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ABSTRACT
We analyzed the distribution of transposable elements (TEs: transposons, LTR retrotransposons, and

non-LTR retrotransposons) in the chromosomes of the nematode Caenorhabditis elegans. The density of
transposons (DNA-based elements) along the chromosomes was found to be positively correlated with
recombination rate, but this relationship was not observed for LTR or non-LTR retrotransposons (RNA-
based elements). Gene (coding region) density is higher in regions of low recombination rate. However,
the lower TE density in these regions is not due to the counterselection of TE insertions within exons
since the same positive correlation between TE density and recombination rate was found in noncoding
regions (both in introns and intergenic DNA). These data are not compatible with a global model of
selection acting against TE insertions, for which an accumulation of elements in regions of reduced
recombination is expected. We also found no evidence for a stronger selection against TE insertions on
the X chromosome compared to the autosomes. The difference in distribution of the DNA and RNA-
based elements along the chromosomes in relation to recombination rate can be explained by differences
in the transposition processes.

TRANSPOSABLE elements (TEs) have a major in- nard-Smith and Haigh 1974; Charlesworth et al.
1993). Therefore, the counterselection against the de-fluence on genome evolution. More than simple
leterious effects of TE insertions should be stronger inparasitic elements, they now are more and more consid-
regions of high recombination rate. Both models pre-ered as genome restructuring agents that provide ge-
dict a negative correlation between TE density and re-nome flexibility and variability for population adapta-
combination rate along chromosomes. No such rela-tion (Shapiro 1999). Their population dynamics are,
tionship with frequency of recombination was observed,however, far from being understood, and the forces that
however, in Drosophila melanogaster for TE insertionsaccount for their distribution throughout the genome
(Hoogland and Biémont 1996) or in the nematodeand maintain them in populations are still a matter of
Caenorhabditis elegans for repetitive sequences (Nacleriolarge debate (Biémont et al. 1997; Charlesworth et
et al. 1992; Barnes et al. 1995). Rather, in the latteral. 1997). It has been proposed that chromosomal re-
species a positive relationship with the CeRep3 repeatedarrangements caused by TEs through recombinational
element distribution was reported (Barnes et al. 1995).processes at nonhomologous sites may explain the dif-
Since we now possess information on .95% of the C. ele-ferential accumulation of TEs and other repetitive se-
gans genome (C. elegans Sequencing Consortiumquences in genomic regions where recombination is
1998), a new estimation of the relationship betweeninfrequent, such as the heterochromatic regions and
recombination rate and TE distribution is feasible.the Y chromosomes in various species (Charlesworth

C. elegans is a good model for such an analysis becauseet al. 1994). If it is assumed that the frequency of ectopic
the recombination rate varies remarkably along its au-exchanges in a region is proportional to meiotic ex-
tosomes: each autosome has a central region of lowchanges in that region (Langley et al. 1988; Goldman
recombination rate (0.7 cM/Mb on average) flankedand Lichten 1996), then TE insertion number should
by two arms of high recombination rate (4.7 cM/Mbbe negatively correlated with recombination rate. More-
on average; Barnes et al. 1995). Whereas central regionsover, population genetics models predict a positive cor-
correspond to 41% of the autosome DNA, 91% of mei-relation between the efficacy of selection at a given locus
otic recombination occurs in the arms. Moreover, geneand the local rate of recombination because of Hill-
density is slightly higher in the central portions of theRobertson effects (Hill and Robertson 1966; May-
autosomes (30% coding) than in the arms (23% coding;
C. elegans Sequencing Consortium 1998). Hence,
contrary to other organisms, most recombinational ex-
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base. Some sequences considered here as intergenic could thusmosome (2.6 cM/Mb on average), much higher than
in fact contain nonprotein coding genes (tRNA, rRNA, etc.) orin autosomal central regions, but gene density is rela-
some unidentified (unannotated) protein coding genes. Simple

tively low (20% coding), similar to the arms (C. elegans repeats and low complexity regions (regions of biased base com-
Sequencing Consortium 1998). Using available geno- position) were identified with RepeatMasker.

Statistical test: The repartition of TEs in different classesmic sequences, we searched the location of transposable
of genomic regions (regions of high compared to low recombi-elements (transposons, LTR, and non-LTR retrotrans-
nation rate, X compared to autosomes) was tested by x2. Theposons) in the chromosomes of C. elegans strain N2 and
observed number of copies in each class was compared to the

analyzed their distribution according to recombination expected number, assuming that the total number of copies
rates. We show that the amount of transposons, but found in both classes was distributed according to the total

amount of DNA in each class.not of LTR and non-LTR retrotransposons, is positively
correlated with recombination frequency. This indicates
that selection against the insertional effects of TEs, or

RESULTS
against the dominant deleterious effect of chromosomal
rearrangements due to recombination between TE in- Among the 25 transposable elements retrieved from

the C. elegans genome are 12 transposons (DNA-basedsertions, is not the main factor explaining the dynamics
of TEs in this species. These selectionist hypotheses elements), 1 LTR retrotransposon, and 12 non-LTR ret-

rotransposons (Table 1). Overall, we recorded 3718 cop-indeed imply a negative relationship between recombi-
nation rate and amount of TE insertions. A simple hy- ies (complete or not) of these TEs. Note that sequences

presently available represent z95% of the completepothesis based on preferential insertions in regions of
high recombination may account for the distribution genome. It is likely that sequence sampling is not ran-

dom and one might expect that TEs are overabundantof transposons in the C. elegans genome.
in the 5% of missing sequences. It is, however, unlikely
that with 95% of coverage, such a sampling bias could

MATERIALS AND METHODS affect significantly the results of our analyses. The de-
gree of identity between the different copies and theSequence data: Full-length sequences of the six C. elegans
reference sequence of each TE family was 84% on aver-chromosomes along with gene annotations were retrieved

from the Genome division of GenBank (Benson et al. 1999) age. The number of copies detected for each family
release 111 (April 15, 1999). Chromosome regions that have appeared higher than previous estimates on the basis
not been yet sequenced are represented by tracks of N corre- of experimental approaches using DNA hybridization.
sponding to the estimated gap size. Data available in GenBank

This is probably because the hybridization technique isat that time (without N) totaled 94.5 Mb corresponding to
less sensitive than direct sequence comparison to iden-95% of the estimated whole genome sequence (C. elegans

Sequencing Consortium 1998). tify truncated copies or distant members of a family.
Estimation of recombination rate: To analyze the rate of Indeed, 88% of the copies we detected had large dele-

recombination along the C. elegans chromosomes we used a tions (.20% of the full-length elements). The copy-
procedure similar to the one described by Kliman and Hey

number estimates based on DNA hybridization are, how-(1993). The C. elegans genetic map data were taken from
ever, in good agreement with the number of completeACEDB release WS6 (December 1998; R. Durbin and

J. Thierry-Mieg, unpublished results). We selected the 225 (or .80% complete) copies (Table 2).
loci that had been localized both in the genetic map and in C. elegans chromosome sequences were split into frag-
the genomic sequence. The polynomial curves as functions ments of 100 kb, and these fragments were classified
of the genetic distance vs. the nucleotide coordinate in the

into three groups according to their recombinationgenomic sequence were obtained for each chromosome (R 2 5
rate. The limits between these three classes were set to0.97 in chromosome IV; R 2 $ 0.99 in all other chromosomes).

Recombination rate, as a function of nucleotide position along match approximately the average rate in the arms and
a chromosome, was estimated by taking the derivative of the central regions. Recombination rates .5 cM/Mb are
polynomial function for each chromosome. We defined three thus hereafter considered high and recombination rates
classes of recombination rate: low (,1 cM/Mb), medium (1–5

,1 cM/Mb are considered low. Chromosome fragmentscM/Mb), and high (.5 cM/Mb).
of high and low recombination rate account for 17 andLocalization of transposable elements: We collected from

the literature the sequences of 25 transposable elements iden- 27% of the whole data set, respectively.
tified in C. elegans (Table 1). Chromosome sequences were Density of transposable elements according to recom-
split into 100-kb fragments. Fragments containing .50% of bination rate: The overall density of transposons in-
nondetermined sequence (N) were excluded. The remaining

creased almost threefold with recombination rate: from978 fragments were analyzed for their amount and distribu-
19.1 copies/Mb on average in fragments of low recombi-tion of the 25 TEs, using the program RepeatMasker (A. F. A.

Smit and P. Green, unpublished data; RepeatMasker is avail- nation rate to 55.4 copies/Mb in fragments of high
able at http://repeatmasker.genome.washington.edu/cgi-bin/ recombination rate (Figure 1). This property seemed
RM2_req.pl). We computed the density (number of elements to be shared by most transposons, independently of the
per megabase) of each TE in these genomic fragments overall

number of copies: in 6 out of 12 transposons, the densityand then separately for introns, coding regions, and intergenic
in regions of high recombination rate was significantlyregions. We defined as intergenic all sequences located be-

tween protein-coding regions annotated in the GenBank data- higher than that in regions of low recombination rate,
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TABLE 1

C. elegans transposable elements analyzed

Element Typea Referenceb Accession no. Position

IR-1 Tpn a U86946 1 . . . 379
IR-2 Tpn a U86947 1 . . . 781
IR-3 Tpn a U86948 1 . . . 578
IR-4 Tpn a U86949 1 . . . 227
IR-5 Tpn a U86950 1 . . . 198
Tc1 Tpn b K01135 1 . . . 1761
Tc2 Tpn c X59156 1 . . . 2074
Tc3 Tpn d M77697 14869 . . . 15906
Tc4 Tpn e L00665 1 . . . 3483
Tc5 Tpn f Z35400 1 . . . 3171
Tc6 Tpn g L19187 1 . . . 2716
Tc7 Tpn h Z37140 29218 . . . 30083
Cer1 LTR i U15406 1 . . . 8865
Rte-1 RTpn j AF054983 1 . . . 3291
Frodo-1 RTpn k Z70755 20784 . . . 23780
Frodo-2 RTpn k Z48009 21408 . . . 24687
Sam1 RTpn k U13643 19600 . . . 22449
Sam2 RTpn k U57054 17169 . . . 20000
Sam3 RTpn k U46668 18500 . . . 21336
Sam4 RTpn k Z92972 13825 . . . 17262
Sam5 RTpn k Z81092 1125 . . . 4800
Sam6 RTpn k Z82275 1 . . . 3364
Sam7 RTpn k Z82090 7625 . . . 10613
Sam8 RTpn k AF016663 12000 . . . 15060
Sam9 RTpn k Z81064 7400 . . . 10100

a Tpn, transposon; LTR, LTR retrotransposon; RTpn, non-LTR retrotransposon.
b (a) Devine et al. (1997); (b) Rosenzweig et al. (1983); (c) Ruvolo et al. (1992); (d) Collins et al. (1989);

(e) Li and Shaw (1993); (f) Collins and Anderson (1994); (g) Dreyfus and Emmons (1991); (h) Rezsohazy
et al. (1997); (i) Britten (1995); ( j) Youngman et al. (1996); (k) Marin et al. (1998).

and 3 other transposons showed the same trend (Table ies/Mb on average), it is possible that the lack of statisti-
cal significance was due to the small sample size of each2). The most striking example is the IR-2 element whose

density increased 13 times between classes of low and family. However, the overall density of all the retrotrans-
posons did not vary with recombination rate (Figure 1).high recombination rates. For the 5 other transposons

that showed a statistically significant difference, the in- Density of transposons in noncoding regions according
to recombination rate: In C. elegans, gene density de-crease in density ranged from two to six times. In the

only case where transposon density was found lower in creases with increasing recombination rate: from 28%
of coding sequences in regions of low recombinationregions of high recombination rate (IR-1), the differ-

ence was not statistically significant (Table 2). Most of rate to 17% in regions of high recombination rate (Ta-
ble 3). To test whether this variation in gene densitythe copies detected were truncated, suggesting that

their insertion was probably relatively ancient (the aver- could interfere with the relationship between recombi-
nation rate and transposon density, we measured theage divergence compared to the reference sequence is

16%). The 419 transposon copies that were at least 80% density of transposons among noncoding regions. Around
98% of the TE copies identified were found in noncod-complete are less divergent (10% in average) and were

probably inserted more recently. These copies showed ing regions (introns and intergenic regions). We found
that the number of transposons per megabase in thesethe same pattern of insertion, with an almost fourfold

excess in regions of high compared to low recombina- noncoding regions increased almost threefold between
regions of low and high recombination rate (Figure 2).tion rate (respectively 9.0 and 2.4 copies/Mb). Thus,

the same pattern was observed with both ancient and Other genomic features linked to recombination rate:
Several other genomic features were also analyzed ac-recent insertions.

Only 1 out of the 13 retrotransposons (LTR and non- cording to recombination rate. In agreement with previ-
ous results (Barnes et al. 1995), the density of theLTR retrotransposons) showed significant variation in

density with recombination rate (Table 2). Since the CeRep3 repetitive element was found positively corre-
lated with recombination rate, and this was observeddensity of retrotransposons was relatively low (z7 cop-
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TABLE 3

Proportion of coding and noncoding regions
according to recombination rate

Recombination rate (%)
%

total Low Medium High

Coding region 21.9 27.5 20.8 16.6
Intron 20.0 20.6 19.5 20.8
Intergenic 58.1 51.9 59.7 62.7

recombination (Naclerio et al. 1992; Barnes et al. 1995;
C. elegans Sequencing Consortium 1998). In the first
article, the authors analyzed five families of repetitive
DNA elements and found that their distribution was
relatively uniform along the chromosomes (Naclerio
et al. 1992). However, certain elements, such as CeRep3

Figure 1.—Density of transposable elements according to (Barnes et al. 1995), and short tandem or inverted re-
recombination rate. Low recombination rate, ,1 cM/Mb;

peats (C. elegans Sequencing Consortium 1998)high recombination rate, .5 cM/Mb. Error bars indicate the
were found to correlate positively with the rate of recom-95% confidence interval.
bination. Such results are interpreted as suggesting that
some DNA sequences may act as recombination-promot-

for all CeRep-like sequences (data not shown). The fre- ing elements (Cangiano and La Volpe 1993; Barnes et
quency of simple repeats, such as microsatellites, low al. 1995). We show here that the amount of transposons
complexity regions (regions of biased base composi- (DNA-based elements), but not of retroelements (LTR
tion), and the G 1 C content also increased with recom- and non-LTR retrotransposons), also correlates posi-
bination rate (Figure 3). Although the difference in tively with recombination rate in the C. elegans genome.
G 1 C content was statistically highly significant, the The analysis of four families of miniature inverted-
variation was limited from 35 to 36%. This low variation repeat transposable elements (MITEs), which probably
in G 1 C content probably explains why it had not correspond to nonautonomous DNA transposons, also
been noted previously (Barnes et al. 1995). The major showed an excess of copies on chromosome arms, where
mutational mechanism responsible for the evolution the recombination rate is higher (Surzycki and Bel-
of microsatellites is replication slippage. Therefore, in knap 2000). In Drosophila, the analysis of seven re-
contrast with satellite DNA that evolves essentially by troelements and two transposons (hobo, P ; Hoogland
unequal crossing over, the evolution of microsatellites and Biémont 1996) showed no correlation between
is not expected a priori to depend on the recombination TE frequency and recombination rate, except for hobo,
process (Stephan and Cho 1994). The relationship be- which showed a positive correlation like C. elegans
tween recombination rate and microsatellite density transposons.
found in C. elegans (Figure 3a) does not seem to be a Population genetics models predict that the efficacy
general rule since such a relationship has not been of selection should positively correlate with recombina-
observed in D. melanogaster (Bachtrog et al. 1999) and tion rate (Hill and Robertson 1966; Maynard-Smith
in humans (Dib et al. 1996). and Haigh 1974; Charlesworth et al. 1993). Selection

against the deleterious effects of TE insertions should
therefore be weaker in regions of low recombination.

DISCUSSION
Moreover, TE insertion may induce deleterious chromo-
somal rearrangements by recombination between dif-The genome of C. elegans consists of five autosomes

and an X chromosome. The autosomes have a high ferent copies. Under the assumption that the rates of
ectopic exchange and meiotic recombination are corre-density of genes in their central region (clusters), which

presents a low frequency of recombination, while low lated [which appears to be the case, at least in yeast
(Goldman and Lichten 1996)], it has been suggestedgene density and high frequency of recombination char-

acterize the arms (noncoding DNA-rich regions). The that selection against TE insertion should be stronger
in regions of high recombination (Langley et al. 1988;X chromosome has no cluster. Hence, contrary to other

organisms, exchange in C. elegans occurs preferentially Charlesworth et al. 1994). Both models thus predict
that TEs should accumulate in regions of low recombi-in gene-poor DNA regions. Some articles have addressed

the question of how repetitive sequences are distributed nation where they are less counterselected. Our analyses
showed an absence of negative correlation between TEin relation to regions of high and low frequency of
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involved are thus likely to depend on specific character-
istics of the C. elegans genome and of the transposons.

Autosomes/X chromosome comparison: The X chro-
mosome differs from the autosomes in that it is hemizy-
gous in male (C. elegans males are XO, hermaphrodites
are XX). Therefore, recessive TE-associated deleterious
insertions on the X should be more strongly selected
against than TE insertions on the autosomes (Mont-
gomery et al. 1987; Langley et al. 1988; Charlesworth
et al. 1994). According to this model of selection, a
smaller frequency of insertions should be observed on
the X in comparison with the autosomes, as sometimes
reported in Drosophila (Biémont 1992). We found that
the overall TE density in the X chromosome was slightly
higher (37.5 copies/Mb) than that in autosomes (31.5
copies/Mb; Table 4). This is, however, not a general
rule: 7 TE families (transposons or retrotransposons)
were found in excess on the X chromosome [as has been
reported previously for Tc7 (Rezsohazy et al. 1997)],
whereas 4 families were underrepresented on the XFigure 2.—Density of transposons in introns and intergenic
chromosome and 14 families showed no significant biasregions according to recombination rate. Error bars indicate

the 95% confidence interval. (Table 4). Thus, there is no evidence for a stronger
selection against TE insertions on the X chromosome
than on the autosomes.

How to explain that some TEs are in excess on thedensity and recombination rate, which leads to the con-
X whereas others are underrepresented? It is knownclusion that direct or indirect selection against deleteri-
that for many TEs, transposition is restricted either toous effects of TE insertions is not the main explanation
the male or the female germline (Haoudi et al. 1997;for maintenance of the TEs in the C. elegans genome,
Pasyukova et al. 1997). Since the X chromosomecontrary to what is proposed in Drosophila (Langley
spends more time in the female germline than do theet al. 1988; Vieira and Biémont 1996; Biémont et al.
autosomes, if transposition is restricted to the male1997; Charlesworth et al. 1997). Of course this does
germline, then fewer TEs are expected on the X thannot mean that there is no selection at all against TEs
on autosomes (and conversely for TEs with female-re-in the C. elegans genome; it only means that selection
stricted transposition). In C. elegans the sex ratio is highlyis not the main factor determining the distribution of

TEs along the C. elegans chromosomes. The mechanisms biased: this worm reproduces mainly through self-fertil-

Figure 3.—Frequency of (a) simple repeats, (b) low-complexity regions, and (c) variation of G 1 C content according to
recombination rate. Error bars indicate the 95% confidence interval.
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TABLE 4

Distribution of transposable elements in autosomes and the X chromosome

Observed copy number
Density (copy number/Mb)

Autosomes X
(77.2 Mb) (17.3 Mb) x2 a Autosomes X

IR-1 106 21 0.26 NS 1.37 1.21
IR-2 180 4 32.00 A . X** 2.33 0.23
IR-3 947 257 7.48 A , X* 12.27 14.87
IR-4 76 5 7.96 A . X** 0.98 0.29
IR-5 85 2 14.90 A . X** 1.10 0.12
Tc1 98 33 4.16 A , X* 1.27 1.91
Tc2 205 89 28.20 A , X** 2.66 5.15
Tc3 53 8 1.10 NS 0.69 0.46
Tc4 180 53 3.09 NS 2.33 3.07
Tc5 135 24 1.09 NS 1.75 1.39
Tc6 187 82 26.72 A , X** 2.42 4.74
Tc7 183 70 14.86 A , X** 2.37 4.05
Total transposons 2435 648 15.27 A , X** 31.54 37.48

Cer1 7 17 44.31 A , X** 0.09 0.98
Rte-1 75 23 1.75 NS 0.97 1.33
Frodo-1 84 8 5.67 A . X* 1.09 0.46
Frodo-2 64 7 3.38 NS 0.83 0.40
Sam1 36 7 0.12 NS 0.47 0.40
Sam2 17 10 6.34 A , X* 0.22 0.58
Sam3 27 7 0.12 NS 0.35 0.40
Sam4 16 0 3.58 NS 0.21 0.00
Sam5 17 5 0.29 NS 0.22 0.29
Sam6 12 0 2.69 NS 0.16 0.00
Sam7 40 13 1.38 NS 0.52 0.75
Sam8 49 11 0.00 NS 0.63 0.64
Sam9 70 13 0.39 NS 0.91 0.75
Total retrotransposons 514 121 0.24 NS 6.66 7.00

a A . X, higher density in autosomes than in X; A , X, lower density in autosomes than in X. NS, no
significant difference. *P , 0.05; **P , 0.005.

izing hermaphrodites, with males found at frequency high) contain proportionally more noncoding DNA
(half of this noncoding DNA is nonrepetitive) than the,0.5% as a result of meiotic X chromosomes nondis-

junction (Hodgkin et al. 1979; Hodgkin and Barnes clusters (where the frequency of recombination is low).
This negative correlation between recombination rate1991; LaMunyon and Ward 1997). Therefore, 0.25%

of the X chromosomes of a population are in males, and coding density (see Table 3) could account for
the positive correlation between transposon density andand 99.75% are in hermaphrodites, whereas 0.5 and

99.5% of autosomes are in males and hermaphrodites, recombination rate: TE insertions are less likely to be
deleterious (and thus less likely to be counterselected)respectively. The X chromosome thus spends in the

male germline only half the time spent by the au- in a gene-poor than in a gene-rich region. However, the
observation that the density of transposons in intronstosomes, whereas the time spent in the female germline

is nearly the same for both autosomes and the X. Hence, and intergenic regions follows the recombination rate
(Figure 2) argues against this hypothesis. One mightwhereas male-restricted transposition could account for

TE underrepresentation on the X, female-restricted argue that noncoding sequences contain regulatory ele-
ments and thus do not represent entirely neutral locitransposition cannot explain the excess on the X ob-

served for 7 of the TE families. It is possible that other for the insertion of transposable elements. However, it
is difficult to explain why the density of such regulatoryspecific features of the X chromosome (e.g., differences

in chromatin structure, process of dosage compensa- elements should decrease with increasing recombina-
tion rate, both in introns and intergenic regions. An-tion) interfere with TE insertions. The reason for the

different distributions of TE families on the X and au- other argument against this model is that this negative
correlation between gene density and TE density shouldtosomes remains thus an open question.

TE density in introns and intergenic regions: Chromo- stand for all classes of TEs, and not only for transposons.
The observation that transposon density is similar insome arms (where the frequency of recombination is
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introns and intergenic regions, independently of recom- nation machinery for their own insertion. The mecha-
nism of integration of the cDNA of LTR retrotranspo-bination rate (Figure 2), is consistent with the hypothe-

sis that insertions of transposons are selectively neutral sons is similar to that of DNA transposons, and it has
been shown in yeast that LTR retrotransposons are cap-in both introns and intergenic regions. The distribution

of transposons in noncoding regions thus directly re- tured at sites of chromosomal double-strand breaks
(Moore and Haber 1996). It remains, however, to beflects their pattern of insertion.

Links between TE insertion and recombination: Sev- determined why the retrotransposons are not con-
cerned with recombination in C. elegans. Most of theeral hypotheses can be proposed to explain the positive

correlation between TE insertion and recombination: retroelements we analyzed (12/13) are non-LTR retro-
transposons, and it has been shown in mammals thateither TE insertion enhances recombination or recom-

bination promotes TE insertion or both phenomena the integration of these elements is coupled to retrotran-
scription, which is directly primed on the target DNAare linked to a third unknown factor. These three mod-

els are discussed below. (Kazazian and Moran 1998). This difference in the
mechanism of integration of non-LTR retrotransposonsThe C. elegans DNA is highly interspersed with repeti-

tive sequences (Emmons et al. 1980), which represent compared to other elements might explain why there
is no relationship between retrotransposon density andz17% of the genome (Sulston and Brenner 1974).

Some of these sequences could thus act as recombina- recombination.
Finally, we cannot eliminate the hypothesis that thetion-promoting elements (Cangiano and La Volpe

1993), as postulated for the CeRep3 repetitive sequence correlation between TE insertion and recombination is
indirect. Notably, it is conceivable that the distribution(Barnes et al. 1995). The uneven distribution of such

elements along chromosome arms would thus account of target sites for TE insertions varies with DNA base
composition. However, it is unlikely that the very smallfor the nonuniform recombination rate. For instance,

it has been reported for various elements in maize, variation in G 1 C content with the recombination rate
that we observed can account for the difference in TEDrosophila, and C. elegans that the double-strand breaks

initiated upon TE excision enhance recombination density. Alternatively, it is possible that the presence of
particular sequences, such as low-complexity regions,(Dooner and Martinez-Ferez 1997). Notably, it has

been shown in Drosophila that transposase activity in- microsatellites, or other kind of repeats, affects TE inser-
tions. For example, one might imagine that transposonscreased recombination rate, especially around the trans-

poson insertion sites (McCarron et al. 1994). The fact insert preferentially in regions where CeRep sequences
are already inserted, making the correlation betweenthat the first step of the transposition of retrotranspo-

sons involves transcription instead of excision would transposons and recombination rate only fortuitous. It
is also possible that variations in the structure of theaccount for the absence of correlation between recom-

bination and retrotransposon density. However, the re- chromatin along chromosomes affect independently
the rates of both TE insertion and recombination. Thelationship between TE excision and recombination does

not seem to be general since it has been demonstrated analysis of TE distribution in other complete genomes
should probably help to distinguish between these dif-that germinal excisions of the maize transposon activator

do not stimulate meiotic recombination (Dooner and ferent hypotheses.
Martinez-Ferez 1997). Moreover, the positive associa- We thank R. Grantham and C. Vieira for their help. We thank
tion between recombination and the CeRep repetitive two anonymous referees for their helpful comments. This work was

supported by the Centre National de la Recherche Scientifiquesequences, which do not code for a transposase, also
(CNRS), the Ministère de la Recherche, the “Programme Génome”argues against such a hypothesis. Finally, a last argument
of the CNRS, and the Association pour la Recherche sur le Cancer.against an effect of TE activity on recombination is that,

whereas germline transposition is active in some natural
isolates of C. elegans, only somatic (nonheritable) trans-
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