Verneret et al. Mobile DNA (2025) 16:4 MObI |e DNA
https://doi.org/10.1186/s13100-024-00337-6

: : ®
A genome-wide study of ruminants G

uncovers two endogenous retrovirus families
recently active in goats
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Abstract

Background Endogenous retroviruses (ERV) are traces of ancestral retroviral germline infections that constitute a sig-
nificant portion of mammalian genomes and are classified as LTR-retrotransposons. The exploration of their dynam-
ics and evolutionary history in ruminants remains limited, highlighting the need for a comprehensive and thorough
investigation of the ERV landscape in the genomes of cattle, sheep and goat.

Results Through a de novo bioinformatic analysis, we characterized 24 Class | and Il ERV families across four reference
assemblies of domestic and wild sheep and goats, and one assembly of cattle. Among these families, 13 are repre-
sented by consensus sequences identified in the five analyzed species, while eight are exclusive to small ruminants
and three to cattle. The similarity-based approach used to search for the presence of these families in other ruminant
species revealed multiple endogenization events over the last 40 million years and distinct evolutionary dynamics
among species. The ERV annotation resulted in a high-resolution dataset of 100,534 ERV insertions across the five
genomes, representing between 0.5 and 1% of their genomes. Solo-LTRs account for 83.2% of the annotated inser-
tions demonstrating that most of the ERVs are relics of past events. Two Class Il families showed higher abundance
and copy conservation in small ruminants. One of them is closely related to circulating exogenous retroviruses

and is represented by 22 copies sharing identical LTRs and 12 with complete coding capacities in the domestic goat.

Conclusions Our results suggest the presence of two ERV families with recent transpositional activity in ruminant
genomes, particularly in the domestic goat, illustrating distinct evolutionary dynamics among the analyzed species.
This work highlights the ongoing influence of ERVs on genomic landscapes and call for further investigation of their
evolutionary trajectories in these genomes.
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Background

Endogenous retroviruses (ERVs) are remnants of ancient
retroviral germline infections that have become perma-
nently integrated into the host genome and are transmit-
ted vertically to subsequent generations the same way as
the host genes [1-3]. These ERVs make up a large pro-
portion of mammalian genomes, representing 8% and
10% of the human [4, 5] and mouse genomes respectively
[6]. The genomic structure of ERVs consists of four ret-
roviral genes —gag, pro, pol, and env— which encode
respectively the group-specific antigens, the protease, the
polymerase and the envelope proteins, flanked in 5" and
3’ by long terminal repeats (LTRs) [7]. They are consid-
ered as LTR-retrotransposons and can be classified into
three groups according to the transposable element’s
classification [8, 9]. ERV-1, ERV-K or ERV-L, or Class I, II
or IIT according to the retroviral taxonomy [7], reflecting
their evolutionary relationship with the exogenous Gam-
maretrovirus, Betaretrovirus genera and Spumaretroviri-
nae subfamily respectively.

Once integrated into the host genome, most ERV inser-
tions become non-functional due to the accumulation
of mutations. In some cases, recombination between
the two LTRs leads to the formation of solo-LTR inser-
tions [10-12]. However, some ERV insertions have
retained their coding capacity allowing them to poten-
tially remain active, either through transposition or by
reinfecting other cells [13, 14]. Some ERVs have been
co-opted by their hosts and play crucial biological roles
[2]. For example, the syncytin gene, derived from retro-
viral envelope proteins, has been independently captured
in several mammalian species and is essential for placen-
tation [15, 16]. In addition, ERV-derived LTRs can serve
as regulatory elements, influencing host gene expression
[17] while dysregulated ERV activity can lead to genome
instability, contributing to diseases such as cancer [18—
20], neurodegenerative disorders [21, 22], and autoim-
mune diseases [23-25].

ERVs have been extensively studied in humans [26], but
their exploration in livestock species remains relatively
understudied. Small ruminants like sheep and goats [27,
28], along with koalas [29, 30] and a few other vertebrate
hosts [31, 32], provide a unique paradigm of coexist-
ence between endogenous retroviruses and their exog-
enous counterparts. In small ruminants, the exogenous
Jaagsiekte Sheep Retrovirus (JSRV) and Enzootic Nasal
Tumor Virus (ENTV), responsible for respiratory cancers
[33-35], are closely related to an ERV family previously
named endogenous Jaagsiekte Sheep Retrovirus (enJSRV)
[36]. Collectively, it has been shown that these ERVs have
evolved over millions of years in the sheep, contributing
to reproductive physiology [28, 37] and potentially pro-
tecting their host against exogenous retroviral infection
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[38-40], although the extent of this protection in vivo
still remains unclear [41]. Other studies have shown that
enJSRYV insertions can have phenotypic effects [42] and
are also highly polymorphic in sheep populations [43],
but far less is known about their presence in goats. The
global ERV landscape of small ruminants remains poorly
documented [44—46], and no comprehensive comparison
between cattle, sheep, and goats has been undertaken.

In this study, we aim to explore the unique model of
small ruminants alongside cattle to uncover the full ERV
repertoire in these genomes and provide new insights
into their past and present evolutionary history.

Methods
Mining of ERV consensus sequences

1) De novo ERV identification

ERVs were characterized in five ruminant species: cat-
tle (Bos taurus), domestic sheep (Ovis aries), wild sheep
(Ovis orientalis), domestic goat (Capra hircus), and wild
goat (Capra aegagrus). These five species were specifi-
cally selected because of the high quality of their assem-
blies available at the chromosome level and serving as
reference genomes in their respective species. Each
assembly was retrieved from the Genbank database
(accession numbers in Supplementary Material 11 - Tab.
S1) and ERV consensus sequences were identified using
RepeatModeler (version 2.0.3) [47] with default param-
eters (see the complete workflow in the Supplementary
Fig. S1A).

2) Manual curation of the consensus sequences (Sup-
plementary Fig. S1B)
a) Filtering steps

The raw consensus sequences identified by RepeatMod-
eler, were filtered out with an approach inspired from
Goubert et al. [48]. Briefly, only sequences classified as
ERV were conserved. The ones ranging from 1 to 15 kb
were considered as potential internal parts (INT) with
the retroviral genes and those smaller than 1 kb as long
terminal repeats (LTRs). According to the 80-80-80
rule [8], sequences longer than 80 bp that share more
than 80% identity over 80% of their sequences belong to
the same family. To reduce redundancy, INT and LTR
sequences were clustered separately using CD-HIT [49].
When sequences had more than 80% of sequence iden-
tity, only one representative sequence was kept for each
cluster. The retroviral genes (gag, pro/pol, and env) were
annotated within each INT consensus sequence using
BLASTx [50] against a subset of the Dfam database (ver-
sion 3.7) [51], that we named ‘dfam_retro; obtained using
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the keywords “gag’;, “pro’, “pol’, “env”. To minimize false
positives, only INT consensus sequences with at least
one hit on a retroviral gene from “dfam_retro” were con-
served. The different reading frames were also identified
using ORFFinder (https://www.ncbi.nlm.nih.gov/orffi
nder/) [52].

b) INT and LTR consensus re-association

To re-associate the INT and LTR consensus sequences,
the filtered INT and LTR consensus sequences were used
as a custom library in RepeatMasker (version 4.1.5) [53]
to identify hits corresponding to ERV copies in the five
assemblies. Copies were reconstructed when INT and
LTR hits were located within 500 bp from each other.
Consensus sequences representing less than 10 putative
copies were removed and the association between INT
and LTR consensus sequences was established when they
were connected in at least 10 copies.

c) Research of missing consensus sequences within spe-
cies

Internal consensus parts not associated with any LTR
consensus sequence were verified by examining the cor-
responding annotated copies. The position of these
copies was extended by 5 kb on both the 5 and 3’ sides
and extracted from the genome using BEDTools (ver-
sion 2.30.0) [54]. A multiple sequence alignment of the
extended copies was performed using MAFFT (version
7.490) [55] and visualized using Geneious Prime 2023.0.2
(https://www.geneious.com). The start and the end of the
copies were determined by identifying blocks of homol-
ogy and the flanking sequences were manually cropped.
The presence of flanking LTRs was determined using self
dot-plot. When LTR sequences were identified, LTR con-
sensus sequences were reconstructed using all the LTR
sequences from the copies.

d) Research of missing consensus sequences between
species

The consensus sequences of the five analyzed spe-
cies were aligned using MAFFT [55] followed by phy-
logenetic analysis using Maximum Likelihood (ML)
statistical method in IQ-TREE (version 1.5.3) [56, 57]. If
a consensus was present in all the species but one, the
corresponding sequence was searched in the raw trans-
posable element library of the missing species. If no
similar sequence was found, the absence of ERV inser-
tion was confirmed using BLASTn [50] with default
parameters using the consensus of the other species as
query sequences. In cases where at least 10 copies were
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identified with more than 80% identity covering 80% of
the consensus length, these were extracted from the
assembly using BEDTools [54] and aligned using MAFFT
[55] to reconstruct the missing consensus sequences.

3) Classification of the consensus sequences

The characterized consensus sequences were aligned with
retroviral sequences from Genbank including gammaret-
roviruses such as Gibbon Ape Leukemia Virus (GaLV:
NC_001885.3), Koala Retrovirus (KoRV: NC_039228.1),
Murine Leukemia Virus (MuLV: NC_001501.1), Feline
Leukemia Virus (FeLV: AF052723.1), as well as betaret-
roviruses with Mouse Mammary Tumor Virus (MMTYV:
NC_001503.1), Enzootic Nasal Tumor Virus Type 1 and
2 (ENTV1: NC_007015.1 and ENTV2: NC_004994.2),
Jaagsiekte Sheep Retrovirus (JSRV: AF105220.1). Endoge-
nous retrovirus sequences including human endogenous
retroviruses from group E, K and L (HERV-E: M10976.1,
HERV-K: M14123.1, HERV-L: X89211.1), feline endog-
enous retrovirus (enFeLV: AY364318.1), murine endog-
enous retrovirus (MuERV-L: Y12713.1), and cattle and
sheep ERV reference consensus from Repbase (version
29.01) [58] were also included. The references available
in Repbase for Capra aegagrus were not included as they
contain only LTR sequences and no retroviral genes.
Alignment was performed using MAFFT [55] followed
by phylogenetic analysis using Maximum Likelihood
(ML) statistical method in IQ-TREE (version 1.5.3) [56,
57] with 10,000 ultrafast bootstrap replicates [59]. Phylo-
genetic trees were visualized using the online version of
the Interactive Tree Of Life (iTOL, https://itol.embl.de)
[60]. Finally, each ERV family was categorized as Class I
or Class II ERVs based on the closest exogenous retrovi-
ruses respectively gamma or betaretroviruses. The names
of the ERV families were chosen according to their classi-
fication as Class I or II, together with an arbitrary attrib-
uted number. The final library of consensus sequences for
each species is available as supplementary data (Supple-
mentary Material 12 to 16).

ERV annotation in reference assemblies

The characterized consensus sequences were used as a
custom library to annotate the ovine, caprine and bovine
reference assemblies using RepeatMasker (version 4.1.5)
[53]. Hits that shared at least 80% of sequence identity
with the corresponding consensus sequence and were
longer than 80 bp were conserved [8]. Features originat-
ing from the same family and located closer than 500 bp
for solo-LTRs and 7 kb for other copies were merged to
reconstruct the different ERV insertions. The complete
annotation of the five selected assemblies and the number
of insertions per family are available as supplementary
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data (Supplementary Material 17 to 21 and Supplemen-
tary Material 11 - Tab. S3). The ERV genome fraction was
computed as the proportion of bases in the genome cov-
ered by all the detected ERV insertions (ERV number of
bases / total genome length X 100).

ERV insertion comparative analysis
1) Sequence divergence from consensus

Each copy was aligned to its consensus sequence using
MAFFT [55] and a divergence score was calculated using
the Kimura-2-parameter model (K80) with the ape pack-
age in R (version 4.2.3) [61, 62]. In cases where an inser-
tion had multiple hits on different subfamilies or LTR
consensus sequences, the one with the lowest divergence
score was assigned. The metadata associated with the
insertions are provided as supplementary data (Supple-
mentary Material 22 to 26 ).

2) LTR comparison

The 5" and 3’ LTR sequences were extracted from each
ERV insertion and aligned pairwise using MAFFT [55] to
estimate their sequence divergence.

3) Open reading frame annotation

The retroviral open reading frames (ORFs) in the ERV
insertions were annotated using orfipy [63]. Only ORFs
starting with an ATG codon and having a minimum
length of 300 bp were conserved for gag and env. For
pro and pol, as they are produced by frameshifts, ORFs
with any sense codon longer than 300 bp were retained.
Each ORF was translated into a protein sequence and
aligned against the “dfam_retro” database (see above)
using BLASTp [50]. Insertions with intact (ie.>80% of
the expected length) gag, pro/pol and env ORFs were des-
ignated as full-length copies potentially capable of rein-
fecting other cells. Those lacking only the env ORF were
considered as copies capable of retrotransposition (Sup-
plementary Material 11 - Tab. S3).

4) Detection of syntenic insertions sites

A comparative analysis of the families II-3 and II-5
insertion sites in the four small ruminant reference
assemblies was performed. For each ERV insertion,
excluding solo-LTRs, 5 kb flanking sequences on each
side were extracted. ERV insertions at the edge of a chro-
mosome or scaffold, resulting in at least one of the flank-
ing sequences being shorter than 100 bp were excluded
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from the analysis. To identify the corresponding posi-
tions of each insertion in the other species, the flanking
sequences were aligned to the other assemblies using
Minimap2 (version 2.26) [64]. If the 5’ and 3’ flanking
sequences matched in the same genomic region (within
a 50 kb interval), and if the interval between them cor-
responded to an annotated ERV of the same family, the
insertion site was considered to be syntenic between the
species.

ERV detection in other ruminant assemblies

The presence of each ERV family was assessed in 20
additional ruminant species (Supplementary Material
11 - Tab. S1). In addition to the references, several assem-
blies from C. hircus (n=4) and O. aries (n=23) from dif-
ferent breeds were analyzed (Supplementary Material 11
- Tab. S1). The search was performed using BLASTn [50]
with default parameters. The hits were filtered using the
same criteria as for the reference assembly annotation to
respect the 80—80-80 rule [8].

Statistical analyses

The statistical tests presented in the study were carried
out with R (version 4.2.3) [62] using the chisq.test and
ks.test functions from the “stats” package (version 4.2.3)
and the Wilcoxon test with the compare_means function
from the “ggpubr” package (version 0.6.0).

Results

Small ruminant species share the same ERV families
Currently, limited information is available on endog-
enous retrovirus (ERV) families in small ruminants, and
databases lack consensus sequences for these species. In
this study, we describe a total of 24 ERV families present
in four reference assemblies of domestic and wild sheep
and goats, as well as one domestic cattle assembly (Fig. 1,
Supplementary Material 11 - Tab. S1). Among them, 14
were classified as Class I and 10 as Class II ERVs accord-
ing to their relationship with exogenous retroviruses. We
used a threshold of at least one conserved protein domain
and a minimum of 10 copies to consider a consensus as a
valid representative of an ERV family. This may explain
why no Class III sequences have been detected; they may
be present but as relics. Comparing the different species,
consensus sequences from 13 families appeared to be
shared by the four small ruminants and the cattle species.
On the other hand, while three were exclusive to cattle
(families II-1, I1I-4, II-8), consensus sequences of eight
families were only reconstructed in small ruminants
(families I-6, 1-10, I-14, II-3, II-5, 1I-6, II-7, 1I-9). How-
ever, none of the families appeared to be specific to either
one small ruminant species or genus.
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Fig. 1 ERV families in ruminant reference genomes. Maximum Likelihood phylogenetic tree reconstructed from the alignment of the consensus
sequences (without LTRs) generated from the domestic and wild sheep and goat as well as cattle reference assemblies. Publicly available sequences
of exogenous and endogenous retroviruses are indicated by their acronyms: GalV, Gibbon Ape Leukemia Virus; KoRV, Koala Retrovirus; MuLV,
Murine Leukemia Virus; FelV, Feline Leukemia Virus; MMVT, Mouse Mammary Tumor Virus; ENTV1 and 2, Enzootic Nasal Tumor Virus Type 1 and 2;
JSRV, Jaagsiekte Sheep Retrovirus; HERV, Human endogenous retrovirus; enFelV, Feline endogenous retrovirus; MUERV-L, murine endogenous
retrovirus. Sheep and cattle Repbase ERV references are represented in italic. The ERV family’s names include their classification in Class | or Il

along with an arbitrary attributed number and are indicated next to each consensus sequence cluster

Although sheep and goats overall shared the same ERV  explained by the identification of multiple consensus
families, the number of consensus sequences differed sequences for families I-6 (Fig. 1). On the other hand,
between these small ruminant species. This variation is  although all the consensus sequences harbor retroviral
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Fig. 2 ERV family integration events across ruminant evolution. Each ERV family was detected in both small ruminant and cattle reference
assemblies (highlighted in bold), along with 20 additional ruminant species represented on the tree (see Supplementary Material 11 - Tab. S1
for accession numbers). Red dots, which represent the integration events, were placed before the oldest node including all the species in which
each family was found present. The phylogeny was produced using TimeTree [65] coupled with divergence time from [66, 67]

genes, their completeness is different between species
and ERV families (Supplementary Fig. S8 and S9). For
instance, seven families (I-6, 1-9, I-12, I-13, II-5, I1-6, II-7)
are represented by consensus sequences with intact cod-
ing sequences, whereas the families I-1 and I-5 are rep-
resented by incomplete consensus containing only parts
of retroviral genes. Moreover, some internal consensus
sequences are associated with multiple LTR consensus
sequences, going up to five LTR consensus for family
I-1 in the wild sheep, highlighting the complexity of the
evolutionary history of certain families (Supplementary
Material 11 - Tab. S6).

The consensus sequences generated in this study
were compared with those present in Repbase (Supple-
mentary Fig. S2 and S3). We successfully recovered all
the cattle reference families from Repbase, but we also
discovered eight new bovine families shared with the
small ruminants (families I-1, I-2, I-3, I-4, I-5, I-11, II-2,
I1-10). Notably, all the Class II cattle Repbase consensus
sequences corresponded to families found exclusively in
cattle. For small ruminants, we also identified consensus
corresponding to the Repbase references, except for Ovi-
Ari_1.164 and OviAri_5.2686 and we described 15 addi-
tional small ruminant families. The consensus sequences

identified in this study are characterized by longer retro-
viral genes compared to those in Repbase which includes
an incomplete set of Class I consensus sequences for
domestic sheep and only LTR sequences for wild goats.
Furthermore, we observed redundancy among the Rep-
base consensus sequences, with multiple sequences
related to the same family.

Multiple integration events of ERV families across ruminant
evolution

Considering the diversity of the observed ERV families,
we inferred their approximate integration time during
ruminant evolution. With this objective, we looked for
the presence of these ERV families in 20 other ruminant
species (Fig. 2, Supplementary Material 11 - Tab. S2).
Three families (I-1, I-5, I-7) were identified as the oldest
ones. They were found in all the analyzed species, sug-
gesting that their first integration occurred more than 40
million years (Myr) ago during the Eocene period. The
second oldest families (I-2, I-3, I-4, 1-8, 1-9, I-11, 1-12,
1-13, 1I-10) likely integrated during the Oligocene period,
between 27 and 44 Myr ago. The eight ERV families spe-
cific to the small ruminants emerged from multiple inte-
gration events since the divergence from the Bovidae
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species. Six families (I-6, I-10, 1-14, II-3, II-6, II-7, II-9)
were found in both Antilopinae and Caprinae species
with four of them (I-6, I-10, II-3, II-9) also identified in
the impala, suggesting an initial integration between 17
and 18 Myr ago. In contrast, families I-14 and II-7 were
not present in the impala, but family I-14 was identified
in Cervidae, suggesting an integration time of 14—17 Myr
ago for family II-7 and between 24 and 27 Myr ago for
family I-14. Only family II-5 was exclusively found in
Caprinae species, suggesting an integration between 6
and 11 Myr ago. Noteworthy, this family exhibits a close
relationship with the exogenous retroviruses ENTV and
JSRV (Fig. 1).

Among the three families with consensus sequences
identified exclusively in cattle (II-1, II-4, II-8), two were
present only in Bovinae species suggesting integration
events from 15 to 18 Myr ago (family II-8) and 10 to 15
Myr ago (family II-4), respectively before the Bovinae
and the Bovini speciation events. For the third family,
family II-1, no consensus sequence was reconstructed
in the small ruminant species. However, traces of highly
degraded copies from this family were detected in Anti-
lopinae and Caprinae species using presence/absence
search analysis (Supplementary Material 11 - Tab. S2).
Similarly, for family II-3 identified in small ruminants, no
consensus sequence was reconstructed from the cattle
assembly although traces of insertions were identified in
Bovinae and Antilopinae species. This suggests that these
two families, along with family II-2, were present in their
common ancestor prior to Bovidae speciation between
18 and 20 Myr ago (Fig. 2). In summary, ERV families
emerged from multiple integration events at different
times through the ruminant evolutionary history from
over 40 Myr, but no family emerged more recently than 6
Myr ago, spanning from the end of the Pliocene through
the Quaternary periods. Class I families appeared to be
older than Class II with only family II-10 older than 25
Myr and families I-6 and I-10 that appeared after Bovinae
and Caprinae speciation.

Differential insertion dynamics of ERV between species

The annotation of ERVs allowed the estimation of their
proportion in different genomes, ranging from approxi-
mately 18,000 to 23,000 insertions (Tab. 1). These inser-
tions represent between 0.65% and 1.07% of the different
analyzed genomes. Global proportion analysis revealed
a predominance of Class I over Class II ERV insertions.
Comparison among small ruminants showed a similar
ERV profile between wild and domestic sheep with a
significant over-representation of Class I insertions and
an under-representation of Class II insertions compared
to the wild goat. On the other hand, even though the
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Table 1 Global ERV proportion in ruminant reference assemblies

Species Common name Number of Genome
insertions fraction (%)
Class| Classll Classl Classll
Bos taurus Cattle 14489° 6,035 052 052
Ovis orientalis Wild sheep 15,1658 4,648° 062 021
Ovis aries Domestic sheep 15,1612 4,405b 0.66 0.19
Capra aegagrus  Wild goat 13,200° 4,734 048 0.17
Capra hircus Domestic goat 18,683° 4,014b 0.73 0.34

The dependency between species and the number of ERV insertions was tested
using Pearson’s x° test (x2=911.1824, df=4, p <2.2°-16)

2 Over-represented classes of ERV
b Under-represented classes of ERV

proportion of Class II insertions in the domestic goat is
lower compared to the sheep or the wild goat, they con-
stitute a genome fraction nearly twice as high as in the
other small ruminants (Table 1).

To better understand the differences observed among
small ruminant species, the proportion of each ERV
family was compared (Fig. 3A). The analysis revealed
significant variations in abundance among the different
ERV families and across the species for Class I (Pear-
son’s x2=6180328, p<2.2°-16) and Class II insertions
(Pearson’s x*=35864259, p <2.2°~16). The proportion
of the different ERV families greatly varied, some being
very abundant, with more than 1,000 insertions in the
five analyzed assemblies (I-1, I-6, I-7, I-8, I-9, and II-3),
while others contain less than 200 insertions (I-11,
I-12, I-14 and II-9). Among the small ruminant species,
distinct quantitative patterns of the different families
were observed (Supplementary Fig. S4). For Class I,
the family I-1 showed a significant over-representation
in the domestic goat whereas it is under-represented
in the wild goat, together with family I-6. For Class II,
inter-genus differences between Ovis and Capra were
observed for some families such as II-7 being over-rep-
resented in sheep genomes. Species-specific dynamics
were observed with families II-3 and II-5 being over-
represented in domestic goat (Supplementary Fig. S4).
Furthermore, in cattle, a profile different from the small
ruminants was observed, particularly in the context of
Class IT ERVs (Fig. 3).

Different numbers of insertions were identified
between ERV families and species, highlighting the
importance of deciphering whether these differences
were caused by recent or ancient peaks of transposition
activity. Further analyses revealed distinct divergence
landscapes between Class I and Class II ERVs (Fig. 3B
and Supplementary Material 11 - Tab. S4). For Class I,
most of the insertions formed a peak with a sequence
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and Kimura-2 sequence divergence interval, the genome coverage was computed as the percentage of the total ERV insertion length on the total
genome length. The divergence distribution was compared between species using the discrete Kolmogorov-Smirnov test and the Benjamini &

Hochberg correction (Statistics in Supplementary Material 11 - Tab. 54)

divergence of around 10% indicating that they are over-
all no longer active although relatively recent. Only a
few copies had a sequence divergence from the con-
sensus close to 0% (Supplementary Fig. S5) suggesting
that they transposed very recently. Interestingly, these
copies are from the families I-6 and I-10 that appeared
the most recently in small ruminants and include cop-
ies with intact ORFs for family I-6 suggesting that they
could be able to retrotranspose (Supplementary Mate-
rial 11 - Tab. S3).

Class II ERVs exhibited diverse sequence diver-
gence profiles, characterized by multiple peaks

suggesting successive waves of ERV activity (Fig. 3B,
Supplementary Fig. S6). Families II-3, and II-10 dis-
played peaks of sequence divergence around 20%,
consistent with their potentially more ancient emer-
gence among Class II families in small ruminants
(Fig. 2). On the other hand, in cattle, the family II-1
distinctly exhibited two peaks around 30% and 10%
of sequence divergence and harbored eight insertions
with less than 5% of sequence divergence with intact
ORFs (Supplementary Material 11 - Tab. S3), suggest-
ing that these copies could be at the origin of a new
activity wave since they are potentially still able to
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retrotranspose. Consistent with their time of appear-
ance after Bovidae speciation, families I1I-5 and II-7
in small ruminants and families I1I-4 and II-8 in cat-
tle showed peaks below 10% of sequence divergence,
indicating more recent activity. Family II-5 exhib-
ited recent copies across all small ruminant species
but representing a small fraction of their genomes.
The domestic goat displayed a unique pattern with
a significantly higher number of recent insertions
(sequence divergence <5%) for family II-5 but also
for the more ancient family II-3. These results sug-
gest a recent burst of transposition of these families
exclusively in the domestic goat. Although most of
the divergence distributions were significantly differ-
ent across species (Supplementary Material 11 - Tab.
S4) similar distributions were observed for several
families including family II-9 among all small rumi-
nants, family II-10 in domestic species and family
II-5 among domestic and wild sheep.

Reactivation of an old family in domestic goat: focus

on the family II-3

Copies from the family II-3 were searched in 27 other
small ruminant assemblies from different breeds
(Fig. 4A, Supplementary Material 11 - Tab. S1). In the
other goat assemblies, the number of family II-3 ERV
copies was also higher compared to domestic sheep,
with a median of 185 copies in sheep and 380 in goats
(Wilcoxon test, p-value=0.0066). However, the results
remained heterogeneous across goat assemblies and
may be linked to a specific goat breed. To investigate
why this family contains more copies in the domestic
goat, we examined the size distribution of the insertions
(Fig. 4B). The mean length of the copies was higher in
the domestic goat compared to other small ruminant
reference assemblies (Wilcoxon test, p-value<2.2e-
16) whereas it was lower in the wild goat (Wilcoxon
test, p-value<2.2e-16). The length difference is partly
explained by the number of copies identified in the
domestic goat genome. However, a significant propor-
tion of them fall within the 2.5 to 6 kb range suggesting
that the family is globally degraded in small ruminants,
as reflected by the structure of the consensus sequences
(Fig. 4E). Indeed, these consensus sequences are com-
posed of partial retroviral genes and are approximately
4.5 kb in length, in contrast to the Class II ERVs with
complete ORFs that range from 7 to 8 kb. We also com-
pared the sequence divergence between the two LTRs
of each insertion as a proxy to estimate its insertion
date (Supplementary Fig. S7A). The 5" and 3’ LTRs were
better conserved in the domestic goat insertions with
a median of 97.25% sequence identity compared to the
wild goat (85.02%, Wilcoxon test, p-adj=0.00027) and
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the wild sheep (90.02%, Wilcoxon test, p-adj=0.014)
but not to the domestic sheep (96.37%, Wilcoxon test,
p-adj=0.52).

We then evaluated if the copies were inserted at the
same position in the four small ruminant genomes.
Thus, insertion sites of the copies without consider-
ing solo-LTRs, were compared between species using a
lifttover method to convert the ERV positions in other
genomes (Fig. 4C). A total of 81 insertion sites were
shared between domestic and wild sheep. On the other
hand, among the 79 insertions shared between the
domestic and wild goat, six were also shared with one
of the sheep species and 54 were present in the four
species suggesting that they integrated before Ovis and
Capra speciation. A low number of insertions were
species-specific except for the domestic goat in which
85% of the analyzed insertions were not found in the
other species. Phylogenetic analysis of the domestic
goat copies showed that the goat-specific insertions
were closely related with up to 100% sequence identity
(Fig. 4D). Almost all of the 54 syntenic, and therefore
older, insertions clustered within the same clade. In
addition, the presence of multiple clades containing a
large number of nearly identical sequences, going up to
378 insertions, suggests recent reactivations of family
II-3 members in the domestic goat through successive
waves of transposition.

The most recent ERV family could be still active in small
ruminants: focus on the family II-5

Domestic goat reference genome also appeared to be
representative of the C. hircus species for the family II-5,
as evidenced by a significantly higher number of family
II-5 ERV copies in several goat breeds compared to sheep
(Fig. 5A, Wilcoxon test, p-value=0.00058). The median
number of ERV copies, excluding solo-LTRs, in goats was
81, whereas it was 52 in sheep assemblies, although the
number of insertions varied more in goats than in sheep,
ranging from 79 to 189 in goats to 24 to 63 in sheep. To
explore why this family contains more copies in goats
than in sheep, we used the same methodology as for fam-
ily II-3 and examined the size distribution of the inser-
tions (Fig. 5B). While the mean length of the copies was
not significantly higher in domestic goats than in other
small ruminants, wild goats had significantly shorter cop-
ies than the domestic goat (Wilcoxon test, p-adj<2.2e-
16), and both domestic and wild sheep (Wilcoxon tests,
p-adj=1.2e-14 and p-adj=1.5e-12 respectively) mainly
caused by the absence of full-length copies. In contrast,
wild and domestic sheep and the domestic goat have
20, 30 and 78 copies respectively with lengths greater
than 7,5 kp. The median distance between the two LTRs
of each insertion was similar among the domestic goat
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and the orange ones the coding sequence (ORF)

and the domestic and wild sheep with a sequence diver-
gence lower than 1% (Supplementary Fig. S7B). How-
ever, in the wild goat, the LTRs were significantly more
divergent than in the domestic goat (99.30%, Wilcoxon
test, p-adj=0.000088) and both the domestic and wild
sheep (99.29% and 99.10% respectively, Wilcoxon test,
p-adj=0.00075 and p-adj=0.00059). This suggests that

this family is well conserved in the small ruminants as
confirmed by the structure of the consensus sequences
that contain intact ORFs (Fig. 5E). Surprisingly, a very
well conserved consensus was obtained for the wild goat
whereas only incomplete insertions were annotated. In
comparison, the domestic goat and wild sheep harbored
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respectively 12 and seven copies with complete coding
sequences while only partially conserved copies were
annotated in the domestic sheep assembly.

We described insertions with low sequence divergence
compared to their corresponding consensus sequences,
with conserved ORFs and with almost identical LTRs
indicating that they are very recent copies or that they

have been selectively conserved in the small ruminant
genomes. To better estimate their integration dates, the
different insertion sites of the copies, excluding solo-
LTRs, were compared between the species (Fig. 5C).
Respectively 24 and 30 insertions have been found in the
same genomic regions between domestic and wild sheep,
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or between domestic and wild goats. Regarding the spe-
cies-specific insertions, 98 insertions have been found
only in domestic goat representing 76% of the analyzed
insertion sites in goat (excluding solo-LTRs). The analysis
did not reveal any common insertions between sheep and
goats, suggesting that the present copies integrated after
the speciation of Ovis and Capra between 1 and 6 Myr
ago (Fig. 2).

Phylogenetic analysis of the domestic goat cop-
ies revealed no discernible clade and indicated close
sequence identity between the copies (Fig. 5D). Of the
identified sequences, 12 contained complete coding
sequences, while 11 lacked the env ORF. None of the
complete coding sequences corresponded to syntenic
copies in the wild goats, while three sequences missing
only the env ORF are in the same genomic region as wild
goat copies. Remarkably, the syntenic copies in wild goats
showed poor sequence conservation and are all truncated
copies highlighting different evolutionary mechanisms
involved between wild and domestic goats.

Discussion

Using a combination of bioinformatic tools, we charac-
terized 24 ERV families across five ruminant reference
genomes, including cattle and both domestic and wild
sheep and goat species. For each ERV family, consensus
sequences were generated after applying stringent filter-
ing steps, allowing us to establish reliable representatives
of these ERV families. Our approach follows the manual
curation methodology outlined by Goubert et al. [48].
Other methods also have been published [68], and sev-
eral automated pipelines have been recently developed
[69, 70], highlighting the importance of this step and the
need to adapt it to specific research questions.

Through a comparison with Repbase reference fami-
lies [58], our results have allowed the refinement of the
existing sequences for these species but also the intro-
duction of additional reference sequences, especially for
species like wild and domestic goats, and wild sheep, in
which only LTRs or no consensus sequences were pre-
viously available. Our analysis revealed the presence
of both Class I and Class II ERV families in ruminant
genomes, in agreement with previous reports in cattle
[44, 71, 72]. Although previous studies in sheep mainly
focused on Class II ERV, in particular family II-5 named
as enJSRV [28, 37, 40, 41, 73-76], nine partial sequences
of the pol gene from Class I copies have been described
[77] corresponding to the families I-4, I-8, I-6 and I-10 in
our study. A recent study on Caprinae species described
28 ERV families [46]. Three families from their analysis
(CapERV-1, CapERV-11, CapERV-26) are not present in
our study likely due to the different methodology used for
de novo ERV identification. However, our approach led
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to the characterization of seven other families including
the oldest families (I-1, I-5, I-7) and four additional ones
(I-2, I-12, I-13, II-3), expanding the known ERV reper-
toire. Interestingly, two families that we identified with
multiple LTR consensus sequences (I-6 and I-10) corre-
sponded to multiple sequences in their analysis confirm-
ing the complex evolutionary history of these families.
Using multiple sequence alignment of the I-6 copies, we
identified distinct groups of copies with different LTR
sequences in the domestic sheep but it appears that a sin-
gle internal region coupled with multiple LTR consensus
sequences is sufficient to correctly annotate these copies
(Supplementary Fig. S10).

An important contribution of our work is the ERV
comparative analysis between cattle, sheep and goat spe-
cies. While small ruminants share the same ERV fami-
lies, notable differences are observed when compared to
cattle. We showed that ruminant ERV families emerged
from multiple integration events across evolution, result-
ing in ERV families common to both Bovinae and Capri-
nae, as well as families specific to each of these Bovidae
sub-families. Family II-5 exclusively detected in small
ruminants, in concordance with some studies but con-
trasting with other previous works reporting its presence
in some cattle breeds and in the river buffalo [72, 78, 79].
Our findings suggest divergent evolutionary trajecto-
ries of ERVs driven by both family and species-specific
factors.

Dating analysis revealed that ERV Class I families
tend to be older and more degraded than Class II fami-
lies. By analyzing the number of ERV copies, we esti-
mated that these elements represents approximately
1% of each ruminant genome, consistent with previ-
ous global studies that estimated the total ERV genome
fraction, including Class III insertions, at approximately
3% [80—82]. Our stringent filtering criteria may have led
to an underestimation of their genome fraction by miss-
ing the most ancient and degraded copies, explaining
why we did not encounter any Class III families in our
analysis. The high proportion of solo-LTRs (82.3%) sug-
gests that most ERV transpositional activity occurred in
the distant past, with a few recent insertions observed,
except for families II-3 and II-5 which have been
recently and might still potentially be active, especially
in the domestic goat.

Family II-3 showed a higher number of copies in the
domestic goat compared to other small ruminants.
While many insertion sites are shared across the four
small ruminant species, suggesting integration prior spe-
ciation, numerous goat-specific copies were identified.
Some of these copies, located on scaffolds, may originate
from the X chromosome which remain unassembled
in the goat reference genome [83]. Comparison of the
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flanking sequences of each goat scaffold-located insertion
revealed different insertion sites for some, confirming
their existence, but also identical ones for others, which
could be the result of satellites from ectopic recombina-
tion of LTR-retrotransposon [84—86]. Phylogenetic anal-
ysis revealed different groups among the family II-3 ERV
copies in the domestic goat. One group contained almost
all syntenic copies together while the others mainly con-
tained the goat-specific insertions, suggesting recent
bursts of transposition, possibly mediated by trans-
regulatory mechanisms [87-91]. Nonetheless, we did
not detect any copy with intact ORFs, raising questions
about its transpositional mechanism, which might rely
on trans-complementation by other elements, as already
described for the family II-1 in cattle known as ERVK[2—
1-LTR] [92], for which most of the de novo insertions
originated from non-autonomous elements.

Considering the family II-5, no syntenic insertions
were found between Ovis and Capra, suggesting that all
insertions probably occurred after speciation, contrast-
ing with other studies that showed at least two insertions
(enJSRV-6 and enJSRV-10) shared between sheep and
goats suggesting an integration before speciation [27, 28,
43]. The identification of the insertion sites of these cop-
ies in the available small ruminant genomes using their
flanking sequences allowed us to confirm that these two
copies were absent from both domestic and wild goat
genomes but present in most of sheep genomes (Sup-
plementary Material 11 - Tab. S5). These results suggest
multiple events of transposition activity and the pos-
sible loss of these older insertions in the current goat
populations.

Family II-5 also stands out as the most recent families,
with highly conserved copies across all four small rumi-
nant species. Some of these copies contain intact ORFs,
raising the possibility of active autonomous retrotranspo-
sition and virus-like particles production initiating new
insertions [27, 93-96]. Family II-5 is less represented in
wild sheep, but contrary to the domestic sheep intact
ORFs are more prevalent in this species, suggesting dif-
ferences in regulatory systems between domestic and
wild ruminants. Certain copies from this family have
previously been identified as potential invaders of small
ruminant genomes [74, 97], suggesting that this family
has not been completely silenced by transposable element
regulatory processes. Other studies have highlighted the
importance of family II-5 in placental morphogenesis
in sheep [98, 99] and its expression in similar tissues in
goats [100]. However, the lack of syntenic insertions
between the two genera raises the question of whether
these insertions actually play the same role in the two
species, and if the family has been co-opted and is the
result of evolutionary convergence. Further investigation

Page 13 of 17

is needed to determine the extent of functional co-option
of this family across species and its evolutionary implica-
tions including the interplay of the ERVs with their exog-
enous counterparts JSRV and ENTV [28, 43, 74].

Conclusions

In this study, we have generated a robust library of ERV
consensus sequences and high-resolution ERV anno-
tations in ruminant species. Our results provide new
insights into the evolutionary history of ERVs, trac-
ing their activity over the last 40 million years and their
ongoing role in shaping ruminant genomic landscapes.
Two of the identified ERV families appear to have been
recently active, particularly in the domestic goat, and
may still have transpositional potential, although fur-
ther investigation is needed to confirm this activity.
These results open up new research opportunities to
explore the complex interplay between ERVs and their
host genome focusing on ERV transcriptional activity,
regulatory mechanisms, and functional implications.
Additionally, our work provides important resources for
population genomics studies to investigate ERV insertion
polymorphisms, which could help to further unravel the
selective forces acting on these genomic elements across
ruminant species.

Abbreviations
Bp Base pair

enJSRV  Endogenous Jaagsiekte Sheep Retrovirus
ENTV Enzootic Nasal Tumor Virus

ERV Endogenous Retrovirus

INT ERVinternal part including the retroviral genes
JSRV Jaagsiekte Sheep Retrovirus

LTR Long Terminal Repeat

Myr Million years

ORF Open Reading Frame

p-adj Adjusted p-value
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Supplementary Material 1: Fig. S1: Pipeline used to characterize ERVs in
ruminant reference genomes. (A) Simplified representation of the pipeline
composed of two mains steps including the ERV mining and then the
annotation of the insertions in the reference genomes. (B) Details of the
manual curation steps to obtain the final set of consensus sequences. The
number of consensus sequences along the pipeline is given in the upper
table

Supplementary Material 2: Fig. S2: Comparison between Ovis aries

ERV Repbase consensus sequences with the ones from this study. The
sequences excluding the LTR parts were aligned using MAFFT and visual-
ized with Geneious Prime® (version 2023.0.2). Each panel corresponds to a
different ERV family. The consensus sequences characterized in this study
are first in raw in bold. The gray boxes indicate similar sequences, the black
boxes show sequence differences and the horizontal black lines long dele-
tions. The green arrows represent the retroviral genes

Supplementary Material 3: Fig. S3: Comparison between Bos taurus
ERV Repbase consensus sequences with the ones from this study. The
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sequences excluding the LTR parts were aligned using MAFFT and visu-
alized with Geneious Prime® (version 2023.0.2). Each panel corresponds
to a different ERV family. The consensus sequences characterized in this
study are first in raw in bold. The gray boxes indicate similar sequences,
the black boxes show sequence differences and the horizontal black
lines long deletions. The green arrows represent the retroviral genes

Supplementary Material 4: Fig. S4: ERV representation between families
and small ruminant species. The proportion of each ERV family was
compared with a Pearson’s y? test (Class I: x* = 6180328, df=36, p < 2.2
16 and Class Il: * = 35864259, df=18, p < 2.2%-16). The ¥’ residuals are
shown here. Families over-represented are in red and the one down-
represented in blue. No values were computed for families II-1, IIl-4 and
II-8 only present in cattle but not in small ruminants.

Supplementary Material 5: Fig. S5: ERV family Class | divergence land-
scapes in reference ruminant assemblies

Supplementary Material 6: Fig. S6: ERV family Class Il divergence land-
scapes in reference ruminant assemblies.

Supplementary Material 7: Fig. S7: Sequence divergence between ERV
family II-3 and II-5 LTRs in small ruminant reference assemblies. The 5’
and 3'LTRs of each annotated ERV insertion were aligned separately
using MAAFT to obtain a pairwise identity score for each LTR pair. Fam-
ily II-3 is represented in A) and family II-5 in B). For each species, the red
line indicates the mean % of identity

Supplementary Material 8: Fig. S8: Class | consensus sequences' genic
structure comparison between species. The sequences excluding the
LTR parts were aligned using MAFFT and visualized with Geneious
Prime® (version 2023.0.2). The gray boxes indicate similar sequences,
the black boxes show sequence differences and the horizontal black
lines long deletions. The mean pairwise identity over all the sequences
for each position is shown above the alignment. Green bars indicate
100% identity, green-brown between 30 and 100% identity and red
below 30% identity. The green arrows represent the retroviral genes.
Only the internal parts are represented (without the LTR). BT: B. taurus;
0OQ0: O. orientalis; OA: O. aries; CA: C. aegagrus; CH: C. hircus

Supplementary Material 9: Fig. S9: Class Il consensus sequences’ genic
structure comparison between species. The sequences excluding the
LTR parts were aligned using MAFFT and visualized with Geneious
Prime® (version 2023.0.2). The gray boxes indicate similar sequences,
the black boxes show sequence differences and the horizontal black
lines long deletions. The mean pairwise identity over all the sequences
for each position is shown above the alignment. Green bars indicate
100% identity, green-brown between 30 and 100% identity and red
below 30% identity. The green arrows represent the retroviral genes.
Only the internal parts are represented (without the LTR). BT: B. taurus;
0Q0: O. orientalis; OA: O. aries; CA: C. aegagrus; CH: C. hircus

Supplementary Material 10: Fig. S10: The sub-families of family I-6 in
small ruminant genomes. (A) ERV family I-6 consensus sequences phy-
logeny. Maximum Likelihood phylogenetic tree reconstructed for the
family I-6, I-3 and I-4 consensus sequences (without LTRs) generated for
the domestic and wild sheep and the goat as well as the cattle refer-
ence assemblies. The tree was rooted with Bovine Leukemia virus (BLV).
Branch lengths are expressed as the number of substitutions per site.
(B) Multiple LTR sequences associated to the family I-6b in the domestic
sheep genome. A single internal consensus sequence was identified
for the family I-6b in the domestic sheep genome, but it was associated
to three distinct LTR consensus sequences. All the ERV insertions from
family I-6b were aligned to the internal consensus sequence. The 5'LTR
sequences of these ERV insertions were aligned with the different LTR
consensus sequences. The first panel displays the average percentage
of identity per sub-families at each position of the internal consensus
sequence. The second panel presents the alignment of the LTRs, with
color-coded boxes representing the sequence differences

Supplementary Material 11: Table S1: Ruminant genomes used for ERV
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