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Abstract

LINE-1 (L1) retrotransposons constitute the most successful family of autonomous retroelements in mammals and they represent at least 17% of
the size of the human genome. L1 insertions have occasionally been recruited to perform a beneficial function but the vast majority of L1 inserts are
either neutral or deleterious. The basis for the deleterious effect of L1 remains a matter of debate and three possible mechanisms have been suggested:
the direct effect of L1 inserts on gene activity, genetic rearrangements caused by L1-mediated ectopic recombination, or the retrotransposition process
per se. We performed a genome-wide analysis of the distribution of L1 retrotransposons relative to the local recombination rate and the age and length
of the elements. The proportion of L1 elements that are longer than 1.2 Kb is higher in low-recombining regions of the genome than in regions with a
high recombination rate, but the genomic distributions of full-length elements (i.e. elements capable of retrotransposition) and long truncated
elements were indistinguishable. We also found that the intensity of selection against long elements is proportional to the replicative success of L1
families. This suggests that the deleterious effect of L1 elements results principally from their ability to mediate ectopic recombination.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The abundance of LINE-1 (L1) retrotransposons constitutes
one of the most puzzling features of mammalian genomes and it
is now clear that they have profoundly affected the structure and
function of these genomes (Lander et al., 2001; Waterston et al.,
2002; Kazazian, 2004). However, the evolutionary forces af-
fecting their genomic distribution and dynamics in natural
Abbreviations: LINE-1 or L1, Long interspersed element 1; Kb, Kilo base
pair; bp, Base pair; Mb, Mega base pair; TR, truncated; FL, full-length; Myr,
Million of year; UTR, Untranslated region; Ta, Transcribed subset a; NRR, non-
recombining region; PAR, pseudo-autosomal region; ANOVA, analysis of
variance; HSD, Honest Significant Difference; RR, recombination rate; UCSC,
University of California-Santa Cruz.
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populations remain incompletely understood. Although L1
sequences have occasionally been recruited to perform a func-
tion beneficial to the host (Kazazian, 2004; Han and Boeke,
2005), the vast majority of new insertions are more likely to be
either neutral or detrimental. Therefore, the extent of L1 ampli-
fication will depend on two opposing factors: the retro-
transposition rate and the intensity of selection against the
deleterious effect of L1 activity. The basis for selection against
retrotransposon insertions could be either the direct effect of
where elements insert (e.g., gene inactivation) (Charlesworth
and Charlesworth, 1983; Finnegan, 1992), the effect of genetic
rearrangements caused by ectopic recombination (Langley
et al., 1988), or the retrotransposition process per se (e.g., a
deleterious effect of L1 gene products) (Nuzhdin, 1999;
Boissinot et al., 2001). Although these three mechanisms
could all affect the fitness of individuals, their relative impor-
tance remains a matter of debate (Biemont et al., 1997;
Charlesworth et al., 1997; Boissinot et al., 2001; Furano et al.,
2004; Neafsey et al., 2004).
retrotransposons results principally from their ability to mediate ectopic
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Table 1
Proportion of full-length (FL) L1 elements on autosomes, the X and the Y chromosomes (excluding the pseudo-autosomal region)

Autosomes X chromosome Y chromosome Ratios of FL abundance

Total L1 FL L1 % FL Total L1 FL L1 % FL Total L1 FL L1 % FL Y to Aut X to Aut Y to X

L1PA2 3377 965 28.6 348 96 27.6 76 27 35.5 1.24 0.97 1.29
L1PA3 7305 1318 18.0 852 189 22.2 161 41 25.5 1.41 1.23 1.15
L1PA4 8575 1193 13.9 1001 211 21.1 180 48 26.7 1.92 1.52 1.27
L1PA5 8275 967 11.7 772 135 17.5 108 34 31.5 2.69 1.50 1.80
L1PA6 4247 943 22.2 415 118 28.4 76 28 36.8 1.66 1.28 1.30
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In several species, a higher density of retrotransposons in
regions of reduced recombination has been reported (Charles-
worth et al., 1992b,a; Hoogland and Biemont, 1996; Boissinot
et al., 2001; Bartolome et al., 2002; Dasilva et al., 2002). If we
assume that the frequency of ectopic recombination correlates
with the recombination rate (Langley et al., 1988), this obser-
vation seems to support the ectopic exchange model. However,
because the efficacy of selection in low- and non-recombining
regions of the genome is limited by Hill-Robertson interactions
(Hill and Robertson, 1966) and byMuller's ratchet (Felsenstein,
1974), deleterious retrotransposons are expected to accumulate
in regions of reduced recombination whatever the nature of their
deleterious effect. In addition, regions of low recombination are
known to be relatively gene-poor (Fullerton et al., 2001). In
humans, the proportion of full-length L1 elements on the non-
recombining region of the Y chromosome was previously re-
ported to be higher than on the autosomes, suggesting that full-
length inserts had been subjected to purifying selection
(Boissinot et al., 2001). However this observation was based
on the analysis of a very small fraction of the genome and the
Table 2
Proportion of full-length (FL) and truncated (TR) elements on human chromosomes

Chromosomes L1PA2 L1PA3 L1P

FL TR % FL FL TR % FL FL

1 63 176 26.4 108 470 18.7 9
2 96 224 30.0 107 511 17.3 9
3 83 176 32.0 103 512 16.7 11
4 84 231 26.7 125 533 19.0 11
5 82 194 29.7 116 490 19.1 10
6 62 158 28.2 99 408 19.5 8
7 55 147 27.2 72 317 18.5 7
8 74 149 33.2 96 360 21.1 8
9 42 97 30.2 56 277 16.8 4
10 36 100 26.5 63 281 18.3 5
11 55 146 27.4 83 320 20.6 8
12 51 110 31.7 84 309 21.4 6
13 31 94 24.8 38 214 15.1 1
14 30 85 26.1 42 199 17.4 3
15 31 56 35.6 31 162 16.1 3
16 16 58 21.6 21 106 16.5 2
17 12 31 27.9 10 98 9.3
18 31 63 33.0 22 154 12.5 2
19 6 21 22.2 16 64 20.0 1
20 13 44 22.8 19 94 16.8
21 8 28 22.2 4 63 6.0
22 2 16 11.1 3 26 10.3
Total Autosomes 963 2404 28.6 1318 5968 18.1 119
X 96 252 27.6 189 663 22.2 21
Y 27 49 35.5 41 120 25.5 4
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number of L1 elements analyzed did not permit the determi-
nation of the basis for selection against full-length elements.
Thus, although the accumulation of retrotransposons in low-
recombining regions suggests they are indeed deleterious, this
observation does not unambiguously support or contradict any
of the three selection models.

Here, we tested some of the predictions associated with the
three models of selection. If the gene inactivation model is
correct, truncated (TR) and full-length (FL) elements should
have similar genomic distribution because they both can affect
gene function. If the retrotransposition process itself is
deleterious, then selection should act only against FL elements
(i.e. potentially active elements) and FL elements but not TR
ones should accumulate in regions of low recombination.
Finally, if the ectopic exchange model is correct, long elements
(FL and long TR) should accumulate in regions of low or non-
recombination to a greater extent than short TR elements, be-
cause they are more likely to mediate ectopic recombination and
therefore to be deleterious. We performed a genome-wide
analysis of the distribution of L1 retrotransposons relative to the
A4 L1PA5 L1PA6

TR % FL FL TR % FL FL TR % FL

3 596 13.5 64 552 10.4 80 279 22.3
9 655 13.1 76 644 10.6 79 295 21.1
1 583 16.0 87 576 13.1 89 257 25.7
1 629 15.0 95 636 13.0 92 271 25.3
6 618 14.6 83 575 12.6 84 255 24.8
9 528 14.4 69 469 12.8 79 250 24.0
1 385 15.6 52 400 11.5 51 203 20.1
0 440 15.4 61 420 12.7 57 161 26.1
4 324 12.0 46 328 12.3 32 139 18.7
8 316 15.5 47 338 12.2 48 139 25.7
6 457 15.8 53 397 11.8 56 183 23.4
7 377 15.1 48 394 10.9 45 154 22.6
9 271 6.6 30 286 9.5 27 117 18.7
6 233 13.4 46 251 15.5 34 91 27.2
2 167 16.1 20 189 9.6 19 79 19.4
4 143 14.4 20 149 11.8 11 44 20.0
6 106 5.4 10 130 7.1 13 79 14.1
2 179 10.9 28 234 10.7 16 95 14.4
7 91 15.7 7 62 10.1 12 49 19.7
8 125 6.0 13 108 10.7 14 46 23.3
6 83 6.7 4 85 4.5 2 44 4.3
8 49 14.0 8 42 16.0 3 29 9.4
3 7355 14.0 967 7265 11.7 943 3259 22.4
1 790 21.1 135 637 17.5 118 297 28.4
8 132 26.7 34 74 31.5 28 48 36.8
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Fig. 1. Length distribution of autosomal and Y-linked L1 elements. The numbers at the top of the figure correspond to the length categories. Elements located outside of
genes (Aut no gene) were obtained by eliminating from the data set all L1 elements (between 24.1 and 26.1% of the total depending on the family) which are within a
RefSeq gene (obtained from the RefSeq table at http://genome.ucsc.edu).
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recombination rate and the length and family classification of
the elements. We found that both FL and long TR elements
(N1.2 Kb) are more abundant in non- and low-recombining
regions of the genome but we did not detect any apparent
differences between FL and long TR elements. We also found
that the intensity of selection against long elements is propor-
tional to the replicative success of families, suggesting that the
more active an L1 family is, the more deleterious its activity is
for the host. These observations provide strong support for the
ectopic exchange model and suggest that the deleterious effect
of L1 elements result principally from their ability to mediate
ectopic recombination.

2. Materials and methods

The coordinates of L1 elements belonging to families L1PA6
to L1PA2 were obtained from table RepeatMasker (assembly of
April 2003) at http://genome.ucsc.edu. These families have
evolved as a single lineage over the last 27 Myr and have
Please cite this article as: Song, M., Boissinot, S. Selection against LINE-1
recombination. Gene (2006), doi:10.1016/j.gene.2006.09.033
produced virtually all the L1 elements that was inserted in the
human genome since the split between the Cercopithecidae (Old
World monkeys) and Hominidae (Human, apes and gibbons).
The age of families L1PA6, L1PA5, L1PA4, L1PA3 and L1PA2
are respectively 26.8, 20.4, 18.0, 12.5 and 7.6 Myr (Khan et al.,
2006). The most recent and currently active human L1 family
(L1PA1 or L1Hs) was excluded from this analysis because it
contains a mixture of fixed and polymorphic elements which
may still be subject to selection. In addition, the evolution of the
L1PA1 family and the effect of selection have been examined in
detail in several recent studies (Myers et al., 2002; Boissinot
et al., 2000, 2004, 2006). The length of each element was
directly determined from the RepeatMasker table. When an
element had an inverted bipartite structure, the two parts of the
inverted element were fused into a single continuous element.
Elements shorter than 100 bp (i.e. 7.8% of the total number of
elements) were excluded from the analysis because family
identification of such short elements by RepeatMasker can be
inaccurate. Because the length of elements can change after
retrotransposons results principally from their ability to mediate ectopic
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Table 3
Proportion of full-length (FL) elements with no internal deletions

Chromosomes Families FL
elements

FL with
deletions

% of deletion-free
FL elements

Autosomes L1PA2 965 867 89.8
L1PA3 1318 1141 86.6
L1PA4 1193 980 82.1
L1PA5 967 737 76.2
L1PA6 943 609 64.6

X Chromosome L1PA2 96 87 90.6
L1PA3 189 164 86.8
L1PA4 211 161 76.3
L1PA5 135 109 80.7
L1PA6 118 78 66.1

Y Chromosome (NRR) L1PA2 27 26 96.3
L1PA3 41 29 70.7
L1PA4 48 36 75.0
L1PA5 34 22 64.7
L1PA6 28 18 64.3

Table 4
Mean recombination rates at genomic locations where autosomal full-length
(FL) and truncated (TR) elements are found

Family Number of
elements

Mean RRa Mean UCSCRRb

FL TR FL TR p-value FL TR p-value

L1PA2 965 2410 0.956 1.085 0.010 1.078 1.087 0.380
L1PA3 1318 5983 0.935 1.074 b0.001 1.048 1.069 0.182
L1PA4 1193 7383 1.033 1.100 0.118 1.015 1.117 b0.001
L1PA5 967 7314 0.972 1.121 b0.001 1.077 1.143 0.008
L1PA6 943 3302 0.964 1.042 0.053 1.011 1.166 b0.001
All families 5386 26392 0.977 1.082 b0.0001 1.041 1.095 b0.0001

a Recombination rate estimated using the method of Song et al. (2003).
b Recombination rate from the UCSC browser.
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insertion through internal insertions and deletions, we consid-
ered that an L1 element was FL if its sequence started at position
1 of a FL L1 consensus and ended at the 3′ end of the 3′UTR.

Two estimators of the recombination rate were used. The sex
averaged recombination from the deCode Iceland data set
(Kong et al., 2002) was used to estimate the recombination rate
distribution function for entire chromosomes by optimal quan-
tization (Song et al., 2003). This estimator (RR) is computed in
variable window sizes factored by the location and frequency of
recombination data. This estimator allows more adaptive
inspection of the recombination rate compared to the estimator
provided on the UCSC genome browser (UCSCRR) which uses
fixed 1 Mb windows to compute average recombination rates.
Statistical analyses were performed using both the RR and
UCSCRR estimators.

Statistical analyses were performed using programs written
in the R language for statistical computing (R Development
Core Team, 2004) and the C++ programming language. The
mean recombination rate between TR and FL elements was
compared using t-tests. The classification of L1 elements into
length class was done using optimal quantization algorithm
based on dynamic programming (Song and Haralick, 2002).
The mean recombination rate among length subgroups were
compared using analysis of variance and Tukey's Honest
Significant Differences (HSD) test for multiple comparisons.

3. Results

3.1. Chromosomal distribution of full-length and truncated L1
elements

We first compared the relative abundance of full-length (FL)
and truncated (TR) elements on the autosomes, the X chro-
mosome and the non-recombining region (NRR) of the Y
chromosome. Table 1 shows that a larger fraction (between 26
and 37% depending on the family) of L1 elements is FL on the
NRR of the Y chromosome than on autosomes and on the X
chromosome. The enrichment in FL elements of the Y
chromosome relative to autosomes is observed across the five
Please cite this article as: Song, M., Boissinot, S. Selection against LINE-1
recombination. Gene (2006), doi:10.1016/j.gene.2006.09.033
L1 families analyzed here and is statistically significant for all
families except L1PA2. The fraction of FL elements on the X
chromosome is intermediate (except for family L1PA2),
although the ratios of FL elements on the X and autosomes
do not significantly differ for families L1PA3, L1PA5 and
L1PA6. Depending on the family, there are 1.2 to 2.7 times as
many FL elements on the Y than on the autosomes and 1.4 to
2.2 times as many on the Y than on the X. The fraction of FL on
the Y is similar among all families ( pN0.12 for all comparisons
using Fisher's exact test) and corresponds to the rate at which
those elements are generated by active families (Boissinot et al.,
2004). Interestingly, the pseudo-autosomal region (PAR) of the
Y, which is subject to one of the highest recombination rates,
contains only one FL elements for 25 TR elements (i.e. 4.0% of
FL). Therefore, the larger proportion of FL element on the NRR
of the Y is most likely due to the lack of recombination of this
region rather than some other feature of the Y chromosome such
as its mode of transmission. We also analyzed separately the 22
autosomes (Table 2) and found that the fraction of FL elements
was remarkably similar among all autosomes with the exception
of autosome 21 which has 2 to 4 times (depending on the
family) fewer FL elements than other autosomes. This explains
why the fraction of FL on autosomes reported here (12 to 29%)
is significantly higher than reported earlier using a dataset
limited to chromosome 21 and 22 (8% in Boissinot et al., 2001).

On most chromosomes (including most autosomes, the X,
and the Y), families L1PA2 and L1PA6 have a larger proportion
of FL elements than families L1PA3, L1PA4 and L1PA5 (Tables
1 and 2). For instance, the autosomal fractions of FL L1PA2 and
L1PA6 elements are more than twice the fraction of FL L1PA5
elements. This suggests that the proportion of FL elements is
not related to the age of a family as families L1PA2 and L1PA6
are respectively the youngest and the oldest families studied
here. Instead, it seems the more abundant families show the
lowest fractions of FL elements and a significant correlation
between the copy number of L1 families and the fraction of FL
elements is observed (r=−0.95, pb0.01). In addition, the
difference in the proportion of FL elements between the Y
chromosome and autosomes is larger for the more abundant
families, suggesting that selection against FL inserts was
stronger when L1 activity was high.

We then examined if the autosomal deficit of FL elements
was limited to this class of elements or if long truncated
retrotransposons results principally from their ability to mediate ectopic
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Fig. 2. Tukey's Honest Significant Differences test on the mean recombination rate among length subgroups. The range of each line segment corresponds to the 95%
confidence interval of the mean recombination rate difference between the two length subgroups labeled on the left of the segment. The vertical dashed line marks the
zero difference location. If an interval contains zero, it implies that there is no significant difference between the two subgroups. The numbers on the vertical axes
correspond to length subgroups (1=100–490 bp; 2=491–1152 bp; 3=1153–2498; 4=2499–6001; 5=6002–6183). For example, 5−3 stands for the mean
recombination rate of length category 5 minus that of length category 3.
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elements were also less abundant on the autosomes than on the
Yor X chromosomes. To this end, we divided L1 elements into
subgroups corresponding to different length classes using the
method described in (Song and Haralick, 2002). This method
separates L1 elements into subgroups by length when there is a
sudden change in the number of L1s over unit length. We
selected the number of subgroups to be five, roughly capturing
the overall distribution of length while at the same time assuring
that the intervals are not too small for meaningful comparisons.
Fig. 1 shows that for each family, the size distribution of the
elements differs between the autosomes and the NRR of the Y
chromosome ( pb0.025 for all families using the Chi-square
test). On average, autosomes contain a higher proportion of
short elements than the Y chromosome. Depending on the
family, between 25 and 41% of autosomal L1 elements are
severely truncated (b490 bp) whereas only 16 to 20% of Y-
linked elements fall in this category. Except for family L1PA2,
long TR elements (i.e., elements between 2.5 and 6 Kb) are 1.3
to 2.3 times more abundant on the NRR of the Y than on
autosomes. The relative abundance of long TR (N2.5 Kb) and
FL elements on autosomes relative to the NRR of the Y are
strikingly similar. For instance, long TR and FL L1PA4
elements are similarly abundant on the NRR of the Y (both
Please cite this article as: Song, M., Boissinot, S. Selection against LINE-1
recombination. Gene (2006), doi:10.1016/j.gene.2006.09.033
with a frequency of 25%) and on autosomes (with a frequency
of 11%; see Fig. 1). Therefore, it seems that FL or long TR
inserts have been subjected to negative selection to the same
extent. We repeated the length distribution analysis after ex-
cluding all L1 elements located within genes (Fig. 1). We found
that the length distribution of autosomal L1 elements outside of
genes differs from the Y chromosome distribution to the same
extant that the overall autosomal distribution does. Therefore,
the low gene content of the Y chromosome can not account for
the difference in length distribution between the Y and the
autosomes.

Although the above observations suggest that long L1
elements (FL and TR) accumulate on the NRR of the Y, it is also
plausible that autosomal L1 elements are becoming shorter than
Y-linked elements if internal DNA deletions are occurring more
frequently on the autosomes than on the Y chromosome. To test
this hypothesis, we determined the fraction of FL elements that
are free of deletions (i.e. N6 Kb) on the Y, X, and autosomes
(Table 3). As expected, FL elements belonging to older families
are less likely to have retained their original length than those
belonging to younger families, but for a given family there is no
significant difference between elements on the autosomes, the
Y, or the X. This indicates that the rate of decay of elements is
retrotransposons results principally from their ability to mediate ectopic

http://dx.doi.org/10.1016/j.gene.2006.09.033


6 M. Song, S. Boissinot / Gene xx (2006) xxx–xxx

ARTICLE IN PRESS
similar across the entire genome and we can exclude a role of
DNA deletions as an explanation for the difference in size
distribution between the autosomes, the Y, and the X.

3.2. Distribution of autosomal L1 elements relative to the
recombination rate

Because of its complete lack of recombination, the NRR of
the Y chromosome constitutes an extreme situation. Thus, we
determined if the biased distribution of FL, short TR, and long
TR elements relative to recombination rate could also be ob-
served on the autosomes. For each autosomal L1 element, we
collected the local recombination rate of the genomic region
where it is located. Two estimators of the recombination rate
were used: RR and UCSCRR (see Materials and Methods). We
first compared the local recombination rate for TR and FL
elements (Table 4). We found that FL elements are on average in
genomic regions with a lower recombination rate than TR
elements and that this difference is statistically significant
(Table 4). This difference is observed for all five families and
using both estimators of the recombination rate, although some
comparisons are not statistically significant (Table 4).

We found that the length of the elements and the local recom-
bination rate were negatively correlated and that the correlation
is statistically significant (length over RR: r=−2.41×10−5,
p b2 × 10− 16; length over UCSCRR: r =− 1.95 × 10− 5,
pb2×10−16). This suggests that long elements tend to reside
in regions of lower recombination than short elements. However,
this correlation only indicates a general trend and does not
adequately capture subtleties of the relationship between ele-
ment length and recombination rate. Therefore we compared the
mean recombination rate between each of the length subgroups
by analysis of variance. We found that the different length
subgroups differ significantly in their mean recombination rate
(RR: F=7.54, pb0.0001; UCSCRR: F=41.09, pb0.0001). To
determine which differences among subgroups are responsible
for the ANOVA results we used Tukey's Honest Significant
Differences (HSD) test for multiple comparisons. Fig. 2 shows
the result of Tukey's HSD test on the difference between the
mean recombination rates of the subgroups. For the analysis
using the RR estimate, the only difference between two
consecutive subgroups that approached statistical significance
occurs between length subgroups 2 (491–1152 bp) and 3 (1153–
2498 bp) and this explains all other significant difference
between non-consecutive length subgroups. For the UCSCRR
data set, two significant comparisons between consecutive
subgroups are observed between length categories 1 (100–
490 bp) and 2 (491–1152 bp) and categories 2 (491–1152 bp)
and 3 (1153–2498 bp). Therefore, this multiple comparison
analysis shows that the most significant difference in local
recombination rate takes place between elements smaller and
larger than 1.2 Kb.

4. Discussion

We performed a genome-wide analysis of the distribution of
L1 elements relative to the local recombination rate and the
Please cite this article as: Song, M., Boissinot, S. Selection against LINE-1
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length and family of the elements. Our analysis shows a strong
tendency for long elements to accumulate in non- and low-
recombining regions of the genome. This bias is not limited to
FL elements but is also observed for long TR elements
(N1.2 Kb). A similar distribution bias has been reported in
recombination hotspots where long L1 elements are severely
under-represented (Myers et al., 2005). Because short and long
elements are generated by the same mechanism and because
truncation of elements occurs at the time of insertion (Martin
et al., 2005), the contrasted distribution of short and long TR
elements most likely result from some post-insertional mech-
anism. As the fraction of deletion-free FL elements is similar
across the entire genome for a given family, we can exclude a
role of DNA deletions in the pattern of distribution of short
versus long elements. Therefore, the difference in the dis-
tribution of short and long elements results from different rates
of fixation of these elements. As short and long elements are
equally affected by genetic drift, we conclude that long ele-
ments have been selected out of recombining regions of the
genome because of their deleterious effect. We also found that
the selection against long TR and FL elements seems more
pronounced for larger families of elements (L1PA3, L1PA4,
L1PA5) than for the relatively small families (L1PA2 and
L1PA6). Therefore, selection against L1 acts in a length-
dependent and family (i.e., copy number)-dependent manner.

Among the three possible models for selection against L1
retrotransposons (i.e., gene inactivation, ectopic recombination,
and retrotransposition process), ectopic recombination between
homologous sequences is the one that best explains the above
observations. The chance that an ectopic recombination event
will occur depends on the number of homologous sequences in
the genome (i.e., the size of the family) (Charlesworth and
Langley, 1989; Charlesworth et al., 1994; Pasyukova et al.,
2004) and the length of the elements (Hasty et al., 1991; Cooper
et al., 1998). Therefore, the intensity of selection against the
deleterious effect of ectopic recombination should be positively
correlated with both the copy number of L1 families and the
length of the elements (Petrov et al., 2003). As our results are
consistent with both predictions, we suggest that negative
selection against L1 elements is principally due to their ability
to mediate ectopic recombination. In addition, our results are
consistent with experimental results on ectopic homologous
recombination in mammals. We found that L1 elements
N1.2 Kb are more likely subject to negative selection than
those b1.2 Kb. Cooper et al. (1998) showed that ectopic
recombination occurs more frequently between sequences
containing 2.5 Kb of homology versus 1.2 Kb, and was not
detectable between sequences of 1 Kb or less. L1-mediated
ectopic recombination is known to occur in humans and some of
these events are responsible for disease-causing genetic
rearrangements (Burwinkel and Kilimann, 1998; Segal et al.,
1999). However, the elements involved in these recombination
events were old (i.e., fixed) and, although such events can be
deleterious, they have no bearing on the overall distribution of
L1 elements relative to recombination rate because selection can
act only against those elements that are polymorphic in the
population. In addition, ectopic recombination events seem
retrotransposons results principally from their ability to mediate ectopic
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relatively rare as a comparison of the human and chimpanzee
genomes identified only 26 and 48 deletions involving adjacent
L1 copies, respectively (C.S.A.C., 2005) and, to our knowledge,
no case of ectopic recombination involving polymorphic L1
elements has been reported in humans. The apparent rarity of
ectopic recombination events in modern humans could result
from the low activity of L1 in recent human history and from the
small size of currently active human L1 sub-families (Boissinot
et al., 2000; Khan et al., 2006). In addition, ectopic re-
combination events between non-adjacent L1 elements could
produce chromosomal rearrangements and large DNA deletions
that are so deleterious that they would rarely (or never) be
observed in natural populations.

Although the ectopic recombination model is consistent with
our data, two other models of selection may play a role in the
distribution of L1 elements. First, all size classes of L1 elements
could potentially alter the function of genes and a number of de
novo disease-causing L1 inserts have been described (for a
review, see Ostertag and Kazazian, 2001). It is plausible that
longer elements might be more disruptive to gene function, for
instance, by introducing more transcription termination signals
(Perepelitsa-Belancio and Deininger, 2003) or by reducing the
amount of transcript produced (Han et al., 2004). However,
several observations suggest that insertion into genic regions is
unlikely to contribute significantly to the accumulation of long
TR and FL elements in low- and non-recombining regions.
First, the length distribution of autosomal L1 elements located
outside of genes shows the same deficit in FL and long TR
elements when compared with the length distribution of Y-
linked elements than the distribution including all autosomal
elements (Fig. 1). Second, the proportion of long TR and FL
elements on autosomes is not related to the density of genes as
indicated by the fact that the fraction of FL elements is
remarkably similar on all autosomes (Table 2) and shows no
significant correlation with the gene density ( pN0.1 for all
families). For instance, the fraction of FL L1PA4 elements on
chromosome 4 (15%), which is gene-poor (∼8.2 genes/Mb), is
similar to the fraction of FL elements on chromosome 19
(15.7%) which is gene-rich (∼44.3 genes/Mb) (Table 2). Ad-
ditionally, the deleterious effect that an element could have on
gene function should be independent of the L1 family and the
gene activation model does not predict that elements belonging
to higher copy number families should be more deleterious than
elements from smaller families.

The validity of the second model, selection against the direct
cost of the retrotransposition process, is more difficult to assess
because FL elements are capable of both producing the RNAs
and proteins necessary for retrotransposition and efficiently
mediating ectopic recombination. However, the effect of
selection against FL elements does not differ significantly
from selection against long TR elements and a cost of
retrotransposition need not be invoked to explain selection
against FL elements. In addition, a deleterious effect of the
retrotransposition process would not account for purifying
selection against long TR elements which are incapable of
producing the biochemical machinery (RNA and proteins)
necessary for retrotransposition. This does not mean that the L1
Please cite this article as: Song, M., Boissinot, S. Selection against LINE-1
recombination. Gene (2006), doi:10.1016/j.gene.2006.09.033
retrotransposition process is not deleterious for its host. In fact,
it has recently been demonstrated that L1 activity causes a large
number of DNA double-strand breaks that could be severely
deleterious (Gasior et al., 2006).

If long L1 elements are subject to purifying selection, we
expect polymorphic long L1 inserts to be found at lower
frequency in modern populations than short L1 elements. The
frequency distribution of inserts belonging to the currently
active Ta1 subfamily was recently examined in human
(Boissinot et al., 2006). FL Ta1 elements were found at lower
frequency in human populations than TR elements suggesting
that FLTa1-containing alleles are subject to purifying selection.
However, the number of polymorphic long (N1.2 Kb) TR Ta1
elements analyzed was very small and it was not possible to
determine if these elements are also subject to negative selec-
tion. The fact that the Ta1 subfamily imposes a detectable
fitness cost on its host, despite its low copy number (b400
copies), suggests that a few hundred copies might constitute the
threshold at which an L1 family becomes deleterious. It is likely
that long L1 elements were subjected to a far stronger purifying
selection when L1 activity was higher (i.e. during the am-
plification of the L1PA5 to L1PA3 families) and that the genetic
load imposed by L1 families was much stronger than it has been
in recent human history.
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