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Introduction

Theory indicates that the accumulation of deleterious

mutations in individuals and in populations may play an

important role in the evolution of sex. Different muta-

tional models focus on the influence of genetic linkage

(Hill & Robertson, 1966), on stochastic population

genetic factors (Muller, 1964; Gabriel et al., 1993; Lynch

et al., 1993), on the role of selection or competition

among lineages (Birky, 1999), and on deterministic

effects of deleterious mutation in relation to the two-

fold cost of sex (Kondrashov, 1988; Charlesworth, 1990).

Most of the work on this topic has focused on the

likelihood of invasion of asexually reproducing individ-

uals in an otherwise outcrossing population. However,

these models also apply to comparisons of different types

of breeding system. Many features of the theoretical

predictions hold for the problem of self-fertilizing indi-

viduals invading an outcrossing population, such as

expected differences in rates of nucleotide substitution.

We use DNA sequence data in a comparative context to

evaluate the degree to which these mutational models

may contribute to the maintenance or loss of outcrossing

in a clade of rhabditid nematodes.

A mutational model that has received much attention

in recent years is the mutational deterministic (MD)

hypothesis, which posits that selection against deleteri-

ous mutations is responsible for the origin and/or

maintenance of sex (Kondrashov, 1988). Under syner-

gistic epistasis, where each additional deleterious muta-

tion causes a greater-than-additive reduction in fitness,
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Abstract

A variety of models propose that the accumulation of deleterious mutations

plays an important role in the evolution of breeding systems. These models

make predictions regarding the relative rates of protein evolution and

deleterious mutation in taxa with contrasting modes of reproduction. Here

we compare available coding sequences from one obligately outcrossing and

two primarily selfing species of Caenorhabditis to explore the potential for

mutational models to explain the evolution of breeding system in this clade.

If deleterious mutations interact synergistically, the mutational deterministic

hypothesis predicts that a high genomic deleterious mutation rate (U) will

offset the reproductive disadvantage of outcrossing relative to asexual or

selfing reproduction. Therefore, C. elegans and C. briggsae (both largely selfing)

should both exhibit lower rates of deleterious mutation than the obligately

outcrossing relative C. remanei. Using a comparative approach, we estimate

U to be equivalent (and <1) among all three related species. Stochastic

mutational models, Muller’s ratchet and Hill–Robertson interference, are

expected to cause reductions in the effective population size in species that

rarely outcross, thereby allowing deleterious mutations to accumulate at an

elevated rate. We find only limited support for more rapid molecular evolution

in selfing lineages. Overall, our analyses indicate that the evolution of

breeding system in this group is unlikely to be explained solely by available

mutational models.



sexual populations can purge combinations of deleterious

mutations more efficiently than asexual populations.

When the genomic deleterious mutation rate per gen-

eration (U) is at least 1, the resulting decreased muta-

tional load of outcrossing sexual populations can offset

the two-fold disadvantage of meiosis (Charlesworth,

1990). Therefore, the MD hypothesis predicts that U will

be reasonably high (of order 1) in outcrossing species

(Kondrashov, 1988; Charlesworth, 1990). Like asexually

reproducing individuals, self-fertilizing individuals

experience a two-fold reproductive advantage over out-

crossers (Lloyd, 1980). However, the fitness of a purely

selfing individual at mutation–selection balance (�e�
3
4
U)

is less than that of an average individual in an obligately

outcrossing population under the assumption of syner-

gistic epistasis (�e�
1
2
U) (Kimura & Maruyama, 1966;

Kondrashov, 1985; Charlesworth, 1990). Consistent with

the notion that highly selfing populations will be resist-

ant to invasion by an asexual genotype (Charlesworth,

1980), selfers also experience greater fitness than

asexuals (�e)U) at mutation–selection balance (Kimura

& Maruyama, 1966). Note that the well-known 11
2
-fold

reproductive advantage of asexuals over random-mating

hermaphrodites does not hold for obligate selfers, which

completely recover the cost of meiosis (Lloyd, 1980).

Thus, akin to the prediction for the typical comparison

between outcrossing and asexual reproduction, the MD

model predicts that outcrossing will offer a net advantage

over selfing only when U is sufficiently large (specifically,

when U > �1.4). Consequently, we expect to find higher

values of U in obligately outcrossing members of a clade

relative to members that rarely outcross if the MD

hypothesis is a general explanation for the maintenance

of sex (i.e. obligate outcrossing relative to other breeding

systems) and enough time has elapsed for U to evolve

(Kondrashov, 1985; Charlesworth, 1990; Wright et al.,

2002).

Kondrashov & Crow (1993) proposed an approach to

estimate U using interspecific DNA sequence compar-

isons by contrasting the total numbers of constrained and

unconstrained sites in a genome, conditioned on diver-

gence time in generations. Keightley & Eyre-Walker

(2000) used this approach to estimate U for a variety of

animal species and suggested that U is often <1,

challenging the generality of the MD hypothesis. This

comparative method of estimating U based on a

nontrivial sample of the genome is becoming more

feasible as genomic data accumulate in more species

and it allows the derivation of genomic deleterious

mutation rate estimates independent from experimental

estimates (e.g. Wright et al., 2002) – we use this approach

among Caenorhabditis species.

The interaction between deleterious mutation and

genetic linkage in finite populations also can influence

the evolution of breeding system. Interference among

selected, linked loci can lead to a reduction in effective

population size (Hill & Robertson, 1966) and the

subsequent accumulation of deleterious mutations.

Therefore, the rate of amino acid substitution (corrected

for mutation rate heterogeneity) should be higher in

nonoutcrossing lineages relative to outcrossing lineages

when a large fraction of amino acid mutations are slightly

deleterious (i.e. selection coefficients on the order of the

reciprocal of the population size; Ohta, 1973) and

Hill–Robertson interference is a potent force. Muller’s

ratchet (Muller, 1964), which is stronger in small

populations, provides another stochastic mutational

explanation for the evolutionary advantage to outcross-

ing. As the genomes of progeny in outcrossing popula-

tions can be reconstituted to contain fewer deleterious

mutations than their parents (by virtue of recombinant

gametes), nonoutcrossing populations should experience

greater fitness reductions and increased probabilities of

extinction due to a higher load of deleterious mutations

(Muller, 1964; Gabriel et al., 1993; Lynch et al., 1993).

Like the predictions that follow from Hill–Robertson

interference, nonoutcrossing lineages that persist should

exhibit higher amino acid substitution rates than closely

related outcrossing species. Additionally, we might

expect such lineages to evolve reduced mutation rates

to slow the accumulation of deleterious mutations,

which will be promoted by selection or competition

among nonoutcrossing lineages (Birky, 1999).

Members of the bacteriophagous, soil-dwelling nema-

tode genus Caenorhabditis provide an excellent system in

which to evaluate explanations for the evolution of

outcrossing, and the MD hypothesis in particular. First,

the complete genomic sequence of C. elegans (The

C. elegans Sequencing Consortium, 1998) and of large

stretches of contiguous sequence in the closely related

species C. briggsae (Kent & Zahler, 2000) make it possible

to compare sequences at many loci, as has been done to

estimate levels of selective constraint on intergenic

sequences (Shabalina & Kondrashov, 1999). Further-

more, the complete sequence of C. elegans allows fairly

accurate estimation of parameters relevant to U, includ-

ing the total number of coding sites in the genome.

Secondly, there is variation in the mode of reproduction

among Caenorhabditis species. The androdioecious spe-

cies, C. elegans and C. briggsae, reproduce largely via self-

fertilization of hermaphrodites and outcross with males

only rarely (Fitch & Thomas, 1997; Riddle et al., 1997) –

C. elegans males are produced spontaneously at a fre-

quency of �0.2% under laboratory conditions (Hodgkin

et al., 1979; Hodgkin & Doniach, 1997) and indirect

evidence suggests that outcrossing occurs at a frequency

<2% in nature (Cutter & Payseur, 2003). In contrast, the

closely related C. remanei exhibits an obligately out-

crossing breeding system with an even sex ratio (Baird

et al., 1994) and much higher levels of genetic variation

among isolates (Graustein et al., 2002; Jovelin et al.,

2003). The variation in breeding system among Caenor-

habditis species contrasts with the conservation in mor-

phology (Fitch & Thomas, 1997; Sudhaus & Fitch, 2001).
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As phylogenetic evidence indicates that obligate out-

crossing represents the ancestral state for this group

(Fitch & Thomas, 1997) and self-fertilizing hermaphro-

dites may have evolved independently in C. elegans and

C. briggsae (E. Haag, personal communication), the issue

is simplified to the maintenance of obligate outcrossing,

to the exclusion of its origin (Lenski, 1999). Finally,

selfing has evolved independently several times in the

Rhabditidae (Fitch & Thomas, 1997), indicating that the

topic of breeding system evolution is a general problem

in nematodes and not a peculiarity of the Caenorhabditis

genus.

Here, we use coding sequences available for caenor-

habditids to compare rates of deleterious mutation (U)

and site substitution (KA) for obligate outcrossing and

highly selfing species. We concentrate on the MD

hypothesis, which has received the most attention in

recent literature. If the mutational models hold gener-

ally, then we expect that these species will vary in rates

of deleterious mutation and protein evolution with

respect to their breeding system – C. remanei should

exhibit disproportionately high values of U and low rates

of protein evolution. Selfing and outcrossing species of

Arabidopsis have been shown to exhibit no significant

difference in U (Wright et al., 2002), but such a compar-

ison between related animals that vary in breeding

system has not been made previously. We examine the

effect of variation in the parameters used to estimate U

and argue that U is probably low and quite similar for

C. elegans, C. briggsae, and C. remanei. We also find little

support for the predictions of Hill–Robertson and

Muller’s ratchet models in that the rate of molecular

evolution is rarely higher in primarily selfing species.

These results suggest that the evolution of breeding

system in this group is unlikely to be explained by

available mutational models alone.

Methods

Confirmation of phylogeny

We confirmed the phylogenetic topology for C. elegans,

C. briggsae, and C. remanei based on published nuclear

DNA sequences for three genes. This analysis served two

purposes: it provided us with a framework in which to

perform relative-rates tests (Sarich & Wilson, 1973) and

sequence-based estimation of U for each Caenorhabditis

species-pair. We constructed molecular phylogenies of

nuclear genes with the PAUPsearch Wisconsin Package

Version 10.2 [Genetics Computer Group (GCG), Madi-

son, WI, USA] software based on coding nucleotide

sequences for calmodulin (cal-1; outgroup Strongyloides

stercoralis), globin (outgroup Nippostrongylus brasiliensis),

and a homeobox gene (ceh-13; outgroups S. ratti and

S. stercoralis). Sequences for C. elegans were obtained from

http://www.wormbase.org. Other sequences were extrac-

ted from GenBank (http://www.ncbi.nlm.nih.gov), from

the paper by Thomas & Wilson (1991) (cal-1), or from

A. Streit (personal communication) (ceh-13). We used

this set of loci for phylogenetic reconstruction because

outgroup sequences for additional loci were unavailable.

Analyses using minimum evolution distance, maximum

parsimony, and maximum likelihood optimality criteria

all yielded a single tree with a topology that hypothesizes

a sister relationship between C. briggsae and C. remanei

with 62–100% bootstrap support (Fig. 1). This topology is

consistent with distance measures for several other loci

(Haag & Kimble, 2000; Chen et al., 2001; Rudel &

Kimble, 2001; Jovelin et al., 2003) and the pattern of

interspecific hybrid formation among these species (Baird

et al., 1992). In contrast, slowly evolving ribosomal genes

(Fitch et al., 1995; Baldwin et al., 1997) and high simi-

larity among morphological characters have contributed

to conflicting and unresolved species relationships in

previous phylogenetic analyses (Sudhaus & Kiontke,

1996; Baldwin et al., 1997; Sudhaus & Fitch, 2001); 18S

rDNA and male tail characters have been described as

insufficient to differentiate species relationships among

these three taxa (Fitch et al., 1995; Sudhaus & Kiontke,

1996). Consequently, we rely on the growing consensus

hypothesis of species relationships supported by our

molecular data (Fig. 1). We inferred that the relative

length of branches B and R is 78% that of branch E based

on the average minimum evolution branch length

distances of these three loci (Fig. 1). Accordingly, we

reduced the divergence time between C. briggsae and

C. remanei by 22% relative to C. elegans in calculations of

U (Fig. 1).

Three-species comparisons

We analysed substitution rates in coding sequences for

10 loci (�15 kb) with orthologs in C. elegans, C. briggsae

and C. remanei (syn. vulgaris) (Table 1). We obtained

C. elegans sequences from http://www.wormbase.org and

other sequences from GenBank (http://www.ncbi.nlm.

nih.gov). Caenorhabditis remanei sequence from two loci

that were not available in Genbank were provided by

Fig. 1 Cladogram for Caenorhabditis elegans, C. briggsae, and

C. remanei based on three nuclear loci (globin, cal-1 and ceh-13).

Branches B and R are �78% the length of branch E, as inferred from

minimum evolution distance statistics.
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A. Streit (the homeobox gene ceh-13) and the paper by

Thomas & Wilson (1991) for the calmodulin gene cal-1.

We aligned each locus using GCG Pileup on the

corresponding amino acid sequences. We then back-

translated into nucleotides these aligned amino acid

sequences and ran GCG Diverge on each locus pair to

calculate rates of synonymous (KS) and nonsynonymous

(KA) site substitution. Diverge uses the improved method

of Li (Li et al., 1985; Li, 1993; Pamilo & Bianchi, 1993)

that utilizes Kimura’s two-parameter method (Kimura,

1980) to correct for multiple hits and to take transition

and transversion rate differences into account. Given

C. elegans as outgroup, we tested for differences in rates of

molecular evolution between C. briggsae and C. remanei

for each locus and for concatenated sequences with

relative-rates tests using the K2WuLi program (Wu & Li,

1985; Muse & Weir, 1992; http://jcsmr.anu.edu.au/

dmm/humgen/lars/k2wulisub.htm), which also employs

Kimura’s two-parameter model (Kimura, 1980).

Our analyses assume that KS is a robust indicator of the

neutral mutation rate. In an effort to account for possible

selection on synonymous sites (Akashi, 1995) we adjus-

ted our synonymous substitution rate estimates for the

effects of codon bias (see below). We refer to these

adjusted estimates as ds.

We estimated rates of total (M) and deleterious (U)

mutation per generation with KA and ds, following

Kondrashov & Crow (1993) as modified by Eyre-Walker

& Keightley (1999). Using a method weighted by gene

length (L),

M ¼ Z

P
L � dsP

L
and U ¼ M � Z

P
L � KAP

L
;

where all summations are across loci and Z ¼ 2

(genomes) · 19 099 (genes) · 1644 (nucleotides/gene) ·
(1/G (generations/year)) · (1/Y (divergence time)) is a

constant that includes the number of genes (The C. elegans

Sequencing Consortium, 1998), the length of genes

(mean gene length of 1406 C. elegans loci, see below),

generation time (G), and divergence time (Y). The gene

length (L) used in our summations is the number of

nucleotides processed by Diverge. This method measures

the average deleterious mutation rate of the two species

used to generate the KA and ds values. Consequently, the

prediction of the MD model is that Uelegans-briggsae <

Ubriggsae-remanei @ Uelegans-remanei. As synonymous sites

are saturated (ds ‡ 1), on average, we also made esti-

mates of U by using a constant value of the neutral

mutation rate, where M ¼ 2 · 19 099 · 1644 · 9.1 ·
2.25 · 10)10 (Drake et al., 1998). We calculated 95%

confidence limits of M and U via bootstrap analysis with

10 000 replicates (Manly, 1997).

As the average generation time of Caenorhabditis

species in nature is unknown, and no fossil records

provide definitive information regarding the timing of

the C. elegans–briggsae divergence, we calculated M and U

for a broad range of these two parameters. Other studies

(Denver et al., 2000) assumed 4-day egg-to-egg genera-

tion duration (�90 generations/year), which is close to

the growth rate of C. elegans in the laboratory at 20 �C
(Byerly et al., 1976). Under laboratory conditions,

C. elegans worms develop in �2.5 days (�150 genera-

tions/year) at 25 �C and in �6 days (�60 generations/

year) at 15 �C (Byerly et al., 1976), although the facul-

tative and developmentally quiescent dauer larval path-

way can persist for weeks to months (Riddle, 1988).

Fecundity (Byerly et al., 1976) and population growth

rate (Venette & Ferris, 1997) are both maximal at

�20 �C. Typical estimates (based on one or a few genes)

for the time to most recent common ancestor of C. elegans

and C. briggsae vary between 23 and 60 million years

(My) (Prasad & Baillie, 1989; Heschl & Baillie, 1990; Lee

et al., 1992; Kennedy et al., 1993; Thacker et al., 1999).

A more recent analysis based on chromosomal

rearrangements estimates the date to be 50–120 My ago

(Coghlan & Wolfe, 2002).

Table 1 Unadjusted substitution rates, codon usage bias and relative-rates test statistics.

C. elegans

locus

C. briggsae, C. remanei

accessions C. elegans Fop

Wu & Li’s

relative-rates test briggsae–remanei elegans–briggsae elegans–remanei

z P* KA KS KA KS KA KS

cal-1 (see Methods) 0.31 0.27 n.s. 0.00 0.49 0.00 0.95 0.00 0.84

ceh-13 (see Methods) 0.36 0.45 n.s. 0.10 1.48 0.13 1.81 0.13 2.04

fem-2 AF054982, AF507019 0.39 0.69 n.s. 0.30 1.65 0.27 1.89 0.27 1.73

fog-3 AF354169, AF354170 0.45 0.59 n.s. 0.27 1.31 0.34 1.41 0.30 1.75

globin U48289, U48294 0.58 )1.06 n.s. 0.05 0.84 0.09 0.70 0.08 1.01

glp-1 AF315554, AF315556 0.37 3.39 0.0004 0.26 1.43 0.36 2.71 0.32 1.72

lin-14 AH010072, AF231036 0.35 1.26 n.s. 0.11 0.83 0.17 1.01 0.16 0.91

mec-3 L02878, X63956 0.27 1.78 0.037 0.08 0.94 0.10 1.68 0.06 1.97

rpl-3 AF247847, AF247852 0.80 1.74 0.041 0.00 0.05 0.02 0.21 0.01 0.11

tra-2 U59879, AF187965 0.33 0.46 n.s. 0.42 1.48 0.50 1.72 0.49 1.66

*Multiple-test correction a ¼ 0.005.
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C. elegans–C. briggsae comparisons

We also calculated rates of substitution for a larger

sample of 1406 putative orthologs of C. elegans and

C. briggsae. We extracted the coding regions for gene

predictions based on the full C. elegans genomic sequence

and �13 Mb of C. briggsae genomic sequence from

ACEDB (A C. elegans Database, http://www.worm

base.org). We used GCG BLASTN to identify locus pairs

between the two species that provided the best match as

potential orthologs. We translated into amino acids the

nucleotide sequence for the coding regions of each locus

for alignment of best-match pairs using GCG Gap with

default parameters. We then back-translated into nucle-

otides these aligned amino acid sequences and ran GCG

Diverge on each locus pair to calculate rates of synony-

mous (KS) and nonsynonymous (KA) substitutions. In

further analyses, we included only the 1406 locus pairs

for which the BLAST score £10)3, both KA and KS could

be calculated, and >40% of codons were processed by

Diverge (each locus from each species is included only

once). This procedure resulted in 1.94 Mb of sequence

processed by Diverge.

We calculated Fop, an index of codon usage bias based

on C. elegans optimal codons, for each coding sequence

for both C. elegans and C. briggsae (Stenico et al., 1994;

Sharp & Bradnam, 1997; Marais & Duret, 2001). Both KA

and KS demonstrated significant negative relationships

with species-averaged Fop (KA ¼ 0:363 � 0:454 � Fop,

F1,1404 ¼ 97.7, P < 0.0001, r2 ¼ 0.06; KS ¼ 2:48�
2:67 � Fop, F1,1404 ¼ 709.5, P < 0.0001, r2 ¼ 0.34). Con-

sequently, we corrected KS with the KS–Fop regression

equation [at mean �FFop ¼ 0.36 where codon usage is

expected to be unbiased (Stenico et al., 1994);

KS|Fop¼0.36 ¼ 1.52]. We refer to these Fop-adjusted sub-

stitution rates as ds. This procedure did not dramatically

influence our U estimates (for the C. elegans–C. briggsae

comparison, mean ds is greater than KS by 0.16). We used

these same regression equations in our adjustment of KS

for codon bias in analyses involving C. remanei.

Results

Our comparison of loci between the predominantly

selfing C. elegans and C. briggsae and the obligately

outcrossing C. remanei yields estimates of protein evolu-

tionary rates and deleterious mutation that are surpris-

ingly similar among taxa. The ratio of the rates of

nonsynonymous to synonymous nucleotide substitution

(KA/ds) do not differ significantly between the three

species-pair comparisons (F2,27 ¼ 0.008, n.s.; Table 2).

Rates of nonsynonymous site substitution (KA) also did

not differ significantly (F2,27 ¼ 0.16, n.s.; Table 2). These

results also hold for comparisons of substitution rates

unadjusted for codon usage bias. Furthermore, control-

ling for nonindependence of correlated histories with

relative-rates tests yields no significant difference in the

rate of substitution in the selfing C. briggsae compared

with the outcrossing C. remanei in nine of the 10 loci,

after correcting for multiple tests (Table 1). The one gene

with significant differences among lineages (glp-1) has

the second highest rate of nonsynonymous substitution

in comparisons with C. elegans, and demonstrates a higher

substitution rate in C. briggsae. This gene appears to drive

the significance of the relative-rates test performed on

concatenated sequence from all 10 genes (z ¼ 3.11,

P ¼ 0.0009) because when glp-1 is excluded from the

concatenated sequence, the relative-rates test fails to

achieve statistical significance (z ¼ 1.56, P ¼ 0.06).

Estimates of the genomic deleterious mutation rate do

not differ among the species-comparisons: 95% bootstrap

confidence intervals of U for each species-pair all overlap

with each other. For example, assuming 90 generations/

year for all species and the time to the most recent

common ancestor of C. elegans and C. briggsae/remanei is

50 My and of C. briggsae and C. remanei is 44.5 My, then

estimates of the deleterious mutation rate for these

comparisons are all U � 0.02 with overlapping 95%

confidence intervals (Table 3). Lower values of U result if

more distant times of divergence or more rapid turnover

of generations are assumed (Fig. 2).

The mean (and distributions) of KA and ds for the large

number of sequence comparisons between C. elegans and

C. briggsae coincide closely for the set of 10 loci that were

compared among all three species of Caenorhabditis

(Table 2). This suggests that no obvious bias exists in

the sample of loci used for the estimation of U and in

relative-rates tests. An analysis of the ANOVAANOVA design for

testing among estimates of KA indicates that a difference

of 0.058 in KA ⁄ ds can be detected with power >80% at

a ¼ 0.05. This power analysis affirms that these data are

sufficient to identify modest differences in substitution

rates, although the relative-rates tests are phylogeneti-

cally more appropriate.

These data also allow the estimation of the proportion

of the genome subject to selective constraint. The degree

of constraint among coding regions may be estimated as

1 – KA/ds and as U/M (Eyre-Walker & Keightley, 1999).

There are approximately 20.5 Mb (19 099 genes ·
0.652 · 1644 sites/gene) of nonsynonymous sites and

97 Mb of total DNA in the C. elegans genome (The

C. elegans Sequencing Consortium, 1998). Our estimate

Table 2 Summary of average rates of evolution at nonsynonymous

(KA) and synonymous (ds) sites.

Species Loci KA/ds KA ds

elegans–briggsae 1406 0.112 (0.003) 0.175 (0.005) 1.517 (0.011)

elegans–briggsae 10 0.117 (0.029) 0.196 (0.051) 1.571 (0.172)

elegans–remanei 10 0.113 (0.031) 0.182 (0.051) 1.536 (0.142)

briggsae–remanei 10 0.118 (0.030) 0.159 (0.045) 1.214 (0.140)

Standard errors are given in parentheses.
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of constraint in coding regions (�0.85) therefore implies

that �18% (0.85 · 20.5 Mb/97 Mb) of the genome is

affected by strong purifying selection. This result can

be contrasted with a recent estimate from humans of

about 2% (Nachman & Crowell, 2000) using a similar

approach, although both results are likely underesti-

mates because they consider selection only on non-

synonymous sites. A previous analysis of constraint in

�150 kb of syntenic C. elegans and C. briggsae sequence

concluded that at least 32% of sites in their genomes are

functionally conserved (Shabalina & Kondrashov,

1999), based on 72.2% invariant exonic sites as well

as invariant intronic and intergenic nucleotides. Consis-

tent with the findings of Shabalina & Kondrashov

(1999), we calculate 73.9% invariant coding region

base pairs for the �2 Mb of sequence from the 1406 loci

we compared between C. elegans and C. briggsae. Such a

large extent of the genome subject to purifying selec-

tion, in conjunction with the partially selfing mode of

reproduction, suggests that the action of background

selection (Charlesworth et al., 1993) may be likely to be

a potent force influencing patterns of polymorphism in

these species (Cutter & Payseur, 2003; Sivasundar &

Hey, 2003).

Discussion

Selfing and outcrossing lineages do not differ
in deleterious mutation rate

Our analyses demonstrate that estimates of the genomic

deleterious mutation rate U from pairwise comparisons

of coding sequences do not differ among the species

Caenorhabditis elegans, C. briggsae and C. remanei. In all

cases, U is <1 and likely falls in the range of 0.005–0.05,

given a broad range of reasonable estimates of diver-

gence and generation time. However, the absolute

magnitude of the U estimates is immaterial to the

argument that genomic deleterious mutation rates do

not differ among lineages. Relative-rates tests, used to

control for shared histories, confirm the conclusion that

C. remanei genes generally exhibit rates of evolution no

different than C. briggsae genes. These observations are

particularly compelling in light of the different breeding

systems represented in this clade: C. remanei is an

obligately outcrossing species, whereas C. elegans and

C. briggsae reproduce largely via self-fertilization. Muta-

tional models applied to the relative fitness of selfing

and outcrossing predict higher genomic deleterious

mutation rates and lower rates of protein evolution in

outcrossing lineages (Kondrashov, 1988; Charlesworth,

1990). Consequently, we infer that mutational models

are unlikely to fully explain the evolution of outcrossing

in this clade.

Alternative explanations for these results seem incom-

patible with available data for these species, although

they are difficult to reject entirely. It is conceivable thatT
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longer generation times in C. remanei coupled with a

higher mutation rate (and therefore a higher genomic

deleterious mutation rate) could produce the same

pattern that we report. However, laboratory data suggest

that development times of these species do not differ

dramatically (Byerly et al., 1976) and relative-rates tests

fail to detect elevated substitution rates along the

C. remanei lineage. Differences in mutation rate among

the three species could be masked by saturation at

synonymous sites, which could compromise our conclu-

sions if the mutation rate in C. remanei is much higher

than in the other species. However, the facts that (1) KA

and ds positively covary (Spearman’s q ¼ 0.45; n ¼ 1406;

P < 0.0001) and that (2) ds interpreted as a distance

statistic is lower in the C. briggsae–remanei comparison

(consistent with the tree topology) argue that ds does

capture biologically meaningful variation in mutation

rates. Alternatively, one could contend that insufficient

time has elapsed for mutation rates to evolve to different

levels along each lineage (or, equivalently, that breeding

system evolution occurred very recently). However,

available estimates of divergence time between C. elegans

and C. briggsae seem sufficiently large (23–120 My;

Prasad & Baillie, 1989; Heschl & Baillie, 1990; Lee et al.,

1992; Kennedy et al., 1993; Thacker et al., 1999; Coghlan

& Wolfe, 2002) for mutation rates to have evolved.

Finally, no differences in U or KA would be expected

a priori if C. elegans and C. briggsae were cryptic obligate

outcrossers, but this is unlikely given their low levels of

genetic variation (Thomas & Wilson, 1991; Egilmez et al.,

1995; Koch et al., 2000; Wicks et al., 2001; Graustein

et al., 2002; Jovelin et al., 2003; Sivasundar & Hey, 2003),

low predicted rate of outcrossing (Hodgkin et al., 1979;

Hodgkin & Doniach, 1997; Chasnov & Chow, 2002;

Cutter & Payseur, 2003; Cutter et al., 2003) and

negligible inbreeding depression or heterosis (Johnson

& Hutchinson, 1993; Chasnov & Chow, 2002).

Implications of equivalent deleterious mutation rates

Our conclusion that the MD hypothesis on its own does

not explain the maintenance of outcrossing in caenor-

habditids has three main implications. First, deleterious

mutations may not have synergistic effects on fitness, on

average, in this species group. Consistent with this

implication, a recent test for synergistic epistasis between

mutations affecting C. elegans life-history traits found only

a nonsignificant trend for this mode of gene interaction

(Peters & Keightley, 2000). The lack of a dominant role of

synergistic interactions also has been shown in Escherichia

coli (Elena & Lenski, 1997), viruses (Elena & Moya, 1999;

de la Pena et al., 2000), and Saccharomyces cerevisiae

(Wloch et al., 2001), although experiments with

Chlamydomonas (de Visser et al., 1996) and Drosophila

melanogaster (Mukai, 1964; Kitagawa, 1967) have sup-

ported the notion of synergistic epistatic interactions.

Theoretical work has also demonstrated that population

structure (Agrawal & Chasnov, 2001; Otto & Barton,

2001), environmental heterogeneity (Lenormand & Otto,

2000), and variation in the sign of epistasis among loci

(Otto & Feldman, 1997) can dramatically affect the

expected benefit of recombination in purging deleterious

mutations. However, when most deleterious mutations

are recessive, as believed for D. melanogaster (Muller,

1950), the assumption of synergistic epistasis need not be

met for the advantages of outcrossing to outweigh the

costs (Chasnov, 2000). Furthermore, ecological condi-

tions in nature could induce epistatic gene interactions

that are unobservable in the laboratory (Peters &

Keightley, 2000), and the degree of epistasis in the

C. briggsae and C. remanei genomes remains unknown.

Secondly, factors other than selection against deleter-

ious mutations are likely to be important in the evolution

of outcrossing in caenorhabditids. Although one locus

shows evidence for an elevated rate of protein evolution in
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Fig. 2 Dependence of the genomic deleterious mutation rate per generation (U) on divergence time (Y) and generation time (G). Parameters

are based on C. elegans–briggsae, but the curves for the other species comparisons are indistinguishable by eye. Curves in (a) show G ¼ 12, 60,
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indicate values of Y or G that are consistent with empirical data.
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the selfing C. briggsae relative to the outcrossing C. remanei,

stochastic mutational models (Muller, 1964; Hill &

Robertson, 1966) seem unlikely to strongly influence the

evolution of outcrossing in these species. The effect of

Muller’s ratchet will be weak when effective population

size (Ne) exceeds �1000 (Maynard Smith, 1978), and we

suspect that these nematodes will generally experience

very large population sizes and densities in nature (Mikola

& Sulkava, 2001). The observation of significant levels of

codon usage bias in C. elegans (Stenico et al., 1994; Marais &

Duret, 2001), for which selection coefficients (s) are likely

to be small (Akashi, 1995), also supports the notion of

a large effective size of C. elegans populations (i.e. Ne �
|1/s| � 106). Rough calculations of Ne based on single

nucleotide polymorphism data (Cutter & Payseur, 2003)

and microsatellites under a stepwise mutation model

(Sivasundar & Hey, 2003) give a range of Ne � 104–106.

Consequently, it is unlikely that the operation of Muller’s

ratchet or Hill–Robertson interference in selfing lineages

could sufficiently offset the two-fold cost of sex.

The major alternative class of adaptive hypotheses

designed to explain the origin and maintenance of sexual

reproduction, but which also apply to the relative fitness

of selfing and outcrossing, have been termed environ-

mental–ecological models (Kondrashov, 1988; West

et al., 1999), of which Red Queen hypotheses are most

favoured (Bell, 1982; West et al., 1999). Red Queen

models propose that biotic interactions, typically parasitic

or pathogenic (Jaenike, 1978; Hamilton et al., 1990),

drive an antagonistic coevolution that leads to selection

for different allelic combinations in the interacting

species (Bell, 1982). Like the MD hypothesis, these

models depend on epistatic interactions among alleles,

although the specific form of epistasis depends on the

particular model (Barton, 1995; West et al., 1999).

Caenorhabditis elegans, C. briggsae and C. remanei are

known to participate in phoretic, necromenic relation-

ships (the nematodes cling to a host and wait for it to die

before consuming the bacteria that grow on the carcass)

with slugs, snails and/or terrestrial isopods (Baird et al.,

1994; Baird, 1999), and C. elegans succumbs to some

pathogenic bacterial species in the laboratory (Aballay

et al., 2000; Hodgkin et al., 2000). However, it remains an

open question as to the degree to which antagonistic

coevolutionary scenarios involving caenorhabditids may

be evolutionarily important in nature. This leaves open

the possibility that both mutational and environmental-

ecological models for the evolution of sex may be

important simultaneously in obligately outcrossing

caenorhabditids like C. remanei, by accounting for the

‘cost of sex’ in combination (West et al., 1999).

Third, the consistent observation that U is <1 in this

species group (Keightley & Caballero, 1997; Keightley &

Bataillon, 2000; Vassilieva et al., 2000) suggests that the

magnitude of U may be more strongly influenced by

factors unrelated to the evolution of breeding system.

The notion that the number of germline cell divisions

contributes to the genomic deleterious mutation rate

provides one alternative explanation for variation in U

across taxa (Lynch et al., 1999). Our data are consistent

with, but not a direct test of, the germline cell division

idea in that all three Caenorhabditis species exhibit a

similar number of germline cell divisions and similar

estimates of U. The germline cell division model also

receives support from other studies: the number of

mutations per genome per cell division appears to be

relatively constant across many eukaryote species (Drake

et al., 1998), the per generation mutation rate increases

with the age of reproduction of human males (Crow,

1993), and U scales with generation time (which corre-

lates with germline cell division number) across species

(Keightley & Eyre-Walker, 2000).

U estimates in Caenorhabditis

Of the species included in our analyses, genomic

deleterious mutation rates have been estimated for

phenotypes related to fitness only in C. elegans. Estimates

of U for life-history characters from large mutation-

accumulation experiments range between 0.002

(Keightley & Caballero, 1997) and 0.03 (Vassilieva &

Lynch, 1999; Vassilieva et al., 2000). A recent re-analysis

of these published data indicates that the values may be

closer to U�0.005 (Keightley & Bataillon, 2000), but

because these mutation accumulation studies may fail to

detect �96% of deleterious mutations (Davies et al.,

1999), these estimates may need to be scaled upward by a

factor of �25 (i.e. U�0.125). Consequently, the magni-

tude of U for fitness in C. elegans is still considered an

open question (Kondrashov, 2001). Our comparative

sequence-based approach to estimating U in Caenorhab-

ditis, given literature-based assumptions regarding gen-

eration and divergence time, yields values (0.005–0.05)

that are comparable with those derived from the muta-

tion accumulation studies. Although it is interesting to

make use of this independent means of estimating U, it

remains difficult to place great confidence in any partic-

ular estimate. Both experimental and comparative

methods for calculating U yield minimum estimates, so

these studies provide a lower bound for the genomic

deleterious mutation rate. Potential sources of error for

the comparative approach (in addition to uncertainty in

divergence and generation times) include the inability to

account for insertion/deletion mutations or mutations in

noncoding regions, and the possibility that our proxy

for neutral mutation rate is inaccurate. Combining

extreme values for these sources of error into a single

estimate provides a potential upper bound to U of �0.82

(23 My divergence, 50 generations/year, per site muta-

tion rate based on 9.1 · 2.25 · 10)10 mutations per

generation (Drake et al., 1998), dividing by 0.6 to

account for constrained noncoding regions (Shabalina

& Kondrashov, 1999), based on the 1406 C. elegans–

C. briggsae loci).

Mutation and outcrossing in Caenorhabditis 819

J . E V O L . B I O L . 1 6 ( 2 0 0 3 ) 8 1 2 – 8 2 2 ª 2 0 0 3 B L A C K W E L L P U B L I S H I N G L T D



Irrespective of the absolute magnitude of U, our

evaluation of the MD hypothesis is probably not com-

promised by its underestimation or uncertainty in our

estimates of other parameters because it is the relative

values of U that are important for our analyses. The

phylogenetic arrangement of the three caenorhabditids

used here mitigates much of the uncertainty in the

comparison of U values. Given that C. briggsae and

C. remanei are sister species relative to C. elegans, the

C. elegans–C. briggsae and C. elegans–C. remanei divergence

times are equivalent. This motivated our test of the

relative rates of evolution between C. briggsae and

C. remanei, conditioned on the outgroup status of C. elegans.

Caenorhabditis remanei does not demonstrate elevated rates

of protein evolution, according with the observation that

confidence intervals for the U estimates overlap.

Conclusions

This study provides one of the first comparative tests of

mutational models for the evolution of outcrossing in a

clade that exhibits variation in breeding system (Wright

et al., 2002). Very few estimates of U are available in

animal taxa that do not outcross obligately, or from

clades that contain species that exhibit a variety of

breeding systems. However, such a comparative

approach should prove fruitful among the lineages with

varying modes of reproduction in brassicaceous plants

related to Arabidopsis and rotifers. In A. thaliana, U has

been estimated by several means: a mutation accumula-

tion study estimated U�0.1 (Schultz et al., 1999), levels

of inbreeding depression provide a value of �0.5

(Charlesworth et al., 1990), and sequence data indicate

U in Arabidopsis to be 0.2–0.6 (Wright et al., 2002).

Consistent with our findings in Caenorhabditis, Wright

et al. (2002) found no significant difference in U esti-

mates between the selfing A. thaliana and the outcrossing

A. lyrata. Additionally, the ability for mutational models

to explain patterns of variation in breeding system should

depend on the frequency of outcrossing and the fitness

function describing synergistic epistasis (Kimura &

Maruyama, 1966). Given that a small amount of

outcrossing may confer benefits under a variety of

different models (Hurst & Peck, 1996), and that highly

selfing, facultative outcrossers provide natural examples

of the evolution of breeding system in progress, a

thorough treatment of theoretical models that predict

when mutational processes may be appropriate in par-

tially selfing taxa will be useful (Kondrashov, 1985).
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