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Abstract: Endogenous retroviruses (ERVs) represent genomic components of retroviral origin that
are found integrated in the genomes of various species of vertebrates. These genomic elements have
been widely characterized in model organisms and humans. However, composition and abundances
of ERVs have not been categorized fully in all domestic animals. The advent of next generation
sequencing technologies, development of bioinformatics tools, availability of genomic databases, and
molecular cytogenetic techniques have revolutionized the exploration of the genome structure. Here,
we investigated the nature, abundance, organization and assembly of ERVs and complete genomes
of Jaagsiekte sheep retrovirus (JSRV) from high-throughput sequencing (HTS) data from two Iraqi
domestic sheep breeds. We used graph-based read clustering (RepeatExplorer), frequency analysis of
short motifs (k-mers), alignment to reference genome assemblies and fluorescent in situ hybridization
(FISH). Three classes of ERVs were identified with the total genomic proportions of 0.55% from
all analyzed whole genome sequencing raw reads, while FISH to ovine metaphase chromosomes
exhibited abundant centromeric to dispersed distribution of these ERVs. Furthermore, the complete
genomes of JSRV of two Iraqi sheep breeds were assembled and phylogenetically clustered with the
known enJSRV proviruses in sheep worldwide. Characterization of partial and complete sequences
of mammalian ERVs is valuable in providing insights into the genome landscape, to help with future
genome assemblies, and to identify potential sources of disease when ERVs become active.

Keywords: chromosomes; eukaryotic genomes; endogenous retroviruses; fluorescent in situ
hybridization; repetitive DNA; jaagsiekte sheep retrovirus (JSRV); high-throughput sequencing

1. Introduction

Mammalian nuclear genomes contain integrated fragments and entire DNA se-
quences of repetitive genetic elements that have homologous sequences to retroviral
genomes known as endogenous retroviruses (ERVs) [1-5]. ERVs are genetic fossils
descended from the infection and incorporation of ancient retroviruses into the chromo-
somal DNA of mammalian hosts [6,7]. ERVs were revealed in the late 1960s by observing
that virological markers could be transmitted following patterns of Mendelian laws [8].
Within the repeat element database Repbase, ERV is one of the five superfamilies of
LTR retrotransposons which is further subdivided into main five classes; ERV1, ERV2,
ERV3, ERV4, and endogenous lentivirus [9]. ERVs are largely dispersed in vertebrate
genomes in which 8.29% of the entire human genome represents sequences homology
to the ERVs fragments [2,10]. ERVs are characterized by weak conservation of active
sites in the encoded genes and the structure with an internal region including four
genes in the order 5'-gag-pro-pol-env-3'. flanked by two Long Terminal Repeats (5" and
3’ LTRs), which act as expression enhancers and/or promoters of cellular genes [7,11,12].
In human, most of the ERVs are truncated and silent, although some types of the human
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endogenous retrovirus (HERV) such as HERV-H, HERV-K, and HERV-W are transcrip-
tionally active [13,14]. In small ruminants, some diseases such as ovine pulmonary
adenocarcinoma (OPA) (naturally occurring adenocarcinoma of sheep) are associated
with exogenous pathogenic retroviruses known as the Jaagsiekte sheep retrovirus (JSRV)
that cause neoplasms of the respiratory tract and abundantly expressed in the genital
tract of the domestic sheep, predominantly in the trophectoderm of the placenta and in
the glandular epithelia and the endometrial luminal of the uterus [15,16]. In sheep, the
Jaagsiekte sheep retrovirus belongs to the beta related exogenous class II within endoge-
nous groups and therefore is called beta en]SRV [5,17]. In female sheep, en]JSRV has been
proposed to play crucial biological roles in the reproductive physiology [18]. Genomes
from many organisms have been sequenced and assembled, but their genome assembly
approaches lack efficient methods to classify and analyze diversity and genomic dis-
tribution of fragmented, degenerated and variable retroviral sequences. Thus, in this
study, we aimed to analyze unassembled raw reads from whole genome sequencing of
sheep using graph-based read clustering, k-mers frequency analysis and sequence align-
ments to references, to identify and characterize DNA sequences related to endogenous
retroviruses. We aimed to reveal and understand the role of amplification, chromosomal
localization and evolution of ERV related DNA repeats and complete genome of en]SRV
in the context of genomic and cytogenetic evidence and phylogenetic relationships.

2. Materials and Methods
2.1. Animal Materials

Blood samples were collected from five individuals of sheep breeds representing
two main breeds Karadi and Hamdani from Iraqi Kurdistan region (sample origin in Ta-
ble S1). Total genomic DNA was extracted from whole blood using the Wizard Genomic
DNA Purification kit (Promega, Southampton, UK). Five samples of genomic DNA were
sequenced commercially at the University of Florida Interdisciplinary Center for Biotech-
nology Research, Gainesville, FL, USA using Illumina NextSeq500 mid-throughput with
paired-end 2 x 150 bp cycles, generating 43 to 60 million raw reads (2-3x coverage of the
sheep genome) with 5 to 6 Gb total sequence for each DNA sample.

2.2. Discovery of Endogenous Retrovirus (ERV)-Related Repetitive Sequences
2.2.1. Graph-Based Read Clustering (RepeatExplorer)

Similarity-based read clustering implemented in RepeatExplorer [19,20] was used to
identify major repetitive sequences in the whole genome sequence reads. Parameters of
RepeatExplorer for clustering included a minimum read overlap length of >55% of the
read length and over 82 bases with 90% of similarity as edges to save the potential error of
clustering reads with partial similarity among two unrelated ERV groups. The graphical
output clusters with a genome proportion of <0.01% were analyzed to identify retroelement
domains and homology hits for the major repeat classes.

2.2.2. k-mer Frequency Tool (Jellyfish)

As an alternative, reference-free, approach to identify abundant ERV-related sequences,
a k-mer analysis of highly abundant sequence motifs k-bases long (k-mers) was carried
out: the frequency of all short sequence motifs k-mers in the raw reads were calculated
using Jellyfish version 2 [21], with k =22, 32, and 44. The most abundant k-mers in each
group were assembled to generate longer contigs representing overlapping k-mers. Several
thousand contigs were produced from assembly of short motifs and the top 100 contigs
were analyzed.

2.2.3. Database Searching

The consensus sequence of each cluster from RepeatExplorer outcome, and assembled
contigs of abundant k-mers, were compared with the Repbase database of repetitive DNA
sequences (http:/ /www.girinst.org/repbase/ (accessed on 17 November 2017)) and NCBI
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database to investigate and identify similar query sequences to ERV classes of sheep or
other animal species.

2.3. Design and Amplification of FISH Probes, Chromosome Preparation and In Situ Hybridization

Consensus sequences of ERV related contigs were used for designing PCR primer
using Geneious software [22] (Table 1). PCR amplifications were set up in 25 pL to-
tal volume reaction mixture containing water (Sigma-Aldrich, St. Louis, MO, USA)
(18.4 uL), 10x Buffer A (Kapa Biosystems, Wilmington, MA, USA) (2.5 uL), 10 mM
dNTP Mix (1 pL), 10 uM forward and reverse primers; Sigma-Aldrich (each 0.5 puL)
and 5 U/pL KAPA Taq DNA Polymerase (Kapa Biosystems) (0.1 pL) with 80-120 ng
of genomic DNA. The PCR cycling conditions consisted of 3 min initial denaturation
at 95 °C, followed by 35 cycles of denaturation (95 °C, 0.5 min), annealing (Tm-5 °C,
0.5 min) and primer extension (72 °C, 8 min). The final cycle was the 1 min final extension
at 72 °C followed by indefinite hold time between 4-16 °C. Amplified PCR products
were gel electrophoresed (1% w/v agarose) in 1x TAE buffer and purified using an
E.Z.N.A. Cycle Pure Kit (Omega, Norcross, GA, USA) and then labelled with either
biotin-16-dUTP or digoxigenin-11-dUTP (Roche Diagnostics) using the BioPrime Array
CGH random priming kit (Invitrogen, Waltham, MA, USA). Probe designations use
CL for cluster and ERV for endogenous retroviruses followed by its number. Whole
sheep blood was collected from freshly slaughtered commercial sheep (Joseph Morris
Butchers Ltd., Leicestershire, UK) in sterile 50 mL tubes containing heparin. About
43.5 mL of RPMI medium 1640 (Gibco™, Fisher Scientific, Loughborough, UK); 0.5 mL
of antibiotic antimycotic solution (10,000 1g/mL streptomycin, 10,000 U/mL penicillin
G, and 25 lg/mL amphotericin B, HyClone™, GE Healthcare Life Sciences, Amersham,
UK) and 6 mL of foetal calf serum were used to make lymphocyte short-term medium.
Then, 7 mL medium containing either 0.5 or 0.75 mL of blood, 10-30 mg/mL phyto-
hemagglutinin (PHA; Sigma-Aldrich) was incubated in 5% CO; incubator at 37 °C for
3-5 days. Metaphases were arrested by adding 50-90 mL of demecolcine solutions
(10 1g/mL; Sigma-Aldrich) and left for further 1.5-2 h at 37 °C. Metaphase chromosome
preparations were then made using hypotonic treatment with 0.075 M KCl and fixation
in absolute methanol: glacial acetic acid 3:1. Fluorescent in situ hybridization (FISH) fol-
lowed Schwarzacher and Heslop-Harrison (2000). The hybridization mixture contained
formamide 50% (v/v), dextran sulphate 20% (w/v), saline sodium citrate (0.3 M NaCl,
0.03 M sodium citrate) 2x SSC (Saline-Sodium Citrate), FISH probe 50-100 ng, sheared
salmon sperm DNA 20 pug (Sigma-Aldrich), SDS (sodium dodecyl sulphate) 0.3% (w/v)
and EDTA 0.12 mM. After overnight hybridization at 37 °C, low stringency (20% for-
mamide and 0.1 x SSC) washes were used enabling probe-target hybrids with more than
70% homology to remain stably hybridized. Biotin-labelled probes were detected with
2.0 pg/mL streptavidin conjugated to Alexa594 (Molecular Probes), and digoxigenin
probes were detected with 4 png/mL anti-digoxigenin conjugated to FITC (fluorescein
isothiocyanate, Roche). Slides were simultaneously counterstained and mounted by
applying antifade mixture [6 uL DAPI (4',6-diamidino-2-phenylindole diluted in McIl-
vaines buffer pH 7.0; 100 ug/mL), 97 uL Citifluor antifade mountant solution (Citifluor,
Agar Scientific, Stansted, UK) and 97 uL ddH,O]. Preparations were analyzed on a
Nikon Eclipse N80i fluorescent microscope equipped with a DS-QiMc monochromatic
camera (Nikon, Tokyo, Japan) and appropriate filters. Images were false-colored (red
for the probe and cyan for DAPI), overlaid and the contrast adjusted with NIS-Elements
BR3.1 software (Nikon) and Photoshop (Adobe, Mountain View, CA, USA) using only
cropping and functions affecting the whole image equally.
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Table 1. Primer sequences, PCR products, and probe names used for amplification and in
situ hybridizations.

Probe Names

Name of Primers [Sequence (5-3")] Expected Product Size (bp) Annealing Temp.

F = ATCTTGGCTGAGCGATGCG

CLISCS_ERVI R = GGGCTCTTGTCTAACACTCGG 246 62
cwcm Lo .
o T .
CL25 ERV1 R = AGGGAGTTTGCAGGATGTOG 02 62
e .
TP e e .
e fSICTION G .
N -
ey Ao cacoc .
come Lot -
CLZERVS 2 T GTAGTCAAGCITTTGTCIGGE 315 58
S el i -
S S T -
Jamer ERVL+CRC F = TACAGAGCAAAGGGGATGGG ses o

R = TGGTTGTTTCTTTCCACCATTCC

2.4. Assembly of the Complete Genome of the Endogenous Jaagsiekte Sheep Retrovirus (en]SRV)

The paired raw reads of the five samples of genomic DNA of Karadi and Hamdani
were assembled to the complete genome of the Inner Mongolian Strain of the Endogenous
Betaretroviruses Jaagsiekte Sheep Retrovirus (en]JSRV; GenBank accession DQ838493) [23]
to generate consensus sequences for five samples named Ham]1, HamJ2, HamM, KarJ and
KarM (Supplementary Materials, Figure S4). The complete genome of enJSRV from Iraqi
sheep breeds are available under the GenBank accession numbers of the NCBI MF175067,
MF175068, MF175069, MF175070 and MF175071.

2.5. Data Analysis and Phylogenetic Relationships

The five complete endogenous beta retroviruses (enJSRV) genomes of Iraqi sheep
breeds were aligned with published enJSRV genomes (NCBI) from various sheep breeds
worldwide. The phylogenetic status was identified by constructing Geneious Tree Builder
within the Geneious Prime software. The parameters for the phylogenetic tree were set
on Tamura-Nei as a genetic distance model, and Neighbor-Joining as a build method with
500 as a number of replicates. The complete genome of ovine enzootic nasal tumor virus
(GU292314) was used as the out-group. Copy numbers, genomic proportions and coverage
of ERV sequence (probe fragment) or the complete enJSRV genome were estimated by
mapping the whole genome raw reads to the consensus (Table 2).
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Table 2. Copy numbers of various Endogenous Retroviruses (ERVs) related fragments used for in

situ hybridization.
Ham]1_Male Genome Kar]_Female Genome
Probes of Endogenous PCR - : . .
Retroviruses ERVs Product bp Assembled Copies Genormc Assembled Copies Gen0¥mc
Reads of Probe Proportion % Reads of Probe Proportion %
CL18C5_ERV1 246 5973 3642 0.0115 7525 4588 0.0124
CL20C5_ERV1 574 3124 816 0.0060 3676 961 0.0061
CL23C4_ERV1 195 2157 1659 0.0041 2000 1538 0.0033
CL25_ERV1 402 6900 2575 0.0133 4364 1628 0.0072
22mer_ERV1.A 545 3452 950 0.0066 3008 828 0.0050
32mer_ERV1.RE 564 3753 998 0.0072 3426 911 0.0057
32mer_ERV1.T3 541 1709 474 0.0033 2554 708 0.0042
CL14C75_ERV2 505 5294 1572 0.0102 6943 2062 0.0115
OuttopCL_ERV2 555 1299 351 0.0025 1177 318 0.0019
CL37_ERV2 488 2113 649 0.0041 2338 719 0.0039
CL67_ERV3 315 1000 476 0.0019 0 0 0
CL27C1_ERV1+ERV3 619 5907 1431 0.0113 5595 1356 0.0092
32mer_ERV1+ERV3 615 5500 1341 0.0106 5300 1293 0.0087
32mer_ERV1+CRC 468 5700 1827 0.0110 5760 1846 0.0095
3. Results

3.1. Identification of Endogenous Retroviruses Related Sequences

RepeatExplorer was used to identify and classify LTR retrotransposons by domain
sequence homology and order provided by the program. Several clusters containing ERV
sequences were distributed over the RepeatExplorer clusters, each with different genomic
proportions (Table 3). By comparing the clustered sequences to Repbase databases, all
classes of endogenous retroviruses, related to LTR retrotransposons, including ERV1, ERV2
and ERV3 (Bao et al., 2015) were identified. The second approach to identify ERV-related
sequences was to use assembled motifs from the most abundant k-mers. Different classes of
ERV repeats (ERV1, ERV2 and ERV3) were found by BLAST searches of the top 100 k-mer
contigs against repeat databases. Copy numbers and genomic proportion of each probe
representing different classes of ERVs related DNA repetitive elements used in this study
were estimated following mapping the raw reads against consensus of ERV sequences
(Table 2). The total genomic proportions of all classes of endogenous retroviruses about
0.55% was estimated based on the genomic abundance of ERV related clusters from the
RepeatExplorer outcome.

Table 3. Graph-based clusters with similarity to ERV from RepeatExplorer [19,20] analysis and
Repbase database comparisons.

Genome Repbase Database
Clusters Total Length Number of Reads Proportion [%] Similarities Graph Layout
CL14C75_ERV2 309,579 2057 0.229 ERV2 ) \{:"f
N
.
CL18C5_ERV1 32,673 217 0.024 ERV1 .
CL20C5_ERV1 28,460 189 0.021 ERV1
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Table 3. Cont.

Genome Repbase Database

Clusters Total Length Number of Reads Proportion [%] Similarities Graph Layout
CL23C4_ERV1 21,077 140 0.016 ERV1
'\,\"
CL27C1_ERV3+ERV1 17,746 118 0.013 ERV3 and ERV1 .
AN
CL25_ERV1 18,501 123 0.0147 ERV1 \
CL37_ERV2 9926 66 0.0079 ERV2

3.2. Identification and Quantification of ERV Repeats in Ancestral and Bos Taurus ERV Sequences

Raw reads of sheep were also mapped to concatenated ERVs of 105 ancestral sequences
(total length; 145 kbp) and 90 sequences of Bos taurus (total length; 173 kbp) from the
Repbase database (Supplementary Materials, Figures S1 and S2). Some 0.02% of the sheep
reads (10,518 read pairs) were assembled to the ancestral ERV sequences. BLAST analysis
against the Repbase database indicated that these ancestral reads were in type of ERV3
sequences with high (70-88%) similarity. For the concatenated ERVs from Bos taurus, 0.45%
of the sheep reads (238,182 reads) were mapped.

3.3. Abundance and Genomic Organization ERV-Related Repetitive Elements

Amplified PCR products representing selected ERVs were labelled and hybridized to
male sheep metaphase chromosomes (2n = 54 with three pairs of submetacentric autosomes,
23 autosomal acrocentric pairs, and the X and Y sex chromosomes). Signals varied from
dispersed over all or most chromosomes to localized at centromeres or interstitial positions
(Figures 1-5, Table 4).

3.3.1. ERV1

ERV1 sequences represented in the probe of CL18C5_ERV1 produced strong signals
on the centromeres of all 23 autosomal acrocentric chromosome pairs. One pair of sub-
metacentric autosomes had strong centromeric signals, while the other two pairs had
weak signals while both X and Y chromosomes had weak centromeric signals (Figure 1A).
Probe CL20C5_ERV1 showed specific signals at the centromeres of acrocentric autosomes,
weaker signals on submetacentric autosomes, and no signals were seen on the largest
submetacentrics and sex chromosomes (Figure 1B). Signals of probe CL23C4_ERV1 were
present on about half the centromeres of acrocentric autosomes, with a more dispersed
signals on some but not all chromosomes or arms in the submetacentric chromosomes.
There were weak signals on the Y chromosome and stronger signals on the X chromosome
(Figure 1C). Probe CL25_ERV1 showed variable signals, and slightly dispersed over all
chromosomes including the sex chromosomes, with signals close to the centromeres of a
few acrocentric chromosomes (Figure 1D). ERV1 sequences from k-mer analysis (22mers
and 32mers GT100) also showed centromeric to dispersed patterns on sheep chromosomes:
probe 22mer_ERV1.A (Figure 2A,B) labelled centromeres of all acrocentric autosomes with
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small dots over the sex chromosomes X and Y, and weak signals or very small dots at
centromeric and subtelomeric regions of submetacentrics. Probe 32mer_ERV1.RE from
32mers GT100 was rather dispersed with a concentration at centromeres, some gaps on sub-
metacentric chromosomes and signals at centromeres of X and Y chromosomes (Figure 2C).
Probe 32mer_ERV1.T3 from 32mers GT100 showed centromeric and dispersed dots over all
chromosomes, mostly rather uniform, including the Y chromosome, while hybridization
was more centromeric on the X chromosome (Figure 2D).

Figure 1. In situ hybridization of ERV1 probes (CL18C5_ERV1, CL20C5_ERV1, CL23C4_ERV1;
CL25_ERV1) from RepeatExplorer clusters to the male sheep metaphase chromosomes (2n = 54)
(fluorescing blue with DAPI). (A). Probe CL18C5_ERV1 (magenta) produced strong signals on
the centromeres of acrocentric chromosomes. One pair of submetacentric chromosomes (No. 1)
has strong centromeric signals, while the other two pairs (No. 2 and 3) have weaker signals. Both
X and Y chromosomes have weak but noticeable signals. (B). Probe CL20C5_ERV1 (magenta)
shows specific signals to the centromeres of acrocentric and weaker signals to the submetacentric
chromosomes. No signals were seen on the largest submetacentric and the sex chromosomes.
(C). Signals of probe CL23C4_ERV1 (green) is present on a few centromeres of about half of the
acrocentrics; additionally, intercalary and variably dispersed signal is visible on some but not all
chromosomes or arms of the submetacentric and the X chromosomes. There was a weak signal
on the Y chromosome. (D). Probe CL25_ERV1 showed variable dotted signals dispersed over all
chromosomes including the sex chromosomes. Signals were close to the centromeric domains of
few acrocentrics. Numbers 1-3 refers to the three pairs of metacentric chromosomes, X and Y to
the sex chromosomes. Scale bar equals 5 pm.
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Figure 2. In situ hybridization of ERV1 probes (22 and 32 mer) from k-mers analysis to the male
sheep metaphase chromosomes (2n = 54) (fluorescing blue with DAPI). (A,B). Probe 22mer_ERV1.A
(green) labelled the centromeric regions of all acrocentric chromosomes. It showed small dots over
the sex chromosomes X and Y (marked). Weak signals and very small dots were seen at centromeric
and subtelomeric regions of submetacentrics (arrows). (C). Probe 32mer_ERV1.RE (magenta) was
concentrated at centromeres with some additional dispersed signal. Notable signals were also seen
on the X and Y chromosomes. (D). Probe 32mer_ERV1.T3 (green) showed centromeric and dispersed
signal over all chromosomes Scale bar equals 5 um.
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Figure 3. In situ hybridization of ERV2 probes (CL14C75_ERV2, OuttopCL_ERV2; CL37_ERV2) from
RepeatExplorer clusters to the male sheep metaphase chromosomes (2n = 54) (fluorescing blue with
DAPI). (A). Signals of probe CL14C75_ERV2 (Magenta) were broadly dispersed on all chromosomes
with a banding like pattern. The probe also hybridized to the sex chromosomes X and Y (marked).
(B). Probe OuttopCL_ERV2 (magenta) showed signals at both centromeric and telomeric domains
of all chromosomes including the X and Y chromosomes. (C). DAPI image on the left and probe
CL37_ERV2 (magenta on the right). Probe signals are distributed over most centromeric regions and
dispersed along the arms of all chromosomes. Scale bar equals 5 um.
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Figure 4. In situ hybridization of ERV3 probes (CL67_ERV3) from RepeatExplorer clusters to the male
sheep metaphase chromosomes (2n = 54) (fluorescing blue with DAPI). Probe CL67_ERV3 (magenta)
showed much more abundant signals at centromeres of all acrocentrics, and one submetacentric pair,
while weaker signals were seen on the other two pairs of submetacentrics. A few weak bands or
double dots or slight signals were seen throughout chromosome. Signals were also present on sex
chromosomes X and Y (marked). Scale bar equals 5 pm.



DNA 2022, 2

96

Figure 5. In situ hybridization of combined ERV1+ERV3 probes (CL27C1_ERV1+ERV3; 32mer_
ERV1+ERV3) and ERV1-satellite-like sequences probe (32mer_ERV1+CRC) from RepeatExplorer
clusters and k-mers analysis to the male sheep metaphase chromosomes (2n = 54) (fluorescing blue
with DAPI). (A). Probe CL27C1_ERV1+ERV3 (green) strongly hybridized to the centromeres of all
acrocentrics, while weak signals can be seen at centromeric and some intercalary positions (arrows)
of some of submetacentrics. Signals were not seen on sex chromosomes X and Y. (B,C). Probe 32mer_
ERV1+ERV3 (green) two metaphases showing centromeric signals with some bands or broader sites
along arms of chromosomes. Telomeric signals on some acrocentrics and submetacentrics were
present (arrows (D). Probe 32mer_ERV1+CRC (magenta) showed different signals, some were present
on centromeric locations, while one arm of a submetacentric chromosome pair has extended signal.
There were small signals on the sex chromosomes (X and Y, marked) and the telomeric regions of
acrocentric and submetacentrics (arrows). Scale bar equals 5 um.
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Table 4. Chromosomal characterization of all classes of ERVs.

32mer_ERV1+CRC

ERV Probes Chromosomes Localization Figures
CL18C5_ERV1 All chromosc_)mes except XY an'd the Centromere
largest pair of submetacentrics
CL20C5._ERV1 All chromosgmes except XY an'd the Centromere 1
largest pair of submetacentrics
CL23C4_ERV1 All chromosomes Centromere to disperse
CL25_ERV1 All chromosomes Centromere- and dispersed-like dots
Centromere of all acrocentrics, XY,
22mer_ERV1.A All chromosomes pair of submetacentrics; Telomere of
other 2 pairs of submetacentric 2
32mer_ERV1.RE All chromosomes Centromere to disperse
32mer_ERV1.T3 All chromosomes Centromere to disperse
CL14C75_ERV2 All chromosomes Dispersed
OuttopCL_ERV2 All chromosomes Centromere to disperse 3
CL37_ERV2 All chromosomes Centromere to disperse
CL67_ERV3 All chromosomes Centromere- and dispersed-like dots 4
CL27C1_ERV1+ERV3 All chromosomes except XY Centromere and subtelomere
32mer_ERV1+ERV3 All chromosomes Centromere to disperse 5

and few telomere

Most chromosomes Centromere and few telomere

3.3.2. ERV2

The chromosomal location of ERV2 showed different patterns to ERV1 (Figure 3).
Signals of probe CL14C75_ERV2 were broadly dispersed on both autosomes and sex chro-
mosomes, while some DAPI gaps were seen on some chromosomes (Figure 3A). The
OuttopCL_ERV2 probe showed signals at both centromeric and telomeric domains of
acrocentric chromosomes, the submetacentrics had banding-like signals and sex chromo-
somes had strong signals (Figure 3B). Probe CL37_ERV2 showed signals scattered over
centromeric regions of some acrocentric and submetacentrics, and slight dot-like signals
were seen on all chromosomes including X and Y (Figure 3C).

3.3.3. ERV3

ERV3 sequences represented in the probe of CL67_ERV3 formed strong signals at
centromeres of all acrocentric chromosomes, and one submetacentric pair, while the other
two pairs of submetacentrics and the sex chromosomes had weaker signals (Figure 4).
Consensus sequences of some clusters and k-mer contigs included similarity to both ERV1
and ERV3. The CL27C1_ERV1+ERV3 probe strongly hybridized to the centromeres of all
acrocentrics, while centromeric and subtelomeric regions of some submetacentrics had weak
signals. Sex chromosomes had no signals (Figure 5A). Similarly, probe 32mer_ERV1+ERV3
showed centromeric signals with some bands or broader sites along arms of chromosomes.
Telomeric signals on some acrocentrics and submetacentrics were seen. Signals were also
incorporated in X and Y chromosomes (Figure 5B,C).

3.3.4. Combined ERV1 and Satellite like Sequences

Combined sequences of ERV1 and satellite-like repeats was found in the results of
both k-mer analysis and RepeatExplorer, suggesting some interspersion of satellite and ERV
sequences (Supplementary Materials, Figure S3). Probe 32mer_ERV1+CRC hybridized with
the centromeric and the telomeric regions of some acrocentric and submetacentric chromo-
somes. Some dots were seen on sex chromosomes (Figure 5D). Probe CRC (with half of the
consensus of 32mer_ERV1 and half CRC) showed 60% similarity to the centromeric repetitive
DNA from Cervidae species such as Muntiacus muntjak vaginalis (AY064466-AY064469).
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3.4. The Complete Genome of the Endogenous Jaagsiekte Sheep Retrovirus (enJSRV)

The complete consensus endogenous beta retroviruses enJSRV genome of three Ham-
dani and two Karadi sheep breed were assembled. Each was 7941 bp long and estimated
to be present in 71 to 124 copies (0.0087% to 0.0118% genomic proportion) (Table 5). The
enJSRV sequences, gene features (predicted proteins, with start and stop codons) and
other characteristics such as position, sizes and strand distribution of all 4 protein-coding
genes (gag, pro, pol and env genes) and LTR repeats are available in GenBank of the NCBI
under accession numbers MF175067, MF175068, MF175069, MF175070 and MF175071. The
phylogenetic analysis indicated that the consensus sequences of enJSRV from the large
fat-tailed sheep breeds from the Iragi Kurdistan region was placed with the recognized
Owis aries clade including EF680302 and DQ838493 Jaagsiekte sheep retrovirus sampled
from geographically different locations (Figure 6).

Table 5. Copy numbers and genomic proportion of complete genomes of the endogenous beta
retroviruses enJSRV integrated in the main sheep breeds of Iraqi Kurdistan region.

en]JSRV Total Reads of Each . . Copies of enJSRV
Breeds Corg}e):le;;ingSRV Assembled Reads Genome Genomlc;’ roportion (Assembled
(GenBank ID) P (Coverage X) ° Reads*150/7941)
Ham]1 52,048,068
(MF175067) 7941 5390 (2.6) 0.0104 101.81
Ham]2 56,220,882
(MF175068) 7941 6606 2.81) 0.0118 124.78
HamM 43,596,654
(MF175069) 7941 3809 2.18) 0.0087 71.95
KaJ 60,605,648
(MF175070) 7941 5386 (3.03) 0.0089 101.74
KarM 44,933,034
(MF175071) 7941 4846 (2.25) 0.0108 91.54
88 [ O. aries enJSRV Inner Mongolia DQ838493
O. aries enJSRV-20 USA EF680302
r O. aries enJSRV HamJ1 Iraq MF175067
100 O. aries enJSRV HamM Iraq MF175069
- O. aries enJSRV HamJ2 Iraq MF 175068
- O. aries enJSRV KarJ Iraq MF175070
L O. aries enJSRV KarM Iraq MF175071
O. aries enJSRV-26 USA EF680297
100

O. aries enJSRV-15 USA EF680299

O. aries enJSRV-23 USA EF680313

O. aries enJSRV-11 USA EF680303

O. aries enJSRV-7 USA EF680298

O. aries enJSRV-10 USA EF680307

O. aries enJSRV-5 USA EF680305

O. aries JSRV C1 China KP691837

O. aries JSRV DL37 India MN161849

Ovine enzootic nasal tumor virus complete genome

0.02

Figure 6. Phylogenetic relationship showing position of complete genomes of endogenous beta
retroviruses (enJSRV) of Iraqi sheep breeds (Hamdani; HamJ1, HamJ2, HamM and Karadi; KarM,
Kar]) in relation to other strains of enJSRV from other sheep breeds worldwide. Nodes are labelled
with consensus support%. Scale bar indicate the length of the branches of the tree (Scale Range= 0.02
and Line Weight = 1).
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4. Discussion
4.1. Genomic Distribution and Chromosomal Organization of ERVs

Major classes of endogenous retroviruses in the whole genome raw reads of sheep
genome were identified using graph-based approaches (RepeatExplorer) [19,20] and anal-
ysis of abundant k-mers. Fluorescent in situ hybridization (FISH) showed probes from
individual ERV sequence families have characteristic but different chromosomal distribu-
tion patterns and abundance over the sheep autosomal, acrocentric, metacentric and sex
chromosomes. The recognized subfamilies of ERV1, ERV2 and ERV3 showed abundant
centromeric to dispersed distribution over sheep chromosomes (Figures 1-5 and Table 4).
In humans, novel sequences of endogenous retrovirus HERV-K (HML-2) provirus named
(K111) have been discovered in centromeric regions of several chromosomes in multiple
copies [24,25]. The authors proposed that the retroviral sequences in human genomes have
been templates for regular cross-over events during the recombination process leading
to amplification of repetitive DNA sequences at the centromere. Likewise, in the current
study, we have found strong hybridization of ERV sequences in the centromeric regions of
sheep chromosomes. Thus, ERVs are either amplified or accumulate at centromeres, with
transposition or retrotransposition and mutation generating to complex family [26]. It is
notable that the submetacentric autosomes (derived by fusion of acrocentric chromosomes
in the ancestral Bovidae karyotype) show contrasting distributions for some ERVs, as
has been found for the major centromeric satellite sequences [27]. In kangaroo genomes,
amplification of endogenous retrovirus occurred in a lineage-specific fashion which is
limited to the centromeres of chromosomes [28]. It will be interesting to investigate whether
ERVs (in the centromeric and pericentromeric domains depleted in genes) [29], have any
involvement in the karyotypic rearrangement and the evolutionary fusion of the ancestral
acrocentric chromosomes, or are carried with the more abundant satellite DNA sequences
as has been suggested in bovine chromosome fusions [30].

The genomic proportion of ERVs in the sheep genome was estimated as 0.55% in the
raw reads from RepeatExplorer, very similar to the proportion aligned to reference bovid
ERV sequences from Repbase database [31,32] (0.02% and 0.45% of sheep raw reads have a
high similarity to the ancestral and B. taurus ERV sequences respectively). In three species
of Bos; cattle (B. taurus), zebus (B. taurus spp. indicus), and yaks (Bos grunniens), about
30 ERV types were identified and these ERVs were also detected with different percentages
in eight species of animals using different types of data (assembly; contigs and reads) [33].
In human, approximately 8% of the genome constitutes of retroviral origin sequences,
considered a result of continuous infections of the germ line of the host lineage by ancient
viruses over millions of years of evolution [2,34], much higher than the data here suggests
are found in sheep.

The biological significance of ERVs has been argued, but ERVs are now considered
to have a variety of beneficial roles in their host genome contributing to genome plas-
ticity [35-37]. In plants, the endogenous pararetrovirus sequences incorporated in the
genome, first discovered in banana by in situ hybridization [38], are now thought to protect
the host via RNAi mechanisms [39]. Correspondingly, in sheep, protective mutation has
been described in a copy of the enJSRV which emerged shortly after integration of JSRV in
the 6q13 locus before diversification of Ovis and after divergence of Capra and Ovis [40].
The genomic amplifications and fixation of such protective mutation in Ovis species may
be due to the natural selection before domestication of O. aries from Ovis orientalis. Thus,
the integrated ERVs in the genome of Iragi sheep may have a protective role in reducing
retroviral infection. Furthermore, ovine enJSRVs have contributed to the protection of the
uterus from viral infection and regulators of placental function and morphogenesis. For
example, mRNA of enJSRVs env was found expressed in the trophoblast giant binucle-
ate cells (BNC), glandular epithelium (GE), the endometrial luminal epithelium (LE) and
multinucleated syncytia of the placenta suggesting that their expression played important
physiological roles in conceptus implantation and placentation [41,42].
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4.2. Complete Genome of Endogenous Betaretroviruses (en]SRV) and Their Abundance in Iraqi
Sheep Breeds

Various endogenous retroviruses from different genera have been characterized from
a variety of mammalian species [43]. Endogenous retroviruses can be categorized through
comparison of sequences in a phylogeny [35]. Based on the enJSRV genome, the five
assembled Iraqi endogenous beta retroviruses (enJSRV) genomes were grouped together
and placed on sister branches with other enJSRV proviruses in sheep within an enJSRV clade
(Figure 6). Although the five Iraqi en]JSRV genome clustered together, several nucleotide
differences were found (Supplementary Materials, Figure S5). In the present study, we
assembled complete genome of enJSRV from HTS data, while others cloned the complete
beta retroviruses from sheep sampled from Inner Mongolia [23]. Our study indicates
that enJSRV sequences from the Iraqi sheep are most similar to those in sheep breeds
from China and USA, signifying that there are potential homogenization and fixation
of the enJSRV sequences in sheep genome despite the presence of polymorphic sites
between them. enJSRV sequences are thought to have entered the host genome within
the last 3 million years, before and during speciation within the genus Ovis, and are
characterized by a transdominant phenotype able to block late replication steps of related
exogenous retroviruses [15].

About 27 enJSRV proviruses were isolated and characterized in the genomes of differ-
ent species of genus Ovis within the Caprinae subfamily including (O. aries, Ovis ammon,
Owis canadensis and Ovis dalli) [15]. Furthermore, copies of enJSRVs and their integration
sites in domestic and wild species of the sheep lineage were detected by amplification the
env-LTR region by PCR, and 103 enJSRV sequences were produced across 10 individuals
and enJSRV integrations were found on 11 of the 28 sheep chromosomes [44] (see FISH
results). Similarly, we found that about 294 sequence fragments with different lengths
(37 bp-7899 bp; total length 136 kbp) from the nuclear chromosome assemblies of O. aries
Oar_v4.0 databases have high similarity to the genomic sequences of enJSRV. Correspond-
ingly, in the cow genome about 928, 4487, 9698 ERVs related sequences were detected
using three different methods, BLAST-based searches, LTR_STRUC and RetroTector, re-
spectively [43]. The current study is the first time assembling the complete genome of
enJSRV of Iraqi sheep breeds from the center of domestication and diversity species and it
also the first work investigating copy numbers 72 to 125 copies and genomic proportions
0.0087% to 0.0118% of complete genome of endogenous beta retroviruses (enJSRV) using
whole genome high-throughput sequencing (HTS) data of sheep breeds. The retroviral
pro-pol sequences of two retroviral families (B/D-type) and (C-type) and the copy num-
bers (5-100 copies) of B type ERVs in several sheep breeds using Southern blot analysis
were analyzed [45]. The ERV sequences identified here fall within the range of diversity
previously reported, but form a distinct group (Figure 6), suggesting that there is either
homogenization of the sequences (including potentially through gene conversion), or loss
and replacement with new copies. However, unlike retroelements, it is notable that the copy
number of enJSRV is similar across all sheep breeds studied. The results here show that the
sheep breeds near the center of diversity and domestication have similar abundances of
enJSRV beta retroviruses and more generally endogenous retroviruses, ERVs to other sheep.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/dna2010007/s1. Table S1, DNA samples and sample locations
used for high-throughput sequencing (HTS) data. F; female and M; male, Figure S1. Mapping of
high-throughput sequencing (HTS) data of sheep to ancestral sequences of ERVs, Figure S2. Mapping
of high-throughput sequencing (HTS) data of sheep to Bos taurus sequences of ERVs, Figure S3.
Consensus of CL15C14 (4191bp) of RepeatExplorer including combined ERV1+CRC sequences,
three copies of 32merC16_Sat_CRC satellite like sequences and ERVs, Figure S4. Assembly of high-
throughput sequencing (HTS) data to reference complete genome of enJSRV DQ838493, Figure S5.
Distribution of 50 SNPs along the complete genome of enJSRV of five samples of the Iraqi sheep
breeds Hamdani and Karadi.
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