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ABSTRACT

In pig-to-human xenotransplantation, the
transmission risk of porcine endogenous retroviruses
(PERVs) is of great concern. However, the
distribution of PERVs in pig genomes, their genetic
variation among Eurasian pigs, and their
evolutionary history remain unclear. We scanned
PERVs in the current pig reference genome
(assembly Build 11.1), and identified 36 long
complete or near-complete PERVs (IcPERVs) and
23 short incomplete PERVs (siPERVs). Besides
three known PERVs (PERV-A, -B, and -C), four
novel types (PERV-JX1, -JX2, -JX3, and -JX4) were
detected in this study. According to evolutionary
analyses, the newly discovered PERVs were more
ancient, and PERV-Bs probably experienced a
bottleneck ~0.5 million years ago (Ma). By analyzing
63 high-quality porcine whole-genome resequencing
data, we found that the PERV copy numbers in
Chinese pigs were lower (32.0+4.0) than in Western
pigs (49.11+6.5). Additionally, the PERV sequence
diversity was lower in Chinese pigs than in Western
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pigs. Regarding the IcPERV copy numbers, PERV-A
and -JX2 in Western pigs were higher than in
Chinese pigs. Notably, Bama Xiang (BMX) pigs had
the lowest PERV copy number (27.8+5.1), and a
BMX individual had no PERV-C and the lowest
PERV copy number (23), suggesting that BMX pigs
were more suitable for screening and/or modification
as xenograft donors. Furthermore, we identified 451
PERV transposon insertion polymorphisms (TIPs), of
which 86 were shared by all 10 Chinese and
Western pig breeds. Our findings provide systematic
insights into the genomic distribution, variation,
evolution, and possible biological function of PERVs.
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INTRODUCTION

Xenotransplantation has become the primary medical method
by which the shortage of human organs is mediated. Due to
similarities in organ size and physiology to humans, as well as
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their rapid reproductive ability, pigs are the preferred animal
source species for xenotransplantation (Cooper, 2003; Yang &
Sykes, 2007). However, the risk of immune rejection and
transmitting diseases from animals to humans are two major
challenges to overcome in xenotransplantation. These
problems of immune rejection and partial viral infection were
largely resolved, but the risk of porcine endogenous retrovirus
(PERYV) infection remains a great concern (Denner & Tonjes,
2012; Sykes & Sachs, 2019).

Pigs originated from Island Southeast Asia (ISEA), then
spread to and colonized almost the entire Eurasian continent
(Frantz et al., 2013; Groenen, 2016). Pigs were domesticated
in at least two locations, Anatolia and China (Larson et al.,
2005). During the pig domestication process, which began
~10 000 years ago, both natural and artificial selection have
shaped and stabilized distinct pig breeds, including two main
pig lineages of Asian and European pigs. In Asia, China has
the most pig breeds, accounting for more than one-third of the
world’s pig breeds (Ai et al., 2015). Chinese indigenous pigs
are known for their low growth rate, poor feed conversion
efficiency, and early puberty. European pigs, which are
distributed worldwide, including America, Africa, Australia, and
Asia (Yang et al., 2017), originated from European pig breeds
and are thus referred to as Western pigs. Western pig breeds,
such as Large White Duroc, Duroc, Landrace, and Pietrain
pigs, have fast growth rates, excellent feed efficiency, and a
low fat-deposition ability.

A complete PERV contains three protein-coding genes, gag,
pol, and env. PERVs are typically classified into three types,
PERV-A, -B, or -C, based on env sequence differences.
PERV-A and -C recombine to generate new PERV variants
PERV-A/C, which infect human cells (Denner, 2008; Karlas et
al., 2010; Wilson et al., 2000). Recently, another PERV type,
PERV-IM, has been reported and its env protein shows low
similarity to PERV-A, -B, and -C. It is located in the middle
phylogenetic position of PERVs and is close to PERV-A and -
C (Chen et al.,, 2020b). Long terminal repeats (LTRs) are
located on both flanks of a PERV. Based on sequence
structure and length differences, LTRs flanked to PERVs can
be divided into two subfamilies, LTR-A (named in the
RepeatMasker database as ERV1-2B_SSC-LTR) and LTR-B
(ERV1-2_SSC-LTR). LTR-A consists of an R region, U5, and
U3 without the 18 and 21 bp repeat structures, but with
sequences homologous to the repeats. LTR-B consists of an
R region, U5, and U3 with the 18 and 21 bp repeat structures
(Scheef et al., 2001; Tonjes & Niebert, 2003). PERV is the
only retrovirus that harbors two different LTRs; only PERV-A
can be flanked by two different LTRs, both flanking LTRs of a
PERV-A belong to the same subfamily (Tohjes & Niebert,
2003).

Multiple methods have been developed to estimate PERV
copy numbers, including Southern blot, semi-quantitative PCR
(Semi-gPCR), real-time PCR (RT-PCR), droplet digital PCR
(ddPCR), fluorescence in situ hybridization (FISH), and
genome-wide sequencing (Denner, 2016b). In early 1997,
Southern blot was applied to detect PERVs in the cells of a pig
kidney cell line (PK15) and in Landrace x Duroc, Meishan,
and Pietrain pigs to roughly estimate PERV copy numbers (Le
Tissier et al., 1997; Patience et al., 1997). Patience et al.
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(2001) estimated the PERV copy numbers in Landrace x
Duroc F1 hybrid pigs by PCR titration (Patience et al., 2001).
In 2002, Semi-gPCR was employed to measure the PERV
copy numbers of 11 local Chinese pig breeds (Lian et al.,
2002). The average PERV copy number was estimated to
range from 27.1 (Bama Xiang (BMX) pig) to 62.9 (Meishan
pig). By applying RT-PCR, 22-34, 17-27, 19-34, 9-23, 3-43,
and 4-96 PERV copies were detected in Duroc, Landrace,
Yorkshire, South Korean Jeju, Spanish Iberian, and Chinese
miniature pigs, respectively (Lee et al., 2011; Liu et al., 2011;
Quereda et al.,, 2012). A total of 32 PERV copies were
detected in Western pigs via FISH (Lee et al., 2002). By
employing ddPCR, 69 copies were detected in Aachen
minipigs, 117 in Black minipigs, 59 in genetically modified pigs
generated for xenotransplantation, 93 in Goéttingen minipigs,
and 3-69 in wild boars around Berlin (Fiebig et al., 2018;
Kriger et al.,, 2019, 2020). By combining genome-wide
sequencing and ddPCR, 25 PERV copies were confirmed in a
Chinese BMX pig (Niu et al., 2017). Based on these previous
estimates, it is clear that PERV copy numbers vary among pig
breeds and different animals within the same breed. Most of
the above methods detect a short region in PERVs, usually
the conserved fragment in the pol gene (Yang et al., 2015).
Because there are several different (at least three) PERV
types, methods based on PCR or FISH may be biased, may
not detect all PERVs, and could estimate copy numbers
inaccurately in pigs. Previous studies have reported the PERV
copy numbers in different pig lines (Denner & Tonjes, 2012;
Denner, 2016b). However, comparisons of different PERV
types among various Chinese and Western pig breeds remain
sparse.

Regarding the potential infection risk of PERVs, PERV
transmission has not been documented in pre-clinical trials of
pig cells or organs transplanted into primates (Denner, 2018).
Previously, it was reported that PERV-A and -B infected
human cells in vitro (Le Tissier et al., 1997). Although PERV-C
does not infect human cells, it can recombine with PERV-A to
form a highly pathogenic virus, PERV-A/C, that infects human
cells in vitro (Bartosch et al., 2004; Harrison et al., 2004;
Karlas et al., 2010; Wilson et al., 2000). Furthermore, PERV-A
and -B exist widely in all pigs and PERV-C has been observed
in most pigs (Denner & Tonjes, 2012). Therefore, the potential
risks of PERVs cannot be eliminated by using certain
pathogen-free pigs as donor organ sources. The best way to
reduce the potential risk of PERVs is by selecting pig breeds
with fewer PERV copies or to completely remove PERVs by
gene knockout (Denner, 2016b, 2018). Yang et al. inactivated
25 PERVs in BMX pigs via CRISPR/Cas9 and successfully
produced PERV-inactivated pigs (Niu et al., 2017; Yang et al,,
2015; Yue et al., 2021). Previous studies have found that
some specific retrotransposons of human endogenous
retroviruses contribute to transcription factor binding sites
(Cohen et al, 2009; Wang et al., 2007). However, the
biological function of PERVs and interaction mechanism
between PERVs and their host remain unclear.

Therefore, it is necessary to comprehensively investigate
different PERV types, their distribution in the Sus scrofa
reference genome, estimate the copy number variation, and
detect potential insertion sites in a variety of pig breeds. Here,
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we scanned all PERVs in the current pig reference genome
(S. scrofa genome, assembly Build 11.1) by sequence
similarity searching. Based on the whole-genome sequencing
data, we introduced and applied four methods (mapping-to-
genome, mapping-to-PERV, k-mer-based, and mapping-to-
LTR) to identify PERV types, investigate their copy numbers,
and detect PERV transposon insertion polymorphisms (TIPs)
in 10 divergent Chinese and Western pig breeds. These
findings will assist with the identification of pig breeds suitable
for pig-to-human xenotransplantation. Furthermore, we
performed analyses on PERV evolution and selection, and
investigated their potential biological functions. Our findings
will serve as a valuable reference for future studies on pig-to-
human xenotransplantation.

MATERIALS AND METHODS

Retrieving PERVs in the pig reference genome

Three clearly classified PERVs, PERV-A (accession No.:
AY099323.1), PERV-B (accession No.: AY099324.1), and
PERV-C (accession No.: KY352351.1) were retrieved from the
NCBI database and selected as reference sequences
(Bartosch et al., 2002). These PERVs were mapped to the pig
reference genome (assembly Build 11.1) using BLAT (Kent,
2002). We retrieved putative PERVs using the following
parameters: sequence similarity >90%, sequence length >2
000 bp, and at least one flanking LTR. A total of 59 putative
PERVs were obtained, including 36 long complete or near-
complete PERVs (IcPERVs) with a sequence length >7 000
bp and 23 short incomplete PERVs (siPERVs) with a
sequence length <6 000 bp and >2 000 bp (Supplementary
Tables S1, S2). RepeatMasker v4.0.9 was used to clarify the
boundaries of the sequences and annotate LTR types (Chen,
2004). The gag, pol, and env open reading frames (ORF)
were annotated by ORF-FINDER v0.4.3 (Rombel et al., 2002).

Determination of PERV types

Sequence homology alignment and topological location
determination of the phylogenetic tree were employed to
identify the types of 59 PERVs distributed across the pig
reference genome. To determine the categories of 36
ICPERVs, MegaBLAST was used to align the ICPERVs without
flanking LTR sequences to three reference PERVs (PERV-A-
AY099323.1, PERV-B-AY099324.1, and PERV-C-
KY352351.1) (Morgulis et al., 2008). PERVs that had >97%
similarity with a reference PERV were classified as the same
type as the reference PERV. Then, we used these classified
PERV sequences as additional reference sequences for
realigning unclassified PERVs. PERV sequences with >97%
similarity with these reference PERVs were classified
according to the same rule. We repeated this process of
PERYV classification until no PERV had >97% similarity with
the references. Finally, seven IcCPERV sequences with >90%
and <97% similarity with the references were not classified
into the known PERVs. A phylogenetic tree was constructed
using the GTR + gamma DNA substitution model in BEAST
v1.8.4 for the 36 IcCPERVs (Drummond & Rambaut, 2007). In
the tree, the AKV murine leukemia virus (MLV) (accession
No.: J01998.1) sequence was used as the outgroup. Based on

the clustering position in the phylogenetic tree, a PERV with
95% similarity to PERV-A was named as a like type of PERV-
A; the remaining six IcCPERV sequences that had >90% and
<97% similarity with the reference PERVs were defined as
new PERVs. These six sequences were further divided into
four types, PERV-JX1, -JX2, -JX3, and -JX4.

We also calculated the genetic distance of 36 ICPERVs
without flanking LTR sequences and the genetic distance of
their env genes to verify our classifications. First, we
performed multi-sequence alignment of these 36 ICPERVs or
their env genes using the muscle function implemented in
MEGAX (Kumar et al., 2018). Then, we estimated the distance
of the 36 IcCPERVs without flanking LTR sequences and the
distance of env genes using a maximum composite likelihood
model with rate uniformity and pattern homogeneity using
MEGAX.

For classification of the 23 siPERVs, each siPERV was
aligned to 10 reference sequences (PERV-A-AY099323.1,
PERV-A-1-262.2M, PERV-A-X-73.7M, PERV-A- Y-20.1M,
PERV-B-AY099324.1, PERV-C-KY352351.1, PERV-JX1-7-
21.2M, PERV-JX2-X-71.4M, PERV-JX3-3-17.8M, and PERV-
JX4-2-76.6M). Similar to the ICPERV classification rules,
siPERVs with >97% similarity to a reference sequence were
classified as the same type as the reference PERV, siPERVs
with >95% and <97% similarity to a reference sequence were
classified as the like type of the reference PERV (siPERV-
like), and siPERVs with >90% and <95% similarity to any
reference sequence were classified as an unclear PERV type
(siPERV-UC).

Estimating PERV and LTR divergence times

BEAST v1.8.4 was used to reconstruct the tree topology of the
IcCPERVs and their flanking LTRs, and estimate their
divergence times under a strict molecular clock model
(Drummond & Rambaut, 2007). In addition to the 36 ICPERVs,
we included three PERV reference sequences (PERV-A-
AY099323.1, PERV-B-AY099324.1, and PERV-C-
KY352351.1) and one MLV sequence (MLV-J01998.1)
downloaded from the NCBI Genbank database. For the PERV
analyses, we employed MAFFT to make multiple alignments
of these 39 PERV sequences without their flanking LTRs and
one MLV sequence. Then, BEAST was used to reconstruct
their phylogenetic tree and estimate their divergence times.
We set the divergence time between MLV (MLV-J01998.1)
and PERV (PERV-A-AY099323.1) as 96 million years ago
(Ma), which is the divergence time of pig and mouse from the
TimeTree database (Katoh & Standley, 2013; Kumar et al.,
2017). For the LTR analyses, we chose the 5' LTR sequences
flanking the above PERVs to build their phylogenetic tree. In
the LTR tree, the 5' LTR sequence of MLV was used as the
outgroup and the divergence time of the LTRs between MLV
and PERV was the same as in the above PERYV analyses. We
used the BEAUti program in BEAST v1.8.4 to set up the XML
file with the following parameters: selecting GTR + gamma as
DNA substitution model, enabling link trees, strict clock, and
specifying tree prior as constant size of coalescence. Each
MCMC chain was run for 10 million steps. Logging trees and
model parameters were generated every 2 000 steps and the
first 10% of steps was discarded as burn-in. Posterior
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distributions of tree likelihoods and other estimated
parameters  were analyzed using Tracer v1.7.1
(https://github.Com/beast-dev/tracer /releases) to ensure an
estimated sample size (ESS) >200 for each statistic. Finally,
the results were summarized using the TreeAnnotator
program implemented in BEAST. Finally, the tree was
visualized by iTOL v4 (Letunic & Bork, 2019).

Resequencing data of Eurasian pigs

We collected next-generation whole-genome resequencing
data of 63 pigs from 10 breeds, including five Chinese pig
breeds (six South Chinese wild boar (CNWB), six BMX, eight
Erhualian (EHL), six Laiwu (LWU), and six Tibetan (TB) pigs)
and five Western pig breeds (five European wild boar
(EUWB), eight White Duroc (WD), seven Landrace (LR), five
Large White (LW), and six Duroc (DRC) pigs). Among these
data, 52 were previously published by our research team and
11 (six DRC pigs and five EUWB) were downloaded from data
published by Wageningen University (Ai et al., 2015, 2021;
Chen et al., 2020a; Frantz et al., 2015; Yan et al., 2018). All
data were mapped to the reference genome using BWA-MEN
to evaluate the sequencing depth and genome coverage (Li &
Durbin, 2009). The average depth of EUWB data was 16.9x%,
DRC data was 17.2x, and other data were >20x. The
coverage of all data was >0.97 (for more details, see
Supplementary Table S3).

Calculation of PERV copy numbers

We employed two methods to calculate PERV copy number
using the above sequencing data. In method 1 (mapping-to-
genome), the sequencing data were aligned to the pig
reference genome using bowtie2 v2.3.5.1 with the parameter
“--end-to-end -k 1 --very-fast” (Langmead & Salzberg, 2012).
The PERV copy number of each individual was calculated
using the following formula:

CNpery = SpervLreads/ (DLperv) (1

where CNpgry represents the PERV copy number of an
individual, Spgry represents the summation of reads mapped
to all 59 PERVs located on the reference genome, L gaqs
represents the average length of mapped reads at PERV
regions, D represents the average read depth of the individual,
and Lpgry represents the average length of PERVs detected
in the pig reference genome, which was set to 6 000.

The LTR copy number of each animal was calculated using
the following formula:

CNy1r = SitrLreads/(DLi1r) (2)

where CN_tr represents the LTR copy number of an
individual, S, 1r represents the summation of reads mapped to
all 247 LTRs located on the reference genome, L gags
represents the average length of mapped reads at LTR
regions, D represents the average read depth of the individual,
and L tr represents the average length of LTRs found in the
pig reference genome, which was set to 600.

In method 2 (mapping-to-PERV), 59 PERV sequences
without flanking LTRs were used as reference sequences for
calculating the PERV copy number; 247 LTR sequences were
used as reference sequences for calculating the LTR copy
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number. Whole-genome sequencing data were mapped to
these PERV or LTR reference sequences using bowtie2
v2.3.5.1 with the parameter, “--local --ma 1 --very-sensitive-
local --no-overlap --no-contain --no-unal.” CNpggry and CN g
were calculated using the two formulas above. However, in
method 2, Spery represents the summation of reads mapped
to all 59 PERV reference sequences and S tr represents the
summation of reads mapped to all 247 LTR reference
sequences.

T-test of PERV copy number differences between
domestic pigs and wild boar

To compare the differences in PERV copy numbers between
domestic pigs and wild boar, Student’s t-tests were performed
on the PERV copy numbers between European domestic pigs
(LW, LR, DRC, and WD) and EUWB (P=0.0094), and Chinese
domestic pigs (BMX, EHL, LWU, and TB) and CNWB
(P=0.041).

Prediction of PERV types in Eurasian pigs

We developed a pipeline (k-mer-based method) to predict
which PERV types were included in an individual among the
59 known PERVs using the resequencing data of individuals
based on unique k-mers of the known PERVs (Figure 1). First,
the k-mers (k=31) of a known PERV and reference genome
were generated using the KMC v3.1.1 software and their
single-copy k-mers were selected (Deorowicz et al., 2015).
We defined the intersection of single-copy k-mers between a
PERV and reference genome as the unique k-mer of the
PERV. The k-mers of an individual were generated using the
resequencing data of an individual. We counted the k-mer
types in the intersection between all k-mers of an individual
and unique k-mers of the PERV, then calculated the ratio of
unique k-mers of the PERV in an individual to the total unique
k-mers of the PERV. Finally, we set a threshold to determine
whether the known PERVs existed in an individual. We tested

Figure 1 Prediction pipeline of PERV types in an individual using
the resequencing data based on the unique k-mers

An example was given to determine whether the individual CNWBO01
contained the PERV (PERV-JX1-17-41.4M). The result indicated
CNWBO01 had PERV-JX1-17-41.4M in its genome.
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the thresholds from 5%-30% and found that when the
threshold was 18%, the correlation between the PERV copy
numbers estimated by the pipeline and method 1 at the
section of “Calculation of copy number of PERVs” was the
largest (>0.85). Therefore, if the ratio of the unique k-mers of
the PERV in an individual to the total unique k-mers of the
PERV was >18%, the PERV was determined to be present in
the individual. However, if the ratio was <18%, the individual
did not contain the PERV.

Comparison of PERV sequence diversity in Eurasian pigs
We employed the k-mer spectra approach to compare the
sequence diversity of PERVs between European and Chinese
pigs. First, the resequencing data of 63 Eurasian pigs were
mapped to a PERV reference panel containing 36 ICPERVs
without flanking LTRs using bowtie2 v2.3.5.1 with the
parameter, “--end-to-end --very-sensitive”. To avoid potential
bias of k-mer spectra caused by sequencing depth and read
length, we consistently and randomly selected the same total
length (2 400 000 bp) of resequencing reads per individual.
The mapped reads of 31 Western and 32 Chinese pigs were
collected and k-merized (k=31) using KMC v3.1.1. We filtered
the k-mers whose frequency was <3.0 due to sequencing
errors and counted the number of remaining k-mer types. To
compare the PERV sequence diversity between CNWB and
EUWB, we selected five individuals from both CNWB and
EUWB. We repeated the random selection of resequencing
data and performed the above analyses 10 times. All results
were consistent, indicating that the methods were valid and
our results were reliable.

Detecting PERV TIPs in Eurasian pigs

To detect PERV TIPs in Eurasian pigs using the next-
generation sequencing data, we developed a new method,
method 3 (mapping-to-LTR). First, we mapped all paired reads
to two LTR reference sequences, ERV1-2_SSc-LTR (668 bp)
and ERV1-2B_SSc-LTR (742 bp), using BWA-MEM v0.7.17
with the parameter, “-M”. We recorded the IDs of the mapped
reads and extracted their mate reads. We kept the mate reads
that were not mapped to the two LTR reference sequences.
Next, these unmapped mate reads were aligned to the pig
reference genome using BWA-MEM v 0.7.17. We retained the
reads mapped to the pig reference genome with a mapping
quality (MAPQ) >30 for further analysis. The locations of the
mapped reads were merged using BEDTools merge v2.27.1
(Quinlan & Hall, 2010). A candidate TIP was determined if at
least two reads were found with a distance <2 000 bp. We
tested different MAPQ thresholds (from O to 60) and read
distances (from 1 000 to 2 500 bp) to compare the correlation
between the number of TIPs identified by method 3 and PERV
copy numbers detected by method 1 or 2. The highest
correlation (method 1: r?=0.774, P=9.603x10""4; method 2:
r’=0.795, P=7.064x10""%) was observed when MAPQ was set
to 30 and the distance of reads was set to 2 000 bp.
Chromosomal TIP sites were visualized by the R package,
“karyoploteR” (Gel & Serra, 2017).

ClueGO enrichment analysis
Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways were enriched using the

default options of the ClueGO plug-in of Cytoscape v3.5.0
(Bindea et al.,, 2009; Shannon et al., 2003). Human
orthologous EnsemblGenelDs were set as the gene list and
the human GO database as the query database.

RESULTS

PERV landscape in the S. scrofa reference genome

A total of 36 IcCPERVs with sequence lengths >7 000 bp and
23 siPERVs with sequence lengths >2 000 bp and <6 000 bp
were identified in the current S. scrofa reference genome,
which mainly originated from a female DRC pig (Figure 2A;
Table 1; Supplementary Tables S1, S2). At least one PERV
per S. scrofa chromosome (SSC) was detected, except in
SSC10. PERV-A/C was not detected in the current S. scrofa
reference genome. Among the 36 ICPERVs, 18 PERV-As
(including a PERV-Alike) were detected on SSC1, -3, -5, -7, -
8, -12, -13, -15, -17, -X, and -Y, and two unplaced contigs,
NW_018084965 and NW_018085136. Eleven PERV-Bs were
located on SSC3, -4, -8, -9, -11, -14, -15, and -16, and
NW_018085086, NW_018085255, and NW_018085331. Only
one PERV-C was located on SSC14. Six newly identified
PERVs were located on SSC2, -3, -7, -17, and -X, and
NW_018085293 (Figure 2A).

We constructed a maximum likelihood (ML) tree using the
36 IcCPERVs from the swine reference genome and three
complete PERVs (PERV-A: AY099323.1, PERV-B:
AY099324.1, and PERV-C: KY352351.1) deposited to the
NCBI Genbank database (Bartosch et al., 2002). In the tree,
all 19 PERV-As clustered together, all 12 PERV-Bs formed
their own clade, and two PERV-Cs grouped closely together.
The six newly discovered PERVs were scattered on branches
between the PERV-As and -Bs; they did not cluster into any
clade of PERV-A, -B, or -C, and were classified into four types
named, PERV-JX1 (three copies), -JX2 (one copy), -JX3 (one
copy), and -JX4 (one copy) (Figure 2B; Supplementary Figure
S1). These PERVs had genetic distances > 0.04 (the largest
genetic distance within each PERV type) with PERV-A, -B, -C,
or each other, as well as their env genes or env homologous
sequences (Supplementary Table S4 and Figures S2-S5).
The PERV-JX1s were located close to the PERV-Bs, and
PERV-JX2, -JX3, and -JX4 were located near the root of the
ML tree. Based on their close position next to the root of the
phylogenetic tree, we speculated that these newly discovered
PERVs were more ancient than the well-known types, PERV-
A, -B, and -C.

All 39 IcCPERVs were flanked by LTRs on both sides. Among
these ICPERVs, 23 PERVs were flanked by LTR-B (subfamily
type, ERV1-2_SSC-LTR), including all 12 PERV-Bs, five -As,
three -JX1s, one -Alike, one -JX2, and one -JX3. The
remaining 16 IcPERVs were flanked by LTR-A (subfamily
type, ERV1-2B_SSC-LTR), including 13 PERV-As, two -Cs,
and one -JX4 (Figure 2C). A total of 247 LTRs were detected
in the swine reference genome, including 117 LTRs flanked to
PERVs and 130 solo LTRs (Supplementary Table S5). No
PERV was detected on SSC10, but one solo LTR-A was
found at 29.4 Mb on SSC10, suggesting that a PERV may
have not been inserted or a PERV would have the opportunity
to transpose on SSC10.
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Figure 2 59 PERVs in the S. Scrofa reference genome

A: The positions of PERVs in the reference genome. NW965: NW_018084965; NW136: NW_018085136; NW086: NW_018085086; NW255:
NW_018085255; NW331: NW_018085331; NW293: NW_018085293; NW154: NW_018085154; NW193: NW_018085193; NW355:
NW_018085355. siPERV: short incomplete PERV. B: Maximum-likelihood (ML) phylogenetic tree of 36 long complete or near-complete PERVs
(IcPERVs) without LTR. In the tree, 3 complete PERVs (PERV-A: AY099323.1, PERV-B: AY099324.1, and PERV-C: KY352351.1) were included,
and an MLV (MLV-J01998.1) was set as the outgroup. The color on the outer circle represents the detection rate of PERVs on the genome by 10
breeds (n=63). The bluer the color, the more pigs have this PERV copy, and the redder the color, the fewer pigs. C: Maximum-likelihood (ML)
phylogenetic tree of 36 ICPERVs with LTRs. The color on the outer circle represents LTR types. D: ORF prediction of 62 PERVs and their LTRs. 59
PERVs were identified from the swine reference genome Build 11.1, and 3 complete PERVs (PERV-A: AY099323.1, PERV-B: AY099324.1, and
PERV-C: KY352351.1) were downloaded from the NCBI Genbank database. ORFs of gag, pol, env were predicted in three forward reading frames.
For example, gag? means gag ORF predicted in forward frame 1; gag2 means gag ORF predicted in forward frame 2; gag3 means gag ORF
predicted in forward frame 3. The sequences of pol-probe and env-probe were downloaded from the reference (Yang et al., 2015).
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Table 1 Classification and descriptive statistics of all 59 PERVs in the Sus scrofa reference genome (assembly Build 11.1)

Chromosome /

Unique k- Detection

No. Category' Subclass PERV name unplaced contig Strand Position Length? mer® rate?
1 ICPERV PERV-A PERV-A-1-132.0M 1 + 132020281-132028361 8 081 253 0.57
2  IcPERV PERV-A PERV-A-1-262.2M 1 + 262166347-262175262 8916 35 0.38
3  IcPERV PERV-A PERV-A-3-10.6M 3 - 10660619-10669533 8915 647 0.24
4  IcPERV PERV-A PERV-A-5-92.1M 5) = 92185133-92194050 8918 226 0.56
5 IcPERV PERV-A PERV-A-7-105.7M 7 105710884-105719193 8 310 119 0.17
6 IcPERV PERV-A PERV-A-8-51.6M 8 51570546-51579460 8915 466 0.94
7  IcPERV PERV-A PERV-A-12-28.2M 12 + 28221374-28230287 8914 95 0.43
8 IcPERV PERV-A PERV-A-13-142.0M 13 = 142030847-142039759 8913 451 1

9 IcPERV PERV-A PERV-A-13-146.7M 13 - 146750532-146759521 8 990 520 1

10 IcPERV PERV-A PERV-A-15-66.8M 15 = 66864153-66873044 8892 500 0.44
11 IcPERV PERV-A PERV-A-17-3.7M 17 - 3794010-3802709 8700 411 1

12 IcPERV PERV-A PERV-A-17-33.1M 17 + 33062883-33071800 8918 930 0.41
13  IcPERV PERV-Alike PERV-Alike-U965-14.7kb NW_018084965  + 14674-22827 8 154 1933 0

14 IcPERV PERV-A PERV-A-U136-0.5M NW_018085136 - 563793-572725 8933 1205 0.86
15 IcPERV PERV-A PERV-A-X-73.7M X - 73752986-73761903 8918 577 0.51
16 IcPERV PERV-A PERV-A-Y-20.1M Y = 20194782-20203572 8791 983 0.46
17  IcPERV PERV-A PERV-A-Y-21.8M Y - 21867301-21876035 8735 920 0.38
18 IcPERV PERV-A PERV-A-Y-25.2M Y + 25245606-25253905 8 300 11 0.63
19 IcPERV PERV-B PERV-B-3-51.1M 3 - 51108601-51117360 8 760 197 0.86
20 IcPERV PERV-B PERV-B-4-45.5M 4 = 45599494-45608252 8759 132 0.62
21 IcPERV PERV-B PERV-B-8-15.3M 8 + 15319428-15328187 8 760 177 0.76
22 IcPERV PERV-B PERV-B-9-138.8M 9 = 138895584-138904340 8 757 51 0.46
23 IcPERV PERV-B PERV-B-11-38.2M 11 38201361-38210116 8 756 386 0.86
24 IcPERV PERV-B PERV-B-14-119.7M 14 119667621-119676299 8 679 486 0.46
25 IcPERV PERV-B PERV-B-15-110.9M 15 - 110958945-110967782 8 838 374 0.44
26 IcPERV PERV-B PERV-B-16-59.6M 16 + 59571885-59580646 8762 141 0.44
27 IcPERV PERV-B PERV-B-U086-42.1kb NW_018085086 - 42158-50876 8719 564 0.81
28 IcPERV PERV-B PERV-B-U255-1.9kb NW_018085255 + 1949-10743 8795 242 0.54
29 IcPERV PERV-B PERV-B-U331-13.8kb NW_018085331 + 13836-22597 8762 85 0.87
30 IcPERV PERV-C PERV-C-14-62.5M 14 = 62550397-62557645 7 249 652 0.78
31 IcPERV PERV-JX1 PERV-JX1-7-21.2M 7 + 21236160-21244976 8817 1387 1

32 IcPERV PERV-JX1 PERV-JX1-17-41.4M 17 = 41467519-41476101 8583 1343 1

33 IcPERV PERV-JX1 PERV-JX1-U293-0.8M NW_018085293  + 820148-829192 9 045 2015 1

34 IcPERV PERV-JX2 PERV-JX2-X-71.4M X + 71402222-71409912 7 691 1472 0.49
35 IcPERV PERV-JX3 PERV-JX3-3-17.8M 3 + 17778858-17788086 9229 1460 1

36 ICPERV PERV-JX4 PERV-JX4-2-76.6M 2 = 76648002-76655788 7787 859 1

37 siPERV PERV-A sPERV-A-6-10.4M 6 + 10402614—-10407657 5044 20 0.57
38 siPERV PERV-A sPERV-A-X-55.1M X 55079139-55083211 4073 168 0.86
39 siPERV PERV-B sPERV-B-1-38.5M 1 38459013-38465006 5994 61 0.48
40 siPERV PERV-B sPERV-B-X-112.8M X = 112842765-112847657 4 893 108 0.76
41 siPERV PERV-C sPERV-C-5-29.4M 5 + 29356367-29361638 5272 639 0.78
42 sSiPERV PERV-C sPERV-C-11-29.1M 11 = 29084884-29090328 5445 611 0.57
43 sSiPERV PERV-C sPERV-C-13-146.75M 13 - 146759522-146764990 5 469 19 0.56
44  sSiPERV PERV-C sPERV-C-13-146.76M 13 = 146764392-146769858 5 467 34 0

45 sSiPERV PERV-C sPERV-C-X-81.5M X - 81543240-81545899 2 660 178 0.56
46 siPERV PERV-Alike sPERV-Alike-U293-0.9M NW_018085293  + 909902-914028 4127 729 0

47 sSiPERV PERV-Clike sPERV-Clike-U154-3.2kb NW_018085154  + 3178-6483 3306 505 0

48 sSiPERV PERV-Clike sPERV-Clike-U193-4.0kb NW_018085193  + 3949-7250 3302 232 0.57
49 siPERV PERV-Clike sPERV-Clike-U355-19.3kb NW_018085355  + 19304-23938 4 635 604 0.81
50 siPERV PERV-Clike sPERV-Clike-Y-25.269M Y = 25269797-25273827 4031 16 0.24
51 siPERV PERV-Clike sPERV-Clike-Y-25.29M Y - 25299007-25302057 3051 0 /
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Continued

Chromosome /

Unique k- Detection

Cat 1 iti Length?
No. Category' Subclass PERV name unplaced contig Strand Position eng mer® rate?
52 siPERV .T)I(E;:l:e sPERV-JX2like-12-23.0M 12 = 22986893-22991220 4328 704 1
53 siPERV T)E;:I:e sPERV-JX3like-15-116.3M 15 + 116321677-116334781 13 105 1206 1
54 siPERV T)I(E;\;e sPERV-JX3like-17-9.5M 17 = 9536784-9541504 4721 854 1
55 siPERV .T)I(E;?lie sPERV-JX3like-X-72.2M X + 72244018-72249170 5153 907 0.49
56 siPERV PERV-UC sPERV-UC1-9-63.2M 9 = 63235598-63238136 2539 405 0.63
57 siPERV PERV-UC sPERV-UC2-13-21.3M 13 21308535-21310732 2198 422 0.78
58 siPERV PERV-UC sPERV-UC3-Y-24.4M Y 24407502-24411155 3654 644 0.24
59 siPERV PERV-UC sPERV-UC4-Y-25.261M Y + 25261084-25264796 3713 728 0.16

': LcPERYV indicates long and complete or near-complete PERV; siPERV indicates short incomplete PERV. % The pol gene of sSPERV-JX3like-15-
116.3M was inserted by a 6 302 bp long sequence containing LINE1 transposon and (T)n simple repeat, which resulted in the length of the PERV
increasing to 13 105 bp. 3: The number of unique k-mer (k=31) of PERV on pig reference genome. *: The detection proportion of the PERV in the 63
Chinese and Western pigs; since the PERV sPERV-Clike-Y-25.29M has no unique k-mers, it cannot be detected in the tested pigs. /: Not available.

We predicted the ORF structures of the gag, pol, and env
genes for all 59 PERVs identified from the swine reference
genome and three complete PERVs deposited to the NCBI
Genbank database (Figure 2D). The ORF structures of the
three complete PERVs from the NCBI Genbank database and
seven IcPERVs (PERV-A-3-10.6M, PERV-A-5-92.1M, PERV-
A-17-33.1M, PERV-A-Y-25.2M, PERV-B-3-51.1M, PERV-B-
16-59.6M, and PERV-B-U331-13.8kb) from the swine
reference genome were complete and had not been truncated.
This finding suggests that these ICPERVs with complete ORF
structures had the ability to encode viral proteins. Roughly
one-third (14) of the 36 ICPERVs encoded reverse
transcriptase and were potentially active, as they contained a
complete pol ORF. Half of the PERV copies (18) contained a
complete env ORF, which encodes the most critical envelope
protein for forming virus particles. The env gene of PERV-C
on the reference genome was fragmented, suggesting that
PERV-C does not produce viral particles (Figure 2D). The
ORF structures of the newly discovered PERVs had been
truncated many times and did not encode viral proteins. For
example, PERV-JX1-17-41.4M, PERV-JX1-U293-0.8M, and
PERV-JX3-17.8M were inserted by other transposons
(Supplementary Figure S7D). These findings inferred that
these newly discovered PERVs may have existed in the pig
genome for a longer period of time and had more
opportunities to be truncated or mutated than the known types
with viral activity, PERV-A, -B, and -C.

Based on their sequence identities with the seven types of
PERVs (PERV-A, -B, -C, -JX1, -JX2, -JX3, and -JX4), 23
siPERVs divided into the following eight siPERV types:
siPERV-A (two copies), siPERV-B (two copies), siPERV-C
(five copies), siPERV-Alike (one copy), siPERV-Clike (five
copies), siPERV-JX2like (one copy), siPERV-JX3like (three
copies), and siPERV-UC (four copies) (Figure 2A;
Supplementary Table S2). Among the ICPERVs, PERV-As and
-Bs accounted for the majority. However, among the siPERVSs,
siPERV-Cs and -Clikes had the greatest number of copies.
Almost all the siPERV gene structures were incomplete
(Figure 2D). The env structures of siPERVs were severely lost
or completely disappeared, and some LTRs flanked to the
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siPERVs were broken or missing. For example, siPERV-C-5-
29.4M had no 5' LTR, siPERV-Clike-U293-0.9M had no 3'
LTR, and there was a large-fragment deletion in the LTRs of
siPERV-Clike-U154-3.2kb, siPERV-C-U193like-4.0kb and
siPERV-UC4-Y-25.261M. Notably, chimeric events caused by
the insertion of other transposons occurred frequently in the
siPERVSs. Six siPERVs (siPERV-Clike-U355-19.3kb, siPERV-
Clike-Y-25.269M, siPERV-JX3like-15-116.3M, siPERV-
JX3like-17-9.5M, siPERV-UC3-Y-24.4M, and siPERV-UC4-Y-
25.261M) were chimeric. Surprisingly, the pol gene of siPERV-
JX3like-17-9.5M was inserted by a 6 302 bp transposon of
LINE1 and simple (T)n repeat sequences. As a result, the
length of siPERV-JX3like-17-9.5M reached 13, 104 bp and
exceeded the length of a normal complete PERV.

Interestingly, we detected a region at 146.7 Mb on SSC13
that harbored three PERV copies, which was characterized by
multiple insertions of different PERVs at the same genome
site (Supplementary Figure S6). The sequence structure
analysis suggested that PERV-A with LTR-Bs was first
inserted into the position, then a subsequent insertion event of
two tandem PERV-Cs with LTR-As occurred and broke the
right flanking LTR of the first PERV-A.

Evolutionary history of PERVs and LTRs

The 36 ICPERVs in the reference genome were relatively
complete and had a long length of consensus sequence, while
the 23 siPERVs had many uneven deletions and shared few
common sequences. Therefore, we estimated the evolutionary
history of PERVs and LTRs using only the 36 ICPERVs in the
reference genome and three complete typical PERVs
deposited to the NCBI Genbank database. First, we ran
Bayesian phylogeny analyses for the sequences of the 39
IcCPERVs without flanking LTRs, identified as ERV1-2_SSc-I
using Repeatmasker, and their flanked LTRs using BEAST
(Figure 3) (Drummond & Rambaut, 2007). In the analyses, the
divergence time of 96 Ma between pig and mouse, retrieved
from the TimeTree database, was set as the split time
between MLV-J01998.1 and PERV-A-AY(099323.1 to account
for the mutation rate (Kumar et al., 2017). Our results showed
that the time of the most recent common ancestor (Tyrca) Of
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all 39 PERVs was estimated to be 6.9 Ma (HPD 95% (5.96,
7.85)). Interestingly, the PERVs containing complete gene
structures were usually younger than those with broken gene
structures. We also found that most PERVs with full gag, pol,
and env ORFs originated within the last 500 000 years
(Figure 3).

There were generally two lineages of PERVs, one
containing PERV-JX3, -JX4, -C, and -As, and the other
containing PERV-Bs, -JX1s, and -JX2. PERV-As clustered
into two independent clades in the first PERV lineage, one
where PERV-As were flanked by LTR-A and the other where
PERV-As were flanked by LTR-B. The Tyrca Of these two
PERV-As was estimated to be 3.2 Ma (HPD 95% (2.74,
3.67)). PERV-Cs were found to belong to this PERV lineage
and were close to the PERV-As flanked by LTR-A. Therefore,
we speculated that PERV-C was more likely to recombine with
this type of PERV-A to form the highly infectious and human-
tropic PERV-A/C. PERV-JX4 diverged from the PERV-As
flanked by LTR-A around 3.74 Ma (HPD 95% (3.17, 4.31)).
PERV-JX3 was the most ancient and located at the root of this
PERV lineage, having diverged from all PERV-As and -Cs
around 5.5 Ma (HPD 95% (4.70, 6.30)). In the second PERV
lineage, PERV-Bs were predominant. To our surprise, the

Figure 3 Evolutionary histories of 39 IcCPERVs and their 5' LTRs

Tumrca Of PERV-Bs was very short, around 0.5 Ma, far smaller
than the PERV-As in the first lineage. Accordingly, the
nucleotidediversity (Pi)ofthe PERV-Bswascalculatedas0.0059,
also much lower than the PERV-As (0.0125) (Supplementary
Figure S7). These findings suggested that PERV-As and -Bs
were under different selection pressures during the process of
PERV evolution, and PERV-Bs possibly experienced a
bottleneck around 0.5 Ma. PERV-JX1s were the closest to the
PERV-Bs, which diverged around 2.0 Ma. PERV-JX2 was the
most ancient PERV in the second lineage and diverged from
all PERV-Bs and -JX1s around 54 Ma (HPD 95% (4.62,
6.24)).

In the Bayesian phylogenetic analysis of the LTRs, we used
the common sequences of the 5' LTR flanking ICPERVSs, as
there were more deletions in the 3' LTR than 5' LTR of the 36
IcCPERVs. The divergence time of 96 Ma between pig and
mouse was also set as the split time between the LTRs of
MLV-J01998.1 and PERV-A-AY099323.1. We found that the
Tumrea Of the LTR-As and -Bs was approximately 24 Ma, far
larger than the Tyrca Of all PERVs (6.9 Ma). The Tyrca of the
LTR-As was roughly 8.7 and 8.0 Ma for the LTR-Bs (Figure 3).
This deep divergence suggested that there were significant
genetic differences and independent evolutionary histories

The evolutionary tree of ICPERVs is on the left. Yellow triangle: PERV contains full gag, pol and env ORFs; Yellow circular: the pol ORF is complete
but the other ORFs are incomplete. The phylogenetic tree was estimated using 40 ERV internal sequences (including 3 PERV reference sequences
and one outgroup MLV) by BEAST. We set the divergence time between MLV and PERV-A-AY(099323.1 to be 96 Ma with confidence intervals from
91 to 101 Ma same as the divergence time of pig and mice in TimeTree database. The LTR tree is on the right. 5" LTRs of 39 ICPERVs were used,
and 5' LTR of MLV was used as an outgroup. The divergence time was the same as above. PERV and its corresponding LTR are connected with a

solid line.

Zoological Research 43(3): 423—441,2022 431



between these two LTRs.

We compared the phylogenetic topologies of the PERVs
and their related LTRs. Generally, PERV-As corresponded to
two subfamilies of their own LTRs, while PERV-Bs, -Cs, -
JX1s, and -JX2 matched with their own LTRs. However, when
looking at the details within a specific local tree, the
corresponding relationships between PERVs and their LTRs
were not good, no matter whether the PERVs were young or
ancient. For example, the phylogenetic tree of the PERV-Bs
did not match well with their LTRs; if we focused on the
phylogenetic tree of the newly identified PERVs (PERV-JX1s,
-JX2, -JX3, and -JX4), we could observe that PERV-JX3 was
farther away from PERV-JX2, while their LTRs were much
closer to each other in the tree (Figure 3).

PERV and LTR Copy number variations in Eurasian pigs

We used two different methods (see Materials and Methods)
to calculate the PERV and LTR copy numbers in 10 Eurasian
breeds (five Chinese and five Western pig breeds), including
six South CNWB, five EUWB, six BMX , eight EHL, six LWU,
six TB, six DRC, eight WD, seven LR, and five LW pigs
(Supplementary Table S3). The correlation coefficient of the
PERV copy numbers estimated via the two methods was
0.993 and one of the LTR copy numbers estimated via the two
methods was 0.975, indicating that both methods were robust
and the estimated PERV and LTR copy numbers were reliable
(Supplementary Figure S8). Due to the high correlation
between the two methods, we present the results of method 1
only. Generally, Chinese pigs had a lower average PERV
copy number (32.0+4.0) than Western pigs (49.116.5)
(Figure 4; Table 2; Supplementary Table S6). Specifically, the
PERV copy number in LR was 5263, 41-54 in LW, 36-51 in
DRC, 45-57 in WD, 39-50 in EUWB, 30-39 in EHL, 30-36 in
TB, 23-37 in BMX, 31-38 in LWU, and 27-35 in CNWB. The

average PERV copy number in LR was 56, the highest of the
European pigs, while EUWB had the lowest average number
of 43. The average PERV copy number (34) in LWU was the
highest of the Chinese pigs. Notably, among the investigated
Chinese pig breeds, BMX had the lowest average PERV copy
number of 27.8, indicating that BMX pigs were the most ideal
pig donors for pig-to-human xenotransplantation. Additionally,
we found that there was a significant difference between
domestic and wild pigs (P<0.05), and both EUWB and CNWB
had a lower PERV copy number than European and Chinese
domestic pigs, respectively.

In swine genomes, LTRs have many more copies than
PERVs. In European pigs, the average LTR copy number was
224 in DRC, 234 in EUWB, 281 in LR, 249 in LW, and 271 in
WD. In Chinese pigs, the average LTR copy numbers of BMX,
CNWB, EHL, LWU, and TB were 199, 190, 197, 202, and 202,
respectively. The LTR copy number of CNWB was the lowest.
These results indicated that Chinese pigs had a lower
likelihood of PERV insertion. Interestingly, we found that the
LTR copy numbers in Eurasian pigs highly correlated with the
PERV copy numbers (Figure 4), suggesting that there was a
high degree of coevolution between PERVs and LTRs in
Eurasian pigs.

Inferred PERV types in Eurasian pigs based on unique k-
mers

We developed a pipeline (see Materials and Methods) to infer
the PERV types in 63 Eurasian individuals based on unique k-
mers (k=31) of the 59 identified PERV sequences in the
reference genome. When the determination threshold of the
unique k-mer rate was 18%, the correlation between the
PERV copy numbers estimated by the pipeline and method 1
was the largest (r’=0.87, P<2.2x107'®). Therefore, we used the
determination threshold of 18% for PERV inferring in Eurasian

Figure 4 Correlation between PERV copy humber and LTR copy humber measured by method 1 (mapping-to-genome method)
The correlation between the copy number of PERV and LTR in ten pig breeds was shown in the scatter plot. The box plot at the top shows the
difference of PERV copy number between Chinese and Western pig breeds, and the box plot at the right shows the difference of LTR copy number

between Chinese and Western pig breeds. ™ P<0.0001.
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Table 2 Average PERV and LTR copy numbers in ten pig breeds

Average PERV copy No. (n,

Average PERV copy No. (n,

Average LTR copy No. (n, Average LTR copy No. (n,

Pig breed Method 1) Method 2) Method 1) Method 2)

Western pigs 49.146.5 48.216.3 254.8+30.0 204.7+26.7
Duroc 453163 44.0£6.2 224.5£18.2 172.6416.8
European wild boar ~ 43.34.5 42.5:4.5 234.0£10.6 192.0+8.8

Landrace 55.6£4.0 54.6+4.0 280.9+18.4 230.4+16.1
Large White 46.15.0 45.74.2 248.8+21.7 197.0415.0
White Duroc 51.9+4.1 50.7+4.0 271.3£29.1 219.1£23.0
Chinese pigs 32.044.0 32.04.2 197.8410.9 160.4+13.6
Bama Xiang 27.845.1 28.515.4 198.5412.7 164.0413.6
Chinese wild boar  29.6+3.1 29.6+3.5 189.9%12.4 150.7+18.2
Erhualian 33.9+2.5 33.8+2.5 196.5+12.6 159.9+11.8
Laiwu 34.042.6 33.9+3.4 202.0+7.3 163.6£11.3
Tibetian 34.042.1 34.143.4 202.44.6 163.9+12.3
P-value' 6.63x10712 7.90x10°"" 1.01x10°7 3.64x10°%

': P-value indicates the comparison result of PERV/LTR copy numbers between Chinese and Western pig breeds by student’s t-test. Number in

bold indicates the minimum copy number detected by this method.

pigs.

Information regarding the unique k-mers of the 59 known
PERVs is presented in Table 1 and Supplementary Table S7.
Among these PERVs, one siPERV (siPERV-Clike-Y-25.29 M)
had no unique k-mer and could not be inferred in Eurasian
pigs. Another siPERV (siPERV-C-13-146.76M) contained 34
unique k-mers, but none of these unique k-mers were
detected in the 63 Eurasian individuals, suggesting that
siPERV-C-13-146.76M was the unique PERV in the pig
reference genome that originated from a DRC female pig.
Three PERVs, PERV-Alike-U965-14.7kb, siPERV-Alike-U293-
0.9M, and siPERV-Clike-U154-3.2kb, whose unique k-mers
were partially detected in Eurasian pigs, did not exceed the
18% threshold. This result suggested that these three PERVs
were not detected, but similar types possibly existed in the 63
Eurasian pigs.

Of the 59 known PERVs, 54 PERV types were inferred in
the tested Eurasian pigs. In summary, the siPERVs accounted
for 34% of the total in Eurasian pigs and IcPERVs accounted
for 66%. Among the IcCPERVs, the three known types, PERV-
A, -B, and -C, accounted for 50% and the newly identified
PERVs, PERV-JX1, -JX2, -JX3, and -JX4, accounted for 16%.
Among the well-known types, PERV-A accounted for 28%,
PERV-B accounted for 20%, and PERV-C accounted for 2%
(Figure 5A). The copies of PERV-A and -B made up the
majority of the total PERV copies in each pig. In European
pigs, the PERV-A copy number was the largest and accounted
for 30.9%, while PERV-B accounted for 17.2%. In Chinese
pigs, the PERV-A copy number (23.7%) was roughly the same
as PERV-B (24.1%). There were significant differences
between Chinese and European pigs in the copy numbers of
PERV-A, PERV-JX2, siPERV-B, siPERV-C, SsiPERV-A,
siPERV-JX3like, and siPERV-UC (P<0.0001) (Figure 5B, C).
A total of 49 individuals contained ICPERV-C (Supplementary
Table S8). The high frequency of PERV-C occurrence
indicated that the problem of PERV infection in pig
xenotransplantation should be a research focus. All newly
discovered PERVs, except PERV-JX2, were detected in each
Chinese and Western pig (Figure 2B). The number of unique

k-mers of PERV-JX2 in Western pigs passed the
determination threshold. In all Chinese pigs, although the
number of unique k-mers of PERV-JX2 was >100, it was still
below the unique k-mer rate determination threshold. This
result suggested that a PERV similar to PERV-JX2 possibly
exists in Chinese pigs. With the exception of PERV-JX2, other
PERV-JXs were detected in all Eurasian individuals, indicating
that they were inserted in the genome of pigs before European
and Asian pigs diverged. Additionally, the insertions of PERV-
A, -B, and -C occurred continuously until relatively recently.
Ancient PERV-JXs may have experienced more
insertion/deletion or recombination events, which could
explain why their gene structure was incomplete. This
investigation of these PERV structures enhanced our
understanding of PERV evolution.

We counted the detection rate of the 59 identified PERVs in
each Eurasian individual. The PERV detection rate in WD and
LR were 80% and 73.4%, respectively, which were the highest
among all Eurasian pig breeds, followed by DRC, LW, and
EUWB with detection rates of 72.9%, 67.2%, and 64.4%,
respectively. Chinese pig breeds had much lower detection
rates of the identified PERVs. The largest PERV detection rate
(54.2%) was in LWU and the smallest (42.9%) was in CNWB.

PERV sequence diversity in Eurasian pigs

PERYV is polymorphic not only in copy number but also in
internal sequence. For example, PERVs at the same position
may differ in their sequence among different individuals, like
PERV-JX2 mentioned above. Therefore, we evaluated the
diversity of PERV sequences in Eurasian pigs by comparing
the total number of k-mer (k=31) types of PERVs in Chinese
and Western pig breeds. The results showed that the diversity
of PERV sequences in Western pigs was higher than Chinese
pigs (Figure 6A). We further analyzed the diversity of PERV
sequences in Chinese and Western domesticated breeds and
found that the diversity was higher in European domestic pigs
(Figure 6A). In contrast, the PERV sequence diversity of
CNWB was higher than EUWB (Figure 6A). In each dataset,
the common k-mer of Chinese and European pig breeds
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Figure 5 PERV copy number and PERV types in 63 Chinese and Western pigs
A: The percentage of different PERV types in 63 Chinese and Western pigs. B: Copy number difference of each PERV type between Chinese and
Western pig breeds. ™": P<0.0001. C: Heatmap of PERVs with a significant difference in copy number between Chinese and Western pig breeds.

accounted for only ~1/3 and each of their unique k-mers
accounted for ~1/3 as well. The low number of shared k-mers
in Eurasian pigs indicated that the PERV sequences in
Chinese and European pig genomes varied after divergence.

We further calculated the intersections of PERV k-mers
(k=31) in each breed and 59 PERV k-mers (k=31) from the
reference genome (Supplementary Figure S9). The results
showed that there were more shared PERV k-mers between
Western pigs and the reference genome than Chinese pigs.
When the PERV k-mer pool of the 59 PERVs intersected with
the PERV k-mer pool of Chinese pig breeds, the number of
PERV unique k-mers was greater than Western pigs. Eurasian
pigs exhibited a different PERV landscape, revealing that the
PERV copy numbers and locations were related to their
unique lineages and habitation environments.

Copy number of PERVs with transposable potentiality in
Eurasian pigs
Among the 59 PERVs identified in the pig reference genome,
11 PERVs (six PERV-As and five PERV-Bs) were a research
focus as they contained at least one complete pol OREF,
suggesting that they have potential transposition activity. Of
the 11 PERVs, seven had the potential to form virus particles
due to the integrity of their gag, pol, and env ORFs. These
seven PERVs were PERV-A-3-10.6M, PERV-A-5-92.1M,
PERV-A-17-33.1M, PERV-A-Y-25.2M, PERV-B-3-51.1M,
PERV-B-16-59.6M, and PERV-B-U331-13.8kb. The four
PERVs with a complete po/l ORF only were PERV-A-15-
66.8M, PERV-A-13-146.7M, PERV-B-4-45.5M, and PERV-B-
9-138.8M.

We investigated the distribution of these PERVs with
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potential transposition activity in Chinese and Western pigs
(Figure 6B; Supplementary Table S6). Among the six PERV-
As, one PERV (PERV-A-13-146.7M) existed in all Chinese
and Western pigs; the other five PERV-As more frequently
occurred in Western pigs than Chinese pigs. For the five
PERV-Bs, the occurrence frequency in Chinese pigs was
similar to Western pigs. The average numbers of these 11
PERVs with potential transposition activity were 9.9 in WD, 9.0
in DRC, 8.7 in LR, 8.0 in LW, 5.8 in EUWB, 5.9 in EHL, 5.7 in
LWU, 5.7 in TB, 5.2 in BMX, and 4.7 in CNWB (Figure 6C).
This result showed that the number of PERVs with potential
transposition activity was smaller in Chinese pigs than
Western pigs and the potential risk of PERV transposition was
lower in Chinese pigs than Western pigs.

TIPs of PERV
We used two methods to estimate PERV copy numbers;
however, neither method could obtain accurate positions of
the PERVs in the reference genome. Therefore, we developed
a new method based on a previously described approach to
detect PERV transposon insertion sites (Carpentier et al.,
2019). To improve its accuracy, we modified the approach
(see Materials and Methods) by narrowing the read alignment
range for one TIP to 2 kb instead of 10 kb. Reads located
within 2 kb downstream of the start position of any read
alignment were determined to support the same site as the
first reads. The advantage of this modification was that every
TIP could be identified when there was more than one
potential PERYV insertion site within a 10 kb range.

In total, we identified 451 PERV TIP loci (Supplementary
Table S9), among which 86 were shared by all 10 Chinese
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Figure 6 Differences in PERV sequence diversity, copy number of PERVs with transposable potentiality and TIPs between Chinese and
Western pig breeds

A: Sequence diversity of PERVs without LTRs in Eurasian pig breeds. The number of k-mer types in the reads aligned to PERVs without LTRs can
reflect the sequence diversity of PERVs. The left venn diagram shows the numbers of specific k-mer types of PERVs not shared and common k-
mer types of PERVs shared between all Chinese and Western pigs; the middle one shows the relation between Chinese and Western domestic
pigs; the right one shows the relation between Chinese and Western wild boars. B: The percentage of PERVs with transposable potentiality in 63
Chinese and Western pigs. The above bar plot with pink background shows the percentage of seven PERVs with complete gag, pol, and env ORF
in all Chinese (32) and Western (31) pigs. The bar plot below with green background shows the percentage of four PERVs with incomplete gene
structure but with complete po/ ORF in all Chinese and Western pigs. C: Total copy number of eleven PERVs with transposition potentialities in
different pig breeds. D: PERV TIPs in ten Chinese and Western pig breeds. The left horizontal bar plot shows the total number of PERV TIPs in
each pig breed. The top bar plot shows the number of PERV TIPs for each intersection. Only 86 all breed-common, 6 Chinese pig breed-common, 6
Western pig breed-common, and 150 breed-specific TIP loci are showed.
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and Western pig breeds. A total of 116 loci were unique to
Chinese pig breeds, six of which were shared by all Chinese
pig breeds. A total of 131 loci were found only in Western pig
breeds, among which all Western pig breeds shared six of
these loci (Figure 6D). The positions of all TIPs in the genome
are shown in Supplementary Figure S10. Overall, the average
number of PERV TIPs in Western pigs (n=208) was larger
than Chinese pigs (n=183). Among them, WD had the largest
number of PERV TIPs with a total of 242 TIPs and EHL had
the least with a total of 171 TIPs, which were detected in eight
individuals.

According to the overlap of TIP loci and genes, we
annotated 248 TIP loci, including 86 all breed-common, six
Chinese pig breed-common, six Western pig breed-common,
and 150 breed-specific. We found 99 genes that overlapped
with these TIPs (Supplementary Table S10), suggesting that
these genes may be affected by PERV transpositions. A total
of 30 genes overlapped with the common TIPs shared by all
10 Eurasian breeds, of which 29 overlapped with the PERVs
or solo LTRs in the reference genome. Two genes overlapped
with the Chinese pig breed-common TIPs, which were shared
by all five Chinese breeds, but were not detected in any
Western breed. Notably, the specific TIPs overlapped with
genes that varied in each breed. There were 14, 8, 7, 5, and 1
breed-specific TIPs that potentially affected genes in CNWB,
TB, BMX, EHL, and LWU, respectively. Among the PERV
TIPs shared by all Western pig breeds, but not Chinese
breeds, there were two TIPs that overlapped with genes,
which corresponded to a solo LTR and a PERV-A (PERV-A-
13-146.7M). There were 13, 7, 6, 2, and 1 genes that were
found to be potentially affected by the TIPs specific to LR,
EUWB, WD, DRC, and LW, respectively. Most of the proteins
encoded by these genes belong to transmembrane signal
receptors, ion channels, and other families (Supplementary
Table S10), which play essential roles in maintaining normal
bodily life activities.

Additionally, we used a total of 30 genes that overlapped
with the 86 common TIPs shared by all 10 breeds to perform
GO and KEGG pathway enrichment analyses using ClueGO
(Bindea et al., 2009). No significant KEGG pathways were
enriched. A total of 11 GO pathways were predominantly
enriched in ruffle, growth cone, ion gated channel activity,
regulation of synapse organization, mitotic sister chromatid
segregation, positive regulation of synapse assembly, sodium
ion transport, transcription by RNA polymerase |, and
isomerase activity (Supplementary Table S11). The ClueGO
enrichment results indicated that PERV TIPs may contribute to
the progression of morphology and biological function.

DISCUSSION

The pig reference genome has been dramatically improved
due to the continuous development of sequencing
technologies and improvement of genome assembly methods
(Groenen et al., 2012; Warr et al., 2020). Currently, the swine
reference genome (assembly Build 11.1) is the best and most
commonly used genome. Here, we scanned this high-quality
pig reference genome to identify PERVs by BLAT searching
and obtained a total of 59 PERVs. Based on their sequence
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similarity and phylogenetic topology, we systematically
classified these PERVs. Among the 59 PERVs, 36 were long
and complete or near-complete and 23 were short and
incomplete. We classified the 36 IcCPERVs into eight types,
including three well-known PERVs (PERV-A, -B, and -C), one
PERV-Alike, and four novel PERVs (named PERV-JX1, -JX2,
-JX3, and -JX4). The 23 siPERVs were also classified into
eight types: siPERV-A, -B, -C, -Alike, -Clike, -JX2like, -JX3like,
and -UC. These siPERVs were believed to have originated
from complete PERVs and formed by recombination and
insertion/deletion during the pig evolution process. It is a
common phenomenon that incomplete proviruses exist in host
genomes. For example, the incomplete provirus of human
endogenous retrovirus, HC2, exists in humans and the
incomplete endogenous mammary tumor virus exists in mice
(Kabat et al., 1996; Kozak, 1984).

Among the IcCPERVs, PERV-As and -Bs were predominant.
PERV-C and the newly identified PERVs had fewer copies,
most of which had only one copy detected in the reference
genome. However, among the siPERVSs, siPERV-C and -Clike
had the most copies, indicating that PERV-Cs or -Clikes had
been predominant, but were now destructed or fragmented in
modern pig genomes. Previously, according to its intermediate
position in the phylogenetic tree, a new PERV lineage close to
PERV-A and -C was reported and named, PERV-IM (Chen et
al., 2020b). Based on their locations in the reference genome,
we determined that these PERV-IMs corresponded to PERV-
JX3 and siPERV-JX3like. Therefore, we speculated that the
newly identified PERVs (PERV-JX1, -JX2, -JX3, and -JX4)
were more ancient than PERV-A, -B, or -C due to their closer
positions to the root (Figures 2B, 3). And most of PERV-JXs
were detected in all Eurasian pigs (Figure 2B). Identification of
these new PERVs will enhance our understanding of PERV
evolution.

In the present study, we scanned one high-quality genome.
This genome mainly originated from a DRC pig belonging to a
European domestic pig breed, which cannot totally represent
Asian pig breeds, wild boars, or other Suids. Therefore, we
cannot rule out the possibility that more novel PERV types
could be identified in the genomes of Suidae animals. In the
future, more high-quality pig genomes should be investigated
to potentially observe more PERV types.

Moreover, a strict molecular clock model (GTR + gamma
nucleotide substitution) was employed to estimate the
divergence time of PERVs and their LTRs using BEAST in this
study (Drummond & Rambaut, 2007). The analyses were
calibrated by setting normally distributed priors as the time of
the most recent common ancestor of pig and mouse, retrieved
from the TimeTree database. This correction method of the
molecular clock by using the divergence time between two
species with distant relationships has been widely used in the
evolutionary inference of family genes (Matos et al., 2021;
Premachandra et al., 2017). Here, the Tyrca of PERVs was
estimated to be 6.9 Ma, which was similar to previous
estimations of 6.6 and 7.6 Ma (Chen et al., 2020b; Tonjes &
Niebert, 2003). A previous study about PERV evolutionary
spread in Suiformes showed that PERVs were completely
absent in Pecari tajacu and Babyrousa babyrussa samples,
both being the most distantly related to modern pigs, and that
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the first PERV was detected in Phacochorus africanus
originated from the late Miocene epoch (3.5-7.5 Ma) (Niebert
& Tonjes, 2005). Our Tyrca estimation of the PERVs was
consistent with these previous findings.

The common ancestor of the PERV-As and -Bs was traced
back to 6.9 Ma, but the Tyrca of the PERV-As was estimated
to be 3.2 and 0.5 Ma for the PERV-Bs, both of which were
less than previous estimates of the earliest PERV-A and -B
origin times (6.6 and 6.4 Ma) (Chen et al., 2020b; Tohjes &
Niebert, 2003). These findings could be explained by the fact
that we applied a time estimation method that differed from
previous studies and filtered out siPERVs with sequence
lengths <7 000 bp. As for PERV-C, we found that it split from
its closest relative, PERV-JX4, a newly discovered PERV,
around 3.7 Ma, which was roughly consistent with the
previous prediction of 1.5-3.5 Ma (Chen et al., 2020b; Niebert
& Tonjes, 2005).

The branch points of the newly discovered PERVs (PERV-
JX2 and -JX3) were closer to the root of the phylogenetic tree
than the well-known PERVs (PERV-A, -B, and -C), indicating
that these newly discovered PERVs, especially PERV-JX2
and -JX3, were more ancient or appeared earlier than PERV-
A, -B, or -C. Additionally, among the newly discovered PERVs,
PERV-JX4 was more similar to PERV-C, while the PERV-
JX1s were the closest to the PERV-Bs. PERV-JX4 and -C
converged into one branch around 3.7 Ma and the PERV-
JX1s and -Bs converged into one branch around 2.9 Ma.

From the LTR phylogenetic tree, two LTR lineages were
clearly observed, corresponding to the LTR-As and -Bs.
According to our estimates, their common ancestor was traced
back to 22.1 Ma. Our estimated Tyrca of the LTR-As was 6.5
Ma, which was similar to a previous origin time estimated for
the LTR-As of PERV-A (6.6 Ma) (Chen et al., 2020b).
However, the Tyrca Of the LTR-Bs was estimated to be 11.8
Mya, far earlier than the previous origin time (6.4 Ma) (Chen et
al., 2020b). This result was mainly due to the distant
relationship between the LTR-Bs flanked to PERV-Cs and
other LTR-Bs flanked to PERV-As. A previous study
suggested that PERV-C originated from the recombination of
PERV-A and an unknown ancestor (Niebert & Tonjes, 2005).
According to our present LTR evolutionary tree, we
hypothesized that the LTRs flanked to PERV-Cs were likely
inherited from this unknown ancestor.

When the LTR-As flanking PERV-Cs were excluded, the
common ancestor time of the LTR-As was similar to their
corresponding PERVSs, including PERV-JX4 and the PERV-As
flanked by LTR-As, and both of their common ancestors were
traced back to 4.2—-4.5 Ma. The common ancestral time of the
PERV-As flanked by LTR-As was similar to their
corresponding LTR-As, which was around 2.0 Ma. The
common ancestral time of the PERV-As flanked by LTR-Bs
was similar to their corresponding LTR-Bs, which was about
3.1 Ma. Similarly, the common ancestor time of the LTR-Bs
was 6.6 Ma, which was close to their corresponding PERVs
(6.9 Ma), including PERV-Bs, -JX1s, -JX3s, and -As flanked
by LTR-Bs. These relationships between PERVs and LTRs
suggested that our estimation method for inferring the history
of PERVs and LTRs was reliable and stable, and that PERV-
As and their corresponding LTRs were in a coevolutionary

state. Additionally, we found that the common ancestor time of
the PERV-Bs was about half of their LTRs and the common
ancestor time of PERV-JX1 was also about half of their LTRs.
Thus, we speculated that the PERV-Bs may have experienced
a bottleneck event due to their significantly lower Pi when
compared to their LTRs and PERV-As. However, the
underlying reason requires further investigation.

Previous studies have reported the PERV copy numbers in
different pig breeds or one breed of different animals (Chen et
al., 2020b; Denner, 2016b; Garkavenko et al., 2008; Groenen
et al., 2012; Kruger et al., 2020; Le Tissier et al., 1997; Lee et
al., 2002, 2011; Lian et al., 2002; Liu et al., 2011; Mang et al.,
2001; Patience et al., 1997, 2001; Quereda et al., 2012; Yang
et al., 2015; Yoon et al., 2015). However, the PERV copy
number of the same pig breed varies considerably between
studies, even within the same study. For example, Liu et al.
(2011) reported PERV copy numbers ranging from 4-96 in
Chinese experimental miniature pigs. Moreover, when
different tissues were used, the extracted DNA lead to
different results (Sypniewski et al., 2005; Zhang et al., 2010).
Additionally, technical factors in the experiments, such as
different detection methods, the DNA extraction method, DNA
purity, PCR sensitivity, possible pollution, and artificial error,
may lead to different results. Genome-wide sequencing
detection could significantly reduce deviations in PERV copy
number estimations caused by technical factors. Here, we
developed several methods based on whole-genome
resequencing data to identify different PERV types, as well as
estimate and compare their copy numbers in 10 Eurasian pig
breeds.

There are no reports on the PERV copy number in CNWB,
but data on German wild boars have been recently reported
(Kriger et al.,, 2020). Previous PERV copy number
comparisons of Eurasian pig breeds were mainly between
European and non-Chinese breeds (Lee et al., 2011). To our
knowledge, this is the first study where comparisons of the
PERV copy number between Western and Chinese pigs,
including CNWB, domestic pigs, and wild boars, were
conducted. Results revealed that Chinese pigs had a lower
PERV copy number (32.0+4.0) than Western pigs (49.1+6.5).
Additionally, we found that the PERV copy number of both
CNWB and EUWB was lower than that of domestic pigs.

Few studies have been conducted on the PERV copy
number in Chinese local pig breeds. In 2002, Lian et al.
reported the PERV copy number of 11 Chinese local pig
breeds, including EHL, BMX, and LWU (Lian et al., 2002).
Among them, the PERV copy number of BMX was the lowest,
which was consistent with our results. In this study, the
average PERV copy number in BMX pigs was only 27.8. The
lowest PERV copy number in BMX pigs was only 23, less than
half of the copy number of PERVs in the reference genome.
BMX has the characteristic of high inbreeding endurance
(Zhang et al., 2018). Inbreeding would not lead to increased
PERV copy numbers and may even decrease the number of
PERV copies (Lian et al., 2002; Quereda et al., 2012), which
could explain the low number of PERV copies in BMX pigs.

Our research showed that Chinese pigs had the advantage
of low PERV copy numbers compared to Western pigs.
However, the PERV copy number is vital for their use in
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xenotransplantation, as well as the number of PERVs with the
potential to release infectious human-tropic virus. Although the
presence of PERV provirus did not necessarily translate to a
functional virus, PERVs with complete gag, pol, and env ORFs
were more likely to produce virus particles. We found that the
copy number of this type of PERV with transposition
potentiality in Chinese pigs was lower than Western pigs. In
our study, BMX had the lowest PERV copy number among the
10 Western and Chinese pig breeds. The copy numbers of
PERVs with the potential to release infectious human-tropic
virus in CNWB (4.7) and BMX (5.2) were the lowest. From the
perspective of reducing PERV infection risk, our results
suggested that the most suitable pig breed for
xenotransplantation donors was BMX. Furthermore, Southern
CNWB was identified as a possible xenotransplantation donor
for the first time.

Several methods and software designed for copy number
variations and TIPs are currently available (Fan et al., 2014;
Hénaff et al., 2015; Lanciano & Cristofari, 2020). However,
mapping sequencing reads to a reference genome or
database is first required, which requires many computing
resources and, accordingly, the computation time for large
datasets is too long. Our new method was able to quickly
detect PERV types with second-generation sequencing data,
as the first mapping step was not required. For a 20x sample,
it took ~1.5 hours of calculation by a single thread to obtain
the results. We used the number of k-mers specific to PERVs
in different individuals to determine the support rate of 59
PERV copies in 10 Chinese and Western pig breeds.
Interestingly, we found that some PERVs located on the Y
chromosome had specific k-mers in sows, indicating that the
same PERV copy was not distributed at the same location
across pig genomes. Thus, the PERV copy located on the Y
chromosome could be distributed on other chromosomes in
sows. Therefore, some PERV-derived reads were mapped at
multiple positions in the genome, but their actual original
positions could not be determined. By using the k-mer based
method in this study, we determined whether the same copies
as the reference sequences existed. However, our method
was unable to detect sequences not available in the
references or sequences without unique k-mers, nor could it
detect their locations in the reference genome.

In order to avoid sequencing error effects on specific k-mer
detection, we changed the thresholds of specific k-mers when
predicting support rates of 59 PERVs in 10 breeds. We found
that 18% was the lowest threshold that could guarantee the
reliability of PERV prediction. When the threshold of 18% was
applied to identify a PERV with several specific k-mers, we
could not determine if an individual contained the PERV. For
example, the individual that contained >50 specific k-mers of a
PERV still could not reach the above threshold. Thus, we
hypothesized that the PERV copy did exist in the individual in
the above example for a period of time, but mutations, like
structural variation, resulted in a new PERV that was only
partially consistent with the original PERV. For instance, every
European pig contained >1 300 unique k-mers of PERV-JX2-
X-71.4M, while in all investigated Chinese pigs, the unique k-
mer number was only ~100, indicating that PERV-JX2-X-
71.4M in Chinese pigs mutated following the divergence from
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Eurasian pigs. Other PERVs, such as PERV-A-15-66.8M,
siPERV-C-81.5M, and siPERV-JX3like-72.2M, also varied in
their unique k-mer content between Chinese and Western pig
breeds (Supplementary Figure S11). Additionally, we found
that the unique k-mer number of siPERV-A-X-55.1M and
siPERV-Clike-U355-19.3kb in southern Chinese pigs (BMX
and CNWB) was significantly lower than Eastern and Northern
Chinese pigs and European pigs. One possible explanation
was that these two PERVs were associated with the climate.
Specifically, the warm climate in Southern China
corresponded to the type of PERV in BMX and CNWB. It has
been reported that the environment affects retrotransposon
activity (Grandbastien, 1998; Morales et al., 2003). However,
this phenomenon in pigs should be verified with more
samples.

High support rate IcCPERVs were closer to the root of the
phylogenetic tree, such as PERV-JXs, PERV-A-13-142.0M,
PERV-A-17-33.1M, and PERV-B-U331-13.8kb, and were
retained by all Eurasian pig breeds (the PERV detection rate
in 63 pigs was 100%). PERV-A-U136-0.5M, PERV-B-3-51.1M,
PERV-B-11-38.2M, PERV-B-U331-13.8kb, and PERV-A-8-
51.6M were detected in >85% of Eurasian pigs. Among these
PERVs, PERV-A-17-33.1M, all gene ORFs of PERV-B-3-
51.1M, and PERV-B-U331-13.8kb were complete. The pol and
env ORFs of PERV-A-13-146.7M were complete and the env
ORF of PERV-A-13-142.0M and PERV-A-8-51.6M was
complete. Expression of env proteins in mammals, including
human, mouse, cattle, sheep, cats, and dogs, allows for the
generation of multinuclear syncytiotrophoblasts in the placenta
as an outer cellular layer by the fusion of trophoblast cells
(Denner, 2016a). The physiological function of PERV env
remains unknown. Multi env-complete PERVs widely exist in
different pig genomes. Thus, we speculated that PERV may
also play a role in the development of pig placenta. This study
excavated several shared env-complete PERVs in the
genome of 10 Eurasian pig breeds from different regions,
including wild boars, laying a foundation for follow-up studies
on the PERV env function.

A total of 99 PERV TIPs were inserted in the genes and
some genes were enriched in primary biological pathways.
Therefore, PERVs could possibly influence these genes.
Additionally, among the TIPs shared by all breeds, the
genomic positions corresponding to 24 TIPs were annotated
as PERV solo LTRs. Previous studies identified TEs with
various regulatory functions (Cohen et al., 2009; Kunarso et
al., 2010; Wang et al., 2007). These PERV solo LTRs fixed in
different pig breeds may be the best materials for studying the
function of PERVs and/or LTRs.

In summary, we identified four novel PERV types: PERV-
JX1, -JX2, -JX3, and -JX4. Phylogenetic and evolutionary
analyses indicated that these newly discovered PERVs were
more ancient than the known PERV types. The Tyrca Of
PERVs was 6.9 Ma, far smaller than the LTRs that flank the
sides of PERVs (22.1 Ma). We analyzed the differences in
PERVs between Chinese and Western pigs, including copy
number variation, type variation, sequence diversity
polymorphism, and insertion position polymorphism. We found
that Chinese pigs had a lower copy number (32.0+4.0) than
Western pigs (49.116.5), and lower PERV sequence diversity
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than Western pigs. From the perspective of reducing PERV
infection risk, our results suggested that the most suitable pig
breed as a xenotransplantation donor was BMX. However, this
conclusion should be verified by including more pig breeds,
especially Chinese pig breeds.
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