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ABSTRACT 
Diploid  Saccharomyces  cermisiae strains starved  for  nitrogen  undergo a developmental  transition  from 

growth as single yeast  form (YF) cells  to a multicellular  form  consisting of filaments of pseudohyphal (pH) 
cells.  Filamentous  growth is regulated by an  evolutionarily  conserved  signaling  pathway that includes  the 
small GTP-binding  proteins Ras2p and  Cdc42p,  the  protein  kinases Ste20p, Stellp and  Ste’lp,  and  the 
transcription  factor Stel2p. Here, we designed a genetic screen for  mutant  strains  defective  for  filamen- 
tous growth (dfg) to identify  novel  targets of the  filamentation  signaling  pathway,  and we thereby 
identified 16 different  genes, cOC39, STEl2,  TECI, W I 3 ,  NAB1,  LBRl, CDC55, SRVZ, TPMl, SPA$ 
BNIl, DFG5, DFG9,  DFGlO, B m 8  and DFGIG, mutations that block  filamentous growth. Phenotypic 
analysis of dfgmutant  strains  genetically  dissects  filamentous  growth  into  the  cellular  processes of signal 
transduction,  bud site selection, cell morphogenesis  and  invasive  growth.  Epistasis tests between  dfg 
mutant  alleles  and  dominant  activated  alleles of the RAS2 and  STEll  genes, RAS2’””’ and STEl1-4, 
respectively,  identify  putative  targets  for the filamentation  signaling pathway. Several of the genes de- 
scribed here have homologues in filamentous  fungi,  where they also regulate fungal development. 

T HE baker’s yeast, Saccharomyces cereuisiae,  is a  dimor- 
phic  fungus  that interconverts between multicellu- 

lar  filamentous and unicellular growth modes (GIMENO 
and  FINK 1992,1994;  GIMENO et al. 1992). When starved 
for  nitrogen, MATa/h4ATa diploid strains of S. cermisiae 
switch from growth as individual ellipsoidal cells, called 
yeast form (YF’) cells, to chains of elongated cells, called 
pseudohyphae (PH). An ellipsoidal YF mother cell en- 
ters the filamentous growth phase by dividing to pro- 
duce  an  elongated  PH  daughter cell. This PH cell in 
turn  produces PH daughter cells that  remain  connected 
to  the  mother,  leading to the pseudohyphal filaments. 
The switch from YF to PH growth is accompanied by 
changes in at least four  different cellular processes. (1) 
Bud site selection of cells changes from bipolar to uni- 
polar, resulting in linear filamentous chains of  cells. (2) 
Cell morphogenesis is altered from ellipsoidal-shaped 
YF cells to long  thin PH cells. (3) Cell separation 
switches from  complete to incomplete scission, so that 
cells remain  attached to each  other.  (4) PH cells, in 
contrast to YF cells, exhibit invasive growth behavior, 
resulting in invasion of the  agar.  Therefore, yeast and 
PH forms of diploid S. cereuisiae are distinct cell  types 
each with a  unique  budding  pattern, cell shape, invasive 
growth behavior, and cell  cycle (GIMENO et al. 1992; 
-ON et al. 1994). 

Pseudohyphal growth of S. cereuisiae exhibits features 
common to filamentous growth of pathogenic  fungi, 
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where the dimorphic transition is thought to be critical 
for pathogenicity (SHEPHERD  1988). The most fre- 
quently isolated human fungal pathogen, Candida albi- 
cans, can switch from growth as budding YF cells to 
growth as filamentous hyphae. This switch is thought 
to be of particular significance for invasion of an immu- 
nocompromised host (ODDS 1987, 1992). The plant 
pathogen Ustilago maydis, the causitive agent  for  corn 
smut, is pathogenic only in its filamentous form 
(SCHULZ et al. 1990; BANUETT 1992). Thus, studies of 
S. cereuisiae dimorphism  aided by the power of genetics 
in this organism may reveal principles of dimorphism 
common to all fungi. 

In S. cerevisiae, a number of regulatory genes have 
been identified that  control filamentous growth. They 
include  the genes encoding  the small GTP-binding pro- 
teins Ras2p (GIMENO et al. 1992) and Cdc42p (MOSCH 
et al. 1996),  the  protein kinases Ste20p (a homologue 
of mammalian ~ 6 5 ’ ~  protein  kinases), Stellp  (a 
MEKK or MEK kinase), Ste7p (a MEK or MAPK kinase), 
and  the transcription factor Stel2p  (LIU et al. 1993). 
Filamentous growth is regulated by an evolutionarily 
conserved signaling pathway where Ras2p  signals via the 
Cdc42p/Ste20p/MAPK module ( MOSCH et al. 1996). In 
addition, several other genes have been  reported  that 
function as inducers or inhibitors of filamentous growth 
(LJUNGDAHL et al. 1992; BUCKETER et al. 1993; GIMENO 
and  FINK  1994). However, the role of these genes in 
the  filamentous growth signaling pathway remains to 
be determined. 

Remarkably, most  of the genes &at have been found 
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TABLE 1 

Yeast strains 

- 
Strain Genotype 

L5526 
L5527 
10480-26 
10511-9D 
HMYl5-33 
HMYl5-248 
HMYl5-64 
HMC203 
HMC204 
L5427 
HMC267 
HMC268 
HMC233 
HMC234 
HMC275 
HMC276 
HMC237 
HMC238 
HMC199 
HMC2OO 
HMC205 
HMC206 
HMC281 
HMC282 
HMC245 
HMC246 
HMC283 
HMC284 
HMC235 
HMC236 
HMC263 
HMC264 
HMC239 
HMC240 
HMC209 
HMC210 
HMC225 
HMC226 
L5366 

MATa ura3-52 trp1::hisG 
MATa ura3-52 trp1::hisG 
MATa ura3-52 leu2::hisG 
MATa ura3-52 leu2::his G trp1::hisG 
MATa cdc39-100 ura3-52 leu2::hisG  trp1::hisG 
MATa stel2101 ura3-52 leu2::hisG  trp1::hisG 
MATa whi3-100 ura3-52 leu2::hisG  trp1::hisG 
MATa/MATa cdc39-100/cdc39-100 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa cdc39-1 OO/CDC39 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa stel 2::LEU2/stel2::LEU2 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG 
MATa/MATa tecl-IOl/tecl-lOl ura3-5Z/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa  tecl-lOl/TECl ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa whi3-l OO/whi3-100 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa whi3-lOO/WHI3 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa  nabl-l00/nabl-l00 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa nabl-lOO/NABl ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa  dbrl-l00/dbrl-100 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa dbrl-lOO/DBRl ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa cdc55-100/cdc55-lOO ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa cdc55-lOO/CDC55 ura3-52/ura3-52 leu2::hisG/leu2::hisG trpl::hisG/TRPl 
MATa/MATa sm2-100/sm2-100 ura3-52/ura3-52 leu2::hisG/leu2::hisG trpl::hisG/TRPl 
MATa/MATa sm2-1 OO/SRV2 ura3-52/ura3-52 leu2::hisG/leu2::hisG trpl::hisG/TRPl 
MATa/MATa  tpml-l00/tpml-l00 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa tpml-1 OO/TPMl ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa spa2-100/spa2-100 ura3-52/ura3-52 leuZ::hisG/leu2::hisG trpl::hisG/TRPl 
MATa/MATa spaZ-lOO/SPAZ ura3-52/ura3-52 leuZ::hisG/l&?::hisG trpl::hisG/TRPl 
MATa/MATa bnil-lOO/bnil-lOO ura3-5Z/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa bnil-lOO/BNIl ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa dfg5-l OO/dfg5-100 ura3-52/ura3-52 leu2::hisG/leu2::hisG t?pl::hisG/TRPl 
MATa/MATa dfg5-1 OO/DFG5 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG t?l::hisG/TRPl 
MATa/MATa dfg9-lOO/dfg9-100 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa dfg9-lOO/DFG9 ura3-5Z/ura3-52 leuZ::hisG/leu2::hisG trpl::hisG/TRPl 
MATa/MATa dfglO-lOO/dfglO-1OO uru3-52/ura3-52 leu2::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa dfglO-lOO/DFGlO ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa buds-1 08/bud8-108 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG t?l::hisG/TRPl 
MATa/MATa b u d 8 1  OS/BUDS ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa  dfglkl00/dfg16-100 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MATa dfgl 6-100/DFG16 ura3-52/ura3-52 leuZ::hisG/leuZ::hisG trpl::hisG/TRPl 
MATa/MA Ta ura3-52/ura3-52 

Source 

G. R. FINK 
G. R. FINK 
G. R. FINK 
G. R. FINK 
This study 
This study 
This study 
This study 
This study 
G. R. FINK 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
G. R. FINK 

so far to affect filamentous growth encode  proteins in- 
volved in signal transduction. None of the targets for 
this signaling pathway is known. Therefore, we designed 
a general screen  for  the isolation of genes required  for 
filamentous growth  in S.  certuisiae. Mutations in 16 
genes ( W C 3 9 ,  STE12,  TECl, WHI3, NABl,   DBRl,  
CDC55, SRV2, TPMl ,  SPA2, BNIl,  DFG5, DFG9, DFGlO, 
BUD8 and DFGl6) were found to suppress filamenta- 
tous growth. Analysis  of these mutations indicates that 
invasion can be separated from filament formation-uni- 
polar growth, cell morphogenesis and cell separation. 

MATERIALS AND METHODS 

Yeast strains, media, and genetic  methods: All yeast strains 
used  in this study are described  in  Table 1, and  are derived 
from C1278b or have been crossed into  the C1278b genetic 

background (GRENSON et al. 1966; LIU et al. 1993). Standard 
yeast culture  medium was prepared essentially as described 
(SHERMAN et al. 1986). Low ammonia  medium (SLAD) for 
scoring  pseudohyphal growth was prepared as described (GI- 
MENO et al. 1992). When required, uracil was added  to SLAD 
medium  to a final concentration of 0.2 mM to make SLAD 
+Ura. Crosses, sporulation and tetrad dissection were per- 
formed according to SHERMAN et al. (1986). Yeast transforma- 
tions were performed as previously described ( IT0 et al. 1983; 
GIETZ et al. 1992). 

Isolation of and genetic analysis of d& mutants: Mutagen- 
esis for  the isolation of dfg mutants was performed by using 
the Tn3 transposon  mutagenized yeast genomic DNA library 
constructed by BURNS et al. (1994). Strain 10511-9D (MATa 
ura3-52 leu2::hisG trpl ::hi&) carrying both plasmids B2185 
and B3364 was transformed with  NotI-cleaved DNA from 14 
different  pools of the yeast genomic library carrying random 
Tn3::lacZ::LEUZ insertions (BURNS et al. 1994), according to 
the protocol of GIETZ et al. (1992). Approximately 280,000 
transformants were obtained by growth selection on SC -Leu 
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TABLE 2 

Plasmids 

Plasmid Description  Source 

pRS316 URA3marked centromere vector SIKORKSI and HIETER  (1989) 

YEplacll2  TWI-marked 2 pm vector GIETZ and SUCINO  (1988) 
B2185 4.4kb  fragment  containing  the MATa locus in pRS316 FINK laboratory collection 
B3364  2.6-kb fragment  containing PHDl in YEplacll2 FINK  laboratory collection 
pCG38 2.6-kb fragment  containing PHDl in pRS202 GIMENO and FINK (1994) 
B2065 GALI,lO::STE12 in URA3 marked  2 pm vector B. ERREDE 
B2616 5.6-kb fragment  containing STElI-4 in YCp50  G. SPRAGUE 
B2255 In  YCp50 M. WICLER 
B3366  6.5-kb fragment  containing TECl in pRS202 This study 

pRs202 URA3marked 2 pm vector C. CONNELLY and P. HIETER 
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-Trp  -Ura  medium  and collected as a  pool. Cells from this 
pool were washed with water and plated on SLAD medium 
at a density of - 1000 colonies per plate, and 100,000 colonies 
were visually screened  for dfg mutant strains by using a Wild 
M5A stereomicroscope with a  transmitted  light  console base. 

Four  hundred twenty-four putative dfgmutants were picked 
and  further analyzed by a qualitative filamentous growth assay, 
revealing 56 Dfg- strains that exhibited severe defects in fila- 
mentous growth. Segregants that  had lost the plasmids car- 
rying PHDl and  the MATO locus were isolated from  each of 
these 56 putative mutants.  These  segregants were crossed to 
strain 10480-2C (MAT0 ura3-52 leu2::hisG). Five out of 56 
Dfg- strains were sterile and were directly analyzed by rescue 
of the genomic DNA immediately adjacent to the LEU2 inser- 
tion responsible for  the mutation. The  remaining 51 Dfg- 
strains were further analyzed by tetrad analysis. For  each cross 
between tester strain 10480-2C (MATa uru3-52 leu2::hisG) 
and these 51 Dfg- strains (MATa ura3-52 leu2::hisG trpl:: 
hisG dfg::LEU2), at least six four-spore  tetrads were analyzed 
for growth on SC -Leu and  on SC -Trp  medium. In 50 out 
of 51 crosses, both  the LEU2 as  well as the TRPl marker  genes 
segregated in a 2:2 pattern in all four-spore  tetrads that were 
analyzed, indicating that 50 of the original dfg mutants were 
carrying only a single transposon  insertion. Linkage of the 
dfgmutation to the insertion was tested by intercrossing  spores 
from  the tetrads of each cross. Diploid strains either homozy- 
gous or heterozygous for  the LEU2 marker gene were con- 
structed  using  a total of four different Leu+  and two different 
Leu- spore clones, and tested for filamentous growth. We 
made  the tentative assessment of linkage if all the LEU2/ 
LEU2 diploids failed to filament and all the leu2/leu2 diploids 
filamented. The LEU2 marker from  the insertion  segment 
and a  filamentous growth defect were genetically linked  in 
45 dfg mutants. In the  remaining five Dfg- strains,  the dfg 
mutations were not linked to the LEU2 marker gene  and 
were not analyzed further. Genomic DNA flanking the LEU2 
insertion was isolated from  each of the  remaining 45 dfg mu- 
tants and analyzed by sequencing, revealing at least 35  inde- 
pendent transposon  insertions  in  a total of 16 genes. For 
genes  in which we isolated only one transposon  insertional 
allele (CBC39, NABl, DBRI, CLlC55, TPMl, SPA2, BNII, DFG9, 
DFGlO and DFG16), we intercrossed several more meiotic 
progeny and tested for filamentous growth. In all these cases 
the  data were consistent with linkage between the transposon 
insertion and  the Dfg- phenotype. 

Plasmid rescue and DNA analysis: Genomic DNA immedi- 
ately adjacent to Tn3::lacZ::LEUZ in the dfg mutants was 
cloned essentially as described  earlier  (BURNS et al. 1994). 
DNA and  protein homology searches were performed  at  the 

National Center  for Biotechnology Information using the 
BLAST network service (ALTSCHUL et al. 1990). 

Qualitative  filamentous  growth  assay: The qualitative 
growth assay for filament  formation was performed as de- 
scribed previously (GIMENO et al. 1992; GIMENO and FINK 
1994). Strains to be tested were streaked to  obtain single cells 
on fresh SLAD or SLAD +Ura plates. Four to six strains were 
streaked per plate. The streaking technique was chosen as to 
produce a gradient of colony density, with the highest density 
existing in  the  center of the plate.  Cultures were grown at 
30°, and  after  the  appropriate  period of time, representative 
colonies were photographed. 

Determination of substrate  invasion: Substrate invasion 
was performed first by streaking strains on SLAD plates as 
described above, and  subsequent incubation of the plates at 
30" for 3 days.  Cells that  had  not invaded the agar were washed 
away  by rubbing  the plate with a gloved hand while rinsing 
the plate under  running water. Cells that had invaded the 
agar remained as  visible colonies on  the surface of the washed 
plate. Invasiveness was confirmed by microscopic examination 
of the remaining cells and  determination  that  both  the plane 
of focus required  for cell visualization resided inside the  agar 
and  that a  micromanipulation  needle was required to pene- 
trate the agar to reach the cells.  Invasiveness  of different 
strains was quantified by determining  the percentage of single 
colonies (typically 50  colonies  from  a streak), where  a signifi- 
cant  amount of cells remained  in  the agar  after washing. Five 
different classes for invasiveness were defined: + + + +, >90% 
colonies had cells in  agar; +++, 70-90%; ++, 30-70%; +, 

Determination of cell  shape: Cell shape  determination was 
performed based on a method  for characterization of cell 
shape in Candida albicans (MERSON-DAVIES and ODDS 1989). 
After 3 days growth on SLAD medium  at 30°, cells that  had 
not invaded the agar were removed by washing the plates. 
Cells that  had invaded the  agar were scraped out with a  tooth- 
pick, suspended in 50 pl of water, and analyzed for cell shape 
by light microscopy. Cell shape patterns of different strains 
were quantified by determining  the length to width (l/w) 
ratio of 200 cells and dividing them into  three different 
classes: round yeast form cells (round YF)  with a l/w ratio of 
1, oval YF cells (oval YF)  with a I/w ratio between 1 and 2, 
long pseudohyphal cells (long PH) with a I/w ratio of >2. 
Numbers  in the tables represent  the percentage of  cells in 
each class. The l/w ratios of large numbers of cells (>20) 
were estimated by eye, whereby the  three different classes 
of cell shapes were easy to distinguish from  one  another. 
Moreover, photomicroscopy and  measurement of cell dimen- 
sions of a few selected cells in  each class agreed with the 
division in  the  three categories. 

5-30%; -, <5%. 
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Bud scar staining: Cells in exponential growth  phase in 
liquid were prepared by incubating cells in YPD medium on 
a roller drum at  30" until the culture reached ODrd,,, 0.6. Cell 
suspensions  were fixed at room temperature for 2 hr in Xi% 
formaldehyde.  Samples  were  rinsed twice in water and resus- 
pended in 200 ml of a fresh  stock of 1 mg/ml calcofluor 
white (Fluorescent Brightener W28 FS259 Sigma) in water. 
Samples  were  stained  at  room temperature in the dark for 10 
min, and washed three times in water before observation. Bud 
scars  were  visualized by fluorescence  microscopy on a Zeiss 
Axioskop and photographed with a 35mm camera  using 
TMAX 400 film (Kotlak). Cells  with two to 10 obvious bud 
scars  were  divided into three classes  based upon bud  scar 
distribution: bipolar, cells with two or more burl scars with at 
least one scar at each end of the cell (the birth end and the 
free end); unipolar, cells with all bud  scars at one  end of the 
cell  immediately adjacent to one  another; random, cells with 
bud  scar distributions other than bipolar or unipolar. Num- 
bers  in the tables represent the percentage of  cells  in  each 
class for a sample of 200 cells. 

Light microscopy  techniques: Light  microscopy  of  micro- 
colonies was performed with a Zeiss MTL light  microscope 
using  bright field optics.  Petri  plates were placed  directly on 
the microscope  stage. To visualize the colonies, 16X and 10X 
long working distance objectives  (Zeiss)  were  used.  Colonies 
were photographed with a 35-mm camera  using  Technical 
Pan (Kodak) film. For  cell shape determination, samples of 
invasive  cells  were prepared as described  above, and viewed 
with a Zeiss M I  light  microscope (40X short working  distance 
objective)  using a hematocytometer (Improved Neubauer). 
Light photomicroscopy of invasive  cells  was performed by 
placing the cells on a slide with  coverslip and viewing  with 
Nomarski optics on a Zeiss  Axioskop with a l0OX objective. 
Photographs were  taken  with a 35-mm camera  using  Techni- 
cal  Pan (Kodak) film.  Images  were printed onto photographic 
paper and cell dimensions were measured  directly.  Length 
was measured along the longest axis  of each  cell, and width 
was measured at the midpoint of the longest axis (GIMENO rl 
01. 1992). 

Time-lapse  microscopy: Bud site  selection of growing  fil- 
aments MUS determined by using a chamber for  high  magnifi- 
cation  imaging of  yeast  growth as described previously ( K R O N  
rl d .  l994), and viewed with a Zeiss M I  light  microscope 
using a 40X short working  distance  objective.  Budding was 
observed and classified according to the site  where the first 
bud of a virgin mother emerged. None of the cells present 
in the chamber (typically 10 individual  cells) at time  zero was 
scored, as their birth end could  not always be determined. 
Instead,  buds that emerged after the first  time point and 
subsequently initiated buds of their own were defined as virgin 
mothers. The birth end of a virgin mother was defined as the 
region adjacent to the site  where she was attached to her 
mother, and the free end was defined as the end of the cell 
opposite the birth end (FREIFELDER 1960). The position of 
bud  site emergence of these virgin mothers was determined 
by direct microscopic  observation. 

RESULTS 

A haploid strain that forms filaments: Recessive mu- 
tations that affect  filamentation  are  difficult  to isolate 
because  filamentation on low ammonium  medium 
(SL4D) is a colony  phenotype  that is restricted  to d ip  
loids (GIMENO et nl. 1992);  haploids do  not form visible 
filaments on this medium.  Although  haploid colonies 
exhibit invasive growth  behavior with many similarities 

1 
I 

FI(:LIRE 1 ."n4ATa/hfATor haploid  cells  overexpressing 
PHDI display  filamentous  growth.  Strains L5526 ( " 4  zoni- 
52 by11 ::hi.tC), carrying  plasmids B3364 (PIfDl  on 2 p M )  and 
B218.5 (MATor locus in pRS316) (a); L.5526, carrying  plasmids 
I33364 and pRS.716 (b); L5527 (MATor ztm3-52 /r/1l.':hisG), 
carrying B33G4 and B2185 (c); and L3527, carrying I33364 
and pRS316 (d), were patched on SC -Ura -Trp ~ n e d i u n ~  
grown overnight at SO", and streaked  to obtain single  cells on 
nitrogen stanation (SLAD) medium. Plates  were  incubated 
at 30" and representative  colonies were photographed after 
72 hr o f  growth. 

to the pseudohyphal growth of MATa/MATa diploid 
strains (ROBERTS and  FINK 1994),  haploid invasive 
growth occurs  beneath  the colony and  does  not lead  to 
visible filaments protruding  from  the colony. To cir- 
cumvent  this  problem, we tested whether MATa/MATa 
haploid  strains, containing  the  extra copy of the  oppo- 
site mating type locus on a plasmid, give sufficient fila- 
mentation  to  permit  the isolation of mutations. 
Unfortunately,  such MATa/MATa haploid  strains are 
unsuitable  for a mutational  screen  because only -60% 
of all colonies with this genotype  form  filaments. To 
avoid this variability, we ectopically expressed the PHDl 
gene,  an  enhancer of filamentation (GIMENO and  FINK 
1994),  in  the MATa/MATa haploid  strain we had  con- 
structed.  These  strains display greater  homogeneity in 
colony  morphology:  filamentous growth on SLAD oc- 
curs  at a frequency  comparable  to  that of I\ / iA~a/l"i~a 
diploid  strains (>99% of the colonies form filaments). 
PHDl enhances filamentation only in the MATa/M"iTa 
haploids:  haploids that  are  not heterozygous at  the mat- 
ing type locus  (Figure 1)  are  not induced  to  form fila- 
ments by overexpression of PHDI. 

Isolation of mutants defective for filamentous growth: 
To isolate ![q- mutants, we used a MATa/MA7h. h a p  
loid (strain 1051 1-9D: MATa urd-52 / f w 2 : : h i s ~  
tq11 ::hisC;) carrying both  the MATa locus on a URA3 
marked  centromere plasmid and PHDl on a 7'fV'l- 
marked 2 pm plasmid. This  strain was mutagenized by 
integrative  transformation with a transposon-mutagen- 
ized genomic library carrying random 7'n3::IXU2 gene 
insertions  (Figure 2A, BURNS PI nl. 1994).  Independent 
Leu+  transformants (280,000) were collected and 
plated on nitrogen  starvation (SLAD) medium. After 4 
days of growth, 100,000 colonies were screened visually 
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FI(;L'KI:. 2.--lsolation of mutants  defective for filamentous 
growth ({j.q) in A4,47a/MATa haploid cells. (A) Outline of 
IIFG screen. A MATa/iVfATa haploid strain (for details see 
MATER1N.S hS1) \lITl~lOI>S) was transformed with a genomic 
library that had been mutagenizcd with Tn3 transposon 
flanked ILU2  gene insertions (BLXSS pt 01. 1994). A pool of 
280,000  independent Leu' transformants, consisting of mu- 
tants where  random genomic loci X had been replaced with 
transposon mutagcnized loci by homologous recombination 
events, was collected and plated on nitrogen stamation 
(SLAD) medium. After 4 days, 100,000 colonies were 
screened visually for  mutants  unable to form  pseudohyphal 
filaments. (R)  Filamentous growth defects of MA7a/MATa 
haploid {k mutant strains. Strains L.5526 (a), and d'gmutant 
strains HMY15-248 ( s t p 1 2 - 1 0 1 )  (b), HMYl.5-64 (7uhi3-100) (c) ,  
and HMYl3-33 (cdc39-109, all carning both plasmids €33364 
(PHDI on 2 ,urn) and €3218.5 (iVfATa on a centromere plas- 
mid) were patched on SC -Ura -Trp medium, grown over- 
night at 30". and streaked to obtain single cells on nitrogen 
starvation (SLAD) medium. Plates were incubated at 30" and 
representative colonies were photographed after 72  hr  of 
growth. 

for  mutants  unable  to form  pseudohyphal  filaments. 
Upon  retesting, 56 Dfg- strains were identified that 
exhibited sewre defects in filamentous  growth  (Figure 
2B). A combination of genetic and molecular analysis 
was then  performed  on all 56  mutants. 

Segregants  that  had lost the plasmids carrying PHDI 
and  the MATa locus were isolated  from  each  putative 
mutant.  These  segregants were crossed to strain 10480- 
2C (MATi w03-52 l~112::hisC). Five out of 56 Dfg- 
strains were sterile and were directly analyzed bv rescue 
of the  genomic DNA immediately  adjacent to the 1J312 
insertion  responsible for  the  mutation. DNA analysis 
revealed that  these five sterile #imutants  had transpo- 
son  insertions  at  three  different sites in the STk:12gene 
(Table 3 ) .  STEI2  function is required  for  both filamen- 
tous growth and  mating (LIV d 01. 1993). The re- 
maining 5 1  Dfg- strains were analvzed by tetrad analv- 
sis, and diploid  strains either homozygous (by mating 
of  ascospore  progeny) or  heterozygous  for the  insertion 
mutations were constructed and tested for  filamentous 
growth (for details  see MATERIAIS AND  METHODS). The 
I I U 2  marker from the  insertion  segment  and a fila- 
mentous growth defect were genetically linked in 45 
![q mutants. In the  remaining six  Dfg- strains, the !Jig 
mutations  were  not linked to the I " J 2  marker  gene 
and were not analyzed further.  Genomic DNA flanking 
the  lLU2 insertion was isolated from  each of the re- 
maining 45 dJig mutants and  sequenced.  This combina- 
tion of genetic and molecular analysis revealed that  the 
4.5 mutants  represent  at least 35 independent muta- 
tional events, identifying 16 genes  required  for fila- 
mentous growth: CDC39, STE12, TECI, MH13, NARI,  
DBRI, CDC55, SRV2, TPMI, SPA2, RNII, DFG5, DFG9, 
DFGIO, HJD8 and DFG16 (Table 3 ) .  
The dLqmutations define  four  classes: M'e character- 

ized each of the  diploid ([q mutants with respect  to 
their ability to  control  the position of the  bud site (CP, 
cell polarity),  change in shape (CE, cell elongation) 
and ability to invade agar (IhW, invasion). Bud site se- 
lection patterns were determined by staining  bud scars 
of exponentially  growing yeast form (YF) cells with cal- 
cofluor and dividing them  into  three groups:  bipolar, 
random  and  unipolar  (Figure 3A, Table 4). Substrate 
invasion was measured bv determining  the  ratio of inva- 
sive us. noninvasive cells of ![j mutants  after growth on 
SLAD (Figure 3B; Table 4). The  shape of invasive cells 
was then  determined by defining  three morphological 
groups:  long PH cells, oval YF cells, and  round YF cells 
(Figure 3C; Table 4; see SIATERIX1.S .ANI) METHODS). 

Characterization of all d[qmutants by these  criteria  de- 
fines four  different classes (Table 4). 

CInss I (CP' CE- I W ) :  Mutants in class I are im- 
paired  both  for switching from  the YF to the PH cell 
morphology and substrate invasion in  response  to  nitro- 
gen  stanation,  but have no defect in the  budding pat- 
tern of the YF cells. Mutations in seven genes, STI.12, 
TECI, CDC39, NABI, 1W13, DBRI, and CDC55, fall into 
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TABLE 3 

Molecular and genetic analysis of dfg mutants 

Mutant Site of 
~~~ ~~ 

Gene 
Filamentation of 

Reference allele insertion“ homozygous mutant” 

m c 3 9  
STEl2 

TECl 

W H Z 3  

NABl 
DBRl 
cDc55 
SRV2 

TPMl 
SPA2 
BNII 
DFG5 

DFG9 

D E 1  0 

BLD8 

DFGl6 

Standard C diploid 
COLLART and STRUHL (1993) 
ERREDE and A ” E R E R  (1989) 

~ O U X  et al. (1990) 

GenBank accession U01095 

GenBank accession M88277 
CHAPMAN and BOEKE (1991) 
HEALY et al. (1991) 
FIELD et al. (1990) 

Lru and BRETSCHER (1989) 
GEHRUNC and SNYDER (1990) 
GenBank accession L31766 
PIR accession S57605, hypothetical 

protein YM9959.20 

Swiss Prot accession P40091, hypothetical 
protein YEX9 or YER149C 

Swiss Prot accession P40526, hypothetical 
protein YIE9 or YIL049W 

GenBank accession L37016 

PIR accession S54363, hypothetical 
protein YOL303.14 

cdc39-100 
steI2::LEU2 
stel 2-1 00 
stel 2-1 01 
stel2-102 
tecl-100 
tecl-101 
whi3-100 
whi3-101 
whi3-102 
whi3-103 
nabl-100 
dh l -100  
cdc55-100 
sru2-100 
sru2-101 
sru2-lo2 
tpml-100 
spa2-100 
bnil-100 
dfg5-100 

dfg5-101 
dfg9-100 

dfgl0-100 

bud8-100 
bud8-101 
bud8-102 
bud8-103 

bud8-105 

bud8-107 
bud8-108 

bud8-1 I O  
dfgl6-100 

bud8-104 

bud8-106 

bud8-109 

No insertion 
ORF (+3845) 

Prom (- 180) 
Prom (-45) 
ORF (+125) 
ORF (+145) 
ORF (+395) 
Prom  (-275) 
ORF (+35) 
ORF (+200) 
ORF ( + 1205) 
Prom (-70) 
ORF (+605) 
Prom  (-735) 
ORF (+725) 
ORF (+1340) 
ORF (+1400) 

ORF (+2985) 
ORF (+1520) 
Prom (-50) 

ORF (+40) 

ORF (+110) 
ORF (+365) 

Prom (-20) 

Prom  (-565) 
Prom  (-375) 
Prom  (-245) 
Prom  (-25) 
ORF (+195) 
ORF (+320) 
ORF (+400) 
ORF (+450) 
ORF (+610) 
ORF (+670) 

ORF (+ 1265) 
ORF (+735) 

ND, not  detected. 
“Approximate position (within 25 bp) of Tn3::LEU2 insertions in  the  promoter region (Prom)  or  the protein coding region 

(ORF) are given relative to  the translational  start site ATG at position + l .  ’ Filamentation was assayed on  nitrogen starvation (SLAD) plates, with control strain L5366 exhibiting  a value of +++. For 
genes with only one  mutant allele at least three homozygous and two heterozygous mutant strains were constructed  from 
independent haploid spores. All alleles were recessive for  filamentation  defect (whz3-101, whi3-102, stel2-100,  stel2-101, ste12-102 
were not  determined). 

this  class. Mutations in WZ3, W C 3 9 ,  and W C 5 5  result 
in a strong defect in invasion, cell elongation, and fila- 
ment formation. After 3 days  of growth on nitrogen 
starvation medium, whi3/whi3,  cdc39/cdc39, or cdc55/ 
cdc55 diploid colonies are virtually  devoid  of long cells 
and show no agar invasion (Figure 3B). The few  cells 
remaining in the agar after the plates  were  washed are 
not organized into filaments. Mutations in the  other 

four class I genes, TECI ,   STE12,  NABl and DBRI, ex- 
hibit somewhat milder defects. Although diploid tecl/ 
tecl,  stel2/stel2, nabl/nabl, and dbrl/dbrI mutant 
strains do  not develop visible filaments, these strains 
are leaky and develop some invasive filaments beneath 
the colonies after the surface growth  has been removed 
by washing the plates. However, these filaments consist 
of  cells  with  mostly YF morphology. In summary, the 
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FIGL~RK 3.--Phenot).pic  analysis  of djjimutant strains. ( i \ )  I h l t l  site selection patterns. Bud scars were stained and visualized for 
exponentially growing strains L,.53fi(i ( a ) ,  HMC267 (t~.cl-lOl//~.c.l-lOl) (b) ,  HMC281 ( t ~ ~ ~ l - l 0 0 / t ~ ~ ~ ~ - l ~ ~ )  (c), HMC283 (bni-l00/ 
/)nil-100) ((1). HMC'LOS ( /~~tr l~?- /O~?/ l ,vr l~?- /O~?) (e), and HMC2I 1 (/)1rrl8-109/(,~rrl~?-10~ (0, and representative cells are shown for 
bipolar (a and b),  random  (c and d)  and unipolar  (e  and f )  bud scar distribution. (R)  Substrate invasion phenotypes. Strains 
L536fi (a  and I]), HM<:'L33 (ro/~i?- lOO/~~~/ri3-10~~) (c antl d) ,  HMC281 ( t ~ ~ m l - l 0 0 / t ~ ~ ~ n l - l 0 0 )  (e antl f) ,  and HMC225 (~j,iilcFlO0/~j,ii/6 
100) (g and 11) were patched on YPD medium, gown overnight at SO", and strcaketl to  obtain single cells on nitrogen stanmion 
(SLAD +Ura) mediunl. Plates were incuhatetl  for 72 hr at 30". Representative colonies were photographed before ( a ,  c, e,  and  g) 
and after (b, d, f, antl 11) washing the plates. (C) Cell morphology  phenotypes. Strains L5366, L5427 ( s t r 1 2 : ~ I ~ U 2 / s f r 1 2 : ~ I ~ ~ U 2 ) ,  
and HMC281 ( t~~ml - IO0/ /~~rn l - I00)  (c) were grown on nitrogen stanntion (SLAD +Ura) medium  for 72 hr  and washed  with water. 
Cells that had invaded the agar  substrate were scraped out, dissolved  in water and visualized under  the microscope with Nomarski 
optics. Representative cells are shown for  the  long pseudohyphal (L.5366) (a), oval (L5427) (b),  and  round yeast Iorm morphology 
(HMC281) (c). 

phenotypic  appearance of class I mutants,  intact  mor- 
phology and polarity in their YF, but failure  to  respond 
to  nitrogen  starvation, suggests a role  for class I genes 
in signaling  for  filamentous  growth. Sequence analysis 
of class I genes also predict5 a function  in cell signaling 
or  gene regulation. STXI2 ( D ~ I A N  ~t nl. 1989; ERREDE 
and A " E R E R  1989; YC'AN and FIELDS 1991), TECI (LA- 
LOUX Pt 01. 1990, 1994), and CDC39 (COLLART and 
STRUHL 1993, 1994) all encode known transcription 
factors. In  addition, TLCI has  been  reported  to  be re- 
quired  for  filamentous growth in S. c p y ~ ( ~ i s i n ~  (GAVRIAS 
d (11. 1996). NAB1 is a gene with unknown  function,  but 
it5 gene  product was localized to the  nucleus  (Genbank 
accession M88277). The predicted  amino ncid  se- 
quence of WH13 (Genhank accession U01095)  includes 
a motif found in known RNA binding  proteins. DBRl 

is required  for  intron  turnover (CHXIWMAN and ROEKE 
1991) and CDC55 encodes  the regulatory subunit for 
protein  phosphatase 'LA (HEALY P/ 01. 1991). 

CInss I I  (CP- CE- INIF):  Mutants in class I1 are defec- 
tive in cell polarity and cell elongation,  but still invade 
the  agar. Seven genes were identified  that  belong  to 
this class, TPMI,  SPA2, BNII,  SRV2, DFG5, DFG9 and 
DFGlO. Mutations  in  these  genes  lead  to random  bud- 
ding  patterns, indicative of severe cell polarity defect5 
(Table  4). Moreover, class I1 mutants  are  roundYF cells 
(Table  4), irrespective of their  nutritional status,  dem- 
onstrating a role in regulation of cell morphology. The 
specific function of class I1 genes  in cell polarity and 
morphogenesis was further  corroborated by analysis of 
their  sequence. TPMI codes  for  the major  form of tro- 
pomyosin in yeast and is a component of the microfil- 
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TABLE 4 

Classification of dfg mutants 

Budding pattern Cell shape 

Bipolar  Random Unipolar Long Oval Round 
Class Strain Relevant  genotype (%) (%I (%) Invasion PH (%) YF (%) YF (%) 

Standard L5366  73 7 20 +++ 18 73 9 
Class I HMC203 cdc?9-100/cdd9-l00 87 9 4 + 0 21  79 

L5427 stel2::LEU2/stel2::LEU2 72 9 19 + 3 74  23 
HMC267 tecI-l01/tec1-101 71 4 25 + 2 69  29 
HMC233 whi3-l00/whi?-l00 67 15 18 - 0 4 96 
HMC275 nabl-l00/nabl-100 50 12 38 + 0 44  56 
HMC237 dbrl-l  00/dbr1-100 62 10 28 + 6 54 40 
HMC199 cd~55-1  OO/~d~55-100 39 49 12 + 0 19 81 

Class I1 HMC205 ~r~2-l00/~r02-100 18 82 0 - 0 1 99 
HMC281 tpml-lOO/tpml-I 00 14 85 1 ++ 0 2 98 
HMC245 spa2-l00/spa2-100 30 67 3 ++ 0 22  78 
HMC283 bnil-l00/bnil-100 15 75 10 ++ 0 7 93 
HMC235 dfg5-l OO/dfg5-100 36 35 29 ++ 0 7 93 

HMC239 dfg10-100/dfgl10-100 14 84 2 ++ 0 6 94 
Class  I11 HMC209 bud8-1  08/bud8-108 28 5 67 ++ 18 59 23 
Class IV HMC225 dfgl6-100/dfglG100 75 5 20 - 19 53 28 

HMC263 dfg9-l 00/dfg9100 7 85 8 ++ 0 6 94 

ament cytoskeleton (LIU and BRETSCHER 1989). SPA2 
encodes  a  structural  protein  that is required  for projec- 
tion formation  during  mating and colocalizes  with actin 
to shmoo tips (GEHRUNG  and SNYDER 1990).  In addi- 
tion, SPA2 has recently been  demonstrated to be re- 
quired  for  the bipolar bud site selection program 
( ZAHNEK et al. 1996). BNIl ,  identified originally because 
the bnil mutation is synthetically lethal in combination 
with a cdcl2 mutation (FARES and PRINGLE, as cited in 
MARHOUL and ADAMS 1995), is required  for  the bipolar 
bud site selection pattern (ZAHNER et al. 1996) and has 
been  found to be required  for  mother cell-specific HO 
expression (BOBOLA et al. 1996; JANSEN et al. 1996). 
SRV2 codes for adenylyl  cyclase associated protein 
(Srv2p or CAP) and is known to be important  for  the 
organization of the actin cytoskeleton (FIELD et al. 1990; 
GERST et al. 1991). Moreover, Srv2p interacts with actin 
and actin-interacting proteins i n  vivo and in uitro 
(AMBERG et al. 1995; FREEMAN et al. 1995, 1996). DFGS, 
DFG9 and LlFGlU were sequenced as part of the Yeast 
Genome Project, and code  for  three  predicted  proteins 
YM9959.20,  YERl49c and YlL049w,  respectively, that 
share no homology to any protein in the  data base. As 
none of these ORFs had previously been assigned a 
function, we have renamed  them DFGS, DFGY and 
DFGlU (Table 3 ) .  

All  class I1 mutants  (except sro2 mutants) were  still 
able to invade the agar substrate upon nitrogen starva- 
tion. For example,  a tpml/tpml diploid strain is unable 
to form filaments of  PH  cells when growing on SLAD, 
but agar invasion is intact (Figure 3B). Thus, class I1 
mutants  separate cell polarity and morphogenesis from 
invasive growth, suggesting that invasion may  involve a 
distinct pathway. 

Class 111 (CP- I W ) :  Mutations in class I11 fail 
to elaborate  the  unipolar  budding  pattern  required for 
the  formation of linear filaments, but do  not affect cell 
elongation or substrate invasion. Although there is only 
one  gene, BULl8, in this  class, we isolated 11 different 
bud8 mutant alleles each of which exhibits the identical 
phenotype. BUD8 is required  for distal bud site  selec- 
tion (the site opposite to the  birth end of the cell) in 
YF cells (ZAHNER et al. 1996). Using time lapse photogra- 
phy, we found  that bud8/bud8 mutants  bud with a very 
high frequency from the proximal pole (at  the birth 
end of the cell) whether on rich medium (Table 3 and 
Table 4) or growing on  nitrogen starvation conditions 
(SLAD, data not  shown). The inability  of bud8/bud8 
mutants to bud from the distal pole explains their in- 
ability to form filaments. When grown on SLAD, bud8/ 
bud8 strains form PH cells and invade the  agar  (Table 
4),  demonstrating  that morphology and invasion are 
genetically separable from bud site selection. 

Class N (CP' CE+ I W - ) :  Mutants in class IV are 
defective in invasion, but do not affect cell polarity or 
filament formation. UFGl6, the one gene in  this  class, 
was sequenced as part of the Yeast Genome Project but, 
as no function  had  been assigned to it, we renamed it. 
The predicted  amino acid sequence of DFG16 does not 
show homology to other known proteins. When grown 
on  nitrogen starvation medium, dfgl(i/dfgl6 mutants 
(Figure 3B) produce filaments of long PH cells, albeit 
with a slightly reduced frequency. However, the fila- 
ments do  not invade the  agar, and can be easily re- 
moved from the surface by washing the plate. The exis- 
tence of the dfglb/dfgl(i mutant  phenotype further 
supports  the proposition that invasion is a genetically 
distinct function from cell polarity and morphogenesis. 
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In summary, the  phenotypic analysis  of dfg mutant 
strains combined with DNA sequence analysis  of DFG 
genes suggests that  the switch from YF growth to PH 
growth requires several different processes, each of 
which  is under distinct genetic  control. 

Interactions  between DFG genes  and  elements  of  the 
filamentous growth signaling  pathway: Filamentous 
growth is controlled by an evolutionarily  conserved  sig- 
naling pathway  in  which  Ras2p  signals via the Cdc42p/ 
Ste20p/MAPK module (MOSCH et al. 1996). To identify 
putative targets of  this  signal transduction pathway that 
account for the changes in  cell  polarity,  cell elongation 
and invasive growth, we tested epistasis  between dfgmuta- 
tions and gain-of-function mutations in RASZ (R~4S2"~"7 ,  
STEl I (STEII-4) and STEl2 (overexpression plasmid 
containing STE12). As these  alleles of RAS2,  STEl1, and 
STE12 cause enhanced filamentous growth (GIMENO et 
al. 1992; LIU et al. 1993; Table 5), they are referred to 
as "filamentous growth enhancers." Diploid dfg mutant 
strains were  first transformed with different plasmids 
containing  either  the RAS2v'""y or STElI-4 mutant alleles 
or with a high  copy  plasmid that results  in  overexpression 
of STE12 Double mutants composed of a dfg mutation 
and a gain-of-function mutation were  analyzed for their 
phenotypes (summarized in Table 5). 

Expression of the filamentous growth enhancers al- 
lowed  us to group class I genes into  four  different sub- 
classes: 

Mutations in both CDC39 and CDC55 severely  block 
filamentous growth enhancement by RASZv"1'9 (-12- 
fold by cdc39-100 and  about sixfold by cdc55-I 00) , but 
only weakly block enhancement by STEl1-4 (roughly 
twofold by both cdc39-200 and cdc55-100). This result 
suggests that  both CDC39 and W C 5 5  might  function 
downstream of RASZ but upstream of STEl1. 

Mutations in STE12 or TECI completely block the 
filamentous growth enhancement by STEl1-4, and par- 
tially  block the  enhancement by RAS2v""y. Thus, STE12 
as  well  as TECI appear to act downstream of both STEl1 
and R A S 2  Furthermore, overexpression of Teclp does 
not suppress the filamentous growth defect of a stel2 
mutant,  and reciprocally, overexpression of Stel2p 
does not suppress the tecl mutant  phenotype  (Table 
6; Figure 4), suggesting that  the transcription factors 
Stel2p  and  Teclp may interact to regulate filamentous 
growth. This observation agrees with our previous work, 
which showed that  both STEIZ and TECI are required 
for  the expression of the  same transcriptional reporter, 
a  finding  that was interpreted to meant  that  Stel2p 
might bind in concert with Teclp to promote transcrip- 
tion of genes  required  for filamenous growth (MOSCH 
et al. 1996). In addition,  mutations in both TECl and 
STEI2 block the  enhancement of filamentous growth 
by Phdlp to the same degree  (Table  6; Figure 4), again 
suggesting a synergistic role for Teclp  and  Stel+. 

wh23 mutations completely block filamentous growth 
even in the  presence of RAS2""119 or STE11-4, or when 

STEl2  was overexpressed, suggesting a role for W I 3  
downstream of STEI2. The filamentous growth pheno- 
types of nab1 and dbrl are partially suppressed by both 

and STEII-4, indicating a role for NAB1 and 
DBRl upstream of or parallel to the filamentous growth 
signaling pathway. 

Class  I1 genes  encode  structural  components of the 
actin cytoskeleton or  the  bud neck filaments and  are 
likely downstream targets of the  filamentous growth en- 
hancers. As expected,  the PH morphogenesis defects 
of  six of the seven  class I1 mutants (sru2, t f m l ,  spu2, 
bni l ,  dfg5 and dfg9) are not suppressed by RAS2v""y, 
STEll-4 or high copy STEI2. The remaining class I1 
mutant, dfgl0, is partially suppressed only by RAS2v"'1y. 

The cell polarity defect of a bud8 mutant (class 111) is 
not suppressed by any  of the pseudohyphal enhancers. 
However,  loss of BLD8 function  did  not block the  en- 
hancement of  cell elongation by RAS2'u119 or STEII-4, 
showing that cell elongation is distinct from the  bud 
site selection process. 

The invasive  growth defect of a dfgl6 mutant (class 
N )  could not be suppressed by RAS2vG"9 nor by STElI-4 
or high copy  levels  of STEIZ, indicating that the invasion 
defect of dfgl6 lies downstream of the filamentous 
growth signaling pathway. By contrast, the  number  and 
length of filaments, as  well  as PH cell morphogenesis 
of a dfgl6/dfg16 mutant strain were  still enhanced by 
R4s21'""9 and by STEl1-4, showing that  the DFGl6 defect 
is restricted to  invasive growth. 

RAs2v""9 

DISCUSSION 

Transposon  mutagenesis  combined  with  the  com- 
plete S. eerm'siue genome  sequence data is a fast and 
efficient  screening  tool: Our  procedure for  obtaining 
mutants defective in filamentation circumvents the 
problem  that filamentation is a diploid phenotype; re- 
cessive mutations affecting the  phenotype  cannot be 
detected  in  the diploids. There  are  methods  that  permit 
the isolation of mutations in diploid-specific traits. For 
example,  mutations  that block meiotic sporulation were 
isolated using homothallic yeast strains, which express 
the HO gene (ESPOSITO and ESPOSITO 1969; HERSKOW 
ITZ andJENsEN 1991). These protocols are based on  the 
idea  that, after mutagenesis, haploids expressing Ho 
switch mating type  within the  clone to produce haploid 
strains of opposite mating type, and thus will mate to 
produce homozygous diploids expressing the  mutant 
phenotype. As an alternative, we found  that expression 
of IMATa from  a plasmid in  a MATa haploid strain gave 
a sufficiently diploid-like filamentation phenotype  that 
we could use these haploid strains for  the  mutant 
screen. Moreover, after loss  of the MATa plasmid, the 
mutations could be analyzed by straightforward back- 
crosses. 

A second feature of our  procedure is the use of  a 
Tn3 transposon insertion library as the mutagenic 
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TABLE 5 

Effects of different pseudohyphal  enhancers in dfg mutants 

Cell shape 

Long Oval Round 
Class Strain Chromosome Plasmid Invasion PH (%) YF (%) YF (%) 

Relevant genotype 

Standard L5366 

Class I HMC203 

L5427 

HMC267 

HMC233 

HMC275 

HMC237 

HMC199 

Class SI HMC205 

HMC281 

HMC245 

HMC283 

HMC235 

HMC263 

cdc39-100/cdc39-100 

stel 2::LEU2/ste12::LEU2 

tecl-l0l/tecl-I01 

whi3-100/whi3-100 

nabl-100/nabl-l00 

dbrl-l00/dbrl-l00 

~d~55-100/~d~55-100 

sm2-1 00/Sru2-100 

tpml-l00/tpml-l  00 

spa2-1 OO/spa2-100 

bnil-l00/bnil-100 

dfg5-l  00/dfg5-100 

dfg9-l  00/dfg9-100 

Vector 
RAs2':4"9 

STEI 1-4 
STE12 2pm 
Vector 
ms2'?,11Y 

STEI 1-4 
STEl2 2pm 
Vector 
ms2'"l19 

STEl1-4 
STE12  2pm 
Vector 
RAs2'bl19 

STEl1-4 
STEIZ Zpm 
Vector 
ms2'"119 

STEll-4 
STELZ 2pm 
Vector 
ms2'"1i 9 

STEl1-4 
STEI 2 Zp m 
Vector 
RAs2$izi!9 

STEll-4 
STE12 Zpm 
Vector 
RAs2v,!l19 

STEl1-4 
STElZ  2pm 
Vector 
ms2'"l19 

STEl1-4 
STEI2  2pm 
Vector 
RAs2'b11Y 

sTm 1-4 
STEl2 2pm 
Vector 
RAs2"<'llY 

STEl1-4 
s T E l 2  2p m 
Vector 
RAs2'~,dl 9 

STEl1-4 
STEI 2 2pm 
Vector 
RAs2'"11 Y 

S7Ell-4 
STE12 Zpm 
Vector 
mS2v<<11 9 

S7'ElI-4 
STE12 Zwm 

+++ 
++++ 
++++ 
++++ 

+ 
++ 
++ 
++ 
+ 

++ 
+ 

+++ 
+ 

++ 
+ 
+ 
- 

+ 
- 

- 

+ 
+++ 
+++ 
++ 
+ 

+++ 
+++ 
++ 
+ 

++ 
++ 
+ 
- 

+ 
- 

++ 
+++ 
+++ 
+++ 
++ 

+++ 
+++ 
+++ 
++ 

+++ 
+++ 
++ 
+ 

+++ 
+++ 
++ 
++ 

+++ 
+++ 
+++ 

- 

18 
49 
45 
29 
0 
4 

23 
14 
3 

17 
3 

28 
2 

12 
4 
3 
0 
0 
0 
0 
0 

16 
25 
14 
6 

19 
21 
14 
0 
8 

24 
9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 

73 
47 
48 
66 
21 
73 
69 
48 
74 
62 
78 
71 
69 
64 
63 
61 

4 
39 
9 
7 

44 
70 
64 
63 
54 
71 
51 
64 
19 
73 
57 
76 

1 
9 
4 
3 
2 

15 
10 
11 
22 
62 
29 
26 

7 
26 
21 
17 
7 

21 
15 
21 
6 

28 
13 
9 

9 
4 
7 
5 

79 
23 
8 

38 
23 
21 
19 
1 

29 
24 
33 
36 
96 
61 
91 
93 
56 
14 
11 
23 
40 
10 
28 
22 
81 
19 
19 
15 
99 
91 
96 
97 
98 
85 
90 
89 
78 
37 
70 
74 
93 
74 
79 
83 
93 
77 
85 
79 
94 
72 
87 
91 
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TABLE 5 

Continued 

Cell  shape 

Long  Oval  Round 
Class Strain  Chromosome  Plasmid  Invasion  PH (%) YF (%) YF (%) 

Relevant genotype 

Class  I1  HMC239 dfgl0-1 OO/dfg10-100 Vector + 0 6 94 
RAs2v""Y +++ 13  41  46 
STEl I-4 ++ 5 39  56 
STE12 2prn ++ 0 5 95 

Class I11  HMC209 bud8-l08/bud8-108 Vector ++ 18  59  23 
RAs2va" 9 +++ 36  60 4 
STEll-4 +++ 30  55  15 
STE12 2pm +++ 21  48  31 

Class IV HMC225 dfgllkl00/dfgl6-100 Vector - 19  53  28 
RAs2Va1'9  + 42 56 2 
STEll-4 - 31  60 9 
STE12 2prn - 26  62  12 

agent. This protocol has two major advantages over 
chemical or UV mutagenesis. First, transposon insertion 
mutations  are genetically tagged with a selectable 
marker and thus,  during  genetic analysis, can be easily 
followed in  haploid strains that  do  not express diploid- 
specific phenotypes. Second, genetically-tagged mutant 
alleles can be directly cloned by a two step rescue proce- 
dure  and sequenced  from  a  unique site in the transpo- 
son, providing immediate identification of the dis- 
rupted locus (BURNS et al. 1994). The availability  of the 
entire yeast genomic  sequence  means  that only minimal 
sequencing is required  for  gene identification and loca- 
tion of the  insertion within the  gene. We have found 
that mutagenesis by the  transformation/isolation pro- 
cedure is efficient, although  transformation itself ap- 
pears to be somewhat mutagenic. Six  of the 56 dfgmuta- 
tions were not linked to the LEU2 insertion. Of course, 
another intrinsic problem is that  mutations in genes 
encoding vital functions are  not likely to be isolated. 

Our screen  did not recover several genes known to 
affect filamentous growth including RAS2, CDC42, 
STE20, STEll  and STE7 (GIMENO et al. 1992; LIU et al. 
1993; MOSCH et al. 1996).  There  are several  possible 
explanations  for  the absence of these mutations. (1) 
The screen was not performed to saturation. (2) The 
insertion  element Tn3 does not insert randomly. (3) 
Tn3 insertions in essential genes such as CDC42 cannot 
be recovered. Probably all three  explanations  are rele- 
vant in our study. An additional reason for not recov- 
ering  upstream signaling genes such as RAS2, CDC42, 
STE20, STEll  or STE7 could be that  the  presence of 
PHDl on a 2 pm plasmid either partially or completely 
suppresses the filamentation defects of these mutants. 

Invasion is distinct from filamentation: We identified 
16 genes, comprising four  different classes, that dissect 
filamentous growth into distinct cellular processes. A 
key finding is that invasion is genetically separable from 
the  morphogenetic processes of  cell elongation (CE) 

TABLE 6 

STEIZ, TECl and PHDl interactions 

Cell  shape 
Relevant  genotype 

Long  Oval Round 
Chromosome  Plasmid  Invasion  PH (%) YF (%) YF (%) Strain 

L5366  Vector +++ 18  73 9 
STEl2 2 prn ++++ 29  66 5 
TECl 2 p m  ++++ 31  66 3 
PHDl2  p m  ++++ 55  45 0 

stel  2::LEU2/stel2::LEUZ Vector + 3 74 23 
STE12 2 prn ++++ 28  71 1 
TECl 2 prn + 7 84 9 
PHDl2  p m  +++ 23 74 3 

HMC267 tecl-lOl/tecI-101 Vector + 2 69  29 
STEl.2 2 p m  + 3 61  36 
TECl 2 prn ++++ 30  65 5 
PHDl2  prn +++ 15  76 9 

L5427 
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FIGURE 4.-Genetic interactions henuem s7'1:'12, TECI and PHDI during filamentous growth. Strains L.i.766 (wild type) (a-d), 
L5427 ( .s /r l2::I~~U2/.s /r12::1~U2) (e-h),  and HMC267 ( / ~ c l - l O l / / r c l - l i 7 l )  ( i - I )  carrying either plasmid pRS.716 (a, e ,  and i) ,  By065 
(2 pM STE12) (b, f, and j). B.7366 (2  pm TECI) (c, g, and k), or pCG38 (2  pm PHDI) ( d ,  h,  and 1) wcre patched on SC -Ura 
medium, grown overnight at SO", and streaked to obtain single cells on nitrogen stanation (SLAD) medium. Plates were incubated 
at 30" and representative colonies were photographed after 18 hr. 

and  bud site  selection (CP). Class I1 mutants  exhibit target of the  StelPp signaling pathway. Such a model 
CP- and CE- phenotypes  but  are Inv', whereas the is further  supported by the  finding  that overexpression 
class IV mutant (kl6/ci/gl6 is CP' and CE', but h - .  of Stel2p  does  not suppress  the Inv- phenotype  of a 
Moreover, bud site  selection  can be  separated  from in- @JigI6/@fg16 mutant. However, an alternative  model, 
vasion (and cell elongation), because bud8/bud8 mu- where ZM'G16 is part of a pathway required  for invasion 
tants are CP-, but Inv' and CE'. These results  suggest that acts  in  parallel to the  filamentous growth signaling 
the existence of a specific invasion pathway that in- pathway, cannot be  ruled  out. 
cludes DFG16 and is a target of the  filamentous growth PH cell morphogenesis  requires genes controlling the 
signaling pathway (Figure 5) .  The fact that  mutations actin  cytoskeleton,  bud  neck  filament  assembly  and  cell 
in STE12, as well as STE20,  STE11 and STE7 (ROBERTS asymmetry: We uncovered  mutations in several genes, 
and FINK 1994), cause a defect in invasion, argues  for BNII, SPA2, TPMI, and SRV2, that  are  required  for 
a model  where this invasion pathway is a downstream the formation of long  pseudohyphal cells. These  genes 
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RAS2 
*......-+. + 

? + 
+ 

CDC42 

ST€20 

S T € l l  Class I 
STEI 
MAPK 

4 i STEl2,  TECl 

i i 
FILAMENTOUS GROWTH 

I I I 
POLARITY MORPHOGENESIS INVASION 

Class 111 Class II Class IV 

BUD8 
TPMl, SPA2, BNIl, 
DFG5, DFGS, DFGlO 

DFG 16 

FIGURE 5,"Model  for filamentous growth development in 
S. cermisiae. The model reflects the genetic dissection of fila- 
mentous growth by mutations  in  different classes of DFGgenes 
into  the cellular processes of signal transduction (class I), bud 
site selection (polarity; class 111), morphogenesis (class 11) and 
invasive growth (invasion; class IV). The putative regulation of 
class 11, class 111 and class IV genes by the signal transduction 
molecules encoding genes of class I is indicated by dotted 
arrows. Signaling of Ras2p via the  Cdc42p/Ste20p/WK 
module  during filamentous growth has been  demonstrated 
(MOSCH et al. 1996). Activation of filamentous growth by RAS2 
via an yet unknown parallel pathway is indicated by a  question 
mark and is based on  the finding that mutations  in STE20, 
STEll,  STE7, STEl2 and TECl only partially suppress fila- 
mentous growth enhancement by dominant active RAS2v"""'9 
(MOSCH et al. 1996; and Table 5 of this manuscript). 

encode  structural  components known to interact with 
the actin cytoskeleton or bud neck filaments. Previous 
work had shown that PH cells (in  contrast with YF cells) 
maintain  a polarized actin cytoskeleton throughout  bud 
growth, suggesting an  important role of actin and actin- 
interacting  proteins in the regulation of PH cell mor- 
phogenesis (KRON et al. 1994). 

Our finding  that  both bnil and sfia2mutants  are com- 
pletely suppressed for cell elongation indicates that 
components essential for cytokinesis and bud  shape  are 
also required  for  the cellular differentiation of filamen- 
tous fungi. bnil was originally identified as a  mutation 
that is synthetic lethal in combination with a  mutation 
in CDCI2 (FARES and PRINGLE, as cited in MARHOUL 
and ADMS 1995),  a  gene  that  encodes  a septin required 
for cytokinesis and bud  shape  (LONGTINE et al. 1996). 
Moreover, a bnil null mutation significantly affects the 
structure of the bud neck and produces  a partial defect 
in cytokinesis, indicating  interaction of Bnilp with the 
bud neck filament  proteins (FARES and PRINGLE, as 
cited in MARHOUL and ADms 1995). This view  of Bnilp 

futxtion is supported by studies in other fungi. In Can- 
dida albicans, homologues of the s. cewvisiae cDC3 and 
W C I O  genes are expressed at  higher levels in hyphal 
cells than in YF cells (DI DOMENICO et al. 1994), sug- 
gesting a role for septins in hyphal formation. In Asper- 
gillus nidulans, overexpression ofJigA, a  gene with 42% 
identity to BNII, has been shown to alter  the  shape of 
hyphal cells (WOUL and h m s  1995). The impor- 
tance of cell separation  in  PH growth is emphasized by 
our finding  that  a spa2 mutation suppresses PH cell 
elongation. SPA2, like BNII, has been implicated in 
neck filament assembly (FLESCHER et al. 1993), again 
suggesting an important role for this protein and sep- 
tins in pseudohyphal morphogenesis. 

The first cell  division in  the  formation of the pseu- 
dohyphal filament is asymmetric; a round  mother di- 
vides to form a long, thin pseudohyphal daughter.  The 
finding  that  both Tpmlp, the major form of tropomyo- 
sin in yeast, and  Bnilp  are required  for filament forma- 
tion is intriguing because these proteins have been im- 
plicated in other cell asymmetries. In yeast HOinduced 
mating type  switch is asymmetric; mothers can switch, 
but  daughters must wait a  generation. Bnilp, together 
with the minimyosin  Myo4p, is required  for asymmetric 
accumulation of the  Ashlp repressor of HO gene ex- 
pression in daughter cell nuclei at  the  end of mitosis. 
(BOBOLA et al. 1996; JANSEN et al. 1996).  In Drosophila 
oocytes, the accumulation of  oskarmRNA at  the poste- 
rior end of the egg depends  upon tropomyosin (ERDE- 
LE? et al. 1995), suggesting that actin cytoskeletal compo- 
nents play an  important role in  the  unequal segregation 
of developmental determinants. The fact that Tpmlp, 
the major form of tropomyosin in yeast, and  Bnilp  are 
required  for PH morphogenesis suggests that  the for- 
mation of filaments in S. cemisiae may depend  on the 
asymmetric distribution of  as  yet unknown pseudohy- 
phal developmental factors. 
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