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The gametogenesis program of the budding yeast Saccharomyces cerevisiae, also known as sporulation, employs unusual inter-
nal meiotic divisions, after which all four meiotic products differentiate within the parental cell. We showed previously that spo-
rulation is typically accompanied by the destruction of discarded immature meiotic products through their exposure to pro-
teases released from the mother cell vacuole, which undergoes an apparent programmed rupture. Here we demonstrate that
vacuolar rupture contributes to de facto programmed cell death (PCD) of the meiotic mother cell itself. Meiotic mother cell PCD
is accompanied by an accumulation of depolarized mitochondria, organelle swelling, altered plasma membrane characteristics,
and cytoplasmic clearance. To ensure that the gametes survive the destructive consequences of developing within a cell that is
executing PCD, we hypothesized that PCD is restrained from occurring until spores have attained a threshold degree of differen-
tiation. Consistent with this hypothesis, gene deletions that perturb all but the most terminal postmeiotic spore developmental
stages are associated with altered PCD. In these mutants, meiotic mother cells exhibit a delay in vacuolar rupture and then ap-
pear to undergo an alternative form of PCD associated with catastrophic consequences for the underdeveloped spores. Our find-
ings reveal yeast sporulation as a context of bona fide PCD that is developmentally coordinated with gamete differentiation.

Sporulation represents the most dramatic developmental oc-
currence during the life cycle of Saccharomyces cerevisiae (here

referred to as yeast). Diploid yeast cells execute sporulation in
response to conditions of nutritional stress, when environmental
nitrogen and fermentable sugars are lacking. The presence of at
least some nonfermentable carbon is crucial for the initiation of
meiosis. Upon encountering these starvation conditions, cells ex-
ecute meiosis that is coupled with the differentiation of meiotic
products into highly stress-resistant and dormant gametes called
spores (1). Sporulation thus serves as both the gametogenesis
phase of the yeast sexual cycle and a stress response during periods
of starvation.

Yeast meiosis occurs with no intervening karyokinesis, result-
ing in the sequestration of haploid complements of chromosomes
to four lobes of the parental nucleus. De novo-formed prospore
double membranes subsequently envelop each lobe, pinching off
to produce new daughter nuclei as they complete cellularization.
Within the lumen of these double membranes occurs the ordered
assembly of a multilayered cell wall called the spore coat, which
confers stress resistance and durability to mature spores (Fig. 1A).
The inner prospore membrane then serves as the plasma mem-
brane of the spore. Terminal spore maturation is associated with a
tightening of the mother cell remnant, which encapsulates the
spores in a structure called the ascus (1). Although electron mi-
crograph studies have shown that at least 70% of the cellular con-
tent of the mother cell is not inherited by the newly produced
spores (2), the developmental fate of the mother cell per se has
remained nearly uninvestigated.

Under conditions of limiting carbon availability, only ap-
proximately half of the meiotic products are subject to spore
development, a phenomenon known as spore number control
(3–5). We showed previously that these discarded meiotic
products are digested by vacuolar proteases, which gain access
to the immature gametes through the apparent programmed
rupture of the vacuolar membrane (6). This phenomenon,
which we termed programmed nuclear destruction (PND), is

accompanied by nucleosome-sized fragmentation of genomic
DNA from the discarded nuclei. PND-associated nucleosomal
cleavage is dependent on Nuc1, a highly conserved mitochon-
drial nuclease of the endonuclease G (endoG) family that has
been implicated in the death of vegetative yeast cells exposed to
oxidative stress and in animal cell apoptosis (6, 7). These find-
ings prompted questions concerning the evolution of pro-
grammed cell death (PCD) (8). Although PCD is known to
occur in unicellular microbes in response to various stresses,
how PCD came about in these organisms, and indeed generally,
has remained a quandary. PCD is hypothesized to have evolved
by harnessing mechanisms that were initially nonlethal for the
cell, and yeast PND was suggested to represent an example of
such nonlethal applications of cell death mechanisms (8).

To better understand the relationship of PND and PCD, we
shifted our emphasis from the fate of the discarded nuclei to that
of the meiotic mother cell itself. As discarded meiotic products
subject to PND do not acquire a prospore/plasma membrane and
remain within the mother cell cytoplasm (6), we hypothesized that
PND is actually the consequence of these nuclei being swept up
into a PCD of the mother cell. In this study, we explore this hy-
pothesis by examining the fate of the meiotic mother cell and its
organelles following meiotic cell division (prospore membrane
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closure). We find that soon after meiotic cell division is complete,
the mother cell initiates dramatic organellar changes characteris-
tic of cells executing PCD. Examination of mother cell death in
various spore morphogenesis mutants revealed that cells compro-
mised for spore formation execute delayed and morphologically
distinct PCD. Our observations suggest that mother cell death
represents bona fide developmental PCD intrinsic to sporulation
that shares common regulation with spore morphogenesis. Con-
sistent with conclusions from our previous study (6), the rupture
of the vacuole plays a central role in the execution of mother cell
PCD. Indeed, the yeast vacuole is analogous to lysosomes found in
animal cells, which were originally characterized as “suicide bags”
(9) and interface with animal PCD pathways in a diverse array of
mechanisms (10). Our findings provide further support for the
view of this phenomenon as an example of PCD mechanisms
which may have arisen early in eukaryotic evolution (8).

MATERIALS AND METHODS
Yeast strains. Strains used in this study are described in Table S1 in the
supplemental material and are of the SK1 background. Standard S. cerevi-
siae culture and genetic techniques were used for strain construction. All
strains were constructed for the purpose of this study, with the exception
of MMY718 and MEY238 (6). Tagging of endogenous proteins with
mCherry was accomplished by using long-oligonucleotide-based C-ter-
minal tagging. In the case of Pma1-mCherry, we engineered an extended
linker region of 18 additional amino acids, a GGS triplet repeated 6 times,
to maintain the functionality of Pma1-mCherry. Gene deletions were

constructed by replacing the open reading frames (ORFs) of interest with
a G418 resistance cassette (KanMX4), using standard methods.

Sporulation protocols. Sporulation was conducted by using liquid
medium. Strains were recovered from freezer stocks, added to plates con-
taining 1% yeast extract–2% peptone (YP) and 2% glycerol–3% ethanol,
and allowed to grow overnight, and then single colonies were isolated on
YP–2% dextrose (YPD) medium. Colonies were inoculated into liquid
YPD medium, grown to saturation overnight, diluted into presporulation
medium (YP plus 3% potassium acetate [YPA]) at an optical density at
600 nm (OD600) of 0.3, and cultured for 12 to 14 h with vigorous aeration
(200 rpm). YPA cultures were harvested at an OD600 of 1.5 to 1.8, washed
twice in deionized (dI) water, and resuspended in sporulation medium
(1% potassium acetate, 0.02% raffinose) at an OD600 of 2.0. Colonies from
low-carbon sporulations were cultured identically up to sporulation in-
duction, at which point they were suspended in fresh 0.1% potassium
acetate for 5 h, pelleted, and resuspended in an equal volume of 0.15%
potassium chloride. In experiments utilizing inducible NDT80 induction,
expression of NDT80 with �-estradiol was induced by diluting a 5 mM
�-estradiol stock in 100% ethanol directly into the sporulating culture at
a final concentration of 1 �M after 5.5 h of incubation of cells in sporu-
lation medium.

Light microscopy. Live-cell confocal microscopy was used to generate
light microscopy data. Cells were mounted directly from liquid sporula-
tion medium onto 2% agarose pads made with sporulation medium. Pads
were solidified on standard microscope slides, loaded with �4.5 � 105

cells suspended in 10 �l, enclosed with a coverslip, and adhered to the
slide with valap at the corners. Cells were imaged within 30 min of agarose
mounting. All light microscopy data are three-dimensional (3-D) images

FIG 1 Cells committed to meiosis exhibit mitochondrial depolarization. (A) The meiotic mother cell retains the majority of its contents upon prospore
cellularization, including all of its vacuoles and half of its mitochondria. When sporulation is complete, the mother cell is no longer present, having undergone
autolysis. Vacuoles are regenerated in mature spores. (B) Comparison of Abf2-mCherry-containing mitochondria and DiOC6-positive mitochondria in pre-
meiotic (5 h postinduction) (top) and early postmeiotic (6 h postinduction) (middle) stages. Mitochondria are no longer detectable 7 h after induction (bottom).
(C) Overlap of Tom70-mCherry- and DiOC6-labeled mitochondria at 4 h (top) and 6 h (bottom) postinduction. Bars � 2 �m (all panels). DIC, differential
interference contrast.
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reconstructed from z-stacks captured by using a Leica DMI6000 micro-
scope equipped with a WaveFX spinning-disc confocal system with a z-
plane spacing of 1 �m, except where single focal planes are presented, as
indicated. Images were constructed by using Volocity High Performance
3-D 4-D imaging software.

For mitochondrial DiOC6 imaging, �1 � 107 cells in 1 ml were resus-
pended in an equal volume of sporulation medium plus 10 mM HEPES
(pH 7.4) immediately prior to staining. DiOC6 (Sigma) was added at 500
ng/ml from a 10-mg/ml stock made in 100% ethanol. Cells were incu-
bated for 20 min at room temperature, washed three times with sporula-
tion medium plus 10 mM HEPES (pH 7.4), and mounted for imaging as
described above.

Propidium iodide (PI) was purchased as part of the annexin V fluo-
rescein isothiocyanate (FITC) detection kit (Sigma). One microliter of a
propidium iodide stock was added to �9 � 105 cells suspended in 40 �l of
sporulation medium plus 10 mM HEPES (pH 7.4) and incubated for 20
min at room temperature. Cells were then washed three times in sporula-
tion medium plus 10 mM HEPES (pH 7.4) and mounted for imaging as
described above.

For osmotic stress experiments, 2 �l of 5 M NaCl was added to �9 �
105 cells suspended in 23 �l of sporulation medium to a final concentra-
tion of 400 mM NaCl, incubated for 10 min at room temperature, and
mounted for immediate imaging.

Transmission electron microscopy. Transmission electron micros-
copy (TEM) samples were preserved by using a Leica HMP100 high-pressure
freezing system (11), with minimal modifications. Embedded cells were sec-
tioned into 50-nm-thin sections and imaged with an FEI Tecnai 20 transmis-
sion electron microscope and an AMT 16000 digital camera.

Cell viability assays. Following initial suspension in sporulation me-
dium, a defined volume of culture medium was plated such that at least
600 distinct colonies were counted. After 24 h of sporulation, the same
volume was plated, and colonies were counted. Survival was assessed as
the ratio of the number of CFU/volume after 24 h to the number of
CFU/volume at induction.

RESULTS
Meiotic mother cells exhibit mitochondrial dysfunction and
vacuole swelling. To address the hypothesis that meiotic mother
cells execute PCD, we examined the characteristics of organelles
retained in the mother cell to compare them with established
PCD-related phenomena. Unless otherwise indicated, all of our
studies were performed under standard (high-carbon) sporula-
tion conditions, which disfavor PND and promote survival of all
meiotic products (6). Thus, the meiotic mother cell characteristics
that we describe occur independent of PND and spore number
control and represent core aspects of yeast sporulation. Moreover,
when we use the term “meiosis,” we are referring specifically to
the period during which the segregation of chromosomes dur-
ing meiosis I (MI) and meiosis II (MII) occurs. PND, spore
development, and the to-be-described meiotic mother cell
PCD occur following meiosis.

Loss of mitochondrial membrane potential (��) underlies di-
verse types of PCD (12–14). To begin to investigate the fate of the
gametogenic mother cell, we examined the properties of its mito-
chondrial ��. To monitor mitochondrial �� during sporulation,
we adapted a method previously utilized with replicatively aged
yeast cells (15). We visualized total cellular mitochondria using an
Abf2-mCherry fusion protein, which localizes to mitochondrial
nucleoids. By simultaneously treating these cells with DiOC6

(3,3=-dihexyloxacarbocyanine iodide), a lipophilic dye that
stains ��-positive mitochondria, we discerned active mitochon-
dria (DiOC6 positive [DiOC6

	]and Abf2-mCherry positive) com-
pared to total mitochondria (Abf2-mCherry positive only). All

cells that had not completed meiosis maintained strong overlap
between Abf2-mCherry and DiOC6 (Fig. 1B). Consistent with
previously reported findings (2), as immature spores formed
within the meiotic mother cell, we observed that some mito-
chondria remained within the mother cell. During this early
postmeiotic stage, however, we found that mitochondria that
were retained in the mother cell lacked a DiOC6 signal, while those
that segregated into the developing spores were DiOC6

	. These
cells were stained with DiOC6 immediately prior to meiotic nu-
clear segregation, suggesting that mother cell mitochondria lost
��, while those in the developing spores preserved it (Fig. 1B).
The loss of �� was detectable very soon after the completion of
meiosis: as soon as we were able to distinguish that Abf2-mCherry
mitochondria had been segregated to prospores, we observed a
loss of DiOC6 staining in those remaining within the mother cell.
We found that 96.4% 
 1.5% of postmeiotic cells scored 7 h after
sporulation induction clearly exhibited a specific loss of the
DiOC6 signal within the mother cell (n � 3; n � 150). Interest-
ingly, as spore development progressed, mitochondria were no
longer detected in the mother cell (Fig. 1B).

We confirmed our above-described findings with similar im-
aging experiments utilizing the outer mitochondrial membrane
marker Tom70-mCherry. As with our Abf2-mCherry experi-
ments, these studies confirmed that mitochondria that were re-
tained in the mother cell lacked ��. Moreover, these studies re-
vealed that depolarized mother cell mitochondria appeared to
aggregate and potentially swell in early postmeiotic cells (Fig. 1C).
In addition to involving a loss of mitochondrial ��, necrotic
forms of cell death are associated with a general swelling of organ-
elles (16–18), which may be mechanistically related to a loss of
mitochondrial �� in certain contexts (19, 20). Necrosis had long
been viewed as an unregulated consequence of catastrophic cell
injury, but it is now clear that certain instances of necrosis can be
programmed and thus considered modes of PCD. During necrotic
PCD, mitochondrial swelling and loss of �� are thought to cause
the evacuation of prodeath factors, which contribute to the demise
of the cell (19). Indeed, the developmental stage during which we
observed mitochondrial swelling and a loss of �� corresponded
with the stage during which the DNA of discarded meiotic prod-
ucts are fragmented by the mitochondrial endonuclease G family
member Nuc1 during PND (6). These findings prompted us to
consider if organelle swelling might be a general feature of meiotic
mother cells.

Although programmed cell death mechanisms are remarkably
diverse, organelle swelling may be a unifying hallmark of necrotic
forms of PCD (18, 21). The large size and well-understood fission
and fusion dynamics of the yeast vacuole make this organelle a
good candidate for further investigation of organelle swelling fol-
lowing meiosis. Moreover, the mother cell vacuole also undergoes
programmed rupture at later stages of sporulation, highlighting its
potential importance to PCD-related processes operating during
sporulation (6). Using a strain expressing a Vma1-green fluores-
cent protein (GFP) fusion that marks the vacuolar membrane
together with H2A-mCherry to monitor meiotic progression, we
found that cells that had completed meiosis but had not yet exe-
cuted vacuolar lysis possessed fewer, but larger, vacuoles than did
meiotic cells (Fig. 2A). To determine if this apparent vacuolar
coalescence was developmentally programmed, we engineered
these markers into a strain that enables the conditional expression
of NDT80, which encodes a transcription factor required for pro-
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gression beyond the pachytene stage of meiosis (22, 23). In this
system, NDT80 expression is placed under the control of a pro-
moter whose induction is dependent on the addition of �-estra-
diol to the culture medium (24, 25). As expected, we found that
cells that sporulated in the absence of �-estradiol arrested at
pachytene with a characteristic single large nucleus (Fig. 2B). Eval-
uation of Vma1-GFP revealed that these meiotically arrested cells
possessed numerous distinct vacuoles (Fig. 2B). Following the ad-
dition of �-estradiol, these cells proceeded through meiosis and
shortly thereafter dramatically coalesced their vacuoles into a sig-
nificantly reduced number (often 1) of large and bloated organ-

elles (Fig. 2B and C). Consistent with our previously reported
findings (6), progression to terminal sporulation was associated
with the dissolution of the mother cell vacuole. Of note, all of our
Vma1-GFP experiments employed strains that are heterozygous
for this transgene, and accordingly, we detected apparent spore-
autonomous vacuolar biogenesis, as evaluated by the accumula-
tion Vma1-GFP in 2 of the 4 spores (Fig. 2B). As uninduced cells
maintained a multivacuolated phenotype until the induction of
meiotic divisions via NDT80 and the accompanying commitment
to sporulation, we conclude that vacuolar coalescence is an addi-
tional feature of cells that are committed to sporulation.

FIG 2 Meiotic mother cells undergo vacuole fusion and lysis. (A) Vacuoles of WT cells before (top) and after (bottom) meiosis. (B and C) Examination of
vacuole size, number, and stability changes during sporulation utilizing induced expression of NDT80 through �-estradiol addition at 5.5 h postinduction. Data
points represent means 
 standard deviations (N � 3; n � 150). (D) Response of pachytene-arrested cells and postmeiotic cells to treatment with 0.4 M NaCl
for 10 min. The stress response was assessed 9 h after sporulation induction or 3.5 h following the addition of �-estradiol or the control treatment. (E) Stress
responses of vacuoles of WT cells before (top) and after (bottom) meiosis. Vacuoles were visualized with Vma1-GFP, with the cell wall being indicated with a
dotted line. Bars � 2 �m (all panels).
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Like many organelles, the yeast vacuole undergoes regulated
fusion and fission to control vacuole number and size (26, 27). We
hypothesized that modulation of fusion/fission dynamics might
contribute to vacuole swelling in postmeiotic cells. We therefore
examined the response of postmeiotic vacuoles to environmental
cues that alter fission/fusion dynamics. Exposure of yeast cells to
hypertonic stress is well documented to induce vacuole fission
(26). Using the conditional NDT80 expression strains as described
above, we treated both premeiotic pachytene-arrested cells (which
maintained numerous vacuoles) and postmeiotic cells (which typ-
ically possessed a single, enlarged vacuole) with 0.4 M NaCl to
induce vacuole fission. Cells were allowed to sporulate, induced to
express NDT80, or received control treatment and subsequently
exposed to hypertonic stress for 10 min immediately prior to im-
aging. Postmeiotic cells were examined immediately after mei-
otic nuclear divisions, prior to visible spore wall deposition.
Premeiotic cells divided their vacuoles into many smaller ves-
icles upon exposure to NaCl (Fig. 2D). In contrast to this,
postmeiotic cells did not induce vacuolar fission when treated
with 0.4 M NaCl, although they appeared to alter their shape
(Fig. 2D). Identical vacuolar NaCl response characteristics
were observed for cells with no NDT80 manipulation, ruling
out the possibility that estradiol treatment somehow contrib-
uted to this phenomenon (Fig. 2E).

Numerous studies have suggested that NDT80 controls the
commitment to meiosis and spore formation (28). Our findings
identify a transition in mother cell vacuolar dynamics as an addi-
tional downstream consequence of NDT80-mediated commit-
ment to gametogenesis. This commitment was characterized by a
loss of the vacuole’s capacity to undergo fission, its subsequent
coalescence and swelling, and culminated in its lysis (6).

Vacuolar lysis and altered plasma membrane functionality
coincide. Our findings suggest that meiotic mother cells execute
PCD that exhibits features often associated with necrosis. Necrosis
culminates in the loss of plasma membrane integrity, although
other forms of PCD can also display this as part of a phenomenon
known as “secondary necrosis” (29). To evaluate plasma mem-
brane function during sporulation, we stained live cells at various
stages of sporulation with propidium iodide (PI), a nucleic acid-
binding dye commonly used to distinguish inviable cells that have
died through either PCD or unregulated means. Necrotic and
“secondary necrotic” cells stain positively with PI, reflecting a loss
of plasma membrane-mediated PI exclusion. We utilized a low-
carbon sporulation protocol for these experiments to induce re-
ductions in spore number, thus ensuring that some nuclei would
remain within the mother cell and serve as a substrate for potential
PI staining. In contrast to meiotic cells, cells that had completed
spore formation exhibited a pronounced accumulation of PI in
the mother cell that was restricted from the spores (Fig. 3A). By
examining cells throughout sporulation time courses for PI stain-
ing, we determined that only mother cells containing mature
spores stained positively for PI, becoming PI positive �6 to 7 h
following the completion of meiosis (Fig. 3A and B). This indi-
cated that perturbation of mother cell plasma membrane function
was a late-acting occurrence during sporulation.

The acquisition of PI staining in meiotic mother cells coin-
cided with the developmental stages at which we previously ob-
served the lysis of the vacuole (6). This suggested that vacuolar
lysis might contribute to the loss of plasma membrane function in
meiotic mother cells. We therefore evaluated PI staining in post-

meiotic cells together with the Vma1-GFP marker. Indeed, we
found that only cells that had lost vacuolar membrane integrity
stained positively with PI (Fig. 3C).

To further investigate this phenomenon, we examined the
properties of the plasma membrane during sporulation by fusing
mCherry-encoding sequences to PMA1, which encodes an abun-
dant plasma membrane proton pump. As expected, Pma1-
mCherry localized to the cell periphery under conditions of stan-
dard yeast growth in rich medium with glucose. Curiously, in the
strain background that we utilized for these studies, SK1, we found
that the mCherry signal was also detectable in the vacuolar lumen
(Fig. 3D). As a similar phenomenon was previously reported to be
a consequence of compromised accumulation of long-chain fatty
acids in a different yeast strain background (30), we speculate that
this unexpected dual localization may be attributable to strain
background-specific alterations in the lipid composition of the
plasma membrane. Nevertheless, Pma1-mCherry localization to
the cell periphery predominated in meiotic mother cells. As cells
progressed into postmeiotic stages, we observed that the Pma1-
mCherry signal surrounding the mother cell disintegrated in cells
that had lost Vma1-GFP continuity (Fig. 3D). Consistent with our
observations of PI staining, we found that mother cells began to
lose the Pma1-mCherry signal at the cell periphery �6 h after the
completion of meiosis (Fig. 3E). Thus, the lysis of the vacuole and
loss of the continuous peripheral Pma1-mCherry signal appeared
to be strictly coregulated: we were never able to identify cells that
had lost the peripheral Pma1-mCherry signal yet maintained an
intact, continuous vacuolar membrane (n � 3; n � 200). As we
reported previously, meiotic synchrony and efficiency are mildly
reduced in low-carbon compared with high-carbon sporulations
(compare Fig. 3B and E) (6).

We previously found that inhibition of vacuolar proteolysis
using the serine protease inhibitor phenylmethylsulfonyl fluoride
(PMSF) caused a persistence of nuclear protein in mother cells
executing PND, suggesting that vacuolar proteases directly con-
tributed to their demise (6). In contrast to this, we found that
PMSF treatment had no consequence on the acquisition of PI
staining in the mother cell or the loss of the peripheral Pma1-
mCherry signal (data not shown). While we cannot rule out the
possibility that the loss of vacuolar membrane integrity and these
symptoms of plasma membrane dysfunction are merely coinci-
dental, we suspect that the release of vacuolar lipases that are not
inhibited by PMSF may have a crucial role in this process.

Spore morphogenesis mutants execute abnormal cell death.
We conclude that yeast meiotic mother cells undergo PCD that
culminates in their autolysis. Reasoning that a critical level of
spore morphogenesis is required to protect mother cells from the
destructive milieu in which they develop, we hypothesized that
meiotic mother cell PCD is developmentally coordinated with
spore morphogenesis. This hypothesis predicts that PCD and
spore morphogenesis share common elements of control and that
perturbation of spore morphogenesis would therefore alter the
fate of the dying mother cell. To gain insight into the control of
mother cell PCD, we therefore examined the execution of PCD in
mutants defective in specific steps of spore development. We fo-
cused our analysis on 10 gene mutations that permit normal mei-
osis but cause defects in specific stages of spore morphogenesis.
Inclusive to this analysis are genes that promote prospore mem-
brane closure, deposition of the inner cell wall (mannan and
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�-glucan), and assembly of the outer spore coat (chitosan and
dityrosine) (Fig. 4A and Table 1) (1, 31–38).

We allowed each of these mutants to sporulate to completion
(24 h after induction) and assessed the condition of the mother
cell vacuole using Vma1-GFP. We found that only 1 of the 10
mutants analyzed, chs3�, exhibited a complete loss of distinctive
and contiguous GFP signals characteristic of lysed vacuoles in
wild-type (WT) cells (Fig. 4B; see also Fig. S1 in the supplemental
material). CHS3 encodes a chitin synthase required for chitosan
production. Notably, chs3� mutants progressed further into
spore morphogenesis than did most of the other mutants exam-
ined, depositing the mannan and �-glucan layers but lacking the
chitosan and dityrosine layers (1, 35). In stark contrast to the
chs3� mutant, each of the other 9 mutants exhibited a 100% pen-

etrant distinctive collapse of the vacuole into a disorganized mass
with an intense GFP signal (n � 200 for each mutant) (Fig. 4B and
Table 1; see also Fig. S1 in the supplemental material). This vacu-
olar collapse was not observed in ndt80� cells, which arrest prior
to meiosis I and maintain intact vacuoles, suggesting that this is a
characteristic of cells that commit to meiotic completion but do
not achieve prospore formation and/or early spore wall synthesis
(see Fig. S1 in the supplemental material).

The abnormal terminal vacuolar morphology of spore mor-
phogenesis mutants suggested that the mother cells were dying
through alternative mechanisms. Indeed, perturbation of PCD
execution in animals is often associated with the death of the cells
through alternative means (39). To explore this further, we sys-
tematically assessed the survival of the abnormally developed

FIG 3 Meiotic mother cells lose plasma membrane integrity upon vacuole lysis. (A) Propidium iodide (PI) staining of cells at early (pre-MI) (4 h postinduction),
post-MII (12 h postinduction), and late (20 h postinduction) stages of sporulation. (B) Quantification of the acquisition of PI staining relative to the completion
of meiosis II (MII). (C) Cells expressing Vma1-GFP were stained with PI at 20 h postinduction. An example of a PI-negative cell with a continuous vacuolar
membrane is indicated with a yellow triangle. (D) Pma1-mCherry and Vma1-GFP localization in mitotic cells in rich medium (top) and at 4 h (mid-meiotic),
12 h (postmeiotic), and 20 h postinduction (successive bottom panels). Examples of cells maintaining Vma1-GFP and Pma1-mCherry continuity are indicated
in yellow, and examples where the membrane localization of both markers is lost are indicated in red. Asterisks indicate unsporulated cells; single focal planes are
shown. (E) Quantification of the loss of Pma1-mCherry continuity relative to the completion of MII. All data points represent means 
 standard deviations (n �
3; n � 150). Bars � 2 �m (A) and 5 �m (C and D).
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spores produced by these mutants by quantifying the fraction of
meiotic mother cells capable of forming a colony. This analysis
revealed that, with the exception of the chs3� mutant, all of the
mutants caused a dramatic loss of spore viability (Table 1), dem-
onstrating that they indeed lose viability and that dysregulated
meiotic mother cell PCD is correlated with the death of the im-
mature spores. Of course, the reduced robustness of these poorly
developed spores likely sensitized them to the consequences of the
death of their host cell, underscoring the importance of develop-
mental coordination of spore differentiation and PCD.

Among the mutants that perturbed mother cell PCD was a
mutant with a deletion of SMK1, which encodes a sporulation-
dedicated mitogen-activated protein (MAP) kinase with complex
contributions to spore wall formation (40). Owing to SMK1’s rel-

atively late function in the spore morphogenesis pathway (Fig. 4A)
and significant degree of characterization (1, 32, 36, 40), we fur-
ther interrogated smk1� cells to explore the characteristics of this
alternative cell death (Fig. 4B). Transmission electron micro-
graphs revealed that terminally sporulated smk1� mutants did not
exhibit clearance of the mother cell cytoplasm, as is characteristic
of terminally sporulated WT cells, and instead possessed electron-
dense, collapsed vacuoles that appeared partially contiguous with
the immature spores (Fig. 4C). Live-cell fluorescence imaging re-
vealed that the plasma and vacuolar membranes of smk1� cells
appeared similar to those of WT cells at early and middle stages of
sporulation. However, in contrast to what occurs in WT cells, a
substantial amount of Pma1-mCherry signal appeared to re-
main at the cell periphery in terminally sporulated smk1� cells

FIG 4 PCD of the meiotic mother cell is distinct in spore morphogenesis mutants. (A) Each of the sporulation mutants that we examined disrupt specific
morphogenic events ranging from prospore closure to outer spore wall synthesis. Mutant genotypes are aligned below the stage at which they are arrested. (B)
Terminal vacuole morphology phenotypes in sporulated WT, smk1�, and chs3� cells. (C) TEM of WT and smk1� cells 24 h after sporulation induction. (D)
Plasma membrane and vacuole integrity in WT and smk1� cells at presporulation (0 h), post-MII (12 h), and terminal (24 h) time points. Single middle z-sections
are shown. Bars � 2 �m in all images.
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(Fig. 4D). We therefore conclude that mother cell death in
smk1� mutants is morphologically distinct from WT PCD and is
not accompanied by normal vacuole lysis, cytoplasmic clearance,
or loss of the plasma membrane proton pump.

To gain more insight into the role of SMK1 in PCD, we exam-
ined the vacuole during sporulation time courses and found that
its intactness persisted in smk1� mutants at points in late sporu-
lation when WT cells had executed vacuolar lysis (Fig. 5A). As
mentioned above, following this period of defective vacuolar lysis,
the vacuoles of smk1� cells collapsed into a disorganized mass
(Fig. 4B). Confirming previously reported findings, smk1� cells
underwent meiosis with kinetics essentially identical to those of
the WT (32), indicating that their delay in vacuolar lysis was not
due to slower meiotic progression and that SMK1-dependent
events are required to coordinate the transition from meiotic

completion to mother cell death (Fig. 5B). We observed that re-
fractile spore wall deposition was discernible in smk1� cells prior
to the collapse of the mother cell vacuole, consistent with previ-
ously reported observations showing that smk1� cells are capable
of inner spore wall deposition but are defective in forming the
outer spore wall (32) (Fig. 5A). However, we never observed sim-
ilarly discernible spore walls in smk1� cells that had sporulated
terminally and undergone vacuolar collapse (Fig. 4B and D), sug-
gesting that the integrity of underdeveloped smk1� spores became
compromised upon mother cell death. Indeed, a previous study
found that the viability of spores produced by smk1� mutants
declined as these cells persisted in sporulation medium (32). Our
findings show that in addition to its defects in directing spore
morphogenesis, smk1� also causes defects in the morphology and
developmental timing of mother cell PCD. Interpretation of the
smk1� phenotype thus offers the most straightforward support
for the conclusion that PCD and spore morphogenesis are devel-
opmentally coordinated through common genetic mechanisms.

DISCUSSION

Our findings identify sporulation as a bona fide context of PCD in
yeast. Symptoms of mother cell death become apparent very early,
manifested by a loss of both mitochondrial �� and the capacity for
vacuolar fusion very soon after the spore contents become segre-
gated from the mother cell. Following this, we observed vacuolar
rupture and the loss of plasma membrane integrity occurring in a
coordinate manner. We furthermore showed that mutations that
perturbed prospore construction and/or inner spore wall forma-
tion displayed altered cell death with morphology and develop-
mental timing distinct from those of WT cells. This indicates that
gamete development and mother cell PCD are coordinated by
common genetic pathways, although the precise mechanisms by
which this coordination occurs remain to be determined.

The swelling and permeabilization of the vacuole and mito-
chondria, along with the accompanying loss of mitochondrial ��,
invite comparisons of meiotic mother cell death with programmed
necrosis observed in animals. Mother cell death is programmed in
the classical sense in that it occurs invariably during development
and in that its execution requires specific gene products. It also
displays unique hallmarks among known modes of yeast PCD: we
are unaware of any context in which the vacuole undergoes such
dramatic alterations in size, number, and permeability during

TABLE 1 Vacuole and gamete viability phenotypes of spore morphogenesis mutants

Strain Spore morphogenesis defect(s) (reference[s])
Vacuole phenotype
upon deatha

% of viable cells
following meiosis

spo14� Prospore membrane assembly (33) Collapsed 18
ssp1� Prospore membrane closure (34) Collapsed 18
ama1� Prospore membrane closure (38) Collapsed 10.5
spo73� �-Glucan, outer spore wall synthesis (35) Collapsed 2.5
spo77� Outer spore wall synthesis (35) Collapsed 7.6
sps1� Pleiotropic; outer spore wall synthesis (31) Collapsed 29
ssp2� Outer spore wall synthesis (35) Collapsed 20
smk1� Pleiotropic; outer spore wall synthesis (32, 36) Collapsed 16
end3� Outer spore wall synthesis (37) Collapsed 0.7
chs3� Outer spore wall synthesis (35) Lysed 74.7
WT NA Lysed 99.9
a Vacuoles were judged to be either “collapsed” or “lysed” by Vma1-GFP, as described in the text. The percentage of viable cells was determined by CFU per volume, as described in
Materials and Methods. NA, not applicable.

FIG 5 smk1� cells abnormally maintain vacuoles following meiosis. (A) WT
and smk1� cells 16 h after sporulation induction. (B) Quantification of vacuole
integrity relative to the completion of MI and MII in WT and smk1� strains.
Data points represent means 
 standard deviations (n � 3; n � 150). Vacuoles
were scored as either continuous or discontinuous, with no distinction for
morphology following the loss of integrity. Bar � 2 �m.
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PCD. Additionally, we have been unable to identify numerous
phenomena that have been described to occur during the demise
of vegetative yeast cells during meiotic mother cell death. For ex-
ample, stress-induced PCD of vegetative yeast elicits phosphati-
dylserine exposure on the outer plasma membrane, which is de-
tected by annexin V staining (7). At no point in sporulation were
we able to detect annexin V-positive cells (data not shown), indi-
cating that meiotic mother cell death is distinct from stress-in-
duced PCD of vegetative yeast in this respect. With the exception
of NUC1 (6), we also have yet to uncover detectable roles for yeast
orthologs of animal apoptotic regulators such as Yca1 and Aif1
(41) in the phenomena presented in this study, although further
exploration of their contributions to sporulation may yet be in-
formative.

How might meiotic PCD relate to the phenomenon of PCD in
vegetative yeast cells (41)? We point out that, like most yeast stud-
ies, studies of yeast PCD in vegetative cells have been carried out
exclusively with highly domesticated strains artificially locked in
the haploid phase of the yeast life cycle and thus precluded from
any possibility of engaging meiotic PCD. Moreover, the context
that has been most often suggested to represent the altruistic and
adaptive application of haploid cell death, starvation, also repre-
sents conditions under which diploid cells execute meiosis. We
thus speculate that at least some of the characteristics of haploid
yeast PCD under such conditions represent a vestigial application
of the meiotic PCD program.

Probing the role of vacuolar hydrolases in mother cell PCD has
proven challenging because all stages of sporulation are acutely
sensitive to inhibition of vacuolar nutrient turnover and most
mutants that perturb vacuolar function fail to sporulate. Although
the serine protease inhibitor PMSF inhibits nuclear protein turn-
over during PND (6), we found that PMSF treatment did not
detectably alter any of the other phenomena occurring during
mother cell death that we describe here (data not shown). We
anticipate that further elucidation of the mechanisms underlying
meiotic mother cell PCD will be relevant for understanding the
modes of programmed necrosis or other forms of PCD that ex-
hibit vacuole/lysosome permeabilization and, more generally, for
understanding the interconnectedness and regulation of organelle
dynamics during PCD.

The primary questions arising from this study concern the
mechanism through which spore morphogenesis and mother cell
death are coordinated. We showed that numerous mutations that
perturb early spore morphogenesis also result in abnormal
mother cell death, implying that spore development is required
for normal mother cell PCD to occur. We speculate that the alter-
native terminal characteristics that we observed in these mutants
may reflect death caused by the catastrophic inability of the
mother cell to sustain viability in the absence of proper PCD sig-
naling. The delayed occurrence of vacuole rupture during this
mode of death in smk1� mutants is consistent with the existence
of a checkpoint that ensures a critical level of spore development
prior to mother cell PCD execution. When a cell commits to spo-
rulation but is incapable of reaching this threshold level of gamete
development and therefore incapable of initiating PCD, it may be
confined to an unsustainable arrest stage that eventually leads to
the death of the mother cell and its underdeveloped spores.

Our analysis indicates that the construction of the outer spore
layers of chitosan and dityrosine are dispensable for mother cell
death per se, as chs3� cells lacking the outer spore coat execute

PCD apparently normally. Spores lacking CHS3 also do not ex-
hibit a substantial loss of viability upon germination, demonstrat-
ing that the inner spore wall layers are largely sufficient to protect
spores from the destructive processes that occur around them. We
therefore speculate that the initiation of PCD may accompany the
developmental events that cue the transition to from �-glucan to
chitosan synthesis. Consistent with this, the MAP kinase Smk1
promotes this transition through its interaction with the �-glucan
synthase Gsc2 (36), and we find that SMK1 is essential for proper
PCD execution. However, smk1� cells display some heterogeneity
with regard to the degree of development achieved within an in-
dividual ascus (32), and the abnormal PCD may thus reflect addi-
tional defects. Of course, an additional interpretation of our find-
ings is that Smk1 may also participate directly in promoting PCD.
Intriguingly, the MAP kinase gene mpk-1 positively regulates apo-
ptosis-like death of immature germ cells in the syncytial Caeno-
rhabditis elegans gonad in a phenomenon that is conceptually
similar to yeast meiotic mother cell death (42, 43). Further
exploration of the control mechanisms by which Smk1 impacts
meiotic PCD will illuminate these possibilities.

Our findings highlight morphogenesis as a general context to
consider PCD in microbes. In a manner analogous to the role of
PCD in the removal of unneeded cells during metazoan develop-
ment, yeast meiotic mother cell death eliminates a superfluous cell
remnant during a developmental transition. Remarkably, a simi-
lar host cell death phenomenon accompanies endospore forma-
tion in the bacterium Bacillus subtilis. In response to starvation, B.
subtilis undergoes asymmetric division, after which the smaller
presumptive spore is engulfed by its larger sibling cell to form a
sporangium. The sporangium then hosts endospore formation
and undergoes autolysis coordinate with spore development (44,
45). Thus, similarly to what we describe for yeast sporulation, B.
subtilis sporulation coordinates the morphogenesis of a daughter
cell with the programmed death of its progenitor. Although there
is no evidence to suggest that microbial cell death pathways in
prokaryotes and eukaryotes share a common genetic regulation,
the provocatively similar cell biological events underlying PCD in
B. subtilis and that in S. cerevisiae invite evolutionary questions:
does PCD represent a convergent target of evolution and thus
have numerous genetic origins? Certainly, the ever-growing diver-
sity in discovered forms of PCD and their according genetic con-
trol mechanisms seems consistent with this idea.
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