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Abstract Aging—defined as the progressive impairment

of an organism’s functional capacity, resulting from dele-

terious changes in cells, organs, and biological systems—is

one of the most fundamental features of Eukaryotes, from

humans to the unicellular budding yeast Saccharomyces

cerevisiae. It has recently been reported that this may also

be the case for certain (if not all) types of bacteria. In this

paper, the current view on the mechanistic background and

evolutionary significance of bacterial kind of aging is

presented, with particular emphasis on the role of asym-

metric cell division, the characteristics of stationary growth

phase, and the role of oxidative protein damage.
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Defining aging

In terms of biology, aging is a progressive phenomenon

characterized by a set of morphological and functional

changes that disturb an organism’s ability to maintain

homeostasis and which increase the probability of death.

Most extensively, aging was studied in various types of

human somatic cells, where this process manifests as a ter-

minal exhaustion of the cell’s capacity to divide, which is

termed cellular/replicative senescence. The maximal num-

ber of population doublings a cell may undergo before

entering senescence (the so-called Hayflick limit) depends

on its type and embryological origin, and ranges from over a

dozen divisions in epithelial cells to several dozen divisions

in the case of fibroblasts. Cell senescence has been shown to

proceed independently from the lapse of chronological time

and stems from a combination of pre-determined internal

events (shortening and/or uncapping of telomeric DNA) and

environmental variables of a stochastic character (oxidative

stress). In addition, cell senescence may be triggered artifi-

cially in young proliferating or quiescent cells by their

exposure to various stresses, including ionizing radiation,

oxidants (e.g., H2O2), DNA-damaging agents (e.g., mito-

mycin C), chromatin perturbations (e.g., histone acetylation/

methylation), oncogene activation (RAS) and culture shock

(e.g., inadequate medium composition). Under these con-

ditions, cell-growth arrest proceeds rapidly and is known as

the stress-induced premature senescence (SIPS) [1, 2].

The existence of a fixed number of divisions that a cell

can endure is not only a feature of cells derived from higher

Eukaryotes. A similar phenomenon has been described in

the unicellular budding yeast Saccharomyces cerevisiae, in

which the cell replicative lifespan can be measured as the

number of new buds which a mother cell can produce

throughout its lifespan [3]. Generally, S. cerevisiae are able

to endure between 10 and 30 divisions, a limit which is

believed to be species- and strain-specific. Significantly,

however, because of the asymmetric nature of yeast rep-

lication and the so-called ‘replicative reset phenomenon’

(in which the mother cell undergoes successive divisions

and ultimately senesces, while a newly formed bud does

not inherit the mother’s replicative history and starts its

lifespan from zero), when one considers yeast colonies

growing in a permissive milieu, one may describe them as

having an infinite capacity to replicate. The mechanism by

which S. cerevisiae reaches its Hayflick limit is not a
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function of telomere disruption, since these cells express

active telomerase—an enzyme that restores the telomeric

structure. On the other hand, there is strong evidence that

yeast aging may be associated with the accumulation of

‘senescence factors’ in the cytoplasm, of which the extra-

chromosomal rDNA circles (ERCs) seem to play a key

role. The increased level of protein carbonylation suggests

that this process may also be, at least in part, related to

oxidative stress. Moreover, as in human cells, several genes

associated with cell-cycle control, genome stability, tran-

scriptional silencing, and DNA repair, have been

recognized to be involved [4] (Fig. 1).

Bacteria also get old

Although bacteria may reproduce in several, often widely

disparate ways (e.g., budding, endospore and multiple

spore formation, multiple fission), the most common

mechanism by which a bacterial cell divides is binary

fission [5]. This kind of division, controlled by the FtsZ

protein—a structural homologue of the eukaryotic cyto-

skeletal constituent tubulin [6]—results in two identical

(morphologically and genetically) and equally young cells

[7]. This symmetricity, in turn, has become the main source

of the dogma that bacteria do not undergo any events which

could be considered equivalent to aging. In other words,

under optimal growth conditions (of nutrients, temperature,

oxygen level, pH, osmolarity, etc.), bacteria have been

considered to be immortal [8].

For the first time, this classic view has been blurred in

studies conducted on Caulobacter crescentus, an aquatic

Gram-negative bacterium displaying a unique asymmetric

reproduction and a dimorphic life cycle. During division,

the parent C. crescentus cell produces two types of

daughter cells that markedly differ from one another in

both structure and function. When the bacterium divides,

first arises a mobile swarmer cell, which is equipped with a

flagellum for movement. After a dozen minutes of swim-

ming, the swarmer cell sheds the flagellum and transforms

into a sessile form in which a stalked tubule-like structure

protruding from one end allows the cell to adhere to sur-

faces with a holdfast. Importantly, of these two progeny,

only the stalked cell is capable of DNA replication and

entry into the next round of the division cycle [9] (Fig. 2).

As shown by Ackermann et al. [10], the time a stalked cell

requires to generate the next swarmer counterpart gradually

increases, which has been postulated to constitute a man-

ifestation of bacterial aging.

The asymmetrical cell division reflected by morpho-

logical diversity of the offspring is not a limiting condition

for the appearance of aging in bacterial populations. As

shown in the studies on the rod-shaped gut bacterium

Escherichia coli, a model organism characterized by

symmetrical reproduction, despite the morphological

identity of the daughter cells, they may significantly differ

Fig. 1 Cell replication pattern resulting in senescence in multi- and

unicellular Eukaryotes. Left panel human somatic cells, right panel
budding yeast S. cerevisiae. N values indicate the maximal number

of divisions a cell can undergo before entering senescence state

(Hayflick limit). In the case of human cells, N ranges from 10 to 100

divisions (depending on cell type), while in yeast, ranges from 10 to

30 divisions

Fig. 2 The asymmetric division and dimorphic life cycle in Caulob-
acter crescentus. As a result of this type of cell division, two

morphologically distinct cells (swarmer cell and stalked cell) arise.

Only stalked cells enter a new division cycle
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at the level of cellular organization (functional asymme-

try), which may be attributed to an uneven segregation of

certain mothers cell’s constituents during binary fission. It

has been observed using an elegant fluorescence-based

individual cell tracking system that one of the E. coli

progeny cells inherits some pre-existing elements of the

mothers cell’s (‘old pole’), while the second descendant

synthesizes these elements de novo (‘new pole’). The

experiments, in which the fates of more than 35,000 cells

were carefully traced, revealed that those lineages that

vertically succeeded old pole from the mother cell exhib-

ited features that could be equated with the aging process,

including decelerated growth rate, decreased offspring

production, and increased probability of death (Fig. 3). It

has been recorded that the reproductive lifespan of the old

pole-bearing cells has been ultimately terminated upon

reaching about 100 divisions. Although the exact nature of

the old-pole elements is still uncertain, it is likely that they

may include fragments of cell wall, harmful/damaged DNA

molecules, and modified proteins [11].

Bacterial aging in the stationary phase

One of the most important features of bacteria is their

highly developed ability to cope with unfavorable envi-

ronmental conditions. In fact, the conditions that favor

vigorous growth of bacteria populations in nature are rather

seldom [12]. Bacteria usually live in competitive relation-

ships when the limited resources of nutrients force them to

launch a number of adaptative reactions that are necessary

to allow them to survive until the external conditions

improve. The best recognized mode by which bacteria

confront adverse, oligotrophic environments, is an entry

into stationary (stasis) phase [13].

The stationary phase can also be reproduced in labo-

ratory conditions, when experimental purposes do not

require the collection of large numbers of cells. In this

case, bacteria cultures are maintained in a closed system

(batch cultures), in which cells are deprived of a supply

of fresh nutrients (especially a carbon source) and an

outflow of waste. When plotted as the logarithm of cell

number versus incubation time, growth of such a culture

can be depicted as a four-phase curve, which encom-

passes a lag phase, a logarithmic growth phase, a

stationary phase, and a death phase (Fig. 4). In the initial

period (lag phase), inoculated bacteria do not replicate

and the population adapts to the fresh culture environ-

ment; cells grow in size, store nutrients, and generate vital

structural constituents to prepare for binary fission. The

lag phase is followed by logarithmic growth phase, in

which cells divide at a very high rate and the number of

bacteria increases exponentially (it doubles with each

generation time). As a result of vigorous cell growth, the

availability of growth-supporting substrates dramatically

declines, which is accompanied by a reduction of booming

growth, the accumulation of toxic metabolism by-products,

and the development of a steady-state equilibrium between

cell growth and die-off. These are the major features of the

stationary growth phase. In the last, death phase, the number

of cells dying, markedly exceeds the number of new cells

formed [14].

It has been observed that E. coli cells entering the sta-

tionary phase undergo various degenerative changes, of

which the decline in proliferative capacity is the leading

one. In addition, starved bacteria are characterized by

condensed chromosome, which is attributed to an induction

of Dps protein with an ability to compact DNA in nucle-

oprotein complex [15], and by dimerized (translationally

inactive) ribosomes, which is a response to guanosine

pentaphosphate (ppGpp)-dependent activation of ribosome

modulation factor (rmf) [16]. These changes are also

accompanied by the drift in cell morphology and size.

Fig. 3 The functionally asymmetric division in Escherichia coli. Red
dots indicate the old-pole elements, which are inherited by only one

offspring. Green dots indicate newly formed elements of new poles,

which subsequently become ‘old’ as a result of cell aging. These

elements accumulate in a group of cells leading to their aging and

death

Fig. 4 The typical pattern of bacteria growth curve in batch culture
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Namely, starved E. coli cells become smaller and more

spherical or ovoid than exponentially growing ones, which

is primarily attributed to the activity of sigma factor

rS/RpoS (a major element of stress response) and its con-

trol over the morphogene bolA [17]. Factor rS/RpoS also

exerts a similar effect also through the ftsQAZ operon,

which by regulating reductive cell division, partly con-

tributes to changes in bacterial appearance during

starvation [18]. Some abnormalities have also been repor-

ted within the structure of cell membranes. In the outer

membrane, one may find decreased efficiency of peptido-

glycan synthesis, which is probably associated with an

incorporation of certain D-amino acids into the polymer

[19]. In turn, the fluidity of the inner membrane markedly

goes down, which may be causatively linked with con-

version of unsaturated fatty acids into cyclopropyl

derivatives and an increase in phosphatidylglycerol to

phosphatidylethanolamine ratio [20]. At the same time,

which is worthy to note, stationary E. coli cultures are still

viable and capable of continue protein synthesis (mainly of

those proteins allowing prolonged survival in the low-

nutrient environment) [21]. The other issue that should be

stressed is that the changes adopted by bacteria in the

stationary phase, especially growth cessation, have a per-

manent character, namely they persist even when starved

culture will be transferred to a nutrient-rich environment

[22]. Although it is very hard (and risky) to compare the

phenotypic features of starved bacteria with senescence

phenotype of eukaryotic (e.g., human) cells, the starvation-

induced senescence in E. coli cultures (currently termed as

‘conditional senescence’ [23]) can be considered as the

nearest equivalent of SIPS described in eukaryotic cells,

e.g., in human fibroblasts in which concentration of serum

(source of nutrients) in culture medium has been reduced to

an extreme value of 0.25% [24, 25].

Molecular causes of conditional senescence

Research into the molecular causes responsible for cell

entry into conditional senescence using quantitative

microarray analysis has revealed that E. coli cells that have

been rendered senescent by their movement into the sta-

tionary phase for extended periods of time (16 days) are

characterized by down-regulated expression of genes

involved in crucial processes regulating bacterial growth,

such as carbohydrate catabolism and energy generation

(e.g., sdhA gene encoding a component of succinate

dehydrogenase; cydA and cydB expressing the subunits of

cytochrome bd-I terminal oxidase) and macromolecules

synthesis (e.g., murI gene that encodes glutamate race-

mase, an enzyme engaged in peptidoglycan production)

[26].

Researchers’ attention has also been focused on the

accumulation of aggregated, aberrant proteins. It must be

stressed, however, that the beginning of this process has

been found to occur in the earlier, exponential phase of cell

growth. As shown by Maisonneuve et al., exponentially

growing E. coli cells tend to generate aggregated and

structurally abnormal (e.g., cross-linked) proteins. These

structures, which are regarded as the waste-storing organ-

elles in the intracellular protein degradation pathway,

included chaperone DnaK/HSP70 and protease ClpXP,

substrates known to be very sensitive to unfolding and

subsequent aggregation [27]. These observations have been

strengthened by Lindner et al., who, tracking E. coli cul-

tures growing under permissive conditions, found the

spontaneous generation of inclusion bodies rich in aggre-

gated proteins within cell old poles. Moreover, they

demonstrated the anti-proliferative activity of these pro-

teins by showing a correlation between their storage and a

significant decrease in old-pole-inheriting cells’ ability to

reproduce [28]. Given that these old pole-localized aggre-

gated proteins are actively or passively (the mechanism is

still speculative) sorted to only one of sibling cells, the

causative role of these structures in the progression of cell

aging seems to be reasonable. Moreover, given that factors

causatively involved in aging should also increase the

probability of cell/organism death, it is worthy to note that

this assumption is in keeping with the effect of aggregated

proteins on bacteria survival in the stationary phase.

Namely, Maisonneuve et al. [29] observed the positive

correlation between the relative amount of aggregated

proteins and the incidence of cell death, which was

attributed to several-fold higher content of these abnormal

constituents in the non-viable bacteria.

The role of oxidative stress

Oxidative stress is one of the major culprits of aging

considered at both the cellular and organismal levels [30,

31], and this may also be the case in bacteria [32]. In this

context, it has been observed that senescent E. coli cultures

contain increased amounts of carbonylated proteins—a key

indicator of oxidative stress-mediated protein damage [33].

Moreover, as found in studies employing E. coli mutants

defective in genes responsible for oxidative stress defense

(superoxide dismutase and catalase), the level of modified

proteins in cells undergoing starvation-mediated aging was

considerably enhanced [27]. Conversely, in bacteria over-

expressing Mn-superoxide dismutase, the magnitude of

protein modifications was lower compared to the wild-type

strain, and this effect was evident in both the exponential

and stationary stages of growth [29]. Cell protection

against oxidative stress is also associated with activity of
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factor rS/RpoS, as mutants devoid of rS senesce at an

accelerated rate [34], with a remarkably higher load of

oxidized proteins [33, 35].

Although bacteria are able to release significant amounts

of reactive oxygen species (ROS) from their membrane-

associated electron-transport machinery (mostly at the

NADH dehydrogenase and ubiquinone sites) [36],

increased oxidative deterioration of proteins in cells

experiencing conditional senescence is puzzling, since

steady-state ROS level in starved cultures seems to be

constant, and the activity of major antioxidative enzymes is

even increased [35]. This apparent contradiction has been

exposed by Dukan et al. [37], who, using an antibiotic that

promotes increased mistranslation (streptomycin) at a

concentration not affecting cell growth and not inducing

oxidative stress (either by stimulation of ROS release or by

reducing antioxidant activities), found that under these

conditions, the magnitude of protein carbonylation may

rise several times over. Since the protein modification

observed was a generalized reaction and concerned virtu-

ally all available proteins, the authors concluded that such a

modification must proceed differently than in eukaryotic

cells; namely, not as a response to classically expressed

oxidative stress (understood as an imbalance between ROS

production and neutralization [38]), but as a result of some

kind of biochemical abnormality in the oxidized substrates

themselves. Detailed analysis using proteomic techniques

confirmed this view, and showed that certain classes of

aggregated/aberrant proteins abundant in senescent cells

display an increased susceptibility to oxidative modifica-

tions, as compared to their plain counterparts [37]. This

frailty is probably attributable to defects arising during the

translation process, which may include, e.g., framing and

missense errors and stop codon read-through [39–41]. This

scenario agrees with studies on E. coli mutants equipped

with faultless ribosomes in which the content of oxidized

proteins was remarkably lower [34, 41].

The above-presented findings indicate that oxidative

stress-dependent increase in protein damage in fast grow-

ing E. coli cultures over time and their subsequent vertical

transfer to successive generations of daughter cells may

contribute to individual cell aging and death. It is worthy to

note that the conclusive piece of evidence for the leading

role of oxidative stress in bacterial aging is the observation

that the loss of culturability in cells maintained in the

stationary phase for extended period of time may be forc-

ibly reversed by reducing oxygen pressure [35]. This result

also implies the broad similarity between the triggers of

aging in eukaryotic and prokaryotic cells, as with eukary-

otic cells, the reduction of oxygen pressure in the

environment also resulted in an extended replicative cell

lifespan and delayed the development of the senescent

phenotype [42].

Evolutionary significance of aging, or benefits

from asymmetry

‘Why has aging evolved?’ is still one of the fundamental

questions in biogerontology. Therefore, having shown that

aging is also encountered in bacteria, it is of interest to ask

whether its evolution is subject to the same rules as in

Eukaryotes. According to Kirkwood’s [43] disposable

soma theory, the finite lifespan of organisms, ending in

aging and death, is elicited by the limited energy resources

it has available to allocate to body maintenance/repair, in

order to ensure adequate fecundity. As classic examples of

this trade-off strategy, two classes of human cells are often

referenced, i.e., the energetically favored germline cells,

which are responsible for reproductive success (priority of

evolution), and the body-forming somatic cells, which

receive inadequate energy resources (a side-effect of evo-

lution). In other words, from an evolutionary point of view,

the benefits of the whole population supersede the partic-

ular welfare of individuals which constitute it [44]. The

same argument can be adduced with respect to aging yeast,

in which the mother cell collects damaged and/or toxic

compounds (e.g., ERCs), ages, and ultimately dies in order

to allow successive generations of young buds—and thus

the whole culture—to rejuvenate and continue to grow. The

asymmetrical (morphologically and/or functionally) bac-

terial cell division may constitute another example of such

a strategy (Fig. 5).

The E. coli mother cell’s old pole probably contains

damaged and possibly irreparable molecules (e.g., proteins)

which steadily compromise reproductive performance, but at

the same time, the new-pole-bearing offspring (see the

analogy with stalked cells in C. crescentus) have a chance to

completely renew their structures and multiply at the optimal

rate [11]. Such a concept fits the results of studies by Watve

et al. [45], who used a modified Leslie matrix framework to

Fig. 5 The asymmetrical distribution of cellular damage in dividing

bacteria. This pattern of distribution, based on the trade-off strategy,

results in dilution of damaged molecules (blue dots) and rejuvenation

in one offspring at the expense of an accumulation of damage,

senescence, and death in the second one
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estimate that bacteria dividing in an asymmetrical fashion

(resulting in aging and death) are characterized by intensified

growth rate with concomitant reduction of biomass yield,

which may be favored by evolution under certain pressures,

e.g., in competitive environments.

Conclusions

Although bacterial cells have joined the narrow canon of

cellular aging models, our knowledge about the triggers

and molecular mechanisms of aging in Prokaryotes still

remains elusive. Among factors that limit the scientific

progress in this field, the small number of species investi-

gated seems to be the major one. On the other hand, one

must be aware that a unique organizational simplicity of

bacteria (a single cell is at the same time a whole organism)

combined with a great potential for genetic manipula-

tions provide an excellent opportunity to transfer the ideas/

observations/results arising during bacteria studies on the

ground of aging research in higher Eukaryotes. The clear

parallels in many aspects of aging in bacteria and eukary-

otic cells (e.g., the causative role of oxidative stress, the

involvement of stress response mechanisms, and the evo-

lutionary context of this process based on a trade-off

strategy) indicate that the issue of bacterial aging is worth a

thorough examination.
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