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We have previously identified in the human genome a family of 200 endogenous retrovirus-like elements, the
HERV-L elements, disclosing similarities with the foamy retroviruses and which might be the evolutionary
intermediate between classical intracellular retrotransposons and infectious retroviruses. Southern blot anal-
ysis of a large series of mammalian genomic DNAs shows that HERV-L-related elements—so-called ERV-L—
are present among all placental mammals, suggesting that ERV-L elements were already present at least 70
million years ago. Most species exhibit a low copy number of ERV-L elements (from 10 to 30), while simians
(not prosimians) and mice (not rats) have been subjected to bursts resulting in increases in the number of
copies up to 200. The burst of copy number in primates can be dated to shortly after the prosimian and simian
branchpoint, 45 to 65 million years ago, whereas murine species have been subjected to two much more recent
bursts (less than 10 million years ago), occurring after the Mus/Rattus split. We have amplified and sequenced
360-bp ERV-L internal fragments of the highly conserved pol gene from a series of 22 mammalian species.
These sequences exhibit high percentages of identity (57 to 99%) with the murine fully coding MuERV-L
element. Phylogenetic analyses allowed the establishment of a plausible evolutionary scheme for ERV-L
elements, which accounts for the high level of sequence conservation and the widespread dispersion among
mammals.

Eucaryotic genomes, from humans to yeast, contain several
families of reiterated sequences displaying homology to retro-
viruses. These elements, named long terminal repeat (LTR)
retrotransposons, are provirus-like structures bordered by two
LTRs that contain two (and in some cases three) of the ca-
nonical retroviral genes, i.e., the gag and pol (and possibly env)
genes. In humans, these elements have been named HERVs
(for human endogenous retroviruses), and several families of
such elements have been characterized (reviewed in references
18, 29, and 32). These include the HERV-K family recently
demonstrated to encode the virus-like particles observed by
electron microscopy in human germ line tumors and a super-
antigen possibly involved in autoimmune type I diabetes (9,
17). The absence of a clearly identifiable env gene in some of
these elements (for instance in the yeast Ty1 and the Drosoph-
ila copia elements), as well as phylogenetic analysis of the
highly conserved reverse transcriptase (RT)-containing pol
genes, leads to the suggestion that some of these elements
might actually be the progenitors of the modern-day retrovi-
ruses, whereas other elements would be the trace of old infec-
tions (25, 27, 33).

An interesting outcome of a systematic search of expressed
retrovirus-like sequences in the human placenta was the dis-
covery of a new family of moderately reiterated elements,
named HERV-L, present in the human genome in 200 copies
and disclosing similarities with the foamy retroviruses within
their pol genes (10). No env domain could be identified within
HERV-L, therefore suggesting that this element corresponds

to an ancestral sequence, i.e., a retrotransposon. Interestingly,
HERV-L-like sequences, so-called ERV-Ls, were also found
in other mammalian species, although in general at a much
lower copy number, suggesting that ERV-Ls were present be-
fore the mammalian radiation. An exception was found in
mice, in which a large copy number of related sequences was
also detected by a zoo blot analysis. Consistent with the recent
amplification of some elements within the mouse branch, a
complete proviral sequence containing fully coding gag and pol
genes but no env gene has previously been isolated (2). This
MuERV-L element was .70% identical to the HERV-L se-
quence (Fig. 1), and its gag coding sequence was found to be
related to the recently cloned Fv1 resistance gene that codes
for resistance to infection by leukemogenic retroviruses in
some mouse strains (4).

To more precisely date the primate and murine ERV-L
element bursts and the possible relationships between these
elements and those in other mammals, we have now analyzed
the copy number of ERV-L elements within primate and mu-
rine species and the nucleotide sequence of a central domain
of the pol gene in several mammalian species. This extensive
analysis allows the establishment of a plausible evolutionary
scheme for these retrovirus-like endogenous elements, which
would account for their high-level sequence conservation and
widespread dispersion among mammals.

MATERIALS AND METHODS

DNA origin. All DNAs were extracted from solid tissues, with the exception of
the Mus dunni DNA which was extracted from fibroblasts, by standard proce-
dures (24). Tissues from mouse laboratory strains were obtained from the animal
care facility at the Institut Gustave Roussy. Feral rodent and simian tissues were
provided by François Catzeflis (Institut des Sciences de l’Evolution, Montpellier,
France) or given as DNA by François Bonhomme and Annie Orth (Conserva-
toire Génétique de Souris Sauvages [Wild Mouse Repository], UPR 9060, Uni-
versité de Montpellier 2, Montpellier, France) or Jean-Louis Guénet (Institut
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Pasteur, Unité de Génétique des Mammifères, Paris, France). Human DNA was
extracted from peripheral blood leukocytes from healthy donors. Chimpanzee
DNA was extracted from peripheral blood leukocytes from healthy animals
provided by Françoise Barré-Sinoussi (Institut Pasteur). Rhesus macaque (Ma-
caca cynomolgus) DNA was prepared from tissue donated by Guy Germain
(INRA, Jouy en Josas, France). DNAs from domestic animals were gifts from the
Institut National de la Recherche Agronomique and Labogena (both in Jouy en
Josas, France). Kangaroo (Macropus giganteus giganteus) DNA was a gift from
Alexis Lecu (Zoological Institute, Vincennes, Paris, France).

Southern and slot blots. DNA (5 mg) of each species was digested with EcoRI,
fractionated on a 0.8% agarose gel, and transferred to Hybond N1 membranes
(Amersham) in 103 SSC buffer (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate). Membranes were subsequently hybridized with a 360-bp PCR product
from an HERV-L pol gene that had been radioactively labeled with [32P]dCTP
by a random priming reaction (10). One-twentieth of each digest was also loaded
on Hybond N1 membranes with a slot blot apparatus (Hoefer). These blots were
first probed with a radioactively labeled 2-kb PvuII cloned fragment of the FIM3
human region. This probe detects unique sequences with the same signal inten-
sity in genomic DNA from all mammals (13a, 20) and thus acts as an internal
standard to quantify DNA and allow the comparison of genomes, regardless of
their sizes. Subsequently the membranes were hybridized with a 355- to 360-bp
pol fragment amplified from either the human cloned element (HERV-L), the
mouse cloned element (MuERV-L), or an asian rat sequence (Niviventer fulve-
scens clone 4, rat Nf4). Murine and rat DNAs were also hybridized with an
MuERV-L LTR probe (HincII-KpnI 480-bp fragment). Copy numbers of pol and
LTRs were determined by comparison with hybridizations to serial dilutions of
the fragments used as probes and quantitation with a Storm 840 phosphorimager
(Molecular Dynamics). Southern and slot blot hybridizations were performed at
65°C under standard conditions (7), and washes were performed in 0.53 SSC–
0.1% sodium dodecyl sulfate at 65°C.

PCR and sequencing. PCR was performed on 1 mg of genomic DNA under
standard conditions with 1 U of Taq (Amersham) for 40 cycles (65°C for 1 min
30 s, 72°C for 1 min 40 s, and 93°C for 1 min 15 s), preceded by 3 cycles at a lower
annealing temperature (55°C). For rabbit DNA, annealing temperatures were 60
and 50°C, respectively. The oligonucleotides used, derived from the HERV-L
cloned element, were Foam51 (59 ACTCTCGAGAAGAYAGATGGATCT
TGG 39) and Foam39 (59 CAGGATCCAAYCAGCMTAMTGTC 39), where Y
stands for T or C and M stands for C or G. PCR products (about 360 bp) were
cloned into the pGEM-T vector (Promega) and sequenced with an Applied
Biosystems model 373A automated sequencer according to the manufacturer’s
instructions (Applied Biosystems-Perkin Elmer).

Phylogenetic analysis. Multiple alignment was performed with the CLUSTAL
W program (28) and refined with the editor program ED of the MUST package
(21). Gaps introduced for optimal alignment were considered as missing data for
the phylogenetic analysis. Phylogenetic trees were based on the analysis of
nucleotide sequences with maximum likelihood (ML), maximum parsimony
(MP) and distance-based methods with the programs NUCML (1), version 2.3,
PAUP (26), version 3.1, and neighbor joining (NJ) (23) in the MUST package
(21), version 1.0, respectively. The distances were computed with the substitution
model of Kimura (16). MP trees were obtained by 10 random-addition heuristic
search replicates. Bootstrap values (12) were calculated by analysis of 1,000
replicates for MP and NJ analysis. For ML analysis, only a restricted data set (34
sequences) was analyzed because of computing time limitations. Sequence align-
ments can be obtained from the corresponding author.

Nucleotide sequence accession numbers. Accession no. for all sequences re-
ferred to in the text are in the EMBL data base: X89211, HERV-L; Y12713,
MuERV-L; AJ233590, Mus balb 3; AJ233591, M. balb 5; AJ233592, M. balb 19;
AJ233593, M. balb 20; AJ233594, M. balb 23; AJ233595, M. dunni 1; AJ233596,
M. famulus 1; AJ233597, M. famulus 2; AJ233598, M. famulus 9; AJ233599, rat
Rt1; AJ233600, rat Rt2; AJ233601, rat Rt3; AJ233602, rat Rt4; AJ233603, rat Rt5;
AJ233604, rat Rt7; AJ233605, rat Nf1; AJ233606, rat Nf2; AJ233607, rat Nf3;
AJ233608, rat Nf4; AJ233609, rat Nf5; AJ233610, rat Nf6; AJ233611, gerbil Gn2;
AJ233612, gerbil Gn3; AJ233613, gerbil Gn7; AJ233614, gerbil Tg1; AJ233615,
gerbil Tg5; AJ233616, gerbil Tg6; AJ233617, gerbil Tg9; AJ233618, vole Cg4;

AJ233619, vole Cg7; AJ233620, vole Cg10; AJ233621, vole Cg14; AJ233622, vole
Mn1; AJ233623, vole Mn3; AJ233624, vole Mn5; AJ233625, rabbit1; AJ233626,
rabbit2; AJ233627, rabbit4; AJ233628, human1; AJ233629, human2; AJ233630,
human4; AJ233631, human5; AJ233632, human6; AJ233633, New World mon-
key (NWM) As2; AJ233634, NWM As3; AJ233635, NWM As5; AJ233636, NWM
As7; AJ233637, NWM As9; AJ233638, NWM Sm1; AJ233639, NWM Sm2;
AJ233640, NWM Sm3; AJ233641, NWM Sm4; AJ233642, NWM Sm5;
AJ233643, NWM Sm6; AJ233644, lemur Cm4; AJ233645, lemur Cm8; AJ233646,
lemur Mm1; AJ233647, lemur Mm2; AJ233648, lemur Mm3; AJ233649, lemur
Mm7; AJ233650, horse1; AJ233651, horse11; AJ233652, horse14; AJ233653,
horse 21; AJ233654, horse24; AJ233655, horse26; AJ233656, horse27; AJ233657,
donkey1; AJ233658, donkey2; AJ233659, donkey4; AJ233660, donkey6;
AJ233661, pig1; AJ233662, cow1; AJ233663, cow2; AJ233664, cat1; AJ233665,
dog1; AJ233666, dog2; AJ233667, dog3; AJ233668, dog5; AJ233669, dog6;
AJ233670, M. saxicola 1; AJ233671, M. saxicola 3; AJ233672, M. famulus 7;
AJ233673, human3; AJ233674, NWM As1.

RESULTS

ERV-L elements: conservation within placental mammals
with amplification in simians and mice. As illustrated in Fig. 2,
a Southern blot analysis of DNA from a series of animal
species with an HERV-L probe in the pol gene shows a dual
pattern: all mammals tested display a limited number of hy-
bridizing bands, and a limited number of species (e.g., simians
[lanes 1 to 4] and mice [lanes 13 to 17]) disclose a much higher
hybridization intensity. A similar pattern is observed upon
rehybridization of this zoo blot with a probe corresponding to
the murine homolog of HERV-L (MuERV-L 360-bp pol
probe; data not shown), therefore suggesting that the varia-
tions in intensity and number of bands reflect an intrinsic
difference in the number of copies. More distantly related
vertebrates such as birds (chicken) and fish (salmon), as well as
a nonplacental mammal (kangaroo), were negative in this
Southern blot analysis as well as in a PCR analysis with oligo-
nucleotides derived from the HERV-L pol sequence (Fig. 2;
data not shown). The occurrence of hybridizing bands in six
different mammalian orders tested (primates, Rodentia, Car-
nivora, Lagomorpha, Perissodactyla, and Artiodactyla) there-
fore strongly suggests that ERV-L sequences are derived from
an ancestral genomic element, which was most probably
present at a low copy number before the radiation of mam-
mals. A striking feature of the natural distribution of the
ERV-L sequences within (placental) mammals is the occur-
rence of amplifications from a limited number of copies (10 to
30) to at least 100 to 200 copies, both within the primate and
the murine branches. A detailed analysis of these events has
therefore been performed to date both of them and to deter-
mine, by sequence comparison, how these sequences have
emerged.

Characterization of the simian and murine bursts. Slot blot
analysis of the genomes of simian and prosimian species for the
copy number of ERV-L sequences, with an HERV-L pol probe
and as an internal standard a probe for the FIM3 gene (which

FIG. 1. Schematic representation and comparison of HERV-L (6,591 bp) and MuERV-L (6,471 bp) cloned elements. The positions of the oligonucleotides (see
Materials and Methods) used to amplify a 360-bp fragment of the highly conserved reverse transcriptase (RT) gene are indicated.
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discloses identical signals in all mammals; see Materials and
Methods), showed that amplification of the ERV-L sequences
within the primate branch is a very ancient event (Fig. 3A).
Lack of amplification is observed only in the lemurian species,
which possess 25 to 50 copies/genome, and a major burst
(.100 copies) most probably took place before the separation
of the Old and New World monkey branches, between 45 and
65 million years (MYrs) ago. Additional and more limited
bursts could have occurred in some branches, resulting in ap-
proximately 200 copies in hominoids (Fig. 3A).

Amplification of the ERV-L sequences in the mouse branch
has evidently occurred recently, as no amplification can be
observed within rats (Fig. 2), the rodents most closely related
to mice and which diverged from them only 10 to 12 MYrs ago
(6). Moreover, the Southern blot of the murine DNAs shows a
very intense 2.3-kb signal, which is consistent with a rather
homogenous family of sequences and a recent amplification
event (conversely, the absence of a single band in the primates
cannot be taken as a sign of heterogeneity and might simply
result from the absence of the appropriate restriction sites
within the proviral sequence). Analysis of the number of
ERV-L copies in several mice and rat species (Fig. 3B) was
performed by slot blot analysis, as for the primate species, with
an MuERV-L and a rat (Niviventer fulvescens clone 4, rat Nf4)
ERV-L probe from the pol gene (360-bp probe; see Materials
and Methods). The murine and rat probes yielded similar
results (within 10%), and data from the mouse probe are given
in Fig. 3B. Mice from the subgenus Mus (sensu stricto) all
exhibit a high copy number (approximately 140 copies) with
the exception of Mus musculus musculus (81 6 12 copies) and
the Asian M. caroli and M. cookii species (44 6 5 and 40 6 7

copies, respectively). A moderate copy number is also found in
the three other subgenera of the Mus genus (sensu lato), i.e.,
Pyromys, Coelomys, and Nannomys, with the exception of M.
(Coelomys) pahari, which possess 105 6 18 ERV-L copies. For
the Rattus genus, the number of ERV-L copies is about 25, a
low copy number like that observed for most other mammals.
Comparison of these data with the consensus phylogeny of the
Murinae (Fig. 3B) leads to the simple proposal that two suc-
cessive bursts must have occurred, resulting in, respectively, 25
and 100 newly generated copies, which can be dated at about
4 to 10 MYrs for the first one and less than 2 MYrs for the
second (referred to as “mice1” and “mice2” bursts, respec-
tively, hereafter). The independent additional burst detected in
the M. (Coelomys) pahari strain (see above) as well as in M.
dunni mice—which are Asian mice of the subgenus Mus (117 6
9 copies [data not shown], as measured in this unique case
from long-term cultured fibroblasts and not from animals)—
would also attest to a potentially active inherited ERV-L ele-
ment present in most—if not all—mouse branches. No specific
additional increase in ERV-L copy number could be detected
among laboratory mice.

Rehybridization of the murine slot blots with an LTR probe
from MuERV-L (Fig. 3B) gave similar results for the dating of
the different bursts (including the third independent burst ob-
served in M. [Coelomys] pahari), but with LTR copy numbers
approximately 10 times higher than those observed with the pol
probe. This higher copy number most probably corresponds to
the existence of “solo LTRs,” which are commonly observed
with most retrotransposons and are generated through homol-
ogous recombination between LTRs upon transposon excision.
It is also noteworthy that for the M. musculus musculus mice,

FIG. 2. Southern blot analysis of HERV-L pol-related sequences in various vertebrates. EcoRI-digested DNAs were hybridized with a 360-bp HERV-L pol
fragment. Species of samples are as follows: lane 1, Homo sapiens (hominoid); lane 2, Pan troglodytes (hominoid); lane 3, Macaca cynomolgus (Old World monkey);
lane 4, Alouatta seniculus (New World monkey); lane 5, Microcebus murinus (prosimian); lane 6, Cheirogaleus medius (prosimian); lane 7, Felis cattus (cat); lane 8, Canis
familiaris (dog); lane 9, Oryctolagus cuniculus (rabbit); lane 10, Bos taurus (cow); lane 11, Sus scrofa domesticus (pig); lane 12, Equus caballus (horse); lane 13, C57BL/6
mouse (laboratory strain); lane 14, Mus musculus domesticus (Northern African and Near Eastern house mouse); lane 15, M. (Pyromys) saxicola (southeast Asian
mouse); lane 16, M. (Coelomys) famulus (southeast Asian mouse); lane 17, Mus (Nannomys) minutoı̈de (African pygmy mouse); lane 18, N. fulvescens (Asian rat); lane
19, Rattus tanezumi (Asian rat); lane 20, Microcus nivalis (meadow vole); lane 21, Clethrionomys glareolus (bank vole); lane 22, Oncorhynchus sp. (salmon); and lane
23, Gallus domesticus (chicken). Numbers to the left are molecular size markers (in kilobase).
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the LTR copy number observed is similar to that obtained for
the other mice of the M. musculus group, while the pol copy
number was clearly lower (i.e., 81 6 12 [Fig. 3B], data obtained
from the inbred M. musculus musculus PWK strain and con-
firmed with two other inbred M. musculus musculus strains,
i.e., MPB and MBS; data not shown), possibly indicating that
the rate of homologous recombination is not the same in all
strains. In any case, these results strongly suggest that the total
number of ERV-L copies that have been integrated into the
mouse and rat genomes throughout evolution should be much
higher than the number detected at the present time. A search
of GenBank also revealed solo HERV-L LTRs in the human
genome (data not shown).

Sequence analysis of ERV-L elements. To get further insight
into the history of ERV-L elements, which were identified
according to their abilities to hybridize to the MuERV-L or
HERV-L probe, PCR amplification of a 360-bp domain cen-

tered in the pol gene, i.e., within the most conserved domain of
retroid elements (11, 33), was performed under moderately
stringent amplification conditions (see Materials and Meth-
ods). Fragments could be amplified for all placental mammals
tested (6 orders and 22 species), ranging from 317 to 366 bp.
Up to 12 different clones of amplified pol fragments were
sequenced for each species.

Among the 202 sequences obtained only two sequences were
unrelated to pol genes. In several cases, within given species,
several sequences were very similar or identical to each other
(most probably corresponding to the same genomic copy), and
only in those cases where similarity was less than 98% within a
given species were clones considered independent and re-
tained for the sequence analysis below. A total of 87 sequences,
representing one to six sequences per species, was then re-
tained for sequence comparison (Fig. 4). An important out-
come of this comparison is that all sequences display a high

FIG. 3. (A) Copy number determination of ERV-L elements (pol probe) in primates. The arrow indicates the major primate burst (.100 copies). Cm, Cheirogaleus
medius; Mm, Microcebus murinus; As, Alovatta seniculus; Sm, Saguinus midas; Mc, Macaca cynomolgus; Pt, Pan troglodytes; Hs, Homo sapiens. (B) Copy number
determination of ERV-L elements (pol probe) and ERV-L LTRs (LTR probe) for feral and laboratory mice as well as for two Asian rats. Arrows indicate the proposed
dating of the two major bursts and the burst observed in M. pahari (3). Phylogenetic links were established by Sage et al. (22) and Boursot et al. (5). All data are
expressed as means 6 standard errors of the means (n 5 3). n.d., not determined.
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percentage of identity to MuERV-L, even for distantly related
species, ranging from 57% (one cow and one dog sequence) to
99% (average, 76% 6 8%), whereas all of them were only
about 40% similar to sequences from other families of retro-
viral elements. These results are compatible with the presence
of a rather homogenous family of ERV-L-related elements
within placental mammals, as already suggested from the hy-
bridization data. Among all sequences, coding sequences were
found only in humans (two sequences) and mice (five se-
quences among four species including mice from the mice1 and
mice2 groups; see above), i.e., within species where bursts have
occurred. Mouse sequences make clusters with the highest
percentages of identity (.90%), but a few sequences, in both
the mice1 and mice2 groups, have reduced identity (but still in
the range of ERV-L sequences from species without bursts)
and could possibly correspond to sequences not resulting from
the bursts. Sequences from other species exhibit more dis-
persed values (with the exception of the simian sequences),
with lower averages of identity, the highest ones being ob-
served for rats, as expected for a species closely related to
mice. To further characterize these ERV-L sequences, a phy-
logenetic analysis was therefore performed.

Phylogenetic analysis of ERV-L sequences. Phylogenetic
trees with the above-mentioned 87 ERV-L sequences were
constructed by using either the MP or NJ method, with support
for individual branches investigated by bootstrap analysis (see
Materials and Methods). One of the most parsimonious trees,
obtained by the MP method with 1,000 bootstrap replicates, is
shown in Fig. 5. Bootstrap values for the nodes are indicated
when larger than 20%, together with the values obtained with
the NJ method. We checked that the overall organization of
the tree is conserved with the ML method, which is less sen-
sitive to the variation of evolution rates (14) but which could be
used only on a reduced sample (34 representative sequences
selected) because of computing time limitations. The major
feature recovered by all methods is that sequences from spe-
cies subjected to bursts (i.e., simians and mice) each belong to
well-defined and separated groups. As illustrated in Fig. 5, all
mouse ERV-L sequences belong to a distinct rodent mono-

phyletic group, including species without bursts (rats, voles,
and gerbils). Within this rodent group, most mouse sequences
are clustered and display rather short branches, indicating a
low mutation rate. As expected, the shortest mouse branches
are those for coding sequences (M. saxicola 1, M. balb 5, M.
famulus 2, M. dunni 1, and MuERV-L; black circles), corre-
sponding to those with the highest percentage of identity to
MuERV-L in Fig. 4, while the other noncoding sequences
display longer branches. This group of clustered sequences
most probably corresponds to sequences with bursts that have
emerged from a common ancestral progenitor. Other mouse
sequences (M. famulus 7, M. balb 23, and M. saxicola 3; black
rectangles) corresponding to those exhibiting the lowest per-
centages of identity to MuERV-L in Fig. 4 are distributed
throughout the rodent group and exhibit longer branches.
These sequences might derive from ERV-L elements already
present before the mouse bursts and not associated with it. As
for the rodent sequences, the phylogenetic analyses consis-
tently associate the simian sequences within a monophyletic
group, whereas the prosimian sequences, which have not been
subjected to the simian burst, are excluded from this group.
One interesting exception among simian sequences is the New
World monkey As2 sequence (black triangles), which falls out-
side the simian group and might correspond, as proposed for
some mouse sequences, to an ancestral sequence not subjected
to the simian burst. The other simian sequences, clustered in
the simian group, display relatively long branches, as expected
for sequences derived from an old burst (.45 MYrs, according
to the analysis in the previous section). Among them, only
“human2” and “human6,” which display relatively shorter
branches, are coding ones, consistent with a similar observa-
tion for the mouse sequences.

Finally, for the other mammalian sequences, the phyloge-
netic analyses display a rather poorly defined organization. For
instance, the five dog sequences are dispersed among mamma-
lian sequences, and the two cow sequences are neither close to
one another nor to the single type of sequence that was iden-
tified in pigs, as one would expect for elements derived from
the same Artiodactyla branch. In addition, several branches

FIG. 4. Percentages of identity between 87 ERV-L mammal sequences and MuERV-L. mice2 and mice1 refer to mice subjected to 2 bursts or 1 burst, respectively.
Other mammals includes cows, pigs, cats, dogs, donkeys, horses, and rabbits. Black circles indicate entirely coding sequences. The average value for each group is
indicated by a horizontal line.
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are not very well supported statistically (bootstrap values,
,50%) and are rather long. However, a few sequences still
exhibit very high percentages of identity (they are joined by
short branches): for instance, the donkey2 and horse14 (99%
identity) or the donkey4, donkey1, and horse11 (96 and 99%
identity) sequences. Such sequences, found in closely related
species, might be inherited from a common ancestor and
would correspond to so-called orthologous sequences. Or-
thologous sequences can also be observed among the primate
and rodent sequences, with for instance lemur Mm3 and lemur
Cm4 (90% identity) or rat Nf1 and rat Rt4 (95%), and within
the high-copy-number simian group, the simian New World
monkeys As3 and Sm4 (97%).

DISCUSSION

ERV-L sequences are widespread and ancient. By Southern
and slot blot analyses of DNAs from a series of mammals, as
well as by partial sequencing of a pol domain that is highly
conserved among retroid elements, we have shown that
ERV-L retrovirus-like sequences are present at a low copy
number among all mammals tested, including six different or-
ders (primates, Rodentia, Carnivora, Lagomorpha, Perissodac-
tyla, and Artiodactyla), with high sequence conservation. The
occurrence of ERV-L sequences within all mammals tested
strongly suggests that these sequences predate the placental-
mammalian radiation (70 MYrs ago), most probably deriving
from one or a few common progenitor(s). A recent search for
retroviral elements within a large series of vertebrates further
provides evidence for possible progenitors of spumaviruses and
ERV-L-like elements in nonmammalian branches, i.e., in birds
and amphibians (15). Actually, such elements still display 46 to
51% identity to MuERV-L (they were not sorted out under the
rather stringent PCR and Southern blot hybridization condi-
tions used in our investigation of salmon and chicken DNAs).
Altogether, these data strongly suggest that ERV-L elements
could be very ancient occupants in living species, as also shown,
although not strongly documented for mammals, for the hu-
man HERV-I elements (15, 19).

ERV-L elements remained active through mammalian evo-
lution. We have shown that major amplifications in copy num-
ber of ERV-Ls have occurred in the course of evolution of
mammals, namely, in the simian and mouse branches, thus
demonstrating that some ERV-L sequences must have re-
mained active for a long period of mammalian evolution. The
strong conservation among sequences from the simian and
mouse bursts further strongly suggests that the functional se-
quences involved in the generation of these bursts are very
closely related. In addition, the mouse sequences are more
closely related to the rat sequences than to the simian se-
quences with bursts. This strongly suggests that the mouse
bursts originated from a rodent-inherited sequence, rather
than from a horizontally transferred active simian element.
Although the horizontal transmission of retroviral elements
has been described, for instance, in the case of an endogenous
type C retrovirus transferred from Mus cervicolor to primates
(3) or the endogenous baboon BaEV retroviral element trans-
ferred between primate species (30), bursts of transposition,
associated with the transcriptional activation of genomic ele-
ments, are common features of transposable elements, result-
ing in large increases in genomic copy number (31). The trans-
position of resident ERV-L copies is also consistent with the
nature of these elements: indeed, the two cloned and entirely
sequenced ERV-L elements, HERV-L and MuERV-L, both
lack an envelope gene, and it is therefore likely that elements
of the ERV-L family are not infectious (lack of an env gene is

FIG. 5. Phylogenetic tree of 87 ERV-L elements. BALB/c (laboratory
strain), Mus balb; Rattus tanezumi, rat Rt; Niviventer fulvescens, rat Nf; Clethri-
onomys glareolus, vole Cg; Microtus nivalis, vole Mn; Tatera gambiana, gerbil Tg;
Gerbillus nigeriae, gerbil Gn. Clone numbers are indicated. HERV-L and MuERV-L
correspond to the cloned human and BALB/c mouse elements, respectively (2, 10).
This tree comprises 87 taxa and is 3,663 steps long, with a consistency index of 0.323
and a retention index of 0.484. Bootstrap proportions are indicated when greater
than 20% with the values for the MP and NJ methods above and below the
nodes, respectively. Bar, 20 substitutions. Rodents and primate monophyletic
groups are boxed. Black circles indicate coding sequences, and triangles indicate
candidate burst-unrelated sequences among mouse and simian sequences.
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also consistent with ERV-L elements being ancient, primitive
retrotransposons; see the introduction). Although horizontal
transfers have been reported even for class II (non-RT) trans-
posons, which are unambiguously not infectious, such as the P
and Mariner elements in Drosophila (8), recent phylogenetic
analyses of endogenous retrovirus-like elements in vertebrates
(15) suggest that interspecies transfers should not be so fre-
quent in the course of evolution.

ERV-L sequence conservation via transposition. One rather
striking feature of our results is the observation of a high level
of sequence conservation among ERV-L elements. It is gen-
erally admitted that such sequence conservation is a common
feature of functional genes, whereas noncoding sequences as
well as pseudogenes diverge more rapidly, due to the lack of
any selection pressure. The status of retrovirus-like elements,
and more generally of transposable elements, is rather unique,
as they can be considered neither classical genes nor pseudo-
genes. Transposons are most probably not necessary for their
hosts, as their copy number is extremely variable among spe-
cies and, for a given family of elements, can even be null.
Conversely, their maintenance in a functional state over mil-
lions of years and the high level of sequence conservation
among elements from distantly related species, as shown in the
present investigation, are characteristic features of classical
genes. High-level sequence conservation among transposable
elements is in general interpreted in terms of horizontal trans-
mission. According to this scheme the occurrence of almost
identical elements among distantly related species is simply
accounted for, and the interpretation is further supported by
examples where a given element is present within some species
and absent from others, independently of the expected phylo-
genetic relationships between these species. In case of the
ERV-L elements, which were found in all mammalian species
tested, such an interpretation is not likely, not only for species
where bursts had occurred (see above) but also for species with
a low copy number. Rather, a scheme in which sequence con-
servation is the unnecessary consequence of the transpositional
activity of the transposable element itself (which requires both
transcription activity and coding capacity), independent of any
possible selective pressure imposed by the host, appears more
plausible and would account for the data. According to this
scheme, a functional sequence present in an ancestor of mam-
malian species would survive only if active, simply by generat-
ing a sufficiently high number of copies, so that despite the fact
that such elements are submitted to genetic drift, as any pseu-
dogene-like sequence, and also to elimination through trans-
poson excision, there still remain functional copies of the
founder element. Evidence for the transpositional activity of
ERV-L elements is provided by the occurrence of bursts in
both the primate and mouse branches, which resulted in large
increases in ERV-L copy numbers. In fact, the transpositional
activity should be even more intense than suspected from the
simple assay for pol-containing elements. We found an almost
10-fold excess of LTR-hybridizing elements within both hu-
mans and mice, most likely corresponding to solo LTRs gen-
erated by the excision of proviruses via homologous LTR re-
combination. A similar excess was also observed in rats, i.e., for
a species without a burst. The continuous replacement of ex-
cised transposable elements by newly transposed copies from
functional ERV-L elements would then simply account for the
high level of sequence conservation as observed for genes.
Conversely, one can expect that the lack of transpositional
activity, for instance, because of transcriptional silencing,
would result in the elimination of functional copies of the
element within a given species. In this respect, it is possible that
some mammalian branches, in which we could not detect any

transposition burst nor sequences with strong identity with
functional ERV-L sequences, are dead ends for ERV-L ele-
ments. Interestingly, the high level of sequence conservation
among ERV-L elements is reminiscent of the homogenization
process observed in several multigene families, including pseu-
dogene families, which has been termed concerted evolution
(13). This phenomenon has been interpreted as resulting from
the partial or total exchange of a sequence between copies by
gene conversion or unequal crossing over (that is, concerted
evolution sensu stricto) or alternatively from the net result of
turnover mechanisms, implying some kind of equilibrium be-
tween the insertion of new copies and the removal of older
ones. In the case of the GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) pseudogene family, it was indeed shown that
pseudogenes do not evolve independently but are subjected to
homogenization and that pseudogene evolution is driven in the
long term by the active founder gene (13). Such dual effects,
i.e., passive homogenization between pseudogenes and active
homogenization driven by the founder gene—via the genera-
tion of new pseudogenes and elimination of others—would
also fit for a transposable element, with the only—but funda-
mental—difference that the founder gene would not be, in the
case of transposons, a gene submitted to selective pressure for
its maintenance in the genome, but simply one—or a few—
copies that were active when they entered the host organism.

In conclusion, the present investigation has provided evi-
dence that some ERV-L elements have entered genomes be-
fore the mammalian radiation and that they have maintained
at least some copies of the element in a functional state, most
probably by the simple virtue of their capacity to replicate and
generate multiple safety copies within the host genomes, so
that these otherwise dispensable genetic elements have es-
caped genetic drift and elimination.
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