GENETICS, 2024, 228(3), iyae151

https://doi.org/10.1093/genetics/iyae151
Advance Access Publication Date: 18 October 2024

WormBook

sailill GENETICS

Life history in Caenorhabditis elegans: from molecular
genetics to evolutionary ecology

Christian Braendle (@ ,"* Annalise Paaby (® %*

"Université Céte d'Azur, CNRS, Inserm, Institut de Biologie Valrose, 06108 Nice, France
2School of Biological Sciences, Georgia Institute of Technology, Atlanta, GA 30332, USA

*Corresponding authors: Christian Braendle, Université Céte d'Azur, CNRS, Inserm, Institut de Biologie Valrose, Parc Valrose, 06108 Nice, France. Email: christian.braendle@
univ-cotedazur.fr; Annalise Paaby, School of Biological Sciences, Georgia Institute of Technology, Atlanta, GA 30332, USA. Email: paaby@gatech.edu

Life history is defined by traits that reflect key components of fitness, especially those relating to reproduction and survival. Research in
life history seeks to unravel the relationships among these traits and understand how life history strategies evolve to maximize fitness. As
such, life history research integrates the study of the genetic and developmental mechanisms underlying trait determination with the
evolutionary and ecological context of Darwinian fitness. As a leading model organism for molecular and developmental genetics,
Caenorhabditis elegans is unmatched in the characterization of life history-related processes, including developmental timing and
plasticity, reproductive behaviors, sex determination, stress tolerance, and aging. Building on recent studies of natural populations
and ecology, the combination of C. elegans’ historical research strengths with new insights into trait variation now positions it as a
uniquely valuable model for life history research. In this review, we summarize the contributions of C. elegans and related species to
life history and its evolution. We begin by reviewing the key characteristics of C. elegans life history, with an emphasis on its distinctive
reproductive strategies and notable life cycle plasticity. Next, we explore intraspecific variation in life history traits and its underlying
genetic architecture. Finally, we provide an overview of how C. elegans has guided research on major life history transitions both within
the genus Caenorhabditis and across the broader phylum Nematoda. While C. elegans is relatively new to life history research, signifi-
cant progress has been made by leveraging its distinctive biological traits, establishing it as a highly cross-disciplinary system for life his-
tory studies.
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such trade-offs has been a central objective of life history research
since its inception (Fisher 1930; Lack 1954; Williams 1966; Roff
1992; Stearns 1992). While any trait may be considered a life his-
tory trait if it affects fitness, the most relevant are those that

Introduction

At its most essential, the success of an organism is defined by its
genetic contribution to the next generation. Thus, the lifetime re-
productive performance of an organism, known as Darwinian fit-
ness, is the ultimate target of natural selection and its variation is
the fundamental source for adaptative evolution (Fisher 1930;
Lewontin 1974; Charlesworth 1994; Falconer and Mackay 1996;
Walsh and Lynch 2018). But what determines lifetime reproduct-
ive success? “Life history” refers to the principal phenotypic traits
over an organism'’s life cycle that govern its survival and repro-

most directly influence an organism'’s reproduction and survival
schedule. As such, research into the genetic or physiological me-
chanisms that govern life history phenotypes, like developmental
rate or fecundity, is integral to life history research. Yet, their fit-
ness values are strongly dependent on context, making them
challenging to accurately capture and place within life history
theory (Boxes 1 and 2).

duction in the face of challenges imposed by the environment;
these typically include aspects of timing and resource investment
such as developmental rate, maturation schedule, reproduction,
and survival (Stearns 2000).

A hallmark of life history is that traits exhibit interdependen-
cies that drive constraints and trade-offs (Box 1). For example,
an individual may produce large offspring or many offspring,
but not many large offspring. How natural selection optimizes

One of the great challenges in current biology is to integrate
how molecular, physiological, and quantitative genetic mechan-
isms can shape such life history traits and how their differential
regulation contributes to life history variation within and between
species. While its long history of molecular and developmental
genetics research established Caenorhabditis elegans as a model or-
ganism, momentum for evolutionary investigations in C. elegans
has emerged only in the past two decades (Teoténio et al. 2017),
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Box 1. Trade-offs, fitness, and life history theory

Trade-offs are central to life history. Without trade-offs between
traits, selection should maximize fitness-associated phenotypes
to the limits of physiology and history; the fact that organisms
exhibit suboptimality and variation in individual fitness-related
traitsindicates that relationships between traits are embedded in
the biology of the organism (Stearns 1989).

For example, the fundamental trade-off at the heart of life
history is the relationship between reproduction and longevity:
investment in reproductive success early in life comes at the
cost, 1 way or another, of surviving to reproduce later (Fisher
1930; Williams 1966; Kirkwood 1977; Bell 1986). Whichever
strategy maximizes genetic contribution to future generations
is the optimal one, but the traits that define it will depend on
context, such as resources in the current and future
environment. For C. elegans, which can enter dauer to persist
through suboptimal conditions, an essential question is
whether to develop directly to reproductive maturity or to
pause development as an investment in future opportunity. As
we discuss elsewhere (Box 3), the propensity to enter dauer is
not fixed; C. elegans genotypes exhibit variability in dauer
induction from environmental cues, and only a subset of trait
values will maximize fitness under a given selection regime.
Ultimately, the generic form of the optimal life history strategy
is the age-specific reproduction and mortality schedule that
maximizes fitness.

Evolutionary biologists have always centered the concept of
fitness in the study of life history strategy, but much of the
literature that contributes to our understanding of life history
traits does not address fitness directly. For example, aspects of
developmental timing, fecundity, and stress tolerance all
contribute to age-specific schedules of reproduction and
survival, but the reach of our understanding into these
biological phenomena, particularly in a model system like C.
elegans, extends primarily to their genetic and physiological
mechanisms. These findings are deeply informative with
respect to the organismal adaptations that govern life history
strategy, but they often stop short of testing key hypotheses in
life history theory if they do not consider fitness.

How do we assess fitness? The most general representation
is given by the intrinsic population growth rate (r), a single
fitness metric that integrates lifetime offspring production,
reproductive timing, and survival (Roff 1992; Carey 2001). In an
experimental setting, r may be estimated from increases in
population size in culture. It can also be derived from
single-generation data following the construction of
demographic life tables, wherein a cohort of individuals are
monitored from birth to death to ascertain fecundity and
survivorship schedules; both methods have been employed in
nematode research (Hodgkin and Barnes 1991; Shook and
Johnson 1999; Vassilieva and Lynch 1999; Vassilieva et al. 2000;
Chen et al. 2006, 2007; Dolgin et al. 2007; Diaz et al. 2008;
Muschiol et al. 2009; Anderson, Albergotti et al. 2011). Now, with
the ease and affordability of DNA sequencing, relative fitness is
more likely to be assessed from competing strains or genotypes
in shared culture, by capturing frequency changes of relevant
alleles (Walker et al. 2000; Jenkins et al. 2004; Ashe et al. 2013;
Chelo and Teoténio 2013; Savory et al. 2014) or neutral barcodes
(Zhao et al. 2018; Long et al. 2023).

Life history theory is the analytical framework that aims to
elucidate organismal strategies for maximizing fitness,
including the traits that comprise life history, their
relationships, underlying mechanisms, and evolution (Roff
1992; Stearns 1992). Ultimately, this requires the integration of
fitness estimates with organismal trait information, including
mechanisms of phenotype determination from molecular and
developmental genetics research and the nature of trait
variation, covariation, and architecture from evolutionary and
quantitative genetics.

largely driven by collections of wild strains by the community and
construction of open resources for quantitative genetic and gen-
omics analyses (Barriere and Felix 2005b; Félix and Braendle

2010; Frezal and Félix 2015; Cook et al. 2017; Lee et al. 2021;
Andersen and Rockman 2022; Crombie et al. 2024). Thus,
C. elegans offers a singular contribution to life history research,
an especially interdisciplinary field, via the union of deep mech-
anistic understanding at the organism level with more recent
characterizations of intra- and interspecific trait variation. Here,
we summarize what several decades of research on C. elegans
has taught us about its life history and how this nematode has
advanced our understanding of major questions in the life history
framework.

Historical context

C. elegans was discovered by Emile Maupas at the end of the 19th
century and, as usual for taxonomic work, his characterization in-
cluded a basic description of life history and reproductive mode,
as well as a comparison of these features to other nematode
taxa (Maupas 1899, 1900). C. elegans and other free-living nema-
todes initially sparked interest in varied research, particularly
for studying reproductive systems and underlying genetics of
sex determination (Nigon and Félix 2017). Yet, C. elegans gained
prominence as a model system only later, emerging from founda-
tional work in developmental biology and genetics, primarily
based on mutagenesis approaches (Brenner 1974). By the year
2000, C. elegans had become a widely used study organism for sev-
eral subfields, including the biology of aging. Rapid advances in
aging research were driven by the discovery that mutations or
other perturbations, such as germline ablation, could significantly
extend lifespan in C. elegans (Klass 1983; Friedman and Johnson
1988; Kenyon et al. 1993; Apfeld and Kenyon 1999; Hsin and
Kenyon 1999). However, the discovery of long-lived mutants
opened a debate on a central topic in life history research: the
“cost of reproduction” (Leroi 2001; Patel et al. 2002; Barnes and
Partridge 2003; Box 2). Specifically, observations of lifespan exten-
sion with no apparent cost to fecundity or other forms of repro-
ductive success challenged the presumed trade-off between
reproductive vs somatic investment that is widely postulated
within life history theory. This controversy was driven by differ-
ences in perspective between developmental geneticists and evo-
lutionary biologists and the ever-present challenge of assessing
ecologically relevant fitness traits in a laboratory setting.

In contrast to the long history of Drosophila melanogaster in evo-
lutionary genetics (Powell 1997), evolutionary biologists only
turned to C. elegans in the late 1990s, with the first mutation accu-
mulation (MA) studies that quantified mutation rates and muta-
tional variances for life history traits (Keightley and Caballero
1997; Davies et al. 1999; Vassilieva and Lynch 1999). However,
the early molecular genetic insights into C. elegans lifespan and
aging (Johnson and Wood 1982), as well as reproductive develop-
ment (Hirsh et al. 1976; Sulston and Horvitz 1977; Kimble and
Hirsh 1979) and the dauer diapause decision (Cassada and
Russell 1975; Golden and Riddle 1982), established a foundation
for understanding how life history traits might be genetically
regulated. This foundation then offered mechanistic insight into
observations of natural variation in life history made possible
via wild isolate collections over the past few decades. Most recent-
ly, the accessibility of hundreds of whole-genome-sequenced wild
strains (Cook et al. 2017; Crombie et al. 2024) has positioned
C. elegans as a powerful model for statistical genetics and popula-
tion genomics exploiting natural genetic and phenotypic variation
(Andersen and Rockman 2022). Due to its reproductive mode of
androdioecy, allowing for controlled manipulation of sex ratios
and outcrossing, C. elegans has in addition become an attractive
system for experimental evolution (Teoténio et al. 2017).
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Box 2. C. elegans “aging genes” and the debate over the cost of reproduction

The negative relationship between reproductive success and survival is a pivotal life history trade-off and the lens through which life
history evolution is often viewed. Several nonmutually exclusive arguments have been proposed to explain the trade-off between
reproduction and lifespan. The disposable soma theory (Kirkwood 1977) describes the trade-off in physiological terms of resource
allocation: investment into reproductive functions such as gonad development, gametogenesis, or mating efforts cannot
simultaneously be invested in the maintenance of the soma, so reproductive expenditure necessarily limits expenditure toward
longevity or survival. The theories of mutation accumulation (Medawar 1952) and antagonistic pleiotropy (Williams 1957) define the
problem within the genetic context. Since environmental threats, such as predation or starvation, are likely frequent causes of
mortality in the wild, mutations with deleterious effects late in life are partially shielded from purifying selection and may accumulate
in a population. Mutations with late-age deleterious effects that are also pleiotropic, and promote fitness early in life by, for example,
conferring a reproductive advantage, may be maintained in the population through positive selection. In both scenarios, the mutations
induce senescence in long-lived individuals.

At the heart of these arguments lies the question of whether longevity is repressed directly through reproduction, and, if so, by which
mechanisms. The advancement of experimental genetics broke open an access point to address this longstanding issue, in which C.
elegans has played a starring role (Tatar 2023).

C. elegans became a leading system for research into the biology of aging with the discovery of lifespan-extending mutations. The first
“aging gene”, age-1, was discovered in C. elegans (Friedman and Johnson 1988), and kicked off a race to find others (Kenyon 2011). As
mutations in these genes were found to extend lifespan, they were understood to promote aging in their wild-type functional state; this
view established the concept of senescence as a genetic program rather than a stochastic process of decay (Kenyon 2005, 2011). Foremost
among such genes were factors associated with insulin-like signaling, including positive regulators of dauer induction, age-1 and daf-2,
and the transcription factor daf-16 (Friedman and Johnson 1988; Kenyon et al. 1993; Morris et al. 1996; Kimura et al. 1997; Lin et al. 1997
Henderson and Johnson 2001), and genes whose dysregulation extended or mediated lifespan in a daf-16-dependent manner (Tissenbaum
and Guarente 2001; Vellai et al. 2003; Jia et al. 2004; Boehm and Slack 2005; Oh et al. 2005; Lehtinen et al. 2006; Shaw et al. 2007; Mouchiroud
et al. 2013; Uno and Nishida 2016).

The findings that manipulating single genes can significantly extend lifespan were groundbreaking and garnered great interest in
studying aging in molecular and developmental genetics. The discovery of so-called “aging or longevity genes” was seen as clear
evidence of genetic control over aging, reflecting what many believed to be genetic programs for aging. While some genetic
manipulations to extend lifespan exhibited clear costs to reproduction, like reduced brood size, others showed no obvious effects, or
effects only under certain conditions. For example, age-1 mutants exhibited no detectable reproductive deficit under standard
laboratory conditions but were outcompeted by wild-type under nutritional stress (Walker et al. 2000). Other experiments revealed
how distinct traits might be separably controlled: the highly pleiotropic daf-2, which is involved in dauer induction, reproduction,
stress resistance, and aging, acts at different developmental time points (Dillin et al. 2002), and for genes required for larval
development, RNAi knockdown in the adult can extend lifespan (Chen et al. 2007). These observations of lifespan extension without
fixed costs to reproduction led to a debate over whether lifespan and reproductive success could be decoupled (Leroi 2001; Barnes and
Partridge 2003; Kenyon 2005, 2011; Leroi et al. 2005; Partridge et al. 2005), which on its face appeared to challenge the central tenant of
life history theory, the cost of reproduction.

However, principles of life history theory are rooted in trade-offs of fitness, which was not a defining concept in most of these
studies. Most lifespan extensions in C. elegans occur after the reproductive phase, providing no fitness advantage; as a result, these
long-lived phenotypes are invisible to natural selection. From an evolutionary perspective, any relevant trade-off between
investment in somatic versus reproductive components occurs earlier in the life cycle, and experimentally induced,
postreproductive lifespan extensions are secondary byproducts. That said, artificial extensions to lifespan were typically induced
by null or hypomorphic alleles or simple overexpression constructs; if such laboratory-derived perturbations could truly decouple
the cost of reproduction from longer lifespan, why does not natural selection tolerate, or even favor, such easy modifications? The
answer, of course, is because perturbation of the wild-type, functional versions of these genes does come at a significant cost to
fitness, which has been demonstrated in the right assays. For example, examination of age-specific rates of fecundity showed that
age-1 mutants exhibit increased reproductive success late in life but decreased fecundity early in life relative to wild-type
(Maklakov et al. 2017), and competition experiments demonstrated that the reduced fecundity of the daf-2 mutant, which occurs in
early life, decreases fitness relative to wild type (Jenkins et al. 2004; Chen et al. 2007).

Another way to understand the debate is to recognize that the tension elides several issues. These researchers were asking distinct
questions: whether increased longevity incurs a cost to reproduction; whether reproduction and longevity can be decoupled; and whether
antagonistic pleiotropy is an explanation for aging.

If “cost” is defined as a phenomenon of resource allocation, the question is whether lifespan extensions occur by limiting reproduction.
While the removal of germ cells had been shown to increase lifespan in diverse taxa, whether this occurred by a direct trade-off in
resources was surprisingly difficult to determine (Braendle et al. 2011). However, seminal C. elegans experiments showed that the answer is
largely “no”. Ablation of the hermaphrodite larval germ precursor cells eliminates germline growth and reproduction and dramatically
increases adult lifespan, yet ablation of the entire gonad, including both germ cells and somatic gonad precursors cells, does not (Kenyon
et al. 1993; Hsin and Kenyon 1999). Moreover, inhibition of C. elegans reproduction by sterility mutants, mating assays, or chemicals,
likewise does not extend lifespan (Gems and Riddle 1996; Hsin and Kenyon 1999; Leroi 2001). These results emphasize the importance of
understanding the functional architecture of trade-offs and the fallacy of inferring causality underlying trait correlations (Houle 1991;
Rose and Bradley 1998; Leroi 2001; Barnes and Partridge 2003; Flatt and Heyland 2011; Hughes and Leips 2016). They also demonstrate that
reproduction and longevity can be decoupled in the proximate sense, under specific conditions.

However, the question of whether antagonistic pleiotropy is an explanation for aging is embedded in a broader evolutionary
context. In D. melanogaster and other systems with an early history of studying natural variation from wild populations,
observations of genetic and phenotypic correlations among traits—namely, the negative correlation between lifespan and fecundity
and a positive correlation between lifespan and other determinants of survival, like stress tolerance—motivated hypotheses about
adaptive life history evolution with antagonistic pleiotropy as a driving mechanism (Rose et al. 1992; Schmidt et al. 2005; Paaby and
Schmidt 2009). Such observations have rarely been a focus in C. elegans research, although the role of stress resistance as an
intimate component of aging biology is apparent by the persistent connection between lifespan extension and the dauer decision;
the same genes regulate both. In challenging environments, C. elegans lifespan extension routinely exhibits costs to reproductive
output and fitness, to the point that the presumptive long-lived mutant may be outlived by the wild-type (Walker et al. 2000; Savory
et al. 2014; Briga and Verhulst 2015). This ultimate relationship strongly appears to be governed by pleiotropy, in part because both
reproduction and persistence (including dauer induction) are mediated by the same insulin-like hormones that produce
incompatible physiologies (Tatar 2023). Furthermore, the common role of insulin-like signaling in mediating life history phenotypes
across taxa suggests that antagonistic pleiotropy is ubiquitous, as the accumulation of random mutations would not likely produce
conserved mechanisms (Austad and Hoffman 2018).
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Box 2. (Continued)

In sum, from an evolutionary perspective, the question that presupposes whether a trade-off can be broken is whether ecologically
relevant fitness traits can be adequately assessed in the laboratory. An observation of lifespan extension with no apparent cost to
reproduction in the lab does not mean there is not a cost in nature, and such observations are not evidence against antagonistic
pleiotropy; they are simply not arguments for it. Moreover, the relevant trait is always fitness, a concept that requires context. For C.
elegans, which likely colonizes ephemeral food sources with bursts of clone-like subpopulations, programmed senescence may actually
increase fitness for the genotype by group selection (Lohr et al. 2019; Galimov and Gems 2020; Chapman et al. 2024). Investigations that
have evaluated long-lived C. elegans mutants over multiple generations or in challenging environments have consistently observed a loss
of fitness relative to wild-type, but experimental tests of evolutionary hypotheses often require assays that are highly sensitive, relatively
naturalistic, or both (Briga and Verhulst 2015; Austad and Hoffman 2018).

During the past 25 years, studies of wild isolates and sampling
efforts across diverse environments have begun to elucidate the
evolutionary ecological context of C. elegans and related
Caenorhabditis nematodes. Key observations include the predom-
inance of the dauer stage in wild populations, as well as the
existence of 2 alternative mating systems within the genus, gono-
choristic and androdioecious, and the predominance of selfing in
the latter (Kiontke 2006; Félix and Braendle 2010; Cutter 2015;
Frezal and Félix 2015; Schulenburg and Félix 2017; Ben-David
et al. 2021; Lee et al. 2021; Noble, Yuen et al. 2021). The discovery
of more than 70 new Caenorhabditis species, up from only 10 spe-
cies in culture in 2005 (Kiontke 2006), together with their se-
quenced genomes and now well-resolved phylogeny (Kiontke,
Félix et al. 2011, Stevens et al. 2019; Dayi et al. 2021), has acceler-
ated opportunities for comparative studies. Prevailing research
topics include the repeated evolutionary transition from outcross-
ing to selfing modes of reproduction within Caenorhabditis
(Kiontke, Félix et al. 2011) and, among more distant relatives of
C. elegans across Nematoda and beyond, transitions between free-
living and parasitic life styles (Blaxter and Koutsovoulos 2014).

Scope of this review

We provide an overview of what is known about the C. elegans life
cycle and life history, discussing specific examples with an em-
phasis on reproductive life history and trade-offs, their underlying
genetic mechanisms, environmental sensitivity, and natural
variation within C. elegans. We further briefly review nematode
life history within a broader phylogenetic context by discussing
the evolution of specific life history features in the genus
Caenorhabditis and major life cycle transitions in the phylum
Nematoda. Some life history topics are not discussed extensively
here because they are the subjects of several recent Wormbook ar-
ticles and other reviews, including plasticity in response to nutri-
ent availability (Baugh and Hu 2020), mating systems, and sexual
selection (Cutter et al. 2019), reproductive system evolution across
nematodes (Haag et al. 2018), and experimental evolution
(Teoténio et al. 2017). We also do not exhaustively discuss the ex-
tensive literature on C. elegans aging and lifespan, for which many
recent reviews already exist (Mack et al. 2018; Bayersdorf and
Schumacher 2019; Zhang et al. 2020; Scharf et al. 2021). Our aim
hereis to complement these existing works by integrating findings
from both molecular genetics and evolutionary ecological re-
search on C. elegans to address what is known about its life history
and what we can learn about life history traits, their genetics, and
evolution using Caenorhabditis nematodes.

Overview of C. elegans life history
Life cycle

C. elegans exhibits androdioecy (Fig. 1), with both hermaphrodites
and males coexisting. It evolved from a dioecious (or gonochoris-
tic) ancestor that had separate sexes for male and female modes

of reproduction (Kiontke and Fitch 2005; Kiontke, Félix et al.
2011). Hermaphrodites closely resemble females of dioecious
Caenorhabditis species, and male function is largely limited to a
transient period of spermatogenesis; hermaphrodites cannot
cross-fertilize (Hirsh et al 1976; Ward and Carrel 1979).
However, hermaphrodite self-fertilization (selfing) is the domin-
ant mode of reproduction, and males are rare under standard la-
boratory conditions and in natural populations (Hodgkin and
Doniach 1997; Barriere and Félix 2005a; Teoténio et al. 2006;
Rockman and Kruglyak 2009; Andersen et al. 2012; Richaud et al.
2018; Lee et al. 2021; Lim et al. 2021). Within Caenorhabditis, andro-
dioecy has evolved independently at least three times: C. elegans,
C. briggsae, and C. tropicalis are all partial selfers with outcrossing
ancestors (Kiontke and Fitch 2005; Kiontke, Félix et al. 2011,
Stevens et al. 2019). This transition in life history strategy has
significant consequences for demography and population
genetics and has been a central focus of life history research in
its own right.

C. elegans developmental time is rapid (Brenner 1974; Byerly
et al. 1976) and selfing hermaphrodites can produce hundreds of
offspring but cross-fertilization can more than double lifetime
production (Mendenhall et al. 2011). Typically, larger male sperm
consistently outcompete the smaller hermaphrodite sperm; and
as a consequence, resulting cross-progeny displays a sex ratio ap-
proaching 1:1 (Ward and Carrel 1979; LaMunyon and Ward 1998;
Cutter et al. 2019). A key feature of the C. elegans life cycle is the
adaptive, plastic response of larval phenotypes to environmental
cues (Fig. 1; Baugh and Hu 2020). Under high population density,
high temperature, or low food concentration, larvae develop
into an alternative third larval stage called dauer, a form of
diapause, common in diverse free-living nematode taxa of the
suborder Rhabditina (Cassada and Russell 1975; Ley 2006).
Developmentally arrested dauers are capable of surviving several
months in the absence of food (Cassada and Russell 1975), are
highly stress-resistant, and reflect the key dispersal stage of
Caenorhabditis nematodes (Frezal and Félix 2015). As soon as envir-
onmental conditions improve, larvae rapidly exit the dauer stage
and resume reproductive development. C. elegans dauer produc-
tion thus allows for environmentally cued developmental deci-
sions to reschedule the reproduction and survival trajectories in
stressful environments. We will discuss dauer formation, and
other phenomena of C. elegans life history plasticity, in more detail
in several sections of this review.

Ecology

C. elegans is a globally distributed, free-living microbivore and has
been isolated from diverse habitats and substrates, primarily
rotting plant matter such as fruits, flowers, plant stems, leaves,
compost, or invertebrates associated with these substrates (Félix
and Braendle 2010; Andersen et al. 2012; Frezal and Félix 2015;
Schulenburg and Félix 2017; Lee et al. 2021). Given the absence
of an apparent specificity for substrates or phoretic (dispersal)
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Fig. 1. Key life history trade-offs in C. elegans life cycle and ecology. The C. elegans life cycle includes 4 larval stages (L1-L4), and egg to adult development
time is ~3.5 days in optimal conditions at 20°C. However, under stressful conditions, individuals can enter the alternative dauer larval state and persist
for several months without food. In dauer, dispersal by phoretic associations with invertebrate carriers is facilitated by nictation, in which individuals or
cooperative aggregates wave from a high point on the substrate, such as the tip of a moss leaf. The dauer decision (1) represents a key trade-off in
C. elegans life history because investment in reproduction via the direct developmental trajectory comes at a potential cost to survival or migration to
a more favorable environment, and vice versa (described in Box 3). (2) Other trade-offs include the option to temporarily arrest at the L1 larval stage, (3)
the investment in spermatogenesis vs oogenesis during reproductive maturation (illustrated in Fig. 2), and (4) the degree of egg retention, which canlead
to matricidal hatching (described in Box 4). The C. elegans mating system consists of XX hermaphrodites and XO males; males result from nondisjunction
of the X chromosomes at meiosis or as descendants from crosses between hermaphrodites and males. The sex ratio (5) also reflects a trade-off, as it

affects the rates of the alternative modes of outcrossing vs selfing. The evolution of hermaphrodite sex determination and the androdioecious mating
system represents a major life history transition for C. elegans, C. briggsae, and C. tropicalis, all of which evolved from outcrossing ancestors. Created with

BioRender.com.

associations, C. elegans can be considered a generalist, colonizing a
wide range of ecological niches (Félix and Braendle 2010; Li et al.
2014). C. elegans occupies a variety of thermal niches, yet it is not-
ably absent or confined to high-altitude environments in tropical
regions with elevated temperatures (Evans et al. 2017; Lee et al.
2021). This observation is consistent with reports that C. elegans,
largely independent of geographic origin, shows optimal growth
at around 20°C and reproduction becomes compromised at rear-
ing temperatures above 25°C (Félix and Duveau 2012; Petrella
2014; Poullet et al. 2015; Evans et al. 2017; Frézal et al. 2018).

C. elegans exhibits a dynamic boom-and-bust lifestyle linked to
substrates that are generally highly ephemeral, occurring mostly
in the form of dauers interrupted by short reproductive phases
until food exhaustion on a given substrate (Félix and Duveau
2012; Schulenburg and Félix 2017). This model implies that rapid
population size expansion on rotting substrates is followed by
strong population bottlenecks, frequent extinction, and recolon-
ization events, mainly through the dispersing dauer stage (Félix
and Braendle 2010; Frezal and Félix 2015). Surveys of natural po-
pulations confirm this idea of temporally and spatially fluctuating
metapopulation dynamics with recurrent, often seasonal bottle-
necks (Barriére and Felix 2005b, 2007; Haber et al. 2005; Félix and
Duveau 2012; Petersen et al. 2015; Richaud et al. 2018). The
boom-and-bust cycle and associated metapopulation dynamics,
together with the consequences of predominant selfing and re-
cent selective sweeps, are key features determining population

structure and genetic diversity; their understanding is also essen-
tial to better understand the “real” C. elegans life cycle and to iden-
tify the most pertinent life history traits to study in the laboratory.

An idiosyncratic reproductive system:
androdioecy
Androdioecy is rare, both in animals and plants, and C. elegans’ pro-
tandrous form of sequential, self-fertile hermaphroditism is rarer
still (Pannell 2002; Weeks et al. 2006; Leonard 2019). This sequential
production of sperm and oocytes has been revealed to underlie a
key trade-off, and an especially elegant example of life history ar-
ticulated at the genetic, organismal, and population levels. During
germ cell development, the transition from sperm too oocyte pro-
duction isirreversible (Ellis 2010, 2022), hence the number of sperm
cells ultimately limits self-fecundity (Ward and Carrel 1979;
Hodgkin and Barnes 1991; Singson 2001; Cutter 2004). This is unlike
most other organisms, where the production of larger female ga-
metes typically limits fecundity (Bateman 1948; Charnov 1982).
However, it is generally thought that increasing sperm production
delays reproductive maturity (Hodgkin and Barnes 1991; Barker
1992; Cutter 2004; Chasnov 2011; Murray and Cutter 2011), such
that the sperm-oocyte switch governs the optimization of either
generation time or lifetime fecundity under selfing (Fig. 2).

The evolution of androdioecy and the primary selfing mode
of reproduction has substantially shaped the demography and
population genetics of C. elegans, C. briggsae, and C. tropicalis.
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Fig. 2. Sequential hermaphroditism confers a trade-off between growth rate and reproduction. a) During the L4 stage of hermaphrodite larval
development, germ cell progenitors (gray) undergo spermatogenesis (blue), then transition irreversibly to oogenesis (red). b) Consequently, the number of
sperm cells is fixed in the reproductively mature hermaphrodite, though oocytes continue to be produced throughout adulthood. In optimal laboratory
conditions, an exclusively self-fertilizing hermaphrodite produces ~250-350 sperm and the same number of lifetime self-progeny. In contrast, a mated
hermaphrodite may produce up to 500-1,000 offspring with sperm from the inseminating male, approximately double the lifetime reproductive success.
c) However, relative to a mutant with prolonged hermaphrodite sperm production and higher lifetime self-fecundity, the wild-type genotype begins
oogenesis sooner, begins egg-laying sooner, and exhibits faster population growth, as measured by time to food depletion (Hodgkin and Barnes 1991). d)
Consequently, the delay to oocyte production and reproductive maturation decreases fitness in an environment of resource exploitation, and theoretical
work demonstrates that growth rates under selfing are maximized by producing intermediate levels of sperm (Barker 1992; Cutter 2004; Chasnov 2011).
Sperm number in the C. elegans hermaphrodite is likely under strong selection to optimize this fitness trade-off, though experimental evolution
manipulating sperm count over different environmental conditions shows that the optimal sperm number is context dependent (Murray and Cutter

2011). Created with BioRender.com.

While outcrossing species exhibit high rates of heterozygosity and
inbreeding depression (Dolgin et al. 2007; Barriere et al. 2009; Dey
etal. 2012, 2013; Cutter et al. 2019; Teterina et al. 2023), these natur-
ally inbred species persist as homozygous clonal lineages, with rare
interbreeding (Richaud et al. 2018; Cutter et al. 2019), dramatically
greater capacity for dispersal, and broader geographic ranges
(Kiontke, Félix et al. 2011; Frezal and Félix 2015; Thomas et al.
2015; Stevens et al. 2019; Noble, Yuen et al. 2021). Likely arising
from its ability to self, which facilitates both dispersal and subse-
quent boom-and-bust cycles, C. elegans exhibits chromosome-level
selective sweeps, which explains itslow genetic diversity and strong
linkage disequilibrium relative to outcrossing species (Cutter and
Payseur 2003; Barriere and Félix 2005b; Cutter 2006; Rockman
etal. 2010; Andersen et al. 2012; Lee et al. 2021). However, as the evo-
lution of selfing has shaped the population genetics of C. elegans, it
has presumably also facilitated adaptive life history evolution as
this generalist species has colonized new habitats (Crombie et al.
2019; Lee et al. 2019, 2021; Zhang et al. 2021).

Though all organisms are idiosyncratic,c, we note that
androdioecy—and its biological consequences—can limit the
application of C. elegans to some questions. This may be particularly
true forlife history theory developed for obligately sexual organisms
(Roff 1992; Stearns 1992). Therefore, some theoretical assumptions
may not apply to, or be straightforwardly testable in, C. elegans. For
example, selfinginfluences therate of inbreeding depression, which
in turn can affect correlations among traits like the trade-offs pre-
dicted by aging theory (Carvalho et al. 2014; Teoténio et al. 2017;
Lesaffre and Billiard 2019). Additionally, life history theory on how
hermaphrodites optimally allocate resources toward male vs

female function (sex allocation) is not easily applicable to C.
elegans as most of this work has focused on simultaneous, rather
than sequential, hermaphrodites (Charnov 1982; Munday et al.
2006; Schéarer 2009; Hitchcock and Gardner 2023).

On the other hand, the androdioecious reproductive system of-
fers experimentalists exceptional utility for investigating life his-
tory topics that are challenging to explore in other organisms.
Facultative outcrossing and easy genetic transformation of
C. elegans hermaphrodites into females allows the experimental
manipulation of reproductive mode and sex ratios. This has been
a focus of experimental evolution studies, which we touch upon
briefly below and which is treated extensively in the Wormbook
chapter “Experimental Evolution with Caenorhabditis Nematodes”
(Teoténioetal. 2017). The fact that C. elegans strains are nearly com-
pletely isogenic is especially practical, for life history research and
beyond: they suffer no inbreeding depression (Cutter et al. 2019); are
ideally suited for classical forward and reverse genetics ap-
proaches, as exemplified by the groundbreaking research in aging;
are likewise highly amenable to contemporary methodologies in-
cluding high throughput phenotyping, RNA interference, and
gene editing and genome engineering (Dickinson and Goldstein
2016; Doitsidou et al. 2016; Azorsa and Arora 2018; Nance and
Frgkjeer-Jensen 2019; Le et al. 2020); and are optimized for studying
phenotypic plasticity across different environments, an essential
feature of life history. C. elegans natural homozygosity likewise
aids in trait mapping, though selfing also induces strong linkage
disequilibrium that impedes the ability to fine-map variants by as-
sociation using wild strains (Rockman et al. 2010; Andersen and
Rockman 2022).
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Finally, we also note that the independent evolution of
androdioecy in C. elegans, C. briggsae, and C. tropicalis offers an
attractive opportunity to dissect the evolutionary transitions
of reproductive modes, which we only briefly address below.
We direct the reader to the Wormbook chapter “Males,
Outcrossing, and Sexual Selection in Caenorhabditis Nematodes”
(Cutter et al. 2019). This review describes comparative insights
gained from the repeated evolution of androdioecy from a
gonochoristic ancestor; it also includes an in-depth treatment of
the genetic dissection of the C. elegans sex determination system
and how its experimental manipulation facilitates highly precise
tests regarding mating system variation and the role of males. The
Wormbook chapter “From ‘the Worm’ to the “‘Worms’ and Back
Again: The Evolutionary Developmental Biology of Nematodes”
(Haag et al. 2018) also reviews the genetics of sex determination
within the genus Caenorhabditis and the repeated evolution of
hermaphroditism.

Phenotypic plasticity of life history traits

Phenotypic plasticity describes the influence of the environment
in altering organismal development and phenotypic outcomes
(West-Eberhard 2003). Specifically, phenotypic plasticity is the
ability of a genotype to generate phenotypic variation in response
to variation in the environment, including across generations (e.g.
maternal effects). As life history traits tend to show strong envir-
onmental sensitivity (Price and Schluter 1991; Houle 1992;
Acasuso-Rivero et al. 2019), plasticity is a central concept in life
history evolution, relevant to the efficacy of natural selection
and rates of phenotypic evolution (Via and Lande 1985, 1987,
West-Eberhard 1986, 1989; Gillespie and Turelli 1989; Price et al.
2003). However, phenotypic plasticity may reflect both adaptive
and nonadaptive responses.

C. elegans developmental progression, life cycle decisions, and
quantitative life history traits such as fecundity and lifespan are
strongly contingent on environmental context, both biotic and
abiotic (Braendle et al. 2008; Schulenburg and Félix 2017; Baugh
and Hu 2020). Here, we focus on the plastic responses that have
been characterized in C. elegans with respect to dauer induction,
nutritional availability, and observations of transgenerational
plastic responses.

The dauer decision

The dauer decision is a critical point in the C. elegans life cycle
(Fig. 1) and reflects a clear example of a polyphenism: a plastic re-
sponse giving rise to distinct phenotypes with alternative morph-
ologies and life histories (Mayr 1963; Moran 1992; Nijhout 2003).
The decision point occursin the firstlarval stage and development
either proceeds toward reproductive maturity or begins differen-
tiation into dauer; the alternative trajectories represent either in-
vestment inimmediate reproduction or somatic maintenance and
dispersal.

The dauer larva possesses morphological and metabolic adap-
tations that confer resistance to various environmental stressors,
including prolonged starvation, desiccation, and extreme tem-
peratures (Cassada and Russell 1975; Klass and Hirsh 1976; Hu
2007; Baugh and Hu 2020). As in many other free-living nema-
todes, the dauer stage is the central dispersal stage, and dauer lar-
vae engage in a specialized waving behavior called nictation to
form phoretic associations with invertebrate carriers (Cassada
and Russell 1975; Lee et al. 2012). In nature, C. elegans likely persists
predominantly in the nonreproductive dauer stage, with repro-
ductive development occurring during brief, potentially

seasonally delineated periods when populations can proliferate
on ephemeral food sources.

The C. elegans dauer decision is distinguished by its exceptionally
thorough genetic characterization, rendering it one of the best-
characterized polyphenisms in animals (Hu 2007; Fielenbach and
Antebi 2008; Baugh and Hu 2020). Dauer induction is triggered by
small-molecule pheromones (ascarosides) and environmental
signals such as food type and quantity or temperature, perceived
by both the external sensory system and internal sensing of nutri-
tional status; dauer exit and reentry into reproductive development
occur when encountering conditions of increased food levels, low
pheromone, and low temperature (McGrath et al. 2011; Neal et al.
2015; O'Donnell et al. 2018). Integration of these sensory and endo-
crine signals occurs through evolutionarily conserved pathways,
including-p and insulin-like signaling (Fielenbach and Antebi 2008;
Antebi 2013). Ultimately, the regulation of dafachronic acids
(DAs), bile acid-like steroid hormones, acts as the central switch be-
tween alternative life cycles (Gerisch et al. 2001, 2007; Motola et al.
2006; Baugh and Hu 2020). For a detailed discussion of the genetics
controlling dauer regulation in C. elegans, we direct interested read-
ers to the reviews by Hu (2007), Fielenbach and Antebi (2008), and
Baugh and Hu (2020).

Responses to nutritional availability

C. elegans life history exhibits pronounced plasticity in response to
variation in nutritional availability even beyond the central dauer
switch (Baugh and Hu 2020; Mata-Cabana et al. 2021; Rashid et al.
2021). For example, newly hatched larvae in food-scarce environ-
ments may pause development at the L1 stage and undergo meta-
bolic changes that enhance stress resistance. This arrest enables
larvae to endure for days to weeks before resuming development
upon feeding (Baugh and Hu 2020; Jordan et al. 2023). Acute
starvation also induces developmental arrest at later stages, and
starvation in late larvae or adults leads to marked changes in
reproductive physiology and a reversible quiescent state, some-
times termed adult reproductive diapause (ARD) (Angelo and
Van Gilst 2009; Seidel and Kimble 2011; Schindler et al. 2014;
Gerisch et al. 2020).

Moreover, intermittent starvation and milder forms of nutrient
stress duringlarval development will significantly affect many life
history traits expressed later in life, including body size, repro-
ductive success, and lifespan (Jobson et al. 2015; Webster et al.
2022; Jordan et al. 2023). Similarly, passage through the dauer
stage may modulate germline and somatic development, leading
to changes in adult reproductive life history (Kim and Paik 2008;
Ow et al. 2018, 2021; Webster et al. 2018). The extent to which plas-
ticity in these life history phenotypes represents an adaptive
response remains often unclear. However, the mechanisms co-
ordinating nutrient availability, developmental progression, and
quiescence involve shared nutrient-sensing and metabolic pro-
cesses through conserved signaling pathways, including target
of rapamycin insulin-like, and nuclear hormone receptor (NHR)
signaling (Antebi 2013; Baugh and Hu 2020). Taken together, this
research underlines the presence of extensive plasticity of C.
elegans development and reproduction in response to the environ-
ment, and how specific environmental factors can instruct devel-
opmental decisions. This research also highlights that the C.
elegans germline is remarkably plastic—in contrast to the stereo-
typed, near-invariant somatic lineage—and exhibits changes in
germ cell proliferation, meiotic progression, timing of the
sperm-oocyte switch, and apoptosis and quiescence in response
to environmental variation (Korta and Hubbard 2010; Pekar et al.
2017; Hubbard and Schedl 2019; Baugh and Hu 2020; Fausett
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et al. 2021; Aprison, Dzitoyeva, Angeles-Albores et al. 2022;
Aprison, Dzitoyeva, Ruvinsky 2022).

Nutritional cues further influence a multitude of acute
C. elegans behaviors (Bargmann 2006). Starvation and low food
quality, for example, inhibit egg-laying activity in C. elegans,
leading to egg retention (bagging) and, ultimately, to the hatching
of larvae within the uterus (Maupas 1900; Chen and Caswell-Chen
2003). This phenomenon of environmentally induced matricidal
hatching in stressful environments potentially represents a mech-
anism of maternal resource provisioning (Chen and Caswell-Chen
2003, 2004) or maternal protection (Vigne et al. 2021; Mignerot et al.
2024).

Responses to the microbial and chemical
environment

In addition to food availability and quantity, C. elegans develop-
ment, metabolism, and life history are sensitive to variations in
the type and composition of microbial food source provided
(Schulenburg and Félix 2017). Changing the typical laboratory
diet of Escherichia coli (strain OP50) to other bacteria, including bac-
teria naturally associated with C. elegans, has diverse effects, ran-
ging from highly deleterious pathogenic effects to more subtle
quantitative effects that modify suites of life history traits
(Samuel et al. 2016; Schulenburg and Félix 2017; Zhang et al.
2017; Dirksen et al. 2020). Various taxon-specific bacterial metabo-
lites have been identified that alter diverse life history traits, such
as age at maturity and lifetime reproductive success (Virk et al.
2012; Gusarov et al. 2013; MacNeil et al. 2013; Watson et al. 2014).
In several cases, the perception of bacterial diets through olfac-
tory neurons alone can prove substantial enough to significantly
modify the reproductive life history of C. elegans (Sowa et al.
2015; Mishra et al. 2023) as well as lifespan (Maier et al. 2010).

Signaling via neuronal perception of chemical stimuli also
modulates C. elegans life history in response to interactions with
conspecifics. Pheromonal communication via secreted small mo-
lecules such as ascarosides plays diverse roles in inducing various
life history responses (Ludewig 2013; Park et al. 2019 ). For ex-
ample, population-density-related levels of these signaling mole-
cules both guide the dauer decision and modulate the speed of
hermaphrodite reproductive development and onset of maturity
(Ludewig et al. 2017, 2019; Perez et al. 2021). In addition, male
pheromone signals can alter diverse aspects of hermaphrodite re-
productive physiology, with the potential to confer both presumed
costs and benefits for alternative life history traits (Wong et al.
2020; Aprison, Dzitoyeva, Angeles-Albores et al. 2022; Angeles-
Albores et al. 2023).

Plastic responses across generations

The effect of the environment on C. elegans life history traits may
persist across generations (Perez and Lehner 2019; Baugh and Day
2020). Factors such as osmotic stress, hypoxia, starvation, expos-
ure to pathogens, and maternal physiology and age can modify
offspring life history traits as maternal or grandmaternal effects
(Dey et al. 2016; Baugh and Day 2020; Burton et al. 2020, 2021,
Perez et al. 2021). For example, starvation or dietary restriction
will cause hermaphrodites to produce larger (but fewer) embryos,
suggestive of enhanced offspring provisioning under nutrient
stress (Harvey and Orbidans 2011; Hibshman et al. 2016). This ef-
fect is mediated by insulin-like signaling to upregulate vitello-
genin (yolk) provisioning of oocytes in response to nutrient
stress and may be adaptive, as offspring exhibit improved starva-
tion resistance, developmental integrity, and reproductive suc-
cess (Hibshman et al. 2016; Jordan et al. 2019). This phenomenon

is further modulated by maternal age in the absence of dietary re-
striction (Perez et al. 2017), an indication, along with other studies
on C. elegans reproductive aging (Luo and Murphy 2011; Scharf
etal. 2021), that maternal age itself can influence offspring quality
independently of changes in the external environment. Maternal
effects may be especially likely to evolve in fluctuating environ-
ments (Dey et al. 2016); the environment and cues about it in the
maternal generation shape the type of maternal effect that can
evolve (Proulx and Teoténio 2017).

Beyond maternal (and grandmaternal) effects, C. elegans exhi-
bits evidence of plastic responses persisting transgenerationally,
over 3 or more generations. Work in C. elegans has been ground-
breaking in elucidating mechanisms of transgenerational epigen-
etic inheritance, with especially significant characterization of
the role of small RNAs in mediating gene expression and germline
function (Perez and Lehner 2019; Baugh and Day 2020). However,
for the field of life history evolution, the outstanding question is
whether transgenerational epigenetic inheritance plays a role in
plastic responses that are both environmentally induced and
adaptive. For adaptive plasticity to evolve as a transgenerational
response, conditions likely require fluctuating environmental fac-
tors that would favor an anticipatory response, which theory and
experimental evolution support in C. elegans (Dey et al. 2016;
Proulx and Teoténio 2017; Proulx et al. 2019).

The genetic basis of life history variation

As with all traits, the evolution of diverse life history strategies
arises from heritable variation in the wild (Fisher 1930; Roff
1992; Stearns 1992; Falconer and Mackay 1996; Walsh and Lynch
2018). While elucidating the genetic basis of intraspecific trait
variation is a central aim of evolutionary genetics in general
(Walsh and Lynch 2018), this pursuit can be especially challenging
for life history traits, for several reasons: (1) as described above,
life history traits may be especially plastic in the face of environ-
mental variation, leading to extensive phenotypic variation in the
absence of genetic differences; (2) life history traits may be more
likely to be polygenic, with potentially many genetic variants
each contributing small effects; and (3) such complex traits are
also frequently influenced by interactions within and between
genetic loci (dominance and epistasis), by the dependency be-
tween alleles and the external environment (genotype-by-
environment interactions, GxE), and by stochastic processes
(Houle 1992; Walsh and Lynch 2018).

C. elegans research has substantially advanced our understand-
ing of the genetic basis of variation in reproductive phenotypes,
longevity, developmental timing, and other life history traits, es-
pecially in the last decade with the accessibility of hundreds of
whole-genome-sequenced wild strains (Crombie et al. 2024).
C. elegans exhibits heritable phenotypic variation in essentially
every trait that has been measured, providing rich opportunity
to examine the ecological, physiological, and molecular genetic
aspects of life history variation in a well-established developmen-
tal model system.

Heritable variation is observed when wild genotypes, reared in
thelab under the same conditions, exhibit phenotypic differences.
Many studies have sought to uncover the genetic basis for this
variation, either by mapping the causal regions, potentially to
the nucleotide level, or by revealing the nature of genetic architec-
ture more generally, such as the number of contributing variants
and their dependence on each other or on the environment in trait
expression. In this section, we describe what we know about the
genetic basis of life history variation, first by detailing what we
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have learned over the evolution of quantitative genetic ap-
proaches, then by summarizing insights about the complex genet-
ic architecture of life history components. We conclude by
summarizing insights gleaned from 2 related endeavors, experi-
mental evolution and the study of laboratory adaptation.

Lessons learned from early quantitative analyses
of life history variation

C. elegans researchers aiming to uncover genetic determinants of
lifespan were among the first to investigate the genetic basis of
natural variationin C. elegans, and conducted the first quantitative
trait locus (QTL) analysis (Johnson and Wood 1982). This study in-
dicated that lifespan has a heritable, genetic component, and
other early mapping experiments pursuing lifespan simultan-
eously considered related life history traits including develop-
ment rate, aspects of fertility and fecundity, age of sexual
maturation, and population growth rate, all of which exhibited
natural genetic variation (Ebert et al. 1993; Johnson and
Hutchinson 1993; Brooks et al. 1994; Shook et al. 1996; Shook and
Johnson 1999). These approaches employed linkage analysis to
identify genomic regions contributing to phenotypic differences,
or QTL, between 2 strains; in these early studies, the strains
were the reference strain N2 and the “Bergerac” strain BO.
Linkage analysis is performed by phenotyping an established set
of recombinant inbred lines, or RILs, derived from the F2 gener-
ation of the parental cross [for comprehensive primer on linkage
mapping and other mapping approaches in C. elegans, we direct
the reader to Andersen and Rockman (2022)]. While these studies
paved the way for quantitative genetic studies in C. elegans, their
significance was limited as the BO strain from Bergerac is a muta-
tor strain, with an unusually high copy number of Tc1 transposons
and strong genetic and phenotypic instability (Gaertner and
Phillips 2010; Daigle et al. 2022).

Subsequent quantitative trait analyses in C. elegans were heav-
ily based on mapping panels derived from N2 and the genetically
divergent Hawaiian strain CB4856, which enabled the mapping of
numerous life history traits including fecundity, growth rate, body
size, dauer formation, and lifespan (Gutteling, Doroszuk et al.
2007; Gutteling, Riksen et al. 2007; Rodriguez et al. 2012; Green
et al. 2013, 2014; Andersen et al. 2014, 2015; Stastna et al. 2015;
Zhu et al. 2015). The large number of strains and the randomized
distribution of variants at intermediate frequency within panels
offered improved power for mapping life history traits, which
can be labor-intensive to measure or sensitive to environmental
variation (Andersen and Rockman 2022). However, some of the
most dramatic life history differences between N2 and CB4856
have been explained by highly pleiotropic effects of N2-specific
alleles in several genes (e.g. npr-1, glb-5, nath-10) (McGrath et al.
2009; Duveau and Félix 2012; Andersen et al. 2014; Sterken et al.
2015; Evans et al. 2021). These likely arose in the N2 lineage under
long-term adaptation to laboratory settings, as we describe in
more detail below.

Improved trait mapping through natural genetic
diversity

The availability of newly isolated wild strains, including strains
with increasingly divergent genomes (Cook et al. 2017; Crombie
etal. 2024), significantly advanced mapping opportunities by mak-
ing it possible to perform genome-wide association analyses and
construct more advanced mapping resources, including panels
derived from multiple parents (Andersen and Rockman 2022).
They also allowed a wider scope of intraspecific variation to be
surveyed. Unlike linkage mapping, which operates on variation

derived from crosses in the laboratory, usually between 2 strains,
genome-wide association mapping is performed on a collection of
wild strains. C. elegans confers both advantages and disadvantages
in association mapping: as strains are naturally isogenic and
homozygous, they are easily replicated without inbreeding
depression, an advantage over many other metazoan systems
(Lynch and Walsh 1998 ; Charlesworth and Willis 2009). On the
other hand, the strong linkage disequilibrium arising from the
predominance of selfing in the wild impedes fine-scale resolution
of causal regions (Rockman et al. 2010; Andersen and Rockman
2022; Widmayer et al. 2022), so identification of specific variants
requires following association analyses with labor-intensive can-
didate gene and introgression efforts (Andersen and Rockman
2022). One recent study (Zhang et al. 2021) evaluated natural
variation in fecundity in over 100 strains and showed that the
associated genomic regions correlate with chromosome-scale se-
lective sweeps that shape the global C. elegans population struc-
ture. This important finding suggests that the historically recent
and rapid expansion of C. elegans across the globe involved marked
changes in life history, likely linked to adaptive changes in repro-
ductive development to optimally exploit novel, substrate-rich
habitats of predominantly human-associated habitats (Crombie
et al. 2019; Lee, Zdraljevic, Cook et al. 2019; Lee, Zdraljevic,
Stevens et al. 2021; Zhang et al. 2021).

From QTL to QTV

For researchers studying the genetic basis of natural variation, the
gold standard has always been to identify the causal mutations at
the nucleotide level. There has also been a persistent call to open
up the “black box” of molecular, developmental, and physiological
mechanisms that underlie the proximal regulatory mechanisms
governing life history variation (Riska 1989; Leroi 2001; Roff 2007;
Flatt and Heyland 2011). Given its dominance in molecular and de-
velopmental genetics, C. elegans offers valuable access, and one
point of entry is to resolve the mapped genomic regions down to
the quantitative trait variants (QTVs). The availability of the wild
strain collections and the advances in quantitative genetic ap-
proaches have made this a realistic goal for many studies, typically
achieved by isolating putative subregions in near-isogenic lines
(NILs) and transgenic validation of the candidate molecular var-
iants (Evans et al. 2021). Diverse QTV for life history attributes in-
cluding dauer induction, fecundity and competitive fitness, and
growth and body size have now been identified (Evans et al. 2021).
We describe 2 exemplars of QTV mediatinglife history, the propen-
sity to enter dauer (Box 3) and changes in egg-laying behavior that
underlie constitutive matricidal hatching (Box 4).

However, even as studies like these offer valuable insight into the
functional aspects of trait variation and evolution, it remains un-
clear how much QTV discovery can teach us about the wider princi-
ples of phenotypic evolution in natural populations. To the extent
that phenotypic evolution occurs through complex polygenic
changes with individually minor effects (Fisher 1918; Barton et al.
2017; Walsh and Lynch 2018), QTV discovery does not directly
elucidate the broader patterns of polygenicity, epistasis, or gene-
by-environment interactions. For one, QTV identification is labor-
intensive; studies often identify multiple QTLs but map only 1 or 2
of the largest effects. For another, we are still best powered to un-
cover the largely additive variants of major effects (Rockman 2012 ).

For example, 2 classes of results have dominated the discovery
list of QTV for life history traits. One is the laboratory-adapted al-
leles in the N2 background, as mentioned above and described in
detail below. The other is variants that tend to be rare in the
population and induce detrimental effects on life history (Evans
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Box 3. The molecular basis of natural variation in C. elegans
dauer formation

Wild C. elegans strains exhibit extensive variation in the
propensity to form dauers in response to environmental factors
(Viney et al. 2003; Diaz and Viney 2015; O'Donnell et al. 2018; Lee
et al. 2019; Billard et al. 2020), and numerous studies have
evaluated the genetic basis for this variation. Using
recombinant inbred lines derived from crosses between the
laboratory strain N2, which is responsive to environmental
cues, and wild strain DR1350 or CB4856, which are less
responsive, variation was mapped to 3, 24, or 36 genomic
regions (Harvey et al. 2008; Green et al. 2013, 2014);
fine-mapping on chromosome II identified 2 regions with
opposing effects within CB4856 (O’'Donnell et al. 2018). Some of
the mapped regions were shared across studies (Green et al.
2014), but differences in experimental design, including the
environmental context for dauer induction as well as strain
identity, demonstrate substantial complexity in the genetic
determinants of dauer plasticity.

In a genome-wide association analysis of 157 wild strains,
Lee et al. (2019) mapped differences in response to a dauer
pheromone component to 4 genomic regions, 1 of which was
resolved to the molecular level: indel variants in 2 pheromone
receptor genes, srg-36 and srg-37. These deletion variants
represent putative loss-of-function alleles and likely confer
reduced pheromone sensitivity, yet occur naturally in 57 wild
strains. As the srg-37 deletion allele co-occurs with the
alternate (nondeletion) allele in multiple populations,
balancing selection may contribute to the maintenance of this
polymorphism. Across the global strain collection, strains
carrying the srg-37 deletion allele were found to be more
prevalent in human-associated, microbe-rich habitats such as
rotting fruit or compost. Thus, the natural srg-37 deletion may
have emerged recently from ancestral populations and spread
globally, driven by opportunities in emerging ecological niches
by conferring a fitness advantage associated with (or in spite of)
reduced pheromone sensitivity (Lee et al. 2019). Notably,
deletion variants in srg-36 and srg-37 were also discovered to be
favored during laboratory adaptation at high density (McGrath
et al. 2011).

The mechanisms underlying natural variation in dauer
induction go beyond differences in pheromone reception. The
wild strain JU751 exhibits enhanced propensity to enter dauer,
and QTL mapping using F2 recombinant inbred lines derived
from a cross between JU751 and a wild isolate with typical
dauer induction identified a 92-bp deletion in the presumptive
promoter region of the gene eak-3 (Billard et al. 2020). eak-3 was
previously discovered to modulate insulin-like signaling and
affect dauer via the steroid hormone dafachronic acid, the
central downstream component controlling the binary dauer
decision (Zhang et al. 2008). The eak-3 deletion causes
constitutively reduced levels of dafachronic acid, thus lowering
the environmental sensitivity threshold for dauer induction
(Billard et al. 2020). Evolution of increased environmental
sensitivity in the dauer decision by hormone level modulation
is a surprising discovery, since constitutive hormonal changes
should have pleiotropic effects (Gerisch et al. 2001; Schaedel
et al. 2012; Antebi 2013). Indeed, the eak-3 variant was found to
delay postembryonic reproductive growth in favorable
conditions, delaying the age at reproduction by several hours,
and was rapidly outcompeted in environments promoting
reproductive growth. Assuming the deletion provides a fitness
advantage in stressful environments, this variant represents a
trade-off between developmental timing and the
environmental sensitivity of a plasticity switch (Billard et al.
2020) and reinforces the expectation that hormonal pleiotropy
may engender trade-offs in life history (Finch and Rose 1995;
Bourg et al. 2019).

et al. 2021). These also often turn out to be related to male
function (Andersen and Rockman 2022). For example, males
with a rare allele of the transcription factor mab-23 cannot mate
(Hodgkin and Doniach 1997; Lints and Emmons 2002), males

carrying a retrotransposon-induced loss-of-function allele of plg-
1 do not deposit copulatory plugs on the hermaphrodite vulva
after mating (Palopoli et al. 2008), males with a loss-of-function al-
lele of plep-1 deposit plugs on the excretory pores of other males
(Noble et al. 2015). In these cases, the relaxed selection on male
function likely failed to purge these deleterious, large-effect var-
iants from the population.

Other examples may similarly represent relatively rare cases of
variation, possibly arising from deleterious losses of function.
Temperature-sensitive sterility in the BO strain is explained by
mutations in zyg-12 (Fatt and Dougherty 1963; Malone et al.
2003), and a rare deletion in set-24 is largely responsible for the
mortal germline phenotype, which also induces sterility over ex-
tended exposure to high temperature, in the strain MY10 (Frézal
et al. 2018). Further, while sex determination is essentially invari-
ant within C. elegans, mating system evolution into androdioecy by
the female acquisition of sperm function likely occurred by few,
but very dramatic, genetic changes (Ellis and Lin 2014; Haag
et al. 2018; Cutter et al. 2019; Ellis 2022). These discoveries, though
groundbreaking, may not capture the nature of the majority of
heritable variation in life history in contemporaneous popula-
tions. In the next section, we describe evidence for significant
complexity in the genetic basis for life history variation.

Polygenicity, hidden effects, and epistasis

Genetic architecture refers to structural aspects of the genetics of
phenotypic variation, including the number of contributing var-
iants (degree of polygenicity) and their effect sizes, frequency in
the population, and dependencies on each other (epistasis) and
on the environment (GxE). Life history components including fe-
cundity, growth rate, body size, dauer formation, lifespan, repro-
ductive timing, and male production have routinely been shown
to have a polygenic basis (Gutteling, Doroszuk et al. 2007;
Gutteling, Riksen et al. 2007; Rodriguez et al. 2012; Green et al.
2013, 2014; Andersen et al. 2014, 2015; Stastna et al. 2015; Zhu
et al. 2015; Lim et al. 2021; Zhang et al. 2021), as expected for com-
plex traits (Houle 1992; Mackay et al. 2009). Yet, mapping studies
have also frequently detected large-effect regions that essentially
behave in discrete, Mendelian-like fashion (Evans et al. 2021).
Some of these are signals of valid large-effect QTV of evolutionary
consequence, as described above. However, others may masquer-
ade as individual contributions with large effect but mask hidden
complexity.

For example, linkage mapping with RIAILs derived from N2 and
CB4856 identified multiple large-effect loci associated with
growth and reproduction, but NILs derived from the same strains
varying over just a small interval on the X chromosome revealed
effects similar in magnitude; if such effects were distributed
over the whole genome, the RIAILs should have captured far
greater phenotypic variance (Bernstein et al. 2019). These results
are explained by the existence of numerous variants of opposing
effect and lend strong support for the polygenic model of complex
trait variation (Mackay et al. 2009; Boyle et al. 2017; Yengo et al.
2022), and in particular the pervasiveness of tightly linked antag-
onistic loci (Brown et al. 2016; Metzger and Wittkopp 2019;
Schoech et al. 2020). These findings are a reminder to be mindful
of making inferences about genetic architecture, given that
many quantitative genetic approaches will be limited in their cap-
acity to detect effects beyond those that are moderate-to-large
and additive, i.e. expressed independently of other loci.

In fact, both molecular and evolutionary genetic research sug-
gest that epistasis between alleles at different loci contributes sig-
nificantly to variation in complex phenotypes like life history
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Box 4. The molecular basis of reproductive life history
variation via changes in egg-laying behavior

C. elegans egg laying can be inhibited by exposure to stressors,
including starvation, hypoxia, thermal stress, osmotic stress, or
pathogens (Schafer 2005). If stress exposure persists, it can
trigger significant intrauterine retention of fertilized eggs,
inducing larvae to hatch and undergo development within the
mother. This phenomenon, known as matricidal hatching or
facultative viviparity, ultimately leads to premature maternal
death (Maupas 1900; Trent 1982; Chen and Caswell-Chen 2003,
2004). Despite this cost, the progeny may benefit from this
behavioral change in food-scarce or stressful environments
(Vigne et al. 2021; Mignerot et al. 2024).

Natural C. elegans strains exhibit considerable variation in
the levels of egg retention and subsequent matricidal hatching
in response to environmental factors (Vigne et al. 2021;
Mignerot et al. 2024). In the most extreme case, strains retain
eggs even under benign standard food conditions and therefore
exhibit constitutive matricidal hatching. Mapping one of these
variants, Vigne et al. (2021) identified the causative molecular
change as a single-nucleotide mutation leading to an amino
acid substitution in the calcium-activated potassium channel
kenl-1 gene. This gain-of-function variant causes vulval muscle
hyperpolarization that reduces egg-laying activity, leading to
constitutively strong egg retention, internal hatching, and
premature maternal death. Reversion to the canonical
sequence of the KCNL-1 protein restores typical egg-laying,
resulting in a 2-fold increase in lifetime offspring production.

Despite its deleterious fitness consequences, the kncl-1
variant has been observed at low frequency across multiple
populations and was isolated repeatedly across more than 15
years (Vigne et al. 2021; Mignerot et al. 2024). Competition
experiments using reciprocal single-nucleotide allelic
replacement lines showed that this variant can be maintained
when the window of reproduction is restricted to early adult life
or under conditions of fluctuating stress and nutrient
availability, which may better resemble the ephemeral
structure of the natural C. elegans habitat (Vigne et al. 2021). A
more comprehensive examination of natural variation in egg
retention, beyond the role of the kenl-1 variant, further
demonstrated that increased egg retention in C. elegans is
disadvantageous for mothers due to reduced survival and
fertility but can confer benefits to their offspring.

Specifically, extended retention of eggs before layingleads to
improved protection against environmental insults for the
offspring and a competitive advantage arising from a
significantly reduced extra-uterine egg-to-adult
developmental time: longer-retained embryos hatch sooner,
develop to reproductive maturity sooner, and outcompete
shorter-retained embryos laid at the same time. Observed
natural variation in C. elegans egg retention may, therefore,
reflect a trade-off between fitness components expressed in
mothers versus offspring (Mignerot et al. 2024).

traits (Cheverud and Routman 1995; Phillips 2008; Campbell et al.
2018), including in C. elegans (McGrath et al. 2009; Gaertner et al.
2012; Pollard and Rockman 2013; Glater et al. 2014; Large et al.
2017; Noble et al. 2017; Gao et al. 2018; Brady et al. 2019; Sterken
et al. 2020; Fausett et al. 2023). This was clearly illustrated by the
C. elegans multiparental experimental evolution (CeMEE) panel,
in which inbred lines were derived from the hybridization of 16
wild parents followed by experimental evolution for up to 190 gen-
erations (Noble et al. 2017; Noble, Rockman et al. 2021). The phe-
notyping of several hundred CeMEE lines for 2 partly correlated
life history traits, fertility, and adult body size, did not detect
any additive QTL despite excellent mapping resolution to detect
loci of small effect. Instead, ~40% of the variance in fertility was
attributed to epistatic and strongly polygenic interactions.
Notably, all pairwise interactions among loci exhibited sign

epistasis, such that the phenotypic effects of a given QTL were re-
versed in the presence of another (Noble et al. 2017). The capacity
of the CeMEE panel to detect such epistatic interactions, as well as
additive small-effect loci, significantly advances our potential to
resolve questions of genetic architecture and identify relevant
variants in C. elegans. Caenorhabditis nematodes also hold signifi-
cant promise for unraveling the nature of epistatic interactions
between nuclear and mitochondrial components (Estes et al.
2023). Such mitonuclear interactions exhibit natural variation
and contribute to variation in diverse life history phenotypes
(Estes et al. 2011; Zhu et al. 2015, 2019; Bever et al. 2022).

Genotype-by-environment interactions

Life history traits vary by both genotype and environment; they
also tend to exhibit substantial genetic variation in how they re-
spond to the environment (Lynch and Walsh 1998). Significant
GxE interactions are routinely observed for C. elegans life history
traits (Braendle et al. 2008; Schulenburg and Félix 2017; Baugh
and Hu 2020; Evans et al. 2021). For example, C. elegans strains cul-
tured at varying temperatures show marked differences in ther-
mal plasticity for fertility decay, fecundity, age at maturity,
growth rate, and body size (Gutteling et al. 2007; Harvey and
Viney 2007; Kammenga et al. 2007; Anderson, Albergotti et al.
2011; Petrella 2014; Poullet et al. 2015; Evans et al. 2017; Frézal
etal. 2018; Maulana et al. 2022). Mapping the expression of growth
and size phenotypes across a temperature gradient, a recent study
demonstrated that some of the same loci that affect trait variation
within environments may also affect plasticity across environ-
ments (Maulana et al. 2022). These observations of pervasive GXE
reinforce our understanding of life history traits as highly com-
plex and context dependent, and the importance of including en-
vironmental context in both experimental design and inferences
about fitness.

Trait correlations

Phenotypic correlation occurs when traits covary among indivi-
duals, and traits exhibit genotypic correlation if the relationship
is heritable. The presence of genotypic correlations between traits
indicates that they cannot evolve independently, and negative
correlations are of particular interest because they may indicate
trade-offs (Cheverud 1988; Falconer and Mackay 1996).
Identifying trait correlations and elucidating their genetic basis
is consequently a central aim of life history research (Houle
1991; Roff 1992; Stearns 1992; Roff and Fairbairn 2007; Chebib
and Guillaume 2017). Specifically, we would like to know the ex-
tent to which trait correlations manifest by pleiotropic effects of
individual loci vs linkage between loci that act separably on 2 or
more traits. Although this problem has long been recognized,
our understanding of the mechanistic basis of life history trade-
offs in experimental and natural populations is still surprisingly
limited (Riska 1989; Houle 1991; Ketterson and Nolan 1992;
Anderson, Reynolds et al. 2011; Flatt and Heyland 2011; Hughes
and Leips 2016; Billard et al. 2020). However, C. elegans MA experi-
ments indicate that most deleterious new mutations act pleiotro-
pically, affecting virtually all fitness components and leading to
positive mutational correlations (Vassilieva and Lynch 1999;
Knight et al. 2001; Azevedo et al. 2002; Baer et al. 2005; Estes et al.
2005; Ostrow et al. 2007).

Insights from experimental evolution

Experimental evolution involves observing the real-time evolu-
tion of traits under defined conditions (Garland and Rose 2009).
For life history research, it has played a central role in elucidating
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the genetic basis of trait variation and correlations among fitness
components, and over the past 2 decades, C. elegans has become
established as an experimental evolution model and generated
unique insights into the dynamics governing life history adapta-
tion (Gray and Cutter 2014; Teoténio et al. 2017). Leveraging the
ease by which the C. elegans sex ratio and mating system can be
genetically altered, experimentalists have examined the selective
forces shaping transitions between outcrossing and selfing to
show that adaptation (in genetically diverse populations) general-
ly occurs through standing genetic variation rather than novel
mutations, and that high levels of outcrossing can be maintained
over time in diverse environmental regimes (Morran et al. 2009;
Anderson et al. 2010; Teotonio et al. 2012; Masri et al. 2013;
Guzella et al. 2018). A caveat to all experimental evolution, how-
ever, is whether the findings are straightforwardly relevant to nat-
ural populations. For example, particular ecological conditions
may favor the evolutionary transition from outcrossing to selfing
through selection for reproductive assurance (Theologidis et al.
2014), 1.e. the capacity for autonomous reproduction that ensures
persistence in environments where potential mates are scarce
(Stebbins 1957).

Artificial selection, in which the experimenter (rather than the
experimental environment) selects individuals with specific
phenotypic values, has also been pivotal in life history research
(Garland and Rose 2009), specifically with regard to observing cor-
related responses to selection to elucidate life history trade-offs.
This approach has only rarely been employed in C. elegans
(Azevedo et al. 2002), in contrast to the rich artificial selection lit-
erature in Drosophila (Prasad and Joshi 2003; Flatt 2020).

C. elegans has, however, been used extensively in MA studies, a
mode of experimental evolution that captures the fitness conse-
quences of spontaneous mutations (Teoténio et al. 2017). MA ex-
periments minimize selection by isolating and maintaining
replicate MA lines, which are subjected to repeated severe bottle-
necks across many generations. This arduous task is facilitated in
C. elegans as a single hermaphrodite larva can be transferred from
1 generation to the next. MA experimentsin C. elegans have yielded
insight into the mutational decay of fitness and the mutational
variances and covariances for life history traits such as self-
fertility, developmental time, age at maturity, competitive fitness,
and body size (Keightley and Caballero 1997; Vassilieva and Lynch
1999; Denver et al. 2000; Peters and Keightley 2000; Peters et al.
2003; Baer et al. 2005; Estes et al. 2005; Baer 2008; Salomon et al.
2009). While mutational responses differ across traits, genotypes,
and species, life history traits decay rapidly in the absence of se-
lection; as expected, they decay more rapidly than other traits.
In C. elegans, overall fitness is estimated to decrease at a rate of
~0.1% per generation (Keightley and Caballero 1997; Vassilieva
and Lynch 1999; Baer et al. 2005). The rate and distribution of
mutational effects on fitness thus also provide insights into the
genetic trait architecture underlying life history phenotypes
(Eyre-Walker 2010; Gilbert et al. 2022).

Life history evolution via inadvertent laboratory
adaptation

While the reference strain N2 is by far the predominant subject in
C. elegans laboratories, its biology is unique and atypical within the
species, strongly shaped by the process of laboratory adaptation
(Sterken et al. 2015). While perhaps disquieting to some in the
community, this discovery has generated valuable insights into
the domestication syndrome, in particular how molecular
changes have modulated behavior and life history traits to in-
crease fitness in the specific environment of the laboratory

(McGrath et al. 2009, 2011; Weber et al. 2010; Duveau and Félix
2012; Andersen et al. 2014; Sterken et al. 2015; Large et al. 2016,
2017; Crombie et al. 2022). Most notably, the well-characterized
N2 allele of the neuropeptide receptor gene npr-1 causes unique
behavioral phenotypes and a distinct life history by affecting de-
velopmental time, age at maturity, and fecundity (Gloria-Soria
and Azevedo 2008; Weber et al. 2010; Andersen et al. 2014). The ef-
fects of the N2 npr-1 allele and another N2-specific allele, in the
gene glb-5, are highly pleiotropic and cause changes in behavior
and energy homeostasis that are ultimately responsible for the
enhanced fitness of N2 in laboratory conditions (Zhao et al. 2018).

The strain LSJ2, originally derived from N2 and maintained in
high-density axenic liquid culture for a period of 50 years, likewise
exhibits strong life history adaptation to its artificial environment
(McGrathetal 2011; Large et al. 2016, 2017; Xu et al. 2019; Zhao et al.
2020). LSJ2 has a strongly reduced sensitivity to dauer-inducing
pheromone, the main environmental cue inducing dauer forma-
tion at high population density; in the liquid environment, high
pheromone concentration was no longer predictive of food
exhaustion and entering the dauer stage would thus have been
detrimental. The insensitivity in LSJ2 arises from the loss of 2
chemoreceptor genes, the G-protein coupled receptors srg-36
and srg-37 (McGrath et al. 2011). In a fascinating instance of paral-
lel evolution, deletions in the 2 srg genes were also found to have
occurred in multiple independently derived lines under adapta-
tion to liquid culture, not only in C. elegans but in the distantly re-
lated C. briggsae as well (McGrath et al. 2011). Even more
remarkable is the fact that deletions affecting the same chemo-
receptor genes also modulate variation in sensitivity to phero-
mone in natural C. elegans populations (Lee et al. 2019), as
mentioned above (Box 3).

Reminiscent of the large effect of the N2 npr-1 allele, LSJ2 exhi-
bits additional differences from N2, ranging from sperm size to re-
productive timing, most of which were mapped to mutations in
the chromatin remodeling factor nurf-1 (Large et al. 2016, 2017;
Gimond et al. 2019; Xu et al. 2019). The nurf-1 variant provides a fit-
ness advantage in the novel liquid environment compared to the
ancestral laboratory conditions of solid medium (Large et al. 2016,
2017). Notably, this major-effect variant explained antagonisti-
cally pleiotropic effects on life history by decreasing early life re-
productive effort but increasing late-life reproduction and
extending lifespan (Large et al. 2016, 2017). The discovery of these
loci provides insights into the changes underlying adaptation to
“unnatural” laboratory conditions, with large, pleiotropic effects
on life history traits, as typically observed during laboratory adap-
tation and domestication across diverse taxa (Doebley et al. 2006;
Driscoll et al. 2009; De Chiara et al. 2022). Their molecular genetic
analysisin C. elegans, however, offers some of the most detailed in-
sights into the mechanistic basis of metazoan life history
evolution.

Life history evolution beyond C. elegans

A primary focus of life history research lies in unraveling the evo-
lution of alternative life histories among different species and ma-
jor life history transitions across evolutionarily distant taxa
(Harvey and Pagel 1998; Flatt and Heyland 2011). Such compara-
tive life history analyses aim to characterize phylogenetic pat-
terns—and constraints—governing life history diversity and
discern the ecological factors that favor the adoption of specific
life history strategies. C. elegans has emerged as a useful reference
species for comparative analysis of nematode genomes, develop-
mental processes, and life histories, such as variation in
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reproductive mode. C. elegans can now be placed into a well-
resolved phylogenetic context within the genus Caenorhabditis
(Kiontke, Félix et al. 2011; Stevens et al. 2019), representing a valu-
able comparative framework to interpret and better understand
C. elegans biology, in particular, life history transitions, such as
the evolution of androdioecy from a dioecious ancestor. The
species-rich phylum of nematodes further provides an outstand-
ing resource to explore the evolution of highly diversified life his-
tories in thousands of species spanning various ecological niches.

Evolution of mating systems and sex ratios in the
genus Caenorhabditis

The genus Caenorhabditis now comprises over 70 culturable spe-
cies, many of which have been whole-genome sequenced
(Kiontke, Félix et al. 2011; Félix et al. 2014; Stevens et al. 2019,
2020; Dayi et al. 2021; Sloat et al. 2022). Phylogenetic studies, sup-
ported by comparative molecular analysis of germ line sex deter-
mination, show that androdioecy has been independently derived
in 3instances (C. briggsae, C. elegans, and C. tropicalis) from the pre-
dominant, ancestral dioecious (male-female) reproductive mode
(Guo et al. 2009; Kiontke, Félix et al. 2011; Thomas et al. 2012).
How Caenorhabditis androdioecy evolved from a dioecious ances-
tor through modification of sex determination pathways, genetic-
ally well-characterized in C. elegans, has been at the center of
nematode evo-devo research (Haag et al. 2018). Overall, the re-
peated evolution of androdioecy in Caenorhabditis seems to have
been facilitated by the mode of XX/XO sex determination, i.e.
the lack of sex chromosomes. Moreover, hermaphrodites possess
a female soma, with the male function of hermaphrodites being
essentially limited to the production of sperm cells in an other-
wise female context (Thomas et al. 2012; Ellis and Lin 2014; Ellis
2022). Molecular genetic studies support this view as one or few
mutations can be sufficient to transform C. elegans hermaphro-
dites into spermless females (Schedl and Kimble 1988; Guo et al.
2009) or C. remanei females into self-fertilizing hermaphrodites
(Baldi et al. 2009). For comprehensive discussion on the evolution
of androdioecy and its consequences in Caenorhabditis, see Ellis
and Lin (2014), Haag et al. (2018); Cutter et al. (2019), and Ellis
(2022).

Beyond aiming to understand the evolutionary transitions to
androdioecy and its extensive ramifications on all aspects of biol-
ogy, comparative studies involving various Caenorhabditis nema-
todes have been employed to address questions related to
sexual selection, including sexual conflict and sex ratio evolution
(Cutter et al. 2019). Sex ratio theory is a prominent aspect of life
history theory, and central to evolutionary biology. Although the-
ory predicts equal 1:1: male-female sex ratios in diploid species to
predominate, many exceptions occur and a key aim is to under-
stand which ecological factors drive such sex ratio bias (Fisher
1930; Hamilton 1967; Charnov 1982). Recent work suggests that
outcrossing Caenorhabditis species offers a promising system to
study the evolution of sex ratio bias (Huang et al. 2023; Sloat and
Rockman 2023). Caenorhabditis species exhibit substantial inter-
and intraspecific variation in sex ratios, with an overall tendency
for female/hermaphrodite-biased sex ratios (Huang et al. 2023).
Mechanistically, this female bias can be, at least partly, explained
by competition between sperm, with increased competitivity of
the X-bearing sperm vs sperm lacking the X chromosome; how-
ever, other mechanisms are likely involved (Van Goor et al. 2021;
Huangetal. 2023; Sloat and Rockman 2023). Female-biased sex ra-
tios are expected under local mate competition, thatis, in strongly
subdivided populations where natural selection favors the biased
production of the less competitive sex to reduce direct

competition for mates (Hamilton 1967). The observation of
female-biased sex ratios thus aligns with the colonization pat-
terns of most Caenorhabditis species, thriving in highly ephemeral
and patchily distributed substrates (Petersen et al. 2015; Ferrari
et al. 2017; Richaud et al. 2018; Sloat et al. 2022). The
Caenorhabditis genus thus offers an ideal system for further stud-
ies aiming to integrate the study of evolution, ecology, and genet-
ics of sex ratio bias.

Generalist vs specialist Caenorhabditis life
histories

The life history framework aims to understand why and how dif-
ferent species have evolved alternative strategies for survival, re-
production, and resource utilization. A fundamental distinction
lies in the contrast between generalist and specialist species,
where life history strategies diverge based on the degree of eco-
logical specialization (Futuyma and Moreno 1988). Although, at
least superficially, many Caenorhabditis species resemble each
other morphologically (cryptic species), they harbor ample vari-
ation in diverse phenotypes, including reproductive mode and di-
verse life history traits (Haag et al. 2007; Sudhaus and Kiontke
2007; Kiontke, Félix et al. 2011; Félix et al. 2014; Stevens et al.
2019). What remains more enigmatic is how interspecific vari-
ation in particular life history attributes connects with species-
specific ecologies. Caenorhabditis nematodes have been found
across the globe in diverse habitats and substrates, mostly on de-
caying microbe-rich plant matter, such as rotting fruit and flow-
ers, and invertebrates associated with these substrates (Kiontke,
Félix et al. 2011; Stevens et al. 2019). Most Caenorhabditis species
are presumed to display dispersal during the dauer stage via in-
vertebrate hosts (phoresy), including insects, millipedes, isopods,
and gastropods, to colonize novel substrates (Kiontke 2006;
Stevens et al. 2019). A number of species have been isolated
from specific (e.g. figs) or distinct substrates (e.g. vertebrates,
soil, mushrooms), sometimes in close association with particular
insect hosts or carriers (Sudhaus 1976; Kiontke 1997, 2006;
Kiontke, Félix et al. 2011; Frezal and Félix 2015; Kanzaki et al.
2018; Stevens et al. 2019; Dayi et al. 2021; Sun et al. 2022).
Although our understanding of the natural history and ecology
of most species remains extremely limited, these observations im-
ply that Caenorhabditis species can be discerned based on apparent
generalist and specialist life histories, which are likely to have sig-
nificant repercussions on demography, and hence, genetic diver-
sity (Kiontke 2006; Li et al. 2014).

Recurrent isolation of the same species across diverse habitats
and substrates, or across a large spectrum of invertebrate carriers,
suggests that they are generalists. Such generalists include the 3
androdioecious species, with C. briggsae being the most common
species across the globe, and C. elegans and C. tropicalis, which
are the most frequently isolated species in temperate and tropical
regions, respectively (Kiontke, Félix et al. 2011; Félix et al. 2014;
Ferrari et al. 2017). Several common outcrossing species, in par-
ticular C. remanei (temperate) and C. brenneri (tropical), are appar-
ent generalists as they occupy diverse, often human-associated,
ecological niches, like the 3 androdioecious Caenorhabditis species.
On the other hand, a handful of species (C. astrocarya, C. auricular-
iae, C. bovis, C. drosophilae, C. inopinata, C. japonica, C. niphades) ex-
hibit specialist life styles as they display strong specificity in
substrate and/or associated invertebrate dispersal hosts
(Kiontke 1997, 2006; Kiontke, Félix et al. 2011; Kiontke, Hironaka
et al. 2011; Ferrari et al. 2017; Kanzaki et al. 2018; Stevens et al.
2019, 2020; Dayi et al. 2021; Sun et al. 2022). The most exotic eco-
logical niche has been observed for C. bovis, which thrives in the
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ears of cattle at temperatures of 37°C, likely by engaging in phor-
etic associations with flies, and leading to pathogenic symptoms
in the host (Kreis 1964; Stevens et al. 2020). Together with genomic
evidence, this suggests that C. bovis has evolved toward a parasitic
life style, derived from a free-living ancestral state (Stevens et al.
2020). Quite unexpectedly, the recently discovered C. inopinata,
and sister species of C. elegans, inhabits a highly specialized niche
and display a unique morphology, distinct from virtually all other
Caenorhabditis: C. inopinata lives enclosed in fresh figs of Ficus septi-
ca and (dauer) dispersal between fruits seems to be exclusively en-
sured by taxon-specific pollinating wasps (Kanzaki et al. 2018;
Woodruff and Phillips 2018). The currently best-understood ex-
ample of a specialist Caenorhabditis life history occurs in the
male-female species C. japonica, which lives in a close phoretic re-
lationship with a single hemipteran insect species (Tanaka et al.
2010; Kiontke, Félix et al. 2011; Okumura et al. 2013; Yoshiga et al.
2013; Li et al. 2014). The life cycle of the gonochoristic
C. japonica is tightly connected to the life cycle of its insect host,
which itselfis a specialist species, whose life cycle is synchronized
with the exploitation of a seasonal 2-month period of fruit produc-
tion of the tree Schoepfia jasminodora (Yoshiga et al. 2013).
Reproductive growth and dispersal in both insect and nematode
exclusively take place during this short time window. For the
rest of the year, both species remain in a quiescent state, with
C. japonica existing in the form of dauers that colonize the insect
host (Yoshiga et al. 2013). The specialized phoresy of C. japonica, to-
gether with strong fluctuations in resource and host availability,
and severe population bottlenecks, seems to be likely causal ex-
planations for the low intraspecific nucleotide diversity observed
for this species, compared to other (generalist) outcrossing
Caenorhabditis species (Li et al. 2014). These findings suggest an un-
derappreciated link between life history, genetic diversity, and
ecological niche in Caenorhabditis nematodes.

Life history diversity across the phylum
Nematoda

The remarkable diversification of nematode life cycles provides a
rich resource for exploring the macroevolution of life history strat-
egies, underlying phylogenetic patterns and trends, and
their ecological context and genomic correlates. The phylum
Nematoda currently includes ~30,000 described species, with the
possibility of an additional million species yet to be discovered
(Lee 2002; Lambshead 2004; Porazinska et al. 2009; Hodda 2022).
Nematodes have colonized virtually all ecological niches and exhibit
a remarkable divergence in morphology and lifestyles, encompass-
ing free-living modes, as well as facultative or obligate plant and ani-
mal parasitic life cycles involving associations with 1 or more
invertebrate or vertebrate host organisms (Blaxter et al. 1998; De
Ley and Blaxter 2004; Blaxter and Koutsovoulos 2014; Ahmed and
Holovachov 2021). A widely accepted phylogenetic framework de-
fines 3 major branches (Enoplia, Dorylaimia, and Chromadoria) sub-
divided into 5 clades (Blaxter et al. 1998; De Ley and Blaxter 2004;
Blaxter and Koutsovoulos 2014). C. elegans groups within the sub-
order Rhabditina (clade V), which comprises an incredible diversity
of free-living and parasitic species, including many entomopatho-
genic species as well as biomedically important mammalian para-
sites with highly specialized, complex life cycles (Kiontke and Fitch
2005; Ley 2006; Blaxter and Koutsovoulos 2014).

As has long been appreciated (Maupas 1900; Nigon and Félix
2017), nematodes display great diversity in reproductive systems,
ranging from the predominant mode of dioecy, with highly vari-
able sex ratios, to derived modes, such as androdioecy, partheno-
genesis, or pseudogamy (sperm-activated parthenogenesis)

(Pires-daSilva 2007; Denver et al. 2011; Van Goor et al. 2021).
Within a single genus, such as Panagrolaimus, divergent reproduct-
ive strategles exist, encompassing sexual, hermaphroditic, and
parthenogenetic species (Lewis et al. 2009). Even the same species
can exhibit mixed mating systems, such as trioecy with the coex-
istence of females, males, and hermaphrodites, e.g. in Auanema
(Félix 2004; Kanzaki et al. 2017), or alternation between reproduct-
ive modes (heterogony), e.g. between dioecy and hermaphrodit-
ism or parthenogenesis, whose expression coincides with the
free-living and parasitic phases of the life cycle, for example, in
the animal-parasitic genus Strongyloides (Pires-daSilva 2007;
Streit 2008; Denver et al. 2011). Life cycle switches between repro-
ductive modes, and between free-living vs parasitic stages, in
these and other species are generally plastic, dependent on mater-
nal phenotype and other factors, such as density or temperature
(Pires-daSilva 2007; Streit 2008; Denver et al. 2011; Sommer and
Ogawa 2011). Thus, there is not only an extreme diversity of
nematode lifestyles across thousands of species, but a single
genotype may express multiple alternative life cycle stages with
contrasting, often specialized life histories, underlining the cen-
tral importance of plasticity in nematode life history regulation.

Parasitism of animals and plants has arisen at least 15 times in-
dependently in nematodes (Blaxter and Koutsovoulos 2014). By in-
tegrating insights from natural history, systematics, and C. elegans
molecular genetics, one of the best-understood life cycle transi-
tions in nematodes is the shift from free-living to parasitic lifestyles
inRhabditina nematodes. Atleast 3 lineages within this group have
independently evolved zooparasitism from free-living ancestors,
specifically through modification of the dauer larval stage into an
infective juvenile stage observed in parasitic species (Ley 2006;
Crook 2014; Vlaar et al. 2021). The dauer stage, the stress-resistant
and phoretically dispersing stage in free-living species, occurs dur-
ing the third larval stage, which aligns with the parasitic life cycle
phase, referred to as the infective stage (iL3). Hence, the various be-
havioral and physiological characteristics of the dauer stage can be
considered preadaptations that have facilitated nematode parasit-
ism in many species across the Rhabditina (Osche 1956; Sudhaus
2010; Blaxter and Koutsovoulos 2014). Like dauer larvae, iL3s
undergo developmental arrest, display similar morphological
characteristics, and exhibit increased stress resistance. The control
of iL3 entry is governed by environmental stimuli like those regu-
lating dauer induction, such as temperature or volatile pheromone
compounds. Comparative phylogenetic and molecular genetic
approaches further show that the formation of dauer and infective
stages may involve similar functional architectures, such as
neuroendocrine processes via homologous neurons, involving IS
and steroid hormone signaling, i.e. DA DAF-12 signaling (Ashton
et al. 1998; Hallem et al. 2007; Ogawa et al. 2009; Wang et al. 2009).
Although certain central molecular signaling events during
C. elegans induction, e.g. TGF-p signaling, appear to have divergent
functions duringil3 formation in parasites, genetic research on the
iL3 stage in various nematode taxa globally supports the common
origin of dauer and infective larvae (Crook 2014; Gilabert et al. 2016;
Vlaar et al. 2021).

Although much progress has been made in deciphering the
genomic correlates of lifestyle diversification across nematodes,
our understanding of evolutionary ecological forces driving tran-
sitions between different lifestyles and reproductive modes is
relatively restricted, mainly due to limited opportunities for test-
ing hypotheses about character evolution within well-resolved
phylogenies. However, together with molecular phylogenetic in-
vestigation of diverse nematode groups, C. elegans biology, has
provided an entry point for in-depth comparative analyses of
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life history evolution at molecular and cellular levels. In addition
to the Caenorhabditis genus, several cultivable nematode genera or
species have been established as invaluable model systems for
studying diverse life history phenomena, such as reproductive
system evolution and life history plasticity, e.g. in Pristionchus
(Sommer 2015), Auanema (Tandonnet et al. 2018), Tokorhabditis
(Yamashita et al. 2023), Mesorhabditis (Launay et al. 2020), or
Panagrolaimus (Schiffer et al. 2019). Establishment of several
parasitic species for genetic research has advanced our under-
standing of remarkably specialized and complex life cycles
associated with host specialization, including mammalian para-
sites (e.g. Strongyloides, Brugia, Ascaridia, Haemonchus), insect
parasites (Heterorhabditis, Steinernema), and plant parasitic nema-
todes, such as root-knot nematodes of the genus Meloidogyne
(Castagnone-Sereno et al. 2013; Blaxter and Koutsovoulos 2014;
Zamanian and Andersen 2016; Vadnal et al. 2017; Liu et al. 2020;
Cao 2023; Collins and Andersen 2023; Al-Jawabreh et al. 2024).
The in-depth exploration of C. elegans biology for half a century
has been instrumental for conducting comparative analyses of
the vast, fascinating diversity of nematode lifestyles. Yet, this
research endeavor also serves as a stark reminder that concen-
trating exclusively on a single model species can only capture 1
idiosyncratic life history amid countless divergent, often eccen-
tric, possibilities.

Conclusions and perspectives

C. elegans has proven to be a powerful, integrative organismal sys-
tem to investigate the genetics and evolution of life history traits
as well as broader questions within the life history framework. A
major contribution of C. elegans to the life history framework has
been to elucidate how various signaling pathways coordinate pro-
cesses to determine major life history decisions and trade-offs,
e.g. developmental timing, dauer formation, and reproductive
plasticity, often regulated by endocrine processes involving the
same hormones (Fielenbach and Antebi 2008; Antebi 2013). One
promising avenue for future research involves examining how de-
velopmental processes mediated at the molecular level integrate
to generate higher-level phenotypes, including life history traits.
The framework of phenotypic integration may offer an inroad to
explicitly test this question. A number of studies have begun ad-
dressing aspects of phenotypic integration, particularly in relation
to allometry and scaling in C. elegans (Patel et al. 2002; Farhadifar
et al. 2015; Uppaluri et al. 2016; Stojanovski et al. 2023). Extending
these investigations to analyze life history trait variation across
micro- and macroevolutionary scales, as well as experimental
evolution, presents a promising approach.

A motivating question has been to resolve whether specific
genes with roles in fundamental life history processes discovered
via molecular genetics harbor natural genetic variation and con-
tribute to the observed phenotypic variation in wild populations
(Braendle et al. 2011). While pursued in D. melanogaster (Paaby
and Schmidt 2008; Paaby et al. 2010), a “candidate gene” approach
to assessing functional genetic variation in life history traits has
been largely absent from C. elegans research, perhaps for several
reasons. One, by the time wild isolate collections were well estab-
lished in the C. elegans community, whole-genome genotyping
methods were already enabling mapping as a method to evaluate
natural variation (Cook et al. 2017). Two, the demographic features
of D. melanogaster that induce molecular signatures of adaptation
like clinal allele frequencies, including high rates of recombin-
ation and gene flow (David and Capy 1988; Paaby and Schmidt
2009; Adrion et al. 2015), are not present in C. elegans (Thomas

et al. 2015; Lee et al. 2021; Andersen and Rockman 2022).
Nevertheless, such an investigation might contribute comple-
mentary insight into functional variation identified through map-
ping approaches (Evans et al. 2021).

The ongoing development of systems genetics and quantitative
genetics for deciphering natural trait variation holds the potential
to advance our understanding of complex trait genetic architec-
ture and evolution. This involves dissecting underlying polygenic
factors, epistatic interactions, and GxE. By pushing the frontier of
these methods in multicellular systems, C. elegans research con-
tributes to a deeper understanding of the general principles gov-
erning complex trait variation and evolution. Although the
conundrum of how to effectively merge molecular and statistical
genetics persists, an integration of these approaches represents a
crucial step forward (Rockman 2012; Travisano and Shaw 2012;
Lee et al. 2014; Boyle et al. 2017; Barghi et al. 2020; Bergelson et al.
2021; Fagny and Austerlitz 2021; Whiteman 2022), and which C.
elegans is uniquely positioned to leverage, perhaps better than
any other metazoan model organism.

Finally, to better understand C. elegans life history itself, we
need innovative approaches to capture its ecology and fitness-
determining factors, including generation time, offspring num-
bers across seasons, dauer induction frequency, effective popula-
tion sizes, dispersal and colonization rates, metapopulation
dynamics, and the roles of males and outcrossing. Additionally,
key ecological determinants such as microbial interactions, phor-
etic associations, niche specialization, and species assemblies
must be considered. Integrating these ecological studies with re-
search on natural genotypic and phenotypic variation will provide
deeper insights into the evolutionary history and genetic diversifi-
cation of C. elegans across various ecological niches. Significant ef-
forts have already been devoted to advancing the understanding
of natural variation in Caenorhabditis nematodes, facilitated by no-
vel resources, including CaeNDr (Crombie et al. 2024), CeMEE
(Noble et al. 2017), and CeMbio (Dirksen et al. 2020), gaining wide-
spread adoption within the C. elegans community.
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