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FIG. 2. Effects of Ashl overexpression on pseudohyphal-colony formation in
strains with deletions of MAPK activation pathway components. (A) ste20A/
ste20A (HLY492), stel1A/stel 1A (HLY500), ste7A/ste7A (HLY351), and stel2A/
stel2A (HLY352) diploid strains containing either vector (pRS426), 2um ASHI
(pAS163), or 2um STE12 (pNC248) were grown on SLAD. (B) The ste20A/ste20A
strain (HLY492) containing either vector (pRS426) or GAL-ASHI (pNC543)
was streaked out on nitrogen starvation medium containing galactose. Photo-
graphs show representative colonies of each strain after 2 (A) or 3 (B) days of
growth at 30°C.

suggests that Ashl acts downstream or independently of the
MAPK cascade.

Constitutive activation of the MAPK cascade by expression
of a gain-of-function STE/I allele (STE11-4) or bypassing
the cascade with GAL-STE12 has been reported to enhance
pseudohyphal growth (18). Therefore, such alleles can be used
for epistasis tests that are the reciprocal of those done with the
deletion strains. We made use of the constitutive Stell variant
Ste11?°*7'7 and 2pm Stel2 overexpression to artificially in-
duce pseudohyphal growth and then test whether the response
would be blocked in a strain devoid of Ashl (ashlA/ashIA).
Colonies of diploid strains overexpressing Ste12 (2pm STE12)
and either lacking or expressing Ashl made similar filaments
on SLAD (Fig. 3A). Ste11*°7*"-promoted pseudohyphal
growth was also the same for strains lacking or expressing Ash1
(Fig. 3B). These results support the deduction that Ash1 func-
tions separately from Stel12 and the MAPK activation cascade.

The Stel2 transcription factor is thought to regulate the
expression of genes that are critical for pseudohyphal growth.
Although no pseudohyphal gene that is under Stel2 control
has been identified, the Stel2-dependent response element
from the yeast transposon Tyl is responsive to conditions that
promote pseudohyphal growth (22). If Ashl functions sepa-
rately from Stel2, transcriptional activation of the Tyl UAS by
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nitrogen starvation should be unaffected in cells lacking Ash1.
To test this prediction, we measured expression of a pseudohy-
phal reporter gene (FG[Ty]-lacZ) in homozygous ASHI and
ashlA strains (22). Log-phase cultures (YPD) of the strains
expressing or lacking Ashl produced the same background
amount of reporter gene product (B-galactosidase activity,
12 = 6 and 15 = 3 units of B-galactosidase activity [milli-OD/
min/mg], respectively). Nitrogen-deprived cultures (SLAD) of
cells expressing Ashl produced ~15-fold-larger amounts of
reporter gene product (175 = 18 milli-OD/min/mg). Under
these conditions (SLAD), cells lacking Ash1 similarly induced
reporter gene expression (140 = 3 milli-OD/min/mg). These
results show that Ashl is not required for Stel2 function.

Because Ashl and Stel2 appear to function separately in the
pseudohyphal response, we expected that the phenotype of the
double mutant would be more severe than that of either single
mutant. Some pseudohyphae emanate from patches of ho-
mozygous stel2A or ashlA strains after 4 days of growth on
SLAD, showing that neither single mutation completely blocks
filament formation (Fig. 4B and C). By contrast, the double
homozygous mutant (stel2A ashIA) is devoid of any filaments
after the same incubation period (Fig. 4D). No filaments were
apparent in the double-mutant strain even after 10 days on
SLAD, which is longest incubation time that we have moni-
tored (data not shown). The additive effect of Ashl and Stel2
supports a model that assigns Ashl a role in the pseudohyphal
response separate from that of Ste12 and the MAPK activation
cascade.

Relationship of Stel2 and Ashl to other regulators of pseu-
dohyphal growth. Expression of an activated variant of Ras2,
Ras2-V*'?, has been reported to induce pseudohyphal growth
(12). Additionally, strains that express Ras2-V'® show an eight-
fold increase in FG[Ty|-lacZ reporter gene expression com-

FIG. 3. Comparison of ASHI and ashIA mutant strains for pseudohyphal-
colony formation promoted by hyperactivation of the pathway. (A) ASHI/ASHI
(L5783) and ashiA/ashiA (SC125) diploid strains containing 2um STEI2
(pNC248) were grown on SLAD for 2 days at 30°C. (B) ASHI/ASH1 (1.5783) and
ashlA/ashIA (SC125) diploid strains containing GAL-STE11?%°7!7 (pNC544)
were grown on nitrogen starvation medium containing galactose for 1 day at
30°C. Photographs are of representative colonies.

1senb Ag Tz0oz ‘sz Arenuer uo /610 wse gow//:dny wolj papeojumoq



2888 CHANDARLAPATY AND ERREDE

C ASH1
 ste12A

D ash1A
ste12A

FIG. 4. Synthetic pseudohyphal-colony phenotype of ashIA and stel2A mu-
tants. ASH1/ASHI STE12/STE12 [L5783(pRS426)], ash1A/ash1A STE12/STEI2
[SC125(pRS426)], ASHI/ASHI stel2A/ste]2A [HLY352(pRS426)], and ashiA/
ashlA stel2A/ste]2A [SC137(pRS426)] diploid strains were patched onto SLAD
and grown at 30°C for 4 days. Photographs show a representative region of an
edge from each patch.

pared with a reference Ras2 strain. Because this effect on FG
[Ty]-lacZ expression is blocked in mutants that lack Ste20,
Stell, Ste7, or Stel2, it has been proposed that Ras2 functions
upstream of the MAPK activation cascade and Stel2 (22). If
Ras?2 function is mediated solely by Stel2, this model predicts
that an absence of Ste12 should also block pseudohyphal-fila-
ment formation promoted by Ras2-V'®. However, we find that
cells expressing Ras2-V'® but lacking Ste12 still form pseudo-
hyphal filaments (Fig. 5A, ASHI stel12A). This result opens the
possibility that components separate from the MAPK cascade
might also mediate Ras2-V'? effects on pseudohyphal growth.
The results of our epistasis analyses suggested that Ash1 func-
tions separately from Stel2 and hypothetically could fulfill
such a role. To test this possibility, we compared pseudohy-
phal-filament formation promoted by Ras2-V'® in homozygous
ashlA single-mutant and ashIA stel2A double-mutant diploid
strains. While the absence of Ashl alone was insufficient to
block Ras2-V*-promoted pseudohypha formation, the absence
of both Ashl and Stel2 did block the effect (Fig. 5SA, ashIA
STE12 and stel2A ash1A). These results are consistent with a
model in which Stel2 an Ashl have a compensatory role
in mediating the Ras2-dependent signal(s) for pseudohyphal
growth.

Phd1 is a presumed transcription factor that is also impli-
cated in the regulation of pseudohyphal growth. While the ab-
sence of Phdl is insufficient to prevent pseudohyphal growth,
its overexpression enhances pseudohyphal growth (11). Addi-
tionally, overexpression of Phdl can suppress the pseudohy-
phal-growth defect in a strain that lacks Stel2 (Fig. 5B, ASHI
stel2A) (21). We were curious to learn how Phdl overexpres-
sion would affect pseudohyphal growth of homozygous ashIA
single- and ashIA stel2A double-mutant strains. Phd1 overex-
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pression promoted vigorous pseudohyphal growth in the strain
lacking Ashl and allowed some pseudohyphal growth even in
the strain lacking both Ash1l and Stel2 (Fig. 5B, ashIA STE12
and ash1A stel2A). Unlike Ras2-V*', overproduction of Phdl
can act independently of both Stel2 and Ashl to promote
pseudohyphal growth.

Localization and expression of Ashl. Ashl localizes to the
nuclei of daughter cells in both haploid and diploid yeast form
cells (13, 33). To learn if Ash1 also localizes to the nuclei of
pseudohyphal-form daughter cells, we constructed a GFP-
tagged version of Ashl. The allele encoding the fusion protein
was integrated at the ASHI locus of the homozygous ashIA
diploid strain. The GFP-Ash1 fusion fully complemented the
pseudohyphal-growth defect of the ashlA/ashIA strain. Fluo-
rescent and differential interference contrast photographs of
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FIG. 5. Comparison of ashlA and stel2A single- or double-mutant strains for
pseudohyphal-colony formation promoted by hyperactivation of the pathway.
ASHI/ASHI STE12/STE12 (L5783), ashiAjash1A STE12/STEI2 (SC125), ASH1/
ASHI stel2A/ste]2A (HLY352), and ash1A/ashiA stel2A/ste]2A (SC137) diploid
strains containing either RAS2-1"° (pMW?2) (A) or 2um PHDI (pCG37) (B)
were grown on SLAD for 2 days at 30°C. Photographs are of representative
colonies.
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FIG. 6. Localization of GFP-Ash1 during pseudohyphal growth. Fluorescent (A and C) and differential interference contrast (B and D) views of cells are shown.
(A and B) Diploid strain SC126, which is heterozygous for GFP-ASHI, grown on SLAD for 12 h. Insets show a mother-daughter pair of yeast form cells of the same
diploid strain grown on SD-Ura. (C and D) Diploid ashIA/ash1A strain SC125 with pNC513, which expresses GFP-ASH] from the 2pum vector pRS426, grown on SLAD

for 12 h. m, mother cell; d, daughter cell.

over 20 pseudohyphal mother-daughter pairs were analyzed.
Similarly to the case in yeast form cells, GFP-Ashl localized
exclusively to the nuclei of pseudohyphal daughter cells (Fig.
6A).

The intensity of the signal in pseudohyphal cells on SLAD
differed little from that observed with yeast form cells grown
on nitrogen-rich medium (Fig. 6A, inset). This result is con-
sistent with our finding that steady-state amounts of Ashl
mRNA were not greater in cultures grown on SLAD than in
those grown on liquid nitrogen-rich medium (data not shown).
Based on the size and position of nuclei in the cells expressing
Ashl, it appears that Ash1 becomes expressed late in M phase,
similar to what has been observed for yeast form haploid cells
(13, 33).

Also similar to what has been reported for yeast form cells,
overexpression of Ashl in pseudohyphal cells leads to a more
symmetric localization pattern (Fig. 6C). Because overexpres-
sion of Ashl is not inhibitory to pseudohyphal growth, the
presence of Ashl in mother cells is not disruptive (Fig. 1B and
6D). This result provides additional support for the idea that
Ashl is formally a positive regulator of pseudohyphal growth.
Because of its positive regulatory role and the finding that
under normal conditions Ashl is detectable only in daughter
cells, we conclude that there must be a daughter cell-specific
function needed for the transition from yeast to pseudohyphal-
form cells.

DISCUSSION

Pseudohyphal differentiation of S. cerevisiae requires Ashl.
Ashl deletion mutants are defective for pseudohyphal and
invasive growth. These defects establish that Ash1 is formally a

positive regulator of filamentous growth. In this regard, the
role of Ashl in pseudohyphal-form growth is different from its
negative regulatory role in mating-type switching (13, 33).
Ashl has a zinc finger-like domain related to that of the GATA
family of transcription factors (24, 33). This relationship and
the nuclear location of Ashl suggested that it is most likely a
transcriptional regulator. This view encouraged speculation
that Ash1l might negatively regulate mating-type switching by
binding directly to sequences in the HO promoter and repress-
ing its transcription or by binding to and interfering with the
Swi5 transcriptional activator of HO (13, 33). The contrasting
role for Ashl in pseudohyphal differentiation suggests that
similar to other members of GATA family, Ashl might func-
tion as both an activator and a repressor of transcription (24).
On the other hand, if Ashl functions only as a transcriptional
repressor, its role in pseudohyphal differentiation would in-
volve repression of a negative regulator of the process.
Relationship of Ashl to other known regulators of the pseu-
dohyphal process. Nitrogen starvation stimulates the transition
of S. cerevisiae to a pseudohyphal form. This signal is mediat-
ed, at least in part, by a MAPK activation cascade and its
downstream transcription factor, Stel12 (18) (Fig. 7). Signal-
ing through this branch of the pathway involves the monomeric
G protein Cdc42, as well as the 14-3-3 homologs Bmh1 and
Bmh2, which associate with Ste20 (22, 28). More recently,
Gpa2-Ga has been shown to be essential for pseudohyphal
growth. Gpa2 and also Ras2 appear to regulate a separate
branch of the nitrogen-sensing pathway that leads to increases
in cyclic AMP levels (16, 20). Ras2 has also been implicated as
an upstream regulator of the MAPK cascade and Stel2. This
suggestion is based on the finding that an activated Ras2 vari-
ant (Ras2-V'?) stimulates expression of a pseudohyphal re-
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FIG. 7. Model for the pseudohyphal-response pathway. The diagram shows
the postulated relationship of signal transmission components that function after
the starvation signal(s) for induction of pseudohyphal growth. Arrows indicate
activation or stimulation. Lines with bars indicate repression or inhibition. See
the text for discussion of the evidence suggesting these relationships.

porter gene (FG[Ty]-lacZ) and that this effect depends on
components of the MAPK cascade (22). As such, Ras2 could
coordinate activities of the MAPK and cyclic AMP branches of
the pseudohyphal signaling network.

The results of our epistasis analyses are consistent with the
deduction that Ash1 acts separately from the MAPK activation
cascade and Stel2 but is still downstream from Ras2 (Fig. 7).
Furthermore, Ste12 and Ashl have additive effects in the re-
sponse, because a deletion of both is needed to completely
block normal or Ras2-V*°-promoted filamentation. Additional
support for the view that Ashl acts separately from Stel2
comes from the finding that the presence or absence of Ashl
has no effect on expression of a Stel2-dependent pseudohy-
phal reporter gene (FG[Ty]-lacZ).

Our epistasis analyses also suggest that Ste20 may have roles
in the pseudohyphal response in addition to activation of the
MAPK cascade. This deduction stems from the observation
that moderate overexpression of Ash1 can bypass deletion mu-
tants of the MAPK activation cascade but not of Ste20. One
possibility is that Ste20 regulates both the Ashl and Stel2
branches of the pathway (22, 28) (Fig. 7). Alternatively, Ste20
could control morphogenetic alterations that while not essen-
tial, nevertheless facilitate pseudohyphal growth. This postulat-
ed dual role would be analogous to the dual role that has
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recently been uncovered for Ste20 in mating differentiation
(25).

Although Stel2 and Ashl appear to have separate and ad-
ditive functions, we nevertheless found that hyperactivation of
Ste12 or Ashl, either by their overproduction or by Ras2-V'°,
can bypass the need of one for the other. This interesting
compensatory relationship is not unique to Ashl and Stel2.
Phdl1, another presumed transcription factor, also appears to
have functions that are additive with Stel2. Similar to our
results with Ashl1, filament formation was blocked completely
only in strains that lacked both Stel2 and Phdl (19). Also
similar to our findings, overexpression of Phdl compensates
for the absence of Stel2 (19). Because overexpression of Phdl
also promotes filamentation in strains lacking both Ash1l and
Ste12, Phdl may be on yet another arm of the pseudohyphal
signaling network.

The genes required for pseudohyphal growth that are regu-
lated by these presumed or actual transcription factors have yet
to be identified. Nevertheless, the ability of Ashl, Stel12, and
Phd1 to compensate for one another suggests some interesting
possibilities for regulation of pseudohyphal-gene expression.
One possibility is that the three transcription factors regulate
the same subset of genes that are essential for filamentous
growth. According to this model, the critical genes are ex-
pressed optimally only when the three transcription factors and
the stimuli to which they respond are present. Residual expres-
sion of these genes when any two of the transcription factors
are present is sufficient to support the amount of filamentation
seen with the single-mutant strains. Conversely, hyperactiva-
tion of any one transcription factor could increase expression
of the critical genes to levels sufficient for filamentation. It is
equally feasible that Ste12, Ashl, and Phdl control separate
sets of genes whose products have partially overlapping func-
tions. In this case, hyperactivation of any of the transcription
factors could lead to overexpression of one or the other set and
again allow adequate activity to support filamentous growth.

Daughter cell-specific functions in pseudohyphal growth. Sim-
ilarly to the case in yeast form cells, Ash1 localizes to daughter
cells of pseudohyphal-form yeast, revealing a difference between
daughter and mother cells. Because Ashl mutants do not form
pseudohyphae, the implicit daughter-specific functions are es-
sential for filamentous growth. In yeast form cells Ash1 expres-
sion is restricted to daughter cells in late anaphase and G, (13,
33). Based on the size and position of the nuclei in cells ex-
pressing Ashl, it appears that Ashl has a similar cell cycle
restriction in its expression during pseudohyphal growth. Be-
cause of these spatial and temporal restrictions on Ashl ex-
pression, the gene products subject to its regulatory control
must be critical for pseudohyphal development only in the
apical cells of the colony during this window of the cell cycle.
An important implication of these restrictions is that the
pseudohyphal fate is established solely by daughter cells. Once
the transition from yeast to pseudohyphal form is made, cells
appear to maintain the pseudohyphal form independently of
Ashl and perhaps other regulators of this growth mode. Full
comprehension of what role Ashl might have in establishing
the pseudohyphal fate awaits identification of its targets.
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