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Summary

Background: Caenorhabditis elegans is a major model
system in biology, yet very little is known about its biol-
ogy outside the laboratory. In particular, its unusual
mode of reproduction with self-fertile hermaphrodites
and facultative males raises the question of its fre-
quency of outcrossing in natural populations.

Results: We describe the first analysis of C. elegans
individuals sampled directly from natural populations.
C. elegans is found predominantly in the dauer stage
and with a very low frequency of males versus her-
maphrodites. Whereas C. elegans was previously shown
to display a low worldwide genetic diversity, we find by
comparison a surprisingly high local genetic diversity
of C. elegans populations; this local diversity is contrib-
uted in great part by immigration of new alleles rather
than by mutation. Our results on heterozygote fre-
quency, male frequency, and linkage disequilibrium fur-
thermore show that selfing is the predominant mode of
reproduction in C. elegans natural populations but that
infrequent outcrossing events occur, at a rate of ap-
proximately 1%.

Conclusions: Our results give a first insight in the biol-
ogy of C. elegans in the natural populations. They dem-
onstrate that local populations of C. elegans are
genetically diverse and that a low frequency of out-
crossing allows for the recombination of these locally
diverse genotypes.

Introduction

Despite the status of the nematode Caenorhabditis ele-
gans as a major biological model system, little is known
about its biology in the wild, especially its reproductive
mode and population structure. In the laboratory,
C. elegans reproduces through self-fertile XX hermaph-
rodites and facultative XO males; males result either
from rare X chromosome nondisjunction during meiosis
of the hermaphrodite germline or from outcrossing,
which yields 50% male progenies. Sperm production
occurs before oocyte production in hermaphrodites,
and the number of sperm limits self-progeny number
[1, 2]. A particularly longstanding question is whether
males play a role in shaping the genetic structure and
evolution of natural populations through sexual repro-
duction. Previous studies showed that males do not
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reproduce efficiently enough to be spontaneously main-
tained under laboratory conditions [3-5]. Selfing can
strongly reduce genetic diversity in a species because
selection at one locus may drive to fixation the rest of
the genome with it, owing to strong linkage disequilib-
rium across the whole genome [6]. The overall known
genetic diversity of C. elegans is low [7-13]. The ques-
tion is thus raised whether local populations of C. elegans
are genetically uniform and whether males and sexual
reproduction occur. Understanding the biology of this
model organism in its natural context is also a prerequi-
site for deciphering many features of its development
and behavior in the laboratory.

Results and Discussion

Isolation of C. elegans

Although a worldwide set of single wild isolates of
C. elegans has been collected over the last 40 years
[14], this species has proven difficult to isolate and
study in its natural environment. After extensive searches
in a variety of habitats, we were able to find C. elegans
in farmland and garden soil, in compost heaps, and in
association with diverse invertebrates. In contrast to
other sampling procedures that isolate individuals after
one to several generations in the laboratory ([15]; Siva-
sundar and Hey, personal communication), ours al-
lowed us to directly isolate wild individuals within a few
hours of substrate collection and, thus, to assess the
stage, sex, and genotype of each individual (Table 1).

C. elegans develops through a short embryonic stage
followed by four juvenile stages (L1-L4). This life cycle
takes 3.5 days at 20°C under laboratory conditions, but
development can be much lengthened by an arrest in
the L1 stage (in the absence of food) or in the dauer
stage, a nonfeeding alternative third juvenile stage,
which in the laboratory is induced under conditions of
low food, high crowding, and/or high temperature.
Dauer larvae are resistant to many stresses and can live
for several months without feeding [16].

Predominantly, we found C. elegans in the dauer
stage, even in a putatively food-rich habitat such as
compost heaps (where it occurred at densities up to 25
individuals per g; Table 1; Figure 1). We found some
non-dauer stages (including non-dauer L3 larvae) in re-
cent compost material, which indicates that C. elegans
does feed and reproduce in compost heaps. Interest-
ingly, several of these animals displayed features that
are not normally seen in laboratory conditions, thus re-
vealing ecological pressures that act on the species:
starved or constipated animals, a transiently sterile
adult, individuals that developed with a low number of
intestinal cell divisions, and individuals with undigested
bacterial spores inside their intestine (not shown) or
with bacteria inside the body itself (Figure 1C).

C. elegans thus spends much of its time as a dauer.
In rhabditid nematodes such as C. elegans, the dauer
is a dispersal morph and may also associate with other
invertebrates parasitically, necromenically (feeding on
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Table 1. Habitat, Sex, Developmental Stage, and Density of C. elegans Individuals Isolated from the Wild

(A) Samples Used in the AFLP Analysis

Location Date Substrate (Corresponding Isogenic Strains)

Franconville September 16, 2002 Compost (JU360-371)

Hermanville September 22, 2002 Compost (JU393-402, 406-407)

Le Blanc August 25, 2002 Compost (JU298-310)

Merlet 1 September 8, 2002 Soil (JU318-321); snails (JU311-317)

Merlet 2 September 8, 2002  Helix snails on a mulberry tree (JU322, 323, 342, and 347)
Merlet 3 September 8, 2002 Glomeris millipede in compost (JU343-346)

(B) Sex, Developmental Stage, and Density

Isolated within: 10 hr

3 days
Location Date Substrate Sex Developmental Stage Total
Franconville July 20, 2004 Compost H: 3/3 D: 3/3 -
Franconville October 6, 2004 Compost, 13 g H: 81/81 D: 81/81 130
Snails (4/9) - - -
Franconville October 20, 2004 Compost, 10 g H: 65/65 D: 63/65, 1L1,1 L4 99
(top of heap)
Franconville October 28, 2004 Compost, 33 g H: 748/750, D: 717/750, 10 L1, -
(top of heap, recent M: 2/7502 4L1/L2,6 L2, 9 L3,
material added) 3 L4, 1 adult
Franconwville November 2, 2004 Compost, 17 g H: 104/104 D: 78/104, 8 L1, 6 L2, 89in9g
(top of heap) 2 L3, 5 L4, 5 adults
Le Perreux July 7, 2004 Compost H: 6/6 D: 6/6 -
Le Perreux October 5, 2004 Compost, 17 g H: 28/28 D: 28/28 36
Primel October 3, 2004 Compost, ~15g - - 320
Isopods (7/7) H: 13/13 D: 13/13 17
Ste-Barbe October 3, 2004 Compost, ~15g - - 98

Isopod

- 1

(A) Samples used in the AFLP analysis

(B) Sex, developmental stage, and density. In the substrate column, the numbers after the invertebrate refer to the number of animals carrying
C. elegans dauers (for example, 4/9 snails). “Sex” and “Developmental Stage” only include worms that were seen on the day of plating (the
day of collection, or the next day for the two bottom lines). “Total” denotes the total number of C. elegans in the sample after exhaustive
examination for 3 days. “H” denotes hermaphrodites/total, “M” denotes males/total, “D” denotes dauer stage/total, and “-“ denotes that we

did not determine the corresponding number.

20ne of the two males sired progeny when placed with unc-119(ed3) C. elegans hermaphrodites; the other one is shown in Figure 1B.
®This compost sample contained less than one C. elegans per 100 nematodes, whereas only one non-C. elegans nematode individual was

found on the isopods.

the carcass of their host), or phoretically (dispersal)
[17-21]. C. elegans has previously been found associ-
ated with diverse invertebrates [17]. We sampled a vari-
ety of macroscopic invertebrates and found C. elegans
on snails (genera Helix, Oxychilus, and Pomatias ele-
gans), isopods (Oniscus asellus), and a Glomeris myria-
pod (Figure 1B). This suggests that, unlike some other
nematodes, C. elegans does not have a narrow host
specificity (Table 1). These associations are likely to
contribute to the dispersal of C. elegans and may in
addition be necromenic.

We found the close relative Caenorhabditis briggsae
in the same type of habitat as C. elegans: farmland and
garden soil, compost heaps, and snails. In several loca-
tions, we even found C. briggsae to be co-occurring
with C. elegans (whereas we never found other Caeno-
rhabditis species, such as C. remanei). C. briggsae and
C. elegans may thus have similar habitats.

Whole-Genome Polymorphism Levels

For genotype analysis, we collected one sample (10-50
cm? of substrate) from each of four locations (Merlet 1,
Le Blanc, Franconville, and Hermanville) within France
(Figure 1A), and from each sample, we isolated 11-12
individual C. elegans hermaphrodites and ensured that

they were derived from eggs produced prior to sample
collection. At one location, we collected two more sam-
ples at distances of 10 to 30 m apart (Merlet 2-3). When
analyzing the data, we thus distinguished six samples
and four locations (Table 1). From each of these 55
sampled individuals, we established an isogenic strain
by selfing. This is, to date, the only set of C. elegans
strains derived from independent single individuals
from the wild (other isolation procedures require several
generations before individuals are sampled [15] [Siva-
sundar and Hey, personal communication]).

Previous DNA sequence and microsatellite studies
on strains sampled worldwide found a low overall level
of polymorphism in C. elegans and similar sets of geno-
types in several world regions (e.g., England, California,
and Australia) [7-12]. The divergent CB4856 (Hawaii)
strain was estimated to differ from the reference strain
N2 (England) at an average of 1/840 to 1/370 nucleotide
sites of nuclear DNA [8, 11, 22]. This within-species di-
versity is low compared to that found in a dioecious
outcrossing species of the same genus, C. remanei [9],
and to other selfing soil nematode species (Pristi-
onchus pacificus, amplified fragment length polymor-
phism [AFLP] and sequencing data [23, 24]; Oscheius
tipulae, D. Baille and M.-A.F., unpublished AFLP data).



Current Biology
1178

Herman yr-mer
Primel-Trégastel Frangonville

o o e
Sainte-Barbe Le Perreux-sur-Marne,

Le Blanc
(]

In order to measure genetic diversity between our
sampled individuals, we used AFLP, a sensitive method
that detects low levels of polymorphisms in a random
genome-wide manner [25] (see Table S2 in the Supple-
mental Data available with this article online). Because
AFLP does not provide codominant markers, we ana-
lyzed haploid sets of genomes present in the diploid
form in the isogenic strains and did not try to record
heterozygous loci with this method. Below, we first ana-
lyze the genetic diversity over the whole data set and
in relation to CB4856 and then analyze the level of local
genetic diversity within each sampling location.

We found a low overall genetic diversity in our sam-
ples, with only 31/149 (21%) AFLP fragments being
polymorphic over the whole data set and an overall Nei
diversity of AFLP profiles Hj = 0.049 (i.e., an average
divergence of 4.9% of the fragments between any two
genomes sampled at random in the data set; Table 2).
For comparison, two divergent strains of Pristionchus
pacificus displayed an AFLP polymorphism level of
45% [23, 24]. As references, we included the N2 and
CB4856 strains in the AFLP analysis and found a poly-
morphism at 7/149 (4.7%) of the AFLP loci; each of the
corresponding 14 alleles was found in our data set over
the four sampling locations in France (Table S2), which
thus presumably covers a significant part of the diver-
sity found worldwide, as was previously observed for
samples from England or California [7-12]. The AFLP
diversity that we find corresponds approximately to a
nucleotide diversity of 0.8 x 103, which is compatible
with previous sequence data—which so far relied on
very few polymorphisms [9, 10, 13]. This value is ap-
proximately 20 and 10 times lower than those of Dro-
sophila melanogaster [26] and of the partial selfer Arab-
idopsis thaliana [27], respectively, and similar to that of
humans [28]. Our data thus confirm, at the scale of a

Figure 1. Sampling of C. elegans Populations

(A) Distribution of sampled sites in France.
The locations where samples for AFLP
analysis were collected are in bold.

(B) Invertebrate species from which C. ele-
gans was collected. Top: snails; from left to
right, Helix, Pomatias, and Oxychilus species
(the scale bar represents 1 cm). Bottom:
Oniscus asellus isopod (the scale bar repre-
sents 1 mm).

(C) Nomarski micrographs of C. elegans in-
dividuals at the time of isolation. From top to
bottom and left to right: two dauer larvae
with characteristic alae on the cuticle (left)
and male-specific cell-division patterns in
the rectal region (right; one of the two males
in Table 1); a starved L4 larva, with few intes-
tinal storage granules and few intestinal cell
nuclei; an adult with abnormal eggs (after
feeding on E. coli for several hours, it laid
about 65 developing embryos during the
next day); an L4 larva with internal bacteria;
and a constipated L4 larva.

few hundred kilometers over our whole data set, the
low level of global genetic diversity in C. elegans.

Given this low global diversity of C. elegans, and in
relation to it, the level of local genetic diversity was sur-
prisingly high at the scale of a few centimeters (a
sample) or meters (a location) (Table 2). Out of the four
samples of 11-12 individuals, two (Franconville and
Hermanwville) displayed many polymorphisms. The two
other samples (Le Blanc and Merlet 1) displayed fewer
polymorphisms, three out of four being singleton poly-
morphisms that may have originated from recent muta-
tions. We also found a high genetic diversity between
the three samples within the Merlet location.

How does this local diversity compare to the overall
genetic diversity within C. elegans? Strikingly, except
for the Blanc location, the within-location diversity esti-
mates are comparable to the estimated genetic dis-
tance between N2 and CB4856 (seven loci): There are
on average 3.9 and 3.5 differences between pairs of
strains within the Hermanville and Franconville sam-
ples, respectively, and 7.2 differences within the Merlet
location (taking into account the three samples). More-
over, each of the seven loci that differ between N2 and
CB4856 is also polymorphic within at least one of the
locations (Table S2). Local populations of C. elegans
thus present a remarkably high level of polymorphism
when compared to the diversity found worldwide.

Sequencing of mitochondrial DNA on a worldwide set
of C. elegans strains previously distinguished two well-
resolved clades, called mitochondrial clades | and II,
that represent an ancient divergence in mitochondrial
lineages [11]. To monitor the mitochondrial genotype of
our sampled individuals, we chose three clade-specific
polymorphisms that could be tested on the same PCR
product by restriction digestion. We find that both
types of mitochondrial genotypes co-occurred in three
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Table 2. Local Populations of C. elegans Are Polymorphic

Location Franconville Hermanville Le Blanc Merlet (Total) All

Sample F H B M1 M2 M3

Strains 12 12 12 19 55
1 4 4

Polymorphic bands (total scored: 1 1 1 19 31

149) 3 2 0
Nei diversity of AFLP loci Hj 2.4 (0.8) 2.6 (0.7) 0.1 (0.1) 4.8 (1.1) 4.9 (0.9)
expressed in % (standard error) 0.3 (0.2) 0.6 (0.4) 0.0 (0.0)

Nucleotide diversity (7 x 103) 0.39 0.43 0.02 0.80 0.81
0.06 0.10 0.00

Effective population size (N,) 4600 5100 200 9500 9600
700 1200 (1)

Multilocus genotypes 7 7 2 8 24
4 3 1

Mitochondrial genotype markers I+ 11 I+l Il L+ 1+ I+ 1+ 1l
| I* I

Singletons 2 2 1 2 7
2 0 0

Location-specific polymorphisms 5 5 1 7 18
2 0 0

Shared polymorphisms 6 6 0 12 13
1 2 0

We distinguish four sampling locations and six samples; results for the Merlet subsamples 1-3 are indicated below those obtained by pooling
them (only Merlet 1 has a sample size that is comparable to the samples in the three other locations). All: all 55 strains pooled before analysis.
Nei’s AFLP diversity is defined as the average proportion of loci that differ between pairs of strains. Nucleotide diversity is estimated with a
correction for indels and assuming a ratio of 3.9 single nucleotide substitutions to 1 indel [11]. Mitochondrial genotypes scored as I*
correspond to a loss of the Apal site, in comparison to the previously characterized clade | sequence [11]. Singletons refer to genotypes
found only once in the data set, and shared polymorphisms refer to polymorphisms found within several populations. Location-specific
polymorphisms are those found only within a single location (including data for N2 and CB4856). Effective population sizes are calculated as
Ne = n/4y [47], with the estimated nucleotide mutation rate . = 2.1 x 10~8 per nucleotide per generation for C. elegans [48] (note that this
effective population size is that of a fictitious population that would display the corresponding diversity under mutation-drift equilibrium). We
find a range that is compatible with independent estimates with microsatellite data (Sivasundar and Hey, personal communication).

out of four sampling locations (Table 2). A significant
part of worldwide diversity of C. elegans is thus found
within a single garden or compost heap.

Role of Migration

The high local molecular diversity that we observe in
several C. elegans populations may have arisen through
local mutation or by migration of divergent individuals
(either at the origin of a population or as a subsequent
import of genotypes). Of the 31 polymorphic loci, we
found 18, including 7 singletons, to be specific to par-
ticular sampling locations (Table 2); these polymor-
phisms may be the result of local mutation. On the
other hand, 12 polymorphisms, plus those in the mater-
nally transmitted mitochondrial DNA, are shared among
different sampling sites. With regard to the origin of ge-
netic diversity within one location (Table 2), more than
half of its local polymorphisms are shared with another
location: For example, 6/11 polymorphisms that are
found within the Franconville sample are shared poly-
morphisms (i.e., both alleles are found outside the Fran-
conville sample; Table 2).

Migration appears, however, insufficient to homoge-
nize allele frequencies at a given time over different
sampling locations. Indeed, a large proportion of the
genetic variation between individuals was found be-
tween the four sampling locations (expressed as a pro-
portion of the total variance, taking the largest of the
three Merlet samples: Fst = 0.78; p < 0.001; with all
Merlet individuals: Fst = 0.83; p < 0.001), indicating that

the genotype pools were highly distinct between the
samples. Also, none of the 24 different multilocus geno-
types (combinations of alleles at the different genetic
loci) that we found was shared between sampling loca-
tions (with the exception of the strain JU438, sampled
at a later time in Hermanville, which was identical to
JU298 from Le Blanc), although each was often found
several times within a sampling location (Table 2). Be-
cause selfing after population bottlenecks reduces in-
trasample diversity and thereby results in a high Fst
value [29], we also tested for spatial structure between
sampling sites by pooling all identical multilocus geno-
types. Even in this case, similar alleles are found much
more often within a site than at random (Fst = 0.44;
p = 0.004). Taking into account the presence of shared
alleles rather than their frequency (thus reducing this
influence of recent selfing on allele frequencies), we
also find a highly significant differentiation between the
four locations (p < 0.01 for all pairwise tests) [30]. Thus,
although migration is important in fostering local diver-
sity, it does not appear sufficient to prevent population
structure at the spatiotemporal scale our sampling con-
siders (over 100 km between locations, one time point).

Strikingly, very distinct sets of multilocus genotypes
were found in the three samples from the Merlet loca-
tion, even though they were collected within a few me-
ters of one another, indicating strong structure at this
scale as well (Fst between the three Merlet samples =
0.96; p < 0.001). The observation of a very strong struc-
ture at a small scale within Merlet, a structure similar
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to that observed at a much larger scale, suggests that
demographic bottlenecks in this selfing species may
be a sufficient explanation of the structuring between
sampling sites. Moreover, we found no correlation be-
tween geographical distance and Nei genetic distance
in the six samples, (which cover a scale of 10 m to 100s
of kilometers; Mantel test, p = 0.94), thus further sug-
gesting that the migration rate is large enough that iso-
lation by distance may not contribute substantially to
the structuring at the larger scale. Much of this struc-
ture may be the result of recent population demographic
bottlenecks or an indirect consequence of selfing (result-
ing in a lower effective population size, especially after
selective sweeps) [6].

Similar sets of several divergent genotypes were pre-
viously found in Australia, America, and Europe, with
no correlation between genetic and geographic dis-
tances [7, 11, 12], suggesting that C. elegans can mi-
grate at a long range. The finding of C. elegans in hu-
man-associated habitats makes it possible that human
activity is a major factor in present-day C. elegans mi-
gration patterns.

In summary, our observations of a large proportion
of shared polymorphisms between locations and yet a
strong apparent spatial structure are, thus, not incom-
patible [29, 31, 32]. The sharing of polymorphisms
between locations indicates a continuous input of mi-
gration and/or a large population size at population
foundation with sharing of ancestral polymorphisms.
The low diversity levels of some of the samples may
reflect a lack of demographic stability in some popula-
tions, with transient bottlenecks that reduce genetic
diversity [33].

Genomic Reassortments and Outcrossing

In addition to overall genome diversity, our AFLP data
provide allele combinations at the different loci for each
sampled haploid genome. These multilocus genotypes
depend on the shuffling of allele combinations over loci
(spanning the six chromosomes) and, thus, on the fre-
quency of crossfertilization in this partially selfing spe-
cies. Within each sampling location, combinations of
alleles are clearly nonrandomly distributed, given local
allele frequencies, and are in strong linkage disequilib-
rium (Table 3; Table S2). On a larger scale over the four
locations, taking into account each multilocus geno-
type only once, the linkage disequilibrium is also signifi-
cant (Table 3), indicating limited outcrossing. Because
even infrequent outcrossing would rapidly break down
linkage disequilibrium between markers (except tightly
linked ones) [29], these results strongly suggest that
selfing is the most frequent reproductive mode in these
C. elegans populations.

In C. elegans, outcrossing occurs only when her-
maphrodites are inseminated by males, which results
either from rare events of X chromosome meiotic non-
disjunction (at frequencies in the 0.03%-0.3% range for
wild strains in laboratory conditions [14]) or from
outcrossing (50% of the crossprogeny are male). Be-
cause males are both a prerequisite for, and the conse-
quence of, outcrossing, we assessed whether out-
crossing may occur by estimating the proportion of
males in natural populations. In all sampled popula-

tions, males occur at a very low frequency that is com-
patible with the spontaneous X chromosome nondis-
junction rate (Table 1). Moreover, none of the six adults
that we collected (Table 1) gave rise to a large propor-
tion of males in its progeny, suggesting that they had
not mated with males in the wild. Thus, in addition to
the strong linkage disequilibrium, this low frequency of
males further indicates that selfing is the overwhelm-
ingly predominant mode of reproduction in these natu-
ral C. elegans populations.

Is there, on the other hand, any positive evidence for
crossfertilization by males? For a set of strains sampled
worldwide, Denver et al. found that phylogenetic trees
constructed with mitochondrial versus nuclear DNA se-
quence data were largely congruent, suggesting that
recombination between divergent C. elegans genomes
is exceptional at this scale [11]. However, our data do
indicate reassortment events between the polymorphic
loci, at least at the between-location level, as anecdot-
ally noted by others [7-12, 15]. First, our results, unlike
those of Denver et al. [11], show no global concordance
between nuclear and mitochondrial polymorphisms: A
tree based on the distances between multilocus AFLP
genotypes shows no mitochondrial-genotype cluster-
ing as shown in Denver et al. [11]. The separation of
the 24 AFLP multilocus genotypes according to their
mitochondrial genotype results in a significant structure
(Fst = 0.19, p < 0.001), which suggests that the linkage
between mitochondrial and nuclear loci is not fully bro-
ken within our sample. However, this may also be due
to sample structure. Even among the polymorphisms
studied by Denver et al., we found discordance, includ-
ing seven Non-Plugger strains with clade-lI-like mito-
chondrial markers (Table S2). Second, many reassort-
ments between polymorphic loci can be detected by
the occurrence of all four combinations of genotypes
at two loci (4-gamete test [34]; Table S3). Out of the 25
non-singleton polymorphisms (including the mitochon-
drial genotype), 23 show evidence of reassortment with
at least one other locus in the whole data set. We were
furthermore able to identify putative recombination
events within Merlet and Franconville, on polymor-
phisms that are apparently specific to each of these
locations. None of the putatively “new” alleles of loca-
tion-specific polymorphisms are shared by worms with
different mitochondrial genotypes; given that the sepa-
ration of the two mitochondrial clades probably pre-
dates many of the sampling-location-specific polymor-
phisms, this strengthens the finding that genome
reassortments can mostly be detected at the supralo-
cation level (Table S3). Using the published C. elegans
genomic sequence, we could identify most AFLP frag-
ments present in the N2 genome (123/133 of the theo-
retical fragments, including 9/10 of the polymorphic
ones; Table S2). One pair of loci on chromosome V
(mfP4 and mfP8, 10.51 cM apart) and two pairs on
chromosome IV (nfP2 and mfP10, 39.69 cM, and mfP6
and mfP10, 42.24 cM) show evidence of recombination
in the 4-gamete test. Thus, recombination events are
detectable between and within chromosomes. Even
though it is infrequent, outcrossing with males thus oc-
curs in C. elegans natural populations.

From our linkage disequilibrium data, we estimated
an outcrossing rate, with a model of population of ef-
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Table 3. C. elegans Populations Display a High Linkage Disequilibrium

Number of Significant at 1% Significant at 5% Multilocus p Value 2000

Population (n) Pairwise LD Tests  (Expected) after Bonferroni LD (la S) Bootstraps
Franconville (12) 105 9 (1.0 6 0.28 <0.001
Hermanville (12) 120 7(01.2) 3 0.084 0.001

Merlet 1+2+3 (19) 253 77 (2.5) 19 0.36 <0.001

Each multilocus genotype (24) 666 61 (6.7) 0 0.049 <0.001

Idem without singletons (17) 351 48 (3.5) 14 0.065 0.001

Idem without local 66 7(0.7) 5 0.070 <0.001

polymorphisms (15)

For each sampling location (except Le Blanc), linkage disequilibrium tests between AFLP loci (with, in addition, the mitochondrial genotype
as one locus) were performed with all individuals (n: number of genotypes). Because the linkage disequilibrium within sampling locations is
very strong, we also tested for linkage disequilibrium at a larger scale, across the four locations; for this analysis (three bottom lines), we
counted each multilocus genotype once only (i.e., the most conservative test). Left, pairwise tests: Linkage disequilibrium was tested for
each pair of loci; to account for false positives due to the high number of pairwise comparisons, we show in brackets the number of
comparisons that are expected to be significant at 1% in a random data set (which is much lower than the observed value in each case, thus
demonstrating significant linkage disequilibrium in the data) and the number that remain significant at 5% after a Bonferroni correction
(another method that accounts for multiple testing). Each C. elegans chromosome has a genetic length of 50 cM, and only a few pairs of
AFLP loci would be expected to show linkage disequilibrium if outcrossing occurs. Among the 9 mapped polymorphisms, linkage
disequilibrium tests were negative for 6/8 intrachromosomal pairs and positive for the closest pairs mfP2 versus mfP5 (genetic distance =
0.31 cM; p = 0.01 after Bonferroni correction) and mfP2 versus mfP6 (2.55 cM; p = 0.004) on chromosome IV. Of all polymorphic loci, only
one shows linkage disequilibrium with the mitochondrial genotype: mfP9, in the Hermanville sample (p = 0.016). Right, multilocus test: The
multilocus linkage disequilibrium value is given in the first column, and the statistical probability (p) of no linkage disequilibrium is estimated

in the last column.

fective size N, (estimating N, under a model of muta-
tion drift in Table 2). We calculated the mean linkage
disequilibrium between pairs of loci (for Hermanwville,
mean(r?) = 0.2906, 95% confidence interval [CI]: 0.2489-
0.6881; for Franconville, mean(r®) = 0.5175, 95% CI:
0.1667-1). Using a theoretical recombination rate c;,
calculated as 0.44, we estimated the outcrossing rate
to be one outcrossing every 7,351 generations for Her-
manville (95% ClI: 5,947-19,601 generations) and every
17,365 generations for Franconville (95% CI.: one every
3,239 generations to complete selfing) [31, 35].

We directly assessed heterozygote frequency in
freshly isolated wild populations with microsatellite re-
peat length polymorphisms (locus II-R and IV-R in [15]).
Three out of the four screened populations were found
to be polymorphic for one or both loci, with a strong
differentiation between the populations, even at a 1 km
scale between Primel and Sainte-Barbe, thus confirm-
ing the conclusions drawn from the AFLP data obtained
on other populations (Table 4). In two distinct popula-
tions, heterozygotes could be found, proving the occur-

rence of outcrossing in the wild. At least for the II-R
heterozygotes, the possibility of them arising through
recent mutation is unlikely because both alleles were
also found in at least one other location (see also [15]).
From the observed microsatellite diversity, we calcu-
lated the inbreeding coefficient, from which we esti-
mated the inbreeding and outcrossing rates [36]. Self-
ing rates for the three populations are consistent; they
range from 1 to 0.98 (Table 4). From the global inbreed-
ing coefficient, we calculated the mean selfing rate over
the four populations and found S,,c., to be 0.987, or
1.3% of outcrossing.

Our outcrossing rate estimates with linkage disequi-
librium are lower by one order of magnitude than those
determined by measuring heterozygote frequencies,
but it must be noted that both methods are not equiva-
lent: Whereas the outcrossing rate calculated from het-
erozygote frequency is a measure at one time point, the
estimate based on linkage disequilibrium is a measure
over a longer time period and takes into account pop-
ulation structure, linkage with loci under selection (which

Table 4. Outcrossing Rate in C. elegans Wild Populations

Allele Frequencies

Population n II-R IV-R He Fis S

Le Perreux, October 5, 2004 M 28:1 69: 0.610, 71: 0.390 0.677 1 1

Franconville, October 6, 2004 129 24: 0.338, 28: 0.663 64: 0.008, 66: 0.224, 68: 0.08, 0.639 0.963 0.981

69: 0.728, 70: 0.033

Ste-Barbe, October 3, 2004 88 28: 0.073, 36: 0.913, 68: 0.083, 69: 0.917 0.415 0.958 0.979
43:0.013

Primel, October 3, 2004 50 24: 0.023, 28: 0.023, 36: 60: 0.021, 68: 0.574, 69: 0.786 1 1
0.163, 37: 0.023, 43: 0.767 0.404

Mean 0.974 0.987

Each individual is characterized by its microsatellite repeat number (italics) at two loci located on chromosomes Il and IV (II-R and IV-R; [15]).
Heterozygotes were found in the Franconville and Sainte-Barbe populations. Genotype counts are given in Table S1. Population: location and
sampling date (cf. Table 1B). n: number of genotyped individuals; He: gene diversity; Fis: inbreeding coefficient; and S: selfing rate. The mean
is the mean of the populations (weighted by their expected heterozygote counts).
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should actually result in an underestimation), and changes
in outcrossing rate over time. However, the estimate
based on linkage disequilibrium is less direct and relies
on several assumptions and estimations, weakening
the confidence in the conclusion.

It is possible that outcrossing may differ depending
on ecological conditions; for example, the frequency of
X chromosome nondisjunction is increased at high tem-
peratures in the laboratory [2]. Although we cannot
generalize for all populations (especially in other eco-
logical conditions), our results show that at least some
natural C. elegans populations are maintained with a
high selfing rate. The selfing mode of reproduction of
C. elegans makes it a potentially good colonizer: In a
selfing species, a single individual is required to found
a population. A selfing population is subsequently less
likely to be subject to inbreeding depression after a
bottleneck because strongly deleterious recessive mu-
tations are previously eliminated more rapidly than in a
dioic species [37]. The genotype spatial distribution
that we describe is consistent with a relatively high rate
of migration together with local demographic bottle-
necks and, thus, with high metapopulation dynamics of
extinction-recolonization. That C. elegans is a colonizer
is also compatible with its being found in discontinuous
temporary habitats and its frequent occurrence in a re-
sistant dispersal form.

Conclusions

We describe the first extensive sampling of C. elegans
individuals directly from natural populations, which al-
lows us to determine biological features of wild C. ele-
gans individuals and the genetic structure of C. elegans
populations. We mostly find C. elegans in the dauer
stage, in compost heaps and on a variety of carrier in-
vertebrates (e.g., snails and isopods). We find, at least
in some populations, a high genetic diversity (in com-
parison to the low global genetic diversity in the spe-
cies) at the spatial scale that is relevant for mating. Our
results suggest that C. elegans mostly reproduce by
selfing in these populations, yet that infrequent out-
crossing occurs. The rare males in these populations
mate rarely, but if so, will often mate with a hermaphro-
dite of a different genotype. These rare outcrossing
events may thus recombine allelic variants at multiple
loci (thus participating in the elimination of weakly dele-
terious mutations) and contribute to the evolution of the
C. elegans genome.

Experimental Procedures

Sampling and Identification of C. elegans

The samples were collected in: Franconville, Val d’Oise, 48.98°N,
2.23°E (a Parisian suburb garden); Le Blanc, Indre, 46.63°N, 1.07°E
(a garden in a small town/village); Hermanville, Calvados, 49.28°N,
0.32°W (id.); Merlet, hamlet near Lagorce, Ardéche, 44.45°N, 4.42°E
(the garden of an isolated farmhouse); Le Perreux-sur-Marne, Val-
de-Marne, 48.85°N, 2.50°E (a Parisian suburb garden); and Primel-
Trégastel and Sainte-Barbe, 48.8°N, 3.48°W (hamlets near Plougas-
nou, Finistére; 1 km from each other) (Figure 1). In Merlet, samples
were collected from different locations in the garden, Merlet 1 and
Merlet 2 being 15 meters apart, Merlet 3 a further 12 meters away
from Merlet 2. During our extensive hunts, we also found C. elegans
in one more compost heap near Paris, in leaf litter in a garden in
Frechendets, 43.07°N, 0.25°E (Hautes-Pyrénées), in garden soil and
snails in Le Blanc and Hermanwville, in snails in Franconville, and in

soil of an orchard in Madeira (yielding strain JU258). Despite col-
lecting hundreds of samples worldwide over several years, we
failed to find it in any less humanized habitat. At least in the world
regions that were most extensively sampled, C. elegans thus ap-
pears to have become a commensal of human activity.

Soil and compost were collected in 10-50 ml tubes. Samples
(0.5-2 g) were placed around an OP50 E. coli lawn on NGM plates
(55 or 100 mm diameter) [16], and water was spread on them (~1
ml/g). Snails were washed in water to remove adhering soil/tree
bark, crushed, and placed onto NGM plates. Smaller invertebrates
such as isopods were sacrificed by cutting them in half. Nema-
todes were picked as they crawled out of the substrate in the first
3 days after sampling. Most (about two-thirds) C. elegans individ-
uals were recovered within 1 min to 10 hr (Table 1B). All stages
could be recovered in a quantitative manner, except for the embry-
onic stages, which would only be subsequently recovered as L1
larvae.

A first genus-level determination was conducted with a dissect-
ing microscope and a Nomarski microscope with several criteria:
morphology of buccal cavity, pharynx (a strong and round middle
bulb), gut (light-colored gut, with large cell nuclei), vulva lineage,
and tail (elongated) [38]. Presumptive Caenorhabditis individuals
were then bred on NGM plates. Isogenic strains were established
by selfing of hermaphrodites.

Species identity was tested by two criteria: (1) a mating test, in
which three to five virgin hermaphrodites (descendants of the iso-
lated wild individual) were placed with three to five males of the N2
C. elegans reference strain (or of a GFP-labeled strain derived from
N2); successful mating was scored by the occurrence of a large
proportion of males in the progeny; and (2) a species-specific PCR
test, in which species-specific PCR primers were designed in the
gene glp-1 [9] so as to amplify a different fragment size in C. ele-
gans, C. briggsae, and C. remanei. C. elegans: 5'-CCGCTTGGA
TTCTATGGATTG-3' and 5'-CTCTCCTTGCTCCGGGATTG-3', prod-
uct: 208 bp. C. briggsae: 5'-GAACCTGCGAGTGCATGTAC-3’ and
5'-CCGTCTGCAAACGAACGGGC-3', product: 302 bp. C. remanei:
5'-CAACGGAGGTATCTGCTCAG-3' and 5'-CCGCCGTCAAATTTG
CATTC-3’, product: 391 bp. PCR was performed with all six primers
in the same reaction. All C. elegans strains in Table 1A were tested
with both mating and PCR tests. Among the animals in Table 1B,
we did not test every single Caenorhabditis individual; for example,
we performed a mating test on a subsample of 12 animals in the
sample “Le Perreux 5 Oct 04,” 12 (compost) + 4 (snails) in “Fran-
conville 6 Oct 04,” 12 in “Sainte-Barbe,” 12 (compost) + 22 (iso-
pods) in “Primel,” etc., and all were C. elegans. C. briggsae was
never found in these locations. It is thus highly probable that all
other hermaphroditic animals that we screened as Caenorhabditis
were C. elegans. It is striking that C. elegans is found almost exclu-
sively in the dauer stage even in samples in which all stages of
other nematode species of the same family are found.

C. elegans and C. briggsae were found co-occurring in Merlet,
Hermanville, and several other locations, but we never found any
other Caenorhabditis species. We found C. briggsae in soil, com-
post heaps, and snails; a decomposing Helix aspersa in the garden
of the Natural History Museum, Paris; and an Oxychilus sp. in
Merlet 2.

Strains are available on request (www2.ijm.jussieu.fr/worms).

AFLP Analysis
Worms from recently starved OP50 culture plates were rinsed sev-
eral times for several hours in a large volume of M9 to avoid con-
tamination from bacterial DNA. Genomic DNA was prepared with a
Qiagen DNeasy Tissue kit, digested with EcoRI and Trull (a Msel
isoschizomer), and ligated with specific adapters [25]. The ligation
was diluted 1:10 and amplified by PCR with primers specific to the
adapters. A second amplification round was carried with fluores-
cent primers corresponding to the adapters plus five selective nu-
cleotides. AFLP fragments were run on an ABI 3100-Avant Prism
capillary sequencer. All reactions were run in duplicates from the
DNA digestion on. AFLP profiles were scored with Genographer
v.1.6.0 (size range 50-400 bp). For analysis, we only kept fragments
that amplified reproducibly in duplicates of each strain.

To avoid counting a polymorphism twice, we used AFLP primer
combinations separated by more than one nucleotide, and when
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we noticed complementary profiles of presence/absence of frag-
ment with the same primers owing to a small insertion-deletion (in-
del), we included only one of them (four instances).

In order to convert the AFLP diversity (Hj) into nucleotide diver-
sity (7), we assumed as an approximation that an AFLP polymor-
phism can be the result of a substitution or indel in the restriction
sites plus selective nucleotides (15 nucleotides) (presence/absence
of a fragment) or to an indel in the fragment itself (change in size,
including shifts outside the scored range). The ratio of the two
events in C. elegans was estimated to 3.9 substitutions per indel in
[11] (50 kbp sequence in several wild strains) and 3.0 in [8] (5.4
Mbp in CB4856). The average size of our AFLP loci being 176 bp,
we expect between 176 / (15 x 3.9) and 176 / (15 x 3.0) = 3.0 and
3.9 indel polymorphisms, respectively, for each point mutation
polymorphism (we only found 4/31 instances of fragment size shift,
probably because some result in a superposition with another frag-
ment or in a shift of the fragment outside the scored range). We
thus calculated the average pairwise nucleotide diversity by divid-
ing the AFLP diversity by 15 (selective nucleotides) and applying
the correction for indels. Because the diversity level in our sample
is low (and because of the unavoidable approximations due to the
correction for indels), we did not correct for fragment size homo-
plasy as in [39-41]. As an internal control, we checked that our
AFLP distance between the strains N2 and CB4856 (seven poly-
morphic loci) was compatible with the known nucleotide distance
between these strains.

Nei’s diversity for restriction-site polymorphisms (Hj) and Fst val-
ues were calculated from AFLP allele frequencies after [42] with
AFLPsurv version 1.0 (X. Vekemans, 2002, Université Libre de Brux-
elles, Belgium).

The AFLP fragments of the N2 genome were identified with the
e-PCR tool in Wormbase (release WS132, available online at
www.wormbase.org) with, as primers, the restriction sites and se-
lective nucleotides used in the AFLP analysis. For each positive
result, we checked for the presence in the fragment of an EcoRl or
Msel restriction site. Fragments showing no restriction site and,
therefore, constituting a virtual N2 AFLP profile were scored
against the experimental N2 AFLP profile. Out of 133 theoretical
fragments in the 71-395 bp range, 123 (92%) unambiguously
matched observed fragments.

Mitochondrial Genotype

A region of mitochondrial DNA was amplified by PCR with the prim-
ers 5'-AAATAAGTATGTTTCTTTTTCGCAG-3’ and 5'-ATTTTGATTTT
CTTACGATACCNC-3' and digested by Hinfl (three or one cut, re-
spectively) or Apal (one or zero cuts, respectively). Digestion prod-
ucts were run on a 0.8% agarose gel.

Plugging Test

The Plugging polymorphism was assayed as in [14]. Cultures con-
taining males were produced in each strain (after heat shock if re-
quired) and maintained by crossing. Two hermaphrodites and three
males of the tested strain were placed on the same culture plate
for 24 hr; the presence of a mating plug on the hermaphrodite vulva
was then scored under the Nomarski microscope. In the absence
of a mating plug, the occurrence of mating was checked by the
presence of a high proportion of males in the crossprogeny.

Analysis of Linkage Disequilibrium

Pairwise linkage disequilibrium was calculated in Excel with R [43].
Multilocus linkage disequilibrium was calculated with Lian 3.1 [44].
Tests of the presence of all four combinations of alleles at two loci
(4-gamete tests) were performed under Excel, with N2 and CB4856
included in the data set. We assumed that the absence of a band
was homologous, which is a reasonable approximation, given the
low sample-wide AFLP diversity.

Estimation of the Outcrossing Rate

from Linkage Disequilibrium

We estimated the outcrossing rate with the correlation between
pairs of loci. Linkage disequilibrium is linked to ¢, the recombina-
tion rate, by the equation E(r?) = 1 / (1 + 4N,c), r? being the squared
correlation coefficient between two loci [35]. The observed recom-
bination rate, c.,s, Was estimated by taking E(r?) as the mean of

r? values calculated over all pairs of polymorphic loci (excluding
polymorphisms occurring at frequencies under 10%) and taking N,
estimates from Table 2. The outcrossing coefficient (1 - F) is linked
to the observed recombination rate and the expected recombina-
tion rate, here called c theoretical (c,), by Cops = Cin(1 = F) [31]. €4
was estimated by simulation, considering the physical length of
chromosomes and assuming a constant recombination rate. The
selfing rate S was calculated from S = 2F / (1 + F), and the
outcrossing rate as 1 - S. To calculate a confidence interval, we
created a theoretical population with the genotype frequencies ob-
served in our sample, then took 1000 samples of 12 individuals
and calculated the mean squared correlation coefficient. From this
distribution, we took a 95% confidence interval.

Microsatellite Amplification

We isolated single wild individuals and let them reproduce over two
generations on a standard 55 mm culture plate, then washed the
plates with M9 and used one-fifteenth of the worms for DNA ex-
traction, while the rest were frozen as stock. DNA was extracted
with a guanidine isothiocyanate precipitation on silica and resus-
pended in 100 pl H,O. Amplification was carried with Eppendorf
Taq polymerase in 10 pl volumes, in two steps with the following
cycle: first step at 2 min of initial denaturation at 92°C, then 40
cycles of 20 s at 92°C, 30 s at 60°C, and 30 s at 72°C, then 10 min
of final extension at 72°C. Primers used were as described in [15],
with an M13 forward tail added to the forward primer. The second
step was carried out at an annealing temperature of 52°C, and the
locus-specific forward primer was replaced by a M13 forward
primer labeled with the Hex or 6-Fam fluorochromes. Electrophore-
sis was then performed on an ABI 3100-Avant Prism capillary se-
quencer with molecular-weight markers. Possible heterozygotes at
the 1I-R locus were then confirmed by thawing frozen stocks and
genotyping individual progeny; in each case, we found homozy-
gotes for both alleles and heterozygotes in the progeny. Six of the
microsatellites described in [15] were initially used, but II-R and
IV-R were selected because they amplified reproducibly and were
polymorphic enough for an estimation of outcrossing frequency.

Estimation of the Outcrossing Rate

from Heterozygote Frequency

Computation was done with Fstat [36]. We used the f estimation
of Fis after [45]. Gene diversity He was calculated with Arlequin
[46]. The selfing rate S was calculated from S = 2Fis/(1 + Fis), and
the outcrossing rate as 1 - S.

Supplemental Data
Three supplemental tables are available at http://www.current-
biology.com/cgi/content/full/15/13/1176/DC1/.
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