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Different classes of porcine endogenous retroviruses (PERVs) have been isolated from the pig 
genome, posing the risk of human infection during xenotransplantation. Because vertebrate 
genomes may contain numerous endogenous retroviral sequences, we examined the pig genome for 
additional endogenous retroviruses resulting in the isolation of a novel, complete endogenous 
retroviral genome, designated PERV-E. The gag, pol and en v genes of PERV-E are closely related 
to those of HERV 4-1 belonging to the HERV-E family. Results of studies for the presence and 
copy numbers of PERVs showed that PERV-E and PERV-A/B-like proviruses were present in all 
genomes tested, but PERV-C was not found in two species, including wild boar. Multiple copies of 
PERVs could be found in each pig genome. Among all pig genomes we tested, the wild boar 
genome has the lowest copy number for all PERVs, suggesting that the number of integrations of 
complete endogenous retroviruses increases by inbreeding. 

Xenotransplantation shows great promise of providing a virtually limitless 
supply of cells, tissues, and organs for a variety of therapeutic procedures 

(Deacon et al., 1997; Bengtsson et al., 1998; Groth et al, 1994). The tissues and 
organs of domestic pigs are preferred for xenotransplantation because of their 
fundamental physiological compatibility to human organs compared to those of 
other mammals, like the baboon (van der Kuyl & Goudsmit, 1999; Auchincloss & 
Sachs, 1998). Pigs can be bred and maintained under exogenous pathogen-free 
conditions to reduce the risk of transmitting exogenous pathogens by 
xenotransplantation. However, other microbiologic obstacles include porcine 
endogenous retroviruses (PERVs), which are stably transmitted in the pig germ line. 

Recently, three distinct classes of PERV full length sequences were found 
in the pig genome and designated PERV A, B, and C (Patience ef al, 1997; Le 
Tissier ef al., 1997; Akiyoshi ef al., 1998). PERV-A, -B, and -C all belong to the 
mammalian type C retrovirus group. They are closely related to each other in the 
gag and pol regions but differ in their env genes, especially in the surface 
component encoding region (Takeuchi ef al., 1998). Besides pig cell lines, PERV-A 
and B can infect several human cell lines in vitro, but PERV-C can replicate only in 
porcine cells (Takeuchi ef al., 1998; Czauderna ef al, 2000). Tests based on DNA, 
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RNA, and protein technology have been performed among the recent recipients of 

living pig tissues or organs, seeking evidence of pig-to-human PERV transmission. 

As yet, none has been observed (Paradis ef al, 1999; Patience ef al, 1998; Heneine 

ef al., 1998), but concern remains. 

Since vertebrate genomes may contain numerous amounts of endogenous 
retroviral sequence, we examined the pig genome for the existence of additional 
endogenous retroviruses. Total genomic DNA was extracted from pig PBMC by a 
procedure using silica and GuSCN (Boom ef al, 1990), and polymerase chain 
reaction (PCR) amplifications were performed with a primer set (an upstream 
primer, 5'-TGGACTCGACTTCCCCAGGG-3'; and a downstream primer, 5'-
TATAGCGGCCGCAGGAGGTCATCTACATA-3') derived from the most 
conserved region of the baboon endogenous virus (BaEV) RT gene. Denaturation 
for 5 minutes at 94°C was followed by amplification for 10 cycles of 1 minute at 
94°C, 2 minutes at 45°C, and 3 minutes at 72°C. After an additional 30 cycles 
amplification of 30 seconds at 94°C, 1 minute at 55°C, and 1 minute at 72°C, there 
was a final extension of 10 minutes at 72°C. The target fragment, approximately 
130 bp long, was cloned into the pCRII-TOPO vector (Invitrogen, Carlsbad, Calif.); 
24 clones were sequenced, and two distinct RT sequences, which we named PS0 
and PS1, were identified. At the nucleotide level, PS1 is 98% identical to the RT 
gene of known PERVs, indicating that PS1 is derived from one of the PERV 
proviral sequences. No known virus was more than 90% identical to the RT 
fragment of clone PS0. Taken together, these results suggested that besides known 
PERVs, at least another endogenous retrovirus is present in the pig genome. 

About 60,000 lambda phage plaques from a domestic pig genomic library 
(Stratagene, La Jolla, Calif.) were screened by using [a-32P]dCTP-labelled PS0 RT 
fragment, 16 positive clones were identified. The inserts of two positive clones, 
Pl.1 and PI4.1, were sequenced completely and pig genomic clone PI4.1 was 
found to contain a novel, complete retroviral sequence of 8,072 nt, which we named 
PERV-E (GenBank accession number: AF356697). The genomic organization of 
PERV-E is identical to that of all known simple retroviruses: gag, pol and env 

genes, flanked by 5' and 3' LTRs. Genomic clone Pl.1 contained a PERV-E-like 
proviral sequence (GenBank accession number: AF356698), but part of the viral 
genome, from the 5' LTR to the 3'end of the gag untranslated region (UTR), is 
missing. However, the remaining 7,130 nt of the proviral sequence was highly 
homologous (90% at nucleotide level) to the proviral sequence from clone PI4.1, 
including a very similar 3' LTR. 
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The viral sequence identified from P14.1 contains two LTRs: 434 and 431 

nt at the 5'and 3' end, respectively. The P14.1 LTR sequence could not be aligned 

with any other retroviral LTR, but consensus sequences of basic regulatory 

elements, like a TATA box and a polyadenylation site were present. The 5' LTR of 

PI4.1 is followed by a primer binding site complementary to the 3' end of human 

tRNAGly, which is also used to initiate viral amplification of PERV-A and -B. 

Comparison with other retroviruses, like MoMuLV and HERV 4-1, 

identified the gag, pol, and env ORFs of P14.1 and Pl.1. All ORFs of these two 

clones were full-length, but they were interrupted by multiple premature stop 

codons and frame-shift mutations. However, the amino acid sequences could be 

estimated by comparing them homologous genes of exogenous retroviruses. The 

gag-encoding region of clone P14.1 probably starts with the ATG codon at nt 

position 1059 and ends with a stop codon at nt 2618. The pol ORF of clone P14.1 

probably ranges from nt 2619 to nt 6236. The env ORF of P14.1 probably starts 

from the ATG codon at nt 6093, overlaping the 3' end of pol gene by 147 nt, and 

ends at the stop codon at nt 7622. 

To estimate the level of divergence between PERV-E and other 

retroviruses, gag, pol, and env amino acid sequences from various mammalian type 

C retroviruses, including BaEV and GaLV of nonhuman primates, MoMuLV of 

mice, FeLV of cats, PERV-B and -C of pigs, two strains of HERV-E family 

(AL023280 and HERV 4-1), as well as four type D viruses of monkeys: SRV-1, 

SRV-2, SMRV, and SERV, were aligned with the estimated gag, pol, and env 

amino acid sequences of PERV-E using Clustal-W (Thompson ef al, 1994). The 

phylogenetic analyses were performed with the Neighbor-Joining (NJ) method 

based upon P-distance (Kimura, 1980) and, as implemented in the MEGA package 

(Kumar ef al., 1993). One hundred bootstrap replicates were analyzed. In the 

resulting gag and pol trees (Fig. la and lb, respectively), we found two main 

clusters, representing type C and D retroviruses. The type C cluster contained two 

subclusters. In the first, MoMuLV and FeLV were closely related to each other and 

cluster together with BaEV; PERVs and GaLV were also found in this subcluster. 

Interestingly, the gag and pol genes of PI4.1 and Pl.1 is closely related to those of 

HERV 4-1 and AL023280, and together they form the second type C subcluster 
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with a high bootstrap value (100). In the env tree (Fig. lc), P14.1, Pl.1 and the 

HERV-E virus were only distantly related to the env genes of other type C and D 

retroviruses; they formed a completely distinct cluster with a high bootstrap value 

(100). Analyzing the env genes of all other retroviral groups, including the avian 

type C, mammalian type B, human T-cell leukemia virus groups, as well as 

lentiviruses, and spumaviruses, suggested no significant homology between any env 

gene and the PERV-E env gene. Within the transmembrane region of the env 

protein, a 26-residue immunosuppressive polypeptide fragment is highly conserved 

among retroviruses, especially of type C and D (Cianciolo et al, 1984; Schulz ef 

al., 1992). A similar peptide is found in the P14.1, Pl.1, HERV4-1, and AL023280 

transmembrane regions (Fig. Id). Alignment of this peptide sequence with reference 

sequences indicated, again, that the env genes of PERV-E and HERV 4-1-like 

viruses are only distantly related to the env genes of type C and D viruses. 

Comparison of the gag, pol, and env ORFs of HERV 4-1 and P14.1 showed that 

they shared 62 %, 68%, and 61% identity at the amino acid level, respectively. 
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Fig. 1. (a) NJ tree based upon derived amino acid sequences for the gag genes of P14.1, P1.1 
and viral references. Bootstrap values for 100 replicated trees are indicated. The GenBank 
accession numbers of the aligned sequences were D1O032, baboon endogenous virus (BaEV); 
M18247, feline leukemia virus (FeLV); AF033811, Moloney murine leukemia virus (MoMuLV); 
M26927, gibbon leukemia virus (GaLV); AJ133818, porcine endogenous retrovirus class B 
(PERV-B); AF038600, Sus scrofa porcine endogenous retrovirus (PERV-C); M10976, human 
endogenous retrovirus DNA 4-1 (HERV4-1); AL023280, another member of HERV E family; 
M23385, simian sarcoma virus (SMRV); M11841, simian SRV-1 type D retrovirus (SRV-1); 
M16605, simian SRV-2 type D retrovirus (SRV-2); U85505, simian endogenous retrovirus 
(SERV). (b) NJ tree based upon derived amino acid sequences for the pol genes of P14.1, 
P1.1 and viral references. Bootstrap values for 100 replicated trees are indicated, (c) NJ tree 
based upon derived amino acid sequences for the env genes of P14.1, P1.1, and viral 
references. Bootstrap values for 100 replicated trees are indicated, (d) Alignment of 26 
residues of the immunosuppression peptide from various retroviruses. Three blocks can be 
easily distinguished from top to bottom. The first block (from SMRV to BaEV) represents type D 
retroviruses. Since BaEV is a recombinant virus between a type C virus (PcEV, gag and pol 
genes) (Mang etal., 1999) and a type D virus (SERV, envgene) (van der Kuyl era/., 1997), its 
immunosuppressive peptide can be easily aligned with type D retroviruses. The second block 
consists of type C retroviruses, while the third one contains only PERV-E and HERV 4-1-like 
viruses. Within a block, sequences from different viruses are almost identical; while between 
blocks, eight most conserved residues can be found and are indicated as a consensus 
sequence. 

To determine proviral distribution of all known PERVs among porcine 

genomes, genomic DNA was isolated from 6 pig samples (supplied by the 

Department of Genetics and Reproduction, Institute for Animal Science and Health, 

Lelystad, The Netherlands), comprised of 5 breeds of domestic pig (Dutch landrace, 

Hampshire, Pietrain, Meishan, and Large White), and a wild boar (Sus scrofa). Six 

primer sets and their nested primers were designed and their sequences are shown in 

Table 1. PCR amplifications of the PERV-E gag, pol, env genes and PERV-A/B/C, 
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PERV-A/B, and PERV-C were performed for all samples. PCR results showed that 
PERV-E and PERV-A/B proviral genes were present in all pig genomes tested, but 
a positive signal for PERV-C could not be found from the genome of Large White 
pigs and wild boar, even after nested PCR amplifications. 

Table 1. Primers used in the PERVs distribution and copy number estimation studies. 

Target 
virus 

PERV-E 

PERV-
A/B/C 

PERV-
A/B 

PERV-C 

Target 
gene 

gag 

pol 

env 

pol 

env 

env 

Orientation 

Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 
Upstream 
Downstream 
Upstream (nested) 
Downstream (nested) 

Sequence (5'—3') 

TATAACAGGAGACCCTGG 
CCAGTTGAGGAGATCAGC 
TGCTAGTAGCCCAGTCCA 
TAATGCTGGAGTGGCTGC 
GACCTCTTACTAGCTGGC 
GTTACAACTGAGTGTGGG 
GGCAGTTTGTGCCATTCC 
AGACAGATATGCCACTGG 
TCCAAATTGGAGACTGGA 
TCTTAATTTCTCCCAACC 
ACACCCCTATCTATATGC 
TTTGTACAGGTACATGGG 
ATGTGGATGAGCGTAAGG 
TGCTTCCGTCAGTGAACC 
CCATACTGGTCAAGGACG 
TCATCAGTCTCTTCAGGC 
AGGGAAAGAGAGGCTGAC 
AGTTTCTCCTTGGCTCAG 
AGGTCTCCTTGGATGACC 
GATCTGGACTGCACTCAC 
TTACCTGACCTGGATTAG 
TGTTAGAGGATGGTCCTG 
TGGATTAGAACTGGAAGC 
TTTGACCCGTCAAGACCG 

Length 
of target 

fragment (nt) 

550 

300 

650 

350 

450 

300 

450 

200 

250 

150 

300 

250 

To estimate the copy number of PERVs proviruses in the pig genome, 
nested PCR-based limiting dilution assays were performed, then the total copy 
number of initial DNA present in a PCR reaction could be estimated by performing 
Poisson statistics based on the observed numbers of negative PCR reactions. This 
method has been widely used to quantitate different target molecules, including 
HIV proviral copy numbers (Rodrigo ef ah, 1997; Ouspenskaia ef al, 1995; Sykes 
etal, 1992). The sequences of those primer sets and their nested primers are shown 
in Table 1. The nested PCR was optimized to amplify a single copy of input DNA. 
Pig genomic DNA was quantitated by measurement of ultraviolet irradiation 
absorption and the result was confirmed by ethidium bromide fluorescent 
quantitation, and then diluted in 10-fold steps for the first PCR, and the last two 
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positive samples were diluted in additional 2-fold steps (Rodrigo et al., 1997). For 
each 2-fold-dilution step, 10 nested PCR reactions were performed. The expected 
numbers of negative reactions were estimated using a Poisson probability 
distribution, and then the copy number of PERV-E input in the original PCR was 
calculated with the program QUALITY (Rodrigo et al, 1997). For all calculations, 
it was assumed that a pig cell contained the same amount of genomic DNA as a 
human cell (6 pg of DNA/cell). Each copy number estimated was confirmed by 
duplicate experiments, and results are shown in Table 2. The copy number of the 
PERV-E pol gene among different domestic pig genomes was estimated to range 
between 18 to 34 copies per diploid genome, whereas the copy number of PERV-
A/B among domestic pig genomes was in the range between 7 (Dutch Landrace) 
and 14 (Hampshire), which is corresponding to the results reported by Bosch et al 

(2000). Interestingly, the wild boar genome only has around 3 copies of the PERV-
E pol gene and approximately 4 copies of PERV-A/B per diploid genome. The copy 
number of the PERV-E gag gene in the genome of wild boar, Large White, and 
Dutch Landrace was also estimated, and the results were comparable to pol gene 
copy numbers. The maximal copy number for PERV-C was approximately 3 copies 
per diploid genomes of Meishan and Dutch Landrace pigs. For both PERV-E and 
PERV-A/B, wild boar had much lower copy numbers compared with the domestic 
breeds. 

Table 2. The estimated copy 

Target virus 

Target gene 

Pietrain 

Hampshire 

Meishan 

Wild Boar (Sus scrofa) 

Large White 

Dutch Landrace 

ND: not determined. 

number for PERVs proviral genes in the pig genomes. 

PERV-E 

gag 

ND 

ND 

ND 

5.1 

15.3 

18.5 

pol 

23.9 

34.4 

24.6 

3.1 

18.0 

21.4 

PERVA/B 

env 

11.7 

14.0 

12.1 

3.7 

10.2 

6.7 

PERV-C 

env 

1.6 

2.2 

2.8 

2.8 

This paper reports the complete sequence of a novel pig endogenous 
retrovirus, PERV-E, and its distribution among 5 breeds of domestic pig and wild 
boar. Sequence analyses indicated that PERV-E and HERV 4-1-like viruses are 
closely related. Pigs are under consideration as a source of xenografts for 
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xenotransplantation. Despite the benefit that xenotransplantation could bring to 
patients, there is rising concern about its potential for the introduction of nonhuman 
pathogens (Weiss, 1999; Patience ef al., 1998; Weiss, 1998). Pig endogenous 
retroviruses, especially PERV-A and -B constitute a major threat. Our gene 
sequencing results showed that two clones of PERV-E contain stop codons and 
frame-shift mutations in all viral ORFs, thereby precluding its expression as 
infectious virus. 

Previously, Patience ef al (Patience ef al, 1997) and Akiyoshi ef al 

(Akiyoshi ef al, 1998) reported that the proviral copy number of PERV-A/B and 
PERV-C were approximately 50, and 8 - 15 in the pig genome, respectively. These 
copy numbers, which were determined by Southern blotting using PERV pol or env 

gene derived probes, were much higher than the numbers reported by us, which 
were estimated by using limiting dilution and nested PCR. Since the specificity of 
gene hybridization is less than that of PCR amplification; it is possible that the copy 
number determined by using gene hybridization were overestimated due to cross 
hybridization. 

Domestication of the pig is estimated to have occurred less than 5,000 
years ago, with the wild boar being the most likely ancestor of our modern breeds 
(Rothschild & Ruvinsky, 1998). Surprisingly, all domesticated pig breeds contain 
much higher copy numbers for PERV-E and PERV proviruses than the wild pig, 
suggesting that copy numbers have increased during (in) breeding. PERV-C most 
probably has arisen in modern breeding times, as it is absent from the wild pig 
genome. However, it must be noted that only a single wild boar has been tested in 
our study. 

We thank Vladimir Lukashov and Marion Cornelissen for stimulating discussions; John Dekker for technical 
support; and Lucy Phillips for editorial review. This study is partly supported by Amsterdam Support 
Diagnostics, Inc. 
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