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Diploid budding yeast exhibits two developmental programs in response to nitrogen starvation, pseudohyphal
growth, and sporulation. Here we show that both programs are repressed by activation of the unfolded protein
response (UPR), a stress-signal transduction pathway responsible for induction of endoplasmic reticulum
(ER)-resident chaperones when protein folding in the ER is impaired. Pseudohyphal growth was derepressed in
ire1�/ire1� and hac1�/hac1� strains. Activation of the UPR or overexpression of the transcription factor
Hac1ip, the product of an unconventional splicing reaction regulated by the UPR, was sufficient for repression
of pseudohyphal growth and meiosis. HAC1 splicing occurred in a nitrogen-rich environment but ceased
rapidly on nitrogen starvation. Further, addition of ammonium salts to nitrogen-starved cells was sufficient to
rapidly reactivate HAC1 splicing. We propose that high translation rates in a nitrogen-rich environment are
coupled to limited protein unfolding in the ER, thereby activating the UPR. An activated UPR then represses
pseudohyphal growth and meiosis. Nitrogen starvation slows translation rates, allowing for more efficient
folding of nascent polypeptide chains, down-regulation of the UPR, and subsequent derepression of
pseudohyphal growth and meiosis. These findings significantly broaden the range of physiological functions of
the UPR and define a role for the UPR in nitrogen sensing.
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Nitrogen starvation triggers one of two developmental
responses in diploid cells of the yeast Saccharomyces
cerevisiae. Nitrogen starvation in the presence of a fer-
mentable carbon source, such as glucose, results in a
morphological change from the yeast to a filamentous or
pseudohyphal growth form. The pseudohyphal growth
form is characterized by an elongated cell shape, a
change to a unipolar budding pattern, adhesion of the
cells to each other after cell division has been completed,
invasion of the agar, and synchronization of cell division
between mother and daughter cells (Kron et al. 1994).
Macroscopically, these changes result in colonies with
multiple projections radiating away from the center of
the colony.

Two signaling cascades are required for induction of
pseudohyphal growth. They partially overlap with the
mitogen-activated protein kinase (MAPK) pathway that
signals the mating pheromone response (Liu et al. 1993)
and the cAMP-dependent protein kinase A (PKA) path-

way (Gimeno et al. 1992). How both pathways are acti-
vated by nitrogen starvation is not very well understood.
The high-affinity ammonium permease Mep2p is one of
the most upstream elements of the PKA pathway
(Lorenz and Heitman 1997) and, thus, may link activa-
tion of the PKA pathway to nitrogen starvation (Lorenz
and Heitman 1998). However, how Mep2p senses nitro-
gen and transduces the signal is unknown. In addition to
these two pathways, additional genes are involved in
regulation of pseudohyphal growth. These include genes
that induce pseudohyphal growth when overexpressed
(PHD1, PHD3, PHD4, PHD6, PHD7, and MSN1; Gimeno
and Fink 1994) and genes with recessive mutations that
cause constitutive pseudohyphal growth (ELM1-3,
ELM5-8, ELM12, ELM14, and GRR1; Blacketer et al.
1995).

Nitrogen starvation on nonfermentable carbon sources
as acetate or ethanol induces meiosis and differentiation
into asci in diploid a/� cells (Herskowitz 1988; Kupiec et
al. 1997). Meiosis can be divided into at least three dis-
tinctive phases: early, middle, and late phases of gene
expression. A transcriptional cascade governs entry into
meiosis. The first known event is induction of IME1
mRNA by relieving nutritional repression by ferment-

3Corresponding author.
E-MAIL kaufmanr@umich.edu; FAX (734) 763-9323.
Article and publication are at www.genesdev.org/cgi/doi/10.1101/
gad.852300.

2962 GENES & DEVELOPMENT 14:2962–2975 © 2000 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/00 $5.00; www.genesdev.org



able carbon sources, that is, glucose, and nitrogen. Once
synthesized, Ime1p binds to the transcriptional repressor
Ume6p and converts it to an activator, resulting in tran-
scriptional induction of early meiotic genes such as
IME2, HOP1, and SPO13 (Rubin-Bejerano et al. 1996;
Malathi et al. 1997). Once early genes, including IME2,
are induced the protein kinase, Ime2p activates a subset
of early genes independent of IME1. Only after comple-
tion of the early phase are middle genes expressed.

The nature of the carbon source controls the decision
whether filaments or asci are formed when nitrogen be-
comes limiting. The presence of a fermentable carbon
source such as glucose results in formation of filaments,
whereas the presence of a nonfermentable carbon source
results in sporulation (Gimeno et al. 1992; Donzeau and
Bandlow 1999). How this decision is made on a molecu-
lar level is not understood.

The unfolded protein response (UPR; for reviews see
Chapman et al. 1998; Kaufman 1999) is an unconven-
tional signal transduction pathway that transduces the
stress signal for unfolded proteins in the lumen of the
endoplasmic reticulum (ER) to the nucleus. Drugs that
interfere with N-linked glycosylation, for example, tuni-
camycin and 2-deoxyglucose, or reduce disulfide bonds,
for example, �-mercaptoethanol and dithiothreitol, in-
duce protein unfolding in the ER. Unfolded proteins in
the ER sequester Kar2p/BiP/GRP78 from the type I trans-
membrane kinase/endoribonuclease Ire1p, resulting in
its dimerization and autophosphorylation (Bertolotti et
al. 2000). In yeast, activated Ire1p cleaves the mRNA for
the transcription factor Hac1p. Unspliced HAC1 mRNA
(HAC1u) consists of two exons that are separated by a
252-bp intron harboring a translational attenuator. After
cleavage of both exon–intron junctions by Ire1p, the ex-
ons are joined by tRNA ligase, thereby bypassing the
spliceosome. Consequently, the translational block is re-
lieved and spliced HAC1 mRNA (HAC1i) is translated.
Hac1ip activates transcription of genes encoding ER-resi-
dent chaperones such as KAR2, PDI1, and LHS1 through
binding to the UPR-element (UPRE, CAGCGTG) as a
homodimer. Globally, the UPR regulates transcription of
381 open reading frames (ORFs) in response to ER stress.
Of these, ∼50% of the ORFs with a known function play
a role in the secretory pathway (Travers et al. 2000).
However, ∼100 ORFs with a known function are induced
by the UPR on ER stress and have no known connection
to the secretory pathway, indicating that aspects of the
secretory pathway are involved in the regulation of more
cellular processes than currently appreciated.

Here, we provide evidence that the UPR represses both
nitrogen-starvation induced developmental programs,
pseudohyphal growth, and meiosis and, thus, contrib-
utes to nitrogen sensing in budding yeast. We demon-
strate that HAC1 splicing is regulated by extracellular
nitrogen sources. HAC1 splicing was stimulated by high
extracellular nitrogen levels and ceased rapidly on nitro-
gen starvation. To explain the dependence of HAC1
splicing on high environmental levels of nitrogen
sources, we propose the following model. In a nitrogen-
rich environment, protein unfolding is a byproduct of

rapid translation, resulting in low-level activation of the
UPR and subsequent repression of pseudohyphal growth
and meiosis. When nitrogen becomes limiting, transla-
tion slows, the amount of unfolded protein in the ER
drops below a threshold level that is no longer sufficient
to activate the UPR, and repression of pseudohyphal
growth and meiosis is relieved. Taken together, these
findings demonstrate a novel function for the UPR and
the secretory pathway in controlling the global physiol-
ogy of eukaryotic cells in response to nutrient availabil-
ity.

Results

Diploid ire1� and hac1� strains grow constitutively
as pseudohyphae

To our surprise, microscopic examination of diploid
ire1�/ire1� and hac1�/hac1� cells in mid-log phase re-
vealed a striking morphological change (Fig. 1A). Wild-
type (WT) diploid cells displayed the familiar yeast mor-
phology, a round or oval cell shape, and mother cells
with buds of every different size. In contrast, ire1�/ire1�
and hac1�/hac1� cells were elongated beyond a length
to width ratio of two and formed chains of cells sticking
together even after cell division was completed. This
morphology of the ire1�/ire1� and hac1�/hac1� strains
is identical to yeast growing as filaments or pseudohy-
phae (Gimeno et al. 1992). The same observation was
made in the W303 genetic background. ire1�/ire1� and
hac1�/hac1� strains did not only form pseudohyphae
when grown on glucose but also when grown on acetate
(Fig. 1A), a condition that represses pseudohyphae for-
mation in WT strains (Donzeau and Bandlow 1999). To
quantify this observation, the cells were classed into two
groups after their morphological appearance: yeast-form
(YF) cells with a length to width ratio less than two, and
pseudohyphal (PH) cells with a length to width ratio of
greater than or equal to two (Mösch et al. 1996). More
than 50% of the ire1�/ire1� and hac1�/hac1� cells be-
longed to the PH group. Surprisingly, the percentage of
PH cells was more pronounced on a nonfermentable car-
bon source like acetate (Fig. 1B).

Cell separation in pseudohyphae of S. cerevisiae is
complete, and pseudohyphae can easily be disrupted in
shaking liquid cultures. Further, the strong tendency of
some strain backgrounds for flocculation can complicate
the identification of pseudohyphae in liquid culture. We
therefore tested whether our ire1�/ire1� and hac1�/
hac1� strains also displayed another macroscopic
change characteristic for pseudohyphal growth. Colonies
growing as pseudohyphae are characterized by multiple
projections radiating away from the center of the colony,
whereas vegetatively growing colonies form round and
smooth colonies (Gimeno et al. 1992). Pseudohyphae for-
mation on plates can be induced with low–ammonium
sulfate media (50 µM, SLAD-medium; Lorenz and Heit-
man 1997). Colonies of ire1�/ire1� and hac1�/hac1�
cells displayed more vigorous pseudohyphae formation
than WT cells (Fig. 1C, left panel). Invasive growth of
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haploid cells was not altered in ire1� and hac1� strains
(data not shown).

Spliced Hac1p represses pseudohyphal development

As both IRE1 and HAC1 were required to repress pseu-
dohyphal growth, we speculated that repression of pseu-

dohyphal growth requires HAC1 splicing. To test this
hypothesis, we overexpressed spliced Hac1p (Hac1ip)
from a single-copy plasmid carrying the HAC1i gene un-
der control of its own promoter (pRS316-HAC1i) in a WT
strain. Cells carrying this plasmid constitutively ex-
pressed Hac1ip (e.g., see Fig. 4B, below). When grown on
SLAD plates, only WT cells formed pseudohyphae,

Figure 1. Pseudohyphal growth of diploid ire1�/ire1� and hac1�/hac1� strains. (A) Morphology of WT (AMP1618 × AMP1619),
ire1�/ire1� (MSY17-46 × MSY18-59) and hac1�/hac1� (MSY19-29 × MSY20-19) cells in mid-log phase in liquid culture grown on
glucose (YPD) or acetate (YPAc) as carbon source. (B) Quantitation of yeast form (length to width ratio less than two; black bars) and
pseudohyphal (length to width ratio greater than or equal to two; open bars) from the experiment shown in part A. For each strain, >100
cells were counted. (C) Pseudohyphal growth is derepressed in homozygous diploid ire1� and hac1� strains and insensitive to
activation of the UPR by 2-deoxyglucose or repression by ammonium sulfate. The strains are the same as in A and were grown on
SLAD-plates for 7 d with the indicated concentrations of ammonium sulfate and 2-deoxyglucose. (D) Overexpression of Hac1ip
represses pseudohyphal growth in nitrogen-starved diploid WT cells (AMP1618 × AMP1619). The strains were grown on SLAD-plates
as described in B. The same result was obtained with three independent transformants.
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whereas pseudohyphae formation was strongly repressed
in cells expressing Hac1ip (Fig. 1D). Thus, Hac1ip is suf-
ficient to repress pseudohyphal growth.

Unfolded proteins in the ER repress pseudohyphal
growth through activation of the UPR

So far, the role of components of the UPR in repression of
pseudohyphal growth resembles their role in the UPR.
Both IRE1 and HAC1 were required, and overexpression
of Hac1ip was sufficient to repress pseudohyphal growth.
Therefore, we speculated that the whole UPR, starting
with activation of Ire1p by unfolded proteins and result-
ing in splicing of HAC1 mRNA might be a repressing
pathway for pseudohyphal growth. We therefore tested
directly whether induction of unfolded proteins in the
ER by disrupting N-linked glycosylation with tunicamy-
cin or 2-deoxyglucose was sufficient to repress pseudo-
hyphal growth in WT cells at low nitrogen concentra-
tions. Homozygous diploid WT, ire1�, and hac1� strains
were grown on SLAD-plates in the presence of low con-
centrations of tunicamycin or 2-deoxyglucose. Sublethal
concentrations of tunicamycin (0.2 µg/mL; data not
shown) and 2-deoxyglucose (1 mM; Fig. 1C center panel)
inhibited pseudohyphae formation in WT cells. Both
drugs did not interfere with pseudohyphae formation by
homozygous diploid ire1� and hac1� strains. This dem-
onstrated that accumulation of unfolded proteins in the
ER is sufficient to repress pseudohyphal development
through activation of Ire1p and HAC1 splicing.

Repression of pseudohyphal growth by nitrogen is
defective in cells with a compromised UPR

Pseudohyphae formation in ire1�/ire1� and hac1�/
hac1� strains was observed in nitrogen-rich media inde-
pendent of carbon source (Fig. 1A). As pseudohyphal
growth is repressed by high extracellular nitrogen con-
centrations (Gimeno et al. 1992), we speculated that ho-
mozygous diploid ire1� and hac1� cells are defective in
nitrogen repression of pseudohyphal growth. To test this
idea more directly, we grew WT, ire1�/ire1�, and hac1�/
hac1� strains at different ammonium sulfate concentra-
tions. Whereas pseudohyphae formation in the WT strain
was completely repressed by 1 mM ammonium sulfate,
the strains defective in the UPR still formed hyphae at
this ammonium sulfate concentration (Fig. 1C, right
panel). This suggested that the UPR is, indeed, transmit-
ting a nitrogen signal to repress pseudohyphal growth.
However, hyphae formation at 1 mM ammonium sulfate
was not as vigorous as at 100 µM in ire1�/ire1� and
hac1�/hac1� strains, indicating the existence of addi-
tional pathways that repress pseudohyphal growth in re-
sponse to ammonium.

Basal activity of the UPR during vegetative growth

The data presented up to this point suggest that the UPR
contributes to repression of pseudohyphal growth in a
nitrogen-rich environment. If true, synthesis of the read-

out of the UPR, spliced Hac1ip, in unstressed, vegeta-
tively growing cells must occur. To test this hypothesis,
a WT strain was grown to mid-log phase on different
carbon sources, RNA extracted, and analyzed by North-
ern blotting and PhosphorImaging. Synthesis of Hac1ip
is controlled by splicing of HAC1 precursor mRNA
(Chapman et al. 1998; Kaufman 1999). Thus, HAC1i

mRNA is a hallmark of activation of Ire1p and the UPR.
On all carbon sources, HAC1 splicing was observed (Fig.
2A). On glucose, ∼1%–3% of HAC1 mRNA was spliced
(Fig. 2B). ire1� and hac1� cells showed no signals that
corresponded to HAC1i mRNA or cleavage intermedi-
ates (Fig. 2A), thus demonstrating the specificity of these
signals for HAC1 mRNA species in WT cells. The
amount of HAC1i mRNA increased five- to 10-fold dur-
ing growth on a nonfermentable carbon source such as
ethanol or acetate (Fig. 2). Growth on glucose-repressible
carbon sources like maltose or raffinose resulted in a
twofold increase in HAC1 splicing (Fig. 2B). HAC1 splic-
ing on nonfermentable carbon sources peaked in the ex-
ponential growth phase and was lower in the stationary
growth phase (data not shown). HAC1 splicing in un-
stressed, vegetatively growing yeast was observed in
both haploid and diploid cells (data not shown), demon-
strating that basal low-level UPR activity is not depen-
dent on cell type. Similar results were obtained with
different strain backgrounds.

The small percentage of HAC1 splicing detected in

Figure 2. Basal UPR activity during vegetative growth. (A)
HAC1 splicing in a WT strain (AMP1619) grown to mid-log
phase on different carbon sources (2%) on rich medium. All
lanes are from one Northern blot and were exposed for the same
time. Symbols to the left of the HAC1 blot, starting at the top:
unspliced, spliced HAC1 mRNA, products of the endonucleo-
lytic cleavage of HAC1 mRNA by Ire1p at the 3�- and 5�-splice
site. The two exons of HAC1 mRNA are labeled 1 and 2. A black
bar indicates the region recognized by the HAC1 probe. (B)
Quantitative analysis of HAC1 splicing on different carbon
sources by PhosphorImaging. The average and standard error
from two independent experiments are shown.
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WT cells grown on glucose (Fig. 2A) must be sufficient
for repression of pseudohyphal growth, as hac1�/hac1�
cells do not synthesize any Hac1p and were constitu-
tively growing as pseudohyphae. Further, as ire1�/ire1�
cells also grew constitutively as pseudohyphae, it can be
concluded that the splicing reaction is necessary to pro-
duce the inhibitor; in other words, unspliced HAC1
mRNA does not contribute to the repression. Therefore,
either Hac1p levels are too low in ire1�/ire1� cells for
efficient repression or the change in the C terminus of
Hac1p introduced by the splicing reaction (Mori et al.
2000) is required for repression. Unspliced HAC1 mRNA
levels in ire1� cells are the same as in WT cells (Fig. 2A,
glucose as carbon source) or elevated (see below, Fig. 4D,
acetate as carbon source) showing that a loss in HAC1
transcription is not responsible for constitutive activa-
tion of pseudohyphal growth in diploid ire1� strains. On
the basis of these different lines of evidence, we conclude
that the UPR represses pseudohyphal growth in a nitro-
gen-rich environment in vegetatively growing cells.

HAC1 splicing is regulated by extracellular nitrogen

Repression of pseudohyphal growth by the UPR must be
relieved when nitrogen becomes limiting to allow for

hyphae formation. On the basis of the data discussed
before (Fig. 1D), the repressing activity resides in Hac1ip.
Therefore, a mechanism has to exist that inactivates
Hac1ip during nitrogen starvation. That the activity of
Hac1ip is modulated can be ruled out, as overexpression
of Hac1ip was sufficient to repress pseudohyphal growth
at low nitrogen concentrations (Fig. 1D). Regulation of
Hac1p synthesis is sufficient to control Hac1p levels, as
both forms of Hac1p have a half-life of ∼2 min (Kawahara
et al. 1997). Several mechanisms for how synthesis of
Hac1ip can be regulated by nitrogen sources can be en-
visioned, such as transcription of HAC1 or the splicing
reaction. Nitrogen starvation did not result in a dramatic
decrease in HAC1 mRNA levels (Fig. 3; Fig. 4B,D), show-
ing that rapid transcriptional regulation of Hac1ip syn-
thesis by nitrogen sources does not occur.

To test whether the splicing reaction is regulated by
nitrogen, we looked at the effect of nitrogen starvation
on HAC1 splicing in cells grown on acetate, as this car-
bon source yielded levels of HAC1 splicing that allowed
us to detect changes in the level of HAC1 splicing by
Northern blotting (Fig. 2). RNA extracted from WT cells
grown to mid-log phase on acetate (YPAc) or after nitro-
gen starvation with C–SPO medium was subjected to
Northern analysis. As early as 5 min after establishing

Figure 3. HAC1 splicing is regulated by extra-
cellular nitrogen. (A) Northern analysis of a WT
strain (AMP1619) grown to mid-log phase on ac-
etate (lanes 1,7) after nitrogen starvation with C-
SPO medium (lanes 2–6,8), and 15 and 60 min
after addition of ammonium sulfate (5 g/L) to
cells starved for nitrogen for 15 min (lanes 9,10).
Similar results were obtained in two independent
experiments. (B) PhosphorImaging analysis of the
experiment in part A. The average and standard
error from two independent experiments are
shown. (C) Titration of the ammonium concen-
tration necessary to stimulate HAC1 splicing in
nitrogen-starved WT cells. Northern analysis of
the same WT strain as in A grown to mid-log
phase on YPAc, starved for nitrogen with C-SPO
medium for 15 min and stimulated with different
concentrations of ammonium sulfate for 30 min.
(D) PhosphorImaging analysis of the Northern
shown in C. The standard error for each data
point is <2%. Similar results were obtained in
two independent experiments.
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nitrogen starvation, virtually no HAC1 splicing was seen
(Fig. 3A, lanes 1–6). HAC1 splicing was not restored un-
der these conditions over a period of 2 h. Next, we
wanted to demonstrate that the level of nitrogen sources
actually regulates HAC1 splicing and that regulation of
HAC1 splicing is not caused by changes in metabolite
levels other than nitrogen sources. We therefore tried to
reactivate HAC1 splicing in cells starved for nitrogen
with C–SPO medium for 15 min by adding ammonium
sulfate to the concentration in vegetative growth media

(5 g/L or 37.9 mM). Indeed, HAC1 splicing was seen 15
min after nitrogen stimulation and persisted for at least
1 h under these conditions (Fig. 3A, lanes 7–10). More-
over, the level of HAC1 splicing 15 min after reactiva-
tion with ammonium sulfate was identical to the level
seen in exponentially growing cells (Fig. 3B, cf. lane 9
with lane 7). This demonstrated that the only environ-
mental change to which HAC1 splicing responds is the
change in the nitrogen source ammonium sulfate. Other
ammonium salts such as ammonium chloride and am-

Figure 4. HAC1 is a negative regulator of early meiotic gene expression. (A,C) ime2–lacZ expression after induction of meiosis with
C-SPO medium. The average and standard error of three independent clones (A) or experiments (C) are shown. (A) WT cells (AMP1618
and AMP1619) were transformed with an empty plasmid (pRS316) or with a plasmid that carries the HAC1i gene under control of its
own promoter (pRS316-HAC1i). Uracil was omitted from acetate (PSP2) and C–SPO medium. The black and open bars represent two
independent experiments. (C) WT (AMP1619), ire1� (MSY18-59), and hac1� cells (MSY20-19) were grown on YPAc and shifted to
C–SPO medium. (B,D) Northern analysis to the experiments described in A and C, respectively. All lanes were taken from the same
blot with the same exposure time. Two mRNAs for HOP1 and SPO13 were detected, as reported by Smith et al. (1990). Similar results
were obtained in two independent experiments.
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monium acetate stimulated HAC1 splicing in a similar
manner (data not shown); showing that ammonium is
the regulatory component and not sulfate. The smallest
concentration of ammonium able to reactivate HAC1
splicing was 10 mM (Fig. 3C). Thus, the amount of am-
monium present in SLAD-medium (100 µM) used to in-
duce pseudohyphal growth is not sufficient to activate
HAC1 splicing. The same response of the splicing reac-
tion to environmental nitrogen levels was observed in
haploid and diploid cells and in different genetic back-
grounds, showing that it is independent of cell type.

Two steps in the splicing reaction may be regulated by
nitrogen: either the endoribonuclease activity of Ire1p or
tRNA-ligase activity. In the first case, not only does
HAC1i mRNA decrease on nitrogen starvation but the
mRNAs for the cleavage intermediates at the 5�- and
3�-splice junction do also. In the latter case, only HAC1i

mRNA decreases on nitrogen starvation, and mRNAs for
the intermediates should be unaffected. Nitrogen starva-
tion resulted in a loss of HAC1i mRNA and the mRNAs
for the cleavage intermediates (Fig. 3A), demonstrating
that the endoribonuclease activity of Ire1p is regulated
by extracellular nitrogen sources.

On the basis of these results, we conclude that the
UPR represses pseudohyphal growth in response to ni-
trogen. If nitrogen starvation is encountered, the UPR
and HAC1 splicing are significantly down-regulated to
permit formation of pseudohyphae. Induction of un-
folded proteins in the ER by drug treatment was suffi-
cient to repress pseudohyphal growth in an IRE1- and
HAC1-dependent manner. In addition, high extracellular
nitrogen levels activated the endoribonuclease activity
of Ire1p. Therefore, the most attractive hypothesis for
how nitrogen activates Ire1p is to assume that it acts
through increased synthesis of unfolded proteins, which
may be a byproduct of high translation rates in a nitro-
gen-rich environment.

Spliced Hac1p represses entry into meiosis

In addition to pseudohyphal growth, nitrogen starvation
can trigger other physiological events, such as derepres-
sion of arginine catabolism (Strich et al. 1994) or induc-
tion of meiosis (Kupiec et al. 1997). We therefore asked
whether the repressing role of the UPR in response to a
nitrogen-rich environment is limited to pseudohyphal
growth or whether it extends to other adaptational re-
sponses to nitrogen starvation. Meiosis, besides pseudo-
hyphal growth, is the second and only other known de-
velopmental response of S. cerevisiae to nitrogen starva-
tion (Kupiec et al. 1997). Meiosis is triggered by the
presence of poor carbon sources (e.g., acetate), whereas
pseudohyphal growth is believed to require the presence
of a fermentable carbon source (Gimeno et al. 1992). A
role for HAC1 in meiosis was proposed earlier on more
circumstantial data. First, a GGCGG-element, reminis-
cent of the URS1 site, was noted in the HAC1 promoter
(Nojima et al. 1994). Second, HAC1 mRNA levels were
reported to oscillate during meiosis but not during veg-

etative growth (Nojima et al. 1994). Most interesting,
tunicamycin was reported to inhibit ascus formation if
added during the early phase of meiosis but to not do so
during the later phases (Weinstock and Ballou 1987). Dif-
ferences in tunicamycin uptake during the three stages
of meiosis did not account for this observation. It seemed
reasonable to assume that this inhibitory effect was
caused by activation of HAC1 splicing and repression of
early genes by Hac1ip. Last, nitrogen starvation resulted
in rapid loss of HAC1 splicing (Fig. 3A), further support-
ing the idea that HAC1 may play the role of a negative
regulator of early meiotic genes.

To test whether Hac1ip inhibits early meiotic gene
expression, we studied the effect of Hac1ip overexpres-
sion on activation of the promoter for the early meiotic
gene IME2. To follow IME2 induction, an integrated re-
porter was used in which nucleotides −983 to +114 of
IME2 were fused to Escherichia coli at codon 39 of IME2
(Su and Mitchell 1993). We found that pseudohyphal
growth persisted in homozygous diploid ire1� and hac1�
strains after induction of meiosis (e.g., see Fig. 6B, below)
and interfered with efficient sporulation. We therefore
decided to use haploid cells in which the cell type spe-
cific repressor of meiosis RME1 was deleted to study the
role of IRE1 and HAC1 in regulation of early meiotic
genes. The kinetics and extent of early meiotic gene in-
duction in rme1� haploid cells is comparable to WT dip-
loid cells (Su and Mitchell 1993). Haploid cells do not
induce filamentation in response to nitrogen starvation
(Roberts and Fink 1994), and haploid invasive growth
was not altered in ire1� and hac1� cells (see above).
Overexpression of Hac1ip in these cells did repress ex-
pression of the ime2–lacZ reporter (Fig. 4A), proving that
Hac1ip is a negative regulator of IME2.

Induction of early meiotic genes such as IME2, HOP1,
and SPO13 is mainly controlled at the transcriptional
level and requires the conversion of the transcriptional
repressor Ume6p to an activator by binding it to Ime1p
(Rubin-Bejerano et al. 1996; Malathi et al. 1997). Ime1p
activity is controlled by its abundance in the cell. Glu-
cose and nitrogen repress its transcription (Kupiec et al.
1997). Thus, glucose and nitrogen starvation induce
IME1 and activate transcription of early meiotic genes by
the Ume6p–Ime1p complex. Therefore, repression of
IME2 by Hac1ip may be indirect, that is, a consequence
of repression of IME1 by Hac1ip. To address this ques-
tion, we performed Northern analysis on WT and on WT
cells carrying the extra HAC1i gene. Overexpression of
Hac1ip had no or only little effect on transcription of
IME1, whereas the early meiotic genes HOP1, IME2, and
SPO13 were repressed four- to fivefold (Fig. 4B). To en-
sure that the HAC1i gene was expressed, we looked at
HAC1 and KAR2 mRNA levels. HAC1i mRNA was de-
tected in cells carrying the HAC1i gene even in the pres-
ence of nitrogen starvation (Fig. 4B). Further, transcrip-
tion of the chaperone gene KAR2, characterized as one
target gene induced by Hac1ip (Kaufman 1999), was el-
evated compared to WT cells (Fig. 4B), showing that
Hac1ip levels were elevated and functional in these cells.
Taken together, these data demonstrate that Hac1ip is a
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negative regulator of early meiotic genes but not of their
positive regulator IME1.

Different roles for IRE1 and HAC1 in regulation
of entry into meiosis

If Hac1ip is a negative regulator of early meiotic genes,
cells defective in HAC1 splicing should show enhanced
induction of early meiotic genes. Therefore, we analyzed
induction of early meiotic genes in ire1� and hac1�
strains. First, expression of the ime2–lacZ reporter dur-
ing nitrogen starvation on acetate was monitored. In-
deed, hac1� cells showed enhanced expression of the
reporter (Fig. 4C), and ime2–lacZ expression was also
derepressed during vegetative growth (data not shown).
Surprisingly, ire1� cells were found to be defective in
induction of IME2 (Fig. 4C). To confirm this result, we
performed Northern analysis on these cells. Consistent
with the previous results, deletion of HAC1 had no ma-
jor effect on induction of IME1 (Fig. 4D). Further, the
early meiotic genes IME2, HOP1, and SPO13 were in-
duced faster than in the WT strain, and transcript levels
of these genes were elevated during vegetative growth
(Fig. 4D). This shows that HAC1 is a negative regulator
for these genes but not of their activator IME1. In con-
trast, ire1� cells displayed a slower induction of IME1
than the WT strain (Fig. 4D). As transcription of early
meiotic genes is primarily regulated by the abundance of
Ime1p in the cell, this defect in IME1 induction in the
ire1� strain is sufficient to explain the delay in induction
of IME2 (Fig. 4C) and other early genes (Fig. 4D).

In the classical UPR, Ire1p activates transcription of
chaperone genes through up-regulation of synthesis of
Hac1ip (Chapman et al. 1998). However, HAC1 was not
required for induction of IME1, raising the possibility
that activation of the IME1 promoter by IRE1 is inde-
pendent of HAC1 function. To confirm this observa-
tion, we asked whether overexpression of Hac1ip from
pRS316-HAC1i in ire1� cells could rescue the defect in
activation of IME1 transcription. Indeed, IME1 mRNA
levels in cells overexpressing Hac1ip were similar to the
levels in an ire1� strain (Fig. 4D), showing that HAC1i

cannot rescue the defect in IME1 transcription. Hac1ip
was synthesized in these cells as HAC1i mRNA was de-
tected and KAR2 mRNA levels were elevated through-
out the experiment (Fig. 4D). Further, overexpression of
Hac1ip in WT cells did not affect IME1 mRNA levels
(Fig. 4B). These results demonstrate that IRE1, but not
HAC1, is a positive regulator of IME1.

Unfolded proteins in the ER repress entry into meiosis

Repression of early meiotic genes by Hac1ip resembled
repression of pseudohyphal growth by the UPR. There-
fore, we were interested in whether the most upstream
element of the UPR is also part of the pathway repressing
early meiotic genes. Meiosis was induced in WT cells by
nitrogen starvation for 4 h in the presence or absence of
2 µg/mL tunicamycin and induction of IME1 and IME2

was compared. We observed a twofold reduction of
ime2–lacZ mRNA levels (Fig. 5B) and expression of the
ime2–lacZ reporter (Fig. 5A) in tunicamycin-treated WT
cells but no change in IME1 mRNA levels (Fig. 5B). In
ire1� cells, tunicamycin did not further decrease ime2–
lacZ expression (Fig. 5A), showing that repression of
IME2 by unfolded proteins in the ER requires activation
of Ire1p and most likely HAC1 splicing. Other com-
monly used activators of the UPR, 2-deoxyglucose and
�-mercaptoethanol (Chapman et al. 1998), severely in-
terfered with cell viability on nonfermentable carbon
sources (data not shown). Thus, unfolded proteins are the
upstream element of the pathway that represses early
meiotic genes such as IME2 during vegetative growth
through activation of HAC1 splicing. Taken together,
these results establish the UPR pathway as a negative
regulator for early meiotic genes that are targets of the
Ume6p–Ime1p transcriptional activator complex. In ad-
dition, IRE1 acts independent of HAC1 as a positive
regulator for IME1.

Derepression of pseudohyphal growth interferes
with efficient sporulation

To this point, our data establish the UPR, that is, acti-
vation of HAC1 splicing through protein unfolding in
the ER, as a nitrogen-dependent repressor of both pseu-
dohyphal growth and meiosis. On nitrogen starvation,
HAC1 splicing ceases, Hac1ip levels drop dramatically,
and repression of both developmental responses is re-
lieved. Mechanisms must exist that ensure that only the
correct adaptational response to certain conditions is
chosen. Carbon source influences this choice. On glu-
cose, the predominant response to nitrogen starvation is
pseudohyphal growth, whereas in its absence meiosis
prevails (Gimeno et al. 1992; Donzeau and Bandlow
1999). Homozygous diploid ire1� and hac1� strains grew
as pseudohyphae under conditions that normally favor
vegetative growth (Fig. 2A). We now wanted to know
how these cells respond to conditions that induce meio-

Figure 5. Induction of unfolded proteins in the ER represses
IME2. (A) Induction of the ime2–lacZ reporter in WT
(AMP1619) and ire1� cells (MSY18-59) treated with 2 µg/mL
tunicamycin (Tm) during meiosis. Similar results were obtained
in two independent experiments. (B) Analysis of IME1 and
ime2–lacZ mRNA levels by Northern blotting in a WT strain
under the conditions described in A.
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sis in a WT strain, that is, nitrogen starvation in the
presence of a nonfermentable carbon source. ire1�/ire1�
and hac1�/hac1� strains displayed a very similar pheno-
type when sporulated, indicating that abrogation of
HAC1 splicing in these cells is the main cause for their
behavior. At the onset of meiosis, ascus formation was
slower in the ire1�/ire1� strain than in the hac1�/hac1�
strain (Fig. 6A), consistent with the observation that
only IRE1 was required for efficient induction of IME1
(Fig. 4D). However, induction of IME1 mRNA in the
ire1� strain was not completely abolished (Fig. 4D), and
IME1 mRNA accumulated after prolonged times to lev-
els comparable to WT cells (Fig. 4D). Sporulation effi-
ciency was decreased to one-third of the WT in both
strains (Fig. 6A,C). Pseudohyphal growth persisted for at
least the first 20 h of meiosis (Fig. 6B), and chains of
pseudohyphal cells were also observed 2 d after induc-
tion of meiosis. Homozygous diploid ire1� and hac1�
strains were able to form asci that originated from pseu-
dohyphal cells (Fig. 6B). This indicates that pseudohy-
phal cells are capable of inducing and completing the
meiotic program. However, asci formed by ire1�/ire1�

and hac1�/hac1� cells were greatly enlarged compared
with asci formed by WT cells (Fig. 6B). We propose that
derepression of pseudohyphal growth under vegetative
conditions may interfere with efficient induction of
meiosis in homozygous diploid ire1� and hac1� strains.

We also tried to induce meiosis in cells grown to mid-
log phase on glucose, which resulted in an ∼70% reduc-
tion of sporulation in the UPR-defective strains, com-
pared to only a 30% reduction for the WT (Fig. 6C). Un-
der these conditions, the ire1�/ire1� strain induced
pseudohyphal growth as an increase in the pseudohyphal
population was observed (Fig. 6D). In contrast, WT and
even hac1�/hac1� cells responded by forming asci. This
suggests that ire1�/ire1� cells are defective in a second
pathway that represses pseudohyphal growth during
meiosis. Interestingly, overexpression of the IME1 target
IME2 repressed pseudohyphal growth (Donzeau and
Bandlow 1999). We therefore propose that the physi-
ological significance of HAC1 independent activation of
the IME1 promoter by IRE1 is repression of pseudohy-
phal growth during meiosis through subsequent induc-
tion of IME2.

Figure 6. Pseudohyphal growth persists during meiosis in ire1�/ire1� and hac1�/hac1� strains. (A) Time course of ascus formation
by homozygous diploid WT (filled squares), ire1� (open squares), and hac1� (filled circles) strains. (B,D) Meiosis was induced in
homozygous diploid WT, ire1�, and hac1� strains grown to mid-log phase on glucose (D) or acetate (B) by shifting to C–SPO medium.
Cells were photographed and counted before (filled bars) and 30 (D) or 20 h (B; open bars) after induction of meiosis. Representative
pictures of the majority of the population after induction of meiosis are shown. Abbreviations: YF, yeast form (length to width [l/w]
ratio less than 2), PH, pseudohyphal cells (l/w greater than or equal to two). More than 100 cells were counted for each strain. (C)
Sporulation efficiency after 5 d. Growth to mid-log phase before induction of meiosis was on glucose (filled bars) or acetate (open bars).
The average and standard error of two experiments are shown.
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Discussion

Regulation of vegetative growth, filamentation,
and meiosis by the UPR

We report here that an activated UPR represses nitrogen
starvation–induced developmental responses of budding
yeast, pseudohyphal growth, and meiosis. The UPR is
responsible for transcriptional induction of 381 ORFs in
response to ER stress, including genes for ER-resident
chaperones and ER-associated protein-degrading ma-
chineries (Travers et al. 2000). Our study significantly
broadens the range of physiological functions of the UPR
and defines a role for the UPR in nitrogen sensing.

The readout of the UPR, the spliced version of the
transcription factor Hac1p, or activation of the UPR by
induction of unfolded proteins in the ER were all suffi-
cient to mediate this repression. Thus, all the elements
of the UPR—unfolded proteins, IRE1, and HAC1—ap-
pear to act in the same order as they do in the classical
UPR. Deletion of IRE1 and HAC1 proved that, indeed,
very low levels of HAC1 splicing are sufficient to repress
pseudohyphal growth. Therefore, activation of the UPR
at low levels during vegetative growth represses pseudo-
hyphal growth and meiosis (Fig. 7A). On nonfermentable
carbon sources HAC1 splicing was increased, possibly
because of less efficient synthesis of ATP or altered core
oligosaccharide synthesis under these conditions. This
increase in HAC1 splicing may also reflect the need for
more Hac1ip to repress meiosis in addition to pseudohy-
phal growth.

Once nitrogen becomes limiting, the UPR is turned off
and a developmental decision is made that is dependent
on the carbon source (Gimeno et al. 1992; Donzeau and
Bandlow 1999). In accordance with their different roles
in the regulation of early meiotic genes, homozygous
diploid ire1� and hac1� strains displayed different kinet-
ics of ascus formation but a similar decrease in sporula-
tion efficiency after prolonged times (Fig. 6A). At the
same time, pseudohyphal growth persisted in these
strains during conditions that are favorable for meiosis
in WT cells. Pseudohyphal growth in S. cerevisiae is
thought to be a form of movement that allows the cells
to forage for nutrients during starvation (Gimeno et al.
1992). Cells in which pseudohyphal growth is dere-
pressed continue to grow, whereas vegetative cells arrest
growth in G1 on encountering starvation conditions that
are severe enough to trigger meiosis. A growth arrest in
G1 triggered by starvation is considered a very early
event necessary to induce the meiotic program (Her-
skowitz 1988). The behavior of diploid strains that are
constitutively growing as pseudohyphae because of loss
of the UPR after induction of meiosis demonstrated that
this growth arrest is important for efficient induction of
meiosis.

In addition, ire1�/ire1�, but not WT or hac1�/hac1�,
cells responded by induction of pseudohyphal growth
when sporulated after growth on glucose (Fig. 6D). Thus,
IRE1 seems to play a role in transducing a signal in re-
sponse to carbon source that commits the cell to meiosis
when nitrogen starvation is encountered on a nonfer-

Figure 7. (A) Regulation of developmental responses to nitrogen starvation by the UPR. The carbon source and the presence or
absence of a nitrogen source are shown in the left column. The right column shows how the UPR regulates the two developmental
programs of diploid cells under each condition. The outcome is shown in bold letters in a box. Arrows stand for activating pathways,
blunt-ended lines for inhibitory pathways. For discussion see text. (B) Model of a nitrogen-sensing pathway including translation and
protein unfolding in the ER.
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mentable carbon source. As hac1�/hac1� cells re-
sponded correctly to nitrogen starvation under these
conditions (Fig. 6D), it seems reasonable to assume that
this IRE1 function is identical to its stimulatory effect
on the IME1 promoter and subsequent induction of
IME2, a repressor of pseudohyphal growth (Donzeau and
Bandlow 1999). This model is supported by the observa-
tion that HAC1 was not required for activation of the
IME1 promoter by IRE1.

The change from the yeast to a filamentous growth
form is common to many fungi and is in many cases
associated with a pathogenic phenotype. The best-stud-
ied examples are the human pathogens Candida albi-
cans and Cryptococcus neoformans and the corn patho-
gen Ustilago maydis (Madhani and Fink 1998). Interest-
ingly, tunicamycin inhibited germ tube formation in C.
albicans (Chaffin 1985), indicating that the UPR plays a
similar role in this organism. Therefore, drugs that im-
pair protein folding in the ER or otherwise activate the
UPR may serve as new lead structures in the search for
new antifungal agents.

Protein unfolding and UPR activation as a sensor
for translation rate and a nitrogen-rich environment

The physiological event common to pseudohyphal
growth and meiosis is induction by nitrogen starvation
(Gimeno et al. 1992; Kupiec et al. 1997). Both programs
are repressed by the UPR, and we found pseudohyphal
growth to be resistant to nitrogen repression in UPR-
defective cells. This led us to the idea that the UPR re-
presses both programs in a nitrogen-rich environment; in
other words, it transduces a signal for nitrogen. But how
does nitrogen regulate the UPR? We have seen that
HAC1 splicing in unstressed cells depends on the pres-
ence of ammonium as an extracellular nitrogen source.
As long as nitrogen was present, HAC1 mRNA was
spliced. However, HAC1 splicing was dramatically re-
duced during nitrogen starvation. Furthermore, activa-
tion of the UPR by induction of unfolded proteins in the
ER with tunicamycin or 2-deoxyglucose was sufficient
to repress pseudohyphal growth (Fig. 1B) and meiosis
(Fig. 5; Weinstock and Ballou 1987) under nitrogen-lim-
iting conditions. This suggests that protein unfolding in
the ER can substitute for high extracellular nitrogen lev-
els to repress both developmental programs. Thus, nitro-
gen may act through protein unfolding in the ER to ac-
tivate the UPR. Activation of HAC1 splicing by ammo-
nium salts required protein synthesis and could be
completely blocked with cycloheximide (M. Schröder
and R.J. Kaufman, unpubl.), supporting this idea.

On the basis of these observations, we propose the
following model for how the UPR senses nitrogen levels
(Fig. 7B). Unfolded proteins in the ER are a by-product of
rapid translation in a nitrogen-rich environment and, ul-
timately, activate the UPR to enhance their chances to
fold correctly and to also repress developmental re-
sponses to nitrogen starvation. Indirect proof that un-
folded proteins exist in vegetatively growing, unstressed
cells comes from the observation that abrogation of both

known pathways that deal with unfolded proteins in the
ER (UPR and ERAD) is synthetic lethal (Travers et al.
2000). It was also estimated that as much as one-third of
all proteins are sensed as unfolded during their synthesis
(Ellgaard et al. 1999). This should be sufficient for con-
stitutive low-level activation of the UPR that we see
during vegetative growth in a nitrogen-rich environment
(Fig. 2). Under nitrogen-limiting conditions, translation
is slower, thus providing for more efficient folding of
nascent chains (Fig. 7B). In this view, the efficiency of
protein folding in the ER and subsequent activation of
the UPR is a sensor for translation rate and, at least
downstream, elements of a nitrogen sensing pathway.
Translation is inhibited by amino acid starvation, a con-
dition that closely resembles nitrogen starvation, and re-
sults in activation of the general amino acid control sys-
tem (Hinnebusch 1992). We therefore think that tran-
sient inhibition of translation, triggered by nitrogen
starvation, is a very early event in initiating pseudohy-
phal development and meiosis and may precede the G1

arrest and induction of IME1 in meiosis. Inhibition of
translation before meiosis has not been observed to date
(Miller 1989), but on the basis of the published data, an
inhibition for only a limited time early in meiosis cannot
be ruled out. Future experiments will address both this
question and whether activation of Ire1p by nitrogen is
strictly dependent on protein unfolding in the ER or if it
occurs by another mechanism that is also dependent on
protein synthesis and that bypasses the ER.

Molecular mechanisms of regulation of early meiotic
gene expression and pseudohyphal growth by the UPR

Hac1ip-mediated repression of both meiosis and pseudo-
hyphal growth. Hac1ip is a bZIP transcription factor and
activates transcription of genes containing a UPR ele-
ment (Kaufman 1999). In addition, it was suggested that
Hac1p activated transcription of INO1 by titrating out
the transcriptional repressor Opi1p by formation of a
heterodimeric complex between these two leucine zip-
per proteins (Chapman et al. 1998). However, a genome-
wide two-hybrid interaction screen failed to detect any
interaction of Hac1ip with any protein other than itself
(Uetz et al. 2000). Therefore, the most attractive scenario
is that Hac1ip represses pseudohyphal growth and meio-
sis through transcriptional activation of a repressor. The
global scope of the UPR has been characterized (Travers
et al. 2000) and should be a very valuable tool for iden-
tifying the transcriptional targets of Hac1ip that mediate
its repression of pseudohyphal growth and meiosis. In-
terestingly, SIN3, which is part of the Sin3p–Rpd3p his-
tone deacetylase complex required for transcriptional re-
pression of early meiotic genes by Ume6p (Kadosh and
Struhl 1997), is induced approximately twofold on ER-
stress in an IRE1- and HAC1-dependent manner (Travers
et al. 2000). It also possesses a well-conserved UPR-like
element at position −406 (GGgCAGCGcGT, nucleotides
identical to the UPRE-consensus sequence in capitals),
making it a likely target to mediate repression of early
meiotic genes by Hac1ip.
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The UPR also regulates transcription of GRR1 in re-
sponse to ER stress (Travers et al. 2000). Grr1p is the
F-box protein in the SCFGrr1 (Skp1/Cdc53/Grr1) ubiqui-
tin–ligase complex (Loeb et al. 1999) and is required
for repression of pseudohyphal growth (Blacketer et al.
1995). SCFGrr1 is responsible for degradation of the G1

cyclins Cln1p and Cln2p. Both CLN1 and CLN2 are re-
quired for pseudohyphal growth (Loeb et al. 1999), and
grr1 mutants exhibit derepression of pseudohyphal
growth. Activation of GRR1 by Hac1ip or the UPR
should result in increased destruction of Cln1p and
Cln2p and in a phenotype similar to cln1/cln1 and cln2/
cln2 strains. It is interesting to note here that the UPR is
also responsible for disposal of unfolded proteins through
an ubiquitinylation-dependent degradation pathway
(Casagrande et al. 2000). This may indicate a more global
control of protein-degrading machineries by the UPR
than appreciated previously.

In response to ER stress, both mammalian homologs of
Ire1p activate the MAPK Jnk1p (Urano et al. 2000) by
phosphorylation. In addition, the endoribonuclease ac-
tivity of Ire1�p is necessary for activation of the BiP-
promoter (W. Tirasophon and R.J. Kaufman, unpubl.). In
yeast, the only known signaling event downstream of
Ire1p in relieving unfolded protein stress in the ER is the
splicing of HAC1 mRNA. In contrast to yeast, the mam-
malian UPR uses at least two mechanisms to transduce
the unfolded protein signal. Our finding that activation
of the IME1 promoter by Ire1p does not require HAC1
suggests that signal transduction pathways other than
HAC1 splicing are regulated by Ire1p in yeast. This is the
first report that divergence of pathways downstream of
Ire1p also exists in yeast. Whether this divergence in-
volves a second endonucleolytic cleavage event or solely
requires the kinase function of yeast Ire1p is under in-
vestigation.

The findings reported here help to understand the
regulation of developmental responses of yeast by nitro-
gen starvation. Intriguingly, deletion of IRE1 in mice had
no effect on induction of the UPR but resulted in a lethal
developmental defect (Urano et al. 2000; W. Tirasophon
and R.J. Kaufman, unpubl.). In light of our findings, it
seems clear that the role of the UPR in development is
conserved from yeast to mammals. The UPR may have
evolved from the need of archaic unicellular organisms
to cope with long times of starvation by differentiation
into a starvation resistant cell type. Deletion of IRE1 in
other model organisms such as Caenorhabditis elegans
or Drosophila melanogaster will help to study the role of
IRE1 in development. Finally, our data show that protein
folding is not solely the last event in gene expression but
is regulated by and reports the nutritional status of the
cell. Protein folding is also involved in deciding the fate
of the cell, be it adaptation or apoptosis.

Materials and methods

Yeast strains and plasmids

Yeast strains AMP1618 (MAT� arg6 IME2-20-lacZ::LEU2
rme1�5::LEU2 ura3 leu2 trp1 lys2 ho::LYS2; Vidan and

Mitchell 1997), AMP1619 (MATa met4 IME2-20-lacZ::LEU2
rme1�5::LEU2 ura3 leu2 trp1 lys2 ho::LYS2, kindly provided by
A.P. Mitchell) were described previously. IRE1 and HAC1 were
deleted as described previously (Welihinda et al. 2000) to yield
strains MSY17-46 and MSY18-59 (both ire1�::kanMX2) and
MSY19-29 and MSY20-19 (both hac1�::URA3) derived from
AMP1618 and AMP1619, respectively. Both deletions were con-
firmed by PCR and Southern blotting. ire1� and hac1� strains
in the W303 background were derived from W303 1b (MAT�

ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-52; Weli-
hinda et al. 1998) and W303 1a (as W303 1b but MATa) as
described above. Plasmid pRS316-HAC1i was described previ-
ously (Welihinda et al. 2000).

Yeast media and growth conditions

For vegetative growth, rich medium containing 1% bacto-yeast
extract, 2% bacto-peptone, and 2% of the indicated carbon
source (YPD, 2% glucose; YPAc, 2% potassium acetate; Vidan
and Mitchell 1997), synthetic dextrose medium (SD; Vidan and
Mitchell 1997), and minimal acetate vegetative medium (PSP2;
Kassir et al. 1988) were used. Pseudohyphal growth was induced
with synthetic low ammonium dextrose medium (SLAD;
Lorenz and Heitman 1997). The UPR was induced with 2 µg/mL
tunicamycin. Sporulation was induced by washing cells grown
to mid-log phase with water and resuspending in complete
sporulation medium (C-SPO; Vidan and Mitchell 1997).

ime2–lacZ reporter assays and sporulation efficiency

To monitor expression of the ime2–lacZ reporter during sporu-
lation, samples were taken before and 4 and 8 h after induction
of sporulation, and �-galactosidase activity was assayed and
standardized to the protein concentration of the samples as de-
scribed previously (Welihinda et al. 2000). The later time points
were corrected for the 0-h-value and divided by the length of the
induction period to express �-galactosidase induction per mil-
ligram intracellular protein and hour. Sporulation efficiency
was scored 5 d after induction of sporulation by counting >200
cells and expressed as percentage asci per total cells counted.

Pseudohyphal growth assays

Pseudohyphal growth in liquid culture was observed in mid-log
phase cultures. Photographs were taken with an Edge R400 mi-
croscope (Edge Scientific Instruments) at 400× magnification
after fixing the cells with 3% formaldehyde. The length to
width (l/w) ratio of at least 100 cells was determined from rep-
resentative photographs and cells grouped into yeast form (YF,
l/w < 2) and pseudohyphal cells (PH, l/w � 2). Pseudohyphal
growth on SLAD plates was scored after growth for 7 d, and
pictures from representative colonies were taken at 100× mag-
nification with an inverted microscope (Nikon TMS, Nikon).
Agar invasion by haploid strains was assayed as described by
Roberts and Fink (1994).

Northern blots

Isolation of RNA, the Northern blotting protocol, and probes for
HAC1 and KAR2 were described previously (Welihinda et al.
1997, 2000). For lacZ, the 2.8-kb PvuII fragment of Z691 (Mori
et al. 1993) was used. The probes for IME1; the early meiotic
genes HOP1, IME2, and SPO13; and the loading control pC4/2,
which hybridizes to an RNA unaffected by starvation (Smith et
al. 1990) were described elsewhere (Vidan and Mitchell 1997).
All mRNAs were quantified by PhosphorImager scanning (Mo-
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lecular Dynamics) and standardized to the level of the loading
control pC4/2.
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