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ABSTRACT
Self-fertilizing species often harbor less genetic variation than cross-fertilizing species, and at least four

different models have been proposed to explain this trend. To investigate further the relationship between
mating system and genetic variation, levels of DNA sequence polymorphism were compared among three
closely related species in the genus Caenorhabditis: two self-fertilizing species, Caenorhabditis elegans and
C. briggsae, and one cross-fertilizing species, C. remanei. As expected, estimates of silent site nucleotide
diversity were lower in the two self-fertilizing species. For the mitochondrial genome, diversity in the
selfing species averaged 42% of diversity in C. remanei. Interestingly, the reduction in genetic variation
was much greater for the nuclear than for the mitochondrial genome. For two nuclear genes, diversity
in the selfing species averaged 6 and 13% of diversity in C. remanei. We argue that either population
bottlenecks or the repeated action of natural selection, coupled with high levels of selfing, are likely to
explain the observed reductions in species-wide genetic diversity.

Afundamental goal of population genetics is to un- et al. 1995). An alternative model is background selec-
derstand the forces maintaining genetic variation tion, in which a steady rain of deleterious mutations

in natural populations. Since different evolutionary pro- drives variation out of regions of low recombination,
cesses are expected to have different effects on the ge- since it is here that the largest segments will be dragged
netic variation found within a species, it is possible to to eventual loss along with every deleterious allele that
use trends in patterns of DNA sequence variation to is eliminated (Charlesworth et al. 1993; Hudson and
identify the forces that drive evolution at the molecular Kaplan 1995; Nordborg et al. 1996). Much current
level (see Kimura 1983; Li 1997). research in molecular population genetics is focused

For example, studies of Drosophila melanogaster have on testing patterns of DNA sequence variation against
revealed that genes situated in regions of the genome detailed predictions that arise from these models (for
with greatly reduced rates of recombination (crossing recent reviews see Aquadro 1997; Charlesworth and
over) are much less variable than genes in regions with Charlesworth 1998).
normal rates of recombination (Aguadé et al. 1989; Genetic diversity also varies in a consistent manner
Berry et al. 1991; Begun and Aquadro 1991, 1992; between species with divergent mating systems: Self-fer-
Langley et al. 1993). Subsequent work has shown that tilizing species often harbor less genetic variation than
this positive correlation between recombination and cross-fertilizing species (Hamrick and Godt 1990,
variation is a characteristic shared by a wide range of 1996; Schoen and Brown 1991; Jarne and Städler
taxa, including humans (Nachman 1997, 2001; Dvorák 1995; Charlesworth and Yang 1998; Liu et al. 1998,
et al. 1998; Kraft et al. 1998; Nachman et al. 1998; 1999; Baudry et al. 2001). This trend across mating
Stephan and Langley 1998). One model proposed to systems provides another opportunity to study the forces
explain this pattern is genetic hitchhiking, in which that drive evolution at the molecular level (see Charles-
positive selection occasionally “sweeps away” polymor- worth and Wright 2001 for a recent review).
phisms in regions of low recombination, since it is here Reproduction by self-fertilization can be considered
that the largest segments will be carried along with every an extreme form of inbreeding, resulting in high levels
advantageous allele that goes to fixation (Maynard of homozygosity. For neutral alleles, this is expected to
Smith and Haigh 1974; Kaplan et al. 1989; Braverman decrease the effective population size (Ne) for autoso-

mal genes by a factor of (2 � s)/2, where s is the selfing
rate (Pollak 1987). In a population of complete selfers

Sequence data from this article have been deposited with the
(s � 1), this will decrease Ne by 50% relative to cross-EMBL/GenBank Data Libraries under accession nos. AF491458–

AF491469, AF491508–491543, AF491452–AF491457, AF491470– fertilizers. According to the neutral theory of molecular
AF491507, AF492686–AF492701. evolution, equilibrium levels of neutral variability

1Corresponding author: Department of Biology, Bowdoin College, should be proportional to Ne (Kimura 1971; Hudson6500 College Station, Brunswick, ME 04011.
E-mail: mpalopol@bowdoin.edu 1990), so the neutral model predicts that a population
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100 A. Graustein et al.

of complete selfers will harbor �50% of the diversity predict a consistent reduction in the Nmt of self-fertilizers
relative to cross-fertilizers; instead, the increased num-present in a similar population of cross-fertilizers (e.g.,

Nordborg 2000). ber of individuals that transmit mitochondria to progeny
should tend to result in an increase in Nmt. Furthermore,At least three additional models have been proposed

to account for the reduced levels of variation observed since mtDNA is cytoplasmic and effectively haploid, Nmt

should not be affected by the tendency for selfers toin self-fertilizing species. First, extreme bottlenecks in
population size may be more common in self-fertilizers, lose balanced polymorphisms due to the loss of fit het-

erozygotes. Thus mating system differences are ex-since a single individual can found a new population,
and self-fertilizing species are often associated with the pected to cause reduced diversity primarily in nuclear

genes. These discrepancies between the predictions forfounding of isolated populations (Baker 1955, 1967;
Cox 1989; Schoen and Brown 1991). Population bottle- mitochondrial vs. nuclear genes may provide a means

to begin distinguishing between alternative models.necks result in the loss of genetic variation (Nei et al.
1975), so repeated bottlenecks could explain the re- The purpose of this study was to examine the relation-

ship between mating system and DNA sequence varia-duced diversity observed in selfing species. Second, if
there are balanced polymorphisms that are favored by tion in the genus Caenorhabditis and to compare these

results for nuclear vs. mitochondrial genes. Members ofoverdominant selection (heterozygote advantage), these
may be lost more easily in highly selfing populations, since the genus Caenorhabditis are free-living, soil nematodes

with remarkably similar morphologies but divergentthere are few heterozygous individuals around to reap
the benefits of heterozygosity (Kimura and Ohta 1971; mating systems (Sudhaus and Kiontke 1996; Fitch

and Thomas 1997). Phylogenetic analyses suggest thatCharlesworth and Charlesworth 1998). The loss
of these balanced polymorphisms, along with any linked gonochorism (males and females) is the ancestral mat-

ing system in this genus and that hermaphroditism (malesvariation that might have accumulated between alleles,
could also explain the reduced diversity in selfers. Third, and self-fertilizing hermaphrodites) either evolved twice

independently in the elegans species group or evolvedthe increase in homozygosity that results from selfing is
expected to reduce the effectiveness of recombination, once in the common ancestor of this group and was

subsequently lost in one lineage (Sudhaus and Kiontkewhich depends on the frequency of double heterozy-
gotes (Narrain 1966). This reduction in effective re- 1996; Baldwin et al. 1997; Fitch and Thomas 1997;

Rudel and Kimble 2001). Because Caenorhabditis eleganscombination rate, in turn, should increase the impact
that genetic hitchhiking and background selection have is a model organism with a fully sequenced genome (C.

elegans Sequencing Consortium 1998), it is possibleon levels of variation (Hedrick 1980; Charlesworth
et al. 1997). If selection indeed has a greater effect on to study genes that have well-characterized genomic en-

vironments in at least one species.neutral variation in selfing species, this could also ex-
plain the observed reduction in diversity. Genetic diversity was sampled in three closely related

species: hermaphroditic C. elegans, hermaphroditic C.Although there have been several recent studies of
molecular variation in highly selfing species (Bergel- briggsae, and gonochoristic C. remanei. Polymorphism

was quantified for tra-2, a gene that plays a central role inson et al. 1998; Dvorák et al. 1998; Kraft et al. 1998;
Liu et al. 1998, 1999; Savolainen et al. 2000; Baudry the sex-determination pathway (Kuwabara and Kimble

1995; Haag and Kimble 2000); glp-1, a Notch-relatedet al. 2001), it has proven difficult to distinguish between
these different models. For example, in the plant genus receptor that is required for certain induction events

during embryogenesis as well as germline proliferationLeavenworthia, populations of self-fertilizers harbor
much less diversity at nuclear genes than do closely in adults (Austin and Kimble 1989; Rudel and Kimble

2001); spe-9, a sperm transmembrane protein that isrelated populations of cross-fertilizers (Charlesworth
and Yang 1998; Liu et al. 1998, 1999). The observed required for fertilization and appears to function in

sperm-egg interactions (Singson et al. 1998, 1999); andreduction in diversity is too great to explain by simply
incorporating high levels of selfing into the neutral COII (cytochrome oxidase subunit II), a mitochondrial

gene involved in cellular respiration (Thomas and Wil-model, but it is not clear which additional evolutionary
mechanism(s) should be invoked. son 1991). The nuclear genes studied were all located

on autosomes, and they were chosen to span a wideOne way to begin distinguishing between models is
to compare patterns of variation across mating systems range of local recombination rates in C. elegans (Barnes

et al. 1995). Levels of DNA sequence polymorphismfor mitochondrial vs. nuclear genes. Mitochondrial
DNA (mtDNA) exhibits strict maternal inheritance in were compared between species to test current models

for the effect of mating system on genetic diversity.many species (Birky 1978). As a result, the effective
population size experienced by mtDNA (Nmt) is propor-
tional to the number of breeding females (Birky et al.

MATERIALS AND METHODS1983). In gonochoristic species, this is often �50% of
the breeding adults; in self-fertilizing species, however, Nematode samples: C. elegans, C. briggsae, and C. remanei are
it may approach 100% of the breeding adults. All other members of the elegans species group (Sudhaus and Kiontke

1996; Fitch and Thomas 1997). All three are widespreadthings being equal, therefore, neutral models do not
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101Molecular Variation in Caenorhabditis

als using the DNeasy tissue kit (QIAGEN, Valencia, CA). Por-TABLE 1
tions of the tra-2, glp-1, spe-9, and COII genes were amplified

Nematode strains sampled to estimate diversity using the polymerase chain reaction (PCR) under standard
reaction conditions (Saiki et al. 1988). Species-specific, oligo-

Species Strain Origin nucleotide primers (Life Technologies) were designed, on
the basis of published sequences, to amplify portions of the

C. elegans AB1 Adelaide, Australia tra-2, glp-1, and spe-9 genes (primer sequences are available
AB2 Adelaide, Australia upon request). Universal primers were used to amplify a por-
CB4507 Palm Canyon, CA tion of the mitochondrial COII gene (Thomas and Wilson
CB4851 Bergerac, France 1991). All nuclear gene fragments were chosen to include
CB4852 Rothamsted, England both exons and introns (the mitochondrial COII gene does
CB4853 Altadena, CA not contain introns). Published data were used to estimate
CB4854 Altadena, CA nucleotide polymorphism for the mitochondrial COII gene in

C. elegans (Thomas and Wilson 1991). Polymorphism levelsCB4855 Palo Alto, CA
for the spe-9 gene were measured only in C. elegans, with theCB4856 Hawaii
goal of obtaining an estimate of nucleotide diversity in thisCB4857 Claremont, CA
species for a gene situated in a region of the genome withCB4858 Pasadena, CA
relatively high recombination rates (Barnes et al. 1995). AllCB4932 Taunton, England
amplified fragments were sequenced with the ABI PRISMDH424 El Prieto Canyon, CA
dRhodamine Terminator cycle sequencing ready reaction kitDR1344 Bergerac, France
(Perkin-Elmer, Norwalk, CT) and separated on an ABI PrismN2 Bristol, England
377 automated DNA sequencer (Perkin-Elmer) at the Geno-PB303 Unknowna

typing and Sequencing Center of the University of Chicago.PB305 Unknowna

Overlapping forward- and reverse-strand sequences were ob-PB306 Unknownb

tained in all cases.BP307 Unknownb

Data analysis: Nucleotide sequences were compiled usingTR388 Madison, WI EDITSEQ, SEQMAN II, and MEGALIGN software (DNA-
C. briggsae AF16 Ahmedabad, India STAR, Madison, WI). Sequences were aligned using the MEG-

HK104 Okayama, Japan ALIGN ClustalW algorithm (Thompson et al. 1994). Some C.
HK105 Sendai, Japan remanei strains appeared to be heterozygous for polymorphic
PB800 Dayton, OH nucleotides at the two nuclear genes sampled (data not
PB826 Dayton, OH shown). None of these intrastrain differences identified poly-
VT847 Hawaii morphisms that were not apparent on the basis of comparisons

C. remanei CR1014 Gloucester, MA among the rest of the (homozygous) strains. Overall, a hetero-
CR1415 Gloucester, MA zygous nucleotide was observed in four strains for the tra-2
CR2124 Gloucester, MA gene (CR1415, PB206, PB228, and PB229) and in three strains
EM464 Brooklyn, NY for the glp-1 gene (PB205, PB206, and SB146). In each case,
PB205 Dayton, OH to be conservative when testing the prediction that diversity
PB206 Dayton, OH would be greatest in C. remanei, the heterozygous nucleotide

was recorded as the most common of the two possibilities.PB212 Dayton, OH
The DnaSP version 3.53 software (Rozas and Rozas 1999)PB219 Dayton, OH
was used to estimate population genetic parameters (NeiPB228 Dayton, OH
1987) and to perform neutrality tests based on the frequencyPB229 Dayton, OH
distributions of segregating sites (Tajima 1989; Fu and LiSB146 Freiburg, Germany
1993; Fu 1997). Neutrality tests based on haplotype numberVT733 New Haven, CT
(K) and haplotype diversity (H) were conducted by comparing

a Associated with an isopod (Porcellio scaber) purchased from observed values of K and H to their �95% confidence intervals
Ward’s Biological and Lab Supplies. under strict neutrality (Depaulis and Veuille 1998). For each

b Associated with an isopod (Porcellio scaber) purchased from gene fragment and each species, nucleotide diversity was esti-
Connecticut Valley Biological Supply. mated for the entire fragment sequenced (�t) and for silent

sites separately (�si). Silent sites were defined to include both
synonymous coding sites and intron sites. Approximate 95%
confidence intervals were obtained for �si using Monte Carlogeographically, and strains from around the world were cho-
simulations based on the coalescent process, as implementedsen to sample much of the variation present within each spe-
in DnaSP version 3.53. These simulations assumed a neutral,cies (Table 1). Regardless of the strain examined, C. elegans
infinite-sites model, with a large and constant population sizeand C. briggsae cultures consisted almost entirely of self-fertiliz-
and no recombination. All simulations were conducted bying hermaphrodites, with rare males arising spontaneously at
fixing the number of segregating sites to that observed ina frequency of �1% (Honda 1925; data not shown); all C.
the sample. The empirical distribution of the statistic wasremanei cultures, however, consisted of males and females at
generated by simulating the evolution of 10,000 independentapproximately equal frequencies (data not shown). Stocks
replicate populations, and this distribution was used to deter-were obtained from the Caenorhabditis Genetics Center, or
mine approximate confidence intervals. Local rates of recom-collected from the wild, and maintained under standard con-
bination for nuclear genes were estimated by fitting polyno-ditions (Wood 1988). Mating tests were conducted to confirm
mial regressions to Marey plots (results not shown) on thethe species identity of all strains used (data not shown). All
basis of genetic map data available in Wormbase (releasestrains of C. remanei were bottlenecked through single-pair,
WS48: August 3, 2001; Stein et al. 2001) and using the Mathe-brother-sister matings for at least five generations prior to
matica version 4.0 software (Wolfram Research, Champaign,sampling to reduce within-strain heterozygosity.
IL). A small number of polymorphic insertions/deletions wereDNA isolation, PCR amplification, and DNA sequencing:

For each strain, total DNA was isolated from a pool of individu- detected in each species, but were excluded from the analyses.
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102 A. Graustein et al.

Figure 1.—Silent site nucle-
otide diversity for three genes
(COII, glp-1, and tra-2) in three
species of nematode (C. eleg-
ans, C. briggsae, and C. remanei).
Open circles represent esti-
mates of silent site nucleotide
diversity that are based on pair-
wise sequence comparisons. Er-
ror bars represent the �95%
confidence intervals for this es-
timate, determined by Monte
Carlo simulation of the coales-
cent process as described in
materials and methods. The
self-fertilizing species (C. eleg-
ans and C. briggsae) always har-
bor less variation than the cross-
fertilizing species (C. remanei).
This difference between mating
systems is more pronounced for
the two nuclear genes (glp-1 and
tra-2) than for the mitochon-
drial gene (COII).

To conduct a nonparametric test of the hypothesis that the 1989; Fu and Li 1993; Fu 1997) or haplotypes (Depaulis
cross-fertilizing species (C. remanei) harbors more genetic vari- and Veuille 1998). Estimates of Tajima’s D statistic for
ation overall than either of the self-fertilizing species (C. elegans

each sample are provided in Table 2.and C. briggsae), the Mann-Whitney U-test was performed using
Patterns of haplotype variation: For each nuclearStatview version 5 software (SAS Institute) on the basis of

silent site nucleotide diversity estimates for each species and gene sampled in C. remanei, multiple recombination
gene fragment. Neighbor-joining trees (Saitou and Nei 1987) events could be inferred to have happened within the
were drawn using the MEGA version 2.1 software (Kumar et interval sequenced, on the basis of the observed DNAal. 2000), and the resulting diagrams were then combined

sequences (a minimum of three such events for tra-2with MacDraw Pro version 1.5 software (Claris).
and at least four for glp-1). In contrast, for these same
genes, it was not possible to detect recombination events

RESULTS for the sequences sampled from C. elegans or C. briggsae,
since the number of observed haplotypes was too low inNucleotide diversity: Overall, the data revealed a sig-
each case (the minimum number of distinct haplotypesnificant relationship between mating system and nucleo-
needed to infer recombination in the history of a sampletide diversity (P � 0.018, Mann-Whitney U-test): Esti-
is four).mates of nucleotide diversity were always greater in the

Nuclear gene sequences from the two selfing speciescross-fertilizing species than in either of the self-fertiliz-
always clustered into a small number of distinct haplo-ing species (Figure 1 and Table 2). The approximate
types, with little or no sequence variation apparent95% confidence intervals for �si in C. remanei did not
within each cluster (Figure 2). In C. elegans, diversityoverlap with those of the other two species in any in-
was extremely low for all three nuclear genes sampled:stance except for the COII gene in C. briggsae (Figure 1).
No polymorphism of any sort was detected for tra-2;The reduction in �si associated with selfing was much
only one polymorphism was detected for glp-1; and ofgreater for the two nuclear genes than for the mitochon-
six nucleotide polymorphisms detected for spe-9 (thedrial gene (Figure 1). For the mitochondrial COII gene,
unrooted tree is not shown in Figure 2 because spe-9�si in the selfing species averaged 42% of that in C.
sequences were obtained only for C. elegans), five ofremanei. In contrast, for the nuclear genes glp-1and tra-2,
these were singletons (in four cases, the minority nucle-�si in the selfing species averaged 6 and 13%, respec-
otide was present only in CB4856, and in one case ittively, of that in C. remanei.
was present only in AB2). In C. briggsae, although theNeutrality tests: None of the neutrality tests indicated
level of variation observed for nuclear genes was slightlya significant deviation from the neutral model based on

the frequency distributions of segregating sites (Tajima higher, the strains still clustered into a small number
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103Molecular Variation in Caenorhabditis

TABLE 2

Comparisons of nucleotide diversity between nematode species with different mating systems

Mating No. Length Silent No. Tajima’s
Gene Species system strains (bp) sitesa haplotypes P/S/R b D c �t � 10�3 �si � 10�3

tra-2 elegans Self 20 670 297 1 0/0/0 — 0 0
briggsae Self 6 760 500 2 9/0/4 1.3 6.3 5.3
remanei Cross 12 418 184 12 12/2/2 0.4 11.2 20.6

glp-1 elegans Self 20 547 353 2 1/1/0 1.3 0.9 1.4
briggsae Self 6 670 222 3 3/1/1 0.9 2.3 4.2
remanei Cross 12 426 137 10 20/12/3 0.4 18.8 45.7

COII elegans Self 11 696 151 4 15/14/1 1.7 10.2 43.2
briggsae Self 6 686 149 5 16/16/0 �0.4 9.6 44.3
remanei Cross 12 686 147 8 38/37/1 1.0 22.8 104.8

spe-9 elegans Self 16 3385 1869 4 6/2/2 �1.3 0.3 0.5

a Total number of synonymous coding sites plus intron sites compared between sequences, on average.
b Total number of polymorphic (P) sites, as well as the number of polymorphisms that were synonymous (S) and replacement

(R) changes in coding sequences. The number of polymorphic intron sites � P � (S � R).
c No significant departures from the frequency distribution expected under neutrality were observed.

of distinct haplotypes (Figure 2). For the tra-2 gene in but see Awadalla and Ritland 1997; Bergelson et al.
1998; Savolainen et al. 2000). We have observed a simi-C. briggsae, two haplotypes were observed (Figure 2);

although there was no sequence variation segregating lar pattern in comparisons among closely related species
in the genus Caenorhabditis (Figure 1 and Table 2).within each type, the divergence between haplotypes

was substantial and included four amino acid changes. The observed reductions in silent site nucleotide di-
versity were not predicted by the neutral model forIn contrast, the sequences that were sampled from

the cross-fertilizing species C. remanei did not cluster completely selfing species (Figure 1). For nuclear genes,
the effective population size is expected to be reducedinto low-diversity groups of haplotypes for either of the

nuclear genes sampled (Figure 2). Within-population by 50%, due to increased homozygosity (Pollak 1987);
the observed reductions in nucleotide diversity at tra-2sequence diversity appeared to be high in C. remanei, as

divergent sequences were obtained from three strains and glp-1 were much greater than the neutral predic-
tion. For mitochondrial genes, the effective populationof C. remanei that were originally isolated at the same

time from a single site in Gloucester, Massachusetts size is expected to double, due to the increased number
of breeding individuals that transmit mitochondria to(these strains are marked with an asterisk in Figure 2).

The mitochondrial gene COII did not show marked the next generation (Birky et al. 1983); the reductions
in nucleotide diversity at COII were in the opposite direc-differences between species in patterns of haplotype

variation (Figure 2). Considerable haplotype diversity tion to the neutral prediction.
In the present study, Nmt in selfers was estimated to bewas observed for the mitochondrial genome in each

species: In C. elegans, four haplotypes were observed only �40% of that in cross-fertilizers. Since the neutral
model prediction is that Nmt in selfers will be approxi-among 11 samples; in C. briggsae, five haplotypes were

observed among 6 samples; and in C. remanei, eight mately double that in cross-fertilizers, it appears that
Nmt has been reduced by a factor of �2/0.4 � 5 in thesehaplotypes were observed among 12 samples.

In C. elegans, local recombination rates for the three highly selfing species. If the factor(s) responsible for
the observed reduction in Nmt tended to affect the nu-nuclear genes tra-2, glp-1, and spe-9 were estimated to

be 0.7, 2.1, and 4.4 cM/Mb, respectively. Estimates of clear genes similarly, then we would expect the diversity
in nuclear genes to be reduced �10-fold altogether�si in C. elegans for these same genes were 0, 0.0014,

and 0.0005, respectively (Table 2). (2-fold due to the mating system alone and 5-fold more
due to whatever additional factors reduced Nmt in
selfers).

DISCUSSION Interestingly, the average reduction in �si observed
for the two nuclear genes in the selfers agreed well withMany previous comparisons have found that self-fertil-
this prediction. Together, the estimates of nucleotideizing species tend to harbor less genetic variation than
diversity in the two nuclear genes in the two selfingcross-fertilizing species (Hamrick and Godt 1990, 1996;
species averaged 9.5% of those in C. remanei, whichSchoen and Brown 1991; Jarne and Staedler 1995;
is extremely close to the 10-fold reduction in nuclearAwadalla and Ritland 1997; Charlesworth and

Yang 1998; Liu et al. 1998, 1999; Baudry et al. 2001; diversity predicted by the mtDNA results. This close
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104 A. Graustein et al.

Figure 2.—Silent site divergence esti-
mated between different strains within each
species (C. elegans, C. briggsae, and C. rema-
nei), for each of three genes (tra-2, glp-1,
and COII), depicted in the form of un-
rooted trees. At the top right is the scale
used for horizontal distances in all trees
(the bar represents divergence between two
sequences of 0.005, which is approximately
one substitution per 200 silent sites). No
tree is depicted for tra-2 in C. elegans because
no variation was observed in the sample of
tra-2 sequences for this species. The two
nuclear gene sequences (tra-2 and glp-1)
from the two selfing species (C. elegans and
C. briggsae) always clustered into a small
number of distinct haplotypes, with little or
no sequence variation apparent within each
haplotype group. The same was not true
for the nuclear gene sequences obtained
from the cross-fertilizing species (C. rema-
nei). The mitochondrial gene sequences
(COII) also did not tend to cluster into a
small number of distinct haplotypes in any
species. Asterisks denote three C. remanei
strains that were recovered at one site
(within a 10-m radius) on the same day. The
C. elegans COII sequences are from Thomas
and Wilson (1991).

agreement suggests that the same evolutionary mecha- morphisms that would have been favored by overdomi-
nant selection (heterozygote advantage), and (3) en-nism could account for the observed patterns of varia-

tion at both nuclear and mitochondrial genes in these hanced effects of selection at linked sites (either genetic
hitchhiking or background selection) due to reducedselfing species. As discussed above, the additional mech-

anisms that have been proposed include (1) repeated effective recombination rates.
Since mtDNA is cytoplasmic and effectively haploid,population bottlenecks, (2) the loss of balanced poly-
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105Molecular Variation in Caenorhabditis

Nmt should not be reduced by the loss of balanced poly- Wilson (1991) sampled a total of 155 silent sites among
11 alleles of the calmodulin (cal-1) gene in C. elegans andmorphisms in self-fertilizing species. The observed re-

ductions in nucleotide diversity for the mtDNA suggest observed no polymorphisms. Like the tra-2 gene, the
cal-1 gene is located in an autosomal region with rela-that the loss of balanced polymorphisms is not the pri-

mary factor that has reduced genetic variation in these tively low rates of recombination (local recombination
rate for cal-1 is estimated to be 1.0 cM/Mb). More re-two selfing species.

With the possible exception of tra-2 in C. elegans, none cently, in a large-scale search for single nucleotide poly-
morphisms to be used for genetic mapping experi-of the patterns of haplotype diversity were consistent

with a recent, species-wide, selective sweep at or near the ments, random genomic sequences from four wild
isolates were compared to the published sequence fromgenes studied (Table 2 and Figure 2). Indeed, although

there were trends in this direction, none of the neutral- the standard laboratory strain, N2 (Koch et al. 2000).
On the basis of a comparison of �730 kb of sequenceity tests indicated a significant excess of rare alleles (Ta-

ble 2). For this reason, if selective sweeps due to hitch- in this manner, a total of 313 single nucleotide muta-
tions were identified. These results correspond to anhiking are responsible for the reduced variation observed

in the selfing species, then either the selected alleles average nucleotide diversity of ��t � 313/730,000 �
0.0004. This estimate agrees with the average value, �t �must be loosely linked to the loci studied here or alterna-

tive alleles must have been favored in different popula- 0.0006, observed across three nuclear genes in our study
(Table 2).tions.

Most of the processes invoked in models to explain Koch et al. (2000) also found that polymorphism lev-
els are much higher in the lateral regions (arms) ofreduced diversity in selfing species are expected to re-

duce primarily the within-population diversity (Charles- each autosome than in the central regions and interpret
this as evidence that genes on the autosomal arms expe-worth et al. 1997). These effects may extend to the

entire species, depending on the degree of population rience more rapid evolution. It is important to note,
however, that estimates of recombination rates are alsosubdivision; high levels of population isolation may

sometimes allow high genetic diversity to persist within much higher in the lateral arms (Barnes et al. 1995).
A positive correlation between regional rates of recom-the species, despite reductions in within-population di-

versity (reviewed in Charlesworth et al. 1997; Whit- bination and levels of variation has been observed in
several other taxa and seems more likely to result fromlock and Barton 1997). Unfortunately, we have little

information on the structures of natural populations either genetic hitchhiking or background selection than
to differences in evolutionary rates (for recent reviewsin these nematodes. Given this difficulty in defining a

population, the species-wide diversity was sampled in- see Aquadro 1997; Charlesworth and Charles-
worth 1998). In our study, autosomal genes were sur-stead. This is conservative with regard to a comparison

of levels of variation across mating systems; it is likely veyed from both low- and high-recombination regions.
The tra-2 gene is situated in a region with relativelythat the trends observed would be even more striking

if well-defined, local populations could have been com- low recombination rates in C. elegans (estimated to be
0.7 cM/Mb), and no DNA sequence polymorphism waspared between these species. The observed species-wide

differences suggest that, at least in these nematodes, observed for this gene. In contrast, low levels of polymor-
phism were observed for both glp-1 and spe-9, and thesethe extent of population subdivision is not great enough

to retain high levels of species-wide variation despite genes are situated in regions with higher recombination
rates (estimated to be 2.1 and 4.4 cM/Mb, respectively).high levels of selfing.

Little is known about the breeding structure of natu- These differences among loci were consistent with the
pattern reported by Koch et al. (2000).ral populations of these species. For example, it is possi-

ble that the frequency of selfing in the hermaphroditic The relationship between mating system and levels
of genetic diversity has been tested most thoroughly inspecies is much lower in natural populations than it is

in the laboratory. If males are indeed frequent in natural plants, where it is often found that populations of self-
fertilizers tend to display significantly less DNA variationpopulations, then these hermaphroditic species are only

partially selfing and are expected to experience smaller than do populations of cross-fertilizers. The estimates
of nucleotide diversity reported in this study suggestchanges in population size (and hence levels of standing

genetic variation) relative to the cross-fertilizing species. that this trend is also found in at least one group of
nematodes. The reduction in variation was too great toHence, since our predictions were based on the assump-

tion that these hermaphroditic species are close to 100% be explained entirely by the incorporation of selfing
into the neutral model of molecular evolution. Theselfing, our test was conservative; to the extent that these

species actually tend to cross-fertilize in nature, any ef- observation that variation was reduced in the mitochon-
drial genome suggests that the loss of balanced polymor-fects of selfing on genetic variation should be reduced.

The estimates of nucleotide diversity reported here phisms is not the primary factor reducing variation in
these selfing nematodes. As expected, the reduction infor C. elegans autosomal genes (Table 2) agreed with

previous studies of this species (Thomas and Wilson genetic variation due to selfing was much greater for
the nuclear than for the mitochondrial genome. Some1991; Koch et al. 2000). For example, Thomas and
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