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ABSTRACT

Caenorhabditis elegans has become one of the most widely used model research organisms, yet we have
little information on evolutionary processes and recent evolutionary history of this widespread species.
We examined patterns of variation at 20 microsatellite loci in a sample of 23 natural isolates of C. elegans
from various parts of the world. One-half of the loci were monomorphic among all strains, and overall
genetic variation at microsatellite loci was low, relative to most other species. Some population structure
was detected, but there was no association between the genetic and geographic distances among different
natural isolates. Thus, despite the nearly worldwide occurrence of C. elegans, little evidence was found for
local adaptation in strains derived from different parts of the world. The low levels of genetic variation
within and among populations suggest that recent colonization and population expansion might have
occurred. However, the patterns of variation are not consistent with population expansion. A possible
explanation for the observed patterns is the action of background selection to reduce polymorphism,
coupled with ongoing gene flow among populations worldwide.

HE nematode Caenorhabditis elegans is among the

most widely studied model organisms in current
biological and biomedical research. In the area of popu-
lation genetics, however, research on C. elegans lags be-
hind that on other research organisms. For example,
population genetic research on Drosophila has led to
the development of tests of natural selection (HubpsoN
et al. 1987; McDONALD and KREITMAN 1991; MORIYAMA
and PoweLL 1996; McALLISTER and McVEAN 2000), the
mapping of quantitative trait loci (Mackay 2001), and
the study of diverse biological processes such as specia-
tion (KLIMAN et al. 2000), codon usage bias (POWELL
and Morivama 1997), and aging (ScHMIDT et al. 2000).
In Arabidopsis thaliana, research is increasingly drawing
upon population genetic studies to elucidate a range
of biochemical and developmental pathways (PURUGGA-
NAN and SuppiTH 1998, 1999; MALOOF ¢t al. 2000, 2001),
and to develop tools for fine-scale mapping (NORDBORG
et al. 2002). However, in the case of C. elegans evolution-
ary inquiries are often limited to comparisons with the
closest known relative, C. briggsae, which is thought to
have diverged from C. elegans 20-120 million years ago
(KENT and ZAHLER 2000), or with more distantly related
species such as Pristionchus pacificus and Oscheius sp.
(DeEraTTRE and FerLix 2001; GRANDIEN and SOMMER
2001). Such comparisons cannot effectively address
questions at the microevolutionary level. The impor-
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tance of population genetic studies and baseline data
on intraspecific variation in C. elegans is only now being
recognized (DELATTRE and FeLix 2001).

C. elegans reproduces mainly by selffertilization,
which can reduce the effective population size, and thus
polymorphism levels, by up to one-half (PoLrLak 1987).
A further reduction in polymorphism at neutral loci
is expected due to the effects of genetic hitchhiking
(MayNARD SmITH and HaicH 1974) and background
selection (CHARLESWORTH et al. 1993), both of which
are enhanced when recombination is reduced, as will
occur under high rates of selffertilization. Notwith-
standing these factors, other aspects of C. elegans popula-
tion biology lead to an expectation of high levels of
variation, at least on a global scale. C. elegans occurs in
most parts of the world (ABDUL KADER and CoTE 1996;
HopckIN and DoniacH 1997) and may well be very
numerous in soils or other habitats. Even if population
genetic factors associated with high rates of self-fertiliza-
tion cause variation to be reduced within one popula-
tion, the worldwide distribution leads to the prediction
of large amounts of variation among populations. How-
ever, very low levels of DNA sequence polymorphism
have been observed at four loci (three nuclear and one
mitochondrial) on a global scale (KocH et al. 2000;
GRAUSTEIN et al. 2002).

A species-wide lack of genetic variation in a wide-
spread and numerous organism is paradoxical. In this
study, we examine whether these same low levels of varia-
tion are seen at numerous loci located throughout the
genome. We examine variation at microsatellite loci
for evidence of geographic structure, gene flow, and
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TABLE 1

Wild isolate strains of C. elegans used in this study

Reference no. Strain name Geographic origin

1 N2 Bristol, England
2 AB1 Australia
3 PB303 Unknown
4 CB4851 Bergerac, France
5 TR388 Madison, WI
6 CB3191 Altadena, CA
7 CB3199 Pasadena, CA
8 CB4932 Taunton, England
9 LSJ1 Berkeley, CA
10 CB4852 Rothamsted, England
11 CB4853 Altadena, CA
12 CB4854 Altadena, CA
13 CB4855 Palo Alto, CA
14 CB4856 Hawaii
15 CB4857 Claremont, CA
16 CB4858 Pasadena, CA
17 TR403 Madison, WI
18 DH424 El Prieto Canyon, CA
19 RC301 Freiburg, Germany
20 DR1349 Pasadena, CA
21 DR1350 Pasadena, CA
22 KR314 Vancouver
23 DR1344 Bergerac, France

All strains were obtained from the Caenorhabditis Genetics
Center (University of Minnesota).

population expansion. Our results provide insights
into the recent evolutionary history of C. elegans and
identify processes that might have given rise to the ob-
served patterns of genetic variation on a genome-wide,
global scale.

METHODS

Strains: Samples of 23 strains of C. elegans isolated
from the wild were obtained from the Caenorhabditis
Genetics Center (CGC; see Table 1). These represent
most of the natural isolates available through the Cen-
ter. These strains have been isolated at various times
from the 1960s to the present and deposited at the CGC.
C. elegans strains may be maintained frozen and stored
indefinitely in liquid nitrogen (STIERNAGLE 1999). Due
to the CGC’s practice of freezing strains upon receipt
and thawing them when requested, the strains when
obtained from the CGC are generally just a few genera-
tions away from the original isolate (T. STIERNAGLE,
CGC, personal communication). Specific details for
each strain may be obtained from the CGC (http://biosci.
umn.edu/CGC/Strains/strains.htm). Worms were grown
on 6-cm petri plates at 19° on nematode growth me-
dium, seeded with Escherichia coli.

PCR and electrophoresis: From each strain, 20-25
worms were collected and DNA was extracted by stan-
dard methods (JoHNSTONE 1999). PCR was performed

in 11-pl reaction volumes with 0.38 pl of each primer
(1 wm), 1.11 pl of 10X buffer, 0.89 nl MgCl, (25 mm),
1.11 pl of ANTPs (2.5 mm), 0.44 pl of IRD M13 primer
(1 pm; Licor), 0.25 units of Tag DNA polymerase, and
1 ul of genomic DNA. PCR products were separated by
electrophoresis on a 7% acrylamide gel run on a Licor
4200 automated DNA sequencer. Allele sizes were
scored using GenelmagIR software (Licor).

Microsatellite loci: From an exhaustive list of microsa-
tellites in the C. elegans genome (KATTI ef al. 2001), 20
were chosen at random from all six chromosomes (see
Table 2). Using the complete genome sequence of C.
elegans (available at ftp://ncbi.nlm.nih.gov/genbank/
genomes/C_elegans/), primers were designed to am-
plify these repeat regions. One of the primers in each
pair was end labeled. All the loci consisted of dinucleo-
tide repeats, with the repeat motif occurring from 10
to 32 times in the reference sequence. In addition, one
locus (2003) contained a string of G’s following the GA
repeat. All loci chosen were in noncoding regions of
the genome, either in introns or in intergenic regions.

Statistical analyses: Expected number of alleles under the
infinite-alleles model: The expected number of alleles in
a sample of n chromosomes is given by k. = 1 + M/
M+1)+M/M+2)+...+MM+n—1)
(EwENs 1972), where M = 4Nu (Nis the effective popu-
lation size; wis the mutation rate perlocus). At mutation-
drift equilibrium, M can be estimated as M = H/(1 —
H) (Crow and Kimura 1970), where H is the heterozy-
gosity. However, when using H estimates from a single
locus, this formula is biased and a bias-corrected esti-
mate is obtained by solving the equation M* + (7 —
M) M?* + (8 — BMy))M — 6 M, = 0 (CHAKRABORTY and
Weiss 1991), where M, = H/(1 — H).

Expected number of alleles under the stepwise mutation
model: A bias-corrected estimator of M is obtained by
solving 1.7M* + (25 — 1.7M)) M* + (24.5 — 13M,) M? +
(9 — 225M))M — 6M, = 0 (EsToup et al. 1995), where
My=0.5((1 — H)"?—1) (OaTA and Kimura 1973). The
expected number of alleles in a sample of n individuals
is estimated using Equation 18 of KiMURA and OHTA
(1975).

Tests of population expansion: The parameter 0 = 4Nu
can be estimated from the genetic variance Vand also
from the homozygosity P at a locus. Under a population
growth model, the variance-based and homozygosity-
based estimates of 6 deviate from each other. This devia-
tion, measured by the imbalance index 8, can be used
to detect population expansion (KIMMEL et al. 1998;
KING et al. 2000). 3 was estimated in two ways,

In Bl =In by — In éi’o
and

M=

In B, = (In 8y), — (In ;).

1
L

1

i

for a sample of L loci indexed by ¢ (KING et al. 2000).
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TABLE 2

Microsatellite loci examined in this study

Locus Chromosome Position Repeat type Primers (5" to 3') No. of alleles

1001 1 5370653 (CA)yy gagcacatgttttgtggcat 1
gcgtaaccgcttacaagatga

1002 1 10894817 (TA), aagcggcaattctgatgagtg 1
gacgtgcatgcattcgatt

2002 2 11286765 (AG) o ttggggttttttagagaggcg 1
atgaaaaagggcgegttcta

3001 3 4119024 (TC)yy tcatcgctgacatatttgtcg 1
ccaccatcatcacacaaggaa

3002 3 8166362 (CA) 9 tttcaagcaacctcatccgt 1
tgtggctctgtcttcaatcaa

4002 4 10562854 (TC)yy tttattgcccecctetatct 1
gcttcgaattgccaatatcg

5001 5 7110445 (GA) 13 agccgtaatggtcgaagagat 1
tttttctegegectctgtctt

5002 5 14211871 (CA) o ccccagacaataaggaaccaa 1
tggaaagttgggacgaatga

X001 X 5799018 (CT)yp aagcgagatcctgaagcaaa 1
aacgcattcttcattgegtg

X002 X 11542117 (AT) 5 tctggatcacatgtctegttg 1
ggcgtgcaaaaacagtttc

1003 1 6811516 (AT) o gcaaagacttttcgaccaacc 3
agttacggctattgggatcaa

1004 1 13131044 (AC) g tttataagctccgaggggtty 4
agccgagceataacgaattga

2001 2 6430443 (TC) s catttgggaatgctccaaac 12
{gagaggaggaggaggaaaa

2003 2 5254926 (GA) 9 (G) 14 gatgcaaacaggcacagaaa 9
gagattgctgetgetggtgt

3003 3 3187348 (TC)sp tggtcatacttcttctcgcaa 6
ggcaaatagaatgtgaaaggg

3004 3 7612601 (AG) g ttacgttcagaaggaggagca 5
aagcgtcattgtttttgec

4001 4 5348085 (GA) cctattttccgectccactta 3
ctccaatgaagcttccgaat

4004 4 8310545 (AG) 33 gcacaatgagcaacatgcaa 7
gaagtcaaaaaccaaaaacce

X003 X 2315494 (CT)35 ccgacaccgtgatccataaat 7
aggatgtgcagtgatgaaagg

X004 X 15253554 (CA) s ccccacattttetgtgtgett Polymorphic

tcacttttatccttccacccc

Position on the chromosome and repeat type refer to the genome of the N2 strain, which was used to select
the loci and design primers. All monomorphic loci are listed first followed by the polymorphic loci.

By, the variance-based estimator of 8, and épo, the homo-
zygosity estimator of 0, were computed using Equations
2, 3, and 5 from KING et al. (2000).

For a growing population, the expected distribution
of allele lengths is smoothly peaked, as most bifurcations
date back to the time of population expansion. How-
ever, in the case of a constant-sized population, most
pairs of alleles are either closely related or distantly
related since genealogy is expected to include a rela-
tively ancient bifurcation associated with the most re-
cent common ancestor of the entire sample. The ex-
pectation of a deep genealogy leads in turn to an
expectation of an allele length distribution that is rag-

ged and multipeaked. The within-locus k-test (REicH
and GOLDSTEIN 1998) uses the shape of the allele-length
distribution to differentiate between smooth and ragged
distributions of allele lengths and thereby test for popu-
lation expansion. The test statistic is given by

k=25 X Sig* + 0.28 X §? — 0.95/n — Gam,,

where Sig* is an estimate of the variance of the allele-
length distribution squared, Gam, is an estimate of the
fourth central moment of the allele-length distribution,
and $? is the sample variance of the allele-length distri-
bution (RErcH and GoLDSTEIN 1998).

The interlocus gtest (REicH and GOLDSTEIN 1998)
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employs the principle that the variance of the variance
in allele sizes across loci is expected to be larger in a
constant-sized population than in a growing one. This
results from ancient bifurcations in a growing popula-
tion having similar dates at all loci, but having consider-
able variation among loci in a constant-sized population.
The test statistic is g = Var[‘/j]/(él/?ﬁ/2 + 1/6V), where
V;is the variance at the jth locus, and V'is the average
of all V. (Equation 3 of ReicH and GOLDSTEIN 1998;
see also REICH et al. 1999).

Maximum-likelihood estimates of population growth rate:
BeauMoONT (1999) developed a Bayesian approach for
using microsatellite data to assess recent changes in
population size. The method yields posterior distribu-
tions of population mutation rates for individual loci,
and for all loci collectively it provides distributions of
the exponential population growth rate 7, defined as
the ratio of the current population size to that just prior
to the period of population size change, and f, which
is the time since the population size began to change,
expressed in units of the current population size. Distri-
butions were obtained using the computer program
MSVAR (BeaumonT 1999), which conducts Markov
chain Monte Carlo simulations. Noninformative, flat
prior distributions were used for all parameters. Several
chains were run, yielding ~79,000 points representing
~9 X 107 parameter updates, and the distributions from
multiple independent runs were pooled. Convergence
was assessed in two ways: first, by comparing posterior
distributions for parameters from independent runs
with different starting parameter values, and second, by
looking at plots of parameter values against time and
checking for “stickiness.” For each parameter the maxi-
mum-likelihood estimate was identified as the peak of
the posterior distribution, and the 95% highest poste-
rior density (HPD) credible set was obtained by finding
the shortest interval that contained 95% of the posterior
probability.

Analyses of population structure: The software package
Arlequin V2.000 (SCHNEIDER et al. 2000) was used to
estimate population parameters. Population substruc-
ture was examined using I, which does not explicitly
take into account a mutational mechanism, as well as
Rsr (SLATKIN 1995), which does. Correlation between
genetic and geographic distances was examined using
a Mantel test with 10,000 permutations, also using Ar-
lequin V2.000.

RESULTS

Patterns of variation at microsatellite loci: Twenty
microsatellite loci were examined in 23 strains of C.
elegans. No variation was observed within any of the
strains at any of the loci, and each strain was represented
by a single allele at each locus, as expected if individuals
are highly homozygous due to being cultured by self-
fertilization for long periods. The fact that a number

of worms from each strain were used to extract DNA is
not intended to reflect any within-strain variation that
may have existed in the original source populations.
Any variation within a strain is unlikely to persist in a
single plate after several generations of laboratory cul-
ture. Thus, essentially, for each locus, 23 chromosomes
were sampled worldwide.

Ten loci were monomorphic among all the strains.
The remaining 10 loci were polymorphic, with the num-
ber of alleles ranging from 3 to 12 (mean = 6.2). The
longer loci tended to have more alleles (# = 0.43, P <
0.05), although one of the longest loci (X002, 32 re-
peats) was monomorphic. Alleles at one of the polymor-
phic loci (X004) could not be scored unambiguously;
hence this locus was excluded from subsequent analyses.

The strains TR388 from Wisconsin and N2 from En-
gland were identical at all 19 loci. Likewise, strains
DH424 (El Prieto Canyon, California) and DR1349 (a
subclone of strain PA-1; Pasadena, California) were
identical at all loci. It is unlikely that cross-contamina-
tion of cultures has occurred since the strains have been
maintained at the stock center (T. STIERNAGLE, CGC,
personal communication). Although outcrossing rates
in the wild are not known, it is possible that C. elegans
has a low outcrossing rate and that this coupled with
occasional migration of strains over long distances
might explain the finding of identical genotypes in dis-
parate locations. One way that such a clonal population
structure may be revealed is by the presence of signifi-
cant linkage disequilibrium between loci on different
chromosomes. To test this, we classified alleles for each
locus as either common or rare and looked for nonran-
dom associations of alleles, under a two-locus two-allele
model, using Fisher’s exact test. Of the 36 pairwise com-
parisons between loci on different chromosomes, only
2 were significant at the 5% level, and the exact probabil-
ities were distributed evenly over the interval from zero
to one. Thus, there is no evidence for the presence of
any significant level of linkage disequilibrium among
the loci examined.

An alternative explanation for the finding of identical
strains in distant locations is very recent migration.
While such movement of individuals could be effected
by association with, for example, birds, it is also possible
that human activity has been a factor facilitating C. eleg-
ans dispersal.

Of the nine variable loci, only two (1004 and 3004)
displayed variation entirely in multiples of the motif
length (2 bp; see Table 3 and Figure 1). The allele sizes
suggest that mutation patterns do not conform strictly
to the stepwise model of microsatellite mutation. Table
3 shows the observed number of alleles at each variable
locus and the expected number of alleles under infinite-
allele and stepwise mutation models. These estimates
were corrected for bias (Zouros 1979; CHAKRABORTY
and WEeiss 1991; Estoup et al. 1995), and the concor-
dance of the observed data with the predictions was
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TABLE 3

Expected and observed number of alleles under the infinite-alleles model (IAM) and
the stepwise mutation model (SMM)

IAM SMM

Locus n Observed Expected M = 4N.u N. Expected M = 4N.u N.

1004 22 4 4.3275 0.7343 1031.32 3.304876 1.0489 1473.17
2001 23 12 15.3637 6.4672 9083.15 10.14899 31.4544 44177.53
3003 23 6 7.4845 1.7463 2452.67 4916384 3.2743 4598.74
4001 23 3 1.7995 0.1449 203.51 1.711436 6.3178 8873.31
4004 23 7 8.2121 2.0393 2864.19 5.304924 4.13 5800.56
X003 23 7 11.6322 3.7678 5291.85 7.355142 11.6013 16293.96
1003 22 3 4.2828 0.722 1014.04 3.280925 1.0278 1443.54
2003 23 9 12 4.2399 5954.92 7.602395 14.3884 20208.43
3004 16 5 5.533 1.2573 1765.87 4.06782 2.0719 2909.97

N, is calculated assuming u = 1.78 X 107* (Frisse 1999).

tested by the nonparametric Wilcoxon signed ranks test. mutation model (P<0.01). These predictions, however,
The observed data are not significantly different from assume an equilibrium population size, while in fact the
the predictions of the infinite-alleles model (P > 0.05) recent history of the species might have involved large
but are different from the predictions of the stepwise changes in population size. Frisse (1999) conducted
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mutation-accumulation experiments using 100 lines
each started from the descendants of a single, inbred,
wild-type worm, which were propagated from a single,
randomly picked worm each generation to minimize
the effects of selection. It was found that for microsatel-
lites in the range of sizes used in this study, most muta-
tions involved the addition or deletion of a single repeat
unit. It is possible that these microsatellites are evolving
according to the stepwise model, and the lack of concor-
dance in number of alleles results from the demo-
graphic history of the populations.

Correlation between genetic and geographic distances:
The geographic origin of one strain (PB303) is not
known, so this strain was excluded from the geographic
analyses. The strains were assigned to regions (Europe,
North America, Australia, and Hawaii) and to popula-
tions within regions (in Europe—England, France, and
Germany; in North America—northern California,
southern California, Vancouver, and Wisconsin; in Aus-
tralia and Hawaii—one strain each). Partitioning of ge-
netic variation within populations, among populations,
and among regions was examined using analysis of mo-
lecular variance (AMOVA; EXCOFFIER et al. 1992), start-
ing from a matrix of pairwise genetic distances. Using
pairwise distances measured as the number of shared
alleles, which corresponds to the infinite-alleles model,
Fyr = 0.38 is not significant at the 0.05 level. About 62%
of the total variance is contained within populations.
However, using the sum of squared allele-size differ-
ences, a distance measure corresponding to the stepwise
mutation model, 54% of the variance is among regions,
and Ry = 0.73 is significant (P < 0.02). Thus there is
some evidence of population structure in C. elegans un-
der the assumption of a stepwise model of mutation.

Similarity between pairs of strains was calculated as
S = (the number of alleles shared over all loci)/(the
number of loci). Pairwise distances were then calculated
as (1 — S) (Bowcock et al. 1994). Geographic distances
between the sites (“as the crow flies”) were obtained
using a web-based program (available at http:/www.
indo.com/distance/) and a 22 X 22 geographic dis-
tance matrix was constructed. No correlation was de-
tected between the geographic and genetic distance
matrices (r= 0.02, P= 0.348; Mantel test, 10,000 permu-
tations), using the software package Arlequin V2.000
(SCHNEIDER et al. 2000).

Tests of population expansion: Population expansion
can leave a strong signature on allele-size distributions
(KIMMEL et al. 1998). Populations that have been grow-
ing are expected to have distributions that are smooth
and have a single peak, whereas populations that have
been constant in size or have been shrinking will have
more ragged, multipeaked allele-frequency distribu-
tions (see METHODS). Figure 2 provides examples of
several simulated distributions under a model of con-
stant population size and a model of recent population
growth.

Three statistical tests were employed to detect popula-
tion expansion events from multilocus microsatellite
data. None reveals a signature of population expansion
in the data. Of the three tests, the imbalance index (3
is the most sensitive to population increase. In particu-
lar, B is highly responsive to expansions of recent origin
(KING et al. 2000). Populations that have recently ex-
panded exhibit B < 1 (ie, In B < 0). The values of
In(B) calculated in two ways (In 1 and In 2, see METH-
oDs) are 3.235 and 2.175, respectively. The within-locus
ktest (Re1cH and GOLDSTEIN 1998; REICH et al. 1999)
is based on the shape of the allele-size distribution.
The probability of obtaining a positive value of k is
constrained between 0.515 and 0.55. Population expan-
sion is characterized by fewer loci than expected having
a positive k value under the null hypothesis of constant
population size. A one-tailed binomial test, with the
probability of a positive k conservatively set to 0.515, can
be used to test for departures from the null hypothesis
(ReE1cH and GOLDSTEIN 1998). By this method, we find
no evidence of population expansion (Pvalue = 0.463).
The interlocus g-test (RErcH and GOLDSTEIN 1998) com-
pares the observed and estimated values of the variance
in allele sizes across loci. Again, no sign of population
expansion is detected by this test at the 0.05 significance
level (table of cutoff values in REICH et al. 1999). These
tests are based on the assumption of a single-step muta-
tional process. Our data indicate that the loci under
study might deviate from this model of mutation. When
this assumption is violated due to multistep mutations,
the probability of wrongly inferring expansion increases
for the within-locus test and decreases for the interlocus
test (ReE1cH et al. 1999). Since neither of these tests
detects an expansion event, we infer that these data
reveal no evidence of recent population expansion.

When a model of recent population size change was
fit to the data, the maximum-likelihood estimate of the
growth rate, 7, was 0.0027 (95% HPD region: 0.00096—-
0.01205). For the time parameter, {f, the peak occurred
at 1.117 (95% HPD region: 0.750-1.717). Since ris the
ratio of the current to ancestral population sizes, these
values correspond to a 500-fold reduction in population
size over the past 1.12 X N, generations, where N, is
the current population size.

DISCUSSION

Despite our extensive knowledge of cellular, develop-
mental, and genetic mechanisms in C. elegans, we do
not have detailed knowledge of this species’ ecology,
population genetics, or evolutionary history (HODGKIN
and DoN1acH 1997; DELATTRE and FeLix 2001). In this
study we begin to fill that gap on the basis of inferences
from patterns of variation at microsatellite loci.

The patterns of genetic variation observed in a world-
wide sample of C. elegans are intriguing. In general,
widespread species with large population sizes are ex-
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Frcure 2.—Effect of popula-
tion growth on the allele-size
distribution at microsatellite

l i loci. Coalescent simulations

were performed using the pro-
gram SIMCOAL (http:/cmpg.
unibe.ch/software/simcoal /).
Each panel shows the distribu-
tion obtained from six inde-
pendent simulation runs of

sample size 23, under a given
set of parameter values. In all
cases, a stepwise mutation
model with a mutation rate of
0.00178 per locus per genera-
tion and a limit of 20 alleles was
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pected to harbor large amounts of genetic variation.
However, in organisms such as C. elegans, which repro-
duce primarily by selfing, variation within a population
may be reduced. High rates of self-fertilization reduce
the effective population size by up to a factor of two
(PoLLak 1987). Also, neutral loci may be expected to
show reduced variability due to recurrent selection
against deleterious mutations at linked loci. This back-
ground selection effect is predicted to be especially
strong in highly or completely selfing species, or asexu-
ally reproducing species, as compared to outcrossing
species, since recombination is effectively reduced
(NORDBORG el al. 1996; CHARLESWORTH el al. 1997,
NORDBORG 1997). Alternatively, selective sweeps lead-
ing to the repeated fixation of favorable alleles might
lead to the reduction in diversity at neutral loci (MAy-
NARD SMITH and Ha1GH 1974; KAPLAN ef al. 1989). This
expectation is supported by the finding that the largely
self-fertilizing species C. elegans and C. briggsae harbor
very low levels of nucleotide polymorphism compared
to the gonochoristic C. remanei, another member of the
elegans group of the genus Caenorhabditis (GRAUSTEIN
et al. 2002). Thus a high rate of inbreeding, coupled
with selection, might serve to reduce effective sizes of
C. elegans populations. Using observed mutation rates
for microsatellite loci (Frisse 1999), estimates of the
effective population size from our data range from ~200
to ~44,000 (Table 3). Although they are found world-
wide, actual densities of C. elegans in nature have not
yet been estimated. However, nematodes are generally
very abundant, often attaining densities of millions of
individuals per square meter (BLAXTER 1998). If C. eleg-
ansindividuals are indeed numerous, then the polymor-
phism data suggest the presence of a powerful selective
force acting to maintain a low level of genetic variation.

ulation size. (B) Exponential

135 7 9 MBS oowth with r = 0.005.

The factors that are expected to reduce variation
within populations may be expected to increase varia-
tion among populations. In the absence of high levels
of gene flow, the effects of local inbreeding and local
selective sweeps will remove variation within popula-
tions but will not remove variation between populations.
However, we find that levels of variation on a global
scale are very low. Surveys of microsatellites in various
species typically report polymorphism at a large propor-
tion of the loci studied (see Table 4 for some examples).
The proportion of polymorphic loci is uncommonly low
in C. elegans. Our results are consistent with those from
other studies of interstrain variation that have utilized
various classes of genetic markers. Early studies focusing
on a limited number of isolates have found low levels
of variation for enzymes (BUTLER et al. 1981), minisatel-
lite and simple sequence repeat motifs (UITTERLINDEN
et al. 1989), and Tcl transposon patterns (EGILMEZ el
al. 1995). More recently, DNA sequence polymorphism
has been found to be very low for both nuclear and
mitochondrial loci (KocH et al. 2000; GRAUSTEIN et al.
2002). This genome-wide lack of variation might under-
lie the absence of strong heterosis for life history traits
in crosses between strains of C. elegans (JOHNSON and
HurcHinsoN 1993).

The population genetics portrait that begins to
emerge from this and previous studies is of a widespread
species that exhibits little variation, either within geo-
graphic regions or on a global scale. It is unlikely that
this picture has been caused by a biased or small sample
of loci, as our sample consists of randomly selected
microsatellites located on all the chromosomes of C.
elegans. Alternatively, a low mutation rate for C. elegans
microsatellites might account for the low level of poly-
morphism. However, the mutation rate at microsatellite
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TABLE 4

Examples of proportions of polymorphic microsatellite loci in various organisms

Organism No. of loci ~ No. polymorphic % Source
Caenorhabditis elegans 20 10 50 This study

Linepithema humile 19 8 42 (NS) KrIEGER and KELLER (1999)
Drosophila melanogaster 10 8 80 ENGLAND et al. (1996)

D. melanogaster 18 17 94 GoLDSTEIN and CLARK (1995)
D. melanogaster 133 131 98 KAUER et al. (2002)°

D. persimilis 10 9 90 NOOR et al. (2000)

D. virilis 11 11 100 SCHLOTTERER and HARR (2000)
D. lummei 11 11 100 SCHLOTTERER and HARR (2000)
D. pseudoobscura 10 10 100 NOOR et al. (2000)

D. subobscura 18 18 100 PascuaL et al. (2000)

Anopheles gambiae 11 11 100 LANZARO et al. (1995)

Sheep 105 76 72 ReeD and BeaTTIE (2001)
Mouse 7300 6580° 90 DieETRICH et al. (1996)

Human 2506 2327 93 WEISSENBACH el al. (1992)
Saccharomyces cerevisiae 7 7 100 HENNEQUIN et al. (2001)

S. cerevisiae 20 20 100 FieLp and WirLs (1998)
Arabidopsis thaliana 55 301 55 (NS) BeLL and Ecker (1994)
Magnolia sieboldii japonica 4 4 100 KikucHI and Isacr (2002)
Maize 34 34 100 TaraMiNO and TINGEY (1996)

The proportion of polymorphic loci is significantly different from that in C. elegans (P < 0.05) in all but

two cases (which are marked NS).
“Inferred.
" Supplemental data online.

“48% among lab strains; 94% lab strains vs. CAST or SPR.
‘BeLL and Ecker (1994): “Of 18 (CA), repeats (n > 13), only one was polymorphic. In contrast, 25 of 30
(GA), repeats, 2 of 3 (AT) in repeats, and 2 of 4 (A), repeats were polymorphic.”

loci observed from mutation-accumulation experiments
ranges from 8.93 X 107° to 1.85 X 1072 (FRrISSE 1999)
for a variety of repeat sizes and motifs. This mutation
rate is not unusually low compared to other organisms
(e.g., CRAWFORD and CUTHBERTSON 1996; GOLDSTEIN
and SCHLOTTERER 1999, p.6 and references therein;
VAzZQUEZ et al. 2000; THUILLET et al. 2002; YUE et al.
2002). In this light it is noteworthy that the microsatel-
lite mutation rates in Drosophila are very low (VAZQUEZ
et al. 2000), yet far more polymorphism is observed in
this species (Table 4).

A. thaliana may be expected to resemble C. elegans in
some respects, and in recentyears it has been the subject
of many population genetic studies (TODOKORO et al.
1995; INNAN et al. 1997; PURUGGANAN and SUDDITH
1998, 1999; MAaLooOF et al. 2000, 2001 ). Like C. elegans,
A. thaliana reproduces mainly by self-fertilization, with
an estimated selfing rate of >99% (BERGELSON e/ al.
1998), and it has a widespread distribution. Findings in
A. thaliana, however, are conflicting. On the one hand,
studies using microsatellite loci have found no variation
within an ecotype, with all individuals homozygous at
all loci, but large amounts of variation among ecotypes
(TODOKORO et al. 1995; INNAN et al. 1997). The picture
is one of population structure and possibly recent
expansion of the species throughout the world. On the
other hand, BERGELSON et al. (1998) report low levels of

both intra- and interpopulation divergence using RFLP
markers and no association between geographic and
genetic distance. These observations might reflect pro-
cesses specific to the different classes of genetic markers
used in these studies. In C. elegans, however, our study
and others have observed low levels of variation for a
range of different markers.

A possible explanation to account for the low levels
of variation in our data and those from other studies is
that C. elegans has only recently spread throughout the
world. If this has been the case then we should see
evidence of recent population growth in the allelic dis-
tributions of microsatellite loci. We conducted several
tests that were designed to detect recent population
expansion on the basis of microsatellite data and that
are capable of detecting recent expansion events with
a high probability (KING et al. 2000). None of the tests
revealed a signature of such an event in the recent
history of the organism. We also fit the data to a model
of recent exponential size change (BEAUMONT 1999).
The resulting maximum-likelihood estimates suggest
that the global population of C. elegans has actually been
shrinking and are consistent with a recent 500-fold re-
duction in size. The method assumes that mutation oc-
curs under the stepwise mutation model (SMM; Beau-
MONT 1999), and so the fact that the data do not
correspond to this model may partly explain why the
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allele-frequency distributions depart so strongly from
that expected under population growth. However, the
tests are not all similarly sensitive to this assumption
(KING et al. 2000). On balance, it seems unlikely that
present C. elegans genetic diversity is the result of recent
colonization and expansion events.

The patterns of variation can also be considered in
light of models of natural selection. If recombination
is low, due to low rate of outcrossing, then both selective
sweeps and background selection can greatly reduce
levels of genetic variation at neutral loci. However, two
points argue against selective sweeps as the main cause
of low polymorphism. First, selective sweeps that are
associated with local adaptation will remove variation
only over the local geographic area and will effectively
promote population differentiation at the expense of
more widespread polymorphisms. However, C. elegans
reveals low levels of polymorphism globally and only
moderate amounts of population structure. Second, a
recent selective sweep exerts a very similar effect on
patterns of variation at linked neutral loci as does a
recent population expansion. In effect, a selective sweep
causes a severe bottleneck for linked loci. However,
none of the analyses of recent population history found
evidence for recent population growth, as would be
expected if much of the genome was linked to regions
that had recently experienced selective sweeps on a
global scale.

C. elegans presents us with an interesting paradox.
The species occurs almost worldwide in areas with widely
different climates and environments. Yet only a low level
of genetic variation exists on a global scale. There ap-
pears to be some population structure, but this has not
led to appreciable divergence between geographic re-
gions. We also find that the allele-frequency distribu-
tions are not as expected if C. eleganshad recently spread
throughout the world or if there had been recent selec-
tive sweeps that reduced variation. It is possible that
background selection (CHARLESWORTH ef al. 1993),
greatly enhanced in effect due to very low levels of recom-
bination, is the major cause of low levels of variation.

One possible factor that could explain the low level
of variation worldwide and the absence of evidence of
population expansion is ongoing gene flow over long
distances among populations of C. elegans worldwide.
During periods of environmental stress, L2 larvae of C.
elegans enter a state of diapause, the dauer larva. During
this facultative life stage, larvae display behaviors not
seen in other stages. The dauer larva can survive long
periods without feeding and resist desiccation. The
dauer stage may be an adaptation not only for survival
during periods of stress, but also for dispersal by birds,
insects, or other animals (RipbDLE 1988; HODGKIN and
DoniacH 1997). If we assume an equilibrium migration
model then the Fg estimate and the relationship, Fyr =
1/(1 + 4N,m) (WriGcHT 1951), where mis the migration
rate among populations, lead to an estimate of N.m

of 0.41 individuals migrating among populations per
generation. Taken together, the data and analyses pro-
vide indirect evidence for movement over long distances
of C. elegans individuals among populations. This move-
ment may be association with human activity; however,
itdoes notappear to have been solely arecent phenome-
non, as we find no evidence for population expansion.
Another interpretation of the pattern observed here is
that C. elegans occurs in very low numbers in nature.
Given the rapid growth rate observed in laboratory cul-
tures, the ability to go into the dauer state in unfavorable
environments, and the general observation that nema-
todes usually attain very high densities, this seems an
unlikely explanation. However, the gaps in our knowl-
edge of the ecology of this species preclude us from
entirely ruling out this possibility.
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