thus, we believe that S. cerevisiae mats
can rightly be described as biofilms that contain an ECM.
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