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Recent research has filled many gaps about Caenorhab-

ditis natural history, simultaneously exposing how much

remains to be discovered. This awareness now provides

means of connecting ecological and evolutionary theory

with diverse biological patterns within and among species

in terms of adaptation, sexual selection, breeding systems,

speciation, and other phenomena. Moreover, the heralded

laboratory tractability of C. elegans, and Caenorhabditis

species generally, provides a powerful case study for

experimental hypothesis testing about evolutionary and

ecological processes to levels of detail unparalleled by

most study systems. Here, I synthesize pertinent theory

with what we know and suspect about Caenorhabditis

natural history for salient features of biodiversity, pheno-

types, population dynamics, and interactions within and

between species. I identify topics of pressing concern to

advance Caenorhabditis biology and to study general

evolutionary processes, including the key opportunities to

tackle problems in dispersal dynamics, competition, and

the dimensionality of niche space.
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Introduction

“. . .small size, by permitting animals to become
specialized to the conditions offered by small
diversified elements of the environmental

mosaic, clearly makes possible a degree of
diversity quite unknown among groups of larger
organisms.” G.E. Hutchinson. 1959. Homage to
Santa-Rosalia or why are there so many kinds
of animals? Am Nat 93: 145-59.

If one knows anything about Caenorhabditis nemat-
odes, it is that they are small animals. Their small size
(�1 mm adults) defines just one attribute that endears them
to students of laboratory biology and destines their lives
to the relaxed confines of a Petri dish. However, the
prolific study of Caenorhabditis in the laboratory since the
1970s sidelined their potential as a system also to address
problems of evolution in nature. This oversight is now in
the process of correction by the scientific community [1–3].
In-depth study of wild worms began in earnest only about
10 years ago from fresh collections of natural isolates [1, 4],
and has since expanded to collections and analysis of
thousands of cryopreserved strains for dozens of species
around the world. While the discovery phase of Caeno-
rhabditis natural history continues, the collective knowl-
edge of the system has reached critical mass to transition
more fully into a hypothesis-testing phase of studying
evolution in the wild.

Here, I outline key points of Caenorhabditis biology in
connection with broader themes in ecology and evolution. I
aim to identify important gaps in knowledge toward further
developing these organisms as models for evolution in
nature, in addition to their role as a biomedical model.
Excellent reviews provide accounts of C. elegans natural and
scientific history [1, 2], so here I avoid reiterating such
information by considering Caenorhabditis more generally
and focus on recent advances, except where necessary
to motivate broader issues. First, I discuss patterns of
Caenorhabditis biodiversity and factors that define it, then
develop more deeply two drivers of diversity in the wild:
dispersal dynamics and trait evolution underlying adapta-
tion. Next, I consider the evolutionary forces acting on
sexual systems, including sexual selection and evolution
in populations with self-fertilization. I end by touching
on key issues in speciation and macroevolution. Within each
section, I aim to integrate laboratory and field observations
with conceptual ideas in ecology and evolution in order to
synthesize information and draw attention to constructive
lines of future inquiry (Box 1).
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Macro- to micro-evolutionary patterns of
Caenorhabditis biodiversity

Scientific recognition of Caenorhabditis species diversity
has exploded over the last two decades. From only five
species widely available in laboratory culture in 1998 when
C. elegans became the first animal to have its genome
sequenced, 27 species currently appear in published liter-
ature [5] (Fig. 1), with over 20 more known but awaiting
detailed study (K. Kiontke pers. comm.). A streamlined
procedure for diagnosing and naming new species has led
to about half of the known species enjoying Latin names (the
remainder with temporary numerical identifiers) [6]. Multiple
species are known from every continent, excepting Antarctica,
and despite incomplete sampling in many regions of the globe
(Fig. 2). As with many taxa, the tropics appear to be especially
diverse (Fig. 2), as for the community of nine species known
from a single site in French Guiana [7] (C. Braendle and A.
Cutter pers. obs.). The major phylogenetic subgroups within
the genus show geographic trends that might reflect their

origins of diversification: 10 of 10 Elegans group species
have been found in the Asia-Pacific (cf. just one of eight
Drosophilae group species), at least five of eight Drosophilae
group species are found in the Americas, and only members of
the Elegans group are known to have pan-global distributions
(six of ten species) (Fig. 1). Although some species certainly
have biogeographically restricted range distributions (e.g.,
C. sinica in eastern Asia, C. tropicalis, C. brenneri, and C. nigoni
in tropical latitudes), more than half are known from only
one or two sampling localities, and so it remains unclear
how restricted their range distributions truly are in nature
and how much human activity influences contemporary
distributions [8].

Genetic variation within species provides another source
of biodiversity, with concerted ongoing efforts to understand
the genetic architecture of variation in fitness and other
traits [9]. Molecular variation within some species is diverse in
the extreme [10]. C. brenneri populations contain the highest
sequence variability of any known eukaryote [11], although
the genomes of C. remanei and C. sinica also have enormous

Box 1

Outstanding questions about
Caenorhabditis in the wild

� Dimensionality of niche space

� Are the primary dimensions of niche space differ-
entiation biotic (food, pathogens, predators, com-
petitors) or abiotic (e.g., temperature, microhabitat
chemistry)? How frequently do Caenorhabditis spe-
cies compete with each other in nature?

� Which factors most limit population growth (dispersal
ability, resource availability, competition, abiotic
conditions)? Can these limiting factors explain
common versus rare and generalist versus specialist
species? How does species colonization order
influence community structure?

� Which traits define species range limits? Are partic-
ular traits commonly involved in adaptive divergence
between species? Is adaptation limited by mutational
input?

� Dispersal dynamics: space, time, and mode

� What is the spatial distribution ofmigration for different
Caenorhabditis species (dispersal kernel)? How does
it change over time (season, microhabitat resource
exhaustion)? Do different scales of dispersal depend
on different vectors? How does vector specialization
influence dispersal dynamics over space and time?

� What is the rate of colonization of new habitat patches
and migration between habitat patches? Is coloniza-
tion of fresh resources limited by dispersal or do
multiple sources simultaneously colonize a given
patch (migrant pool)? What role do anthropogenic
sources play in dispersal and evolution?

� How many individuals disperse to a new patch
during a single colonization event (propagule size)?
Does a dauer “seed bank” contribute to patch
colonization?

� What is the rate of patch turnover owing to resource
exhaustion (local extinction)? What is the critical
patch scale (e.g., fruit, tree, orchard, region)?
Following large scale patch extinction during winter
or dry seasons, what are the sources for new
colonization?

� How linked are spatial and population genetic
patchiness? Do populations fundamentally violate
the Wright–Fisher model? How hierarchical are
population subdivisions and metapopulation dynam-
ics (extinction-recolonization)? Is inter-demic selec-
tion an important force in evolution?

� Generation turnover and the molecular clock

� How many generations do different Caenorhabditis
species pass through each year? How does gen-
eration turnover vary seasonally? How do species
survive and re-grow after winter? Does the molecular
clock differ among species owing to different
generation times per year?

� Speciation

� How important in the accumulation of reproductive
isolation are divergent adaptation, parallel adaptation
to common environments in allopatry, sexual selec-
tion, and genomic conflict? What are the contribu-
tions of pre-zygotic versus post-zygotic isolation and
of gene-environment interactions in speciation?

� What traits correlate with macroevolutionary diversi-
fication (species origination, extinction)? Is speciation
coupled with the origins of self-fertility?
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densities of SNPs compared to most organisms [10]. Such high
molecular diversity is thought to reflect enormous sizes of
breeding populations, permitted by abundant bacterial food
sources in rotting fruit and vegetation. Extremely large
breeding populations confer interesting and powerful impli-
cations for how evolutionwill proceed in such systems [10, 12].
These species are obligately outbreeding, which is the
ancestral and dominant mode of reproduction among
Caenorhabditis [5]. Consequently, outbreeding reproduction
in hugely abundant populations should form the point of
departure for discussing evolution in these organisms, with
the repeated independent origins of selfing and ecological
specialization forming obvious and important features for
special consideration.

How does ecology define Caenorhabditis
biodiversity?

Which ecological factors define niche differentiation and
contribute to range distributions? Some species differ in

sensitivity to temperature stress [13–17], as
do different phylogeographic groups within
C. briggsae [18], so this abiotic factor surely
is important in shaping species ranges.
Seasonal humidity and precipitation also
represent important environmental factors
in population abundance [19], and hetero-
geneous seasonal prevalence of individuals
will control how many generations a given
species will pass through per year. Gen-
eration times in nature are currently just a
matter of educated speculation [20, 21], and
it remains unknown as to how Caenorhab-
ditis overwinters in temperate latitudes and
whether tropical species experience season-
ality in abundances. Species can also differ
in response to other abiotic stressors, such
as salinity and heavy metals and lipid
availability, as well as to biotic interactions
with bacterial food type and dispersal
vectors [3, 14, 15, 22]. Given dietary choice
among bacterial species by C. elegans [23],
sensory preference and nutritional differ-
ences among Caenorhabditis surely are
important in defining niche breadths, but
little is known about potentially distinct
bacterial communities or chemical profiles
of different rotting substrates that might
offer opportunity for specialization or niche
differentiation. Discerning the connection
of these extrinsic factors to genetic
responses may enlighten the vast array of
Caenorhabditis “genes of unknown func-
tion” [24]. However, a full and general
understanding of niche overlap and differ-
entiation is lacking for Caenorhabditis. In
particular, it will be critical to understand
how ecological factors contribute to fitness

differences under competitive conditions, in addition to when
species are considered in isolation from one another. Despite
sympatric distributions of some species, with rare excep-
tions [13], inter-species competition represents one of the
untouched topics in Caenorhabditis biology.

Despiteourpoorknowledgegenerally aboutCaenorhabditis
niche dimensionality, it is clear that some species have
specialist or generalist life histories with respect to dispersal
host vector. C. elegans shares with a number of other
Caenorhabditis the trait of generalism toward invertebrate
dispersal hosts, albeit not entirely promiscuous inhost use [2, 5,
7]. However, the specialized relationship of C. japonicawith the
hemipteran insect Parastrachia japonensis provides the best
understood natural history of any species [25, 26]. It is plausible
that C. drosophilae, which appears to disperse solely on
Drosophila nigrospiracula to new cactus rots [27], and some
other less well-understood Caenorhabditis, also evolved
specialized dispersal host relationships from a more generalist
ancestral state. A better understanding of relations with
dispersal vectors, including humans, are crucial to determine
the key factors governing range distributions, gene flow and
speciation, andmetapopulation dynamics over time and space.

Figure 1. Mapping of Caenorhabditis species geographic sampling locations onto the
major phylogenetic groups in the genus. All species known to have pan-global
distributions occur in the Elegans group. Elegans group species often occur in the Asia-
Pacific region, unlike most other Caenorhabditis; Drosophilae group species occur more
commonly in the Americas. Phylogeny summarizes relationships from [5], with recent
species names as in [6] (former numerical identifiers in parentheses). The three species
with hermaphrodites are indicated with red text. Most new species discoveries, not
represented in the figure, derive from single sampling localities in tropical regions.
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How do Caenorhabditis disperse?

Species of Caenorhabditis occupy ephemeral micro-habitats:
microbial blooms in rotting fruit and vegetation [1, 2, 5]. This
leads to inevitable extinction of a local habitat patch owing to
resource exhaustion [13, 21]. Species persistence thus requires
dispersal and colonization of new patches (Fig. 3). Theory
predicts that such circumstances will favor the evolution of
high dispersal, provided that the patches are exploited
sufficiently quickly to preclude local adaptation that would
favor sedentary persistence in a seemingly stable patch [28].
Caenorhabditis have several adaptations that appear to
facilitate both of these endeavors: to stay put in a good patch

Figure 2. Caenorhabditis species richness (A) and sampling
intensity (B) across the globe. Species known from temperate
and tropical zones, roughly partitioned across the Americas,
Europe-Africa, and Asia-Pacific-Australia with hotter colors
representing more species (A). In (B), purple indicates no
Caenorhabditis known from the associated region, orange
represents well-sampled regions, yellow indicates regions from
which Caenorhabditis has been reported without intensive
sampling. Not visible on the map scale are the numerous
samples from small oceanic islands that contribute to the
species totals in (A); Hawaiian species are grouped with the
Asia-Pacific region. Species and sampling information are
summarized in [5, 7], with some more recent updates (http://
worldwideworm.banshy.fr/).
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and to disperse once conditions deteriorate. Their develop-
ment is phenotypically plastic in that they develop directly
into reproductive adults when resources are plentiful, but
pass through the diapause-like and dispersive “dauer” larval
stage when starved and overcrowded [29]. First stage larva
also are tolerant of the absence of food (“L1 arrest”) [30], and
represent the life stage that best survives cryopreservation
in the laboratory. Dauer larvae are stress-tolerant and can

survive for months without feeding, poten-
tially in a vermiform “seed bank.” More-
over, dauer larvae participate in nictation
behavior – they climb up substrate protru-
sions, standing on their tails and waving,
often forming large ropy and wriggling
aggregates of thousands of worms – that
facilitates adhesion to and transport by
dispersal vectors [2, 13, 31]. Invertebrate
vectors appear common, albeit with few
examples of flight-capable hosts [2, 3, 26],
and frugivorous vertebrates might also
contribute to Caenorhabditis natural disper-
sal. More recently, commercial human
agriculture likely provides a means of move-
ment, especially for cosmopolitan species
such as C. elegans, C. briggsae, and C.
brenneri. Perhaps, in conjunction with
“urban” ecological analysis [32], ancient
DNA techniques could be applied to agricul-
tural artifacts to test for incidental anthro-
pological associations of man and worm.
Dispersal in all its guises represents another
major topic for which quantitative data from
nature are generally lacking (Box 1).

What are the evolutionary
and ecological
consequences of dispersal
dynamics?

A lifestyle of colonization, exploitation, and
dispersal to new patches imposes a number
of predictable consequences on population
genetic variation, adaptation, and speci-
ation. First, high dispersal implies a high
migration propensity and extensive gene
flow across a species’ range. Indeed, despite
some population genetic differentiation
(Fig. 3), the magnitude of genetic structure
within obligatorily outcrossing species can
be rather modest given the tiny size of the
animals and the great geographic size of
their ranges [10]. Effective population sizes
will often be enormous, given high abun-
dance and high dispersal, meaning that
genetic drift will be weak and species-wide
natural selection will be very efficient on
even extremely weakly selected muta-
tions [10]. High gene flow across the species

range, however, could hamper local adaptation to conditions
specific to only a portion of their range [33]. Because local
adaptation also involves a degree of inbreeding, sufficiently
high migration can favor generalist strategies and preclude
the evolution of locally adaptive phenotypes [33]. Similarly,
genetic mixing from high migration could slow speciation,
especially if adaptations evolve globally rather than
locally [33]. However, should some local populations become

Figure 3. Population subdivision in Caenorhabditis. A: A metapopulation hypothesis for
hierarchically structured populations of Caenorhabditis in ephemeral local resource
patches from time T0 to (B) time T1. Shown are three spatial scales (individual “fruits”
associated with a “tree” which occur in a cluster within a “landscape” patch), where
arrows at the two smaller scales indicating dispersal from example focal patches (darker
arrow indicates higher dispersal). Shading of patches indicates stage of resource
depletion (black indicates unexploited resource, lighter shades indicating decreasing
resource remaining, R, and increasing worm abundance, N). At T1 in (B), many patches
have become exhausted of resources (dashed lines, white fill) and new patches have
emerged (dashed line edge, solid fill). C: Paths of dispersal at different scales with patch
labels corresponding to labels in (A). Gray arrowheads indicate maturation stage of “fruit”
substrate, and black arrows indicate colonization of new resources within a “tree”
location (A1 to A1, solid lines), between tree locations (A1 to A2, dashed lines), or between
landscape regions (A1 to Bi, dotted lines). Migration between previously colonized
patches is indicated with patch A1 by gray arrows. Colonization (c) and migration rates
(m) will depend on the degree of source patch exhaustion (e.g. cIV> cIII> cII owing to
differences in population size and prevalence of dauers). In a formal model, one might
also weight dispersal by the abundance of patches of a given stage, and consider
propagule size in dispersal. D: Genetic differentiation among populations within
Caenorhabditis species, loosely corresponding to the “landscape” scale in (A), trends
negatively with the amount of genetic diversity in those species of Caenorhabditis owing
largely to the disparity between selfing (empty circles) and outcrossing species (filled
circles; data for C. briggsae, C. elegans, C. tropicalis, C. brenneri, C. japonica,
C. remanei, C. sinica as in [25]).
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shut off from genetic exchange, local adaptation would
proceed very efficiently, given high genetic variation and a
large population, leading to genetic divergence through fixed
allelic differences. Perhaps just this process might explain
some patterns of phylogeography (e.g., C. briggsae [18]),
outbreeding depression (e.g., C. tropicalis [34]), cryptic
speciation (e.g., the C. remanei/C. latens/JU724 complex [35]),
and the possibility of many island endemic species (Fig. 1).

Second, population dynamics and evolution depend on
the means as well as frequency of dispersal, in terms of the
numbers of migrants that colonize new and previously
occupied habitat patches and whether migrants derive from
a “propagule pool” or “migrant pool” [36]. Should a given
patch (e.g., a single rotting fruit) be colonized by only a small
number of individuals of a given species, with little further
immigration, then reproduction will amplify the few allele
copies present within those founders by many orders of
magnitude (in addition to the drift and inbreeding effects of
the local founder event). This situation creates bottlenecks in
local patches that can limit global genetic diversity and mimic
coalescent models of populations having high variance in

reproductive success, if there is high variance among habitat
patches in subsequent successful dispersal and colonization
(or extinction) [36, 37]. This effect would be more extreme in,
and favor evolution of, species with self-fertilizing hermaph-
rodites (Box 2), but might also contribute to the lower
molecular diversity of dioecious species like C. japonica with
its specialist lifestyle that exacerbates local inbreeding [25].
Differential patch productivity also presents opportunity for
interdemic selection [38], although it is not clear which traits
might experience conflict in the direction of selection between
levels (individual vs. group). Further, seasonal fluctuations
induce some synchronization of population bottlenecks
across patches [13], at least in temperate latitudes. All these
effects may drive substantial and qualitative deviations from
the expectations for the idealized population envisioned in
models of most evolutionary theory (i.e., a Wright–Fisher
population) [37, 39].
Despite the above intuition about metapopulation processes,
truly, we have no hard data in hand regarding dispersal
dynamics. For example, if local patch dispersal and
colonization is very rapid, then the physical spatial patchiness

Box 2

Adaptive evolution in self-fertilizing
species

Reproductive assurance of dispersing individuals can
favor the evolution of self-fertilization [114], a mode of
reproduction that has evolved repeatedly in Caenorhabdi-
tis [5]. Perhaps, initially, this would be most favored near
range margins or in the colonization of more isolated
locales, because extant outbreeding species typically
suffer strong inbreeding depression that would counteract
the evolution of selfing in range centers [114]. Episodes of
population growth from a few founders generates sub-
stantial inbreeding between sibs of outcrossing species
which could facilitate the purging of alleles causing
inbreeding depression [115]. However, outcrossing spe-
cies appear still to suffer strong inbreeding depression
that they fail to purge in experiments [91]. Experimental
evolution indicates that individual selection can favor the
evolution of selfing, especially as a means of adapting to
extrinsic conditions that limit outcrossing [116]. The fact
that self-fertilizing species also retain males at low
frequencies also raises the question of what role they
might play in adaptation or population persistence.
Developmentally, the origin of selfing is hypothesized to
involve at least two key steps: production of sperm by the
female gonad and the ability for those sperm to be
activated in the absence of seminal fluid [117]. Once
selfing is established as a reproductive strategy, a
renewed propensity for high migration and geographic
range expansion could alter the predicted patterns of
population genetic variation, adaptation, and speciation
for selfing species [85].

On the one hand, the lower genetic diversity, more
potent role of genetic drift, and strong linkage of genomes

for selfing species can limit adaptation. On the other hand,
greater genetic isolation between local patches, exposure
of recessive beneficial alleles to selection in homozygotes,
and the effects of high reproductive skew in combination
with very large census population sizes could all accel-
erate adaptation. Because of reduced population genetic
diversity, species-wide adaptations probably more often
involve selection on new beneficial mutations rather
than segregating variants [118]. Because positive selection
in selfers can quickly act upon new mutations regardless
of dominance [93], the waiting time for new beneficial
mutations might not be as strong of a constraint on
adaptation in selfers as in outcrossers or diploid asexuals,
and, the fixation time given any beneficial allele is faster in
selfers [118]. Laboratory domestication in C. elegans
and C. briggsae clearly illustrate the potential for rapid
adaptation [64]. Selfing versus outcrossing plants show
no general difference in rates of adaptation, however,
suggesting that the positive and negative effects of
breeding system on adaptation might often counter-
balance each other [119].

Despite a good rationale for the potential of detrimental
mutations to accumulate in selfing populations, genomic
evidence is more sparse [84]. Population genomic studies
have nevertheless revealed several molecular evolutionary
features resulting from the transition to a selfing life-
style [84, 85], including in Caenorhabditis [88]. Given the
reduced genome sizes for selfing Caenorhabditis species
that disproportionately affects male-expressed
genes [120], selection might play an important role in
producing “selfing syndrome” traits (e.g., traits that
diminish outcrossing potential) as adaptations to selfing
hermaphroditism per se, rather than simply decay owing to
relaxed selection [118, 121]. The adaptive explanation for
the evolution of selfing syndrome traits becomes more
plausible with more recent origins of selfing [99].
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of resources might not imply patchiness at all with respect to
species-wide demography and population genetics. Similarly,
the extent to which patch colonization limits population
dynamics will influence the scope for inter-species inter-
actions, such as competition, between Caenorhabditis. But
what is the rate of patch exhaustion relative to colonization
and immigration? We know that a given patch can be
colonized by multiple genetic backgrounds or species [7, 13],
making worms an intriguing system to test ideas from
community ecology about species coexistence [40]. These
local and global processes defining the relevant extent of
hierarchical nestedness in habitat extinction-recolonization
dynamics have critical implications for the geographic scale at
which adaptation occurs and the degree to which mutational
input limits adaptation [41]. Clearly, it is crucial to establish
the temporal and spatial limiting factors in migration at a
range of scales to put Caenorhabditis evolution in the wild into
a firmer theoretical context.

Which traits are important for adaptive
divergence in the wild?

Two implications of large population size are that populations
will contain, in absolute terms, a lot of functional variation
and that natural selection can efficiently sort among the
variants. But which traits are most likely to be important in
organismal evolution? Because nematodes interact with
environmental heterogeneity through smell and taste – to
navigate, find food and mates, to avoid noxious conditions
and approach preferable ones – chemosensory traits provide
strong candidates for adaptive evolutionary change. To date,
there has been little quantification of phenotypic variation in
species other than the well-studied selfing species that have
lower molecular diversity, although chemosensory variation
in C. remanei is indeed much higher than C. elegans [42]. In
C. elegans, wild alleles of chemosensory receptor genes
frequently contain nonsense mutations and deletion poly-
morphism that could reflect turnover of functional diversity
of these large multi-gene families [43], or perhaps trait
degeneration. Genes in these chemoreceptor families also are
thought to have experienced positive selection in their history,
presumably reflecting adaptive evolution in response to their
role in mediating interactions between the worm and its
environment [44].

Chemosensation, and corresponding behavioral responses,
also are key in interactions with pathogens [45], and
coevolution of host and pathogen are predicted by theory to
drive continual genetic divergence [46]. Several classes of
pathogen are now known to infect Caenorhabditis, including
viruses, bacteria, microsporidia, and fungi [1]. Although
pathogen burden and selective pressure in nature still remains
poorly understood, the observations of intraspecies variation
and interspecies differences in pathogen sensitivity [47],
rapid inter-species molecular evolution of immune-related
genes [48], as well as the ease by which it can evolve
experimentally [49], all implicate great potential for evolution
of innate immunity in the wild. Chemical secretions also could
represent an important set of traits subject to diversifying

selection in nature, as they are used as cues by predators such
as nematode-trapping-fungi [50], in dauer larva induction [29,
51], and in mate-finding [51–53].

The cuticle and the gut represent the main tissues
that interact physically with the environment. Evolution of
nematode surface coat characteristics are thought to be
important in responses to the external environment [54]:
cuticle-expressed proteins contribute to cold tolerance [55]
and susceptibility to a range of pathogens [56], and differ-
entially expressed collagens show distinct patterns of
evolution across development [57]. Species differ in the
intestine-mediated RNAi by feeding response [58], which also
is important in immunity [47]. The intestine is a key route of
infection [47, 56], in addition to its role in nutritional intake
from appropriate microbial food, making it a likely battle-
ground for host-pathogen coevolution and diet specialization.
The vulva provides a port of entry for other pathogens [59],
although it remains unknown whether sexually transmitted
infections occur in Caenorhabditis. Clearly, the traits and
molecules associated with these bodily surfaces that interact
proximately with the biotic and abiotic environment of the
worm form plausible key substrates for adaptive change.

Dauer larva formation is a stunning model of phenotypic
plasticity, tuning animal development to growth and
reproduction, or to dormancy and stress tolerance, in
response to signals of environmental quality [29]. C. elegans
shows genetic variation for the propensity to enter and exit
the dauer stage and C. remanei also shows substantial genetic
variation in stress responses [9, 60]. However, little is
known about heterogeneity across taxa in sensitivity to dauer
triggers, other than that, in contrast to C. elegans, high
temperature does not trigger dauer development in C.
briggsae [61]. Chemosensation in dauer may be critical for
successful dispersal on appropriate invertebrate vectors for
overwintering, as is the case in C. japonica [26]. Much research
on the genetic pathways controlling dauer development
connect intimately to studies of aging and lifespan [62].
However, given the drastically shorter lifespans of worm
individuals in pseudo-natural environments, even in the
absence of pathogens or predators [63], post-reproductive
longevity is unlikely to be a direct target of selection in
the wild.

Of course, many additional physiological and behavioral
features to the few emphasized here are likely to provide the
substrate of adaptive divergence among species, and among
populations within species. Adaptation to laboratory con-
ditions [64] can inadvertently inform us about trait values
favored under natural conditions through comparison to the
ancestral undomesticated phenotypic state. More generally, a
better understanding of the key components of biotic and
abiotic niche dimensionality variation across Caenorhabditis
will prove crucial in grounding our expectations for how trait
differences evolve.

A challenge to understanding the ecological importance of
many of these traits is that they seem cryptic and potentially
tedious to quantify in comparison to the conspicuous
morphological differences for many larger organisms. After
all, at first glance, the streamlined morphology of most
Caenorhabditis is notoriously barren of obvious diagnostic
anatomical differences among species [6, 8]. A Caenorhabditis
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aficionadomight smugly quip that evolution has simply found
the perfect outward phenotype! But this veneer of phenotypic
stasis can belie extensive change in developmental genetic
pathways underlying outwardly conserved phenotypes [65],
or evolutionary cell biology [66]. These properties already are
being tapped to explore questions in evo-devo [29, 67, 68],
but a future challenge is to integrate such ideas into an
ecological context to inform our understanding of Caeno-
rhabditis evolution in nature.

How intense are sexual selection and
sexual conflict in nature?

Sexual selection is likely to influence the evolution of both
mating behavior and gametic interactions, given promiscuous
mating in outbreeding species. Moreover, trait values of
shared phenotypes can differ between the sexes, leading to
sexually antagonistic coevolution [69]. Hints about this
process in nature are gained by contrasting phenotypes of
Caenorhabditis species with females to those with hermaph-
rodites, which are thought to have adapted for reproducing
almost entirely by self-fertilization. Virgin females facilitate
mating by becoming stationary, unlike hermaphrodites and
females that already have sperm: such individuals instead
keep moving upon contact with males [70, 71]. The success of
inter-species mating also varies substantially among species
pairs [72], which is suggestive of divergence in mate
attraction, resistance, or recognition. Virgin females secrete
a potent sex pheromone, until they mate, only resuming
full pheromone secretion 12–18 hours later [52]. C. elegans
hermaphrodites do secrete compounds attractive to males [51,
53], but their lower potency [52] implies that conflict over
mating traits has resolved in favor of “female” reproduction in
species with hermaphrodites. These observations suggest that
optimal mating rates differ between the sexes, such that
selection favors constitutive mating by males but opportun-
istic mating by females only when sperm stores are low.

Sexual conflict in Caenorhabditis also may involve male-
induced harm to females. Male spicules scrape and physically
damage the hermaphrodite cuticle in the vicinity of the
vulva [73], and mating reduces her lifespan owing in part to
physiological changes induced by sensing the chemical
secretions of males [74–76]. The mating structure of males
provides one of the most conspicuous and rapidly evolving
morphological traits in Caenorhabditis [5], as in many other
organisms [69], implicating selection of some form in its
evolution. It is unknown whether species differences in the
propensity to engage in “spiral” versus “lateral” mating [5]
might result from sexual conflict, male–male competition, or
instead reflect differential environmental selection on mating
strategies. Further evidence of conflict between the sexes is
witnessed by the observation that females display sperm
ejection behavior [77] and sperm are capable of migrating
ectopically beyond the spermatheca which, in inter-species
matings, can sterilize hermaphrodites and females and lead to
premature death [72]. These effects may act as direct costs to
females and contribute to differential optima in mating rates
between the sexes.

Given the short duration of mating encounters between
males and females [78], the female reproductive tract
provides a protracted arena for sexual selection owing to
post-mating interactions with the ejaculate. The amoeboid
sperm cells themselves are well-known subjects of sexual
selection in Caenorhabditis (Box 3). Males of all species also
deposit a mucilaginous mating plug over the vulva of their
mating partner [79, 80], although it remains unresolved
whether plugs might primarily inhibit mating by subsequent
males (male–male competition) or save sperm and seminal
fluid from passive loss or ejection from the uterus (male–
female mutual benefit or male–female conflict). Relaxed
selection on male mating traits in C. elegans could be
consistent with either scenario to yield the inability of males
from many wild strains to deposit a plug, owing to
retrotransposon disruption of the mucin gene plg-1 [79].
Beyond plg-1, few other components of the seminal fluid are

Box 3

Sexual selection on sperm

Sexual selection by spermcompetition inCaenorhabditis
involves larger sperm outcompeting smaller sperm,
owing to their greater speed and ability to dominate
occupation of the spermathecal sites of fertilization [72,
122, 123]. Experimentally increased sperm competition
risk leads to evolution of largermale sperm, andmales of
species with hermaphrodites have smaller sperm than
their dioeciouscounterparts, presumably anevolutionary
response to the removal of sperm competition among
males [121, 124]. Despite the seeming advantage of
ever larger sperm, size trades off with other costs such
as their rate of production in yielding abundant sperm
in ejaculates [122, 125]. Other sperm characteristics
besides size also likely influence their competitive
ability [126], potentially including chemotactic guidance
andoocyte surface interactions [127]. Sperm-associated
genes also turnover and evolvemore rapidly in sequence
than do other kinds of genes [57, 120, 128], which is
consistent with rapid evolution by sexual selection.

Sperm and oocytes communicate inside the repro-
ductive tract in ways that also might be shaped by
sexual selection. In C. elegans, the most mature oocyte
secretes prostaglandins that attract sperm to the
spermatheca [129]. These attractant compounds must
be similar among species because sperm from inter-
species matings migrate to the spermathecae [72, 123],
although heterogeneity among species suggests the
possibility of divergence in attractant signals or sperm
responsiveness [72]. In turn, sperm cells secrete a signal
protein (major sperm protein, MSP) to trigger ovula-
tion [130]. It remains to be determined how much of this
gametic communication might involve conflicts of inter-
est, either directly or indirectly, for example, owing to
evolutionary byproducts of among-male sperm competi-
tion that has led to divergent interactions of sperm and
female reproductive tracts between species [72].
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known, other than some factors controlling sperm activa-
tion [81, 82]. Given the important roles of seminal fluid
constituents for other organisms in modulating fertility,
female physiology and behavior, and in their involvement in
sexual selection [83], understanding seminal fluid compo-
sition, function, and evolution represents an important
underexploited area of Caenorhabditis biology.

How special is evolution in self-fertilizing
species?

The triplicate independent origins of Caenorhabditis self-
fertilization known to date motivate special consideration
of evolutionary processes under selfing. This attention is
particularly warranted given the intense research efforts on
selfing species in worms and plants, and the key contrasts
expected with respect to outbreeding species [84, 85]. Selfing
intrinsically reduces heterozygosity, but this twofold effect
on diversity appears miniscule in the face of empirical
findings of orders of magnitude differences in genetic
variability [10]. Adaptation by natural selection interacts
with selfing in complex ways (Box 2). Strong genetic linkage
in the genomes of selfers means that natural selection
drastically reduces genetic diversity in long blocks along
chromosomes [86], especially in the low-recombination
centers of C. elegans and C. briggsae chromosomes [87,
88]. Such selection at linked sites disrupts even the genomic
architecture of functional variation [89, 90]. The diversity-
limiting effects of metapopulation dynamics and skewed
reproductive distributions are more extreme for selfing
species because they amplify the effects of natural selec-
tion [37] and because selfing species can successfully
colonize a new patch with just a single individual [36]. In
spite of such extreme possible founder events upon patch
colonization, selfing Caenorhabditis generally suffer little to
no inbreeding depression [34, 91].

Extremely high selfing rates, as seen in selfing Caeno-
rhabditis, imply that the genome will largely be inherited as a
linked co-evolving unit. Irregularity in gene flow and
recombination facilitates local adaptation [92] and can favor
selfing as an extreme form of assortative mating [33], while the
rapid production of homozygotes through selfing can allow
large-scale genomic rearrangements to accumulate more
quickly between lineages [93]. This could foster “co-adapted
gene complexes” evolving independently in different selfing
populations [94], each accumulating distinct alleles. Distinct
alleles fixed in subpopulations by any process, including local
adaptation (Box 2), can contribute to Dobzhansky–Muller
reproductive incompatibilities caused by unfavorable inter-
action of two genetic backgrounds [95]. These factors could
expedite the accumulation of reproductive isolation between
lineages and accelerate subsequent speciation [33]. Sporadic,
temporally varying migration episodes might foster diver-
gence: genetic incompatibilities accumulate during intervals
of low migration and then negatively feed back to reduce
effective gene flow during subsequent periods of higher
migration. Relative measures of population differentiation
(e.g., Fst) are typically greater between local populations of

selfing than of outbreeding species [96], and Caenorhabditis is
no exception (Fig. 3). Indeed, phylogeographic groups of C.
briggsae show deep genomic divergence [88] and outbreeding
depression appears to be relatively common in crosses of
distinct strains within selfing Caenorhabditis [34, 91, 97],
which could be interpreted as a precursor to formation of
distinct “good species.” Consequently, selfing populations are
effectively more “allopatric” and amenable to accumulating
differences in a way that could encourage speciation [98].

And yet, phylogenetic evidence does not support diversi-
fication and long-term persistence of selfing Caenorhabditis
lineages [5, 99] (Figure 1). High extinction rates might limit net
macroevolutionary diversification in accordance with the
“evolutionary dead end” hypothesis for highly selfing
lineages [85]. If migration is regular and frequent, then
selfing lineages will compete directly and work against
differentiation among them, eventually causing some to go
extinct. Extinction from metapopulation dynamics also may
constrain macroevolutionary diversification [100]. Given the
lack of support for extensive deleterious mutation accumu-
lation of selfers driving them extinct through mutational
meltdown [101], in general, a greater sensitivity to extinction
in the face of frequently changing environmental conditions
might provide the most promising explanation for selfing as
an “evolutionary dead end” [84]. In sum, a better under-
standing of the connection between ecological population
dynamics, migration, and time would help predict and
interpret patterns of evolution for selfing Caenorhabditis in
particular.

In addition to the consequences of self-fertilization, the
forces driving the origins of selfing also require explanation.
We can rule out Fisher’s “automatic selection” hypothesis,
which can apply to plant systems [102], because Caenorhab-
ditis hermaphrodites cannot inseminate one another. But do
ecological pressures for reproductive assurance provide a
continual force that has favored repeated convergent
evolution of selfing hermaphroditism [5]? What roles do
strong versus weak selfing alleles, inbreeding depression, and
instantaneous versus protracted origins play in the genesis
and spread of selfing species [102]? Is the low but detectable
incidence of outcrossing within selfing Caenorhabditis key to
their persistence? Research thus far has made more headway
on the tractable proximate question of which mechanisms
endow females with the ability to self-fertilize, showing
independent developmental genetic solutions to the problem
of how to make a hermaphrodite [67]. The profound inroads of
developmental genetic studies into these mechanisms repre-
sent another area that could benefit further integration with
evolutionary ecology theory.

On the origin of species

Speciation is the evolution of reproductive isolation between
populations, and its study in Caenorhabditis has gained
momentum only in recent years [103]. The discovery of two
sister-species pairs with incomplete isolation permits genetic
crossing experiments [16, 104], complementing the long
tradition of Drosophila speciation genetics [95]. Of particular
interest is elucidating the genetic and developmental
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underpinnings to such universal “rules of speciation” as
Haldane’s rule [16, 105, 106], Darwin’s corollary to Haldane’s
rule [35, 107], and the large-X effect [108]. So far, this work has
emphasized genetically intrinsic hybrid dysfunction traits
such as male sterility and embryonic inviability. Given the
power of developmental biology in Caenorhabditis, an area
ripe for profitable study is synthesis of the developmental
trajectory of hybrid dysfunction with evolutionary
theory [106]. Further, emerging evidence implicates roles
for post-mating pre-zygotic interactions, and perhaps pre-
mating isolation, in the evolution of reproductive barriers in
Caenorhabditis [72, 106]. Evolution of traits associated with
both kinds of pre-zygotic barrier likely involve sexual selection
and sexual conflict [69]. A fuller understanding of speciation
will require dissection of both post-zygotic and pre-zygotic
mechanisms of isolation in terms of genetics, selective
pressures, and the ecological-dependence that has led to
species divergence.

As revealed from inter-species crosses, most Caenorhab-
ditis are incapable of forming any fertile hybrids [103], and
intrinsic post-zygotic dysfunction is strong even in hybrids of
incompletely isolated C. briggsae-nigoni and C. remanei-
latens. Examples of very recent speciation still await
detection, but seem plausible, given hints of a “species
complex” related to C. remanei and C. latens [35] and the rapid
pace of species discovery [5, 6]. C. briggsae provides an
intriguing possibility for considering population differentia-
tion as a model for incipient speciation [97] and, upon further
investigation, C. tropicalis might provide similar opportuni-
ties [34]. Outbreeding depression, divergent adaptation, and
genomic congealing that separates some populations of C.
briggsae [18, 88, 97] make it comparable to more established
systems for studying incipient speciation [109]. Such work
could help relate Caenorhabditis evolution to the extensive
literature on “ecological speciation” that explicitly connects
natural selection to speciation, as in organisms like stickle-
back fish, Darwin’s finches, Caribbean anoles, Heliconius
butterflies, and Timemawalking sticks [109]. More broadly, we
would like to understand how important adaptive divergence
is in creating reproductive incompatibilities as compared to
parallel or stabilizing selection that occurs independently on
allopatric populations [109]. Similarly, to what extent do
selfish genetic elements and genomic conflict contribute to the
evolution of reproductive isolation [95, 110]? Many Caeno-
rhabditis species are known from just single islands (Fig. 1),
suggesting the possibility that divergence of isolated,
allopatric populations could play a pivotal role in Caeno-
rhabditis diversification. The issues of niche occupation and
dispersal dynamics, as outlined in previous sections, in
combination with selection and genotype� environment
interactions clearly also must connect intimately to Caeno-
rhabditis speciation in ways that we do not yet fully
understand.

The growing size of the Caenorhabditis phylogeny now
permits application of phylogenetic comparative methods to
formally test macroevolutionary hypotheses about trait
evolution and diversification rates, as commonly applied in
other taxa [111]. Developing a better understanding of the
traits and ecology that govern species niche space and
geographic distributions will be particularly important in such

analyses. Integrating population genetic properties into a
phylogenetic framework for Caenorhabditis also may help
elucidate the possible implications of molecular hyperdiver-
sity for speciation [10, 112]. For example, hyperdiversity may
complicate inference of species relationships from genealo-
gies, as ancestral polymorphism and genomic islands of
divergence can create heterogeneous phylogenetic signal
across the genome [10, 112, 113].

Conclusion and outlook

After a decade of concerted natural history discovery in
Caenorhabditis, the opportunity is now at hand to develop
hypothesis-driven research programs to target ecological
and evolutionary theory (Box 1). Dispersal dynamics form a
glaring gap in our understanding of Caenorhabditis biology,
and this topic touches on diverse aspects of their ecology
and evolution, including scales of spatial and population
genetic structure, local versus global adaptation, sexual
selection and mating system evolution, range distributions
and speciation, and competition. Ongoing research aims to
flesh out several of these areas, but competition between
species stands out as a topic in need of particular attention,
which necessarily also requires a deeper understanding of
the multifarious factors that characterize niche space of
different species. Niche space defines the ecological
distinctiveness of species, which can be integrated with
experimental genetics in Caenorhabditis to elucidate the
molecular causes of divergent traits and divergent genotypic
interactions that, in nature, stifle gene flow and maintain
species integrity. Traits associated with chemosensation,
immunity, food exploitation, and temperature responses all
provide especially promising foci for studies of divergent
adaptation, but more thorough analysis is required to
discover the extent of differentiated axes of niche dimen-
sionality in terms of biotic and abiotic factors. The place that
sexual selection plays in nature to foster divergence is
especially tantalizing in Caenorhabditis, given that typically
cryptic phenomena like sperm competition are amenable to
experimental evolution and visualization in vivo through
the window of the worm’s transparent cuticle. Despite the
continued need for basic knowledge about natural pop-
ulations – such as new species discovery and determination
of generation time turnover – the devising of manipulative
experiments to test fundamental ideas in ecology and
evolution represents a new frontier for understanding
Caenorhabditis evolution in the wild.
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