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Abstract | Longevity reflects the ability to maintain homeostatic conditions necessary for life as an
organism ages. A long-lived organism must contend not only with environmental hazards but also
with internal entropy and macromolecular damage that result in the loss of fitness during ageing,
a phenomenon known as senescence. Although central to many of the core concepts in biology,
ageing and longevity have primarily been investigated in sexually reproducing, multicellular
organisms. However, growing evidence suggests that microorganisms undergo senescence, and
can also exhibit extreme longevity. In this Review, we integrate theoretical and empirical insights
to establish a unified perspective on senescence and longevity. We discuss the evolutionary
origins, genetic mechanisms and functional consequences of microbial ageing. In addition to
having biomedical implications, insights into microbial ageing shed light on the role of ageing in
the origin of life and the upper limits to longevity.

Senescence

Decreasing survival and/or
reproductive ability of an
individual during ageing.

Longevity

The ability of an organism to
maintain the homeostatic
conditions necessary to remain
viable over time.

Life history

The set of adaptive traits, such
as size, growth rate, extrinsic
mortality rate, age to maturity
and age-specific fecundity, that
characterize the life course of a
typical individual of a particular
species.

Replicative ageing

Atype of ageing in which age is
measured in units of divisions
of an individual cell, rather
than units of time.
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Ageing is the increase in age of an individual organism
during its life. Understanding ageing, and the related
phenomena of senescence and longevity, is central to
many areas of biology, and is of practical concern
because it influences the quality of human life. As such,
substantial research effort has focused on the mecha-
nisms of ageing in multicellular organisms with the
goal of understanding what controls lifespan. Biologists
have gained insight into the genetics of ageing by study-
ing model organisms including mice, fruit flies and
worms'?, whereas other plant and animal species such
as oak trees, elephants and naked mole rats engender
curiosity given their capacity for extended lifespans’.

Despite being the most abundant and diverse forms
of life on Earth, microorganisms have largely been over-
looked in ageing research. In fact, for numerous reasons,
it has long been thought that microorganisms are not
subject to ageing®™’. The first and foremost reason for
this thought is based on the traditional assumption
that microorganisms tend to reproduce by symmet-
rical cell division. By contrast, when macroorganisms
reproduce, the mother individual is clearly distinct
from the offspring individual. The mother retains all
of the old organismal material, whereas the offspring
is born or hatched with undamaged, rejuvenated tis-
sue. This mother-offspring asymmetry is a prerequisite
for ageing and has an important role in the life history
of a species®®'*!". If reproduction is symmetrical, the
mother individual is effectively killed during binary fis-
sion to produce two identical daughter cells with no age
difference between them (FIG. 1a)'>".

To illustrate the problem, first consider a population
of Escherichia coli cells growing under ideal laboratory
conditions. One might surmise that the age of any given

individual is equal to the amount of time since it was
created by binary fission, which is about 20 min. Yet if
division is symmetrical, each daughter is born possess-
ing an equal portion of the mother cell’s aged macro-
molecular cargo, which was already 20 min old at fission.
Meanwhile, the mother cell also possessed a portion of
macromolecular cargo synthesized by its mother, which
carried cargo from its mother, and so forth back to the
culture’s original inoculum and beyond. With the succes-
sive inheritance of both old and new materials, the con-
cept of microbial ageing can seem arbitrary. However,
many microorganisms deviate from the simplified
assumption of symmetrical division'*". For example,
budding yeasts, diatoms and numerous groups of bac-
teria and archaea grow and divide with high degrees of
asymmetry, which allows for replicative ageing, in which
longevity is quantified as the number of cell divisions
(BOX 1)'*!°", Even in microorganisms that seem to
divide symmetrically (for example, Schizosaccharomyces
pombe and E. coli), there can be differential allocation of
subcellular components between daughter cells”~*. In
such cases, the daughter cell inheriting older or more-
damaged cellular components effectively becomes the
mother whereas the other daughter cell becomes a reju-
venated offspring'****"*!. As a result, individual micro-
organisms can occupy defined age classes, giving rise to
population age structure and thus allowing for longevity
and senescence (BOX 2).

Second, microbial ageing is often dismissed because,
even if old individuals can be discerned, they are
extremely rare in an exponentially growing population.
Let us revisit the scenario of an E. coli culture doubling
every 20 min in rich medium at 37 °C, but this time
assuming that reproduction is sufficiently asymmetrical
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Fig. 1| Reproductive asymmetry enables microbial ageing. a| Ageing does not occur when cells divide by perfectly
symmetrical binary fission. Age is arbitrary, because there is no age difference between any two given extant individuals,
and no age difference between any extant individual and any progenitor individual. The extant population (bottom row

of cells) is homogeneous and there is no age structure. b| There is evidence, however, that single-celled organisms
experience ageing, owing to asymmetries in reproductive events, which create age differences between mother and
offspring individuals at each division. For example, the mother individual may increase in age because it inherits old or
damaged cellular material, whereas the offspring inherits newly synthesized material. If this is the case, then the mother
individual’'s age must increase at each cell division. Here, such change in age class is indicated by a change in colour from
blue to red, following the left-hand arrow. Each cell division also generates a virgin offspring cell, indicated by a dark-blue
right-hand arrow. Thus, asymmetrical cell division enables simultaneous ageing and rejuvenation in the population. During
exponential growth, older individuals rapidly become diluted in the population. At equilibrium and assuming no difference
in fitness between young and old cells, the proportion of individuals of any given age class is 1/2*!, where x is the age class
and x=0 for virgin cells. Thus, under the null assumptions of uniform fitness and zero mortality, virgin individuals always
contribute half of the population’s total reproduction and the relative contribution to reproduction from even moderately
old individuals becomes vanishingly small. In such a case, evolutionary theory predicts equally vanishingly weak selection for
longevity. Of note, in a more realistic population in which senescence occurs as a result of ageing, the rarity of old individuals
would likely be even more pronounced, because old individuals may reproduce more slowly than young individuals.

to distinguish mother and offspring cells. If a single
individual is transferred into a flask containing fresh
medium at 9.00 a.m., then at the end of an 8-h work-
day the original mother cell will be outnumbered by its
progeny by 16 million to 1. Of the nearly 2 x 107 cells in
the turbid culture at 5.00 p.m., 87% of the individuals are
less than 1 h old whereas older cells generated during the
first hour of incubation would only make up 0.0001% of
the population (FIC. 1b). This dilution effect is consist-
ent with the theoretical expectation that old individuals

contribute minimally to the total reproduction in an
expanding population in which births greatly exceed
deaths*?°. However, outside the confines of the labora-
tory, conditions are rarely ideal for microbial growth and
reproduction. In nature, resources are limited, the envi-
ronment is stressful and predators are abundant. As a
result, doubling times are 2-fold to 50-fold longer in the
wild than in the laboratory””*. Similarly, rates of mortal-
ity are thought to be considerably higher in natural than
in laboratory settings®. As such, microbial populations

www.nature.com/nrmicro



Box 1| Chronological and replicative lifespan of microorganisms

Asked to define the lifespan for macroorganisms such as plants or animals, one would
likely suggest that it is the length of time between the birth and the death of an
individual. For microorganisms with asymmetrical reproduction, ageing can also be
quantified by the number of cell divisions. Thus, microbial longevity can be expressed
either as a chronological lifespan (CLS) or a replicative lifespan (RLS)".

CLS is the length of time that a microbial cell can remain viable in a non-dividing
state. Essentially, CLS describes the maximum longevity of a cell between periods of
reproduction. For example, a haploid Saccharomyces sp. yeast cell will stop reproducing
and a Bacillus sp. cell will initiate sporulation upon energy starvation. If provided with
an energy source a few days later, both individuals will resume reproduction. Wait too
long to provide energy, however, and the yeast cell will no longer be viable, as a yeast
cell’s CLS is on the order of a few weeks or months'’. By contrast, the CLS of many

Bacillus species that can form endospores can exceed 10° years

%1 |n the laboratory,

CLS is measured by exposing microorganisms to energy-limited conditions such as
spent media or saline, followed by periodically plating a dilution of the culture and
counting colony-forming units.

RLS is the number of times that a microbial cell can divide before it senesces and
dies, presumably owing to a prohibitive accumulation of cellular damage'”*. Because
RLS requires tracking and distinguishing individual cells, it is a longstanding method
for the budding yeast Saccharomyces cerevisiae'®, whose cells are large and divide
with a clear mother-offspring dichotomy. Another example of RLS comes from diatoms,
a group of eukaryotic algae that are commonly found in freshwater and marine
ecosystems. The cell walls of diatoms, known as frustules, are made from two silica
valves, one of which (epitheca) is slightly larger than the other (hypotheca). Because
the frustules are effectively made of glass, the cell walls cannot expand. Therefore,
upon each asexual division, the newly produced offspring valve must fit inside the valve
of the mother cell. With each successive division, the diatom gets smaller and smaller,
which places a physical constraint on RLS. It is thought that this reduction in cell size
serves as a ‘sex clock’, which favours recombination and the restoration of cell size.
For less charismatic microorganisms, in which mother and offspring cells cannot easily
be distinguished, specialized cavity slides or microfluidic chambers are typically
required for measuring RLS?"%.

Trade-offs

Physical or genetic constraints
that prevent the simultaneous
optimization of multiple traits
by natural selection.

Damage

Structural modifications to
cellular macromolecules that
accumulate during ageing.

Extrinsic mortality
Environment-related causes of
death that occur independently
of organismal vigour or age.

rarely undergo exponential growth and therefore older
individuals can potentially persist and accumulate.

Third, one might expect the longevity of micro-
organisms to be short because of biophysical constraints,
which are reflected in the scaling relationship between
maximum lifespan and body size®. Owing to their abil-
ity to function at a more-efficient, slower mass-specific
metabolic rate®, larger organisms live longer than
smaller organisms (FIG. 2). For example, the bowhead
whale weighing in at nearly 10°kg can live for more than
200 years, whereas a typical bacterium weighing 10 g
is predicted to have a maximum lifespan of less than
2 months (FIG. 2). Thus, from a comparative perspective,
metabolic theory predicts that microorganisms are the
least likely of all taxa to display exceptional longevity.
Yet some microorganisms seem to defy first-order scal-
ing expectations. Viable bacteria and archaea have been
recovered from ancient materials such as amber, perma-
frost and halite crystal that are millions of years old*'-*".
Meanwhile, in the ‘deep biosphere’ below the planetary
surface where a large portion of Earth’s microorganisms
are thought to live, microbial biomass is estimated to
turn over less than once a century owing to extreme
energy limitation****~*. Such findings suggest that some
microorganisms can overcome some of the energetic
forces that are thought to constrain lifespan.

Microbial ageing presents challenges and opportu-
nities for understanding the limits on the longevity of
all living systems. In the following sections, we expand
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upon the conventional view of ageing in animal models
with a fresh focus on the mechanistic and evolutionary
basis of ageing in microbial systems. We begin with an
overview of ageing theory, and discuss a unified perspec-
tive for the evolution of ageing in both unicellular and
multicellular organisms. We describe some of the genetic
and molecular mechanisms involved in microbial lon-
gevity and death, which suggest shared evolutionary
origins with some of the processes observed in macro-
organisms. Finally, we discuss opportunities for predicting
microbial evolution, treating disease and understanding
ageing as a feature common to nearly all life forms, in the
light of microbial ageing.

Theory of ageing

By definition, senescence decreases fitness. The fact
that this deleterious trait is pervasive across the tree of
life has remained a long-standing challenge in biology’.
Major contributions during the twentieth century from
the fields of population demography (BOX 2)*>¥"-*’, evo-
lutionary biology*>*’~***! and cell biology'“*-** led to
the prevailing view that senescence is directly caused
by the accrual of macromolecular cellular damage'**~*,
whereas the ubiquity of senescence is often attributable
to evolutionary constraints and life-history trade-offs*~'.
In this section, we briefly review theoretical understanding
of the evolution of ageing.

Damage as the cause of senescence. Like any mechanical
device, organisms can wear out and break down over
time, leading to ever-higher probability of system failure
and ultimately death. The root cause of this senescence is
that cellular damage accumulates during the lifetime of
organisms'**-**>=**_ Structural modifications to macro-
molecules arise from unavoidable errors during cellu-
lar metabolism*>*>*>*, This damage can be induced by
environmental stressors, but is largely internally gener-
ated'"*>*, Ageing-associated damage can accrue in DNA
owing to mutations**”*%, telomere shortening****¢* and
double-stranded breaks*' along with ectopic recombi-
nation and rearrangements'”*'~*’. Meanwhile, ultravio-
let radiation, free radicals and other types of oxidative
stress cause damage to protein molecules, resulting in
their glycation®’, glycoxidation®?, carbonylation® -,
misfolding'** and aggregation'****-*5, Damage to other
macromolecular components, particularly lipids, can
also accumulate during ageing>® (FIC. 3). It is possible to
repair damage, and many pathways for DNA and protein
repair have evolved*’°>. However, not all damage can
be fixed owing to the time and energy costs of repairing
the diverse types of damage that accrue in cells*** (FIG. 3).

The evolution of senescence. Senescence is prevalent
because it is a difficult trait for natural selection to
purge. First, on average, the opportunity to reproduce
diminishes with age owing to the cumulative probability
of having already died due to random extrinsic mortality
(BOX 2). Thus, older individuals comprise a very small
proportion of a growing population and contribute
minimally to the population’s total reproduction, sim-
ilar to the effect we described above in the example of
an exponentially growing E. coli population (FIG. 1b).
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Intrinsic mortality
Ageing-related causes of
death, due to accumulation of
macromolecular damage,
which occur independently of
the external environment.

Disposable soma theory

Life history-based theory for
the evolution of senescence
emphasizing constraints of
resource allocation. This theory
proposes that senescence
evolves because it is adaptive
to allocate fewer resources to
repair in order to allocate more
resources to reproduction.

Box 2 | Modelling mortality, longevity and ageing

The lifetime pattern of mortality for a cohort of organisms
can be modelled by a survivorship curve, which illustrates
the proportion of individuals who survive to any given age.
Cumulative survivorship, denoted I(x), is the proportion of
individuals remaining alive at a given age x:

)= Ne)

0

The slope of the survivorship curve is determined by the
age-specific mortality'®’. Age-specific mortality is denoted
q(x) and is defined as the proportion of individuals alive at
age x that die before reaching age x+ 1:

I(x+1)
I(x)

q(x)=1-

Thus, g(x) describes the per-unit-time probability of death.
As q(x) increases, so does the (negative) magnitude of the
slope of the survivorship curve. In the simplest form of
survivorship curve, g(x) is constant over time, which
generates a negative exponential relationship. Under such
conditions, the survivorship curve is a straight line when
q(x) is logarithmically transformed, which is expected if all
deaths are random mortality events that occur irrespective
of individual age**. This extrinsic mortality can be estimated
by the rate of mortality at the age of peak performance (qy),
when it is assumed there is no intrinsic mortality due to
senescence, that is, g,= 0 (REF.'%).

Intrinsic mortality changes the shape of the survivorship
curve. Instead of being a straight line, the log-transformed
survivorship curve becomes non-linear, which reflects a
change in the per-unit-time probability of intrinsic mortality
due to ageing'®’. In contrast to extrinsic mortality, intrinsic
mortality is caused by the ageing-associated accumulation
of macromolecular damage, leading to physiological
failure (that is, senescence)****. At ages x such that g(x) > q,,
intrinsic mortality is inferred to be occurring in addition
to extrinsic mortality, represented by q.. When intrinsic

Asaresult, selection against deleterious late-life traits, such
as senescence, is often weak®*”*>”, Second, trade-offs in
life history can constrain longevity. For example, traits
that increase reproductive fitness can be under positive
selection even when they decrease late-life survival,
because reproduction often contributes more to over-
all fitness than does late-life survival. When trade-offs
prevent an organism from maximizing both early-life
fitness and late-life fitness, or both reproduction and
longevity, theory predicts and empirical evidence shows
that senescence evolves®*4»307475,

Because organisms only have a finite amount of time
and resources with which to reproduce, the allocation of
energy and nutrients represents an important life-history
trade-off. One of the most generally applicable trade-off-
based theories of senescence is the disposable soma theory
of ageing*""*. This theory proposes that in multicellular,
sexually reproducing organisms, resources can be allo-
cated either to the longevity (that is, to damage repair in
somatic tissue) or to the reproduction of the organism
(that s, to the germline). Although allocation to longev-
ity is potentially beneficial, it often incurs a hefty fitness
cost because it decreases reproductive output. On the

mortality occurs, the shape of the log-survivorship curve
becomes a steeper, non-linear decreasing function.

A sharply changing curve corresponds to rapid senescence.
The rate of senescence is quantified by fitting survivorship
data to statistical models, commonly based on the Weibull
or Gompertz distribution, that quantify deviation from a null
expectation with zero intrinsic mortality'®*"'®. In particular,
replicative survivorship curves of Saccharomyces cerevisiae
and Escherichia coli have been demonstrated to follow
Gompertz mortality dynamics®1%6¢",

Senescence can also manifest itself as decreased
reproductive ability with age, called reproductive
senescence. In the absence of reproductive senescence,
age-specific fecundity, denoted m(x), is constant for all ages
x greater than the age of peak performance. Reproductive
senescence is inferred when m(x) decreases as x increases'®®.
For microorganisms, reproductive senescence is measured as
increased doubling time with replicative age?***'%.
Combining survivorship and age-specific fecundity data
enables calculation of the fitness cost of senescence, a
measurement of how much reproduction is lost due to
intrinsic mortality, in both multicellular'®® and unicellular?
organisms.

Survivorship (log)

Time

other hand, once an organism has reproduced, the soma
is no longer critical for fitness. Thus, natural selection
can allow the ‘disposable’ soma to senesce. Meanwhile,
the germline lives on through the lineage of the mother
organism. The germline-soma distinction is the basis of
reproduction-longevity trade-offs that cause senescence
to evolve®”!!,

A unified perspective on senescence. At first glance,
microorganisms seem to challenge the basic tenets
of the disposable soma theory. The entire unicellular
organism is devoted to reproduction, not just an isolated
germline. Thus, if longevity and reproduction are inex-
tricably coupled, then single-celled organisms should
not evolve to exhibit senescence®***’. Senescence can
indeed be avoided if damage is low enough or repair is
rapid enough that the damage is diluted with each sym-
metrical cell division””~*. In such a scenario, neither
daughter is endowed with harmful levels of damage, and
there is no senescence’”*'. Indeed, empirical evidence
demonstrates that E. coli and S. pombe, which both
reproduce by binary fission, can avoid senescence when
the environment is more favourable®*'.
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Asymmetrical reproduction
A reproductive event that
results in a distinct mother
individual, a distinct offspring
individual and a difference in
age between them.
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Fig. 2| The relationship between body size and lifespan.
A power-law relationship between longevity (L) and body
mass (M) is observed across multicellular vertebrate animals.
Larger organisms tend to exhibit longer lifespans. Grey-
shaded area represents 95% prediction intervals. Data
extracted from the AnAge database'®.

Nevertheless, evidence from bacteria and single-
celled fungi demonstrates that microorganisms can
and do undergo senescence that decreases the fitness
of individuals'”'%2**>%, With slight modification, the
disposable soma theory can help to explain the evolution
of senescence in microorganisms (Supplementary Box 1).
An alternative to repairing and diluting damage is to
sequester it into one of the two daughter cells through
asymmetrical reproduction’”””>®. The damage-inheriting
lineage will then senesce like the soma. Meanwhile, the
other lineage remains damage-free like the germline,
enabling the population to maintain reproductive output
even while the damage-inheriting lineage senesces**°.
In the same way, the offspring of multicellular organisms
begin life rejuvenated and free of cellular damage,
whereas the maternal soma senesces. Essentially,
the soma-germline distinction that characterizes the
disposable soma theory is a special case of the more
general phenomenon of reproductive asymmetry that
enables senescence™' ", This observation is consistent
with a view that senescence first evolved in single-celled
organisms, with the fundamental trade-offs between
reproduction and longevity continuing to constrain
the evolution of longevity after multicellular organisms
evolved a soma-germline separation'®".

Microbial ageing: mechanistic framework

Generation of macromolecular damage is a universal
problem that all cellular life forms must contend with.
Microorganisms have evolved diverse mechanisms
of coping with damage. Specifically, they can directly
combat cellular damage through three basic pro-
cesses: repair, prevention or disposal. Another strategy
is to sequester damage into one of the two daughter
lineages. Although sequestration protects the rejuve-
nated offspring lineage from damage, it comes at the
cost of senescence in the damage-inheriting lineage.
When the problem of damage accrual goes unsolved,
the cell succumbs and breaks down. In this section, we
highlight some of the underlying genetic and physiolog-
ical mechanisms that microorganisms use to withstand
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damage, and examine the effects of accumulating
damage on the cell.

Damage repair. A cell can diminish the negative effects
of damage by simply repairing it. One common cellu-
lar target of damage repair is DNA*. For example,
E. coli produces enough base excision repair enzymes to
scan the entire chromosome once every 10 min*. These
base excision repair enzymes repair small DNA lesions
and damaged bases, whereas nucleotide excision repair
tends to handle bulkier lesions”. Meanwhile, homo-
logous recombination, non-homologous end-joining
pathways (although we note the latter is absent in the
model E. coli) repair double-stranded DNA breaks’>*.
Guanine nucleotides are particularly reactive and sus-
ceptible to damage. Microorganisms such as E. coli
have evolved specific mechanisms to repair guanine
oxidation and glycation”**%2, For example, the E. coli
proteins Hsp31, YhbO and YajL repair glycated guanine
through the catalysis of hydrogen atom migration fol-
lowed by amidolysis, which results in the formation of
2-hydroxypropanoic acid and a de-glycated guanine®.
The human guanine glycation repair homologue DJ-1,
when expressed in E. coli, functions similarly to the
endogenous bacterial proteins®, supporting the view
that DNA repair mechanisms are conserved across uni-
cellular and multicellular taxa”*. Microorganisms can
also repair damage to other macromolecules, including
proteins. For example, molecular chaperones can repair
protein damage and aggregation, which are linked
to microbial senescence’”’"**. Unfoldase chaperones,
such as DnaK-Dna]-GrpE and also GroEL, may refold
damaged proteins into their native conformations in an
ATP-dependent manner”~. Bacterial holdases, including
the conserved chaperones GroEL, IbpA, IbpB and HtpG,
prevent damaged proteins from forming aggregates’”’.
When damaged protein aggregates have already formed,
bacteria expend ATP to use the interacting chaperones
ClpB and DnaK-DnaJ-GrpE as disaggregase enzymes,
which unfold and solubilize aggregates’-'"". All of these
chaperones help to decrease the damage load of a cell
and promote its longevity.

Damage prevention. Another way for a cell to reduce
damage burden is to decrease the rate at which it is gene-
rated. Damage is often generated as a by-product of
metabolism™, for example, due to translational errors
or to the production of reactive oxygen species during
aerobic metabolism. Microorganisms accrue less dam-
age when they temporarily pause metabolism through
processes such as cell cycle arrest, persistence and spor-
ulation. Many such strategies represent forms of dor-
mancy, in which individuals enter a reversible state of
reduced metabolic activity that functions as a buffer
against environmental stress such as energy scarcity'”.
In the deep biosphere where many microorganisms lie
dormant for prolonged periods, it has been estimated
that the metabolic flux ranges between 102° and 10-*'W
per cell'™', which is many orders of magnitude lower
than the values of 1072 to 10°W per cell estimated for
E. coli growing under typical laboratory conditions'®.
Thus, part of the explanation for extreme chronological
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Protein misfolding

Protein aggregation

Protein carbonylation

DNA double-
stranded break

Telomere erosion ‘ ‘ Guanine glycation ‘ ‘ Lipid peroxidation

NS -

Fig. 3 | Damage to cellular molecules during ageing. One of the main reasons why it is
difficult to repair all of the damage present in a cell is the great diversity of damage types.
Because there are so many types of damage, it becomes inefficient for a cell to attempt
to repair them all. Therefore, damage tends to accumulate, increasing the likelihood

of ageing and senescence. Common damage types are misfolding, aggregation and
carbonylation of proteins, double-stranded DNA breaks, telomere erosion, guanine
glycation and lipid peroxidation.

longevity (BOX 1) in the deep biosphere and other energy-
limited ecosystems may relate to lower rates of damage
generation.

Damage disposal. Microorganisms actively dispose of
damaged cellular components. One recently elucidated
disposal mechanism is minicell formation'*. Minicells
are spherical miniature cells that contain many cellular
macromolecules, but lack a chromosome and are unable
to reproduce'””. Minicell formation occurs by budding at
the bacterial cell poles, which is where damaged protein
aggregates tend to accumulate'””"'””. Minicell production
is more commonly observed under stressful conditions
associated with macromolecular damage'**'"’, suggest-
ing that one possible function of minicells is to remove
damaged or cytotoxic macromolecules from bacterial
cells'*. Minicell formation was observed specifically
in cells with a polar protein aggregate. In 95% of the
cases in which such a cell formed a minicell, the minicell
successfully captured and disposed of the aggregate'®.
Minicell production is regulated by Min proteins, which
function to inhibit the divisome protein FtsZ and pre-
vent ectopic cell divisions''"''?, AminC mutants, which
overproduce minicells, are not susceptible to the anti-
biotic streptomycin, which interferes with protein
synthesis'®. This suggests that AminC cells effectively
dispose of streptomycin-associated protein damage that
inhibits growth'. In both AminC mutants and wild
types, minicell production by the mother cell increases
the growth rate of subsequent offspring cells, likely

because they escape the inheritance of damage'.

Sequestering damage through asymmetrical reproduc-
tion. As an alternative to cellular repair, microorgan-
isms can differentially allocate macromolecular damage
between daughter cells through asymmetrical reproduc-
tion. Asymmetrical reproduction generates phenotypic
variance in offspring fitness, which increases the effi-
cacy of natural selection'®'*'". By sequestering dam-
age into one lineage, there may be an overall increase
in the population growth rate'®””*>!'*. However, these
benefits come at the cost of causing senescence in the
damage-inheriting lineage (see above). But how do
microorganisms achieve asymmetrical reproduction?
Microbial cells exhibit a range of localized growth and
division modes, which are essential for determining the
symmetry versus asymmetry of reproduction (FIG. 4)*.
Here, we explore the mechanisms that underlie asym-
metrical reproduction and discuss the consequences for
microbial performance.

The most conspicuous examples of reproduc-
tive asymmetry are characterized by morphological
differences between mother and offspring cells.
Morphologically asymmetrical reproduction is com-
monly achieved through a complex and closely reg-
ulated cell developmental cycle. The classic example
of a microorganism that divides morphologically
asymmetrically is the budding yeast Saccharomyces
cerevisiae. Here, the mother cell’s cytoskeleton as well
as organelles establish cellular polarity that enables
asymmetrical retention of ageing-associated protein
aggregates, leading to a systematic difference in lev-
els of damaged cargo between mother and offspring
through an active damage segregation mechanism'">"'"".
Phenomena of morphological asymmetry also occur in
bacteria, perhaps best studied in the a-proteobacterium
Caulobacter crescentus''®. A mature C. crescentus cell has
a polar stalk. At cell division, the stalked C. crescentus
individual forms two morphologically distinct cells.
The old-pole mother cell remains a reproductively
capable stalked cell, whereas the new-pole offspring
cell becomes a reproductively immature swarmer cell
with a flagellum, capable of dispersal (FIG. 4d). To create
one cell of each type at division, the flagellum must be
synthesized at the new pole, opposite the stalk (FIC. 4d).
Correct positioning of the flagellum depends on the
protein PII'”?. Deletion or overexpression of PflI causes
ectopic flagellum placement without affecting other
aspects of cell polarity'"’. PflI localization depends on
c-di-GMP-activated TipF, a protein that is also required
for flagellum assembly and polar localization of flagel-
lar switch proteins (FliG and FliM)'%. TipF localization
depends on TipN'*, which localizes asymmetrically to
the new pole of stalked cells by recognizing the site of
FtsZ-induced cell constriction'?"'*?, causing the fla-
gellum to be synthesized opposite the stalk. Thus, the
new-pole offspring cell has the flagellum and disperses,
whereas the old-pole mother maintains its stalk and
increases in replicative age.

The mechanisms of reproductive asymmetry have
also been identified in microorganisms with less
discernible forms of cell division. For example, the
rod-shaped bacterium E. coli undergoes dispersed elon-
gation and divides in a morphologically symmetrical
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fashion' (FIC. 4a). This is achieved with the help of the
actin-like protein MreB. MreB filaments localize to
the midcell and orient themselves based on cell-wall cur-
vature'**'**, There, MreB promotes the addition of new

b G. obscuriglobus

a E. coli

¢ B. subtilis d C. crescentus

N s

)-) *)*)).

/

Fig. 4 | Asymmetrical reproduction in different microorganisms. Asymmetrical
reproduction is a prerequisite for ageing. Although some single-celled organisms

can reproduce symmetrically, microorganisms exhibit great diversity of cell division
modes and mechanisms. a | Perhaps a default expectation for microbial cell division

is symmetrical binary fission, with no systematic differences in morphology or age
between the two daughter cells. Here, Escherichia coli cells divide by binary fission,
yielding two apparently equivalent daughter cells. However, it is still possible for such
daughter cells to inherit subcellular materials that differ in their age or level of damage.
In the image, cell nucleoids stained with SYTOX orange appear in grey. b | Initiation of
asymmetrical cell division by budding in the planctomycete Gemmata obscuriglobus.
After budding initiates, the bud (right) will grow as new cellular material is added to it.
When the bud reaches the same mature size of the mother cell (left) after about 12 h

of growth, the mother cell completes dividing and the offspring cell separates. In

the image, nucleoids stained with DAPI appear blue; internal membranes stained

with DiOC, appear green. Note that the bud initially contains no nucleoid. ¢ | Some
microorganisms such as Bacillus subtilis may undergo a morphological change into a
resistant endospore when faced with environmental challenges such as starvation.
Endosporulation occurs by an asymmetrical cell division during which the mother cell
(labelled M) forms a septum and deposits a spore coat around an intracellular prespore
(labelled S). When the spore is mature, it is released through lysis of the mother cell.
White arrows point to the peptidoglycan barrier separating the endospore from

the mother cell. d | The life cycle of Caulobacter crescentus is characterized by
asymmetrical cell division. Before reproducing for the first time, a cell loses its flagellum
and synthesizes a stalk and holdfast. In the mature, sessile cell, cell division and flagellar
synthesis occur at the pole opposite to the holdfast and stalk. New-pole offspring cells
with a flagellum disperse in search of resources before reaching maturity, losing the
flagellum, synthesizing stalk and holdfast, and beginning cell division of their own.

The figure shows transmission electron micrographs of C. crescentus cells at different
stages of the cell cycle. Note that the penultimate, provisional cell was separated into
two cells in Photoshop to illustrate cell separation and the darkness of the flagellum
was enhanced in Photoshop for illustration purposes. Part a is from REF.**: Applied

and Environmental Microbiology, 2014, 80, 4977-4986, https://doi.org/10.1128/
AEM.00989-14, reproduced with permission from American Society for Microbiology.
Part b is reproduced from REF.**!, CC-BY-2.0, https://creativecommons.org/licenses/
by/2.0/. Part c is reproduced with permission from REF.**2, Wiley-VCH. Part d is courtesy
of Yves Brun, Université de Montréal, and from REF.'**: ©2000 American Society for
Microbiology. Modified with permission. No further reproduction or distribution is
permitted without the prior written permission of American Society for Microbiology.
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peptidoglycan to the cell sidewall, whereas the cell poles
remain inert'**'*. Thus, despite symmetrical growth,
upon division each daughter cell has a young pole (for-
mer actively growing cell centre) and an old pole (former
inert cell pole). This effect compounds over generations
to create age and fitness heterogeneity among individu-
als, especially when specific functional macromolecules
are associated with a specific pole'*'". For example, the
E. coli multidrug efflux pump AcrAB-TolC complex seg-
regates preferentially to the old pole, conferring a drug
resistance advantage'”’. Among rod-shaped archaea, a
different actin-like protein called crenactin has roles
similar to MreB'*, suggesting that features of cryp-
tic reproductive asymmetry occur across domains of
microbial life.

Importantly, reproductive asymmetry enables some
microorganisms to experience ageing and senescence,
despite the fact that they lack a developmental cycle,
asymmetrical growth or morphologically distinct off-
spring'**'. For example, senescence in E. coli cells has
been observed”’' and connected to the asymmetri-
cal polar allocation of protein aggregates as a putative
damage factor”. The amount of protein aggregates is
correlated with reproductive senescence (increased
doubling time)* and survival senescence (decreased
survival)®. Protein aggregates are assembled in a man-
ner that depends on ATP and the chaperones DnaK
and Dna]'?"'%. To preferentially allocate damage to a
single daughter by asymmetrical reproduction, protein
aggregates must be localized to cell poles'®. Polar
localization is mainly driven by diffusion and nucleoid
occlusion'?®!*12512 The observation that the degree of
asymmetrical damage segregation increases with the size
of the aggregate is also consistent with a passive segre-
gation mechanism in E. coli'"*. Whether localization
also requires energy-dependent cellular activity might
depend on aggregate size and cytoplasm crowding'**'*.
Thus, although protein aggregates tend to localize to
the old pole®, aggregate localization is also driven by
random processes. Stochastic and deterministic alloca-
tion of damage to one or the other daughter cell are both
sufficient for bacterial senescence to evolve®. The extent
to which deterministic allocation is favoured over ran-
dom allocation to one pole depends on the tendency of
aggregates to remain tethered at the old pole®.

Breakdown of a cell. If an individual belongs to a
damage-inheriting lineage or is otherwise unable to con-
tend with the accumulation of cellular damage, it breaks
down. The best studied model for cellular breakdown
is S. cerevisiae. As a budding yeast individual ages, the
plasma membrane ATPase Vmalp starts to accumu-
late™', which pumps protons out of the cell and causes
the cytosolic pH to rise'*". The lack of cytosolic protons
prevents proper acidification of the vacuole, the function
of which declines with age'*"'*. Specifically, an increase
in pH disrupts the storage and transport of neutral amino
acids in the vacuole, which leads to mitochondrial depo-
larization'”. This depolarization likely leads to mito-
chondrial fragmentation and dysfunction'**-*, which
has consequences for genomic instability in the form of
excessive recombination®>'*, loss of heterozygosity*>'**
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Programmed cell death
(PCD) Cell death that is caused
by factors encoded in the
genome of the organism.

and the formation of toxic extrachromosomal riboso-
mal DNA circles'**'?’. Other types of genomic instability
include mutations, histone loss, deterioration of tran-
scriptional control and double-stranded DNA breaks®*°".

Meanwhile, the amount of reactive oxygen species, espe-
cially in the dysfunctioning mitochondria, increases in
the ageing cell**. Cellular proteins accumulate oxidative
damage®'*’ and form damaged protein aggregates®® that
are retained in the older mother upon cell division''>'*°.
Although some of the specific mechanisms involved in
cellular breakdown vary among species (extrachromo-
somal ribosomal DNA circles, for example'**'’), many
of the features documented in S. cerevisiae have been
observed in ageing cells in a diverse array of organisms
ranging from bacteria to mammals?#>°7007 140142,

Perspectives and implications

We close with some perspectives on the consequences
of microbial ageing for broader disciplines in the bio-
logical sciences. Microbial ageing lends insight not only
into microbial evolution and clinical microbiology, but
also into the ageing process of humans at the cellular
level. We finally discuss the ramifications of the evidence

Box 3 | Programmed cell death: increasing intrinsic mortality

A somewhat puzzling way by which microorganisms can modulate intrinsic mortality
is through genetic pathways devoted to killing the cell in which they are expressed.
Whereas programmed cell death (PCD) of eukaryotic cells has long been known to

be indispensable for development and health, it constitutes suicide for unicellular
organisms. In microorganisms, PCD kills both the soma and the germline. Thus, this
type of intrinsic mortality has no payoff in reproductive fitness, rendering it difficult
to imagine how microbial PCD could evolve due to reproduction-longevity trade-offs.
One possible explanation is that microbial PCD could evolve by kin selection, when the
fitness effect of an allele at the level of the lineage, in addition to the individual level,
is considered'®*"". If the action of a ‘suicide gene’ can increase the success of other
individuals bearing the same suicide allele, the allele could have an evolutionary
advantage.

Altruistic traits like PCD evolve most readily when recipients of altruism tend to be
highly related”*'”%, In the ecological contexts in which unicellular PCD is commonly
observed, individuals are indeed often highly related'®. For example, during biofilm
development in Pseudomonas aeruginosa, the accumulation of reactive oxygen species
seems to induce a prophage in the P, aeruginosa genome that kills a large fraction of the
cells, but allows a subpopulation of survivors to benefit owing to increased dispersal and
reproductive capability'’’. Another potential benefit of PCD is that dead cells release
extracellular DNA, which can be used by surviving cells for construction of the biofilm
matrix'’*'”’, In addition, altruistic suicide has been documented in nutrient-limited
populations of budding yeast and cyanobacteria, where PCD provides a benefit
to neighbouring cells by releasing nutrients that may be used for regrowth of a
subpopulation'’***!. Thus, intrinsic mortality of some individuals increases the
longevity and reproduction of other related individuals.

Although some microbial PCD systems, such as the MazEF toxin—antitoxin system
characterized in Escherichia coli*****, are unique to bacteria, some types of microbial
PCD appear related to eukaryotic PCD. In budding yeast, altruistic suicide occurs by
bona fide eukaryotic apoptosis'’®'’°. In AmazEF cells of E. coli, treatment with DNA-
damaging agents induces PCD through the action of RecA and LexA'®***>_ |n particular,
RecA-LexA-mediated death displays many key characteristics of eukaryotic apoptosis,
including chromosome condensation, membrane depolarization, elevated *OH radicals
and DNA fragmentation'®***°. E. coli RecA shares substrate specificity with eukaryotic
caspases involved in apoptosis'®, further emphasizing surprising evolutionary
conservation of this PCD pathway. Overall, the mechanistic similarities suggest
a shared evolutionary origin of some PCD systems, with a likely bacterial origin.

In addition, the evolution of multicellularity itself likely occurred in populations of
cooperating single-celled organisms in which kin selection favoured altruistic traits
such as PCD*7*%,

that the trait of senescence is commonly exhibited by
organisms from all known domains of life.

Microbial evolution. Longevity can influence the ability
of microbial populations to evolve. The rate of evolution
is related to a population’s generation time given that
the majority of mutations occur during DNA replica-
tion. Intuitively, longevity should reduce the rate of evo-
lution by lengthening the generation time. The slowing
of population genetic change is particularly strong when
longevity is accompanied by a reduced ability to repro-
duce, as occurs during dormancy'*. Empirical support
for reduced rates of evolution in long-lived populations
comes from metagenomic and single-cell sequencing
of microorganisms in the deep biosphere®. Population
genetic methods based on the genomic distribution of
polymorphisms indicate that adaptive evolution in the
deep biosphere effectively comes to a halt, implying that
the microorganisms are likely pre-adapted to the stress-
ful and energy-poor conditions that are characteristic of
the Earth’s subsurface®™.

Longevity can also facilitate adaptive evolution
because it allows individuals to outlive the duration of
environmental challenges such as feast-famine cycles.
When challenged by a long-term stationary phase, 99%
or more of the individuals in an E. coli culture will typi-
cally perish and the small proportion of survivors exhibit
a growth-advantage-in-stationary-phase (GASP) pheno-
type'*". GASP mutants remain long-lived in subsequent
stationary phases, and furthermore can outcompete
wild-type lineages even in fresh medium'**'*. GASP
mutants carry distinct, recurring genetic changes, con-
sistent with the view that their evolution of longevity is
adaptive'*>'¥". Similarly, long-lived E. coli individuals
who survive exposure to the antibiotic ciprofloxacin
exhibit high numbers of mutations'**. This genetic diver-
sity is found to promote the rapid evolution of geneti-
cally based resistance, which is adaptive in environments
where antibiotics are encountered'**.

Biomedicine. By understanding microbial longevity
and senescence, clinicians may be able to better treat
disease. One straightforward application is through the
use of compounds that trigger programmed cell death
(PCD)'**'*" (BOX 3). Natural oligopeptides that induce
PCD in bacteria have been isolated from the superna-
tants of bacterial cultures, and may be subsequently
developed as antibiotics'**'*'. Longevity and senescence
can also guide the treatment of persister cells. Persister
cells are long-lived microorganisms that use a form of
shallow dormancy that allows a population to outlast a
course of antibiotic treatment. The increased frequency
of antibiotic-tolerant cells contributes to chronic infec-
tions and can facilitate the evolution of genetically
based antibiotic resistance'*>'**!*>'>, Some mechanisms
underlying microbial persistence and longevity appear
to share similarities. For example, persister cells in
S. cerevisiae are able to survive exposure to the antifun-
gal drug fluphenazine by overexpressing the chaperone
protein Hsp12 (REF.'*Y). Thus, chaperones, which are
a key component of cellular repair, which promotes
microbial longevity, are also implicated in the persister
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phenotype. Another line of evidence connecting cellular
damage and repair to persister cells is the recent finding
that the depth of the E. coli persister state increases with
the amount of protein aggregation'*. Furthermore, the
ability of E. coli persister cells to recover after treatment
with ampicillin depends on the disaggregase activity of
the chaperones DnaK and ClpB'**. Thus, cellular repair
seems to be necessary for enabling microbial persistence
in several domains of life.

The principles of microbial ageing may also be impor-
tant for treating non-communicable diseases, such as
neurodegenerative disease and other diseases associated
with ageing in humans. Just as for microbial individuals,
single cells in a multicellular organism accumulate dam-
age over time and endow this damage to daughter cells
when they divide. Asymmetrical inheritance of damaged
protein aggregates was recently shown to occur during
mitosis in animal cells'"*>'**'”, Preliminary evidence
indicates that the cell that inherits a damaged protein
aggregate during mitosis also has a decreased division
rate, analogous to reproductive senescence in micro-
organisms'*. Inheritance of damage is also involved in
the two distinct cell fates of the offspring of neural stem cell
(NSC) divisions'"'**. When NSCs divide, one daughter
remains a multipotent stem cell while the other daughter
differentiates to become an oligodendrocyte, astrocyte or
non-dividing neuron. During division of mouse NSCs,
damaged proteins are segregated to neuron daughter
cells'*®. By segregating damage to the non-reproductive
neuron, the multipotent stem cell remains free of damage
and escapes senescence'**, much like the rejuvenated off-
spring cell in asymmetrical microbial reproduction. The
smaller the amount of damaged protein received by
the daughter stem cell, the more quickly it is able to divide
again'*. The degree of damage asymmetry decreases in
NSCs isolated from older animals'*®. This breakdown
of appropriate asymmetrical allocation of damage away
from NSCs during ageing could point to an underlying

REVIEWS

factor in neurodegeneration. In addition, there are
mechanistic aspects of damage inheritance that are con-
served from single-celled eukaryotes to mammals'*-*2,
In both yeast and mouse cells, asymmetrical inheritance
relies on the filament protein vimentin and the degrada-
tion centre for damaged proteins called the juxtanuclear
quality control compartment'*>'**. Given the numerous
similarities, research in microbial ageing and damage
allocation has the potential to yield further insights into
the underlying causes of non-communicable disease
associated with ageing.

Senescence as a nearly universal feature of life. The pres-
ence of conserved lifespan-modulating pathways among
diverse microbial lineages suggests that longevity and
ageing are ancient biological phenomena that evolved
perhaps billions of years ago'*". In particular, the recur-
rent patterns and mechanisms of senescence across taxa
on Earth suggest that senescence, in addition to lon-
gevity, was also present at the origin of life. Although it
canlead to senescence, microbial asymmetrical division can
confer a reproductive advantage, especially when the rate
of damage is high'®77795011415% (Supplementary Box 1).
In multicellular organisms, trade-offs between longevity
and reproduction tend to be found wherever they have
been sought™. The intimate connection between the
life-history traits of reproduction and death is rooted
in chemical physics. The maximum reproductive rate
of any self-replicating entity is limited by the capac-
ity for longevity of this entity'®. That is, entities with
greater reproductive potential wear out more quickly'®".
Therefore, as natural selection is universal in popu-
lations of imperfectly self-replicating entities and fitness
always depends on reproduction, we expect senescence
to be common anywhere in the Universe that life has
evolved.
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