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The cell wall of bakers' yeast contains a family of glycosyl-phos- 
phatidylinositol (GPI)-linked glycoproteins of domain structure 
similar to the adhesins of pathogenic fungi. In wild-type cells each 
of these proteins has a unique function in different developmental 
processes (mating, invasive growth, cell-cell adhesion, or filamen- 
tation). What unifies these developmental events is adhesion, 
either to an inert substrate or to a cell. Although they differ in their 
specificities, many of these proteins can substitute for each other 
when overexpressed. For example, Flo11p is required during veg- 
etative growth for haploid invasion and diploid filamentation, 
whereas Fig2p is required for mating. When overexpressed, Flol1 p 
and Fig2p can function in mating, invasion, filamentation, and 
flocculation. The ability of Flollp to supply Fig2p function in 
mating depends on its intracellular localization to the mating 
projection, where Fig2p normally functions in the adhesion of 
mating cells. Our data show that even distant family members 
retain the ability to carry out disparate functions if localized and 
expressed appropriately. 

A family of glycosyl-phosphatidylinositol (GPI)-linked cell 
surface glycoproteins termed the fungal adhesions are 

important for fungal pathogenesis because they permit patho- 
gens such as Candida albicans to adhere to mammalian epithelial 
and endothelial cells (1, 2). These proteins have an N-terminal 
signal sequence, a central domain containing a highly repeated 
serine/threonine-rich sequence, and a C-terminal domain con- 
taining a GPI anchoring sequence. Expression of these proteins 
[e.g., Alslp from Candida albicans (3, 4) and Epalp from 
Candida glabrata (5)] in Saccharomyces permits this organism, 
which does not normally adhere to mammalian cells, to adhere 
to them. 

The Saccharomyces cerevisiae genome contains a family of cell 
wall proteins related to the adhesins of pathogenic fungi. One 
branch of this protein family, encoded by genes including FLO], 
FLO5, FLO9, and FLO1O, is called the flocculins (6) because these 
proteins promote cell-cell adhesion to form multicellular clumps 
that sediment out of solution (7-10). The FLO], FLO5, FLO9, and 
FLO1O genes share considerable sequence homology. 

A second group of Flo family members has a domain structure 
similar to that of the first, but with quite unrelated amino acid 
sequences. This second group includes three proteins, Flollp, 
Fig2p, and Agalp. Flollp is required for diploid pseudohyphal 
formation and haploid invasive growth (11, 12). In haploid 
invasive growth cells adhere to the agar surface, so that they do 
not wash off (13). In diploid pseudohyphal growth cells adhere 
to each other after division and form long chains of filaments 
(14). Fig2p and Agalp are induced during mating (15, 16). 
Agalp, linked by disulfides to the soluble peptide, Aga2p (17), 
is required on the surface of MATa cells for them to adhere to 
the protein Saglp on the surface of MATa cells (18). Agalp, 
Aga2p, and Saglp are required for mating in liquid but not solid 
medium. 

These morphogenetic events-flocculation, filamentation, in- 
vasive growth, and mating-require very different signaling 
pathways and cellular structures. Flocculation often occurs upon 
depletion of sugar during late-exponential or stationary phases 
of growth (19-21), whereas filamentation requires starvation for 

nitrogen (14). Mating requires the cessation of growth and 
induction of mating-specific genes by mating pheromones (22- 
25). The cell biology of the four morphogenic events is also 
different. Flocculation and haploid invasion are isotropic; there 
is no evidence for regional localization of the adherent surface. 
By contrast, mating and pseudohyphal filamentation require 
polarized growth-mating cells produce projections that are the 
sites of cell adherence and fusion, whereas pseudohyphal growth 
requires cells to stick together at their ends. 

In this report we show that the flocculin genes of yeast form 
an unusual network of functionally interrelated family members. 
These genes all have a similar overall domain structure, but they 
have considerable diversity in amino acid sequence. Given these 
differences, it is striking that one FLO gene can compensate for 
another in diverse morphogenic events: flocculation, mating, 
haploid invasion, and filamentation. What unifies these devel- 
opmental events is adhesion, either to an inert substrate or to a 
cell. 

Materials and Methods 
Yeast Strains and Growth Conditions. All yeast strains (Table 1 in 
supplementary material at www.pnas.org) used in this study are 
congenic to the 11278b genetic background (26, 27). Standard 
yeast culture medium was prepared as described (28). All yeast 
strains were grown at 30'C. Synthetic low-ammonia dextrose 
(SLAD) medium and synthetic low-ammonia raffinose (SLAR) 
medium used to induce pseudohyphae were prepared (SLAD = 
2% glucose; SLAR + Gal = 2% raffinose + 0.2% galactose) as 
described (14). Pseudohyphal filamentous growth was deter- 
mined by streaking strains on SLAD or SLAR + Gal plates and 
photographing them after 4-7 days of growth. Pseudohyphal 
filaments that invaded agar were observed after washing the 
plates with water. The invasive growth assays were carried out by 
washing the plates under the tap (13) after 5 days of growth on 
yeast extract/peptone/dextrose (YPD) or yeast extract/peptone 
Gal (YPGal). 

Primers and Plasmid Construction. All primers are listed in Table 2 
in supplementary material at www.pnas.org. 

pQF142.1 (plasmid for deletion of FLOll): A 2 pt plasmid, 
pQF146, containing the entire open reading frame (ORF) of 
FLOll (from nucleotide 1471 upstream to nucleotide 1599 
downstream) was isolated from an S. cerevisiae genomic library 
(C. Connelly and P. Hieter, personal communications). A Blpl/ 
NruI fragment of pQF146 including the entire FLOll ORF was 
replaced with a HIS3 gene fragment to yield pQF142.1. 

pQF296.10 (plasmid for FLO11-3HA and FIG2-3HA con- 
structs): S. cerevisiae URA3 gene was amplified by PCR with 
primers BG118 and BG119. The PCR product was digested with 

Abbreviation: HA, hemagglutinin epitope. 
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Notl/Xbal and cloned into pBluescript KSII(+) NotI/Xbal sites 
to form pQF292. The triple hemagglutinin epitope (HA) tags 
from B2385 (NotI fragment, Fink laboratory collection) and 
from B2500 (Xbal fragment, Fink laboratory collection) are 
cloned into NotI and XbaI sites of pQF292 sequentially to form 
pQF296.10. The reading frame of the HA tag is from NotI to 
XbaI. 

Construction of Strains with GALl Promoter Inserted in Front of the 
Cell Wall Protein-Encoding Genes. Primer pairs were used to am- 
plify a plasmid (pFA6a-KanMX6-pGAL1) containing the GALl 
promoter and the kanamycin-resistance gene (29). PCR prod- 
ucts were used to transform the appropriate yeast strains, and 
kanamycin-resistant transformants were checked by PCR to 
make sure the insertion occurred in the correct location. The 
primer pairs for different genes are as follows: FIG2, BG88 and 
BG89; FLO], BG94 and BG95; FLO1O, BG96 and BG97; and 
FLOll, BG156 and BG157. 

Genetic Crosses, Transformation, and Mating. For most of the 
experiments, standard methods for genetic crosses and trans- 
formation were used (30). To make the diploid strains WY454, 
WY449, WY452, WY450, WY451, WY415, and WY453, haploid 
MATa strains of the appropriate genotype were transformed to 
Ura+ (uracil independence) with YCP50-HO. Most of the Ura+ 
transformants were diploids as a result of mating type switching 
and mating within the clone. The transformants were streaked to 
a plate containing 5-f luoroorotic acid (5-FOA) (31) to get rid of 
the YCP50-HO plasmid. Quantitative mating assays were per- 
formed essentially as described (32). The mating efficiency was 
defined as the number of diploid colonies divided by the 
combined number of colonies formed by the haploid parent 
being tested and the number of diploids. 

Gene Knockouts. floll::HIS3 knockout was achieved by transfor- 
mation of a wild-type MATa haploid with a XbaJ/EcoRV- 
digested plasmid pQF142.1. Gene knockouts for the following 
genes were carried out by transformation with the appropriate 
PCR products. The primer pairs and the cognate templates are 
as follows: fig2::URA3, BG84 and BG85, pRS316; fig2::TRP1, 
BG84 and BG85, pRS314; agal::HIS3, BG68 and BG69, B3651; 
aga2::HIS3, BG110 and BG111, B3651; sagl::HIS3, BG72 and 
BG73, B3651; and flolO::URA3, BG142 and BG143, pRS316. 

Preparation of RNA and Northern Hybridization. Total RNA was 
prepared by using hot acid phenol, and Northern blotting was 
performed as described (33). Overnight cultures of yeast strains 
in YPD were diluted 20-fold with YPD and grown to OD600 = 

1.0. These cultures were centrifuged and RNA was prepared. A 
10-/g sample of RNA was run on a gel, blotted, and hybridized 
with a 500-bp fragment of FLOIO (corresponding to the N- 
terminal ORF sequence) probe or a 500-bp fragment of FLOll 
(corresponding to the N-terminal ORF sequence) probe. 

Tagging Flo1 p and Fig2p with 3HA. A 3HA-URA3-3HA-encoding 
region in plasmid pQF296.10 was amplified by primers BG122 
and BG123 (for tagging Flollp) or primers BG120 and BG121 
(for tagging Fig2p) The PCR products were used to transform 
strain 10560-2B. The correct transformants with 3HA-URA3- 
3HA inserted at the ORF region of FLO1 or FIG2 
were streaked to 5-fluoroorotic acid plates (31) to select for 
isolates that have looped out the URA3 gene by homologous 
recombination. 

Indirect Immunofluorescence. Yeast cells were removed from the 
surface or from beneath the agar medium with toothpicks and 
stained as follows: Yeast strains WY423 (haploid) and WY453 
(diploid) grown on synthetic complete medium or WY453 grown 

on SLAD were fixed in phosphate-buffered saline (PBS) con- 
taining formaldehyde (3.7%) for 1 h, washed with PBS, and 
washed again with PBS containing 2% bovine serum albumin. 
After incubation in PBS containing 2% albumin for 1 h, cells 
were precipitated and resuspended in PBS containing 2% albu- 
min and mouse anti-HA antibody (1/1000) for 1 h. Cells were 
then washed with PBS containing 2% albumin three times and 
resuspended in PBS containing 2% albumin and Cy3-conjugated 
goat anti-mouse IgG antibody (1/1000) for 20 min. Cells were 
then washed three times with PBS containing 2% albumin. 

To stain yeast cells that had been induced with pheromone, 
overnight cultures of strains WY423, WY427, and WY491 were 
diluted 50-fold in YPD, grown for 4 h, and treated with 5 jig/ml 
a factor for 1 h (WY491 was washed and transferred to YPGal 
before pheromone treatment). The cultures were treated with 
another addition of 5 jig/ml a factor and incubated for 1 more 
hour. The cultures were sonicated for 30 sec and fixed by 
addition of 1/10 vol of 37% formaldehyde for 2 h. Then cells 
were washed with PBS containing 2% albumin and stained as 
described previously. 

Results 

Overexpression of Cell Wall Proteins Causes Flocculation and Adher- 
ence to the Agar. The enhanced expression of any one of a number 
of cell wall proteins results in aggregation of the cells because of 
cell-cell adhesion. This phenomenon is easily observed in liquid 
because cultures of the 11278b strain take hours to clarify, 
whereas flocculent strains begin to sediment much more rapidly. 
Isogenic 11278b strains overexpressingFIG2, FLOll, FLO1O, or 
FLO] were compared for the time it took for each culture to 
sediment. To make this comparison, the GALl promoter was 
inserted at the 5' end of each of these genes (e.g., GAL1-FIG2, 
GAL]-FLO10) at their normal chromosomal location so that the 
gene was under the control of the GALl promoter rather than 
its natural promoter. In Gal medium overexpression of each of 
these genes enhances flocculation. The order of enhancement is 
FLO] > FLOlO > FLOll > FIG2 (Fig. IA). GALl-FLOl is so 
flocculent that the cells grow in a huge clump and remain at the 
bottom of the tube. GAL1-FIG2 is only slightly flocculent. This 
sedimentation is caused by the formation of cell aggregates. 
However, these cell aggregates have different characteristics. 
The GALl-FLOl and GALl-FLO10 aggregates are calcium 
dependant and both are reversibly inhibited by the presence of 
mannose. But, unlike the GALl-FLOl aggregates, the GALl- 
FLOlO aggregates are also inhibited by the presence of maltose, 
sucrose, and glucose. The GALl-FLOll aggregates are calcium 
independent and are not inhibited by the presence of these 
sugars. The GAL1-FIG2 flocculation is too weak to be analyzed 
by these methods. 

The enhanced expression of some of these cell wall proteins 
also results in invasive growth. Mutations in FLOll abolish 
haploid invasive growth, showing that in wild type none of the 
other flocculins can compensate for thefloll defect (11, 12). To 
test whether other family members could function in invasive 
growth, we overexpressed FIG2, FLOIO, or FLOl in a floll 
mutant and assayed each strain to determine whether such 
heterologous overexpression could suppress the floll defect in 
haploid invasion. Both FIG2 and FLOlO overexpression cause 
invasion in the floll background, whereas FLO] overexpression 
does not (Fig. iB). 

Haploid invasion may have several components, including 
adherence to agar and penetration of the agar. To distinguish 
between these we tested for the ability of various strains to 
adhere to agar in the absence of growth. The GALl-promoted 
versions of FLOll, FLO1, FLO10, and FIG2 were first grown on 
Gal medium, spotted on agar that contained no nutrients, and 
allowed to dry. The plate was then washed under the tap as usual. 
Under these conditions the f/oi l strain does not adhere, whereas 
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Fig. 1. Overexpression of cell wall proteins causes flocculation and adher-~~~~~~~~~~~~~~~~~~~.. .. . . . 
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ence to the agar. (A) Ten-milliliter cultures of yeast strains were grown in 
YPGaI overnight, swirled briefly in a Vortex mixer, and photographed imme- 
diately and after 30, 60, and 90 min (numbers to the right). Yeast strains: 1, 
wild type (110560-213); 2, f/oil (WY168); 3, floil GALl-FIG2 (WY297); 4, 
GALl-FLO11 (WY334); 5, f/oil GAL l-FLO1O(WY341); and 6, flol GAL 1-FLO1 
(WY340). (B) The same strains used in A were patched to YPD or YPGal plates. 
After incubation for 5 days, the plates were washed under a stream of water 
and rephotographed. Thewild-type strain is less invasive on a YPGal platethan 
on a YPD plate. (C) The same strains used in A were grown in YPD or YPGal 
liquid medium overnight and swirled briefly in a Vortex mixer, and a fraction 
of the cells were spotted on an agar (2%) plate. The plate was let dry for 30 
min, washed, and rephotographed. The f/oil GAL 1-FLO1 strain looks denser 
on the unwashed plate because the cells are flocculent and stick together in 
large clumps. 

wild type and the GALl-promoted FLO1], FLO10, and FIG2 
strains do adhere (Fig. 1C). These data suggest that penetration 
of the agar is not required for "haploid invasion." Furthermore, 
the fact that the GALl-FLOl strain does not adhere to the agar 
but is the most flocculent strain tested suggests that adherence 
to agar is different from the cell-cell adherence required for 
flocculation. Thus, these proteins have distinct but overlapping 
functions: Fig2p, Floip, Flol0p, and Flolip promote floccula- 
tion; Fig2p, Flol0p, and Flolip promote both flocculation and 
invasion. 

Adhesive Cell Wall Proteins Are Interchangeable for Mating. Fig2p is 
not expressed in a vegetative haploid cell, but it is strongly 
induced by exposure to pheromone (15) or to cells of the 
opposite mating type (data not shown). We find that Fig2p is 
res ponsible for the pheromone-induced invasive growth de- 
scrn.bed by others (34) (data not shown). We also find that Fig2p 
is required for mating in strains that fail to produce the yeast 
mating agglutinins, suggesting that these proteins have a over- 
lapping function (Fig. 2A4). A MA Ta flg2 agal strain shows more 
than 30-fold reduction in mating as compared with a wild-type, 
an agal, or aflg2 strain. We observed that Fig2p is also involved 
in mating in MATca strains. MA Ta strains express Fig2p, Agailp, 
and Sagip (16, 18). The MATafig2 aga]lfig2 sag], and agal sag] 
strains mate as well as wild type, whereas afig2 agal sag] strain 

ha a togmtn eet hs aarva nuepce 
fu lto o hs cll alpoen:bt gi n ai r 
inole in main in MAT cel.O oi mda h 
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Fig. 2. Adhesive cell wall proteins are interchangeable for mating. The 
images on the left are plate matings and the histograms on the right are the 
results of quantitative matings. (A) MATa stains were patched onto a YPD 
plate, grown overnight, replicated to a YPD plate, and mated with a wild-type 
MATa tester lawn (1 0560-45B). Matings were carried out for 4 h, after which 
the mating mixture was replicated to a selective medium (YNB) plate. Left 
shows growth of the diploids. Yeast strains: a, wild type (10560-31 D); b, fig2 
(WY362); c, aga 1 (WY313); d, aga2 (WY486); e, fig2 aga 1 (WY364); and f, fig2 
aga2 (WY488). The same strains were also used in a quantitative mating assay 
(Materials and Methods) and the results are shown on the Right. The mating 
percentage is defined as diploids/(diploids + nonmated haploids). Bars and 
error bars show means of three assays and standard errors, respectively. (B) 
Cell surface proteins can compensate for the mating defect of a fig2 agal 
strain. A MATa fig2 agal fbo 1 strain mated 2-3 times less well than a fig2agal 
strain, implying the involvement of Flollp in mating. Thus the following 
mating tests were carried out in the fig2 aga 1 flol background. MATa strains 
were mated with a wild-type MATa tester strain (10560-4B) in a plate mating 
assay and quantitative mating assay similar to those in A. Upper Left shows 
mating on a YPD plate and Lower Left on a YPGal plate. Yeast strains: g, wild 
type (10560-14A); h, fig2 agal floll (WY350); i, fig2 agal GALl-FLOll 
(WY345); j, agal floil GAL1-FIG2 (WY310); k, fig2 agal floil GAL 1-FLO1 
(WY367); and 1, fig2 agal floll GAL l-FLO 10(WY368). 

protein can bypass the requirement for the Agalp and Saglp 
proteins and vice versa. 

The mating defect in a MATafig2 agal strain appears to be in 
adhesion of the cells of opposite mating type to each other. The 
cells show normal sensitivity to pheromone and form projections 
that look normal in number and appearance. However, in a 
mating mixture with wild type MAT a cells, there are virtually no 
zygotes or pairs of cells attached by their projections suggesting 
that the mating defect results from a failure to adhere to cells of 
the opposite mating type (data not shown). 

Several of the vegetative flocculins can compensate for the 
mating defect of a fig2 agal mutant (Fig. 2B). The FLO10 and 
FLO11 genes when overexpressed can compensate for the 
mating defect of the fig2 agal strain. A GALl-FLOll fig2 agal 
strain induced with Gal dramatically increases the mating effi- 
ciency, indicating that Flollp can bypass the defect created by 
the absence of Fig2p and Agalp. None of those flocculins can 
suppress the mating defect of fig2 agal when expressed from 
their natural promoter. Thus, Fig2p, Agalp, and Saglp have 
specialized to function as mating-specific adhesins, and FlolOp 
and Flolip, which mediate adhesion in other contexts, can 
replace Fig2p, Agaip, and Sagip when overexpressed. 
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Fig. 3. Ectopic expression of the flocculins promotes filamentous growth. 
Strains expressing different flocculin genes from the GALl promoter were 
streaked to SLAR + Gal plates (A) or SLAD plates (B), grown for 4 days, and 
photographed before and after washing. Yeast strains: WT (WY454), flo 1/ 
floll (WY449), floil/flo/l GAL l-FIG2/GAL 1-FIG2 (WY452), floilflo/ll 
GALl-FLOl/GALl-FLO1 (WY450), floil/floil GALl-FLO10/GALl-FLO10 
(WY451), and floll/floll GALl-FLO11/GALl-FLO11 (WY415). 

Ectopic Expression of the Flocculins Promotes Filamentous Growth. 
The ability of the various flocculins to promote both mating and 
invasion when expressed ectopically prompted a test of their 
ability to replace FLOJi function for filamentous growth. Fil- 
amentous growth is a property of diploids: FLOll/FLO11 
strains make prolific filaments, whereas flol I/floll strains make 
smooth round colonies lacking filaments (12, 35). We expressed 
several of the flocculins from the GALl promoter and tested 
these constructs in floll/floll diploids for their ability to 
promote filamentation. Remarkably, GALl-FIG2 and GALl- 
FLOlO induced prolific filaments in the absence of FLOll (Fig. 
3). Expression of GALl-FLOl fails to induce filaments that 
protrude from the colony, although there was evidence of a few 
filaments remaining embedded in the agar after washing. The 
filaments produced by GALJ-FIG2 and GALl-FLOJO appear 
normal. 

FLO10 Can Bypass Loss of FLO11 Function. The ability of overex- 
pression of FLO10 to bypass a defect in FLOil raises the 
question of whether FLOIO under its own promoter can supply 
FLOIJ function. Previous work had shown that deletion of the 
regulatory gene SFLl partially bypasses the flol l defect for both 
invasion and filamentation (36). SFL1 is known to repress the 
expression of some genes (36-38). Therefore, one hypothesis to 
explain thc adhesion and filamentation phenotype of afloll sfll 
mutant is that FLOlO is derepressed in an sfll mutant and can 
supply the compensatory function missing in floll. This hypoth- 
esis predicts that FLOIO is repressed by SFLI and that FLOJO 
function is required for filamentation and adhesion in a sfll flol l 
mutant. 

Northern analysis shows that FLO10 expression is under SFLl 
control (Fig. 4A). Both FLOil and FLOIO messages are re- 
pressed by SFL1, but FLO10 is much more derepressed in the sf/I 
mutant. To test whether derepression of FLOIO is responsible 
for the suppression of the f/oil defect in sf/i strains, we 
compared sf/i f/oil strains with sf/i f/oil flolO strains. As 
predicted by this repression model, sf/i f/oh strains adhere but 
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Fig. 4. FLO10 can bypass loss of FLO11 function. (A) FLO10 and FLO11 
expression are repressed by SFL 1. Northern blots of total RNA (10 jig) prepared 
from strains WT (10560-2B), sfl1 (WY458), sfl1 flo10 (WY462), and sf/i fo 11 
(WY466) were hybridized with FLO10, FLO1 1, and ACT1 probes, respectively. 
(B) Derepression of FLO10 leads to haploid invasion. Strains WT (10560-2B), 
flo 10 (WY456), sfl1 (WY458), flo 1 1 (WY460), flo 10 sfl1 (WY462), flo 10 flo 1 1 
(WY464), flo 1 sfl1 (WY466), and flo1O flo 1 sfl1 (WY468) were patched to a 
YPD plate. After 5 days of incubation, the plate was washed under a stream of 
water and rephotographed. (C) Derepression of FLO10 promotes filamentous 
growth. Strains WT (WY454), flo10/flo10 (WY479), sfll/sfll (WY480), flo1/ 
floll (WY481), flo 10/flo 10 sfl1/sfl/ (WY482), flo 10/flo 10 flo 11/flol 
(WY483), f/oll/flol lsf/1/sf/i (WY484), and f/o lO/flolO f/oll/f/ol lsf/l/sf/I 
(WY485) were streaked on a SLAD plate, grown for 7 days, and photographed 
before and after washing. 

sfll floll flolO strains do not (Fig. 4B). Moreover, sfll/sfll 
flol /foil diploids filamcnt but sfll /sfll f/o1 /flol 1flolO/flolO 
diploids do not (Fig. 4C). These results are a direct demonstra- 
tion that the FLO genes have interchangeable functions, even 
under the control of their own promoters. 

Adhesion Is Associated with the Presence of Flollp and Fig2p on the 
Cell Surface. One explanation for the role of Flollp function in 
haploid invasion and diploid filamentation is that this protein is 
localized to the cell wall, where it promotes adhesion to various 
surfaces. To test this idea we replaced the chromosomal copy of 
FLOJl with a HA-tagged version, FLOJ1-3HA (see Materia/s 
an?d Meth?ods), and visualized the cellular location of Flolip by 
indirect immunofluorescencc. This tagged protein, the only copy 
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A. 

B. C . 

Fig. 5. Adhesion is associated with the presence of Flolipand Fig2p on the 
cell surface. The Flolipand Fig2p proteinswere tagged with HA (see Materials 
and Methods). Yeast cells were harvested, fixed, treated with mouse anti-HA 
antibody, and stained with Cy3-conjugated goat anti-mouse lgG antibody. (A) 
Haploid yeast cells (strain WY423) grown on synthetic complete medium show 
uniform staining of Flo11-3HA (Left). Diploid pseudohyphal cells (strain 
WY453) grown on SLAD (with 0.2 MM L-histidine hydrochloride added) often 
show polarized staining (Right); however, some show uniform staining (see 
filament on left). (B) Most diploid yeast cells (WY453) fail to stain Flollp 
whether they are grown on synthetic complete medium (Upper) or SLAD 
(Lower). (C) Haploid yeast cells treated with a factor form mating projections 
(Left). Only the projections show Fig2-3HA staining (strain WY427) (Top 
Right). Flol 1-3HA appears on the body of the cell and not in the projection 
(strain WY423) (Middle Right). Floll1-3HA induced with Gal appears only in 
the projection (strain WY491) (Bottom Right). 

of Flo1lip in the strain, is fully functional in both haploid invasion 
and diploid filamentation (data not shown). Haploid cells show 
uniform staining of Floll-3HA around the surface (Fig. 5A 
Left). Diploid yeast form cells grown on rich medium (synthetic 
complete) (Fig. 5B Upper) or nitrogen starvation medium 
(SLAD) (Fig. 5B Lower) show little or no staining on the surface. 
However, filamentous cells from SLAD stain intensely (Fig. 5A 
Right). Many cells in the filaments show asymmetric distribution 
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some cells in the filament stain all over their surface. The failure 
of diploid yeast-form cells to stain is significant because these 
cells originate from the same colony as the filaments that stain 
intensely. 

Fig2p, in contrast, appears to be localized to the projection 
that forms during mating (Fig. 5C Top). A functional HA-tagged 
version of Fig2p (Fig2-3HA) is induced by mating pheromone 
and localizes to the projection, with little staining on the body of 
the cell. The localization of Flollp in mating cells shows a 
completely different distribution from Fig2p. When haploid cells 
are induced with pheromone, Flollp appears on the body of the 
cell but is absent from the projection (Fig. 5C Middle). The 
absence of Flolip from the projection could explain why Flolip 
fails to restore mating in cells lacking Fig2p and Agalp. Pre- 
sumably, it is not in the proper location to carry out this function. 
Since overproduction of Flollp dramatically increased the mat- 
ing efficiency of afig2 agal strain (Fig. 4C), we inserted a GALl 
promoter at the 5' end of the FLO11-3HA construct (GALl- 
FLOl1-3HA) to determine the localization of Flollp when it is 
overproduced during mating. The GALl-FLOll-3HA strain was 
treated with pheromone upon the shift from glucose to galactose 
media. When FLOll is induced by galactose during pheromone 
treatment, the majority of the Flollp (Floll-3HA) is localized 
to the projection (Fig. SC Bottom). 

Discussion 
Our data show that one FLO gene can compensate for another 
in diverse morphogenetic events: flocculation, mating, haploid 
invasion, and filamentation. This apparent functional redun- 
dancy raises the question of why mutations in any one of the 
genes results in a mutant phenotype. The answer is that the 
phenotype of even a wild-type strain depends on both the 
regulation and localization of these proteins. For example, 
FLOlJ is required for both haploid invasion and diploid fila- 
mentation (11, 12) on our media. Because none of the other 
flocculins is expressed at sufficient levels under these conditions, 
the floll colonies have a distinct mutant phenotype. However, 
when overexpressed, FIG2 or FLOl0 can bypass the requirement 
for FLOll for both filamentation and haploid invasion. 

In wild-type cells, the FIG2 gene is expressed only when it is 
induced by mating pheromone (15), and FLOIO is not produced 
in sufficient quantities under these conditions to bypass the floll 
defect. However, when repression of FLOIO is relieved (in the 
sfll mutant), it is fully capable of supplying a compensatory 
function for haploid invasion and diploid filamentation. There- 
fore, the distinction among FIG2, FLO10, and FLOJJ in vege- 
tative cells occurs at the level of the cis-acting promoters specific 
to each gene and the trans-acting regulators that control them. 

Localization Is Also Responsible for the Diversity of Function. In 
haploid cells grown on rich medium Flollp is expressed at high 
levels and uniformly distributed on the cell surface. These 
features explain the requirement for Flollp for adhesion of 
haploid cells to the agar surface. Diploids grown on rich medium 
express very little Flolip on their cell surface, which is consistent 
with their reduced agar adhesion compared with haploids. On 
nitrogen starvation media most of the diploid cells in a colony 
are in the yeast form and not in filaments. Yet, only the 
filamentous cells express Flollp. The presence of Flollp at the 
cell surface in filamentous cells but not yeast-form cells within 
the same colony is consistent with the requirement of Flolip for 
filamentous growth. Althoughfloll/floll diploids fail to form 
filaments, they do make long cells in response to nitrogen 
starvation, suggesting that the formation of long cellsperse is not 
sufficient to form filaments. 

The localized deposition of Flolilp at the site of bud formation 
could prevent separation of mother cells from their daughters. 
Indeed, our data show polarization of Flolip to the growing cell 
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tip in the filaments. However, not all cells in the filament show 
this polarization; some cells have Flollp distributed over their 
entire surface. As with other secreted proteins, Flollp may be 
at first concentrated toward the bud tip, but subsequently 
equilibrated over the entire surface. Flollp could also be 
required on the cell surface to adhere the mothers and newly 
born daughters to the agar surface and to each other. According 
to this model, the other events induced by nutritional starva- 
tion-alteration in cell cycle, elongation of the cells, and unipo- 
lar budding-would be responsible for the directional growth of 
an emerging filament. 

The induction of Fig2p by mating pheromone and its local- 
ization to the mating projection is consistent with its role in 
cell-cell adherence, which is required as a prelude to cell fusion 
in mating. In support of this model, Fig2p is required in an agal 
floll strain to permit adherence and fusion. This raises the 
question of why Flolip cannot provide this adhesion function in 
the fig2 agal strain. Our data suggest that Flollp cannot 
normally function in mating because it is not present in the 
projection. Fig2p is induced to very high levels by mating 
pheromone, whereas Flollp shows no induction by pheromone 
(35). Presumably, the newly synthesized Fig2p is secreted in a 
polarized manner to the growing projection, where it is poised 

to promote adhesion with cells of the opposite mating type. Only 
when Flollp is overexpressed by Gal during pheromone induc- 
tion can it localize to the projection and function in mating. Thus, 
both regulation and localization control the functional distinc- 
tion between these two proteins. 

Evolution of Diversity Among the Flocculins. The diversity in adhe- 
sive properties among the flocculins with similar domain struc- 
tures suggests that recombination could generate new flocculins 
with novel adhesive properties. Previous studies have demon- 
strated the generation of a novel flocculin by recombination 
between FLO5 on chromosome VIII and a flocculin pseudogene 
YAL065 on chromosome I (39). This mechanism of creating 
diversity in surface antigens by recombination would be similar 
to that used by other pathogenic microorganisms (40, 41). 
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