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Introduction
Apoptosis is an evolutionally conserved cell suicide program 

used by an organism to selectively eliminate dangerous, super-

fl uous, or damaged cells. The phenomenon of yeast cells under-

going apoptosis has long been controversial, in part because of 

doubts of whether cell suicide could constitute an evolutionary 

advantage for unicellular organisms. However, since the fi rst 

 description of apoptosis in a yeast (Saccharomyces cerevisiae) 

strain carrying a CDC48 mutation (Madeo et al., 1997), several 

yeast orthologues of crucial mammalian apoptotic proteins have 

been discovered (Madeo et al., 2002; Fahrenkrog et al., 2004; 

Wissing et al., 2004; Qiu et al., 2005; Li et al., 2006; Walter 

et al., 2006), and conserved proteasomal, mitochondrial, and 

histone-regulated apoptotic pathways have been delineated (Fig. 1; 

Manon et al., 1997; Ligr et al., 2001; Ludovico et al., 2002; 

 Fannjiang et al., 2004; Ahn et al., 2005a; Gourlay and Ayscough, 

2005; Pozniakovsky et al., 2005). By demonstrating that the 

overexpression of human Bcl-2 in yeast extends chronological 

life span, Longo et al. (1997) connected yeast aging to conserved 

mammalian apoptotic pathways. Chronologically aged yeast 

cells have been used as a valuable model to study oxidative dam-

age and molecularly conserved aging pathways of postmitotic 

tissues in higher organisms (Bitterman et al., 2003). Recently, 

both replicative and chronological aging of yeast cells have been 

demonstrated to culminate in cell death with an apoptotic pheno-

type (Laun et al., 2001; Fabrizio et al., 2004; Herker et al., 2004). 

In this paper, we describe physiological scenarios of yeast 

apoptosis (Fig. 2), suggesting a teleological explanation for this 

(at fi rst glance useless) behavior of unicellular organisms. 

Death in times of love: pheromones induce 
cell death when mating is not successful
Complex social interactions occur both within and between 

various microbial species and can be either competitive or co-

operative. Severin and Hyman (2002) demonstrated that expo-

sure of haploid yeast cells to mating-type pheromones can 

induce apoptosis in yeast when a suitable mating partner is ab-

sent, thus connecting the yeast life cycle to cell death mecha-

nisms. Successful mating prevents apoptosis, suggesting that 

yeast may use mating factor–induced cell death to eliminate in-

fertile or otherwise damaged cells. Therefore, by accelerating 

the passage of generations, pheromone-induced apoptosis might 

ensure evolutionary progress and may favor the diploid state, 

which is likely to provide an adaptive advantage over the hap-

loid state. This cell death process induced by low doses of pher-

omone depends on the apoptotic factors cytochrome c and 

mitochondrial permeabilization (Severin and Hyman, 2002). 

In contrast, death caused by higher concentrations of phero-

mone lacked certain hallmarks of apoptosis (Zhang et al., 2006). 

Zhang et al. (2006) further characterized this death, delineating 

three genetically and chronologically distinguishable forms of 

yeast death upon unsuccessful mating attempts, all of which 

were preceded by an accumulation of reactive oxygen species 

(ROS). Rapid cell death required cell wall degradation and 

Fig1p, an integral membrane protein necessary for effi cient 

mating. A second, slower wave of cell death was independent of 

Fig1p and was dependent on much lower concentrations of 

pheromones, whereas a third wave of death was shown to be 

regulated by calcineurin signaling (Zhang et al., 2006). However, 

death can occur not only before but also after mating; successful 
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The purpose of apoptosis in multicellular organisms is 

obvious: single cells die for the benefi t of the whole 

 organism (for example, during tissue development or 

embryogenesis). Although apoptosis has also been 

shown in various microorganisms, the reason for this cell 

death program has remained unexplained. Recently pub-

lished studies have now described yeast apoptosis during 

aging, mating, or exposure to killer toxins (Fabrizio, P., L. 

Battistella, R. Vardavas, C. Gattazzo, L.L. Liou, A. Diaspro, 

J.W. Dossen, E.B. Gralla, and V.D. Longo. 2004. J. Cell 

Biol. 166:1055–1067; Herker, E., H. Jungwirth, K.A. 

Lehmann, C. Maldener, K.U. Frohlich, S. Wissing, S. Buttner, 

M. Fehr, S. Sigrist, and F. Madeo. 2004. J. Cell Biol. 

164:501–507, underscoring the evolutionary benefi t of a 

cell suicide program in yeast and, thus, giving a unicel-

lular organism causes to die for.
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mating leads to the generation of diploid cells, which can, as 

a consequence of scarce nutrition, undergo meiosis and sporu-

late as a way to stochastically reshuffl e and rearrange the ge-

nome to increase genetic diversity and, thus, the fi tness of the 

population. This meiosis is coupled to apoptosis, as 20% of 

cells grown on sporulation media undergo apoptotic cell death, 

whereas the 80% that survive initiate sporulation (Ahn et al., 

2005b; Knorre et al., 2005). This might ensure that only genetic 

recombinants that are adapted to their surroundings survive.

Death in times of peace: dwindling 
nutrients trigger the altruistic death 
of older cells
Various microorganisms tend to cluster together to survive 

 nutrient depletion, forming multicellular communities called 

biofi lms. In such a social community, the benefi t of a cellular 

suicide program seems evident. The self-destruction of virus-

infected, damaged, and old cells, which consume dwindling 

 nutrients or spread an infection, contributes to the viability and 

reproductive success of healthier members of the community 

harboring similar genomes. S. cerevisiae has been shown to ini-

tiate the formation of biofi lms in both natural and laboratory en-

vironments, particularly when nutrients are depleted (Reynolds 

and Fink, 2001; Zara et al., 2002).

In the wild, an individual yeast cell landing on a rotting 

apple will divide and form a colony until all readily utilizable 

nutrients are exhausted. When the whole fruit is colonized and 

the next apple is not in sight, cells cease to proliferate and enter 

a postdiauxic but still metabolic active phase known as chrono-

logical aging (Fabrizio and Longo, 2003). To ensure survival of 

the clone, it seems to make sense for old or damaged cells to 

undergo cell death instead of consuming vanishing resources in 

a futile attempt to repair themselves. Chronologically and repli-

catively aged yeast cells die while exhibiting typical features of 

apoptosis, accompanied by the accumulation of ROS, which is 

a crucial factor in aging and apoptosis as well (Laun et al., 2001; 

Fabrizio et al., 2004; Herker et al., 2004). The question arises of 

how it is determined exactly which cells are to die in a chrono-

logically aged population. In principle, this could be just a sto-

chastic marker or, alternatively, a selection based on fi tness. 

Notably, however, only replicatively older cells harboring two 

or more bud scars kill themselves in times of hardship (Allen 

et al., 2006), demonstrating that during chronological aging, 

apoptosis selectively removes older individuals from the popu-

lation. Furthermore, when dying, aged yeast cells actively stim-

ulate the survival of the clone by releasing defi ned substances 

into their surrounding (Fabrizio et al., 2004; Herker et al., 2004). 

Interestingly, Chen and Fink (2006) described specifi c aromatic 

alcohols as molecules mediating social interactions between 

yeast. These alcohols could have putative signaling functions 

leading to quorum sensing during chronological aging. To sum-

marize, the death of older cells is advantageous for two reasons: 

fi rst, because it spares nutrients for younger cells; and second, 

because the older cells release nutrients that can be metabolized 

by replicatively younger cells.

In addition, apoptosis has been demonstrated to occur 

during the development of colonies on solid media (Vachova 

and Palkova, 2005). Aged colonies undergo metabolic changes 

Figure 1. The basal molecular machinery of yeast apoptosis. Crucial pro-
teins of the basic molecular machinery executing cell death are conserved 
in yeast, including the yeast caspase YCA1, the mitochondrially located 
proteins apoptosis-inducing factor 1 (AIF1), HtrA2/Omi (NMA111), and 
AMID (NDI1), and the antiapoptotic proteins CDC48 and BIR1. In addi-
tion, yeast programmed death has been linked to complex apoptotic 
scenarios such as mitochondrial fragmentation, cytochrome c release, 
 cytoskeletal perturbations, and histone H2B phosphorylation.

Figure 2. Physiological scenarios of yeast apoptosis. 
Wild-type yeast cells die altruistically in times of dwindling 
 resources during chronological aging, after attack by killer 
toxins from nonclonal enemy strains, and as a result of unsuc-
cessful mating.
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that induce apoptotic death in a spatially restricted fashion, 

namely in the center of the colony. These colonies can be con-

sidered as multicellular organisms that undergo a sort of dif-

ferentiation coupled to apoptosis. Interestingly, mechanical 

deletion of the colony center results in decreased survival of the 

colony margin. Thus, the outer cells profi t from cell death oc-

curring in the colony center, again arguing for an altruistic 

 nature of cell death. This is in accordance with the classical 

defi nition of altruism, as this behavior increases the fi tness of 

the group relative to other groups while it decreases the fi tness 

of the altruist compared with others within the group (Wilson 

and Sober, 1989). Similar to yeast colonies, cells in a metazoan 

multicellular organism undergo cell death to ensure normal 

 development and survival of the whole organism.

Deletion of the yeast caspase YCA1 gene enhances the re-

sistance against oxidative stress and also delays age-induced cell 

death (Madeo et al., 2002), although caspase-independent apop-

tosis occurs in yeast as well (Guscetti et al., 2005; Zhang et al., 

2006). The fact that disruption of the apoptotic machinery results 

in an extended chronological life span is consistent with the idea 

that apoptosis might have evolved to clean the population of dam-

aged or old cells that would consume resources and, thus, reduce 

the viability of the clone. However, the existence of a death pro-

gram may not be advantageous under all conditions. In the wild, 

a yeast cell washed off a grape by a rain shower gains no advan-

tage by undergoing apoptosis because there is neither food around 

to economize nor fi tter relatives to spare the food for. Consistently, 

yeast incubated in distilled water have an extended life span as 

compared with cells cultured in minimal media (Fabrizio et al., 

2004). However, it is also possible that nutrient metabolism pro-

duces ROS or other molecules that cause apoptosis.

In organisms ranging from yeast to mammals, the link 

 between diet and aging is well established, as calorie restriction 

extends life span and increases stress resistance (Koubova and 

Guarente, 2003). Pathways that mediate glucose-dependent sig-

naling have recently been shown to interact with age-induced 

apoptosis in yeast (Fabrizio et al., 2001). Disruption of SCH9, 

the yeast orthologue of AKT1 kinase, which is a crucial regula-

tor of glucose-dependent signaling and aging in Caenorhabditis 
elegans and probably also in humans (Miyauchi et al., 2004), 

leads to an extended life span and delays apoptosis during 

chronological aging (Fabrizio et al., 2001, 2004). The decreased 

activity of Sch9p signals nutrient depletion and might therefore 

mimic a surrounding of pure water (Fabrizio et al., 2004). In the 

process of aging, calorie restriction delays apoptotic cell death 

and prolongs life span.

Death in times of war: competing yeast 
tribes secrete killer toxins
The production and secretion of virus-encoded killer toxins 

with antimicrobial activity is a relatively common phenomenon 

among a great variety of yeast genera. Although these killer 

yeasts are immune to their own cytotoxic proteins or glycopro-

teins, they eliminate susceptible microorganisms from the envi-

ronment (Schmitt and Breinig, 2002). In S. cerevisiae, three 

different killer toxins (K1, K2, and K28), all encoded by cyto-

solic double-stranded RNA viruses, have been identifi ed so far. 

This killer phenomenon might play a major role in competition 

in fruit communities in which various insects may carry differ-

ent colonizing yeasts and the fi ght for nutrients may begin. It is 

signifi cant that resistant rather than susceptible yeast strains are 

usually found in fruits and that one quarter of these yeast strains 

are killers (Starmer et al., 1987). It has recently been shown that 

the exposure to toxins produced by coexisting killer strains trig-

gers apoptosis in yeast (Ivanovska and Hardwick, 2005; Reiter 

et al., 2005; Breinig et al., 2006; Schmitt and Breinig, 2006). 

Reiter et al. (2005) reported that low doses of killer toxins trig-

ger the production of ROS and apoptosis in S. cerevisiae. When 

exposed to toxin, yeast cells defi cient for the antioxidant en-

zyme GSH1 display an enhanced accumulation of ROS and de-

creased viability. The increased sensitivity of gsh1 mutants to 

killer toxins portrays the evident involvement of ROS in toxin-

induced cell death. Conversely, a yeast yca1 disruptant exhibits 

reduced toxin sensitivity, indicating that the presence of yeast 

caspase is needed for effi cient toxin-triggered apoptosis. In con-

trast, high concentrations of killer toxins induce a necrotic cell 

death beyond any regulation by Yca1p and ROS. Thus, killer 

toxins can initiate two modes of cell death: low doses trigger 

regulated apoptosis, whereas high doses cause unregulated 

 necrosis. In the natural habitat of killer yeasts, where toxin con-

centration is likely to be low, the induction of apoptosis might 

play an important role in effi cient toxin-mediated cell killing 

(Reiter et al., 2005).

ROS regulates programmed death 
and adaptation
Microorganisms have to cope with drastic fl uctuations in tem-

perature, nutrient resources, and oxygen tension. Therefore, the 

ability to adapt to a changing environment ensures optimal fi t-

ness. In Escherichia coli, the death of populations maintained in 

stationary phase is followed by the growth of a better-adapted 

mutant subpopulation, which rapidly takes over the culture 

(Zambrano et al., 1993); this phenomenon is known as adaptive 

regrowth. Similarly, aged yeast populations may favor the growth 

of a mutant subpopulation (Fabrizio et al., 2004). Monitoring 

of the age-dependent mutation frequency suggested a role for 

superoxide and the rate of spontaneous mutations in adaptive 

regrowth. Higher mutation frequency correlates with shortened 

life span and improved adaptation to a new environment con-

taining nutrients released by dead cells. Adaptive regrowth 

hardly occurs in populations of long-lived mutants showing 

 decreased levels of superoxide, whereas almost all cultures of 

short-lived mutants lacking superoxide dismutase are able to re-

grow (Fabrizio et al., 2003, 2004). Disruption of the apoptotic 

machinery via the deletion of YCA1 only initially results in a 

better survival of aged cultures. An aged yca1-null mutant strain 

is no longer able to regrow when nutrients become available 

 after a period of starvation, leading to a population with a high 

percentage of damaged and old cells. In the long run, aging 

yeast populations benefi t from early apoptosis with strains that 

initiate early death, outlasting long-lived mutants in competi-

tion assays (Fabrizio et al., 2004; Herker et al., 2004). In both 

scenarios, frequent death and growth cycles promote the se-

lection of fi tter subpopulations. Under the regime of ROS, 
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programmed aging and the consequent early death together 

with a relatively high mutation frequency ensure adaptation to 

changing environments.

Concluding remarks
Accumulating studies indicate that yeast undergo programmed 

cell death for several good reasons (Fig. 2; Fabrizio et al., 2004; 

Herker et al., 2004; Knorre et al., 2005; Reiter et al., 2005; 

Allen et al., 2006). Pheromone signaling leads to the apoptotic 

death of cells that fail to mate, therefore depleting the popula-

tion of haploid cells and favoring the survival of diploid cells 

that increase genetic diversity through meiotic recombination. 

The early death of old and damaged cells during aging and star-

vation enhances the chances of the rest of the population to sur-

vive and to sporulate, thus increasing the probability that the 

clone will survive. Moreover, in such conditions, the increased 

production of ROS enhances the probability of somatic muta-

tions and, thus, the generation of genetic variants that can adapt 

to continuously changing conditions. Therefore, altruistic cell 

death via the activation of a highly conserved, self-destructive, 

enzymatic machinery confers an advantage on the population, 

enhancing its genetic diversity both via sexual reproduction and 

somatic mutations. In addition, apoptosis coupled to chrono-

logical and replicative aging limits longevity that would main-

tain ancient genetic variants within the population and, therefore, 

favor genetic conservatism. As a negative side phenomenon, 

however, the apoptotic process may be hijacked, at least in labo-

ratory conditions, to facilitate cell killing by competing yeast 

strains that produce toxins in a tribal war. In summary, the death 

of old, infertile, or damaged yeast cells may ensure the survival 

of a colony of yeast cells and introduces the concept of an altru-

istic aging and death program. Deciphering the components of 

the upstream signaling and execution pathways of these pro-

grams constitutes an ongoing challenge with far-reaching impli-

cations for developmental and evolutionary biology.
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