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Abstract

An understanding of evolution at the molecular level requires the simultaneous consideration of the 5
fundamental evolutionary processes: mutation, recombination, natural selection, genetic drift, and population
dynamic effects. Experimental, comparative genomic, and population genetic work in C. elegans has greatly
expanded our understanding of these core processes, as well as of C. elegans biology. This chapter presents a brief
overview of some of the most salient features of molecular evolution elucidated by the C. elegans system.

1. Introduction

Molecular evolution is the study of change-over-time in DNA sequence-based features, be they nucleotide
variant frequencies in a population or divergence of loci between reproductively isolated lineages. This field has a
rich theoretical history, and intertwines with classical and molecular population genetics and comparative genomics
(Avise, 2004; Fisher, 1958; Gibson and Muse, 2002; Hartl and Clark, 2007; Li, 1997; Lynch, 2007). Facilitated by
C. elegans' experimental tractability and the early publication of its genome sequence, this species has contributed
greatly to our understanding of general processes of molecular evolution – and molecular evolutionary analyses have
contributed greatly to our understanding of C. elegans biology. Like all descriptions of evolution, molecular
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evolution may be decomposed into 5 fundamental ingredients: mutation, recombination, natural selection, genetic
drift, and population dynamic effects. In this brief overview to C. elegans molecular evolution, I will consider each
of these features in turn to provide an introduction to the molecular organization and change-over-time of C. elegans
genome. One broad review (Cutter et al., 2009), several targeted reviews (Coghlan et al., 2006; Thomas, 2008), and
WormBook chapters (Natural variation and population genetics of Caenorhabditis elegans, Nematode genome
evolution, The phylogenetic relationships of Caenorhabditis and other rhabditids and Gene duplications and genetic
redundancy in C. elegans) provide complementary in-depth perspectives on aspects of C. elegans molecular
evolution, in addition to the articles describing the genomes and genetic maps of C. elegans (Barnes et al., 1995; C.
elegans Sequencing Consortium, 1998) and C. briggsae (Hillier et al., 2007; Stein et al., 2003).

2. Mutation

Mutation provides the raw material for evolutionary change. Consequently, a comprehensive understanding of
molecular evolution requires the characterization of mutational rates, mechanisms, biases, and heterogeneity.
Accurate measures of mutational properties also are critical for molecular clock approaches to inferring the timing
of historical evolutionary events that are recorded in patterns of polymorphism and divergence, such as coalescent
times within populations, splitting times among populations, speciation events, and the timing of gene duplications
(Coghlan and Wolfe, 2002; Cutter, 2008; Cutter et al., 2006; Lynch and Conery, 2000).

Among eukaryotes, C. elegans' mutation rates and mechanisms are among the most well-characterized, in
large-part due to mutation accumulation (MA) experiments (Baer et al., 2007). Laboratory MA experiments that
enable even moderately deleterious mutations to accrue in worm genomes over the course of dozens or hundreds of
generations permit the indirect (Baer et al., 2006; Keightley and Bataillon, 2000; Keightley and Caballero, 1997;
Vassilieva et al., 2000; Vassilieva and Lynch, 1999) or direct (Denver et al., 2009; Denver et al., 2004a; Denver et
al., 2004b; Denver et al., 2000) inference of the average mutation rate across the genome. The most recent
incarnation of this work, using whole-genome re-sequencing of several MA lines, indicates an average
per-generation single-nucleotide mutation rate in the nuclear genome of 2.7 × 10−9 (Denver et al., 2009), which is
roughly 3-times lower than a previous direct-sequencing analysis of MA lines (Denver et al., 2004b). Small indels in
the nuclear genome are thought to arise at an average rate per generation that is comparable to the single-nucleotide
rate (Denver et al., 2004b), although it is now unclear whether this result holds, in light of the most recent
point-mutation rate estimates. Denver et al. (2004b) estimated that an average of roughly 1 deleterious mutation
arises in the diploid genome per generation, which corroborates previous work that suggested that phenotypic
estimates of the genomic deleterious mutation rate were much too low (Davies et al., 1999). Different DNA repair
pathways influence mutation rates to varying degrees, with a particularly strong role of mismatch repair (Denver et
al., 2006). In the mitochondrial genome, the mutation rate is inferred to average 9.7 × 10−8 mutations per site per
generation (Denver et al., 2000). Curiously, mitochondrial nucleotide mutational biases differ strikingly among
yeast, fly, mouse and worm (Montooth and Rand, 2008).

Short tandem repeat loci (STRs, or, microsatellites) are popular molecular markers (Barrière and Félix, 2007;
Haber et al., 2005; Sivasundar and Hey, 2003), because typically they have high mutation rates that generate
relatively high heterozygosity and because most are thought to be selectively neutral. STRs mutate by a mechanism
distinct from single nucleotide changes, such that slippage of the replication machinery generates mutant alleles that
differ in the number of repeats by one or more units. Studies of dysfunctional repair mutants (Degtyareva et al.,
2002) and MA experiments in C. elegans (Denver et al., 2004a; Phillips et al., 2009; Seyfert et al., 2008) both have
informed mutational dynamics of STRs. Longer STRs (loci with more repeats, regardless of the length of the repeat
unit) mutate faster, and also typically exhibit higher population genetic variation (Phillips et al., 2009). Nearly 30%
of observed mutations involve multi-step changes, and longer STRs may have a greater fraction of multi-step
changes – i.e., mutation is not consistent with a strict stepwise-mutation model, SMM (Ohta and Kimura, 1973).
Because most mutational studies focus on long STRs (which mutate faster and are easier to study), yet most STRs in
the worm genome are quite short, the incidence of single-step changes for typical STRs may actually be
substantially more than 70% and more closely approximate the SMM.

Copy number variants originate by mutation from duplications, insertions, deletions, and the special case of
transposable element activity. Such mutations are now recognized to contribute to substantial differences among
wild isolates (Maydan et al., 2007) and between species (Stein et al., 2003). Most duplications occur
intra-chromosomally, generally are less than 2kb in length (Cavalcanti et al., 2003; Katju and Lynch, 2003; Semple
and Wolfe, 1999; Vergara et al., 2009), and arise at a rate much higher than in other taxa (Cutter et al., 2009; Lynch
and Conery, 2000). More detailed discussion of duplication in the worm genome is provided elsewhere (Cutter et al.,
2009; The putative chemoreceptor families of C. elegans, Gene duplications and genetic redundancy in C. elegans).
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Rearrangements form another important class of mutation, which, in C. elegans, occur primarily within rather than
between chromosomes and at a rate substantially higher than in other taxonomic groups (Coghlan and Wolfe, 2002;
Hillier et al., 2007; Stein et al., 2003; Vergara et al., 2009). Thus, Caenorhabditis displays higher mutation rates for
several classes of mutations (single-nucleotide, duplication, rearrangement) relative to other taxa.

3. Recombination

Recombination generates new combinations of alleles from heterozygous individuals, and can facilitate
natural selection by reducing interference between linked alleles that are subject to selection simultaneously.
Consequently, recombination should be important for the effective elimination of deleterious alleles (via negative
directional, purifying selection) and for the fixation of beneficial alleles (via positive directional selection). Because
genetically effective recombination requires heterozygosity, and inbreeding by self-fertilization and biparental
inbreeding destroys heterozygosity, understanding the role of recombination for highly selfing C. elegans in nature
is a major issue for molecular evolution (Phillips, 2006).

Crossover rates vary along C. elegans chromosomes in a predictable manner (see Karyotype, ploidy and gene
dosage): the central half of each chromosome has distinctly low rates of crossover, the arms flanking the
chromosome centers experience high rates of crossover, and the chromosome tips have virtually no crossover
(Barnes et al., 1995; Rockman and Kruglyak, 2009). This pattern is most pronounced on the autosomes, but still
detectable on the X sex-chromosome. C. briggsae's chromosomes exhibit a comparable pattern of crossover (Cutter
and Choi, unpublished data; Hillier et al., 2007), so this may represent the ancestral and universal chromosomal
pattern of crossover in Caenorhabditis – but confirmation in gonochoristic species like C. remanei is necessary.
Chromosomes experience essentially complete interference, such that just a single crossover occurs per chromosome
in meiosis (excepting the hemizygous X in males) (Zetka, 2009), and these crossovers do not appear to occur at
recombination “hotspots” as in yeast and mammals.

The chromosomal distribution of crossover rates in C. elegans has important implications for nucleotide
polymorphism and divergence. Notably, single-nucleotide differences and indel polymorphisms among strains are
more common in regions of high recombination (Cutter and Payseur, 2003; Koch et al., 2000; Maydan et al., 2007).
It has been proposed that this might reflect higher rates of mutation in regions of high recombination and/or that
natural selection more dramatically impacts regions of low recombination (due to longer spans of linkage associated
with selected sites), resulting in depressed levels of polymorphism. Indeed, divergence relative to C. briggsae at
silent sites is greater in high recombination regions (Cutter and Payseur, 2003), as are rates of chromosomal
rearrangement (Hillier et al., 2007; Stein et al., 2003), consistent with a higher mutation rate in regions experiencing
elevated crossover rates. However, whole-genome sequencing of MA lines identified no significant heterogeneity
along the length of chromosomes with respect to mutation rate, based on ∼400 detected mutations (Denver et al.,
2009). Natural selection could potentially shape chromosomal distributions of genetic variation in C. elegans as well
(Cutter and Payseur, 2003). “Background selection” (Charlesworth et al., 1993; Hudson and Kaplan, 1995) against
deleterious mutations was proposed as a plausible selective explanation for low polymorphism in regions that
experience little recombination, though genetic hitchhiking due to positive directional selection also might
contribute to the pattern (Andolfatto, 2001; Smith and Haigh, 1974; Wiehe and Stephan, 1993). The proteins
encoded in chromosomal centers (i.e. low crossover rate regions) tend to be more highly conserved across taxa (C.
elegans Sequencing Consortium, 1998; Parkinson et al., 2004), although the rate of amino acid substitution (K

A
)

does not strongly correlate with crossover rate once the substitution rate at synonymous sites (K
S
) is properly

accounted for (including adjustment for selection on synonymous sites). Analysis of this latter point should be
revisited with species comparisons more closely related than C. elegans and C. briggsae, between which divergence
at synonymous sites is saturated.

Gene conversion is an important process shaping linkage disequilibrium at very small scales within genomes
(Andolfatto and Nordborg, 1998). Gene conversion as a mechanism of recombination remains fairly poorly
understood generally, and in C. elegans in particular. Specific examples of allelic gene conversion have been
reported (Moerman and Baillie, 1979; Rattray and Rose, 1988; Rose and Baillie, 1980), as well as evidence of gene
conversion among gene duplicates or multi-gene families in the genome (Katju et al., 2008; Semple and Wolfe,
1999), and from population polymorphism data (in C. remanei) (Cutter, 2008). Gene conversion is now widely
implemented for experimental purposes in C. elegans (Frøkjaer-Jensen et al., 2008; Robert et al., 2008), which holds
promise for furthering our understanding of the process of gene conversion and its implications for molecular
evolution. However, no genome-wide contrast of rates of crossover versus non-crossover (i.e. gene conversion)
recombination have been conducted, as in yeast (Mancera et al., 2008).
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No conclusive evidence of mitochondrial recombination has been reported for C. elegans, despite support for
mitochondrial recombination in other nematodes (Lunt and Hyman, 1997; Piganeau et al., 2004) and a potential
example in C. briggsae (Howe and Denver, 2008).

Genetically effective recombination occurs only rarely in nature, such that large blocks of chromosomes
experience linkage disequilibrium among wild isolates (Barrière and Félix, 2005; Cutter, 2006; Haber et al., 2005;
Rockman and Kruglyak, 2009). Linkage disequilibrium (LD) takes an average of 3.3Mb to decay by half, and
significant LD occurs between loci on different chromosomes. Very low rates of outcrossing in nature (on the order
of 10−3 to 10−4 per generation) are thought to be the primary cause of this LD, although complex population
structure may also contribute. Despite the strong LD across the genome, clearly some recombination has occurred
among multi-locus genotypes, meaning that there is no single bifurcating gene-tree that describes the population
history of wild isolates of C. elegans. It should also be noted that microsatellite heterozygosity yields higher
estimates of outcrossing rates, and there might be important variation among local populations in outcrossing rates
(Sivasundar and Hey, 2005), perhaps a consequence of harsh or variable local conditions (Morran et al., 2009;
Morran et al., 2009). However, selection may generally disfavor recombinant genotypes (Barrière and Félix, 2007;
Dolgin et al., 2007). Extreme levels of self-fertilization and lack of effective recombination, such as observed in C.
elegans, can have dire consequences for the long-term persistence of populations, in the absence of compensatory
mutations (Loewe and Cutter, 2008).

4. Natural Selection

A principle aim of molecular evolutionists is to identify and characterize the targets of adaptive evolution
across the genome. However, to infer the action of selection, one must first refute the possibility that neutral
evolutionary forces (i.e. the 4 evolutionary processes other than natural selection) could have caused the observed
patterns. This is the reason that molecular evolutionists and molecular population geneticists so often are interested
in the evolutionary dynamics of loci that are expected to be unaffected by selection; understanding the evolution of
such neutral sites provides a null model against which to test for evidence of selection.

Population genetic polymorphism and inter-specific divergence are the two main tools for inferring selection
at the molecular level. Unfortunately, the low diversity coupled with high LD due to the complex population
processes in C. elegans (selfing, structured populations) render polymorphism as largely uninformative for
localizing the gene targets of selection in this species. Consequently, most work has focused on analyses of
divergence. When assessing nucleotide divergence between species, it is common practice to quantify the number of
substitutions per basepair in the site class under consideration (e.g. replacement sites versus synonymous sites
within coding regions) and to account for the potential for multiple mutational hits at a given site to have occurred.
This is done with the various ways of computing K

A
(or, d

N
; the number of replacement substitutions per

replacement site) and K
S

(or, d
S
; the number of synonymous substitutions per synonymous site) statistics (Yang and

Bielawski, 2000). Dividing K
A

by K
S

provides a metric that relates the rate of change at amino acid-changing sites
relative to the rate expected for putatively neutrally evolving synonymous sites. In other words, differences in K

S
are

meant to reflect differences among loci in the underlying local rate of mutation that could, in itself, give rise to
differences in rates of protein divergence. However, because synonymous sites for highly expressed genes have not
been selectively neutral in the lineages leading to species of Caenorhabditis, it is further necessary to correct K

S
values for the effects of selection on codon usage (Cutter, 2008).

It is assumed implicitly in most divergence calculations that within-species polymorphism is negligible
relative to fixed differences between species, which is a reasonable assumption for comparisons of known
Caenorhabditis species (which are highly divergent at the molecular level), but may not be reasonable in other taxa
(e.g. some Drosophila species pairs, human-chimpanzee) and may become an important issue as new,
closely-related species of Caenorhabditis are discovered. Note also that some methods of computing divergence are
pairwise, whereas others use a phylogenetic tree to generate lineage-specific rate estimates separately for each
branch in the tree (Figure 1). Such lineage-specific measures of divergence require that the phylogenetic
relationships among species are well-defined (Kiontke et al., 2007; The phylogenetic relationships of
Caenorhabditis and other rhabditids); as genome sequences become available for additional Caenorhabditis and
other nematodes, new developments in multi-locus species-tree inference should prove useful in delineating the
tempo of speciation (Degnan and Rosenberg, 2009).

Molecular evolution inferences from the C. elegans genome
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Figure 1. Diagrammatic representation of polymorphism and divergence. Dotted lines delimit independently evolving lineages (species); solid lines
trace the genealogy of an ortholog between species. Polymorphism at a locus is shown within species B and C, as represented by a genealogy in each
species that coalesces into the single common ancestor of the extant polymorphism within that lineage. Only a single representative copy of the locus is
represented for species A. The expected coalescent time for extant polymorphism is 4Ne generations. Divergence between distantly-related species
typically involves comparison of a single representative sequence for a locus from each species. For example, if the lengths of branches are proportional to
the number of mutations that have accumulated along them, then divergence between A and B would be the sum of the lengths of the dark and light blue,
purple, and orange branches. Using the colored copies of the locus as representatives from each of these 3 species, one could calculate lineage-specific
rates for species B and C. Lineage-specific divergence for C (orange) would be equivalent to summing the lengths of the red and pink branches, if the
position of their common ancestry could be inferred accurately. Differences in mutation rates and/or generation times can result in variable lineage-specific
branch-lengths.

The dominant form of natural selection in the genome, of course, is purifying selection (also termed negative
directional selection), which acts to conserve sequence features and, in coding sequences, yields K

A
/K

S
< 1 (Stein et

al., 2003). For example, purifying selection exerts particularly potent effects on genes that confer sterility
phenotypes when knocked-down by RNAi (Cutter et al., 2003). Also, adult-expressed genes tend to evolve more
rapidly than those expressed predominantly in larvae, which is consistent with stronger purifying selection on
pre-reproductive stages, as predicted by some theoretical models of aging (Cutter and Ward, 2005). Significant
portions of non-coding sequence also are subject to purifying selection in Caenorhabditis (Kent and Zahler, 2000;
Shabalina and Kondrashov, 1999; Webb et al., 2002), which has been applied to successfully identify conserved
regulatory elements (Coghlan et al., 2006). However, many functionally important sequences may evolve rapidly,
and therefore be missed in genomic surveys of conserved elements.

Detecting positive selection can be a difficult task, particularly in C. elegans, because many of the most
powerful methods are not accessible or robust in this system due to the high sequence divergence between species in
combination with C. elegans' complex demographic history (Kreitman, 2000). Comparative genomic analysis with
newly identified species with closer phylogenetic positions to known species will help rectify this problem in the
future. Nevertheless, a variety of intriguing general molecular evolutionary patterns resulting from natural selection
reveal themselves under close inspection.

Within multi-gene families, it is possible to identify genes with an excess of replacement-site substitutions
relative to synonymous-site substitutions (i.e. K

A
/K

S
> 1), which is indicative of repeated positive directional

selection on peptide sequence (Yang and Bielawski, 2000). Specifically, the D subfamily of the ATP-binding
cassette family of proteins shows evidence of such adaptive evolution in its history (Zhao et al., 2007), as do some
members of the SRZ subfamily of putative chemoreceptors (Thomas et al., 2005), some lysozyme genes
(Schulenburg and Boehnisch, 2008), and some antimicrobial peptides (Pujol et al., 2008). Transcription factors also
tend to evolve more rapidly than other gene classes (Haerty et al., 2008; Jovelin, 2009), although strictly speaking
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the data for Caenorhabditis make it difficult to rule out relaxed selection as a possible cause of elevated rates of
replacement-site divergence. Similarly, sperm-related genes tend to have more rapid rates of protein evolution than
other types of genes, and also experience disproportionate gene loss and duplication (Artieri et al., 2008; Cutter and
Ward, 2005); this could be a signature of sexual selection in the obligately outbreeding ancestors of C. elegans. As
gene networks and genetic pathways become better-elucidated, molecular evolution analysis in the frameworks of
systems biology and evo-devo may provide interesting insights (Jovelin, 2009; Jovelin et al., 2009; Zou et al., 2008).

5. Genetic Drift

Stochastic change in allele frequency describes the process of genetic drift (Hartl and Clark, 2007), and this
mechanism of evolutionary change is important for alleles that are very rare and/or subject to very weak natural
selection. Drift at a given locus is most powerful when populations are composed of few breeding individuals; the
effect of genetic drift on an allele is inversely proportional to N

e
s (selection coefficient s). N

e
, the effective

population size, is a unifying concept in evolution that defines the size of populations not in terms of census size but
in terms of the rate of genetic change due to drift (Charlesworth, 2009). Since the origin of the highly-selfing form
of hermaphroditism that C. elegans now experiences in nature, the role of genetic drift in molecular evolution will
have been increased dramatically throughout C. elegans' genome (a decrease in N

e
relative to obligately outcrossing

ancestors). Phrased another way, the relative importance of selection has been relaxed in the C. elegans lineage
since the origin of extreme selfing.

The evolution of biased codon usage provides an exceptional example of the interplay between mutation,
selection, and drift. These three forces operate with similar magnitudes of effect to determine the evolutionary fate
of alternative synonymous codons (Bulmer, 1991; Duret, 2002). Mutational pressures and natural selection clearly
both play important roles in the biased usage of synonymous codons in Caenorhabditis (Cutter et al., 2008; Duret,
2000; Duret and Mouchiroud, 1999; Stenico et al., 1994), and nematodes generally (Cutter et al., 2006). However,
the drastic reduction in the effective number of breeding individuals in C. elegans, following the origin of a highly
selfing lifestyle from obligately outbreeding ancestors (Cho et al., 2004; Kiontke et al., 2004), will have raised the
relative importance of genetic drift in mediating molecular evolution. This yields the prediction that adaptive codon
usage bias should be less prevalent in the C. elegans genome compared to its relatives, with the extent of codon bias
decay being proportional to the time over which such relaxed selection has elapsed. Based on this logic, and the
observation that codon bias differs only subtly between C. elegans and other species in the genus, Cutter et al.
(2008) concluded that the extreme form of selfing seen today in C. elegans must have originated in the
not-too-distant past.

The activity of transposable elements (TEs) most typically exerts detrimental consequences on organismal
fitness (Begin and Schoen, 2007), but the ability of natural selection to eliminate such deleterious mutational events
depends on the relative role of genetic drift. Again, the drastically reduced population size of C. elegans relative to
its ancestor is predicted to have relaxed selection against the elimination of TE insertions. Population frequencies for
32 Tc1 insertion sites are consistent with relaxed selection in C. elegans (i.e. a dominant role for genetic drift in
contemporary natural populations), in stark contrast to evidence of purifying selection against mTcre1 elements in
C. remanei (Dolgin et al., 2008).

The Bergerac strains of C. elegans (e.g. BO = RW7000) were isolated from nature by Nigon, and exhibit an
exceptionally high load of Tc1 elements (>300) in their genomes (Emmons et al., 1983; Hodgkin and Doniach,
1997; Liao et al., 1983). Several other C. elegans strains at the Caenorhabditis Genetics Center similarly have high
loads of Tc1 (Hodgkin and Doniach, 1997), although all of these appear to reflect spurious mislabeling and/or lab
crosses with Bergerac during their history in the lab (Rockman and Kruglyak, 2009). It is tempting to speculate that
relaxed selection on transposon activity in C. elegans enabled the proliferation of Tc1 in Bergerac, which
presumably eventually led to its extinction, as other strains with high genomic loads of Tc1 have not been isolated in
recent years of extensive wild sampling effort. However, the isolation of Bergerac in the 1940's followed by decades
of laboratory culture (Hodgkin and Doniach, 1997) raises the distinct possibility that the high abundance of Tc1
elements in its genome occurred after its isolation from nature.

Relaxed selection on chemoreceptor genes similarly might be responsible for the segregation of premature
stop codon alleles being common in nature (Stewart et al., 2005). The evolution of genes underlying traits associated
with outcrossing and sexual selection, such as copulatory plugs (Palopoli et al., 2008), also likely currently are
governed largely by genetic drift.
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6. Population dynamics

In addition to the important impacts of mutation, recombination, selection, and drift on the evolution of
inherited molecules, the details of population demography (population subdivision, migration, changes in size of the
breeding population, mode of reproduction) also influence the ultimate evolutionary fate of alleles: loss or fixation.
Molecular population genetics has been instrumental in tracing the ancestry of humans across the globe (Conrad et
al., 2006; Rosenberg et al., 2002), and similar approaches have yielded generous insights into the dynamics of
contemporary populations for C. elegans and its relatives (Natural variation and population genetics of
Caenorhabditis elegans, Cutter et al., 2009; Fitch, 2005; Phillips, 2006).

C. elegans in nature exhibits strong evidence of subdivided population structure, with many subpopulations
that display little-if-any isolation by distance (Barrière and Félix, 2005; Cutter, 2006; Haber et al., 2005; Sivasundar
and Hey, 2005). This implies migration across both local and global scales, perhaps mediated by humans or other
animal vectors. Migration and/or colonization of the globe may occur sufficiently frequently or recently that no
obvious patterns of local adaptation are now evident for C. elegans, as inferred from molecular population genetic
analysis and lack of associations between phenotype, genotype, and geography (Hodgkin and Doniach, 1997;
Sivasundar and Hey, 2003). Some local subpopulations appear to be stable over time, while others go extinct and are
recolonized (Barrière and Félix, 2007). These observations make metapopulation dynamic models and many-demes
models of coalescent genealogical history relevant to understanding its genetic variation (Cutter, 2006; Pannell,
2003; Pannell and Charlesworth, 1999; Wakeley, 1999; Wakeley and Aliacar, 2001). However, it remains unclear
precisely how to define a “subpopulation” for these nematodes in an ecological sense: do the worms in an ephemeral
rotting apple comprise a subpopulation? Or is the soil under the apple tree, present for years or decades, home to a
subpopulation? Or the grounds of the orchard in which the apple tree resides? Integrating C. elegans ecological
context – which presently remains poorly known – with evolutionary analysis should prove helpful in elucidating
the dynamics of population processes.

While molecular approaches find no clear support for global population expansion, and only limited support
for population contraction (Sivasundar and Hey, 2003), the power to detect changes in effective population size in
C. elegans very recent past is constrained by the complex population structure. Nevertheless, the substantially lower
levels of genetic diversity (~20-fold) relative to obligately outcrossing species imply that it has experienced a strong
genetic bottleneck since the origin of highly selfing hermaphroditism, possibly due to both demographic and
selective causes (Cutter et al., 2009; Graustein et al., 2002).

Comparisons of molecular variation for multiple populations across species of Caenorhabditis that exhibit
similar (e.g., C. briggsae, C. sp. 11) or different (e.g., C. remanei, C. brenneri, C. sp. 5) modes of reproduction to C.
elegans also will help illuminate population dynamic processes. For example, despite the presence of selfing
hermaphroditism and a global distribution like C. elegans, C. briggsae exhibits strong patterns of phylogeography
(reviewed in Cutter et al., 2009; Cutter et al., 2006; Cutter et al., 2010; Howe and Denver, 2008). Current evidence
also points to much greater levels of genetic variation in obligately outbreeding female-male species (Barriere et al.,
2009; reviewed in Cutter et al., 2009; Jovelin, 2009; Jovelin et al., 2009). These observations point to important
differences in the demography of these species that confer unique opportunities to exploit the peculiarities of a given
species to inform the processes of molecular evolution and the biology of Caenorhabditis.

7. Summary

Study of C. elegans has greatly informed understanding of the fundamental forces of evolution operating at
the molecular level, and the application of evolutionary theory to C. elegans genome has benefited understanding of
this exquisite organism. Mutation perhaps is the best characterized aspect of molecular evolution in C. elegans.
However, the great wealth of knowledge on mutation is matched by a relatively nascent understanding of the
generality of mutational characteristics across species – and across greater phylogenetic depths. Despite the
advances to molecular evolution made possible by research on C. elegans, it is now clear that investigation of other
species of Caenorhabditis will provide complimentary and novel insights that are not possible by studying C.
elegans alone (Haag et al., 2007; Kammenga et al., 2008). In particular, the roles of ecology and adaptation in
shaping genetic variation, genomic heterogeneity, phenotypic variation, and phylogeography in the lineage that gave
rise to C. elegans and its relatives will benefit profoundly from studies of obligately outcrossing species and from
further comparative analysis of the repeated evolution of the selfing hermaphroditic lifestyle. The feasibility of
resequencing entire Caenorhabditis genomes and transcriptomes with next-generation technologies promises
advances in molecular evolutionary understanding with this group. For example, we should all anticipate rapid
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genome data acquisition for newly discovered species with closer phylogenetic ties to other known taxa (e.g., C. sp.
9), population genomics analysis of outcrossing species (e.g., C. remanei) to infer targets of natural selection from
patterns of population polymorphism, and large-scale functional assays in non-elegans species. The scope of such
advances, however, currently is limited by taxon sampling in Caenorhabditis to species that are rather
distantly-related – collection and identification of new species in the genus is paramount to long-term progress in
characterizing molecular evolutionary phenomena with Caenorhabditis.
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