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Summary

In regions of suppressed recombination, where selection is expected to be less efficient in removing
slightly deleterious mutations, transposable element (TE) insertions should be more likely to drift to
higher frequencies, and even to reach fixation. In the absence of excision events, once a TE is fixed it
cannot be eliminated from the population, and accumulation of elements thus should become an
irreversible process. In the long term, this can drive the degeneration of large non-recombining
fractions of the genomes. Chromosome 4 of Drosophila melanogaster has very low levels of
recombination, if any, and this could be causing its degeneration. Here we report the results of a
PCR-based analysis of the population frequencies of TE insertions in a sample from three African
natural populations. We investigated 27 insertions from 12 TE families, located in regions of either
suppressed or free recombination. Our results suggest that TE insertions tend to be fixed in the
non-recombining regions, particularly on the fourth chromosome. We have also found that this
involves all types of elements, and that fixed insertions are significantly shorter and more divergent
from the canonical sequence than those segregating in the sample (28.1% vs 86.3% of the canonical
length, and average nucleotide divergence (DXY)=0.082 vs 0.008, respectively). Finally, DNA-based
elements seem to show a greater tendency to reach fixation than retrotransposons. Implications of
these findings for the population dynamics of TEs, and the evolutionary forces that shape the
patterns of genetic variation in regions of reduced recombination, are discussed.

1. Introduction

The selfish DNA hypothesis proposes that the abun-
dance of transposable elements (TEs) in the genome is
the consequence of a balance between two antagon-
istic forces : their tendency to increase in number by
transposition and natural selection against deleterious
effects on their hosts (Doolitle & Sapienza, 1980;
Orgel & Crick, 1980). These effects are generally at-
tributed to the disruption by TEs of genes or regu-
latory sequences (Charlesworth & Charlesworth,
1983), to chromosomal rearrangements due to ectopic
recombination between elements inserted in non-
homologous chromosomal locations (Langley et al.,
1988), and/or to deleterious effects directly caused by
their transpositional activity (Brookfield, 1996). An
expected consequence of this equilibrium is that TEs
should be more abundant in regions of the genome
where (1) they are more likely to cause fewer or

weaker deleterious effects, and/or (2) selection is less
efficient in removing them. In agreement with these
predictions, recent analyses of the distribution of TEs
in different organisms whose genome sequences are
available have shown that TEs are rarely inserted into
coding sequences, and that accumulation of elements
takes place almost exclusively in the non-coding
DNA, where their phenotypic effects are expected to
be relatively slight (Adams et al., 2000; Duret et al.,
2000; Bartolomé et al., 2002; Kaminker et al., 2002;
Wright et al., 2003). In addition, in the Drosophila
melanogaster genome there is a negative association
between TE abundance and rate of recombination
(Bartolomé et al., 2002). This observation has been
explained by the combined effects of two processes :
the expected reduction in the efficacy of selection
against weakly deleterious mutations in regions of
reduced recombination (the Hill–Robertson effect)
(Hill & Robertson, 1966), and a low frequency of
ectopic exchange in such regions (Charlesworth et al.,* Corresponding author. e-mail : Carolina.Bartolome@ed.ac.uk
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1992b ; Bartolomé et al., 2002). An ultimate conse-
quence of the irreversible and continuous accumu-
lation of TEs in non-recombining regions is the
inactivation of genes and, in the long term, the irre-
mediable deterioration of these fractions of the
genome (Steinemann et al., 1993).

To evaluate the importance of this process, data on
the population frequencies of TE insertions, particu-
larly in regions of reduced recombination, are needed.
The few relevant large-scale studies reported so far
suggest that TEs are usually found at low frequency at
each site (Charlesworth et al., 1992a ; Biémont et al.,
1994). However, these studies have been carried out
by means of in situ hybridization of TE probes on
polytene chromosomes extracted from natural popu-
lations, and this method is probably not the most
adequate to estimate the insertion frequencies of TEs
(see Section 3). The application of techniques with
higher resolution should overcome the intrinsic
problems of in situ hybridization. Here we report on
the results of a PCR-based analysis of the frequency
of TE insertions in three different natural populations
of D. melanogaster. We investigated 27 TEs from 12
families, representing retroposons and transposons,
located in the regions of null (chromosome 4, the base
of 2R and the tip of the X) and free recombination
(middle section of 2R).

2. Materials and methods

(i) Fly strains

We analysed a sample of 28 isofemale lines of
D. melanogaster from three different locations in
Zimbabwe – Z (Victoria Falls Hotel grounds), ZH
(Harare city) and ZS (SengwaWildlife Reserve) – and
a D. simulans strain (MW23) from Malawi, kindly
provided by P. Andolfatto. The reason for using
African populations of flies is that this should avoid
the effect of demographic problems, such as the
existence of population bottlenecks originated by the
colonization of non-African areas (David & Capy,
1988; Andolfatto, 2001).

(ii) Selection of the TE insertions and genomic
regions for the analysis

The criteria for choosing the insertions were as
follows. (1) Insertions should represent regions of
suppressed and high recombination. (2) With its ap-
proximately 1.2 Mb (Adams et al., 2000), the fourth
chromosome is the largest single block of non-
recombining euchromatin in the D. melanogaster
genome (Hochman, 1976). Therefore, we decided that
the TE insertions should represent its entire length,
plus a sample from other regions of low recombi-
nation such as the base of an autosome and the tip of

the X. The euchromatin of chromosome 4 of D. mel-
anogaster harbours about 102 TEs (Kaminker et al.,
2002). Considering the low levels of nucleotide poly-
morphism reported for this chromosome (Berry et al.,
1991; Jensen et al., 2002), little variation is expected
along its sequence. We selected 12 insertions (one out
of every nine) evenly distributed along the chromo-
some, which should be representative of the whole of
its euchromatic fraction. (3) Insertions in introns and
intergenic regions of the fourth chromosome should
be equally represented. Individual insertions that met
these criteria were picked at random. As a result, 16 of
the 27 elements were located in regions of null re-
combination (Table 1) : 12 on chromosome 4 (102A3–
102F8), 3 at the base of 2R (41E3–41F3) and one
at the tip of the X (1A2). The remaining elements
corresponded to insertions in highly recombining
portions of chromosomes X (4C15–13A9) and 2R
(43A2–47B4).

These TEs represented 12 different families : five
retroelements with long terminal repeats (LTRs)
(297, Burdock, roo, mdg1, Blastopia), three retro-
elements without LTRs (jockey, jockey2, Doc) and
four transposons (1360,HB1, S-element, hopper). The
insertions of jockey, Doc, Burdock, hopper and the
S-element were present in regions of both high and
suppressed recombination, while Blastopia, 1360,
jockey2 and HB1 were located only in non-
recombining regions.

(iii) Estimates of the population frequency of
the insertions

A direct estimate of the allelic frequency of each in-
sertion in the sample was obtained by means of PCR
with pairs of primers specific to the sequences flanking
the elements (Petrov et al., 2003), using genomic
DNAs from a single male from each line as templates.
This allowed us to assess the presence/absence of
autosomal insertions in both chromosomes of each
individual examined. The PCR primers were designed
at an average of 500 base pairs upstream and down-
stream of each predicted TE location, which was
determined using the Release 3 annotation of the
Drosophila melanogaster genome (http://www.fruitfly.
org/cgi-bin/annot/query). When the insertion was
present a band of expected length (flanking se-
quences+TE) was obtained, and when the insertion
was absent a shorter PCR product (representing only
the flanking sequences) was detected. In cases were
individuals were heterozygous we observed the pres-
ence of both amplicons.

It is very unlikely that a different TE of the same
size could be present at a given site. However, to
ensure that we were amplifying the right TE, we
performed TE-specific PCRs in eight of the insertions.
These were carried out using one primer internal to
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the element and another located in the flanking re-
gion. All these TE identification tests were proved
correct. As a positive control we employed genomic
DNA extracted from the strain used in the Drosophila
Genome Project (y bw[1] cn[1] sp[1]). A single band of
the expected size was obtained in all cases (details of
the primers and PCR conditions can be obtained from
the authors on request).

(iv) Cloning and DNA sequencing

The PCR amplification product of the jockey inser-
tion that was found in D. simulans was cloned
(TOPO-TA, Invitrogen) and sequenced on an ABI377
automatic sequencing machine using Dyenamic
(Amersham). To minimize the errors in the sequen-
cing procedure at least three plasmids of the cloning
reaction were sequenced. The read-outs were checked
for accurate base calling and assembled using Se-
quencher (Gene Codes Corporation).

(v) Sequence analysis

Sequences of all TE insertions, as well as their
flanking regions, were obtained from the published

D. melanogaster genome (release 3), including the
69 jockey elements identified in the euchromatin
(Adams et al., 2000; Kaminker et al., 2002).

All the alignments were performed with McAlign
(Keightley & Johnson, 2004), which implements a
statistical method based on an evolutionary model of
the frequency distribution of gaps and substitutions
observed in Drosophila.

The average number of nucleotide substitutions
per site (DXY) between the TE insertions in the pub-
lished genome and their canonical sequences (avail-
able at http://www.fruitfly.org/p_disrupt/datasets/
NATURAL_TRANSPOSABLE_ELEMENTS.fa)
(see Section 3) was calculated using the Kimura
two-parameter method with the Jukes and Cantor
correction, as implemented in the software pack-
age Mega v 2.1 (Kumar et al., 2001).

3. Results and Discussion

(i) Population frequency versus recombination rate

We found that the frequencies of insertions in regions
of null recombination were much greater (0.83¡
0.092, mean¡SE) than in freely recombining sequences

Table 1. Transposable element insertions under analysis

Rec. Chrom. Map
TE (no. in
Release 3)

Length
(bp)

% of
canonical
sequence

Location

Introns
Intergenic
(between genes)

Null 4 102A3 1360 (1481) 447 13 plexB
,, 4 102A4 1360 (1482) 894 26 ci
,, 4 102B1 S-element (1493) 214 12 CG31999 and yellow-h
,, 4 102B5 1360 (1502) 470 14 Syt7
,, 4 102C1 1360 (1514) 499 15 caMKI and bip2
,, 4 102C4 HB1 (1517) 1233 75 CG11533 and zfh2
,, 4 102D1 1360 (1520) 1010 30 Eph
,, 4 102D3 jockey2 (1521) 272 8 mav and CG1732
,, 4 102D6–E1 jockey

(not annotated)
861 17 ey

,, 4 102F6 S-element (1551) 221 13 CG32018 and RfaBp
,, 4 102F8 1360 (1558) 1082 32 Kif3C and pho
,, 4 102F8 jockey2 (1562) 1256 37 pho
,, 2R 41E3 Doc (590) 4301 91 centromere and TpnC41C
,, 2R 41F1 hopper (634) 1119 78 CG2905 and d4
,, 2R 41F3 Burdock (664) 2575 40 CG30437
,, X 1A2 Blastopia (3) 5031 100 Or1a and y

High 2R 43A2 jockey (765) 5007 100 Or43A and Ady43A
,, 2R 44B1–B2 297 (774) 6523 93 cul-4 and CG30372
,, 2R 44D1 S-element (778) 388 22 CG8693 and CG30359
,, 2R 45A13–B1 Burdock (783) 6413 100 CG30345 and CG8008
,, 2R 45C9–D1 roo (785) 8976 99 Or45a and CG13954
,, 2R 47B4 mdg1 (802) 6773 91 CG12934 and stan
,, X 4C15–C16 jockey (51) 5018 100 CG6986 and CG12683
,, X 4F5 jockey (60) 1153 23 CanB and SK
,, X 5B3 Doc (64) 4721 100 CG33080 and CG15773
,, X 7C1 hopper (82) 1431 100 CG1402 and CG10920
,, X 13A9 S-element (135) 543 31 CG9057 and CG33177
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(0.19¡0.121). Thirteen of the 16 TE insertions studied
in the non-recombining fraction of the genome were
fixed (Table 2). These included the 12 TEs located on
chromosome 4 and one insertion on chromosome 2R.
Two other TEs, residing on chromosomes 2R and X,
were absent in all the lines except the control. The
remaining one, a Doc insertion, was found at an
intermediate frequency (0.32). In contrast, most
insertions from the highly recombining fraction of the
genome were not present in the sample (Table 3). The
exceptions were two S-element insertions (one on
chromosome 2R and the other on chromosome X)
that were fixed in all the populations, and one inser-
tion of 297 that was present in heterozygosis in four of
the 10 individuals from the Z population, at an allelic
frequency of 0.20.

These results are in good agreement with the ex-
pected deleterious effects of TE insertions under the
selfishDNA hypothesis. The absence from the African
sample of most elements located in the highly recom-
bining genome is consistent with previous evidence
that TEs are usually segregating at low frequencies in
such regions (Charlesworth et al., 1992a), where selec-
tion is expected to be more efficient in removing them
and/or where gene density is higher. There is, conse-
quently, little chance that the insertions identified in
these regions in the single genome represented in the
Drosophila Genome Project would also be found
here. On the other hand, the observation that most
elements in the non-recombining genome are fixed
strongly suggests that TEs are building up in numbers
in these regions. The causes of this accumulation
could either be the fact that there are no deleterious
effects due to ectopic exchange, and/or that the effec-
tiveness of natural selection is greatly reduced in these
regions. Several population genetic models have been
put forward to explain the dynamics of genetic vari-
ation in regions of reduced recombination. These
models explore various predicted consequences of the
reduction in the efficacy of selection associated with
the interference between linked selected alleles (the
Hill–Robertson effect) (Hill & Robertson, 1966). (1)
The background selection model (Charlesworth et al.,
1993) proposes that strong deleterious mutations re-
moved from the population by natural selection will
carry away all associated variants, imposing a re-
duction of the effective population size (Ne), with the
consequent increase in the chance that mildly del-
eterious mutations can become fixed by random drift.
(2) The rise in frequency of a favourable mutation
through a population will cause a hitchhiking effect
carrying along to fixation all associated mildly del-
eterious mutations, and sweeping away most unlinked
variation (Maynard Smith & Haigh, 1974). Finally,
(3) Muller’s ratchet proposes that a progressive ac-
cumulation of deleterious mutations in a finite popu-
lation could be a consequence of the stochastic loss of

the class of chromosomes carrying the smallest num-
ber of deleterious mutations (Muller, 1964). The loss
of the least-loaded class is followed by the fixation of
a deleterious allele in the entire population. In the
absence of recombination and back-mutation (ex-
cision of elements), these mechanisms are irreversible.

All these processes cause a reduction in neutral
nucleotide variation. Indeed, a 20- to 30-fold re-
duction in the levels of nucleotide variation with re-
spect to freely recombining regions has been reported
at the site of the ciD, and ankyrin genes on the fourth
chromosome of Drosophila melanogaster (Berry
et al., 1991; Jensen et al., 2002) and on the neo-Y
chromosome of Drosophila miranda (Bachtrog &
Charlesworth, 2002).However, there is recent evidence
that the level of polymorphism varies between differ-
ent regions of the chromosome 4 of D. melanogaster
(Wang et al., 2002), suggesting the existence of dif-
ferent chromosomal domains. In the present study,
we covered most sections across the euchromatic se-
quence of chromosome 4 (from 102A3 to 102F8),
finding no variation (the 12 TE insertions were
homozygous in all the lines ; Table 2). One way to
explain these different findings is to assume that cer-
tain regions of this chromosome are experiencing
some recombination, probably involving gene con-
version, for which there is some evidence (Jensen
et al., 2002; Wang et al., 2002).

The high frequencies of TE insertions in the non-
recombining fraction of the genome reported here
are consistent with other studies describing isolated
examples of fixation of TEs on regions that do
not recombine like the b-heterochromatin (Carmena
& Gonzalez, 1995) and the fourth chromosome of
D. melanogaster (Jensen et al., 2002) or the neo-Y of
D. miranda (Bachtrog, 2003). However, this result
disagrees with other population surveys of TEs using
in situ hybridization on polytene chromosomes
(Charlesworth et al., 1992a ; Biémont et al., 1994),
whose main conclusion is that euchromatic TE inser-
tions segregate at low frequencies in natural popu-
lations of D. melanogaster. This includes a recent
analysis on the fourth chromosome (Carr et al., 2001)
where TE insertions were found at a wide range of
frequencies, with only a few of them reaching high
values (but not fixation). There are several reasons
why in situ hybridization on polytene chromosomes
may underestimate insertion frequencies. First, the
intensity of the hybridization signal is associated with
both the length and the degree of homology between
the probe and the target sequences. Second, on aver-
age, fixed TE insertions are likely to have had more
time than polymorphic ones to diverge from extant
active copies by accumulating point mutations and,
especially, deletions (see below). Given that the in situ
technique is quite inefficient at detecting short regions
of homology and that TEs located in regions of null
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Table 2. Estimates of the population frequencies of the TE insertions (excluding the control line) located in regions of null recombination

Sample

2R X 4

41E 41F 41F 1A 102A 102A 102B 102B 102C 102C 102D 102D 102D-E 102F 102F 102F
Doc hopper Burdock blastopia 1360 1360 S-element 1360 1360 HB1 1360 jockey2 jockey S-element 1360 jockey2

Z139 X X – – X X X X X X X X X X X X
Z144 O X – – X X X X X X X X X X X X
Z149 – X – – X X X X X X X X X X X X
Z155 X – – X X X X X X X X X X X X
Z164 X X – – X X X X X X X X X X X X
Z168 – X – – X X X X X X X X X X X X
Z184 O X – – X X X X X X X X X X X X
Z185 – X – – X X X X X X X X X X X X
Z189 X – – X X X X X X X X X X X X
Z190 O X – – X X X X X X X X X X X X
ZH12 O X – – X X X X X X X X X X X X
ZH16 X X – – X X X X X X X X X X X X
ZH23 X X – – X X X X X X X X X X X X
ZH26 X – – X X X X X X X X X X X X
ZH27 X X – – X X X X X X X X X X X X
ZH32 X X – – X X X X X X X X X X X X
ZH33 – X – – X X X X X X X X X X X X
ZH40 – X – – X X X X X X X X X X X X
ZH42 X X – – X X X X X X X X X X X X
ZS02 – X – – X X X X X X X X X X X X
ZS10 – X – – X X X X X X X X X X X X
ZS11 – X – – X X X X X X X X X X X X
ZS24 X – – X X X X X X X X X X X X
ZS29 – X – – X X X X X X X X X X X X
ZS30 – X – – X X X X X X X X X X X X
ZS49 – X – – X X X X X X X X X X X X
ZS53 X – – X X X X X X X X X X X X
ZS56 – X – – X X X X X X X X X X X X
Control X X X X X X X X X X X X X X X X

Frequency 0.32 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1

X, O and –, mean that the insertions were homozygous, heterozygous or absent in the individual analysed, respectively.
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recombination are generally older (Blumenstiel et al.,
2002; Petrov et al., 2003), and therefore shorter and
more divergent from the active copies than those
found in highly recombining regions, the resolution of
this method might not be great enough to detect the
presence of the elements. Third, the banding pattern
in regions of low recombination (the base of the
autosomes and the fourth chromosome) is more dif-
ficult to interpret, so fixations might be overlooked.
The use of the released sequence of the Drosophila
melanogaster genome (Adams et al., 2000) for the
application of sequence-specific PCR avoids this lack
of resolution and allows particular sequences to be
identified in a much more accurate way.

According to Petrov et al. (2003), TE families with
lower copy numbers and/or shorter lengths may ex-
perience a reduced strength of selection due to the
lower probability of inducing ectopic exchange and
are, therefore, more likely to attain high population
frequencies. However, our data suggest that this is a
general consequence of the lack of recombination

rather than specific properties of the different element
families. First, all the TEs investigated on chromo-
some 4 were fixed regardless of the family size. Second,
a comparison of the frequencies of insertions in re-
gions of high and null recombination of five families
with different copy numbers (Burdock, hopper, S-
element, Doc and jockey, with 13, 15, 51, 55 and 69
copies, respectively ; Kaminker et al., 2002) revealed
that the representatives of the two most abundant
families, Doc and jockey, were fixed in the fourth
chromosome. Burdock (the less abundant family) was
not present in either region in the sample, there being
no hint of an association between family size and in-
sertion frequency.

It should also be pointed out that the four S-
element insertions were found to be fixed in both
fractions of the genome, regardless of the rate of re-
combination. This agrees with previous reports of
fixations of S-element insertions in a recombining
region of the genome (87C), where there were indica-
tions that they could be of functional significance for

Table 3. Estimates of the population frequencies of the TE insertions (excluding the control line) located in
regions of high recombination

Sample

2R X

43A 44B 44D 45A-B 45C-D 47B 4C 4F 5B 7C 13A
jockey 297 S-element Burdock roo mdg1 jockey jockey Doc hopper S-element

Z139 – O X – – – – – – – X
Z144 – – X – – – – – – – X
Z149 – – X – – – – – – – X
Z155 – O X – – – – – – – X
Z164 – O X – – – – – – – X
Z168 – – X – – – – – – – X
Z184 – – X – – – – – – – X
Z185 – – X – – – – – – – X
Z189 – – X – – – – – – – X
Z190 – O X – – – – – – – X
ZH12 – – X – – – – – – – X
ZH16 – – X – – – – – – – X
ZH23 – – X – – – – – – – X
ZH26 – – X – – – – – – – X
ZH27 – – X – – – – – – – X
ZH32 – – X – – – – – – – X
ZH33 – – X – – – – – – – X
ZH40 – – X – – – – – – – X
ZH42 – – X – – – – – – – X
ZS02 – – X – – – – – – – X
ZS10 – – X – – – – – – – X
ZS11 – – X – – – – – – – X
ZS24 – – X – – – – – – – X
ZS29 – – X – – – – – – – X
ZS30 – – X – – – – – – – X
ZS49 – – X – – – – – – – X
ZS53 – – X – – – – – – – X
ZS56 – – X – – – – – – – X
Control line X X X X X X X X X X X

Frequency 0 0.07 1 0 0 0 0 0 0 0 1

X, O and –, mean that the insertions were homozygous, heterozygous or absent in the individual analysed, respectively.
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the host (Maside et al., 2002). In this context, there
are grounds to believe that the positively selected
properties might extend to other members of the
family, which would provide an explanation for their
fixation other than relaxed selection.

Another observation of our study is a different rate
of fixation for the two major classes of TEs: DNA-
based elements were more likely to be fixed than
retrotransposons (with or without LTRs). Twelve of
the 13 transposons were fixed (including two of three
in regions of high recombination), whereas only three
of the 14 retroelements reached the same frequency,
despite the fact that six of them were in the non-
recombining fraction of the genome. Although the
sample size may be too small to draw any definite
conclusion, these results are concordant with previous
reports describing a higher rate of enrichment of
DNA-based elements in regions of low recombination
(Rizzon et al., 2002), particularly on the fourth chro-
mosome (Bartolomé et al., 2002, table 5).

(ii) Population frequency and age of the insertions

We also investigated a potential association between
the length and population frequency of the insertions.
Insertions of TEs belonging to families with long
canonical sequences were usually found at lower
frequencies (data not shown), but given that not all
families were equally represented in regions of high
and suppressed recombination, and that DNA-based
elements tend to be shorter than retrotransposons
(Kaminker et al., 2002), it is difficult to determine
whether this pattern is related to the canonical lengths
of the families, to specific properties of the two major
classes of elements, or to both.

In addition, we found that the average length
(relative to the canonical sequence) of fixed elements
was significantly shorter than that of polymorphic
ones (28.1%¡5.52 vs 86.3%¡7.53). This pattern is
likely to correlate directlywith the age of the insertions.
If this is the case, shorter elements should also be more
divergent from the consensus sequence (Blumenstiel
et al., 2002; Petrov et al., 2003). Consistent with this,
we found a significant negative association between
the relative size of the insertions (sequences were taken
from the DGP: see Section 2) and the average nu-
cleotide divergence from the canonical sequences
(DXY) (Kendall’s t=x0.56, P<0.001, one-tailed;
Fig. 1). According to their DXY value, fixed elements
show a wide distribution (from 0.032 to 0.164). This
could be interpreted as TEs becoming fixed at differ-
ent evolutionary stages. Considering that the average
synonymous divergence between D. melanogaster and
Drosophila simulans is about 0.11¡0.004 (Betancourt
et al., 2002) we can infer that at least four of the 15
fixation events could have occurred prior to the split
between the two species (Fig. 1). To test this, we

investigated the presence in D. simulans of any of the
12 insertions fixed on the D. melanogaster fourth
chromosome (see Section 2), using the D. melano-
gaster primers. Only three of the primer pairs, corre-
sponding to inserts of 1360, S and jockey elements (at
102D1, 102F6 and 102D6, respectively), yielded
amplification products. This low rate of success is
probably due to the above-mentioned level of silent
nucleotide divergence which reduces the chance of the
primers to work in both species. The sizes of the PCR
products indicated that only the jockey insertion was
present in D. simulans. This is not surprising given
that the 1360 insertion in D. melanogaster is likely to
have occurred after the split between the two species
(DXY=0.054 from the canonical sequence), and that
the S-element has not been found in any species of the
melanogaster complex other than D. melanogaster
(Merriman et al., 1995; Maside et al., 2003). The
presence of the jockey insertion was further confirmed
by obtaining the DNA sequence of the amplicon.
It corresponds to a 2257 bp fragment of the second
intron of the eyeless gene and comprises a 576 bp
fragment of the jockey element flanked by two frag-
ments of 750 and 931 bp, respectively.

To investigate whether this insertion is a true or-
thologue of the D. melanogaster one, we performed a
phylogenetic analysis including these sequences as well
as those of the other 69 jockey elements identified in
the D. melanogaster euchromatin (available at http://
www.fruitfly.org/p_disrupt/TE.html; one of them did
not overlap with the fixed insertions and was excluded
from the analysis). DXY between the D. simulans
and the D. melanogaster insertions into the eyeless
intron (102D) is 0.14¡0.062 (¡SE), and between
these and the other euchromatic copies of the jockey
family is 0.26¡0.042 and 0.18¡0.022, respectively.
Thus, the two insertions are more closely related to
each other than to any other member of the family
(Fig. 2), which is consistent with the hypothesis that
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Fig. 1. Association between the genetic distance (DXY,
Kimura two-parameter model with JC correction) and the
length of the TE insertions, relative to their family’s
canonical sequence.
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they correspond to a unique insertion that occurred in
the common ancestor of the two species.

It is also worth noting the low divergence among
the 68 D. melanogaster jockey copies (mean pairwise
distance=0.003¡0.0009). This had been reported
before (Kaminker et al., 2002; Lerat et al., 2003) and
could have different causes: (1) a high rate of turnover
of copies in this species (i.e. individual elements are
quickly lost from the population and replaced by new
insertions at other sites, so thatmost extant elements at
a given time have a very recent common ancestor, and
therefore little time to diverge) (Brookfield, 1986), (2) a
recent increase in the transpositional activity (Brook-
field, 1986), and (3) an unusually high rate of gene con-
version among members of this family (Charlesworth,
1986). Contrary to the last possibility, the four-allele
test (Hudson & Kaplan, 1985) did not provide evi-
dence for a particularly high rate of genetic exchange
among copies of this family (data not shown).

Interestingly, in the absence of gene conversion, the
lower divergence observed between the jockey element
at 102D and the other members of the family, than
between these and theD. simulans orthologue (Fig. 2),
can only be explained by a higher rate of silent sub-
stitution in the D. simulans lineage, which contrasts
with previous estimates of an overall higher rate of
evolution at synonymous sites in D. melanogaster
(Akashi, 1995, 1996; Takano, 1998). Assuming a
uniform mutation rate at all sites in these species,
this is consistent with a significant reduction in
the strength of natural selection on codon usage in the
D. melanogaster lineage (Akashi, 1995).

(iii) Contributions of TEs to intronic and
intergenic sequences

Another aim of the survey was to investigate whether
there are significant differences in the contribution of

TE insertions to introns and intergenic regions, as a
function of the recombination rate. In Drosophila
melanogaster the vast majority of TEs are inserted
into non-coding sequences, and the proportion of TE-
derived DNA in intergenic regions is approximately
twice as large as in introns (Bartolomé et al., 2002).
On chromosome 4, this ratio is maintained and TEs,
apparently, do not contribute much to the build-up
of introns, which are much longer than in other
chromosomes (Bartolomé et al., 2002). However, the
results of our current survey suggest that this intron
enlargement, common in non-recombining genomes
(Comeron & Kreitman, 2000; Kurek et al., 2000),
could be driven by an accumulation of TEs that have
been maintained at high frequencies for long periods,
and whose insertions can be difficult to detect as such
due to their stage of erosion. This is supported by the
observed fixation of six TEs in introns in regions of
suppressed crossing-over (Table 2), along with other
cases in the ankyrin gene of D. melanogaster and D.
simulans (Jensen et al., 2002), and in the CG9025 and
CG16799 genes of D. miranda (Bachtrog, 2003).

We also found that the average frequency of inser-
tions of TEs in introns and in the intergenic fraction
of the non-recombining genome was 0.86¡0.143 and
0.81¡0.126 respectively, suggesting that the genetic
circumstances that allow for the fixation of elements
in these regions seem to affect all non-coding DNA in
a similar way.

In summary, all the results obtained in our survey
are consistent with a considerable decrease in the
nucleotide variation, in both introns and intergenic
DNA, of the non-recombining fraction of the genome
(Berry et al., 1991; Jensen et al., 2002). The TEs lo-
cated in these regions are likely to be fixed and show
signs of having been maintained in their location for
long periods. The progressive accumulation of TEs in
regions where crossing-over is suppressed is usually

jockey family

102D - D. melanogaster

D. melanogaster

D. simulans

99

0.02

Fig. 2. Neighbor-joining tree representing the phylogenetic relations between the two jockey insertions found in the second
intron of eyeless in D. simulans and D. melanogaster and the other 68 members of the TE family in D. melanogaster. The
bar indicates genetic distance units (DXY), and the number above the top branch indicates the bootstrap support value
(1000 reps.).
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the first step in the degeneration of chromosomes
(Steinemann & Steinemann, 1992; Steinemann et al.,
1993), which suggests that chromosome 4 of D. mel-
anogaster is undergoing the early stages of this
degenerative and irreversible process.

We thank B. Charlesworth and G. Marais for helpful dis-
cussions and two anonymous reviewers for comments that
substantially improved the manuscript. We are also grateful
to S. I. Wright and I. Gordo for suggestions on the initial
steps of this analysis, to Paul Henderson and Julia Calvo for
preliminary laboratory work and to Helen Cowan for media
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ported by two grants of the Biotechnology and Biological
Sciences Research Council (BBSRC) to Brian Charles-
worth.
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