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Senescence, the functional deterioration of cells or organisms associated with increased age, is pervasive across the tree of life. Yet

our understanding of the genetic and physiological basis underlying age-related declines in health and reproduction remains lim-

ited. Experimental evolution allows empirical examination of the question of why aging occurs; imposing selection for age-specific

fitness traits shifts patterns of aging in experimental populations, enabling investigations of the variation underlying senescence

and the mechanisms governing it. Whole-genome sequencing of experimentally evolved populations may reveal candidate ge-

nomic variants underlying particular aging patterns; unfortunately, most study systems suffer from limitations that weaken as-

sociations between genotypes and phenotypes. In this review, we provide a survey of experimental evolution studies that have

altered population-level patterns of reproductive timing and senescence in a variety of species. We discuss the specific selection

conditions that have increased longevity, the phenotypic responses and trade-offs that accompany these increases, and exam-

ine genomic data collected from these experiments. Additionally, we consider how selected field studies complement laboratory

experiments on life-history evolution. Finally, we address the strengths and weaknesses of existing study systems, and evaluate

which model organisms appear most promising for future genomic investigations of the evolutionary biology of aging.
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Nearly all multicellular organisms—as well as many unicellu-

lar organisms—experience senescence, or age-related declines in

health and reproductive capacity. Senescence results from break-

downs in the biochemical, genetic, physiological, and evolution-

ary processes that shape and maintain fitness traits within organ-

isms and populations. Each of these processes can be considered

a different dimension of, and therefore a different lens through

which to study, aging and senescence. Serious attempts to eluci-

date the causes of senescence or to control its phenotypic con-

sequences are doomed to fail unless they can integrate research

across these multiple dimensions of inquiry. Furthermore, inte-

grating the results of these different types of aging studies should

provide critical insight into the important questions of why aging

came to be and how aging occurs. Enriching our understanding

of these big questions has many applications in basic research,

agriculture, and medicine. Ultimately, a more sophisticated grasp

of the proximate (i.e., how aging occurs) and ultimate (i.e., why

aging occurs) causes of aging in model organisms may lead to

clinical interventions capable of prolonging health and longevity

in humans.

The question of how aging occurs can be investigated

through studies focused on different, but specific, dimensions

of aging. For example, a genetic study might collect transcrip-

tome data from an organism as it ages, to generate a list of

candidate genes underlying senescence (e.g., Lund et al. 2002).

A physiological study might test how factors such as caloric

intake can alter biological processes in ways that lead to in-

creased longevity (e.g., Wu et al. 2019), or common physiolog-

ical characteristics shared by longer lived individuals in a popu-

lation (e.g., Kulminski et al. 2008). By contrast, investigating the
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question of why aging occurs necessarily must take place through

an evolutionary lens. An evolutionary study might tackle why

variation exists for genes and traits associated with longevity or

how selection may act upon this variation (e.g., Reznick 1997).

Evolution by natural selection should maintain traits within a

population that are beneficial; and yet, aging and senescence per-

sist almost universally despite the detrimental phenotypes they

often bring about. Evolutionary theory reminds us that for selec-

tion to eliminate alleles that cause aging, these alleles also must

reduce an individual’s overall fitness. Any alleles that do not in-

hibit the reproductive success of an individual, and/or take effect

after the age of reproduction, will not be selected against, and will

accumulate in the genome. This “mutation accumulation” theory

is widely accepted as one of the leading explanations for the evo-

lution of aging (Haldane 1941; Medawar 1952). A distinct but

complimentary explanation was worked out by Medawar (1946,

1952) and popularized by Williams (1957); because the force of

natural selection will decrease with age due to decreased repro-

ductive potential (which would later be demonstrated mathemat-

ically by Hamilton [1966]), any mutation that exhibits benefi-

cial effects early in life, but detrimental effects in late life, will

be selected for because the force of selection at younger ages is

strong. This “antagonistic pleiotropy” theory suggests that aging

may have emerged or been preserved as a trade-off for other im-

proved early-life fitness traits. Combined, these ideas have come

to form the foundation of an entire subfield: the evolutionary

biology of aging (Rose 1994).

Multiple empirical strategies exist to study the evolutionary

biology of aging in model organisms, with experimental evolu-

tion as the most powerful. In experimental evolution studies, only

individuals that exhibit the phenotype of interest (e.g., long-term

survival) are allowed to reproduce; thus, the subsequent gener-

ation is likely to inherit genes associated with the selected phe-

notype. This cycle is repeated over several generations, contin-

ually selecting progeny with combinations of genetic variants

that promote the phenotype of interest and filtering out progeny

lacking such combinations. These methods enable comparisons

between selected and control populations, or selected popula-

tions and their ancestors, which reveal the phenotypic and genetic

shifts produced by selection (reviewed by Kawecki et al. 2012).

One example of such a study is M.R. Rose’s classic experiment

that demonstrated that selection for delayed reproduction leads to

the evolution of increased longevity in Drosophila melanogaster

(Rose 1984). This result was soon repeated by other groups

(Luckinbill et al. 1984; Partridge and Fowler 1992), and evolved

populations produced by these studies have provided essential

models for studies of life-history evolution, and the evolutionary

biology of aging, continuously through the decades since their

creation. Earlier research focused primarily on characterizing the

phenotypes that respond to this type of selection, including the

correlations between life-history characters and potential trade-

offs between age-specific phenotypes (reviewed by Burny et al.

2020). Within the past decade, investigators have begun to exam-

ine genomes and transcriptomes of evolved populations, allowing

a clearer picture of the genetic architecture underling phenotypic

shifts (e.g., Burke et al. 2010; Sarup et al. 2011; Remolina et al.

2012; Carnes et al. 2015; Graves et al. 2017; Fabian et al. 2018;

Parker et al. 2020). Notably, aging has been manipulated with

experimental evolution in many organisms beyond Drosophila,

including bacteria (Ackermann et al. 2007b), Caenorhabditis el-

egans (Anderson et al. 2011), a variety of insects (e.g., Miyatake

1997; Reed and Bryant 2000; Hunt et al. 2006), and even mice

(e.g., Nagai et al. 1995) and rabbits (e.g., Theilgaard et al. 2007).

Additionally, a number of field studies have provided insight into

how selection for longevity might occur in natural populations,

as well as factors that may confound our predictions of evolu-

tionary responses (e.g., Dudycha and Tessier 1999; Reznick et al.

2006; Carlson et al. 2007; Wit et al. 2013a). The synthesis of re-

sults across these studies should deepen our understanding of the

unifying evolutionary principles governing aging and senescence

across species. Such synthesis holds the tantalizing potential of

unlocking the mysteries of how and why aging occurs, and of

providing avenues for battling the specific mechanisms of aging

in a medical context.

Empirical Studies Imposing
Selection on Different Phases of Life
History have Repeatedly
Demonstrated Phenotypic Shifts in
Correlated Traits
In the laboratory, four basic types of selection regime have been

used to drive the evolution of longevity in experimental popula-

tions, including selection on (i) longevity; (ii) late-life reproduc-

tion; (iii) early-life reproduction; and (iv) increased reproductive

lifespan. The experiments that have produced evolved increased

longevity in experimental populations are listed in Table 1. The

major aims of such studies are to investigate the phenotypic and

genotypic responses to a selection regime, as well as to iden-

tify potential trade-offs or correlations between longevity and

other life-history traits. The ability to probe genomic responses

to selection has emerged only relatively recently; as a result, our

current understanding of the responses to experimental evolu-

tion is based heavily on studies investigating phenotypic rela-

tionships between traits in evolved populations. These selection

regimes have shown that selection on late-life survival and repro-

duction tend to produce correlated results that predictably oppose

those that select for shorter life- spans and earlier reproduction,

providing strong evidence that selection on length of life and
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reproductive timing can be used as complementary tools in the

study of the evolution of aging. However, all the differences in

resulting phenotypes under a given selection regime are rarely ac-

counted for, suggesting that although each of these regimes pro-

vides valuable insight into the processes of aging and senescence,

seemingly minor differences in experimental conditions may still

influence the outcomes of selection in ways that have biological

implications. To further complicate matters, some studies take ad-

vantage of wild populations, in which naturally occurring sources

of extrinsic mortality have effectively selected for longer lived or

later-reproducing individuals. These investigations may help us

disentangle genetic from environmental influences on aging and

longevity, but can also produce results at odds with their labora-

tory counterparts—these will be discussed in more detail in later

sections.

DIRECT SELECTION ON LONGEVITY

Seemingly, the best way to investigate aging and senescence

would be to select directly on longevity; however, studies on

increased lifespan are limited in number, due to methodologi-

cal difficulties in selecting for a condition that often cannot be

identified until after the organism is no longer able to repro-

duce. Still, a few studies have found creative ways to circum-

vent this problem. Zwaan et al. (1995) selected on long- and

short-lived female D. melanogaster by splitting offspring from

each pairing into two groups: a longevity assay group and a se-

lection group (two replicate lines, four to six generations of se-

lection). The longevity assay group was maintained at a high

temperature (29°C), which has been shown to reduce lifespan in

D. melanogaster, whereas the selection group was maintained at

a cooler temperature (15°C). Siblings of the longest lived flies

from the longevity assay were used as founders for the next

generation of the selection experiment for longevity. Selection

for decreased longevity was conducted using similar methods.

Lines selected for longevity exhibited longer lifespans than con-

trols and short-lived lines, along with decreased overall repro-

ductive output. Another evolution experiment selecting directly

on longevity, performed by Hunt et al. (2006), turned to a cricket

species (Teleogryllus commodus) with a useful life-history trait;

nearly all male parents in this study died before their offspring

had hatched, allowing for offspring to be sorted into longer and

shorter lived categories for selection before hatching (five repli-

cate lines, five generations of selection, 28°C). This study found

increased longevity and reduced reproductive effort in lines of

male crickets selected for increased longevity compared to those

selected for reduced longevity.

Although selecting for longevity would be the most direct

way to evaluate evolved differences in lifespan, the lack of exist-

ing studies reflects the methodological challenges they present.

Such studies may be appropriate for certain study systems such

as T. commodus, but in the majority of model systems the bene-

fits of selecting directly on longevity are outweighed by practical

limitations that lead to suboptimal experimental design (i.e., re-

duced population sizes and levels of replication).

SELECTION FOR DELAYED REPRODUCTION

Given the challenges inherent in selecting directly for longevity,

investigators more frequently use selection on delayed reproduc-

tion to produce populations with increased longevity and delayed

senescence. In accordance with evolutionary theory, the force of

natural selection should be strongest before the age of first repro-

duction, at which point it decreases until approaching zero when

an individual is no longer able to reproduce. By delaying the age

of first reproduction, selection pressure against deleterious alle-

les remains stronger longer, effectively selecting for increased

longevity.

Evolutionary studies have taken advantage of this princi-

ple, and selection for delayed reproduction has consistently pro-

duced populations with increased longevity (e.g., Luckinbill et al.

1984; Rose 1984; Partridge and Fowler 1992; Tucic et al. 1996;

Miyatake 1997; Partridge et al. 1999; Remolina et al. 2012; Wit

et al. 2013b; Carnes et al. 2015). These populations also fre-

quently exhibit increased late-life fecundity (e.g., Luckinbill et al.

1984; Partridge and Fowler 1992; Miyatake 1997; Remolina et al.

2012; Carnes et al. 2015). Other age-specific fecundity pheno-

types are less predictable across these studies; for example, se-

lected lines in some experiments exhibited decreased early-life

fecundity (e.g., Luckinbill et al. 1984; Rose 1984; Partridge et al.

1999; Remolina et al. 2012), whereas others were more fecund at

all ages (Wit et al. 2013b; Carnes et al. 2015).

Although most of these trait correlations were evaluated in

D. melanogaster, some have also been shown in selection exper-

iments with house flies (Miyatake 1997) and bean weevils (Tu-

cic et al. 1996). Additionally, several studies have also observed

trade-offs and correlations between delayed reproduction and

stress resistance phenotypes. Several studies in D. melanogaster

observe correlations between delayed reproduction and increased

starvation resistance (e.g., Service 1987; Rose et al. 1992; Bubliy

and Loeschcke 2005, Wit et al. 2013b). A variety of other cor-

related stress responses have also been recorded (reviewed by

Kirkwood and Austad 2000, also see Wit et al. 2013b); studies

in D. melanogaster have shown that selection for longevity via

delayed reproduction can result in decreased resistance to heat

shock (Kuether and Arking 1999), increased resistance to heat

stress (Service 1987), increased resistance to cold shock (Luck-

inbill 1998), increased starvation resistance and desiccation resis-

tance (e.g., Service 1987), improved heart function (Shahrestani

et al. 2017), and increased immune response (Fabian et al. 2018).

Similarly, selection for desiccation resistance and starvation

resistance has been correlated with increased evolved longevity

4 EVOLUTION 2022
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(Rose et al. 1992). Still, many of these correlations require further

investigation; Norry and Loeschcke (2002) found that correla-

tions between longevity and cold-shock resistance are highly de-

pendent on several variables including sex and temperature of the

culture environment, and Wit et al. (2013b) found reduced cold

resistance in longer lived populations. Additionally, decreased

longevity has been observed as a correlated response in stud-

ies selecting for increased fungal immune response (Shahrestani

et al. 2021).

Furthermore, even in experiments where trade-offs have

been reliably observed, in some cases correlations between de-

layed reproduction and early fecundity (Leroi et al. 1994) or des-

iccation and starvation resistance (Archer et al. 2003; Phelan et al.

2003) disappear after long-term selection. Similarly, Rose (1984)

found flies selected for delayed reproduction showed reductions

in early fecundity, but after hundreds of generations of continual

selection, Carnes et al. (2015) reported the same lines had de-

veloped increased early fecundity. Explanations such as inbreed-

ing effects, genotypic linkage, genetic drift, and genotype-by-

environment interactions were deemed unable to explain the re-

sults of Phelan et al. (2003), Archer et al. (2003), or Rose (1984)

and Carnes et al. (2015). Rather, Phelan et al. (2003) and Archer

et al. (2003) argue that sustained selection may lead to changes in

the genetic relationships and physiological interactions between

traits over time.

SELECTION FOR EARLY-LIFE REPRODUCTION

Although selection for late-life reproduction is the most ef-

fective method for creating long-lived populations, and can

produce remarkable delays in senescence over relatively short

evolutionary time frames (dozens of generations), this strat-

egy is still time-intensive as generation times will increase

with each round of selection. For example, in the landmark

study by Rose (1984), average longevity in Drosophila in-

creased by 28.6% in females and 14.7% in males within 15

generations, but the time needed for each generation more

than doubled (from 28 days to 70 days) within that time. Al-

though manageable in Drosophila, such increases make this work

more challenging in organisms with longer generation times,

and investigators naturally began to explore if questions con-

cerning the mechanisms underlying the evolution of longevity

(and associated trade-offs) could be addressed with selection

on early-life reproduction. If effective, this strategy would be

more efficient and more practical to use with longer lived

species.

Of course, there are limitations to this approach; directional

selection on early-life reproduction may only be effective to a

certain point, beyond which additional selection will no longer

have the desired impact because of physiological constraints. For

example, Chen et al. (2016) found that selection for accelerated

juvenile development in D. melanogaster reached a threshold; in

selected populations, juveniles never eclosed earlier than 7-8 days

from egg. Although there are several reasons this may have oc-

curred, one possible explanation is that the population had al-

ready reached the shortest viable average lifespan supported by

the genetic variation present within the starting population.

Additionally, selection on early-life reproduction does not

allow for investigation of specific alleles involved in mutation ac-

cumulation or antagonistic pleiotropy in the same way that stud-

ies on late-life reproduction can; although detrimental alleles may

still accumulate and trade-offs can occur in late life, the specific

alleles involved may differ from those found in aged populations.

Despite this caveat, the majority of studies selecting on faster

development and earlier reproduction reveal that resulting pop-

ulations have shorter lifespans (e.g., Partridge and Fowler 1992;

Reed and Bryant 2000; Burke et al. 2010).

However, not all associated phenotypes shift consistently

across studies; early fecundity increases in some (Miyatake 1997;

Anderson et al. 2011) and decreases in others (Reed and Bryant

2000). These discrepancies serve as a reminder that specific phe-

notypic outcomes resulting from a selection regime may vary

among species and environments, and emphasize the impor-

tance of checking that selection exerts the expected influence

on the trait of primary interest. Still, the emergence of some

form of trade-off in response to selection for early-life fecun-

dity appears practically unavoidable even if it is not manifest as

a change in fecundity, and further exploration of the specific al-

leles underlying these trade-offs is warranted (reviewed by Aus-

tad and Hoffman 2018). Such investigations may further eluci-

date the relationship between aging and age-specific reproductive

capacity.

SELECTION ON REPRODUCTIVE LONGEVITY

Another strategy for driving the evolution of aging in exper-

imental populations involves selecting for increased reproduc-

tive longevity, which is defined as the average length of time

between the first and final reproductive event of individuals

within the population. This selection condition has primarily

been used in breeding studies, with the goal of increasing live-

stock productivity. Some have discussed attempting such selec-

tion in livestock (e.g., Essl 1998; Serenius and Stalder 2006), and

a few studies use historical records to retrospectively simulate

selection in chickens and cattle (Ducrocq et al. 2000; Ducrocq

2005). To our knowledge, however, true experimental selection

for longevity in mammals has only been successfully carried

out in mice (Nagai et al. 1995; Farid et al. 2002) and rabbits

(e.g., Theilgaard et al. 2007; Savietto et al. 2013; Larzul et al.

2014; Garreau et al. 2017). These studies frequently result in

populations with increased reproductive lifespans (Nagai et al.

1995; Farid et al. 2002) and late-life fecundity (Theilgaard et al.
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2007; Sánchez et al. 2008), as well as increased offspring sur-

vival rates (Nagai et al. 1995; Savietto et al. 2013; Larzul et al.

2014; Garreau et al. 2017) and increased number of litters (Na-

gai et al. 1995; Larzul et al. 2014). Additionally, populations

selected for increased reproductive longevity often exhibit in-

creases in average body fat (Theilgaard et al. 2007; Garreau

et al. 2017) and differences in energy distribution (Savietto et al.

2013), which may suggest they have increased resistance to other

stressors, although further studies would be needed to test this

possibility.

APPLYING THE LESSONS OF LABORATORY

EXPERIMENTS TO NATURAL POPULATIONS:

SELECTION AS A RESULT OF AGE-SPECIFIC

EXTRINSIC MORTALITY

One drawback of the selection conditions cataloged above is their

limited applicability to natural populations. Laboratory popula-

tions generally experience selection related to domestication, and

as a result may harbor significantly different genetic variation

compared to their wild counterparts (Phillips et al. 2016). Addi-

tionally, investigator-imposed selection conditions vary substan-

tially from those experienced in the wild, and involve environ-

ments lacking ecological complexity. For example, Wit et al.

(2013a) found that laboratory-selected longevity did not carry

over to natural environments; longevity-selected lines were less

able to locate food, and thus had lower fitness in field condi-

tions compared to controls. Experiments in oversimplified lab-

oratory environments—which are necessary for imparting em-

pirical power—limit our understanding of the forces that drive

adaptation in complex natural environments. Although a hand-

ful of experimental evolution studies implicate the same adaptive

loci as those observed in natural populations (Phillips and Burke

2021), the links between the lab and nature are especially tenuous

when the phenotypes of interest involve senescence. Although

lifespan is often closely linked to the onset of senescence in labo-

ratory environments, mortality is much less predictable in nature,

and generation times can be difficult to measure. External fac-

tors that prematurely truncate lifespan (e.g., predation, disease,

climatic stressors, etc.) can obfuscate the relationship between

senescence and longevity, and any distinction between physio-

logical and reproductive senescence becomes even more difficult

to uncouple. Still, studies that scrutinize natural populations with

different levels of extrinsic mortality provide some of the best

real-world evidence in support of evolutionary theories of aging

(Table 1). These field studies can also help contextualize some

of the discrepancies between empirical studies and classical in-

terpretations of theory by providing direct insight into how selec-

tion shapes natural populations differently than laboratory popu-

lations (reviewed by Johnson et al. 2019).

Extrinsic mortality can be described as the combined ef-

fects of nongenetic causes of mortality, similar to the “hazard

factor” described by Edney and Gill (1968). The stronger such

effects are in a given population, the less likely it is that an in-

dividual will survive to old age; thus, populations with lower

extrinsic mortality are more likely to see individuals survive to

advanced age and experience selection for traits associated with

improved late reproduction and survival. A number of studies

provide evidence that natural populations experiencing high ex-

trinsic mortality exhibit shorter lifespans and characteristics of

earlier maturity across several species, including between two

closely related species of Daphnia (Dudycha and Tessier 1999),

and between populations of individual species of Garter snake

(Bronikowski and Arnold 1999), guppy (Reznick et al. 2004),

and opossum (Austad 1993). Some of these studies in natu-

ral populations have suggested potential longevity trade-offs as

well; Austad (1993) found that island opossum populations ex-

periencing reduced predation generally exhibited patterns of de-

layed senescence, but also had reduced litter sizes at all ages

compared to mainland populations. Similar results have been

observed in laboratory-reared populations of D. melanogaster

(Stearns et al. 2000).

Still, differential rates of extrinsic mortality do not guaran-

tee selection for longevity will occur, as age specificity of mor-

tality is an important component of selection (e.g., Charlesworth

1994). Postponed longevity in natural populations can result as a

by-product of environments where sources of extrinsic mortality

favor the survival of longer lived individuals, and vice versa. For

example, seasonal habitat loss (e.g., Dudycha and Tessier 1999)

may truncate lifespan, creating an “upper limit” for longevity not

experienced in populations that do not suffer such seasonal ef-

fects, and predators may preferentially target organisms with phe-

notypes (e.g., body size or condition) associated with different

ages or developmental stages (e.g., Austad 1993; Reznick et al.

2001; Carlson et al. 2007).

This age specificity may also help to explain some of the

more complex results from studies involving extrinsic mortality.

Although populations of guppies experiencing increased preda-

tion pressure throughout life (as opposed to high predation only

during early life) evolved earlier maturity, they also continued to

reproduce at later ages, and had a higher rate of offspring pro-

duction throughout their lives (Reznick et al. 2004, 2006). This

remained true both in completely natural environments, and when

predation rates were artificially manipulated by the introduction

of predators. This result may indicate that increased fecundity

throughout life and increased reproductive lifespan confer fitness

benefits when more individuals survive to mid-life, even if fewer

individuals survive to late ages.

Similarly, a study of sockeye salmon (Oncorhynchus nerka)

experiencing differential levels of predation by bears found that
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the rate of extrinsic mortality influenced the rate of senes-

cence in a conditional manner. Populations where senescent

salmon are preferentially killed by bears have evolved lower

overall rates of senescence (estimated by cataloguing causes of

death due to physiological decline vs. other factors) than pop-

ulations where bears are more likely to kill healthier salmon

(Carlson et al. 2007). Additionally, Chen and Maklakov (2012)

found evidence that the circumstances surrounding high mor-

tality rates may impact the evolution of longevity in labora-

tory populations of Caenorhabditis remanei. Although higher

rates of random mortality resulted in the evolution of shorter

lifespan, mortality imposed via heat shock resulted in popu-

lations with longer lifespans, likely because organisms expe-

riencing physiological deterioration (i.e., due to senescence)

were likely to be disproportionately affected by extrinsic stres-

sors. Thus, studies in both laboratory and natural popula-

tions have suggested that when the source of extrinsic mor-

tality acts unequally on individuals of different life stages or

physiological condition, the phenotypes under selection may

differ.

Although it is clear that field and laboratory studies can com-

plement one another, a growing number of projects attempt to

directly bridge the gap between them. In particular, field meso-

cosms provide opportunities to conduct evolution experiments in

natural (or near-natural) environments, while still maintaining a

greater level of control over external factors such as predation

and migration compared to a typical field study (e.g., Rudman

et al. 2019; Grainger et al. 2021). This framework could provide

unique opportunities to directly parse the effects of age-specific

extrinsic mortality on the evolution of longevity in Drosophila,

and likely other systems. The idea that methods from the lab-

oratory should be brought to the field, and vice versa, is be-

ing increasingly invoked as essential for deepening our under-

standing of ecoevolutionary dynamics in natural populations (cf.

Bailey and Bataillon 2016). We expect that such combined ap-

proaches will be especially useful in efforts to identify natu-

ral genetic variation underlying longevity and age-specific re-

production, as these traits are notoriously difficult to measure

in natural populations while controlling for sources of extrinsic

mortality.

Genomic Evaluations of
Experimentally Evolved Populations
Promise to Reveal the Genetic Basis
of Longevity, but in Practice Suffer
Limitations Leading to Low Power
Although phenotypic surveys of experimentally evolved popu-

lations are informative, genomic surveys have become the new

gold standard for pointing to potential genes or mechanisms un-

derlying shifts in aging and related traits. Within the past decade,

whole-genome population-level sequencing has become more

readily available, such that experimental evolution studies rou-

tinely incorporate genomic data. Genomic evaluations of selec-

tion experiments for delayed reproduction have been performed

in three distinct study systems of D. melanogaster (Table 2).

Each of these genomic surveys implicates broad genomic re-

gions harboring thousands of allelic variants in hundreds of po-

tentially causative genes. Using expression profiling and func-

tional annotation, Remolina et al. (2012), narrowed their list to 38

strong candidate genes underlying observed shifts in longevity,

including genes previously implicated in reproduction, immunity,

and proteolysis. Carnes et al. (2015) were similarly able to nar-

row their list to 98 genes in females and 175 in males as the

strongest candidates underlying observed longevity increases in

evolved populations. In a third set of populations, Fabian et al.

(2018) found significant enrichment for genes involved in im-

mune defense, among the hundreds of genes differentiated in

long-lived populations. Fabian et al. (2018) further determined

that 20 shared genes were implicated between all three studies,

although these were not necessarily the same genes identified as

strong candidates in their respective studies. Additionally, sev-

eral of the genes identified through these experiments have since

been functionally validated via RNAi knockdowns, and have

been shown to influence life-history traits and mediate trade-

offs between longevity and reproduction (Huang et al. 2020;

Parker et al. 2020).

Although these studies are promising, they are few in num-

ber, and several limitations in experimental design and scope re-

strict the conclusions that can be drawn from them. First, cur-

rent best practices suggest that none are sufficiently powerful to

comprehensively identify candidate genomic regions associated

with phenotypic responses to selection. Simulation studies (e.g.,

Baldwin-Brown et al. 2014; Kofler and Schlötterer 2014) sug-

gest that maximizing the number of independent replicate pop-

ulations in an evolution experiment is essential for associating

evolved phenotypes with genomic loci. Burke et al. (2014) em-

pirically validated this point by showing that sequence data from

12 replicate populations in an experimental evolution study im-

part high statistical power to connect phenotypes to individual

genotypes, but this power was completely eliminated when the

dataset was reduced to only five replicate populations. None of

the evolution experiments with genomic data selecting for de-

layed reproduction (Table 2) have replicates in excess of five;

therefore, the results from these studies warrant critical interpre-

tation in the context of our current knowledge; among existing

genomic studies of the evolution of aging, it likely that the major-

ity of candidate regions have not yet been identified. As a hope-

ful caveat, 10-fold replication has been employed in Drosophila
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experiments where populations have been maintained on spe-

cific generational schedules that result in variation in lifes-

pan (although these populations were not explicitly selected for

longevity) and genomic data from these projects are beginning

to be explored (Graves et al. 2017; Barter et al. 2019). Second,

we cannot assume that similar experiments will necessarily se-

lect for the same genomic variants. Starting populations may

contain different genomic variants, and studies have suggested

that factors of experimental design such as temperature (Huang

et al. 2020) and sexually antagonistic selection (Chen et al. 2016)

can permit different genetic variants to persist in evolving pop-

ulations based on minor differences in experimental conditions.

Thus, we cannot conclude these results are broadly applicable

across environments, and even seemingly minor differences in

environment and laboratory protocols allow for potential con-

founding variables that may make extrapolating connections be-

tween existing studies problematic. Similarly, these studies have

only been performed in one species, D. melanogaster, and it is

unknown whether the identified genes will be conserved across

species.

These limitations underscore the need for a more modern

approach to incorporating genomics into experimental evolu-

tion studies of aging. Some of these limitations may be over-

come by advances in genomic analysis tools. For example,

Mueller et al. (2018) present a statistical learning tool called

“FLAM,” which can sift out differentiated but noncausal loci

when inferring the genes that affect a particular phenotype; this

tool is especially helpful when working with long-established ex-

perimental populations where it is known that multiple pheno-

types have diverged, in addition to the trait under focal selection.

Others have proposed “secondary Evolve-and-Resequencing”

(Burny et al. 2020) as an experimental approach to follow an

under-replicated primary evolution experiment. This involves

backcrossing an evolved population to the ancestor, and track-

ing the frequencies of putatively selected alleles from this new

baseline to confirm that they will respond to selection again.

Clearly, these emergent approaches hold exciting potential for

the continued study of existing populations with experimen-

tally evolved longevity. On the other hand, it must be said

that many of the Drosophila populations we discuss in this re-

view were established in the 1980s, before high-throughput se-

quencing technologies could have been conceived of, let alone

prepared for. Although these lines represent decades of re-

search, and their value to the field cannot be overstated, in

many ways they are fundamentally ill-equipped for strong-

inference genomic approaches. Although post hoc genomic sur-

veys of existing study systems are a natural and informative start-

ing point, new experiments that have been carefully designed

with genomic best practices in mind are the next logical step

forward.

Experimental Evolution of Longevity
in Different Organismal Systems
Features Species-Specific
Advantages for and Roadblocks to
Advancing Knowledge
THE MOST INFORMATIVE SELECTION STUDIES ON

THE EVOLUTION OF AGING TO DATE HAVE BEEN

PERFORMED IN D. melanogaster

The majority of experimental evolution studies on aging have

been and continue to be with D. melanogaster, and for good rea-

son. Fruit flies can be easily maintained and manipulated in lab-

oratory conditions, and large sample sizes can be studied over

many generations relatively quickly and cheaply. A wealth of

information is already available for D. melanogaster, including

the sequenced and annotated genome, and a number of genes in-

volved in health and development have also been shown to have

orthologs in humans (e.g., Yamamoto et al. 2014). Furthermore,

long-lived lines such as those established by Rose (1984) have

been maintained over many generations, allowing for their con-

tinued study. Studies such as these not only set a precedent for

laboratory evolution of aging, but they also provide many valu-

able insights into the phenotypic (e.g., Luckinbill et al. 1984;

Rose 1984; Partridge and Fowler 1992) and genomic (e.g., Burke

et al. 2010; Remolina et al. 2012; Carnes et al. 2015; Graves et al.

2017; Fabian et al. 2018) changes associated with selection on

reproductive timing. As mentioned in the previous section, ge-

nomic analyses of experimentally evolved D. melanogaster (Ta-

ble 2) have revealed a number of candidate genes likely to play

a role in modulating longevity. Still, there is a clear need for

continued investigation of the genetic variants underlying lifes-

pan and senescence within and across populations. Although D.

melanogaster is a promising model for continued study, experi-

ments in additional model systems are needed. Given the incred-

ible diversity of life, it follows that we may be unable to answer

some questions about aging using fruit flies alone. By compar-

ing results across different study systems, we will be better able

to ascertain which genomic candidates are most likely to be con-

served across species, and which therefore may be more useful

in an applied context for human medical interventions. Thus, the

question becomes: what other organisms are the most promising

models for the experimental evolution of aging, and how can we

choose?

MANY DIFFERENT INVERTEBRATE SYSTEMS HAVE

INFORMED OUR CURRENT UNDERSTANDING OF THE

EVOLUTION OF AGING

A minority of experiments studying the evolution of aging

use invertebrates other than D. melanogaster, including house-

flies, melon flies, bean weevils, crickets, and grasshoppers (see
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Table 1). These systems have frequently shown increases in lifes-

pan resulting from selection for increased longevity or late-life

reproduction (Tucic et al. 1996; Miyatake 1997; Reed and Bryant

2000; Hunt et al. 2006) and decreased longevity due to selection

for early reproduction (Miyatake 1997; Reed and Bryant 2000),

as well as correlated changes in late-life fecundity.

Although model organisms with extensive genetic resources

such as D. melanogaster are the most obvious choices for exper-

imental evolution, investigators should not overlook the oppor-

tunities presented by less traditional systems that remain largely

unexplored. Many natural populations exhibit life-history char-

acteristics that may make them especially amenable to certain

modes of selection (as was the case with Hunt et al. [2006] and T.

commodus). Additionally, some invertebrate populations occupy

environmental niches especially well-situated to select for differ-

ential life history traits. For example, Reznick (1993) argued that

marine invertebrates such as fairy shrimp and copepods may be

valuable systems to study the evolution of longevity in natural

populations, as they frequently exist in ecological conditions in

which precipitation or predation patterns may select for differen-

tial longevity between isolated populations in otherwise similar

environments. Thus, unique features of invertebrate systems be-

yond D. melanogaster may provide opportunities to experimen-

tally evaluate specific aspects of life-history evolution.

STUDIES IN FISH HAVE PROVIDED OPPORTUNITIES

TO STUDY THE EVOLUTION OF AGING IN NATURAL

ENVIRONMENTS

Along with marine invertebrates, Reznick (1993) also suggested

studying the evolution of natural populations of guppies (Poecilia

reticulata) experiencing differing predation patterns, an endeavor

that has proved fruitful (reviewed in Reznick 1997; Reznick

et al. 2004, 2006). As mentioned above, studies in guppies (e.g.,

Reznick et al. 2004) and salmon (Carlson et al. 2007) reveal

that responses to selection on extrinsic mortality in natural en-

vironments often depend on the context of mortality and specific

life-history traits in the population. For example, Reznick et al.

(2004) suggest that despite increased mortality, the increased

lifespans of guppies from high-predation locations may be a re-

sult of increased fecundity with age and decreased competition

for resources, resulting in inadvertent selection for longevity. Al-

though these possibilities illustrate some of the difficulties of

studies conducted in natural environments, they also reveal the

potential value of paired studies between laboratory-raised and

natural populations. Although Reznick (1997) has made compar-

isons between populations with differing natural and artificially-

altered predation rates in wild populations of guppies, no such

studies have included laboratory-selected populations, and to our

knowledge this work does not feature any genomic investigation.

Although guppies (and other potential fish systems, such as ze-

brafish) have longer reproductive times than many other model

organisms, they are short enough to conceivably be used for a

laboratory selection study. Such a study could provide a useful

system for comparison with natural populations, and for the col-

lection of genomic data.

RELEVANT MAMMALIAN MODELS SUFFER FROM

CLEAR LIMITATIONS TO EXPERIMENTAL DESIGN

In the context of experimentally evolved postponed longevity,

mammalian systems present the ideal model for applications to

human genetics and medicine, but they come with a number of

complications. First, mammals typically have significantly longer

lifespans than other model organisms. Given the nature of se-

lection on postponed reproduction, the added time and expense

of experiments in longer lived organisms quickly become com-

pounded, as each successive generation will take even longer

to reproduce than the previous generation. Another concern in

mammalian studies is that due to space constraints, different se-

lection treatments are not always replicated or maintained in the

same location. At least one such study (Sánchez et al. 2008)

found significant differences between responses in the same lines

reared under the same selection regimes on different farms. Thus,

existing experiments with mice and rabbits typically span few

generations, employ minimal replication, and involve relatively

smaller populations with some degree of inbreeding—all of these

limitations weakening the ability to draw inference.

Despite these limitations, notable phenotypic trends have

been observed following selection on reproductive longevity in

mice (Nagai et al. 1990, 1995; Farid et al. 2002) and two sets of

rabbit lines: (i) V (standard longevity) and LP (hyperlongevity)

(Theilgaard et al. 2007; Sánchez et al. 2008; Savietto et al. 2013)

and (ii) HL (high longevity) and LL (low longevity) (Larzul et al.

2014; Garreau et al. 2017). These similar responses include in-

creased lifespan or reproductive lifespan (Nagai et al. 1990, 1995;

Farid et al. 2002; Theilgaard et al. 2007; Sánchez et al. 2008;

Larzul et al. 2014), increased offspring survival (Nagai et al.

1995; Savietto et al. 2013; Larzul et al. 2014; Garreau et al. 2017),

and increased late-life fecundity (Theilgaard et al. 2007; Sánchez

et al. 2008; Savietto et al. 2013).

It is not particularly surprising that evolution experiments in-

volving reproductive longevity in mammals have focused solely

on phenotypic analyses. To date, these studies selecting for

longevity in mammals include only one or two replicates per

treatment, which is expected to lead to unwanted noise in any

attempt to scan the genomes of evolved populations for signa-

tures of selection. However, Hillis et al. (2020) recently pre-

sented results from a long-term evolution experiment with house

mice (Mus domesticus) that provide some optimism in this re-

gard. After 61 generations (nearly 30 years) of selection for high

voluntary wheel running, the genomes of mice from each of four
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experimental and control replicates were sequenced, which led to

the identification of 12 strong candidate regions associated with

increased voluntary running. Thus, the challenges of executing an

evolution experiment for postponed reproduction (with the goal

of downstream genomic analysis) in mammals such as mice are

not necessarily prohibitive, but the power of such experiments

will never approach those performed in more tractable model sys-

tems. Of course, the increased generation time required in selec-

tion for longevity provides an additional complication, but one

that is not insurmountable, given enough time—one unreplicated

line of mice has undergone continual selection for longevity for

at least 24 generations over a ∼20-year time period, with doc-

umented increases in longevity that exceed 17% (Nagai et al.

1995; Farid et al. 2002). Even if limited replication provides in-

sufficient power to identify individual genes of interest, the com-

bination of genome sequencing with other techniques in func-

tional genomics may enable elucidation of chromosomal regions

of interest underlying evolved longevity. In summary, although

the massive investment of time and resources required to im-

pose selection on longevity in mammals is a significant hurdle,

the possibility of uncovering candidate genes with closely related

human orthologs—genes with high potential value to tailored ap-

proaches in personalized medicine—would be worth the effort.

BACTERIA CAN PROVIDE MODELS FOR AGING

RESEARCH, BUT KEY REPRODUCTIVE AND

EVOLUTIONARY DIFFERENCES LIMIT

GENERALIZATION TO OTHER TAXONOMIC GROUPS

Studies show that despite their simplicity, bacteria do in fact

exhibit phenotypes of aging due to asymmetrical partitioning,

where damaged cellular components are preferentially segregated

into one daughter cell during division (Ackermann et al. 2007a;

Rang et al. 2011). Stewart et al. (2005) showed experimentally in

Escherichia coli that “aged” cells exhibit reduced growth rates,

with the effect being compounded in successive divisions. Given

that they can age, bacteria clearly have many potential advan-

tages for use in laboratory experiments. They are easily main-

tained with large population sizes and fast generational turnover.

However, bacteria lack many key features central to higher eu-

karyotes, including the ability to reproduce sexually. Because

evolution in asexual organisms is driven by de novo mutations

rather than standing genetic variation (Burke et al. 2010), unex-

pected phenotypic effects may be more likely to occur. For ex-

ample, Ackermann et al. (2007b) found that although all popu-

lations of Caulobacter crescentus selected for early reproduction

developed faster growth rates as expected, two out of their six

replicates actually showed increased survival and reproduction at

late ages, likely because of de novo mutations that may have also

provided additional fitness benefits in early life. However, this

study did not investigate specific genomic changes that occurred

during their experiment, and to our knowledge, no other selection

studies on longevity or reproductive timing have been performed

in bacteria.

NEMATODES ARE UNDERUSED IN THE

EXPERIMENTAL EVOLUTION OF AGING

Nematodes such as C. elegans represent a promising study sys-

tem for the experimental evolution of aging and longevity. Nema-

todes have already proven to be valuable systems in experimental

evolution generally (reviews by Gray and Cutter 2014; Teotónio

et al. 2017). Like D. melanogaster, C. elegans is a versatile model

system with short generations and practical culturing methods

that in theory allow large population sizes and high-throughput

experiments. A fully annotated genome holds the potential for in-

depth genetic characterizations and functional genomics. In many

ways, C. elegans is already a key model for studies of aging and

life history (e.g., Johnson and Wood 1982; Johnson and Hutchin-

son 1993; Brooks et al. 1994).

However, it is important to distinguish between studies that

have extended the C. elegans adult life compared to those that

have extended the dauer stage. The dauer stage is a specialized

larval stage in nematodes, cued by environmental stimuli, that

alters metabolism and confers increased stress resistance. Mu-

tant screens and RNAi knockdowns in C. elegans have identified

many longevity-conferring mutations that are dauer related (e.g.,

Muñoz and Riddle 2003), but have also revealed several muta-

tions that may act on adult lifespan independently of (or in some

cases, in addition to) this dauer stage (e.g., De Castro et al. 2004;

Yanos et al. 2012, also see review by Ewald et al. 2017). By fo-

cusing on these alleles that increase adult longevity, either inde-

pendently of or in conjunction with the dauer stage, studies in

C. elegans and other nematodes have the potential to provide in-

sight into the evolution of aging and longevity that may be more

broadly applicable across taxa.

Although some studies have described the fitness costs and

benefits of identified longevity mutants (Walker et al. 1991; Jenk-

ins et al. 2004), surprisingly few have investigated aging and life

history in C. elegans through experimental evolution. Anderson

et al. (2011) showed that selection for increased early-life repro-

duction led to evolved changes in age-specific fecundity without

an effect on lifespan. Interestingly, a later study of these evolved

lines reported increased longevity when the rates of outcrossing

were increased (Carvalho et al. 2014). Taken together, these ob-

servations suggest strong phenotypic connections between aging

and mating system in nematodes.

Caenorhabditis species other than C. elegans may be

even better suited for the experimental evolution of aging and

longevity. Caenorhabditis remanei in particular stands out as at-

tractive in this regard; it is dioecious rather than androdiecious,

which enables experiments with discrete generations and better
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control over the experimental manipulation of mating and age-

specific reproduction. In addition, C. remanei has been shown

to harbor increased genetic variation and reduced linkage dise-

quilibrium in comparison to C. elegans (Reynolds and Phillips

2013). Chen and Maklakov (2012) showed that selection on ex-

trinsic mortality can exert divergent selection for lifespan in pop-

ulations of C. remanei, depending on the source of mortality.

Still, although a number of evolution experiments in Caenorhab-

ditis species lead to longevity changes when the trait under direct

selection is not directly related (e.g., selection for sexual con-

flict in Palopoli et al. [2015]), Anderson et al. (2011) is the only

evolution experiment we are aware of that selects directly on age-

specific reproduction in nematodes.

Overall, nematodes provide promising opportunities for the

experimental evolution of aging, and in some ways, it is surpris-

ing they have not been used more for this type of work, but their

complex life history may lessen the potential for particular can-

didate genes discovered in them being relevant across taxonomic

groups.

BUDDING YEASTS HOLD PROMISE FOR THE

EXPERIMENTAL EVOLUTION OF AGING

Another promising system for the experimental evolution of ag-

ing are budding yeasts such as Saccharomyces cerevisiae. Yeast

strains are diverse and can be hybridized, allowing for the cre-

ation of recombinant populations harboring a great deal of ge-

netic variation for use in selection experiments. Saccharomyces

cerevisiae is well-suited to a variety of molecular methods, and

is a popular model for medical research due to its versatility. De-

spite being separated by a billion years of evolution, there are

thousands of recognizable orthologs between S. cerevisiae and

humans (Skrzypek et al. 2018). Yeasts are unicellular, and sim-

pler than other eukaryotic systems, but this could be viewed as

a feature rather than a bug. With fast generation times, ease of

culture maintenance, and readily accessible genomic data, yeasts

have repeatedly proven valuable systems for experimental evolu-

tion (reviewed by Zeyl 2006), and are also ubiquitous in aging

research (reviewed by Kaeberlein et al. 2007). Although yeast

life history is perhaps more complex than that of most higher eu-

karyotes (i.e., they can reproduce sexually as well as asexually),

this also increases their empirical utility for pursuing answers to

a broad range of evolutionary questions.

Aging in yeast can be measured via two primary metrics;

replicative lifespan (RLS) measures the number of times the

cell is capable of reproducing via asexual division (Mortimer

and Johnston 1959), whereas chronological lifespan (CLS) mea-

sures the total time that the cell remains viable without divid-

ing. Genetic screens can identify individual genes associated with

the regulation of CLS, as well as determine the effects of vari-

ous environmental conditions on CLS (reviewed by Longo et al.

2012). However, actively replicating cells (such as germ cells)

acquire additional damage each time they divide; studies on CLS

do not account for this acquired damage, and may therefore be

more applicable for cell types that divide only infrequently. By

contrast, investigations of RLS may be more suitable for test-

ing questions about the longevity of metabolically active, divid-

ing cells. Assays of RLS are often performed through manual

separation of individual cells, making them incredibly precise,

but also time-intensive and low throughput. Methods using mi-

crofluidics, biotin-labelling, and fluorescence-based sorting of-

fer possible solutions for isolation of aged cells with increased

experimental throughput. However, the continued proliferation

of daughter cells in these populations greatly reduces the aver-

age age of cells (and proportion of aged cells) within the cul-

ture. To deal with this, techniques have been developed to con-

ditionally arrest daughter cell division and reduce the invasion

of aged cultures by young cells (Jarolim et al. 2004; Lindstrom

and Gottschling 2009). One such method, the Mother Enrich-

ment Program (Lindstrom and Gottschling 2009), is particularly

promising for the isolation of aged cultures for phenotypic or

genotypic comparison. This program causes cell cycle arrest of

daughter cells without reducing a mother cell’s lifespan via the

insertion of an estradiol-dependent genetic element. Because this

arrest is conditional, it could still be used in the context of a se-

lection experiment, where daughter cells must be frequently per-

mitted to reproduce to allow for evolutionary change to occur

throughout generations. However, large population sizes may al-

low for mutations that allow daughter cells to circumvent cell

cycle arrest, and there is an added technical challenge of intro-

ducing the Mother Enrichment Program into the genome (Lind-

strom and Gottschling 2009). Despite these challenges, each of

these methods offer valuable opportunities to probe varying as-

pects of longevity. Additionally, genetic screens have identified

many genes that appear to be involved in regulation of both RLS

and CLS (Longo et al. 2012), and there is evidence that RLS and

CLS are interdependent, with chronologically older cells display-

ing reduced RLS (Ashrafi et al. 1999), suggesting further studies

investigating the relationship between these two aspects of lifes-

pan may be warranted.

Another useful aspect of S. cerevisiae biology is that cells

can be manipulated to reproduce either sexually (through sporula-

tion) or asexually (by budding). The physiological consequences

of these two reproductive schemes lend themselves to selection

regimes for increased RLS. Yeast cells typically undergo asexual

reproduction via budding, and each time a new bud is formed a

chitinous scar is formed on both the mother and daughter cells

at the location of division. These scars can be counted using the

methods mentioned previously, allowing for staging and enrich-

ment. Sporulation, then, can be induced in aged cells; mother

cells will produce four haploid spores that will either mate with
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each other or be released into the environment. These spores will

have their lifespan “reset” (Ünal et al. 2011) and do not appear to

exhibit the age-related phenotypes of their mother cells, but will

be able to mate and outcross.

Because evolution in sexual populations primarily acts on

standing variation within the population rather than de novo mu-

tations (cf. Burke 2012), experimental evolution of outcrossing

yeast populations (e.g., Burke et al. 2014) may be especially help-

ful in identifying specific genes underlying life-history traits such

as longevity compared to other single-celled systems that do not

reproduce sexually. Selection on standing variation is more likely

to be repeatable across replicate populations, compared to asex-

ual populations such as bacteria. Thus, inconsistencies such as

those observed in Ackermann et al. (2007b) may be less fre-

quently observed in sexually reproducing populations. Addition-

ally, sexual populations provide opportunities for beneficial hap-

lotypes to recombine, increasing the efficacy of selection and the

investigator’s ability to detect genomic evidence of adaptation.

In short, we expect evolution experiments in sexually reproduc-

ing populations to be more powerful and generalizable than those

conducted in asexually reproducing microbes.

Despite their potential, to our knowledge no experimental

evolution studies on longevity or delayed reproduction have been

conducted in yeast. However, at least one study has found that

older cells are less efficient at sexual reproduction in strains of

S. cerevisiae (Boselli et al. 2009), suggesting that by isolating

cells with increased replicative age and forcing them to produce

the next generation of cells via sporulation, we can effectively

impose selection for late-life sexual reproduction in yeast popu-

lations. This would allow for the design of a selection experiment

similar to those discussed earlier in other organisms, providing a

valuable new system for the experimental evolution of aging.

Concluding Remarks
Selection on life-history traits in organisms ranging in complex-

ity from microbes to mammals have revealed that aging and

longevity can be manipulated through experimental evolution

in both natural and laboratory-reared populations. These studies

have identified the occurrence of several consistent phenotypic

trade-offs associated with increased lifespan. Furthermore, ad-

vances in whole-genome sequencing have allowed genomic stud-

ies to begin to identify genes and genomic regions that may un-

derlie these phenotypic shifts. Still, these early genomic studies

have been isolated to experiments performed in a single species,

D. melanogaster, and lack the replication necessary for conclu-

sive association. Additional highly-replicated studies, perhaps in-

volving underused model organisms such as nematodes or bud-

ding yeasts, have the potential to provide key insight into the

genes and alleles that influence the evolution of longevity and

correlated life-history traits.
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