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In haploid strains of Saccharomyces cerevisiae, glucose depletion causes invasive growth, a foraging
response that requires a change in budding pattern from axial to unipolar-distal. To begin to
address how glucose influences budding pattern in the haploid cell, we examined the roles of
bud-site-selection proteins in invasive growth. We found that proteins required for bipolar
budding in diploid cells were required for haploid invasive growth. In particular, the Bud8p
protein, which marks and directs bud emergence to the distal pole of diploid cells, was localized
to the distal pole of haploid cells. In response to glucose limitation, Bud8p was required for the
localization of the incipient bud site marker Bud2p to the distal pole. Three of the four known
proteins required for axial budding, Bud3p, Bud4p, and AxI2p, were expressed and localized
appropriately in glucose-limiting conditions. However, a fourth axial budding determinant,
Axllp, was absent in filamentous cells, and its abundance was controlled by glucose availability
and the protein kinase Snflp. In the bud8 mutant in glucose-limiting conditions, apical growth and
bud site selection were uncoupled processes. Finally, we report that diploid cells starved for
glucose also initiate the filamentous growth response.

INTRODUCTION

Cells of the yeast S. cerevisiae can undergo a developmental
switch from a yeast form of growth to a filamentous form of
growth (Gimeno et al.,, 1992; for reviews, see Kron, 1997;
Madhani and Fink, 1998). In haploid cells, one of the triggers
for the switch to the filamentous form is glucose starvation
(Cullen and Sprague, 2000). The developmental switch to
filamentation has at least three components. First, cells
change their budding pattern. For example, haploid cells
switch from an axial budding pattern, in which new buds
emerge at sites adjacent to the birth scar or the site of the
preceding bud, to a unipolar-distal budding pattern, in
which new buds emerge at the pole distal to the birth scar
(Roberts and Fink, 1994; Cullen and Sprague, 2000). Second,
the cells become elongated. Third, the cell surface changes,
enabling the cells to adhere to each other and to invade the
agar substratum. In this article, we investigate the require-
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ments for the change in budding pattern associated with
filamentation in haploid cells. Are proteins required for bud
site selection in yeast-form cells necessary for the budding
pattern observed during filamentation? If so, which ones,
and how are their activities modulated to affect the unipolar
pattern during filamentation?

In vegetative cells, the budding pattern is controlled by
cell type (Freifelder, 1960; Hicks et al., 1977, Chant and
Pringle, 1995; for reviews, see Pringle et al., 1995; Herskow-
itz, 1997, Mata and Nurse, 1998; Madden and Snyder, 1998;
Chant, 1999; Hales et al., 1999; Pruyne and Bretscher,
2000a,b). As described above, haploid cells bud in an axial
pattern. Diploid cells, on the other hand, bud in a bipolar
pattern. A new bud can emerge from either the birth scar
pole or the distal pole, although there is a bias for distal pole
budding in the first bud formed (Chant and Pringle, 1995). A
GTPase module is required for cells to display either of these
budding patterns; in its absence, cells bud in a random
pattern (Bender and Pringle, 1989; Chant and Herskowitz,
1991; Chant et al., 1991). The module is composed of a
RAS-like GTPase, Rsrlp/Budlp; its GTPase-activating pro-
tein, Bud2p; and its guanine nucleotide exchange factor,
Bud5p (Bender, 1993; Park ef al., 1993). Bud2p and Bud5p are
localized to axial positions in haploid cells and bipolar po-
sitions in diploid cells (Park et al., 1999; Kang et al., 2001;
Marston et al., 2001), where they direct bud emergence, in
part through interaction with polarity establishment pro-
teins (Chant et al., 1991; Ruggieri et al., 1992; Zheng et al.,
1995; Park et al., 1997).
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The recruitment of the GTPase module to the appropriate
site is controlled by other bud-site-selection proteins. In
haploid cells, axial budding requires Bud3p, Bud4p, and
Ax12p/Bud10p/Srodp (Chant and Herskowitz, 1991; Chant
and Pringle, 1995; Roemer et al., 1996, Halme et al., 1996).
These proteins are localized to the mother-bud neck and
together recruit Bud5p to the axial position (Chant et al.,
1995; Sanders and Herskowitz, 1996; Kang et al., 2001). In
addition, Axllp is a haploid-specific protein required for
axial budding (Fujita et al., 1994; Adames et al., 1995). Loss of
Bud3p, Bud4p, AxI2p, or Axllp causes bipolar budding in
haploid cells, but does not affect budding pattern in diploid
cells.

A different set of factors is required to orchestrate bipolar,
rather than axial, budding in diploid cells. Genetic studies
suggest that Bud8p and Bud9p mark the poles distal and
proximal to the birth scar, respectively (Zahner et al., 1996;
Harkins et al., 2001; Schenkman et al., 2002). For example,
mutants deleted for BUDS bud exclusively from the proxi-
mal pole. Moreover, green fluorescent protein (GFP)-tagging
and immunofluorescence studies reveal that Bud8p is lo-
cated at the distal pole and Bud9p at the proximal pole,
implying that they may comprise part of the marks that
identify these poles to the GTPase module (Harkins et al.,
2001). In addition, Bud6p and Bnilp, which form a protein
complex (Evangelista et al., 1997), are also required for bi-
polar budding (Amberg et al., 1997; Zahner et al., 1996; Sheu
et al., 2000). Loss of any of these four proteins disrupts
bipolar budding in diploid cells, but does not affect axial
budding in haploid cells. Pea2p and Spa2p are also compo-
nents of the Bud6p/Bnilp protein complex and are impor-
tant determinants of bipolar budding and of polarized
growth (Chenevert et al., 1994; Fujiwara et al., 1998; Sheu et
al., 1998).

The switch in budding pattern during filamentous growth
is particularly striking in the case of the axial-to-unipolar
transition of haploid cells deprived of glucose (Cullen and
Sprague, 2000). We show herein that Bud8p is localized to
the distal tip of haploid cells, and under glucose-limiting
conditions it directs bud emergence to the distal pole. Glu-
cose depletion results in the Snflp-dependent disappearance
of Axllp, providing one mechanism by which glucose mod-
ulates budding pattern in haploid cells.

MATERIALS AND METHODS

Strains, Plasmids, and Microbiological Techniques

The yeast strains used in this study are listed in Table 1. All of the
strains were derived from HYL333 and HYL334 of the filamentous
31978b background (provided by G. Fink, Whitehead Institute for
Biomedical Research, Cambridge, MA); these strains exhibit partic-
ularly robust filamentous growth compared with other strains from
the %1978b background (H. Madhani, UCSF, San Francisco, CA;
personal communication). To construct SY3687 and SY3688,
HYL334 was made his3::URA3 or leu2::URA3, by using a polymerase
chain reaction (PCR)-based method (Wach et al., 1994, and refer-
ences therein) and plasmid pRS306 as a template (Sikorski and
Hieter, 1989). The resulting strains were then made Ura3~ by selec-
tion on 5-fluoroorotic acid (Biovectra, Oxford, CT). Disruption of
BNI1 was performed using plasmid p321, provided by C. Boone
(Evangelista et al., 1997). Disruptions of PEA2 and SPA2 were per-
formed using plasmids pNV44 and p210, provided by I. Herskowitz
(Valtz and Herskowitz, 1996). The plasmid used to disrupt GRR1,
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pBM2101, was provided by M. Johnston (Flick and Johnston, 1991).
Other gene disruptions were performed by PCR-based methods
(Wach et al., 1994, and references therein) to remove the entire open
reading frame with plasmids described by Longtine et al. (1998), or
other plasmids containing auxotrophic markers from Candida gla-
brata (for LEU2 and HIS3) and Kluyveromyces lactis (for URA3) and
that were provided by I. Herskowitz. Integrated GFP fusions and
GAL1 promoter fusions were made by PCR-based methods with
plasmids provided by J. Pringle (Longtine et al., 1998). Gene disrup-
tions and integrated promoter and protein fusions were confirmed
by PCR analysis and by phenotype. All of the GFP- and hemagglu-
tinin (HA)-tagged fusion proteins used in this study were functional
with respect to bud site selection and invasive growth phenotypes.

Yeast and bacterial strains were propagated using standard meth-
ods (Rose et al., 1990). Yeast peptone dextrose (YPD) and synthetic
complete dextrose (SCD) media have been described previously
(Rose et al., 1990). Yeast transformations were performed as de-
scribed previously (Gietz et al., 1995). Bacterial transformations,
bacterial DNA preparations, and plasmid constructions were per-
formed by standard methods (Sambrook ef al., 1989). Genes con-
trolled by a galactose-inducible promoter were induced in SC or YP
medium containing 2% galactose (Gal) as indicated. Geneticin (Bio-
vectra) selection was performed as described previously (Longtine
et al., 1998).

Protein Localization

The localization of Bud8p was determined using plasmid YEpGFP*-
BUDS (provided by J. Pringle; Harkins et al., 2001), in which the
GFP-Bud8p fusion was expressed from its own promoter. Wild-type
cells containing YEpGFP*-BUDS8 were grown in synthetic medium
lacking leucine (SCD-LEU) to stationary phase and spread onto
SCD-LEU or SC-LEU medium for 16 h at 25°C. A coverslip was
placed directly onto the plates, and GFP-Bud8p was visualized by
fluorescence microscopy with a fluorescein isothiocyanate (FITC)
filter at 100X. The localization of GFP-Bud2p was determined using
plasmid pHP726 (provided by H.-O. Park; Park et al., 1999) carried
in bud2 and bud2 bud$§ strains. The localizations of Bud3p, Bud4p,
and AxI2p were determined using C-terminal GFP fusions that were
integrated into the genome. Actin staining was performed as de-
scribed previously (Rose et al., 1990). Cells were incubated in SCD or
SC medium and fixed in 3.7% formaldehyde for 1 h. Fixed cells were
incubated with rhodamine (Rh)-phalloidin (Molecular Probes, Eu-
gene, OR). Cells were washed twice and visualized by florescence
microscopy at 100X by using an Rh filter.

Invasive Growth Assays

The single cell invasive growth assay was performed as described
previously (Cullen and Sprague, 2000). For some experiments, cells
were scraped from plates by using 4 ml of distilled water, concen-
trated by centrifugation, resuspended in 20 ul of water, and visu-
alized by microscopy. For other experiments, a coverslip was placed
directly on the agar medium and cells were visualized directly by
microscopy. The plate-washing assay was performed essentially as
described previously (Roberts and Fink, 1994). Equal concentrations
of cells were spotted onto YPD or YPGal medium as specified,
invasion was allowed to proceed for 2 d at 30°C, and then plates
were washed vigorously with water and rubbed with a wet finger to
remove cells that did not invade the agar. In some cases, invasion
was allowed to proceed for 5 d, during which time the cells became
more than twice as elongated as observed in the single cell assay.
Cell-cell adhesion was assessed by a standard flocculation assay, as
described previously (Guo et al., 2000).

Microscopy

Differential interference contrast (DIC) and fluorescence microscopy
with Rh and FITC filter sets were performed using an Axioplan 2
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Table 1. Yeast strains

Strain Relevant genotype Reference
HYL333 MATa ura3 G. Fink, Cullen and Sprague, 2000
HYL334 MATa ura3 G. Fink, Cullen and Sprague, 2000
SY3687 HYL334 his3::ura3® This study
SY3688 HYL334 leu2::ura3 This study
SY3689 SY3687 bud8:: KIURA3 This study
SY3690 SY3687 bud7::KIURA3 This study
SY3691 SY3687 bud7:: KIURA3 bud8::CgHIS3 This study
SY3692 SY3687 bud9::KIURA3 This study
SY3693 HYL333 bud8::Klura3 bud9:: KIURA3 This study
SY3694 SY3687 bud7:: KIURA3 bud9::CgHIS3 This study
SY3695 SY3688 ura3 leu2 YEpGFP*-BUDS This study
SY3696 SY3688 ura3 leu2 bud6::URA3 YEpGFP*-BUDS This study
SY3697 SY3688 ura3 leu2 bnil:: URA3 YEpGFP*-BUD8 This study
SY3698 SY3688 ura3 leu2 pea2::URA3 YEpGFP*-BUDS This study
SY3699 SY3688 ura3 leu2 spa2::URA3 YEpGFP*-BUDS This study
SY3707 SY3687 bud2::CgHIS3 pHP726 This study
SY3708 SY3687 bud2::CgHIS3 bud8:: Klura3 pHP726 This study
SY3709 HYL333 BUD3-GFP:: KanMX6 This study
SY3710 HYL333 BUD4-GFP:: KanMX6 This study
SY3711 HYL333 AXL2-GFP::KanMX6 This study
SY3712 SY3687 bud3:: KIURA3 This study
SY3713 SY3687 bud4::KIURA3 This study
SY3714 SY3687 axI2::KIURA3 This study
SY3715 SY3687 bud3::KIURA3 bud8:: CgHIS3 This study
SY3716 SY3687 bud4:: KIURA3 bud8::CgHIS3 This study
SY3717 SY3687 axI2::KIURA3 bud8::CgHIS3 This study
SY3718 HYL333 p151 This study
SY3720 SY3688 snfl :: CgLEU2 p151 This study
SY3721 SY3687 axl1::KIURA3 This study
SY3722 SY3687 axl1::KIURA3 bud8::CgHIS3 This study
SY3723 HYL333 GAL-AXL1::KanMX6 This study
SY3724 SY3687 rsrl::CgHIS3 This study
SY3725 SY3687 rsrl1::CgHIS3 bud8::KIURA3 This study
SY3726 SY3687 grrl::URA3 This study
SY3727 SY3687 rsrl::CgHIS3 grrl::URA3 This study
SY3728 SY3687 ste20::URA3 This study
SY3729 SY3687 flo11:: KanMX6 This study
SY3730 SY3687 flo11:: KanMX6 bud8::CgHIS3 This study
SY3731 SY3687 flo11:: KanMX6 pea2::URA3 This study
SY3732 SY3687 pea2:: URA3 bud8::CgHIS3 This study
SY3733 SY3687 pea2:: URA3 bud8::CgHIS3 flo11:: KanMX6 This study
SY3734 HYL333/HYL334 This study

2 Strains containing the designation ura3 were made URA3 at the designated chromosomal locus and then ura3 by selection on 5-FOA as

described in MATERIALS AND METHODS.

microscope (Zeiss, Jena, Germany), a black-and-white Orca II digital
camera (Hamamatsu, San Jose, CA), and the Openlab software
program (Improvision, Coventry, UK). Only brightness and con-
trast digital adjustments were performed on photographs.

Budding Pattern Analysis

Budding pattern determination was performed as described previ-
ously (Chant and Pringle, 1995), with the following modifications.
Equal concentrations of cells were spotted onto YPD medium and
incubated for 2 d at 30°C. Plates were washed, and invaded cells
were excised from the agar by using a toothpick. Cells were resus-
pended in water containing 1 ug/ml calcofluor (Sigma-Aldrich, St.
Louis, MO), and after a 10-min incubation, bud scars were visual-
ized directly by fluorescence microscopy. The enhanced cohesion of
cells in the filamentous background facilitated the distinction be-
tween proximal and distal bud scars by their position relative to the
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cell-cell orientation. A bud scar was scored as distal if it was at the
pole opposite to the birth scar, or if it was present at the distal pole
of a cell that comprised a filament whose growth direction was
obvious. A bud scar was scored as proximal if it was at the same
pole as the birth scar or at the same pole as the attached parent cell.
Bud scars in the middle third of the cell were scored as equatorial.
At least 200 bud scars were scored for each experiment. Previously,
wild-type cells in glucose-limiting conditions were shown to bud at
the distal pole for 95% of all first buds (Cullen and Sprague, 2000).
Subsequent buds were more frequently observed at the proximal
pole. In the bud scar counts in the present work, all budding events
were considered, resulting in the lower percentage of bud scars
observed at the distal pole (~70%).

Budding patterns were corroborated by using the single cell
invasive growth assay (Cullen and Sprague, 2000). Equal concen-
trations of cells were spread onto SCD or SC medium, and budding
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bud8

bud8

Figure 1. Bud8p is required for agar invasion and distal pole budding in haploid cells; Bud9p impedes invasion. (A) Plate washing assay.
Equal concentrations of wild-type (5Y3687), bud8 (SY3689), and bud9 (SY3692) cells were spotted onto YPD medium and incubated for 2 d
at 30°C. The plate was photographed (left), washed, and photographed again (right). (B) Single cell invasive growth assay. Equal
concentrations of wild-type (top) or bud8 mutant (bottom) cells were spread onto SC medium, incubated for 16 h at 25°C, scraped from the
plates, and photographed. Arrows indicate the first bud produced by the first daughter cell. (C) Prolonged incubation illustrates the difference
between wild-type (left) and the bud8 mutant (right). Equal concentrations of cells were spotted onto YPD medium and grown for 5 d at 30°C.

The lower right panel shows bud scar (calcofluor) staining for the bud8 mutant (Table 2). Bars, 5 wm.

pattern was assessed directly by microscopic examination. Micro-
colonies at the 10-cell stage or less were chosen for analysis. For
some experiments cells were placed onto SCD or SC medium by
micromanipulation and allowed to grow to the 10-cell stage, which
showed the exact lineage of cells within the microcolony. The pre-
cise position of bud placement was determined for a subset of
experiments by photographing cells and aligning the photographs
to an arbitrary model cell.

Western Blot Analysis and Determination of Axllp
Abundance

Western blots were performed as described previously (Cullen ef al.,
2000). Proteins were separated by 10% SDS-PAGE, transferred to
nitrocellulose, and visualized by probing with antibodies specific to
GFP (Roche Applied Science, Indianapolis, IN), HA, or Dpmlp
(provided by Tom Stevens, Institute of Molecular Biology, Univer-
sity of Oregon, Eugene, OR), which served as a loading control.
Band intensity was determined using ImageQuant software (Am-
ersham, Piscataway, NJ), and, where indicated, the values reported
were normalized to Dpmlp levels. The abundance of Axllp was
measured using plasmid p151 (provided by C. Boone; Adames et al.,
1995), which expresses a functional Axl1p-HA fusion protein ex-
pressed from the AXLI promoter. In some experiments, AxI1p-HA
abundance in yeast-form and filamentous cells was determined by
incubating wild-type cells containing p151 (SY3718) on SCD-URA
or SC-URA solid agar medium. Cells were harvested from plates,
resuspended in water, and adjusted to equal density by measuring
optical density. Proteins were then extracted and subjected to West-
ern analysis. In other experiments, Axl1p-HA abundance was mea-
sured through the course of a growth cycle in cells incubated in
SD-URA liquid medium for various times. In addition, the glucose-
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limited disappearance of Axl1p-HA was measured in p151-contain-
ing wild-type (SY3718) and snfl mutant (SY3720) cells. Cells were
grown to early log phase in liquid SCD-URA medium at 30°C, and
each culture was split, washed twice with water, and incubated in
liquid SC-URA or SCD-URA medium prewarmed to 30°C for var-
ious times.

RESULTS

Bud8p Is Required for Haploid Invasive Growth,
whereas Bud9p Impedes Invasion

Disruption of BUDS in a haploid strain of the filamentous
background caused an invasive growth defect in the plate-
washing assay (Figure 1A). In addition, both the single cell
invasive growth assay (Cullen and Sprague, 2000) and bud
scar staining demonstrated that the bud8 mutant was defec-
tive in budding at the distal pole (Figure 1B; Table 2). The
mutant cells budded at the distal pole at a frequency of only
11%, in contrast to 70% for wild-type cells. The bud8 mutant
cells were as elongated as wild-type cells (Figure 1C), sug-
gesting that in the bud8 mutant, apical growth and the
selection of budding sites were independent. The morphol-
ogy of the bud8 mutant microcolony was a rosette, a mor-
phology that contrasted strikingly with the linear form of
wild-type filamentous cells (Figure 1C).

Disruption of BUD7 caused an invasive growth defect
similar to that of the bud8 mutant in the plate-washing assay,
although the bud7 mutant was slightly more invasive (our
unpublished data). The bud7 mutant also exhibited a distal
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Table 2. Budding patterns of mutants known to have defects in
bipolar bud site selection during haploid invasive growth

Strain® Distal Equatorial Proximal
Wild type 70 4 26
bud8 11 2 87
bud7 17 5 78
bud8 bud7 4 3 93
bud9 86 0 14
bud8 bud9 10 2 88
bud?7 bud9 18 6 76
budé 45 36 19
bnil 40 45 15
pea2 71 12 17
spa2 73 15 12

2 Strains are as indicated: wild type (SY3687), bud8 (SY3689), bud7
(SY3690), bud7 bud8 (SY3691), bud9 (SY3692), bud8 bud9 (SY3693),
bud?7 bud9 (SY3694), bud6 (SY3696), bnil (SY3697), pea2 (SY3698), and
spa2 (SY3699). Invaded cells were recovered, stained, and counted
as described in MATERIALS AND METHODS

pole bud site selection defect (Table 2). Disruption of bud7
and bud8 together had an invasive growth defect equivalent
to either single mutant, and the double mutant had a similar
(although slightly more severe) budding-pattern defect than
either single mutant (Table 2; our unpublished data). Taken
together, these data suggest that Bud7p and Bud8p may be
components of the same genetic pathway.

In contrast to the noninvasive phenotype of bud7 and bud8
mutants, the bud9 mutant exhibited hyperinvasive growth
(Figure 1A). The bud9 mutant also had a higher percentage
of distal pole buds compared with wild-type cells (Table 2),
which may account for its hyperinvasive growth phenotype.
Disruption of BUDS in the bud9 mutant caused invasive-
growth and distal-pole budding defects equivalent to those
of the bud8 single mutant (Table 2), consistent with the
budding pattern observed in bud8 bud9 homozygous diploid
cells during vegetative growth (Zahner et al., 1996). Disrup-
tion of BUD?7 also suppressed the hyperinvasive growth of
the bud9 mutant but to a lesser extent than did disruption of
BUDS, consistent with the phenotypes of the bud7 and bud8
single mutants (Table 2). In glucose-rich conditions, haploid
bud7, bud8, and bud9 mutants did not show a budding pat-
tern defect (Zahner et al., 1996; Harkins et al., 2001; our
unpublished data). In summary, genes identified by virtue
of their role in diploid cell budding pattern determination
also have a role in haploid cells, specifically during invasive
growth that occurs under glucose limitation.

Bud8p Is Localized to Distal Pole in Haploid Cells

Bud8p is localized to the distal pole of diploid cells (Taheri
et al., 2000; Harkins et al., 2001). We examined the localiza-
tion of Bud8p in haploid cells by using a plasmid containing
a functional GFP-Bud8p fusion under the control of the
BUD8 promoter (Harkins et al., 2001). GFP-Bud8p was ob-
served at the distal pole of haploid cells grown in glucose-
limiting conditions (Figure 2). GFP-Bud8p was also ob-
served at the distal pole in glucose-rich conditions (Figure
2), a situation in which distal pole budding does not occur.
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GFP-BudSp

wt (+Glu)

wt (-Glu)

pea2 (-Glu)

budé (-Glu)

bnil (-Glu)

Figure 2. Bud8p is localized to the distal tip of haploid cells, and
its localization is dependent upon Budép and Bnilp. Strain back-
grounds (wild-type, SY3695; pea2, SY3698; bud6, SY3696; and bnil,
SY3697) are as shown. Growth on SCD (+Glu) or SC medium
(—Glu) is as indicated. Left, DIC. Right, FITC filter. All pictures were
taken at the same scale; bar, 5 um.

Western blot analysis confirmed that the level of Bud8p was
equivalent in glucose-rich and limiting conditions (our un-
published data). Thus, the Bud8p at the distal pole of hap-
loid cells is apparently recognized only under glucose-lim-
iting conditions.

In diploid cells, Bud8p’s localization to the distal pole is
dependent upon Bnilp (Ni and Snyder, 2001; Harkins et al.,
2001). We examined the localization of Bud8p in bnil and
related mutants in haploid cells. Distal-pole localization of
GFP-Bud8p was not observed in the bnil mutant (<0.2% of
cells had GFP-Bud8p at the distal pole compared with >50%
for wild-type cells), but GFP-Bud8p was observed through-
out the cell periphery (Figure 2). In the bud6 mutant, distal-
pole localization of GFP-Bud8p was observed in a lower
percentage of cells than wild type (5% of cells had GFP-
Bud8p at the distal pole), and in bud6 cells in which GFP-
Bud8p was at the distal pole, the fluorescence intensity was
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Figure 3. Bud8p is required for lo-
calization of Bud2p and actin to the
distal pole in glucose-limiting condi-
tions. Left four panels, GFP-Bud2p
localization. bud? (top, SY3707) and
bud? bud8 (bottom, SY3708) strains
containing a GFP-BUD? fusion plas-
mid were grown in glucose-limiting
conditions. Cells were photo-
graphed using DIC (left) or FITC fil-
ters (right). Right four panels, actin
localization. Wild-type (SY3687) and
bud8 mutant (SY3689) cells grown in
glucose-limiting conditions were
stained with rhodamine-phalloidin
and photographed using DIC (left)
or Rh filters (right). Arrows indicate
regions of highly localized actin
patches. All pictures were taken at
the same scale; bar, 5 um.

reduced (Figure 2). The abundance of GFP-Bud8p was
equivalent in bud6, bnil, and wild-type cells (by Western
blot). Consistent with the peripheral localization pattern of
Bud8p, bud scar staining of invaded cells showed that bud6
and bnil mutants had random budding patterns (Table 2).
No budding pattern defects were detected in the mutants in
glucose-rich conditions, under which Bud8p was also mis-
localized; the cells showed normal axial budding. The Pea2p
and Spa2p proteins were not required for distal-pole local-
ization of Bud8p (Figure 2; our unpublished data), and pea2
and spa2 mutants maintained the unipolar budding pattern
(Table 2). However, the pea2, spa2, bud6, and bnil mutants
were all defective in the extended apical growth that results
in elongated cells during haploid invasion (Figure 2). Con-
sequently, the four mutants all exhibited an invasive growth
defect.

Bud8p Is Required for Distal Pole Localization of
Bud2p and Actin in Glucose-limiting Conditions

Bud2p, the GTPase-activating protein for Rsrlp, has been
shown to localize to the incipient bud site, where it presum-
ably recruits Rsrlp to the bud site (Park et al., 1999). In
diploid cells, this localization is dependent upon Bud8p
(Kang et al., 2001). We examined the localization of a func-
tional GFP-Bud2p fusion (provided by Hay-Oak Park, Ohio
State University, Columbus, OH) expressed from a high-
copy plasmid in bud2 and bud2 bud8 strains. In glucose-
limiting conditions, Bud2p was observed at the distal pole of
the cell, directly underneath the emerging bud, and at the
mother-bud neck of small distal buds (Figure 3). In contrast,
GFP-Bud2p localization in a bud2 bud8 mutant was mostly at
the proximal pole (Figure 3), a result consistent with the
proximal budding pattern observed in the bud8 mutant. In
glucose-rich conditions, Bud2p was observed adjacent to the
previous bud site (our unpublished observations; Park et al.,
1999).

Bud site selection components (e.g., Bud8p and Bud2p)
are known to recruit actin to the incipient bud site, an event
required for bud emergence (Pruyne and Bretscher, 2000b).
We examined actin localization in filamentous cells and
found that in glucose-limiting conditions, actin localized to
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Actin

the distal tip of daughter cells (Figure 3). In contrast, actin
accumulation was observed at the proximal pole in the bud§
mutant (Figure 3) and in wild-type cells grown in glucose-
rich conditions (our unpublished data). Thus, glucose limi-
tation caused the localization of Bud2p and bud emergence
machinery (e.g., actin) to the distal pole of the cell, an event
that was dependent upon Bud8p.

Proteins Required for Axial Budding Are Localized
Appropriately in Filamentous Cells

We hypothesized that the disappearance of an axial cue in
glucose-limiting conditions might result in Bud8p-depen-
dent distal pole budding. In particular, the axial cues Bud3p
and Bud4p are transient and are reported to disappear in
nutrient-limiting conditions, because they are cell cycle reg-
ulated and absent in the G, phase of the cell cycle (Chant ef
al., 1995; Sanders and Herskowitz, 1996). The localization of
the known axial cues (Bud3p, Bud4p, and Axl2p) was ex-
amined in cells grown in both glucose-rich and glucose-
limiting conditions. Functional Bud3p-GFP, Bud4p-GFP,
and AxI2p-GFP fusions were expressed from chromosomal
loci and were found to be localized to the mother-bud neck
in cells grown under both conditions (Figure 4A). Thus, an
explanation other than axial cue disappearance must be
invoked to explain the change in budding pattern to Bud8p-
dependent bud site selection.

Although Bud8p is the primary bud site cue in haploid
cells undergoing filamentous growth, genetic evidence sug-
gests that axial cues are used to some degree. First, disrup-
tion of BUD3, BUD4, or AXL2 caused hyperinvasive growth
(Figure 4B), due to a significant decrease in bud site selection
at the proximal pole (Table 3). Second, disruption of axial
cues in the bud8 mutant ablated the proximal budding (Table
3), correlating with partial suppression of the invasive
growth defect (Figure 4C). The increased percentage of dis-
tal pole budding in the ax/2 bud8 mutant, compared with the
bud3 bud8 and bud4 bud8 mutants, may be due to the en-
hanced apical growth that was observed in ax/2 mutant cells
(our unpublished data).
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A

Bud4p-GFP AxI2p-GFP

Figure 4. Localization and role of axial cues in haploid filamentous cells. (A) Localization of axial cues in cells grown in glucose-rich and
glucose-limiting conditions. Equal concentrations of cells (Bud3p-GFP, SY3709; Bud4p-GFP, SY3710; and AxI12p-GFP, SY3711) were spread
onto either SCD (+Glu) or SC (—Glu) medium, incubated for 16 h at 25°C, scraped from plates, and photographed using DIC (left) or FITC
filters (right). Bar (all panels), 5 um. (B) Loss of axial cues causes hyperinvasive growth. Strains were spotted onto YPD medium and
incubated for 2 d at 30°C. The plate was photographed (left), washed, and photographed again (right). Strains: wt (5Y3687), bud3 (5Y3712),
bud4 (5Y3713), and axI2 (SY3714). (C) Suppression of the bud8 invasive growth defect by disruption of axial cues. Strains were spotted onto
YPD medium and incubated for 2 d at 30°C. The plate was photographed (left), washed, and photographed again (right). Strains: wt (SY3687),
bud8 (SY3689), bud8 bud3 (SY3715), bud8 bud4 (SY3716), and bud8 axI2 (SY3717).

Control of Axl1lp Abundance by Glucose and Snflp Axl1p protein abundance is regulated by glucose in haploid
Because AXLI is transcriptionally repressed in diploid cells, cells. AxI1p protein levels were measured in cells expressing
an event sufficient to prevent axial budding in wild-type an Axl1p-HA fusion from the AXL1 promoter (provided by
cells (Fujita et al., 1994), we considered the possibility that C. Boone). We initially observed that Axl1p-HA was not
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Table 3. Budding patterns of mutants lacking axial-specific cues or
both axial cues and Bud8p

Strain® Distal Equatorial Proximal
Wild type 69 4 27
bud3 87 9 4
bud4 95 4 1
axl2 93 4 3
buds8 10 2 88
bud8 bud3 37 29 34
bud8 bud4 37 31 32
bud8 axI2 59 36 5

2 Strains are as indicated: wild type (SY3687), bud3 (SY3712), bud4
(SY3713), axI2 (SY3714), bud8 (SY3689), bud8 bud3 (SY3715), bud8
bud4 (SY3716), and bud8 axI2 (SY3717). Growth and bud scar stain-
ing were performed as described in Table 2.

present in filamentous cells (Figure 5A). Axl1p-HA abun-
dance was examined in cells grown throughout a culture
growth cycle. In reference to a control protein, the amount of
Axllp-HA increased steadily during early log phase and
was highest in mid-log phase (Figure 5B). Axl1p-HA abun-
dance declined as growth rate slowed and was significantly
reduced in stationary phase (Figure 5B). To confirm that
glucose influenced Axllp abundance, cells containing the
Axl1p-HA fusion were grown to early log phase and shifted
to medium lacking glucose. As expected, the level of
Axl1p-HA declined markedly upon the shift to glucose-
limited medium (Figure 5C).

The Snflp protein kinase is a global regulator of glucose
response (Carlson 1999), and we showed previously that
Snflp is required for unipolar budding during haploid in-
vasive growth (Cullen and Sprague, 2000). We investigated
the role of Snflp in the glucose-dependent regulation of
Axllp. In contrast to the observations reported above for
wild-type cells, Axllp-HA protein abundance remained
high in a snfl mutant after a shift to glucose-limited medium
(Figure 5C). Thus, Snflp is required for the disappearance of
Axl1p in glucose-limiting conditions.

Genetic analysis also supports a role for Axllp in the tran-
sition to filamentous growth. Disruption of AXLI caused hy-
perinvasive growth (Figure 5D) due to distal pole budding in
both glucose-rich and glucose-limiting conditions (Table 4).
These phenotypes were largely suppressed by disruption of
BUDS (Figure 5D and Table 4). The axI1 bud8 double mutant
invades better than the bud§8 single mutant because it has
constitutive nonaxial budding, whereas the bud8 single mutant
buds almost exclusively from the proximal pole under both
glucose-rich and glucose-limiting conditions. In contrast, over-
expression of AXL1 suppressed agar invasion by wild-type
cells (Figure 5E) due to an increase in proximal budding (Table
4). Thus, the disappearance of the Axllp protein in glucose-
limiting conditions is sufficient to explain the Bud8p-depen-
dent budding during haploid invasive growth.

Unipolar Budding in rsrl Mutant Due to Increased
Apical Growth during Haploid Invasion

It has been reported that ablation of the general bud-site-
selection machinery does not disrupt the ability of haploid
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cells to undergo agar invasion (Roberts and Fink, 1994; Lo et
al., 1997). This result is seemingly at odds with our finding
that mutants that are defective for distal-pole budding can-
not invade agar. Therefore, we characterized the rsr1 mu-
tant, which is lacking the core bud-site-selection GTPase, in
detail. In the single cell invasive growth assay, the rsrl
mutant formed filaments composed of elongated cells ema-
nating away from the mother cell, suggesting a unipolar-
distal pattern (Figure 6A); however, buds emerging from the
equatorial regions of cells were also observed (Figure 6A,
black arrows). To determine more precisely the budding
pattern of first and second buds for the rsr1 mutant, cells
were placed onto glucose-limited medium by micromanip-
ulation and budding pattern was assessed by microscopic
examination. Strikingly, the first bud produced was at the
distal pole >90% of the time (Table 5). The second buds
emerged uniformly around the entire surface of the cell
(Table 5). In glucose-rich conditions, a less dramatic distal-
pole bias was observed in the rsr1 mutant (Table 5), consis-
tent with previous reports (Chant and Herskowitz, 1991;
Bender, 1993; Michelitch and Chant, 1996).

We hypothesized that the distal-pole budding observed
in the rsr1 mutant was due to the lengthened period of
apical growth that leads to cell elongation during haploid
invasion (Ahn et al., 1999). Precise mapping of bud place-
ment showed that in the rsrl mutant, buds emerged
within an arc that included the distal pole, whereas in
wild-type cells, bud emergence was confined to the ex-
treme tip of the cell (Figure 6B), suggesting that the mech-
anism of distal budding in the rsr1 mutant was different
than in wild-type cells. Indeed, disruption of BUDS did
not affect distal-pole budding (Table 5) or agar invasion of
the rsr1 mutant (Figure 6C), demonstrating that the distal-
pole budding in the rsr1 mutant was not due to Bud8p-
dependent bud site selection. To gain further support for
the idea that enhanced apical growth can influence bud-
ding pattern in the rsr1 mutant, we used the grr1 mutation
(Flick and Johnston, 1991), which causes hyperpolarized
growth (Barral ef al., 1995; Sheu et al., 2000). grrl mutant
cells were elongated in glucose-rich conditions, but their
budding pattern was axial (Table 5). The rsr1 grr1 double
mutant, however, had a clear distal pole bias compared
with the rsr1 single mutant in glucose-rich medium (Table
4), supporting the idea that in the rsr1 mutant, hyperpo-
larized growth leads to distal-pole budding.

Contribution of Different Aspects of Filamentous
Growth to Agar Invasion

Filamentous growth is characterized by several physio-
logical events: a change in budding pattern, an increase in
cell length, and enhanced cell-cell adhesion. We found
that disruption of FLO11, which is required for cell-cell
adhesion and haploid invasive growth (Lo and Dranginis,
1998; Palecek et al., 2000), did not affect cell elongation or
unipolar-distal budding (Figure 7A), implicating cell-cell
adhesion as the primary defect in the flol11 mutant. We
directly compared mutants defective primarily in a single
aspect of filamentous growth to a ste20 mutant, which is
defective in all three aspects. In particular, we compared
a bud8 mutant (defective for distal-pole budding but not
elongation or adhesion), a pea2 mutant (defective for elon-
gation but not distal-pole budding or adhesion), and a
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Figure 5. Axllp abundance is controlled by glucose and Snflp,
and Axl1p is an inhibitor of invasive growth. (A) Axl1p is absent in
filamentous cells. Western blot of protein extracts from wild-type
cells containing p151 (SY3718) incubated on SCD-URA (+Glu) or
SC-URA (—Glu) solid agar medium for 16 h at 25°C and probed
with antibodies against HA (to detect Axllp-HA) or Dpmlp (see
MATERIALS AND METHODS). (B) Abundance of AxlI1p correlates
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Table 4. Budding patterns of strains deleted for AXLI and/or
BUDS or overexpressing AXL1

Genotype Distal Equatorial Proximal
Wild-type (+Glu)? 4 1 95
axl1 (+Glu) 55 4 41
axl1 bud8 (+Glu) 16 37 47
Wild-type (—Glu)® 69 1 30
axl1 (—Glu) 82 10 8
axl1 bud8 (—Glu) 25 9 66
bud8 (—Glu) 10 1 89
Wild type (YPGal)® 30 0 70
GAL1-AXL1 (YPGal) 12 1 87

@ For +Glu, cells were grown in YPD to mid-log phase, and bud
scars were stained and counted as described in MATERIALS AND
METHODS. Strains are as indicated: wild type (SY3687), axl1
(SY3721), axI1 bud8 (SY3722), bud8 (SY3689), and GAL-AXLI
(SY3723).

b For —Glu, invaded cells were collected, stained, and counted as
described in MATERIALS AND METHODS.

¢ Cells were spotted onto solid agar YPGal medium for 24 h and
prepared as for the —Glu experiments (see footnote b).

flo11 mutant (defective for adhesion but not distal-pole
budding or elongation). A defect in any single aspect of
filamentous growth caused a partial invasive growth de-
fect, although the flo11 mutant was less invasive than the
pea2 and bud8 mutants (Figure 7B). These results were
extended by examining the phenotypes of double and
triple mutants. The bud8 pea2, bud§ flo11, and pea2 flo11
double mutants were less invasive than any single mu-
tant, and in the pea2 bud8 flo11 triple mutant, no agar
invasion was observed (Figure 7B), implying that the
three physiological events affected by these mutations are
the major contributors to agar invasion.

with the culture growth cycle. Wild-type cells containing p151
(5Y3718) were grown through a growth cycle in SCD-URA liquid
medium at 30°C, and protein extracts were harvested from cells at
the times indicated. Quantitation of Western blots of Axllp levels
(adjusted to Dpm1p levels) is shown (filled circles). Optical density
at 600 nm is also shown (open squares). (C) Decrease in Axllp
abundance upon a shift to glucose-limited medium is dependent
upon Snflp. Wild-type cells containing p151 (5Y3718) were grown
to early log phase and shifted to SCD-URA (open squares, +Glu) or
SC-URA (open triangles, —Glu) medium. A snfl mutant containing
p151 (SY3720) was grown in the same way (closed circles, —Glu).
Quantitation of Western blots of Axl1p levels (adjusted to Dpm1lp
levels) is shown. (D) Hyperinvasive growth in ax/1 mutants. Equal
concentrations of wild-type (SY3687), axl1 (SY3721), axI1 bud8
(SY3722), and bud8 (SY3689) cells were spotted onto YPD medium
and incubated for 2 d at 30°C. The plate was photographed (left),
washed, and photographed again (right). The colonies shown are all
from the same plate. (E) Overproduction of Axllp prevents invasive
growth. Wild-type (SY3687) and GALI-AXL1 (1 AXLI1, SY3723)
cells were grown to saturation in YPGal medium, and equal con-
centrations of cells were spotted onto YPGal medium for 2 d at 30°C.
The plates were photographed (left), washed, and photographed
again (right).
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Figure 6. Distal pole budding in the rsr1 mutant during haploid invasive growth. (A) Wild-type (5Y3687) and rsr1 mutant (5Y3724) cells
were spread onto SC medium, incubated for 16 h at 25°C, and photographed. Bar, 5 um. (B) Diagram of precise position of buds as
determined by microscopic examination. Microcolonies at the 10-cell stage (or less) were visualized by light microscopy and photographed.
Photographs were analyzed for bud position; only buds whose precise locations were unambiguous were chosen for analysis. The position
of 50 buds is shown for each depiction. (C) Bud8p is not required for agar-invasion in the rsr1 mutant. Wild-type (SY3687), bud8 (SY3689),
rsr1 (5Y3724), and rsr1 bud8 mutant (SY3725) cells were spotted onto YPD medium and grown for 2 d at 30°C. Plates were photographed (top),

washed, and photographed again (bottom).

Diploid Cells Exhibit Filamentous Growth in
Response to Glucose Depletion

Filamentous growth has been thought to be induced by
different cues in haploid cells (glucose limitation; Cullen and

Table 5. Bud position of the rsr1 mutant grown on glucose-rich or
glucose-limited medium

Genotype Bud Distal Equatorial Proximal
Wild type (SC)* 1st 97 0 3
rsrl (SC) 1st 95 2.5 2.5
Wild type (SC) 2nd 88 2 10
rsr1 (SC) 2nd 29 35.5 35.5
rsrl bud8 (SC) 1st 95 2 3
Wild type (SCD) 1st 5 0 95
rsrl (SCD) 1st 57 29 14
grrl (SCD) 1st 14 0 86
rsrl grrl (SCD) 1st 85 11 4

2 Strains are as indicated: wild type (SY3687), rsr1 (SY3724), rsrl
bud8 (SY3725), grr1 (SY3726), and rsr1 grrl (SY3727). Microcolonies
of <10 cells were examined for bud placement by microscopy, and
all observed microcolonies were included in the analysis. Bud po-
sition was considered distal if the bud was observed in the distal
third of the cell; equatorial, for the middle third of the cell; and
proximal, for the proximal third of the cell. For each sample, >200
buds were counted, of which <20 were ambiguous; these were not
included in the final percentage. Analysis was performed on glu-
cose-limited (SC) or glucose-rich (SCD) medium.

Vol. 13, September 2002

Sprague, 2000) and diploid cells (nitrogen limitation; Gim-
eno et al., 1992). We investigated the effect of glucose deple-
tion on diploid cells and found that on glucose-limited me-
dium, diploid cells were more elongated than on glucose-
rich medium (Figure 8A). The elongated phenotype was
apparent within the first cell division and was observed for
>80% of cells. In addition to the increase in cell length,
diploid cells budded in a unipolar-distal pattern upon glu-
cose limitation. Bud scar staining of invaded diploid cells
showed unipolar-distal bud scars 85% of the time (15% had
scars at both poles); in contrast, diploid cells in glucose-rich
medium had unipolar-distal bud scars 51% of the time (45%
had scars at both poles and 4% had at least one scar in an
equatorial site). Wild-type diploid cells also exhibited robust
agar invasion by the plate-washing assay (Figure 8B). Thus,
diploid cells can undergo filamentous growth in response to
limiting glucose.

DISCUSSION

Bipolar Bud-Site-Selection Components Are
Required for Haploid Invasive Growth

We investigated the role of bud-site-selection components in
haploid invasive growth and found that proteins required
for bipolar budding in diploid cells were required in haploid
cells for distal pole budding during invasive growth. In
particular, our data indicate that Bud8p marks the distal
pole of haploid cells and is recognized upon glucose deple-
tion to direct budding to the distal pole. Bud8p had not

2999



P.J. Cullen and G.F. Sprague

A

4days 2 days 4 days

Figure 7. Genes involved primarily in a single as-
pect of filamentous growth contribute indepen-
dently to agar invasion. (A) Flol1p is not required
for unipolar-distal budding or cell elongation. Wild-
type (SY3687) and flo11 (SY3729) cells were spread
onto SC medium, incubated for 16 h at 25°C, and
photographed. Bar, 20 um. (B) Contribution of indi-
vidual filamentation functions to agar-invasion.
Equal concentrations of cells were spotted onto YPD
medium and grown for 2 d or 4 d at 30°C, as indi-
cated. Plates were photographed, washed, and pho-
tographed again. Strains are as indicated: wild-type
(SY3687), bud8 (SY3689), pea2 (SY3698), flo11
(5Y3729), ste20 (SY3728), and triple, the pea2 bud$
flo11 triple mutant (SY3733).

previously been implicated in haploid invasion (Lorenz et though it has no known role when glucose is abundant. This
al., 2000; Palecek et al., 2000), perhaps because bud8 mutants contrasts with Bud8p’s role in diploid cells, where it controls
exhibit only a partial invasive growth defect. We have  budding pattern during both yeast form and filamentous
shown, however, that Bud8p has a profound role in bud site growth (Mosch and Fink, 1997; Taheri ef al., 2000). Thus, an
selection under conditions of glucose limitation, even additional level of regulation is required in haploid cells to
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Figure 8. Diploid cells exhibit filamentous growth in response to limiting glucose. (A) Single cell assay. Diploid cells (SY3734) were spread
onto SC (—Glu) and SCD (+Glu) medium, incubated for 16 h at 25°C, and photographed. Bars, 10 um. (B) Equal concentrations of diploid
cells (SY3734) and haploid cells (SY3687) were spotted onto YPD medium and grown for 2 d at 30°C. Plates were photographed (left), washed,

and photographed again (right).

prevent Bud8p from directing budding pattern in glucose-
rich conditions (see below).

Our results also indicate that Bud7p, Bud9p, Bnilp, and
Bud6p are required in glucose-limiting conditions for nor-
mal haploid invasive growth. As in diploid cells, Bnilp is
required in haploid cells to localize Bud8p to the distal pole.
We have also found that Bud6p is important, although not
essential, for Bud8p localization in haploid cells, an apparent
difference from previously reported results with diploid
cells (Harkins et al., 2001); this may either represent a gen-
uine difference between haploid and diploid cells or just be
a function of different strain backgrounds. (Note that previ-
ous studies have also shown less precise use of the distal
pole in bud6 mutant diploids; Zahner et al., 1996; Amberg et
al., 1997; Sheu et al., 2000). Two pieces of evidence in our
study support the conclusion that the bipolar budding ma-
chinery is in place, albeit dormant, in haploid cells. First,
Bud8p is present and localized appropriately in haploid cells
in glucose-rich conditions. Second, Bnilp is required for
localization of Bud8p to the distal pole in glucose-rich con-
ditions. Because these proteins are not required for bud site
selection during yeast-form growth in haploid cells, we sug-
gest that the bipolar budding machinery constitutes a de-
fault program in haploid cells that becomes active in glu-
cose-limiting conditions.

Indirect evidence from a number of studies has indicated
that haploid cells have properly located proximal and distal
cues (Chant and Herskowitz, 1991; Chant ef al., 1995; Chant
and Pringle, 1995; Roemer et al., 1996; Sanders and Herskow-
itz, 1996, Madden and Snyder, 1992; Erdman and Snyder,
2001), and we have provided direct evidence for this con-
clusion. In glucose-rich environments, the axial Bud3p/
Bud4p/AxI2p cues are chosen, whereas glucose limitation
causes the distal cue Bud8p to be chosen in preference to
Bud3p/Bud4p/Ax12p. The presence of both sets of cues
enables an individual cell to reorient bud growth rapidly in
response to changing nutrient availability.

Vol. 13, September 2002

Glucose Controls Bud Site Selection by the Snflp-
dependent Regulation of Axllp

How is unipolar-distal budding prevented in haploid cells
growing in glucose-rich conditions? We show here that the
abundance of the axial-promoting factor Axl1p is controlled
by glucose. Axllp levels decline sharply upon glucose lim-
itation (Figure 5), an event that is concomitant with the
appearance of unipolar buds (our unpublished data). Thus,
it is reasonable to speculate that the disappearance of Axl1p
is a trigger for distal-pole budding. We found that the Snflp
protein kinase, which plays a role in the derepression of
glucose-repressed genes (Carlson, 1999), is required for the
disappearance of Axllp in glucose-limiting conditions.
Snflp may exert its effect on AxIlp indirectly, by allowing
derepression of a gene whose product regulates Axllp. Al-
ternatively, Snflp may directly phosphorylate Axllp and
target it for degradation. Irrespective of the mechanism by
which Snflp regulates Axllp abundance, the genetic evi-
dence that we have presented identifies Axl1p as an impor-
tant regulator of haploid invasive growth. Loss of Axllp
permits Bud8p-dependent unipolar-distal budding, whereas
overexpression of Axl1p suppresses unipolar-distal budding
and agar invasion in glucose-limiting conditions. How
Axllp functions to direct budding to sites marked by
Bud3p/Bud4p/AxI2p is not known but is a question that is
crucial to the ultimate understanding of bud site determina-
tion in yeast.

Coordination of Unipolar Budding and Polarized
Growth

A lengthened period of polarized, apical growth promotes
bipolar budding in diploid cells (Sheu et al., 2000) and also
promotes unipolar-distal budding in haploid cells during
invasive growth (Ahn et al., 1999). In fact, in this latter case,
we showed that an extended period of apical growth could
confer distal-pole budding to a mutant lacking a functional
bud-site-selection system (rsr1 mutant). In wild-type cells,
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polarized growth and localization of the bud site machinery
are coordinated. For example, Bnilp, which is involved in
polarized growth, is also required for localization of Bud8p
to the distal tip of the daughter cell in both haploids (Figure
2) and diploids (Harkins et al., 2001). These two processes
are not inextricably linked, however. Pea2p (and Spa2p)
were shown to be required for cell elongation during inva-
sive growth but not for Bud8p localization or distal-pole
budding. Conversely, loss of Bud8p disrupted the budding
pattern but did not affect cell elongation. Thus, two distinct
cues mark the distal pole of daughter cells: a bud site cue
(Bud8p) to direct bud site selection and a second cue to
direct polarized growth.

The notion that the components of invasive growth could
be genetically isolated was extended to cell-cell adhesion.
Disruption of FLO11 prevented adhesion but had no effect
on cell elongation or the budding pattern. Thus, haploid
invasive growth can be divided into three separate pro-
cesses: cell elongation, unipolar-distal budding, and cell ad-
hesion. Loss of any one of these processes partially compro-
mises invasive growth; loss of all three prevents it entirely.

Diploid Cells Starved for Glucose Initiate the
Filamentous Growth Response

Filamentous growth was first characterized in diploid cells
and was described as a response to nitrogen limitation (Gi-
meno et al., 1992). Mutations in nitrogen-sensing and nitro-
gen utilization pathways confirmed that pseudohyphal
growth was a response to low levels of environmental fixed
nitrogen (Mosch and Fink, 1997). Subsequently, haploid cells
were also shown to undergo a filamentation-like process in
which they invaded the agar substratum (Roberts and Fink,
1994). Diploid pseudohyphal growth and haploid invasive
growth were presumed to be similar processes because they
required some of the same signal transduction pathways,
but differences are apparent, in particular in the degree of
agar invasiveness. Recently, we showed that glucose deple-
tion was a trigger for haploid invasive growth (Cullen and
Sprague, 2000). Hence, it was proposed that diploid cells
initiate filamentous growth in response to limiting nitrogen,
whereas glucose depletion triggers haploid invasive growth
(Madhani, 2000). However, we have shown here that diploid
cells manifest all of the characteristics of filamentous growth
in response to glucose limitation. Perhaps variation within
the 21278b background has caused confusion as to the cues
that underlie filamentous growth. For example, strains of
yeast capable of starch degradation have been reported to
initiate filamentous growth upon either carbon or nitrogen
source depletion (Lambrechts et al., 1996). Diploid cells
sporulate upon limitation of both carbon and nitrogen cues
(Mitchell, 1994); depletion of either single cue, however,
triggers filamentous growth.
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