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Abstract
Sheep, the Jaagsiekte sheep retrovirus (JSRV) and its endogenous forms (enJSRVs) are a good model to study long-time
relationships between retroviruses and their hosts. Taking advantage of 76 whole genome resequencing data of wild and
domestic Ovis, we investigated the evolution of this relationship. An innovative analysis of re-sequencing data allowed
characterizing 462 enJSRVs insertion sites (including 435 newly described insertions) in the Ovis genus. We focused our
study on endogenous copies inserted in the q13 locus of chromosome 6 (6q13). Those copies are known to confer resistance
against exogenous JSRV thanks to alleles bearing a mutation in the gag gene. We characterized (i) the distribution of
protective and non-protective alleles across Ovis species and (ii) the copy number variation of the 6q13 locus. Our results
challenged the previous hypothesis of fixation and amplification of the protective copies in relation with domestication, and
allowed building a new model for the evolution of the 6q13 locus. JSRV would have integrated the 6q13 locus after the
Ovis-Capra divergence (5–11 MYA) and before the Ovis diversification (2.4–5 MYA). The protective mutation in the
enJSRV 6q13 copy appeared shortly after its insertion and was followed by genomic amplifications, after the divergence
between Pachyform lineage on one side and the Argaliform and moufloniform lineages on the other (2.4–5 MYA).
Considering the potential selective advantage of the protective mutation, its fixation in both sheep and its closest wild
relative Ovis orientalis may be due to natural selection before domestication from O. orientalis populations.

Introduction

Retroviruses are viruses that integrate their genome into
their host’s genome during their life cycle. This integra-
tion by horizontal transmission of the viral DNA may
affect either somatic cells (exogenous retrovirus), or the
germline leading then to a vertical transmission (endo-
genous retrovirus, ERV). Such endogenization is a quite
common mechanism, since a large part of mammalian
genomes is composed of retroviral sequences (8–10%
(Mager and Stoye 2015)). These insertions play a major
role in shaping genomes by altering gene structure,

affecting their regulation or increasing genomic instability
(Kaneko-Ishino and Ishino 2012). Some genes with an
ERVs origin also play major physiological roles, espe-
cially during mammalian gestation, allowing fetal in vivo
development (Lavialle et al. 2013). They are transmitted
across generations in a mendelian way, and their loss,
spreading or fixation are ruled by evolutionary forces.
Thus, the evolutionary dynamics of neutral copies of viral
DNA (e.g., no more functional due to mutations or tran-
scriptionally repressed by epigenetic marks) is mainly
driven by genetic drift, while insertions impacting host
fitness are impacted by natural selection. Thus, studying
neutral endogenous retroviruses copies allows to infer the
demographic history of species (Sistiaga-Poveda and Jugo
2014) or populations (Chessa et al. 2009), whereas
studying ERVs that alter the host fitness gives information
about their adaptive histories.

The Jaagsiekte sheep retrovirus (JSRV) is a pathogenic
agent responsible for the Ovine Pulmonary Adenocarci-
noma, a transmissible lung cancer (Griffiths et al. 2010).
Several endogenous JSRV copies (enJSRV) have already
been described in the genome of several species of the
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subfamily Caprinae (Sistiaga-Poveda and Jugo 2014;
Armezzani et al. 2014), demonstrating an old relationship
between JSRV and small ruminants (at least 5–11 million
years ago (MYA) (Hassanin et al. 2012)). The sheep, JSRV
and enJSRV trio has long been used as a case study to
address the complex relationships between retroviruses and
their host, from functional and evolutionary perspectives
(Sistiaga-Poveda and Jugo 2014). The sheep genome hosts
several copies of enJSRV. Many of them remain unchar-
acterized, and twenty-seven have been described up to now
(Armezzani et al. 2014). Among them, at least six have an
insertion polymorphism in sheep populations (Chessa et al.
2009). EnJSRVs play a major role in sheep reproduction.
The mRNA of the env enJSRV gene (coding for the
envelope protein of the exogenous virus, which has a cell
fusion inducing function) is required for the trophectoderm
formation during gestation, and may play a role in the
immunosuppression responsive of materno-fetal tolerance
(Dunlap et al. 2006; Varela et al. 2009).

Besides this, two loci, enJSRV-20 and enJS56A1,
interfere with the exogenous JSRV during host con-
tamination. Both endogenous copies have alleles with an
arginine (R) to tryptophan (W) mutation in the gag gene,
encoding for a transdominant protein that interfere with the
exogenous protein during the late step of viral replication
(Arnaud et al. 2007). As a consequence, R/W gag mutant
copies (R/W) have a protective effect against exogenous
JSRV infection. These two copies are located in close
proximity at the q13 locus on chromosome 6 (6q13)
(Armezzani et al. 2011). The history of the 6q13 locus
seems closely related to the evolution of the Ovis genus and
two hypotheses emerge form previous works. According to
the first hypothesis, two JSRV insertions would have
occurred at 6q13 (Arnaud et al. 2007), after the Ovis-Capra
divergence (i.e., 5–11 MYA, (Hassanin et al. 2012)), but
before the divergence between the two main Ovis lineages
separating the Pachyceriform group (i.e., O. nivicola
Eschscholtz 1829, O. dali Nelson 1884 and O. Canadensis
Shaw 1804) from the Moufloniform (O.vignei Blyth 1841,
O. orientalis Gmelin 1774 and O. aries L. 1758) and

Argaliform (O. ammon L. 1758) groups, 2.4–5 MYA
(Rezaei et al. 2010). Under this hypothesis, the R/W
mutation would have appeared in both enJSRVs copies
(enJSRV-20 and enJS56A1) either independently or by
gene conversion. Alternatively, the second hypothesis relies
on the high sequence similarity between enJSRV-20 and
enJS56A1, and present enJSRV-20 as the result of a
recombination between enJS56A1 and another enJSRV,
after an R/W gag mutation on enJS56A1 (Armezzani et al.
2014).

While enJS56A1 is described in all Ovis species, its
protective allele is exclusive of the Moufloniform and
Argaliform species and is described as fixed only in
domestic animals (Arnaud et al. 2007). The distribution of
enJSRV-20 across taxa is less clear. The insertion of
enJSRV-20 is described as fixed in O. aries and O. orien-
talis, polymorph in O. ammon and O. canadensis and
absent in O. dali and O. nivicola (no data available for O.
vignei) (Armezzani et al. 2011). Moreover, it has a pro-
tective allele in O. aries, O. orientalis and O. ammon, which
is fixed in O.aries and O.orientalis musimon Pallas 1762
(Arnaud et al. 2007; Armezzani et al. 2011).

The fixation of the protective alleles of both enJSRV-20
and enJS56A1 in domestic animals, has been hypothesized
to be related to domestication, putatively due to promiscuity
resulting from management in herds (Arnaud et al. 2007;
Armezzani et al. 2011, 2014). Moreover, the 6q13 region
carrying the protective enJSRV allele is duplicated several
times, especially in domestic sheep (Armezzani et al. 2011).
Because of the selective advantage of the R/W enJSRV
allele, this increased number of copies could lead to an
enhanced resistance via a dose effect. However, there is still
no clear demonstration of the selective role of domestication
on the fixation and duplication of the protective alleles. In
this context, our study aimed at testing this hypothesis by
assessing the link between the domestication status and the
presence of protective alleles, taking advantage of the
whole-genome sequencing of an unprecedented sampling of
wild and domestic Ovis.

Table 1 Summary of individual
sequences used in this study,
clustered by species and
populations

Species Population No. of individuals Sequencing method Accession

O. aries Iran 19 Pair-end PRJEB3138

Maroc 20 Pair-end PRJEB3137

World panel 17 Pair-end PRJNA160933

O. orientalis 11 Pair-end PRJEB3139

1 Mate-pair PRJEB3141

O. vignei 4 Pair-end PRJEB5463

O. canadensis 3 Pair-end PRJNA160933

O. dali 2 Pair-end PRJNA160933

Data are available at http://projects.ensembl.org/nextgen.
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Materials and methods

Data sources

The references used were the genome assemblies of sheep
(build Oar_v4.0 - GenBank assembly accession:
GCA_000298735.2), goat (build Chir_2.0 - GenBank
assembly accession: GCA_000317765.2), and JSRV
(RefSeq assembly accession: GCF_000850005.1), as well
as the 3′ and 5′ flanking sequences of enJS56A1 (F.
Arnaud, personal communication, see supplementary
information). The genomes of 76 individuals from five Ovis
species were retrieved from the ENA archive (accession
numbers in Supplementary table 1). Two O. dali, and three
O. Canadensis individuals represented the Pachyform
lineage while four O. vignei, eleven O. orientalis and forty-
six O. aries represented the Argaliform and Moufloniform
groups. Ovis orientalis individuals represented current Ira-
nian populations from the domestication centre, while sheep
were representative of several populations and breeds
(Alberto et al. 2018, see Table 1).

Scan for enJSRV insertions

Reads from all animals were pooled and aligned on the
JSRV reference genome with BWA mem algorithm
(defaults parameters, Li and Durbin 2009, mapping profile
on JSRV is presented in Supplementary Figure 1).
Unmapped reads whose mate aligned with the highest
mapping quality (60) on the JSRV genome were aligned
on the sheep reference genome OAR-v4.0. We considered
as insertion sites the regions of the sheep genome where
reads aligned with high mapping quality (60) and a cov-
erage exceeding 5×. To avoid multiple detections of the
same insertion, regions distant by <10 kb were considered
to be related to the same insertion. Based on these regions
and the aligned reads, we built a presence/absence table
for the 76 studied individuals. We only kept for further
analyses the sites detected independently in at least two
individuals.

Validation of the enJSRV insertion scan procedure

We applied several strategies to validate the enJSRV
insertion scan procedure.

(i) We tested our ability to detect previously described
polymorphic enJSRVs insertion site (Chessa et al. 2009).
We identified insertion sites in the OAR-v3.1 reference
genome by performing in silico amplifications with isPCR
(Kuhn et al. 2012) (two mismatches authorized, 10 kb Max
product size, primer sequences in supplementary table 2).
We obtained corresponding sequences in OAR-v4.0 by
alignment (BLASTn search, defaults parameters) (Camacho

et al. 2009). After exploration of OAR-v3.1 for insertion
sites of seven polymorphic enJSRVs (enJSRV-6, -7, -8, -15,
-16, -18 and enJS5F16), we could localize five of them in
OAR-v3.1 with a precise equivalent on OAR-V4.0 (i.e.,
enJSRV-6, -8, -16, -18 and enJS5F16 (supplementary table
2)). Thereafter, our insertion scan procedure detected all
these enJSRVs but EnJSRV-8. This result is consistent with
the distribution of this rare insertion found in Northern
Europe (Chessa et al. 2009), a geographic area which was
not covered by our sampling.

(ii) We map reads identified as enJSRVs reads on all
known betaretroviruses present in Genbank, and found no
match except with ENTV, close relative of JSRV, with no
known endogenous copy in sheep (supplementary table 3).

(iii) We aligned JSRV genome against the reference Ovis
genome (OAR_v4) using BLASTn software (Camacho
et al. 2009). We identified 126 alignments longer than
100 bp. Clustering regions within 10 kb windows allowed
identifying 68 enJSRVs insertions sites in the sheep refer-
ence genome. This order of magnitude is consistent with
our estimation of 69–109 insertions per individual (see
“global enJSRV survey” section below).

6q13 locus identification

We identified the 6q13 coordinates on the sheep and goat
genomes by BLASTn alignments (with defaults parameters)
of the 5′ and 3′ flanking enJSRV-20 sequences (372 and
342 bp long, respectively, F. Arnaud, personal commu-
nication), on the OAR-v4.0 and Chir_2.0 references,
respectively.

Copy number estimation in the 6q13 region

The fragments constituting the library (Table 1) for
paired-end sequencing were too short to allow mate-pairs
to anchor both on the 6q13 region and on the enJSRV
mutation site (see Supplementary Figure 2). Indeed, the
mean fragment size ranged from 170 to 330 bp, while the
R/W mutation was at 642 bp from the 5′ end of the JSRV
sequence. Thus it was not possible to obtain direct evi-
dence that a copy inserted in 6q13 region carried the
protective mutation. We implemented an indirect strategy
relying on the estimation for each individual of: (i) the
number of inserted enJSRV copies at the 6q13 locus and
(ii) the number of enJSRV copies carrying the R/W
mutation. The insertion site at 6q13 was reconstructed by
merging the 5′ and 3′ flanking sequences of enJSRV-20
with the JSRV sequence. we aligned reads from all indi-
viduals independently on this reconstructed sequence
using the BWA mem algorithm (defaults parameters) (Li
and Durbin 2009). Reads with a mapping quality lower
than 60 were discarded.
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(i) The number of inserted copies at the 6q13 locus
(i.e., #enJSRV6q13) was estimated by counting read pairs
with one read aligned on either the 5′ or the 3′ flanking
sequence and its mate aligned on the JSRV sequence. This
estimate was normalized to allow the comparison between
individuals, and because of a possible bias due to the
library construction or coverage. For this purpose, 100
contiguous pairs of 350 bp windows (i.e., the size of the 5′
and 3′ flanking sequences) were randomly selected in the
genome. For each pair of windows, read pairs with one
read correctly aligned (quality equal to 60) in each win-
dow were counted. The normalization consisted in
dividing #enJSRV6q13 by the median number of reads
correctly mapped on the 100 randomly selected pairs of
windows.

(ii) For each individual, the number of copies carrying
the R/W mutation was estimated by dividing the number of
reads carrying the protective mutation (i.e., reads aligning
perfectly to the JSRV genome but with a A at position 642
on the JSRV reference genome) by the mean whole genome
coverage on OAR-v4.0.

Both estimations allowed assessing the correlation
between the number of copies inserted in the 6q13 region
and the number of copies carrying the mutation.

The number of contiguous 5′ end 3′ flanking sequences
in the 6q13 region (i.e., showing no enJSRV insertion) was
estimated by the number of pairs with one read aligned on
the 5′ end of the sequence and its mate aligned on 3′ end,
corrected with the same procedure as (i).

Analyses, statistical tests and graphs were made using R
(Ihaka and Gentleman 1996).

Results

Global enJSRV survey

Among the 76 individuals from 5 Ovis species (including
56 O. aries), a total of 462 JSRV insertion sites distributed
over all chromosomes (supplementary Figure 3, supple-
mentary Table 4) were detected in at least two individuals
(Fig. 1), with a median number of 90 insertions per indi-
vidual (ranging from 69 to 109). Only 14 on the 462
insertions were found in all individuals of all species. There
was a clear specific pattern of enJSRVs presence–absence
(Fig. 1) with a significantly higher number of ERVs inser-
tions in O. aries than in O. orientalis (medians of 93.5 and
85, respectively, t test, p-value: 0.048).

Study of the 6q13 locus

A BLASTn (Altschul et al. 1990) search for the sequences
flanking the 5′ and 3′ ends of the enJS56A1 insertions
allowed positioning the 6q13 region on the sheep and goat
reference genomes. In goat, the insertion site was present
three times on chromosome 6 (best hit between 6,129,894
and 6,130,613 bp) with no evidence for enJSRV insertion in
any of the three duplications. In sheep, the 5′ and 3′
flanking sequences were present once in the contig
UnplacedScaffold_004085138.1, between 10,443 and
10,819 bp, and 1 and 342 bp for the 3′ and 5′ flanking
sequences, respectively. Interestingly, this insertion site was
detected in all studied individuals with a coverage higher
than that of all other insertion sites (quantile 95 of 25.56×
when the median quantile 95 was 2.3× for all sites (Fig. 1)).

Fig. 1 enJSRV presence (blue) absence (grey) heatmap. Individuals
(lines) are ordered in species (Oa Ovis aries, Oo Ovis orientalis, Ov
Ovis vignei, Oc Ovis canadensis, Od Ovis dalli) and enJSRV (col-
umns) are ordered based on their relative binary distance. Only

enJSRVs present in at least two individuals were kept. Layered barplot
represent quantile 95 of coverage in insertion window. Red arrow
indicates 6q13 insertion site

190 Tristan Cumer et al.



Because of the short size of the library inserts, we could
not get direct evidence for the location of gag coding
sequences (see supplementary Figure 2), we needed indirect
information to infer the occurrence of R/W mutations at the
6q13 locus. We observed a strong correlation between the
normalized number of inserted copies at 6q13 and the
normalized number of putative enJSRV gag copies carrying
the R/W mutation at the whole genome scale (Fig. 2a).
Moreover, we found a week correlation between the number
of enJSRV inserted at 6q13 and the number of enJSRV
inserted elsewhere in the genome (Fig. 2b). Likewise, there
were a week correlation between the proportions of reads
supporting the R/W mutation and the number of enJSRV
inserted across the whole genome (Fig. 2c). These findings
strongly support the hypothesis that enJSRV copies carry-
ing the R/W mutation are inserted within the 6q13 locus,
even if we cannot exclude the occurrence of this mutation at
a low frequency elsewhere in another enJSRV copy.

Moreover, mate-pair data obtained for one sheep showed
five paired reads with one read mapping on the sequence
flanking the 3′ or 5′ side of the insertion and the other
carrying the protective mutation. This confirmed the pre-
sence of the protective mutation at the 6q13 locus (Sup-
plementary table 5).

Within the 6q13 locus, the average number of enJSRV
copies widely varied from 1 to 22 according to the species.
North American species (O. Canadensis and O. dali) hosted
between 1 and 4 (R) copies, while domestic sheep and
Eurasian wild species (O. aries, O. orientalis and O. vignei)
all had a highly variable number of protective (W) copies
(i.e., between 2 and 30) (Fig. 2a). There were no significant
difference between sheep (O. aries) and its closest wild
relative (O. orientalis) for neither the number of insertions
nor the number of protective copies. Conversely, in O.
vignei, the number of insertions carrying R/W was lower
than the number of inserted copies.

Fig. 2 Pairwise comparison of the number enJSRV-6q13, the total
number of enJSRV in the genome and the number of R/W mutations.
Relationship between the number of enJSRV in 6q13 region and the
number of enJSRV R/W mutants in the genome (a), between the

number of enJSRV in 6q13 region and the number of enJSRV in the
genome (b) and between the number of enJSRV in the genome and the
proportion of R/W sequences in the genome (c)
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Because our data did not allowed differentiating
enJSRV-20 and enJS56A1, we denote here both types of
copies as enJSRV-6q13. The different Ovis species had
different mean ratios between the number of protective
copies and the number of enJSRV-6q13. For Ovis vignei,
this ratio was 0.78, indicating a higher number of enJSRV-
6q13 copies than protective mutations. O. orientalis and O.
aries had ratios of 1.15 and 1.45, respectively, indicating a
higher number of protective mutation than the number of
enJSRV inserted within 6q13 region.

Interestingly, at the 6q13 locus the number of insertion
sites without enJSRV was approximately twice the number
of enJSRV in all species (Supplementary Figure 4). Despite
the low number of American Ovis studied, we observed a
clear difference between American and Eurasian species
(Fig. 2a). American species (O. dali and O. canadensis) had
a lower number of enJSRV-6q13 copies (harbouring or not
the protective mutation) and a limited number of insertion
sites without enJSRV, while Eurasian species (O. vignei, O.
orientalis and O. aries) hosted a high number of mutated
copies with an equivalent number of enJSRV inserted at
6q13 and twice more insertion sites without enJSRV.

Discussion

Methodological issues

The whole genome survey method described here is a
reliable and simple strategy to detect mobile element
insertions sites using paired-end data, inspired from the
method developed by Keane et al. 2013. Nevertheless, this
strategy encountered some limits, as the fragments con-
stituting the library and the paired-end reads were too short
to reconstruct the whole enJSRVs sequences. This limita-
tion implies that we were not able to specify if each inser-
tion corresponded to a full enJSRV, to a more or less
degraded enJSRV sequence (as described in Arnaud et al.
2007), or to a solo LTR. Reconstructing the whole enJSRVs
sequences was not the goal of our study, but would be
mandatory to further characterize the impact of each
insertion, or to date insertions by comparing mutations
between 5′ and 3′ LTR sequences. This later question could
be addressed using long read sequencing (with reads
spanning several kb). However, information from our whole
genome survey could be useful as a basis for future works
on whole-genome characterization of enJSRV copies. Our
method increased the number of enJSRVs insertion sites
described from 27 (Arnaud et al. 2007) to 462. It also
allowed overcoming limitations of other methods pre-
viously used. While the FISH method, traditionally used to
detect and locate enJSRVs, only gives a rough insertion
positioning at chromosomal scale (Carlson et al. 2003;

Armezzani et al. 2011), whole genome surveys gave access
to insertion site sequence with a much better resolution
(100 bp compared to 10 kbp). Also, PCR based detections
that were used to detect insertion polymorphism (Sistiaga-
Poveda and Jugo 2014) are known to depend on the con-
servation of primer-biding sites among species, and may
generate false polymorphism (e.g., false or null alleles
(Pompanon et al. 2005)). In our approach, the length of the
reads, the size of the fragments in the library and the
sequencing depth increased the probability of alignment at
insertion sites and consequently the detection power.

Endogenisation of JSRVs

Previous works already described a long-time interaction
between the subfamily Caprinae and JSRV retroviruses,
with enJSRVs shared by Ovis and Capra species (Arnaud
et al. 2007; Sistiaga-Poveda and Jugo 2014). Among the
462 enJSRVs described in this work, 32 were present in all
Ovis species among which 14 were present in all indivi-
duals. The fact that some enJSRVs insertions were present
in all but a few individuals may reflect false-negative calls,
which can be explained by heterogenous sequence cov-
erages sometimes resulting in the absence of reads mapping
on an insertion site in an individual. If this may be an issue
for studying the fine scale distribution of enJSRV within
individuals and populations, the current resolution allowed
a clear characterization of species-specific patterns of
enJSRVs insertions. Our results confirm that the first
endogenisation of JSRV occured before the diversification
of the Ovis genus more than 2.4 MYA (Rezaei et al. 2010).
The occurrence of differential insertions among species
highlights the fact that the endogenisation of JSRV
accompanied the evolution of all Ovis species and is still
active. The higher number of enJSRVs in sheep (O. aries)
compared to wild species (and especially their closest wild
relatives O. orientalis) may reflect the release of a purifying
selection in domestic, and/or an increased exposure to
exogenous JSRV with domestication related to the proxi-
mity between animals as the result of management in large
herds.

History of the 6q13 region

The 6q13 region and its enJSRVs copies (i.e., enJSRV-20
and enJS56A1 here named enJSRV-6q13) played a special
role in the evolution of the JSRV and sheep relationships. A
protective mutation affecting these copies encodes for a
transdominant protein that interfere with the exogenous
protein during the late replication step, and is responsible
for a genetic resistance against the exogenous JSRV
(Armezzani et al. 2014). Our results allowed retracing the
evolutionary history of this region.
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We located the 6q13 region in an unplaced contig (i.e.,
UnplacedScaffold_004085138.1) of the sheep genome
(Oar_v4.0), and showed that all Ovis individuals presented at
least one endogenous JSRV in this region. In goat, we found
no evidence for provirus insertion at this locus, as the 5′ and
3′ flanking sequences of enJS56A1 were contiguous. More-
over, these insertion sites were part of a 15 kb region repeated
in tandem at least three times. In Ovis, the number of insertion
sites without enJSRV was approximately twice the number of
enJSRV in all species (Supplementary Figure 4). Thus, this
triplication observed in sheep goats would have occurred
before the Ovis-Capra divergence (5–11 MYA).

Taken together, these results confirmed that the insertion
of JSRV in the 6q13 region occurred after the Ovis-Capra
divergence (5–11 MYA) but before the diversification of
the Ovis genus (2.4 MYA) (Rezaei et al. 2010). We detected
the protective arginine to tryptophan (R/W) mutation pre-
viously reported in enJSRV-6q13 (Armezzani et al. 2014) in
all individuals from the Eurasian species we analysed (O.
aries, O. oritenalis and O. vignei). It was also detected in an
O. canadensis. Even if we cannot exclude a sequencing
error, as this observation is only supported by one single
read, the hypothesis of a rare tryptophan mutant in the
Bighorn sheep is likely, given the low number of studied
individuals. In any case, the wide spread of the protective
allele in all Eurasian species and its possible presence in the
American species date the protective mutation during or
soon after the separation between those two lineages
(Rezaei et al. 2010). Studying more genomes from Ovis
ammon, Ovis nivicola and the American species would
allow dating this mutation more precisely.

Interestingly, we detected a genomic amplification within
the 6q13 region, and found that the number of enJSRV-
6q13 was correlated to the number of protective mutations
(Fig. 2a). The most parsimonious scenario explaining those
observations is the occurrence of the R/W mutation in the
common ancestor of all Eurasian species, followed by
genomic amplifications of the 6q13 region, between 1.26
and 2.42 MYA (Rezaei et al. 2010).

The distribution of the number of the protective allele per
indivdual was similar between sheep (O. aries) and their
closest wild relatives (O. orientalis), but was lower in O.
vignei (Fig. 2a). This highlight the fact that contrary to O.
orientalis and O. aries, some enJSRV-6q13 in O. vignei did
not carry the protective mutation. This indicates a fixation
of the protective copy in O. orientalis after the divergence
with O. vignei (1.26 MYA) but before sheep domestication
(10 KYA). Besides, the ratio between the number of pro-
tective mutations and the number of enJSRV-6q13 was
higher than 1 in O. orientalis and O. aries. This suggests the
occurrence of more R/W copies than enJSRV-6q13. This
could be explained by considering that enJSRV-20 (which
exact sequence remains uncharacterized) would be a

recombination between enJS56A1 and an other enJSRV
(Armezzani et al. 2014), allowing two protective mutations
per enJSRV-20 insertion. A strong selection for an increase
of the number of protective copies after the separation
between O. vignei and the other Eurasian species would
induce both the fixation of the protective allele and the
spread of enJSRV-20 in the O. orientalis lineage.

A previous publication suggest that the protective allele
(carrying the R/W mutation) was fixed in the period sur-
rounding domestication (Arnaud et al. 2007). A more recent
work hypothesized that the genomic amplification impact-
ing the 6q13 region was specific to domestic sheep
(Armezzani et al. 2011), and that the fixation of the pro-
tective allele was a consequence of selection related to the
domestication process (Armezzani et al. 2011, 2014). In our
study, sheep (Ovis aries) and their closest wild relatives
(Ovis orientalis) host a similar number of protective
enJSRV-6q13, which greatly varies among individuals.
There was no distinction between wild and domestic ani-
mals, challenging the hypothesis of an impact of domes-
tication on this locus. Indeed, even if we cannot state if
amplified enJSRV-6q13 are copies of enJS56A1, enJSRV-
20 or any other provirus sharing the same 3′ sequence, the
most parsimonious scenario implies that the polymorphism
observed in domestics reflects that of the wild group, and
was captured during domestication about 10 KYA.

Caprinae and JSRV are engaged in a long-term rela-
tionship. As demonstrated by old and shared enJSRVs
insertions sites among Ovis, this relationship was engaged
before the Caprinae speciation (5–11 MYA). One of these
old enJSRV integrated the 6q13 locus in Ovis genomes after
the Ovis-Capra divergence (5–11 MYA, Rezaei et al.
(2010)) and before the Ovis diversification (2.4–5 MYA,
Rezaei et al. (2010)). This relation took a new turn when the
protective mutation, conferring resistance against exogen-
ous JSRV occurred shortly after its insertion in Ovis on the
6q13-inserted enJSRVs. This mutation was followed by
genomic amplifications, after the divergence between
Pachyform lineage on one side and the Argaliform and
moufloniform lineages on the other (2.4–5 MYA, Rezaei
et al. (2010)). Considering the selective advantage of the
protective mutation, natural selection may account for the
widespread amplification of this locus in all Moufloniform
and Argaliform species. Genomic amplification is well
known as being a mechanism involved in various types of
resistance, for example against nematode in cattle (Hou
et al. 2012) or chemical insecticides in mosquitoes (Faucon
et al. 2015). If resistance against JSRV infection rely on a
dose-effect of enJSRV-6q13 env expression (Viginier et al.
2012), then an increase in the number of copies would
increase individual fitness and would be selected. Finally,
the recent discovery of enJSRV-26, which is able to escape
enJSRV-6q13 resistance in the Texel breed, (Armezzani
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et al. 2011) and may be a step of the “arm race” between
sheep and JSRV.

Data archiving

Sequences used in this work are available at: http://projects.
ensembl.org/nextgen.
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