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Abstract
The long interspersed element-1 (LINE-1 or L1) is a highly successful retrotransposon in mammals.
L1 elements have continued to actively propagate subsequent to the human–chimpanzee divergence,
~6 million years ago, resulting in species-specific inserts. Here, we report a detailed characterization
of chimpanzee-specific L1 subfamily diversity and a comparison with their human-specific
counterparts. Our results indicate that L1 elements have experienced different evolutionary fates in
humans and chimpanzees within the past ~6 million years. Although the species-specific L1 copy
numbers are on the same order in both species (1200–2000 copies), the number of retrotransposition-
competent elements appears to be much higher in the human genome than in the chimpanzee genome.
Also, while human L1 subfamilies belong to the same lineage, we identified two lineages of recently
integrated L1 subfamilies in the chimpanzee genome. The two lineages seem to have coexisted for
several million years, but only one shows evidence of expansion within the past three million years.
These differential evolutionary paths may be the result of random variation, or the product of
competition between L1 subfamily lineages. Our results suggest that the coexistence of several L1
subfamily lineages within a species may be resolved in a very short evolutionary period of time,
perhaps in just a few million years. Therefore, the chimpanzee genome constitutes an excellent model
in which to analyze the evolutionary dynamics of L1 retrotransposons.
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1. Introduction
Long interspersed elements-1 (LINE-1 or L1) are the most successful autonomous
retrotransposons in mammals. A full-length functional L1 element is about 6 kb in length and
contains a 5′ untranslated region (UTR) bearing an internal RNA polymerase II promoter, two
non-overlapping open reading frames (ORF1 and ORF2), which are separated by an ~60-bp-
long intergenic spacer, and a 3′ UTR ending in a poly(A) tail (Kazazian and Moran, 1998).
ORF1 encodes an RNA-binding protein that has nucleic acid chaperone activity in vitro, and
ORF2 encodes both reverse transcriptase and endonuclease activities (Mathias et al., 1991;
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Feng et al., 1996; Kolosha and Martin, 1997). L1 elements propagate through an RNA
intermediate in a process known as retrotransposition, which is thought to occur by a
mechanism termed target primed reverse transcription; the insertion process typically results
in 7–20-bp-long target site duplications flanking each side of the L1 element (Fanning and
Singer, 1987; Luan et al., 1993).

With >500,000 copies, L1 elements account for ~17% of the human genome (Lander et al.,
2001). The L1 family emerged around 120 million years (myrs) ago (Smit et al., 1995; Khan
et al., 2006) and is still actively expanding in humans, as demonstrated by the existence of
highly polymorphic L1 elements in human populations (Sheen et al., 2000; Myers et al.,
2002; Badge et al., 2003; Boissinot et al., 2004; Seleme et al., 2006; Wang et al., 2006) and
de novo L1 insertions responsible for genetic disorders (Chen et al., 2005). The detection of
several hundred species-specific L1 insertions in both the human and chimpanzee genomes
further supports the recent mobilization of this family of retrotransposons (Mathews et al.,
2003; CSAC, 2005; Mills et al., 2006). Contrary to the non-autonomous Alu retrotransposons
in which different subfamilies are capable of concomitant expansions (Batzer and Deininger,
2002; Xing et al., 2004; Hedges et al., 2005), a single line of successive L1 subfamilies has
amplified within the past 40 myrs in the primate lineage leading to humans (Khan et al.,
2006). L1 subfamilies can be distinguished by diagnostic substitutions that are shared by all
members of any given subfamily. For example, five subfamilies are thought to have amplified
in hominoid primates (i.e. humans and apes) within the past 25 myrs, named L1PA1 to L1PA5
(Smit et al., 1995; Boissinot et al., 2000; Lander et al., 2001; Khan et al., 2006). The most
recently evolved, Homo sapiens-specific (Hs) L1 subfamilies have been well characterized
(Boissinot et al., 2000; Myers et al., 2002; Ovchinnikov et al., 2002; Salem et al., 2003a;
Boissinot et al., 2004) and the recent completion of the chimpanzee genome sequence (CSAC,
2005) facilitates comparisons of the recent patterns of diversity and evolution of L1 subfamilies
since the divergence of human and chimpanzee, ~6 million years ago (Goodman et al., 1998).
Global overviews of Hs and Pan troglodytes-specific (Pt) L1 elements have previously been
published (CSAC, 2005; Mills et al., 2006). Here, we report a detailed characterization of Pt
L1 subfamily diversity and a comparison with their Hs counterparts. Our results indicate that
L1 elements have experienced drastically different evolutionary fates in humans and
chimpanzees within the past ~6 myrs.

2. Materials and methods
2.1. Computational identification of L1 elements

We identified all L1 elements with complete 3′ end sequences in the human genome (hg16,
UCSC July 2003 freeze) by Basic Local Alignment Search Tool (BLAST) querying the genome
with the 3′-most 50 bp preceding the poly-A tail of the L1 consensus sequence. This strategy
yielded ~110,000 candidate elements, corresponding to the most recent fraction of all L1
elements inserted in the human genome. Next, 300-bp-long sequences covering each L1 3′-
end and 100 bp of flanking sequence immediately downstream the poly-A tail were extracted.
The exact terminus of the poly-A tails in these L1 sequences was determined by a BLASTsearch
with the 50-bp L1 consensus sequence to which a tract of 100 adenosines was added. The
sequences were used as queries for BLAST searches against the chimpanzee genome sequence
(UCSC Nov. 2003 freeze). Queries with matches limited to the 100-bp L1 3′ end flanking
regions in human were collected as candidates representing the orthologous pre-integration
sites of the human L1 insertions. Then, we extracted the 800-bp region centered at the
chimpanzee pre-integration site, along with the human L1 insertion and 400-bp upstream and
downstream flanking sequence. To reduce false positives, pairs of chimpanzee and human non-
L1 genomic sequences were required to exhibit >95% identity over their entire length. This
resulted in 1989 candidate Hs L1 insertions. The procedure was repeated by reversing the order
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of the human and chimpanzee genome sequences to identify candidate Pt L1 insertions,
resulting in the recovery of 1207 loci. All candidate loci were subsequently subjected to manual
verification, yielding a total of 1835 Hs and 1190 Pt L1 elements.

2.2. PCR amplification and DNA sequencing
Cell lines used to isolate DNA samples were as follows: human (H. sapiens) HeLa (American
Type Culture Collection [ATCC] number CCL2), common chimpanzee Clint (P.
troglodytes; cell line NS06006B), gorilla (Gorilla gorilla; cell line AG05251) and orangutan
(Pongo pygmaeus; cell line ATCC CR6301). DNA samples from 20 European, 20 African
American and 20 Asian human individuals isolated from peripheral blood lymphocytes were
available from previous studies in our lab, and DNA samples from 20 South American
individuals were obtained from the Coriell Institute for Medical Research. A common
chimpanzee (P. troglodytes) population panel composed of 12 unrelated individuals of
unknown geographic origin was obtained from the Southwest Foundation for Biomedical
Research.

Oligonucleotide primers for the PCR amplification of L1 elements were designed using the
software Primer3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). PCR
amplification of each locus was performed in 25 μl reactions using 10–50 ng DNA, 200 nM
of each oligonucleotide primer, 200 μM dNTPs in 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris–
HCl (pH 8.4) and 2.5 U Taq DNA polymerase. Each sample was subjected to an initial
denaturation step of 5 min at 95 °C, followed by 35 cycles of PCR at 1 min of denaturation at
95 °C, 1 min at the annealing temperature, 1 min of extension at 72 °C, followed by a final
extension step of 10 min at 72 °C. The resulting products were loaded on 2% agarose gels,
stained with ethidium bromide, and visualized using UV fluorescence. Detailed conditions for
all PCR assays designed in this study are available in Supplemental Table 1.

Individual PCR products were purified from the gels using the Wizard® gel purification kit
(Promega) and cloned into vectors using the TOPO-TA Cloning® kit (Invitrogen), according
to the manufacturer's instructions. DNA sequencing was performed using chain termination
sequencing on an Applied Biosystems 3100 automated DNA sequencer. The DNA sequences
from this study have been deposited in GenBank under accession numbers DQ375560–
DQ375750.

PCR amplification of 5 full-length L1 loci was performed in 50μl reactions using 200 ng DNA,
300 nM of each oligonucleotide primer, 200 μM dNTPs, 1 mM MgSO4, 2% DMSO, and 2 U
KOD Hifi DNA polymerase (Novagen). Each sample was subjected to heating for 2 min at 94
°C to activate the polymerase, followed by 35 cycles of PCR at 15 s of denaturation at 94 °C,
30 s of annealing at 60 °C, and 5 min of extension at 72 °C. The PCR products were purified
using the Wizard® PCR clean-up system (Promega). DNA sequencing was completed using
26 L1 internal primers (Supplemental Table 2, (Seleme et al., 2006)). These DNA sequences
have been deposited in GenBank under accession numbers DQ456 866–DQ456870.

2.3. Data analyses
We aligned 864 bp corresponding to ORF2 3′ end and entire 3′ UTR (excluding the
G4TG6AG6AG3 repeat exhibiting variable length among sequences) of 1000 Hs and 207 Pt
L1 elements, using the software BioEdit v.7.0 (Hall, 1999). L1 subfamily consensus sequences
were generated based on putative diagnostic substitutions using the module MegAlign
available in the package DNAStar. The relationships among the subfamilies were reconstructed
using a median-joining network (Bandelt et al., 1999; Cordaux et al., 2004), as implemented
in the software NETWORK 4.111 (http://www.fluxus-engineering.com/sharenet.htm). The
age of the subfamilies was calculated with NETWORK, based on the divergence among all
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the copies of each subfamily. We used a nucleotide mutation rate of 0.15% per site per myr
(Miyamoto et al., 1987), assuming that L1 elements accumulate mutations at the neutral rate
after their insertion (Voliva et al., 1984; Pascale et al., 1993). The software MEGA 3.1 (Kumar
et al., 2004) was used to build neighbor-joining trees of the 5′ UTR consensus sequences of
two Pt L1 subfamily lineages and other L1 subfamilies (L1Hs and L1PA2-13; (Khan et al.,
2006)), based on the observed number of nucleotide differences and Kimura 2-parameters
distance. Support for the branching patterns was evaluated based on 1000 bootstrap replicates.

For flanking sequence GC content analysis, we used the BLAST-Like Alignment Tool (BLAT)
server (http://genome.ucsc.edu/cgi-bin/hgBlat) to extract 20 kb of flanking sequence in either
direction of each L1 element examined, after excluding 100 bp downstream of the
polyadenylation signal to prevent bias towards excessive adenosine residues. The percentage
of GC nucleotides in the flanking sequence of each L1 element was calculated using the
EMBOSS GeeCee server (http://bioweb.pasteur.fr/seqanal/interfaces/geecee.html). For the
gene density analysis, we counted the number of genes within 2 Mb sequences surrounding
the 5′ and 3′ ends of each L1 element examined.

3. Results and discussion
3.1. L1 elements and nomenclature used in this study

Our comparison of the human and chimpanzee genome sequences resulted in the identification
of 1835 Hs and 1190 Pt L1 elements. These figures compare favorably with previous estimates,
considering the differences in the computational methodologies and requirements for
validation of candidate loci used in the different studies (Mathews et al., 2003; CSAC, 2005;
Mills et al., 2006). Because L1 elements are often truncated or rearranged (Smit et al., 1995;
Szak et al., 2002), we based our analyses of L1 subfamily diversity and relationships on 864
bp-long sequences encompassing the last 665 bp of ORF2 and the entire 3′ UTR, to maximize
the number of elements included in the analyses. This approach resulted in the inclusion of
1000 Hs and 207 Pt L1 elements. While this represents more than half of all Hs L1 elements
identified, it barely accounts for one fifth of all Pt elements, suggesting that Pt L1 elements
tend to be more severely truncated than Hs L1 elements (see below).

In the following text, we refer to species-specific L1 subfamilies as Hs and Pt for human and
chimpanzee, respectively, and we use the RepeatMasker subfamily assignment for shared L1
subfamilies (Table 1 and Fig. 1). Each subfamily name is further identified by an Arabic
numeral indicating the L1 subfamily lineage to which it belongs, followed by an upper-case
letter identifying the subfamily within the sequential lineage (lower-case letters are also added
for isolated subfamilies outside of the sequential lineage). Upper- and lower-case letters follow
the Latin alphabet, starting from the oldest subfamily in the lineage. For example, subfamily
L1Pt-2A is the oldest (A) L1 subfamily belonging to P. troglodytes-specific (Pt) subfamily
lineage 2. Subfamily L1PA2-1D is the fourth oldest (D) L1PA2 subfamily belonging to the
subfamily lineage 1 shared between human and chimpanzee. Subfamily L1PA2-1Da is the
oldest isolated subfamily (a) stemming from L1PA2-1D. Throughout the manuscript we use
the designations commonly employed in the literature for the previously characterized Hs
subfamilies PreTa, Ta0 and Ta1 (Skowronski et al., 1988), which could also be referred to as
L1Hs-1C, L1Hs-1D and L1Hs-1E, respectively, according to the terminology applied to the
other L1 subfamilies.

3.2. L1 subfamily diversity
We arbitrarily set the minimum number of elements to form a subfamily as 1% of all species-
specific elements examined, or 10 Hs and 2 Pt L1 elements. Using this criterion, we could
assign greater than 98% of all species-specific L1 elements to 17 human subfamilies containing
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10–131 copies and 14 chimpanzee subfamilies containing 5–27 copies (Table 1). By
extrapolation to total genome size, these figures imply that at least 20–30 copies of each
subfamily are present in their respective genomes.

With respect to human subfamilies, we recovered the previously identified preTa, Ta0 and Ta1
Hs subfamilies (Skowronski et al., 1988), that account for 31.5% of all Hs L1 elements. All
other Hs L1 elements were assigned to the older L1PA2 or L1PA3 subfamilies by
RepeatMasker. Interestingly, although we analyzed species-specific L1 elements, eight
subfamilies were shared between the human and chimpanzee genomes, all of which were
estimated to be older than 6 myrs (Table 1), an age consistent with the human–chimpanzee
divergence time (Goodman et al., 1998). These results underscore the important distinction
that needs to be made about the species-specific nature of L1 individual copies versus
subfamilies. Four additional human L1 subfamilies have ages estimated to be greater than 6
myrs, but are apparently not shared with chimpanzee (Table 1). However, since only about one
fifth of all Pt L1 elements could be examined, it is conceivable that these four apparently Hs
L1 subfamilies are actually present in the chimpanzee genome but are truncated to such an
extent that they were not recognized or included in our analyses. By contrast, the two remaining
human subfamilies also absent from chimpanzee (i.e. L1Hs-1A and L1Hs-1B) have estimated
ages of 4–6 myrs; they are therefore likely true Hs subfamilies.

With respect to the 14 L1 subfamilies identified in chimpanzee, beyond the eight subfamilies
shared with human, the six other subfamilies that account for 42.5% of all Pt elements are not
shared with human (Table 1). Given that our human sample includes 1000 L1 copies, it is very
unlikely that these subfamilies would appear to be Pt as a consequence of not having been
sampled from the entire set of Hs L1 elements. Moreover, these six subfamilies are estimated
to be 2–6 myrs-old, therefore postdating the human–chimpanzee divergence time (Goodman
et al., 1998). Therefore we believe they are true Pt L1 subfamilies.

3.3. Phylogenetic relationships of L1 subfamilies
To reconstruct the relationships among the different L1 subfamilies identified in human and
chimpanzee, we applied the median-joining network method (Bandelt et al., 1999; Cordaux et
al., 2004) using the consensus sequences of each L1 subfamily (Fig. 1 and Supplemental Fig.
1). This network, rooted with the older L1PA3 consensus sequence, shows the global sequential
order in which the successive L1 subfamilies arose (Fig. 1). Moreover, the ages estimated
independently for individual subfamilies based on within-subfamily sequence diversity are in
complete agreement with this phylogenetic structure (Fig. 1 and Table 1). In particular, the
sequential order observed for the subfamilies shared between human and chimpanzee, and Hs
subfamilies is in perfect agreement with previous studies (Boissinot et al., 2000; Khan et al.,
2006). In sharp contrast with the human L1 subfamily single-lineage structure, the 6 Pt
subfamilies belong to two independent L1 lineages, termed L1Pt-1 and L1Pt-2 (Fig. 1 and
Table 1), which encompass two and four subfamilies, respectively.

3.4. Comparison of 5′ UTR sequences
It has recently been proposed that the number of retrotransposition-active L1 lineages at a given
period of primate evolution is correlated with the extent of 5′ UTR sequence variation among
subfamilies (Khan et al., 2006). Therefore, we analyzed the 5′ UTR sequences of the two L1Pt
lineages we identified (i.e. L1Pt-1 and L1Pt-2) in conjunction with the 5′ UTR of other L1
subfamilies (i.e. L1Hs and L1PA2-13). Our results indicate that the 5′ UTRs of both L1Pt
subfamily lineages are highly similar to each other (Fig. 2) and to the L1Hs and L1PA2 5′
UTRs. More generally, both L1Pt subfamily lineages fall within the cluster of L1 subfamilies
which have been sharing a common 5′ UTR presumably recruited ~40 myrs ago (Khan et al.,
2006). The presence of two L1 subfamily lineages with similar 5′ UTRs in the chimpanzee

Lee et al. Page 5

Gene. Author manuscript; available in PMC 2007 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genome suggests that they might be (or might have been recently) competing with each other
for the same transcription factors (Khan et al., 2006). If so, two lines of evidence suggest that
the L1Pt-2 lineage may have had an advantage over the L1Pt-1 lineage. Indeed, not only is the
L1Pt-2 lineage represented by twice as many copies as the L1Pt-1 lineage, but three of the four
L1Pt-2 subfamilies are 2–3 myrs-old, whereas the youngest L1Pt-1 subfamily is ~4 myrs-old
(Table 1). Interestingly, we identified two full-length L1Pt-2 copies with intact ORF1 and
ORF2, while L1Pt-1 does not possess any detectable full-length copy with intact ORFs (i.e.
putatively retrotransposition-competent) in the chimpanzee genome reference sequence (see
below). Because L1 retrotransposition molecules exhibit strong cis-preference (Wei et al.,
2001; Dewannieux et al., 2003), the differential number of retrotransposition-competent L1
copies among lineages may provide an advantage in the putative competition among L1
lineages. However, it is currently unknown whether the preservation of ORFs in some L1
copies is only the result of chance (i.e. because of the stochastic occurrence of ORF-disrupting
mutations, all but two full-length L1Pt copies have been inactivated so far and they both happen
to belong to the L1Pt-2 lineage) or because a selective process is acting to specifically preserve
the integrity of the ORFs of these two particular L1Pt-2 copies. It is worthy to note here that
although competition is a plausible explanation for the differential evolutionary successes of
the L1Pt-1 and L1Pt-2 lineages, random chance alone could have led to the same evolutionary
outcome.

3.5. Insertion polymorphism levels of L1 subfamilies
To estimate the polymorphism levels (i.e. the proportion of polymorphic elements for insertion
presence/absence) associated with the different L1 subfamilies, we analyzed a total of 147 L1
elements from the different subfamilies using locus-specific PCR reactions. Eighty two Hs
elements were genotyped in 80 humans and 65 Pt elements were genotyped in 12 chimpanzees.
As expected (Hedges et al., 2005), polymorphism levels decreased with subfamily ages (Table
1). For example, 45–80% of L1 elements belonging to subfamilies younger than ~3 myrs are
polymorphic, and 9–30% of L1 elements are polymorphic in subfamilies that are estimated to
be ~3–6 myrs-old. By contrast, in ~6–8 myrs-old subfamilies, only 7% of the L1 elements are
polymorphic, and in subfamilies older than ~9 myrs, no elements are polymorphic. This result
is consistent with the polymorphism levels observed for Alu subfamilies of similar ages, in
which Alu subfamilies older than ~10 myrs, for example, virtually lack polymorphic elements
(Xing et al., 2003; Salem et al., 2005).

The comparison between Pt and Hs L1 subfamilies of similar ages indicates that the
polymorphism levels of Pt subfamilies is about twice as high as that of Hs subfamilies, e.g.
80% vs. 45% for <3 myrs-old L1 subfamilies and 30% vs. 9–14% for 3–6 myrs-old L1
subfamilies (Table 1). These results are consistent with those observed for Hs and Pt Alu
elements, that also showed that the polymorphism levels of Pt Alu subfamilies are about twice
as high as those of Hs Alu subfamilies (Hedges et al., 2004).

3.6. Comparisons with gorilla and orangutan
As shown in Table 1, several L1 subfamilies exhibit ages predating the human–chimpanzee
divergence ~6 myrs ago (Goodman et al., 1998), based on subfamily sequence diversity. In
fact, the oldest L1 subfamilies containing species-specific elements are estimated to be about
twice as old as the human–chimpanzee divergence time (Table 1). To investigate whether these
represent L1 subfamilies that have been producing new copies over extended periods of time
or if the L1 elements have inserted prior to the human–chimpanzee divergence but were lost
in either species (for example as a result of lineage sorting events), we genotyped the 147 L1
elements described in the previous section in gorilla and orangutan. None of the 147 elements
were present in the orangutan genome. This result is consistent with the fact that the oldest L1
subfamilies examined are ~12 myrs-old (Table 1) and thus they postdate the divergence of
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orangutans and the ancestor of gorillas, chimpanzees and humans, estimated to have taken
place ~14 myrs ago (Goodman et al., 1998). By contrast, 16 out of 49 L1 elements belonging
to the 6 oldest subfamilies examined (i.e. ~9–12 myrs-old, Table 1) were present in gorilla but
absent from either humans or chimpanzees in our panel (Fig. 3). DNA sequence analysis of
the PCR products derived from these L1 elements showed that they are shared between gorilla
and either human or chimpanzee and are identical-by-descent rather than derived from parallel,
independent insertion events.

Because these elements belong to L1 subfamilies which have presumably expanded before the
divergence of gorillas and the ancestor of humans and chimpanzees, it is not unexpected that
some elements are shared with gorilla. One explanation for this phylogenetic distribution is
that the L1 elements inserted prior to the divergence of the three species and were still
polymorphic at the time of speciation. As a result, some elements have become fixed in some
species while being lost in others; many examples illustrating this process of lineage sorting
of mobile element insertion polymorphisms involving closely related species exist in the
literature (Salem et al., 2003b; Hedges et al., 2004; Ray et al., in press). It is likely that most
individual copies of the shared L1 subfamilies are also shared by the different primate species,
but since our analyses were designed to detect L1 elements differentially inserted between
human and chimpanzee, shared L1 elements would not be recovered.

By contrast, none of the 98 L1 elements belonging to 8 myrs-old or younger L1 subfamilies
was present in the gorilla genome. Therefore, our data suggest that the divergence of gorillas
and the ancestor of humans and chimpanzees occurred ~8–9 myrs ago, corresponding to the
time window between the oldest L1 subfamilies shared by human and chimpanzee to the
exclusion of gorilla (L1PA2-1B/C/D) and the youngest L1 subfamily shared by human,
chimpanzee and gorilla (L1PA2-1A) (Table 1). Our results therefore suggest that the successive
speciation events leading to the human, chimpanzee and gorilla lineages occurred within a
restricted period of time, consistent with previous studies (Goodman et al., 1998). Such limited
time periods between speciation events are particularly prone to lineage sorting of genetic
variants because polymorphic L1 loci at the time of speciation can be independently fixed or
lost in each species, as exemplified by the analysis of retrotransposon insertions among African
cichlid fish species which are thought to have experienced radiation several myrs ago
(Takahashi et al., 2001;Terai et al., 2003).

3.7. Structural comparison of human and chimpanzee L1 insertions
To investigate structural differences between L1 insertions that are differentially inserted in
human and chimpanzee, we focused on the comparison of the genomic sequences of human
and chimpanzee chromosomes 1 and 21 (using the new chimpanzee chromosome designation).
We identified 138 Hs and 103 Pt L1 elements on these chromosomes. On average, Hs L1
elements were about fourfold longer than Pt L1 elements (i.e. 2533 vs. 641 bp; Fig. 4). This
sharp difference is explained by the fact that ~30% (41/138) of Hs L1 elements were full-length
vs. only ~2% (2/103) of Pt L1 elements (Boissinot et al., 2000;Myers et al., 2002;Boissinot et
al., 2004;Mills et al., 2006) (Fig. 4). By contrast, ~86% (89/103) of Pt L1 elements are shorter
than 1 kb vs. only ~48% (66/138) of Hs L1 elements (Fig. 4). Therefore, Pt L1 elements appear
to be more severely truncated than their Hs counterparts. The reason for such structural
differences between Hs and Pt L1 elements is currently unknown. We cannot presently exclude
the possibility that this observation is the result of lower genome coverage or sequence quality
available for the chimpanzee genome as compared to the highly refined human genome draft
sequence. It is also possible that one or several biological processes are responsible for these
differences. For example, assuming that full-length or relatively long L1 elements are more
deleterious than severely truncated elements (Boissinot et al., 2001), the size differences
observed between chimpanzee and human L1 elements could be explained by a higher
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efficiency of selection in chimpanzees than in humans, given that the chimpanzee effective
population size is higher than that of humans (Graur and Li, 2000;Fischer et al., 2004) and that
the efficiency of selection theoretically increases with effective population size (Graur and Li,
2000). An alternative explanation might be that, due to innovations in the host or L1 biology,
L1 elements have become less adept at integrating themselves into the chimpanzee genome.

Among the truncated L1 elements inserted on chromosomes 1 and 21, 29% (28/97) and 21%
(21/101) of the Hs and Pt L1 elements, respectively, showed 5′ inversions. The inverted L1
elements were grouped into three classes, according to the structure of the junctions between
the two inverted segments: deletion, overlap and precise join, as previously described (Szak et
al., 2002; Martin et al., 2005). Examination of the junctions showed that 57% (16/28) and 43%
(12/28) of truncated Hs L1 elements belonged to the deletion and overlap class, respectively.
By comparison, 81% (17/21), 14% (3/21) and 5% (1/21) of the truncated Pt elements belonged
to the deletion, overlap and precise join classes. Hence, the deletion class of inverted L1
elements was the most frequent in chimpanzee, similar to what has been reported in human
and mouse (Gilbert et al., 2002, 2005; Martin et al., 2005).

Next, we examined the coding sequence of full-length L1 elements to investigate whether they
are intact and thus encode putatively functional proteins required for retrotransposition. We
found that 32 out of 41 full-length Hs L1 elements inserted on chromosomes 1 and 21 contained
substitutions introducing premature stop codons within ORF1 or ORF2, while 9 elements
encoded putatively functional proteins. Given that chromosomes 1 and 21 represent ~9% of
the entire human genome, we would predict that ~100 (9/9%) intact L1 elements exist in the
human genome. This figure is very close to the ~90 human retrotransposition-competent L1
elements previously identified in a genome-wide analysis (Brouha et al., 2003). The similarity
between the two values suggests that the features of L1 elements inserted on chromosomes 1
and 21 constitute a good approximation of genome-wide patterns of L1 diversity. By contrast
with humans, none of the full-length Pt L1 elements located on chromosome 1 and 21 possessed
intact ORFs. Given this result, we extended our investigation of full-length Pt L1 elements to
the whole chimpanzee genome. We identified a total of 19 full-length Pt L1 elements genome-
wide, one of which contained an Alu element inserted in ORF1. However, again, none of the
L1 elements was apparently intact. Strikingly, the chimpanzee L1 elements showed a frequent
occurrence of 1- or 2-bp insertions responsible for frameshifts and the introduction of
premature stop codons (Table 2). In most cases, those insertions were located in
homopolymeric tracts (e.g. presence of four T nucleotides in a row in one copy with a
frameshift, whereas the consensus of all other L1 sequences examined would possess only
three T nucleotides preserving the ORF). These results suggest that at least some of these
insertions may not be authentic, for example resulting from sequencing errors in the draft
sequence of the chimpanzee sequence used in this study (Mills et al., 2006). To test this
hypothesis, we selected 5 full-length Pt L1 elements and resequenced them using DNA from
the chimpanzee individual analyzed in the chimpanzee genome project, known as Clint (CSAC,
2005). None of the 64 insertions of 1 or 2 bp present in the chimpanzee genome reference
sequence (Nov. 2003 freeze) were found in our sequence analysis (Table 2). By contrast, the
single 3-bp insertion detected in the reference sequence was confirmed as an authentic event.
It turns out that this insertion introduced a codon that did not disrupt the ORF of the L1 element.
In addition, all but one deletion sequenced (7/8) were confirmed as authentic events. These
results suggest that small insertions are likely to be artifacts whereas most small deletions
appear to be authentic. Therefore, we reanalyzed the 19 full-length Pt L1 elements
computationally after removing all 1- or 2-bp insertions. Using this approach, we identified
five intact L1 elements in the chimpanzee genome, that is considerably lower than the ~90
retrotransposition-competent L1 elements identified in the human genome (Brouha et al.,
2003). Two of the intact chimpanzee L1 elements belong to the subfamily lineage L1Pt-2B
and three are L1PA2 members. As discussed above (see Section 3.4 “Comparison of 5′ UTR
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sequences”), this may contribute to explain why the L1Pt-2 subfamily lineage seems to have
been more successful than the L1Pt-1 lineage in recent chimpanzee evolution.

3.8. Genomic distribution of human and chimpanzee L1 insertions
To test whether Hs and Pt L1 elements inserted in genomic regions with similar properties, we
analyzed the GC content and gene density of genomic regions flanking the L1 elements inserted
on chromosomes 1 and 21. We examined the GC content of 20 kb flanking genomic sequence
each side of the L1 elements. The results showed that Hs and Pt L1 elements had very similar
GC content distributions, both being skewed towards AT-rich regions of the genome (Fig. 5A).
Indeed, 74% (102/138) and 83% (86/103) of Hs and Pt L1 elements, respectively are found in
AT-rich regions (defined as regions with GC content less than the 41% genome-wide average),
whereas, in comparison, 58% of the human genome consists of AT-rich regions (Lander et al.,
2001). We also compared the gene density of 1 Mb flanking genomic sequence each side of
L1 elements. Again, we found that Hs and Pt L1 elements had similar gene density distributions,
skewed towards gene-poor regions of the genomes (Fig. 5B). These results are not unexpected,
however, since there is a positive correlation between GC content and gene density (Lander et
al., 2001;Versteeg et al., 2003).

To investigate global polymorphism levels of Hs and Pt L1 elements regardless of subfamily
affiliation, we randomly selected 31 Hs and 31 Pt L1 elements located on chromosomes 1 and
21 and genotyped them in our relevant human or chimpanzee population panels. We found that
10% (3/31) and 23% (7/31) of the Hs and Pt L1 elements, respectively, were polymorphic.
Hence, consistent with the L1 subfamily-specific polymorphism results (see above) and
previously reported Alu element results (Hedges et al., 2004), the global L1 insertion
polymorphism level is about twice as high in chimpanzees as in humans.

4. Conclusions
Our analyses indicate that L1 elements have had very different evolutionary dynamics in the
chimpanzee and human genomes, within the past ~6 myrs. Although the species-specific L1
copy numbers are on the same order in both species (1200–2000 copies; this study, (CSAC,
2005)), the number of retrotransposition-competent elements appears to be much higher in the
human genome than in the chimpanzee genome. Nevertheless, in the human genome, only a
subset of all retrotransposition-competent L1 elements may be responsible for most L1
insertions (Brouha et al., 2003; Seleme et al., 2006), indicating that the total number of
apparently intact L1 elements in a genome is not necessarily predictive of the overall L1
activity. Interestingly, we identified two recent lineages of L1 subfamilies in the chimpanzee
genome. The two lineages seem to have coexisted for several myrs, but only one shows
evidence of expansion within the past three myrs. This lineage contains twice as many copies
as the other lineage and we identified two retrotransposition-competent L1 elements belonging
to this most recently active lineage in the chimpanzee genome, whereas no retrotransposition-
competent L1 element can be identified in the other, apparently less active lineage. If the
differential evolutionary dynamics of these two L1 subfamily lineages is not the result of
chance, our results suggest that the coexistence of several L1 lineages might be unstable (Khan
et al., 2006), and that a situation of competition between two L1 subfamily lineages may be
resolved in a very short evolutionary period of time, perhaps on the order of just a few myrs.
Our data suggest that speciation events and associated host demographic changes (Hedges et
al., 2004; Cordaux and Batzer, 2006) may facilitate the coexistence of multiple L1 subfamily
lineages within species. Therefore, cases of coexistence of multiple L1 subfamily lineages may
have been quite common during evolution. However, if this situation is evolutionarily unstable
and quickly leads to the loss of activity of one of the lineages, then it would appear on a large
evolutionary time scale as though all or most L1 subfamilies in one species belong to one major
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lineage of subfamilies, as previously reported (Khan et al., 2006). Within the chimpanzee
genome, two Pt L1 subfamily lineages can be unambiguously detected, presumably because
of the short evolutionary time-depth involved. Therefore, the chimpanzee genome constitutes
an excellent model in which to further analyze the evolutionary dynamics of L1
retrotransposons.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Median-joining network of L1 subfamilies. The network was reconstructed using Hs and Pt
L1 elements. Empty circles represent Hs L1 subfamilies. Filled circles represent Pt L1
subfamilies. Lineage names and ages of some nodes are shown. The lines represent substitution
steps, with a one-step distance indicated in the bottom-right corner. The network is also
classified as yellow (L1PA3 and L1PA2-1A), pink (L1PA2), green (L1Hs) and blue (L1Pt)
shadow boxes.
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Fig. 2.
Phylogenetic tree of 5′ UTR consensus sequence of L1Pt, L1Hs and L1PA subfamilies. This
neighbor-joining tree is built by using 5′ UTR consensus sequences, based on the observed
number of nucleotide differences. The 5′ UTR consensus sequences of L1Hs and L1PA2-13
families in light yellow and blue shadow boxes were from Khan et al. (2006) and the sequences
of two L1Pt lineages in a pink shadow box were generated in this study. Bootstrap values (%)
are shown above each branch.
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Fig. 3.
Species-specific L1 insertions. Agarose gel chromatographs derived from the analysis of two
loci are shown. The DNA template used in each lane is shown at top. The product sizes for
filled and empty alleles are displayed at the left or right. (A) An Hs L1 insertion. (B) Lineage
sorting of an L1 insertion.
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Fig. 4.
Size distribution of species-specific L1 elements. A comparison of the sizes of species-specific
L1 insertions from chromosomes 1 and 21 are shown. The Hs and Pt L1 elements on
chromosomes 1 and 21 are grouped in 500-bp bins.
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Fig. 5.
Analysis of genomic environment adjacent to species-specific L1 elements. (A) Analysis of
GC content. The vertical axis represents the number of L1 loci within each GC bin. The highest
frequency of species-specific L1 loci is shown in 35–39% GC bin from both the human and
chimpanzee genomes. (B) Number of genes flanking L1 elements. The distribution of the
number of genes flanking species-specific L1 elements is similar in both the human and
chimpanzee genomes.

Lee et al. Page 17

Gene. Author manuscript; available in PMC 2007 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 18

Table 1
Subfamily classification and age estimates for species-specific L1 elements

Classification
in present
study

RepeatMasker classification Age
±SD (myrs)

Polymorphism level Proportion of species-specific L1
elementsa

Chimp (%) Human (%)

L1 subfamilies shared by human, chimpanzee and gorilla, but not orangutan
L1PA3-1A L1PA3 12.7±0.8b 0% (0/49) 26.6 25.6
L1PA3-1Aa L1PA3 12.2±0.8
L1PA3-1B L1PA3/L1PA2 12.6±0.6b
L1PA3-1Ba L1PA3/L1PA2 10.3±0.7
L1PA3-1Bb L1PA3/L1PA2 10.2±0.5b
L1PA2-1A L1PA2 9.0±0.4b
L1 subfamilies shared by human and chimpanzee, but not gorilla
L1PA2-1B L1PA2 7.6±0.5b 7% (5/67) 27.1 34.8
L1PA2-1C L1PA2 8.0±0.5b
L1PA2-1D L1PA2 7.9±0.5b
L1PA2-1Da L1PA2 7.8±0.5
L1PA2-1Db L1PA2 6.0±0.5
L1PA2-1E L1PA2 6.5±0.4b
Human-specific L1 subfamilies
L1Hs-1A L1PA2 5.7±0.8 9% (1/11) 0 38.0
L1Hs-1B L1PA2 4.4±0.4
L1Hs-preTa L1Hs-preTa 3.1±0.3 14%c
L1Hs-Ta0 L1Hs-Ta0 2.7±0.2 45%c
L1Hs-Ta1 L1Hs-Ta1 1.9±0.2
Chimpanzee-specific L1 subfamilies
L1Pt-1A L1PA2 6.2±0.8 30% (3/10) 15.0 0
L1Pt-1B L1PA2 3.9±0.5
L1Pt-2A L1PA2 4.7±0.9 80% (8/10) 27.5
L1Pt-2B L1PA2 2.9±0.3
L1Pt-2C L1PA2 2.9±0.4
L1Pt-2D L1PA2 2.4±0.5
Others 3.8 1.6

a
Based on 1000 Hs and 207 Pt L1 elements.

b
Estimated from both Hs and Pt L1 elements.

c
Data from Salem et al. (2003a) and Myers et al. (2002).
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Table 2
Insertions and deletions in the coding region of 5 full-length chimpanzee-specific L1 elements

Size Insertions Deletions

1 bp 2 bp 3 bp 1 bp 2 bp 3 bp 4 bp 6 bp

Number in
chimpanzee genome
sequence (Nov.
2003 freeze)

56 8 1 2 1 4 1 1

Number confirmed
by DNA sequencing
in this study

0 0 1 1 1 4 1 ?
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