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First Glimpes/Report

Single Nucleotide Polymorphisms in Wild Isolates

of Caenorhabditis elegans

Romke Koch,' Henri G.A.M. van Luenen,? Marieke van der Horst,'
Karen L. Thijssen,’ and Ronald H.A. Plasterk’ 3
"The Hubrecht Laboratory, Centre for Biomedical Genetics, 3584 CT Utrecht, Netherlands; 2The Netherlands Cancer

Institute, 1066 CX Amsterdam, Netherlands

Caenorhabditis elegans (isolate N2 from Bristol, UK) is the first animal of which the complete genome sequence was
available. We sampled genomic DNA of natural isolates of C. elegans from four different locations (Australia,
Germany, California, and Wisconsin) and found single nucleotide polymorphisms (SNPs) by comparing with the
Bristol strain. SNPs are under-represented in coding regions, and many were found to be third base silent codon
mutations. We tested 19 additional natural isolates for the presence and distribution of SNPs originally found in
one of the four strains. Most SNPs are present in isolates from around the globe and thus are older than the
latest contact between these strains. An exception is formed by an isolate from an island (Hawaii) that contains
many unique SNPs, absent in the tested isolates from the rest of the world. It has been noticed previously that
conserved genes (as defined by homology to genes in Saccharomyces cerevisiae) cluster in the chromosome centers.
We found that the SNP frequency outside these regions is 4.5 times higher, supporting the notion of a higher

rate of evolution of genes on the chromosome arms.

Caenorhabditis elegans is the first animal of which the
genome was sequenced (The C. elegans Sequencing
Consortium 1998). Recently, the genome sequence of
Drosophila has also become available (Adams et al.
2000). C. elegans is a sexually-reproducing animal, but
the egg-laying animals are actually hermaphrodites:
They produce some sperm that they can use to self-
fertilize. Self-fertilization quickly results in inbred
lines. Although the generation time of C. elegans is
~3-4 days, it is likely that in the wild the average time
of clonal expansion without male-female mating is
much longer. The strain Bristol N2, of which the ge-
nome sequence was determined, was isolated from
mushroom compost in Bristol, UK, before 1956 (Ni-
cholas et al. 1959; Fatt and Dougherty 1963) and fro-
zen by John Sulston in 1969 (Brenner 1974). This ani-
mal occurs worldwide; isolates have been found on all
continents except Antarctica (Hodgkin and Doniach
1997). Based on restriction fragment length polymor-
phisms (RFLPs) associated with Tcl transposons, at
least 20 races were defined. Previous research has indi-
cated that spontaneous mutation rates in C. elegans are
low (Anderson 1995), except for transposon insertions
in strains that show germ-line transposition. Most
strains have been stored frozen since their isolation
from nature (Hodgkin and Doniach 1997). For this rea-
son we consider it likely that the single nucleotide
polymorphism (SNP) pattern we observe in the strains
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is identical to that of the original isolate. In this paper
we sampled the genome of different natural isolates of
C. elegans for SNPs. We investigated the nature of the
polymorphisms and determined how they are distrib-
uted over the chromosomes and whether we could see
differences between coding and noncoding regions.
We also investigated how SNPS are distributed over
natural isolates from over the globe, and we used this
to infer relationships among them. We found that SNP
patterns can be shared between strains and that SNP
levels are elevated on the chromosome arms.

RESULTS

SNP Frequencies

We performed shotgun sequence analysis of 970 ran-
dom clones from several natural isolates (AB1, CB4857,
RC301, and TR403), which resulted in ~730 kb of se-
quence information (Table 1), and we searched for
SNPs by comparing with the Bristol N2 sequence. In
total we found 366 SNPs. SNPs were defined as small
substitutions, deletions, or insertions, mostly of 1-3
nucleotides (Jakubowski and Kornfeld 1999). TR403
has the lowest frequency of SNPs (on average 1 in 8750
bp; Table 1) and CB4857 the highest (1 in 1445 bp).
Table 2 shows the source of all natural isolates used in
this study.

The majority (90%) are point mutations of one
nucleotide, but we also encounter small deletions or
insertions, and substitutions of 2 bp (Fig. 1A). The data
set does not permit a determination of which sequence
was the ancestral and which the derived sequence.

10:1690-1696 ©2000 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/00 $5.00; www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

SNPs in Wild Isolates of C. elegans

are not unique to the isolate

Table 1. Sequence Statistics they were detected in and prob-

) Clones Base pairs Clones Number ably preceded the latest contact
Strain sequenced sequenced with SNPs of SNPs SNPs/bp between the strains; of 109
CB4857 472 372,926 108 258 1:1445  SNPs that were tested in other
AB1 311 221,192 42 91 1:2430 strains even within this small
RC301 137 100,580 12 13 ey set of natural isolates, only 25
TR.?gél 9;8 7;“95'(7)88 1 62 3 62 1‘8*7 = were found to be unique (Fig.

2A). Isolates from the same geo-

Therefore, the Bristol N2 sequence was taken as ances-
tral. We found transitions to be over-represented:
Sixty-one percent of all single base pair substitutions
are transitions. This is also the case for SNPs recently
described for human (Hacia et al. 1999) and Drosophila
(Petrov and Hartl 1999). We analyzed the distribution
of SNPs over coding versus noncoding DNA. For the
classification we used the Genefinder predictions (un-
published software developed by P. Green and L.
Hillier). We find 15% of the SNPs in exons, 85% of the
SNPs in non-exon DNA. Twenty-seven percent of the
genome is exonic (The C. elegans Sequencing Consor-
tium 1998); so there is a twofold under-representation
of SNPs in exons. Of the SNPs in coding regions, 53%
do not change the coded amino acid; there is a clear
bias for SNPs in third base positions (Fig. 1B). As ex-
pected, selective removal of deleterious mutations has
played an important part in the generation of the SNP
pattern as we observe it today (Stenico et al. 1994;
Shabalina and Kondrashov 1999).

SNPs Are Shared

We initially found each SNP in one natural isolate. To
check whether they also occurred in other natural iso-
lates, the study was broadened by inclusion of a set of
six additional natural isolates. We analyzed all SNPs
that change the recognition site of a restriction en-
zyme, and in addition we sequenced all remaining
SNPs on autosomes I and III. We found that most SNPs

Table 2. Strains Analyzed in This Study

Strain Source Strain Source

N2 Bristol, UK DR1348 Altadena, CA

AB1 Adelaide, Australia DR1350 Pasadena, CA

AB4 Adelaide, Australia GA3 Altadena, CA
CB4856 Hawaii GA4 Altadena, CA
CB4857 Claremont, CA GA13 Altadena, CA
CB3191 Altadena, CA GA23 Altadena, CA
CB4555 Pasadena, CA KR314 Vancouver, Canada
CB4853 Altadena, CA PA3 Pasadena, CA
CB4854 Altadena, CA RC301 Freiburg, Germany
CB4858 Pasadena, CA RW7000 Bergerac, France
DH424  El Prieto, CA TR389 Madison, WI
DR1347 Altadena, CA TR403 Madison, WI

graphical region are not neces-

sarily similar. For example, the
two Australian strains AB1 and AB4 are not at all iden-
tical (one has its chromosome II pattern largely in com-
mon with Bristol N2, the other with CB4857 and
KR314); nevertheless the X chromosomes are almost
identical for the SNPs tested.

To further investigate the diversity of strain vari-
ants at one geographical location, we also sampled a
collection of strains that had all been isolated in Cali-
fornia. Some were isolated at several time points from
the same vegetable garden or flower bed (Hodgkin and
Doniach 1997). These strains were tested for all SNPs
that can be visualized by RFLP. We found strains to
have essentially three different SNP patterns (Fig. 2B).
Some were largely similar to the English N2 strain, oth-
ers to CB4857 from Claremont, but an intermediate
type was also observed. Some phylogenies have been
proposed for natural isolates of C. elegans, based on
phenotypical traits (Dion and Brun 1971; Egilmez et al.
1995; Abdul Kader and Cote 1996; Hodgkin and Doni-
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Figure 1 Nature of the SNPs. (A) The number of base pairs
involved in substitutions, insertions, and deletions is indicated.
Note that we find on average one SNP per 2000 bp. After check-
ing the Bristol N2 sequence for 63 potential SNPs, we found 3 to
be a sequence error in N2. Thus, we estimate the error rate of
the C. elegans genome sequence to be ~1 in 42,000. (B) The
number of SNPs involved in the first, second, or third base of a
codon in coding sequences is plotted. It also shows whether the
SNP alters the amino acid. Coding sequences were predicted by
Genefinder.
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Figure 2 Comparison of SNPs among different natural isolates. (A) The presence of SNPs originally identified in one strain was tested
in nine other strains and Bristol N2 by RFLP analysis or sequencing. SNP-containing clones are shown vertically along the chromosomes
using their physical map position. Some clones contain multiple SNPs. Eleven unique SNPs in clone WO8E3* are not shown in this figure.
(B) Local variation was tested by comparison of strains isolated in California for SNPs that can be visualized by RFLP analysis. Most were
isolated from flower beds on Caltech campus and from a vegetable garden in Altadena. The presence of a SNP is indicated with a shaded
square. Isolates from other locations are plotted for reference.
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ach 1997) as well as genome typing (Egilmez et al.
19935; Hodgkin and Doniach 1997). Figure 2 indicates
that one cannot speak of lineages in the strictest
sense, because the similarity between strains is differ-
ent for separate regions of the genome. No clear
correlation between DNA variation and the geo-
graphical origin was seen. Analysis of genetic diversity
within and between Arabidopsis thaliana ecotypes
resulted in similar findings (Innan et al. 1997; Breyne
et al. 1999).

We investigated at a microlevel how SNPs were
distributed between the strains; we sequenced, now
in a directed fashion, the environment of two re-
gions that seemed highly polymorphic based on the
number of SNPs found in shotgun clones (H04J21 for
CB4857; WO8E3 for AB1). Within these regions we
found the level of polymorphism with Bristol N2 to
be 1 in 200 bp for CB4857 (117 SNPs in 23 kb) and 1 in
170 bp for AB1 (86 SNPs in 14.5 kb), compared with 1
in 1800 bp for the whole SNP set, indicating the
presence of highly polymorphic regions. The presence
of SNPs in the other natural isolates was tested by se-
quencing 1-kb regions and also stretches 5 kb and 50
kb on each side of these regions. We find that the
SNPs in the natural isolates do occur in tracts (Fig. 3).
Presumably C. elegans lineages have been reproduc-
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tively isolated for prolonged times, accumulated
many mutations, and then came into contact again
with other populations, resulting in polymorphic
tracts. Many SNPs of the strain from Hawaii (CB4856)
were absent in all other tested isolates. This is also
true for a large set of SNPs from many different
regions of the CB4856 genome (R. Waterston, pers.
comm.), which were tested for their presence in the
other strains: SNPs (63 of 90) of CB4856 were absent in
the other nine strains (S. Wicks et al., in prep). This
suggests that this strain has been reproductively iso-
lated and diverged significantly. From the strains
studied in this paper, this is the only one from an iso-
lated island.

Elevated SNP Levels Suggest Higher

Evolutionary Rates

It was found previously that the rate of meiotic recom-
bination is more than five times higher on the chro-
mosome arms than in the central clusters (Barnes et al.
1995). The genome sequence revealed that genes with
similarity to the yeast genome were more frequent on
the autosome centers than on the arms (Fig. 4A),
whereas inverted and tandem repeats clustered mainly
on the arms (The C. elegans Sequencing Consortium

position
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5 Kb right
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Figure 3 Detailed comparison of SNPs among isolates in SNP-rich regions near clone WO8E3 on chromosome | (A) and clone H04J21
on chromosome lIl (B). Regions of ~1 kb flanking the highly polymorphic clones were analyzed by directed sequencing at 1, 5, and 50
kb on each side in 10 natural isolates and N2. Polymorphisms within the tracts are shown vertically. The presence of a SNP is marked with

a shaded square.
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Figure 4 SNP distribution on the chromosomes. (A) DNA repeats and SNPs on chromosome | are found mainly
on the chromosome arms, whereas similarity with yeast genes is highest on the autosome centers (figure adapted
from The C. elegans Sequencing Consortium 1998, p. 2016). The number of SNPs/Mb (B) and the number of
sequenced clones/Mb (C) are plotted for the six chromosomes. Autosomes are divided into genetically defined
compartments of the left arm (L), the central cluster (C), and the right arm (R) (Barnes et al. 1995; The C. elegans
Sequencing Consortium 1998). SNPs occur more frequently on the arms than on the central regions. The X
chromosome does not show a higher SNP frequency on the arms.

1998; Surzycki and Belknap 2000). The authors sug-
gested that possibly there was a higher evolutionary
rate on the chromosome arms. Can we still find indi-
cations for a differential evolution rate in these seg-
ments of the genome? Figure 4A shows the distribution
of the SNPs we found on chromosome I: Polymor-
phism levels are elevated on the arms. A systematic
analysis of the SNP density on all the autosomes re-
vealed that the SNPs were not distributed randomly
(x* =40.28, P < 0.001) but were elevated on the auto-
some arms. We found SNPs to be 4.5 times more abun-
dant on the arms (L and R; Fig. 4B) of the autosomes
than on the central region (C; Fig. 4B), whereas the
shotgun clones were distributed uniformly (Fig. 4C).
These data support the notion of more rapid evolve-
ment of DNA on the autosome arms in the current C.
elegans species.

DISCUSSION

We have characterized DNA polymorphisms in four
C. elegans strains that were isolated from diverse
geographical locations. We checked SNPs in the strain
in which they were found and also checked the
original Bristol N2 sequence by analyzing PCR prod-
ucts derived from N2 DNA. Any mutation that oc-
curred during the 10 or more years of lab culturing of
Bristol N2 would show up as a SNP that was unique
for Bristol N2. We found none of those, suggesting
that spontaneous mutations in Bristol N2 are ex-
tremely rare and that, by analogy, the SNPs we detect
in natural isolates existed before the strains were iso-
lated from nature.

1694 Genome Research
www.genome.org

Most polymorphisms do not alter the coding
amino acid; they are found in introns or on the third
base of an exon, supporting the idea of gene conser-
vation. Furthermore, higher levels of polymorphism
are found on the autosome arms than on the
centers. In combination with the finding that more
conserved sequences are found mainly in the chromo-
some centers, this suggests a higher tolerance of
polymorphisms on the arms. It remains to be ex-
plained which mechanisms are responsible for the
intriguing differences between the arms and the cen-
tral clusters.

Analysis of the 24 isolates suggests that SNPs are
shared between different strains. Most SNPs have prob-
ably occurred by mutagenic events before the last con-
tact between the different continents. At one geo-
graphical location, worm types can be found that are
similar to worms from several other locations (i.e.,
Californian strains). This could be explained by the
idea of long range dispersal, spreading of worms as
dauer larvae in soil adhering to birds or other animals
(Hodgkin and Doniach 1997). The SNP patterns de-
scribed here are in agreement with the classification of
worm races made by Hodgkin and Doniach (1997). For
example, based on their Tcl pattern, plug formation,
and clumping phenotype, these authors suggested that
CB4858 was similar to AB4. AB4 and CB4858 show
almost the same SNP pattern; only one SNP on chro-
mosome V is not present in CB4858.

The SNPs found in this study can also be used ef-
ficiently as a tool for gene mapping. SNP markers can
easily be detected by sequencing or restriction diges-
tion, and they do not interfere with subtle phenotypes.
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A simple cross can be used to determine linkage to a
chromosome (Jakubowski and Kornfeld 1999; S. Wicks,
in prep.).

Analysis of SNP patterns can be used to further
characterize the natural history of the worm against
the background of a sequenced genome. The analysis
is probably facilitated by the hermaphrodite lifestyle
of C. elegans, which results in inbreeding and, thus,
extended conservation of haplotypes. With the
exception of the Hawaiian CB4856 strain, continent-
specific genotypes were not recognized, and not
many SNPs were unique and unshared between isolates
from different regions of the world. SNPs were
searched in a limited set of strains. It cannot be ex-
cluded that analysis of other natural isolates might
reveal a clear subspecies that diverged significantly
from all other known isolates. The analysis of SNP pat-
terns within a global species of which the genome se-
quence is known such as C. elegans can provide a new
perspective on many aspects of population biology
and evolution.

METHODS

Strains and Genomic DNA Isolation

Natural isolates of C. elegans were obtained from the Cae-
norhabditis elegans Genetics Center (University of Minnesota,
St. Paul). Initially, polymorphisms to Bristol N2 were searched
in AB1 from Australia, CB4857 from California, RC301 from
Germany, and TR403 from Wisconsin. Later, SNPs were also
verified in other natural isolates (Table 2). The origin of these
strains is extensively described in a paper by Hodgkin and
Doniach (1997). Genomic DNA of C. elegans strains N2,
CB4857, AB1, RC301, and TR403 was isolated as described by
Sulston and Hodgkin (1988).

Cloning of Genomic DNA and SNP Detection

Genomic DNA (~20 pg ) was partially digested with 10 units
of Sau3A1l (Roche Molecular Biochemicals) in a 50-uL reac-
tion containing 1 X SuRECut buffer A for 5 min at room tem-
perature and loaded on a 1% 1Xx TAE-agarose gel. After
electrophoresis, fragments between 1000 bp and 1500 bp
were purified from the gel by freezing the excized bands in
liquid nitrogen in separate tubes and centrifuging 10 min at
maximum speed. Supernatants were extracted twice with
phenol-chloroform, and DNA was precipitated with 0.1 vol-
ume of NaAc (pH 5.2) and 2.5 volumes of ethanol. After
centrifugation, the pellet was redissolved in 50 pL H,0. To
create an overhang at the 3’ end for more efficient cloning
in a pGEM-T vector (Promega), DNA was incubated with 5
units of Taq polymerase (GIBCO BRL) for 20 min at 72°C
in 1x PCR buffer with 0.2 mm dNTPS. Fragments were sub-
sequently ligated into the vector and transformed into DHSa
cells. Transformants were grown on ampicillin selective plates
and used for sequencing with SP6 and T7 primers on an
ABI 377 sequencer. Sequence traces were aligned to the Bristol
N2 sequence using the C. elegans BLAST server. All sequence
differences with N2 were confirmed by visually analyzing
the raw data to exclude mistakes in base calling. Clones with

similarity to repetitive sequences were discarded. For confir-
mation, oligonucleotides were designed to amplify the ge-
nomic region containing the SNP. After amplification of 1 pL
of genomic DNA (20 ng/pL) and 20 pL of PCR mix [4.4 pmoles
of each oligonucleotide, 0.5 unit ofTaq polymerase (GIBCO
BRL), 2 um of each dNTP in 50 mwm KCl, 20 mwm Tris-HCI (pH
8.3), 1.5 mm MgCl,] with 35 cycles (1 min at 95°C, 1 min at
52°C, and 1 min at 72°C), the presence of a SNP was con-
firmed. This was done either by sequencing of the PCR prod-
uct or by digestion of the product with a restriction enzyme.
SNPs will be submitted to the SNP database of the Sanger
Centre.
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