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Abstract—Although yeasts have been extensively used as an experimental model to study apoptosis, it is still unclear why a
unicellular organism like yeast possesses a suicide program. Here we discuss three hypothetical scenarios of “natural” yeast
suicide. We argue that by correctly deducing the physiological situation(s) for yeast to undergo cell death, one can not only
improve the efficiency of yeast as model system for apoptotic studies, but also obtain a certain insight into the survival strate-

gies of communities of organisms.
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In multicellular organisms, apoptosis plays an impor-
tant role during development and in response to various
pathologies. In recent years, it has been convincingly
shown that a number of unicellular organisms also possess
the ability to undergo programmed death [1-6]. In partic-
ular, the yeast Saccharomyces cerevisiae dies in an apopto-
sis-like way in response to various harsh treatments [7-13].
Still, there are two related issues concerning programmed
death in yeast that remain unclear: its physiological role
and its native inducers. It has been argued that a physio-
logical role of suicide in a unicellular organism is to
increase the fitness and dynamicity of the whole cell com-
munity (see [4] for review). In other words, altruistic yeast
cell death could possibly be physiologically relevant only
when yeast cells are in a community. Thus one might spec-
ulate that, similar to bacterial suicide [3], the presence of a
quorum-sensing signal in the growth media is a necessary
condition for yeast cells to commit “physiological” suicide.

How could the yeast cell possibly sense that it is sur-
rounded by other yeast cells? The only proven way of
intercellular communication in S. cerevisiae is via sexual
pheromones. Recently we have shown that the excess of
these pheromones causes S. cerevisiae to die in a way

Abbreviations: H,-DCF-DA) dichlorofluorescein diacetate;
ROS) reactive oxygen species; PI) propidium iodide; DIC) dif-
ferential interference contrast.
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resembling apoptotic death in higher cells [14]. We argued
that this phenomenon might reflect programmed cell
death happening in native yeast populations: elimination
of a cell unable to mate when lots of mating partners are
available could be beneficial for the population [5, 14].

Are there any other ways for yeast cells to sense that
they are not alone but in a cell community? It has been
shown that yeast in dense, chronologically aged cultures
also undergo apoptosis-like death ([15-18], also see [19]
for review). Interestingly, while some of the cells die in
the aged cultures, the remaining actively increase their
mutation rate searching for useful changes in the genome
[16]. While the native inducer of cell death in this case is
not defined, the gradual acidification of the media due to
the accumulation of acetic acid in the aged culture (a
result of glycolysis) might contribute to the quorum-sens-
ing mechanism [16]. Consistent with that, a combination
of low pH and acetate Kkills stationary phase yeast cells
with markers of apoptosis [9]. Thus, the aged culture
model seems to be physiologically relevant.

Can one possibly imagine any other natural situa-
tions when individual yeast death would be beneficial for
the community? Here it is important to mention that S.
cerevisiae cells are equally capable of growing either in a
haploid or in a diploid form. Therefore, apart from pro-
grammed cell death, a reshuffling of the genomes by mat-
ing (haploids) and meiosis (diploids) is possible way to
increase the genetic diversity and fitness of the population.
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Sporulation medium causes death accompanied by ROS formation in a fraction of cells pre-grown on a non-fermentable carbon source.
Only the culture pre-grown in glycerol-based media and then shifted into 2% potassium acetate accumulated ROS-positive (a, ¢) and dead
cells (b, c). Growth conditions and ROS visualization with H,-DCF-DA was performed as described in [14]. Dead cells were visualized by
addition of 50 pg/ml propidium iodide (PI): PI stains DNA and RNA in cells that have lost the integrity of the plasma membrane [21]. ROS
were determined after 20 min following the shift to acetate, cell death after 90 min. Bar, 10 pm
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As for the haploids, mating and programmed death are
probably simultaneously used when the fitness of the cell
community has to be improved (see above). Is the meiotic
pathway also coupled to programmed death? It is known
that diploids undergo meiosis (sporulate) when the condi-
tions become unfavorable for vegetative growth.
Experimental ways to induce sporulation have been exten-
sively studied, and the requirements for efficient sporula-
tion were found to be the following: (i) the cells have to be
pre-grown on a non-fermentable carbon source to acti-
vate their mitochondria and (ii) after the pre-growth cells
have to be shifted to potassium acetate media [20, 21].

Will such a treatment induce programmed cell death
in a fraction of the cells? The figure (panels (a) and (c))
shows that a culture of diploids, treated in the described
way, quickly accumulates reactive oxygen species (ROS)-
positive cells—a common trait of apoptosis (see [22] for
review). Importantly, only cells pre-grown in the glyc-
erol-based media accumulate ROS, while cells pre-grown
in raffinose-based media and therefore having low-ener-
gized mitochondria (data not shown) are resistant to
acetate-induced ROS formation (figure, panels (a) and
(c)). The latter indicate that acetate does not simply
intoxicate cells in a nonspecific way, but initiates the
mitochondria-dependent cell death cascade. Cell death
quickly follows ROS formation (figure, panels (b) and
(¢)). The surviving cells initiate the sporulation program
and, after overnight incubation, start to form tetrads (not
shown). Thus, our data suggest that the sporulation con-
ditions can indeed initiate programmed cell death. In
fact, this conclusion is not so surprising: acetate at low
pH was reported to induce apoptosis-like cell death in
yeast [9]. Thus, the induction of programmed cell death
by acetate at pH above neutral (the pH of 2% potassium
acetate is 8.0) is not entirely unexpected. Still, it is total-
ly unclear what a possible quorum-sensing mechanism in
case of sporulation-accompanied cell death could be. It is
possible that, similar to the chronologically aged cultures,
high concentration of acetate in the media in sporulating
cultures might serve as an indicator of cell density.

To summarize, we propose that there are at least
three physiologically relevant models of programmed cell
death in yeast: pheromone-based, based on chronological
aging, and based on sporulation media. This makes yeasts
not only an instrumental system for studying the mecha-
nisms of apoptosis, but also a promising model for study-
ing the general laws of altruistic death of organisms.
Indeed, there are two common conditions in the suggest-
ed models of “natural” suicide of yeast: an increase in the
density of the cell community and a change in the envi-
ronment for the worse. It is tempting to speculate that
altruistic suicide in higher organisms [5, 23] could be gov-
erned by the same conditions.
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