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Abstract. The mouse genome has been subjected to
two successive amplification bursts of the murine
endogenous retrovirus MuERV-L after the Mus/
Rattus split. The main objective of this work is to
characterize in detail the intragenomic spread giving
rise to these two murine bursts using full-length
MuERV-L proviruses taken from public databases.
Phylogenetic analyses led to the identification of ele-
ments putatively amplifying during each one of the
two burst. Likelihood-ratio tests were used to confirm
that elements supposedly arisen during the first burst
have been evolving under lower selective constrains,
as expected for older insertions. The data reported
here suggested an evolutionary dynamics for Mu-
ERV-L amplification characterized by the existence
of multiple elements simultaneously active during
each one of the bursts while only one or very few
closely related proviruses from the first burst gave rise
to the second one. Finally, more than one third of the
proviruses present 100% identity between the 5 and
3’ LTRs, strongly indicating that MuERV-L is cur-
rently active within the mouse genome.
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Introduction

Endogenous retroviruses (ERVs) have a widespread
distribution within vertebrates (Herniou et al. 1998).
They originated by the integration of exogenous ret-
roviruses into the germ line at different times during
vertebrate evolution. Extensive research on ERVs
from human, the best characterized vertebrate ge-
nome, revealed that most of the HERV families colo-
nized this genome after the main radiation of eutheria
and are thus specific to primates. Nevertheless, a few
ERVsentered the germ line earlier, such as ERV-I, and
are present in different vertebrate classes (Martin et al.
1997), or ERV-L, detected in several mammalian or-
ders (Cordonnier et al. 1995; Bénit et al. 1999).

Two complete nucleotide sequences of ERV-L
have been characterized, one from humans (HERV-
L, Cordonnier et al. 1995) and the other from mouse
(MuERV-L, Bénit et al. 1997). While the HERV-L
provirus lack long ORFs (due to frameshift and
nonsense mutations), the MuERV-L sequence dis-
plays a full ORF homologous to the gag gene, and an
almost intact ORF homologous to the po/ gene (only
disrupted by an 8-bp deletion), being more related to
foamy viruses. Surprisingly, an ORF with homology
to dUTPase proteins overlaps the 3’ end of the ERV-
L pol gene. This location (different from that in the
other retroviral groups) suggests an independent ac-
quisition of dUTPases in these lineages. There is not
an env-homologous ORF in ERV-L.

An extensive characterization of the dispersion of
ERV-L in mammals has been carried out both by
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southern and slot blot analyses and amplification and
sequencing of 360 bp internal fragments of the pol
gene (Bénit et al. 1999). The main conclusions taken
from these analyses are: (1) ERV-L sequences are
present among all placental mammals; in general, at
low copy number (10 to 30); (2) there has been a burst
in copy number (up to 200 copies) in primates, shortly
after the prosimian/simian split; (3) there have been
two recent bursts in copy number in murine species,
one after divergence between Mus and Rattus (that
occurred about 10 MYA), and the other more recently
(Iess than 2 MYA), in the common ancestor of Mus
musculus and its closest relatives M. spicilegus and M.
macedonicus. The first murine burst increased the
copy number of MuERV-L proviruses from an initial
value of ~25 to ~50; while this number reached ~125
after the second burst. The copy number of MuERV-
L “solo LTRs,” generated through homologous re-
combination between the 5 and 3’ LTRs of a provi-
rus, is approximately 10 times higher.

The existence of these two recent bursts in a spe-
cies with an ongoing genome project constitutes a
very useful model to analyze the dynamics of active
ERVs in a short period of evolutionary time. Thus,
the main objective of this article is to characterize in
detail the amplification dynamics leading to these two
murine bursts.

Materials and Methods

Identification of MuERV-L homologous sequences was made by
screening the nr and the HTGs databases at the National Center
for Biotechnology Information with the internal region (i.e., after
removing the LTRs) of the MuERV-L element described in Bénit et
al. (1997; GenBank accession number: Y12713), using the program
BLASTN (Altschul et al. 1990). The limits of the identified provi-
ruses were determined by local alignment with the MuERV-L
LTRs using BLAST 2 sequences (Tatusova and Madden 1999).
This program was also used in pairwise comparisons between
closely related sequences to detect duplicated entries, which were
excluded from the analyses.

Alignment of the sequences was easily done by visual inspection
(due to their high degree of homology) with the aid of GeneDoc
(Nicholas and Nicholas 1997). Detection of long open reading
frames (ORFs) in the collected MuERV-L proviruses was also
performed with GeneDoc. MEGA v2.1 (Kumar et al. 2001) was
used to calculate divergence values between different sequences, to
reconstruct phylogenetic relationships by the Neighbor-Joining
method (Saitou and Nei 1987) and to calculate bootstrap values for
each internal branch (1000 replicates). In all cases, the Kimura’s
two-parameter model was applied to correct for multiple substi-
tutions.

Maximum likelihood (ML) analyses were performed using the
CODEML program from the PAML v3.0 package (Yang 2000) to
examine the selection pressures on the gag and pol genes. Option G
was used in the sequence data format to carry out the combined
analyses of these two genes (Yang 1996). Stop codons and codons
involving a gap in any of the sequences were removed from the
alignment prior to the analyses. Two different tree topologies for
model fitting were used (see results). Two codon-based ML models
were compared. One of the models, the “one-ratio” model, assumes
that all branches of the tree evolve under the same dy/dg ratio (the

ratio of per-site rates of synonymous and non-synonymous
changes), while the other one, the “‘two-ratio”” model, assumes a
different dy/dgs ratio for selected branches. Both models account
for transition/transversion rate bias and codon usage bias. Nucle-
otide frequencies at the three codon positions were used to deter-
mine equilibrium codon frequencies. A likelihood-ratio test was
applied to compare the two models. As they are nested models (i.e.,
the null hypothesis is a special case of the alternative hypothesis)
differing in one parameter, twice the log-likelihood difference be-
tween these two models can be compared with a critical value of the
»? distribution with 1 degree of freedom to test whether the “two-
ratio” model fits the data significantly better than the “one-ratio”
model (Yang 1996; Huelsenbeck and Crandall 1997; Huelsenbeck
and Rannala 1997).

Results

My BLAST searches identified 38 full-length Mu-
ERV-L proviruses from the public databases (Table
1). Thirty-six of the 38 sequences are highly similar,
showing an average pairwise divergence value of
0.014. The degree of divergence between each one of
the other two sequences, AC008783b and AC006520,
and these 36 was 0.053 and 0.071, respectively.
Consequently, these two sequences were used as
outgroups in the phylogenetic analyses. Both ORFs
of 22 of the 38 proviruses remained intact, and in 16
the two LTRs are identical (Table 1).

Figure 1 shows the polymorphic nucleotide sites
shared by at least two sequences between the 36
highly similar proviruses after removing the hyper-
variable CpG dinucleotide positions. Interestingly,
two different LTR sequences are common to several
elements. One is shared by proviruses AL603843,
AC079497, and ACO055819; and the other by
AC087890, AL596283, and AL611930. Besides, the
alignment of the 36 sequences revealed the existence
of three polymorphic indels, one of them located
within the LTR sequence, and the other two within
the ORF1. These two ORF1 indels involve multiple
of three base pairs, thus, maintaining the ORF. Two
of the three indels encompasses a duplicated se-
quence. Only four proviruses present the two LTRs
of the short type, while five proviruses have one LTR
of common size and the other with the deletion.
Nevertheless, the two LTRs for each one of these five
proviruses are highly similar (ranging from 0 to 3
nucleotide differences), suggesting gene conversion
events involving a very short stretch of DNA.

Figure 2 presents the phylogenetic relationships of
these proviruses, based on the alignment of the se-
quences after removing the 3’ LTR (to avoid redun-
dancy) and the CpG dinucleotide positions. Taking
into account the existence of two different amplifi-
cation bursts (Bénit et al. 1999), the tree in Fig. 2
suggests a classification of sequences according to
their integration during the first or the second burst.
Twenty-three sequences constitute a monophyletic



Table 1. Collected full-length proviruses®

183

Accession number 5-end 3'-end Duplicates ORF1 ORF2 LTR differences®
AC091520.6 26829 20434 + + 0
AC055819.8 166778 160383 + + 0
AC004155.1 103780 110175 + + 0
AC020974.4 120253 126648 + + 1
AL596386.5 151103 144703 + + 3
AL603745.3 191019 184587 + - 0
AL603843.2 192416 198811 + + 0
AC079497.1 167278 173673 + + 1
AC084823.10 25535 19140 + + 0
AC079819.27 118703 125147 + - 0
AC079500.1 110133 116565 AC079478.1 + + 0
AC079514.1
AC055772.11 114111 107665 + + 0
AL626784.4 16305 22751 + + 0
AC006404.24 35304 41738 AC006447.21 + + 1
AL135758.32 25054 31451 + + 0
AC022774.5 205205 198769 + + 2
AC087329.7 202583 196176 + + 1
AC073939.4 119937 126317 + - 3
AF110520.1 115910 122379 AC073742.2 + + 0
AL626778.7 26278 32570 + + 1
AL611930.9 34902 41286 - + 0
AC087890.13 19757 26193 + + 0
AL596283.7 32847 39283 + + 0
Y12713.1 1 6471 + 10
AC084416.29 518127 524432 - - 5
AC073436.41 68866 75276 + - 8
AC087183.9a 117245 123727 AC079491.1 + - 5
AC004096.1 39348 26706 AC003996.1 - - 1
AC023518.5 181759 188228 AL596246.4 + + 2
AC025585.3 263 6694 + - 1
AC025667.12 103300 96937 + + 1
AC093348.1 76816 83238 - - 0
AC005855.1 17817 24276 + - 2
ALS512586.9 97057 90587 + - 1
AC093445.3 148735 155209 + - 1
AL606533 7297 13682 + + 2
AC087183.9b 131328 123913 - 27
AC006520.7 13477 19874 - - 23

@ The proviruses are ordered according to the phylogenetic tree in Fig. 2
® Nucleotide differences between the 5 and 3’ LTRs from the same provirus.

clade (although this monophyly is not supported by
the bootstrap analysis) with terminal branches (i.e.,
those extending from a node to a sequence) shorter
than those leading to the remaining 13 sequences
(with the only exception of AC073939). This might be
indicative of different periods of integration for these
two groups of sequences, corresponding to the second
and first burst, respectively.

It is currently accepted that, in general, individual
elements are not subjected to selective constraint after
integration, evolving such as pseudogenes. Based on
this fact, I performed a ML approach to estimate dy/
dg ratios for the combined coding regions under two
different models, in order to test if sequences puta-
tively arisen during the first burst have been spending
more time evolving without selective pressure. The
“one ratio” model assumes that all branches evolve
under similar dy/dg ratios; while the “two ratio”

model assumes one ratio for the lineages leading to
the 13 proviruses putatively inserted during the first
burst, an another ratio for the lineages leading to the
remaining 23 proviruses (Fig. 2). I used two different
tree topologies for model fitting, with similar results
(Table 2). One of them is the unrooted version of the
tree shown in Fig. 2, while the other is that obtained
from the actual alignment used in the ML approach
(i.e., only from coding regions, after removing stop
codons and codons involving gaps). The two topol-
ogies are similar each other, showing the same
monophyletic clade of 23 sequences. Only the details
of the topology are different between the two trees.
Log-likelihood values and dy/dg estimates under the
two ML models using each one of the two tree to-
pologies are presented in Table 2. The “two ratio”
model fits the data significantly better than the “one
ratio” (p <0.001), indicating that the dy/dg ratios are
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Fig. 2. Neighbor-joining tree of the full-length MuERV-L prov-
iruses based on the 5 LTR and internal nucleotide sequences, after
removing CpG dinucleotide positions. The tree is rooted using
sequences AC008783b and AC006520. The value at a particular
node indicates its percentage of appearance in 1000 bootstrap
replicates. Only values above 50% are shown. Branches of same
thickness are assumed to evolve under the same dyn/dg ratio in the
“two-ratio” ML model. Symbols to the right of the names are as
follows: A, sequence presenting the two deletions of 33 and 39 bp
within the ORF1; V, sequence presenting only the first deletion (33
bp) within the ORF1; A, sequence presenting only the second de-
letion (39 bp) within the ORF1; ¥, sequence without any of the two
deletions within the ORF1.

higher within those branches leading to the provi-
ruses tentatively considered as integrated during the
first amplification burst.

Discussion

In the present work, I collected a series of full-length
MuERV-L proviruses integrated within the Mus
musculus genome. Phylogenetic analyses of these
sequences suggest the existence of two groups of
proviral insertions, corresponding to each one of the
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two amplification bursts that took place in Mus
(Bénit et al. 1999, see Introduction). Likelihood ra-
tio tests confirmed that elements putatively arisen
during the first burst have been evolving under
lower selective constrains (higher dy/dg ratios). This
fact strongly indicates that these elements integrated
within the genome earlier, and thus evolved as
pseudogenes for a longer period of time than
members of the second burst. In addition, the LTRs
of the older proviruses are more divergent than
those of the younger ones, have a lower proportion
of intact ORFs, and were recovered in fewer num-
bers from the database (Table 1). The latter finding
is in agreement with Bénit et al. (1999), who showed
that fewer elements belong to the first burst than to
the second one.

Data reported here suggests this evolutionary
history: different MuERV-L proviruses have evolved
under selective constrains during the first burst of
amplification, pointing out the existence of several
rounds of retrotransposition (Table 2). The period
of quiescence following this burst probably resulted
in the accumulation of mutations in the inserted
proviruses, leading to the random inactivation (or
reduced transposition capability) of several of them.
Because of that, when the second amplification burst
started, only one or a few proviruses from the first
burst were active enough to propagate within the
genome. At this moment, intragenomic competition
between different elements might be an important
factor to determine the future success of the provi-
rus (Jordan and McDonald 1998, 1999; Costas and
Naveira 2000). Following this initial propagation,
several proviruses from the progeny have remained
active, probably until present, acting as templates
for new transpositions. This is clearly indicated by a
series of facts, such as the dn/dg estimates (Table 2),
revealing that several elements were not merely
evolving as pseudogene copies since the beginning of
the burst; the existence of two groups of elements
showing identical LTR sequences (Fig. 1),
presence of several pairs of sequences in the phylo-
genetic tree with high bootstrap support; and the
existence of proviruses from this burst sharing
ORF1 of different lengths (Fig. 2). Repetition of a
cycle of amplification bursts and periods of quies-
cence such as this one is expected to lead to a single
lincage of elements over time.

This scheme is quite similar to that reported in the
case of the human endogenous retrovirus HERV-K.
While during long-term evolution (such as during
primate divergence), a single lineage of elements
seems to exist (Medstrand and Mager 1998), several
active lineages of HERV-K proviruses remained
transpositionally active after the human/chimpanzee
split (Costas 2001). Unfortunately, the paucity of
similar data on short-term evolution of different ERV
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Table 2. Results of the ML analyses

ML model dn/dg 1°" burst

dn/ds 2™ burst log-likelihood 7

=X

Tree topology of Fig. 2

One ratio 0.3061

Two ratio 0.3940
Tree topology from actual data

One ratio 0.3029

Two ratio 0.3909

0.3061 -13121.301384
0.2135 —13111.371196 19.86
0.3029 —-13078.110799
0.2094 —13068.010716 20.20

families precludes the generalization of this evolu-
tionary dynamics.

The putative impact of active MuERV-Ls within
the mouse genome nowadays, as well as the factor(s)
responsible for the initial reactivation leading to the
amplification bursts remain to be elucidated. In the
meantime, taking into account the propensity of the
Mus genus to sprout new species outside its geo-
graphic origin whenever migration was possible
(Boursot et al. 1993), it is attractive to imagine that
the geographical spread might be one of the “‘reacti-
vation” factors, in accordance with the hypothesis of
transposable elements awakening following coloni-
zation of different regions by the host species (Vieira
et al. 1999).
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