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Since porcine endogenous retroviruses (PERVs) can infect cultured human cells, they are a potential hazard
to xenotransplantation. For this reason, endogenous retroviruses from the Westran (Westmead Hospital
transplantation) inbred line of pigs were analyzed by using consensus primers for the type A and type B viruses
to amplify 1.8-kb envelope gene fragments. After preliminary analysis with restriction enzymes KpnI and MboI,
31 clones were sequenced. Between types A and B, five recombinant clones were identified. Fifty-five percent of
clones (17 of 31) had premature stop codons within the envelope protein-encoding region. Endogenous
retroviruses in Westran pigs were physically mapped by fluorescence in situ hybridization (FISH) using
PERV-A and PERV-B envelope clones as probes to identify at least 32 integration sites (19 PERV-A sites and
13 PERV-B sites). The chromosomal sites of integration in the Westran strain are quite different from those
in the European Large White pig. The recombinant clones suggest that defective PERVs could become infective
through recombination and further that PERVs might recombine with human endogenous retroviruses in
xenotransplants.

Porcine endogenous retroviruses (PERVs) are proviruses,
inherited in a stable Mendelian fashion (31), although they can
also be acquired through infection. Type C virus particles re-
leased in two cell lines from pig kidney were first described by
Breese (6), with particles being morphologically similar to
those of the mouse type C leukemia viruses. Soon after, C-type
viral particles in five different pig leukemia cell lines were
reported (2). Todaro et al. (43) showed that porcine retrovi-
ruses were present in multiple copies in the porcine genome in
DNA from different tissues and cells. Lieber et al. (23) de-
scribed the biological and immunological properties of porcine
type C viruses, finding cell lines from most mammalian species
resistant to infection by these viruses, which are otherwise very
similar to other mammalian C-type viruses by morphological,
biochemical, and immunological criteria. Suzuka et al. (39)
reported the isolation of a swine C-type retrovirus from a
porcine malignant lymphoma, which was subsequently partially
characterized by restriction digestion of the 8.8-kb viral clone
(40). This Tsukuba-1 clone has subsequently been sequenced
and found 99% identical with PERV from miniature swine
lymphocytes (1).

PERVs have taken on a new significance with the advent of
xenotransplantation, as they are thought to have the potential
to cross the species barrier. Due to the acute shortage of
human organs and tissues for transplantation, the use of non-
human species for xenotransplantation is considered a possible
solution. Success in modulating immunological rejection by

transgenic modifications to animals has raised the possibility of
clinical introduction of xenotransplantation (11, 16, 37). Pigs
are regarded as a better source for xenotransplantation into
humans than primates for safety, financial, ethical, and prac-
tical reasons. Clinical trials with pig xenografts have been car-
ried out; the trials included perfusion with pig livers or porcine
hepatocytes as a bridging strategy for hepatic failure, the use of
pancreatic islet cells as a treatment for chronic diabetes, and
the implantation of fetal neuronal tissue as a therapy for Par-
kinson’s disease (8, 12, 17).

Recently porcine retroviruses have become a focus of con-
cern, as they infect human cells in vitro (27, 34, 50), although
there is no evidence that this occurs in vivo in baboons (26) or
in humans (30, 32, 35, 41). Akiyoshi et al. (1) suggested that the
risk of viral infection would be increased in xenotransplanta-
tion by the presence of factors commonly associated with viral
infection, namely, immune suppression, graft versus host dis-
ease, graft rejection, viral coinfection, and cytotoxic therapies.
Very recently, the transplantation of porcine pancreatic islets
into SCID (severe combined immunodeficiency) mice led to in
vivo expression of PERVs, reinforcing fear about the risk of
PERV infection in immunosuppressed human patients (46).

The viral envelope is the major determinant of host range
and is essential for infection. Two main types of pig retrovirus,
PERV-A and PERV-B, which differ by 507 bases in their
envelope (env) genes, are widely distributed in different pig
breeds, as assessed by Southern hybridization (22). PERVs are
present at approximately 50 copies in different breeds of pig (1,
22).

Host range analysis initially showed that PERVs are re-
stricted in their species tropism, infecting only porcine cells
and not cell lines derived from a range of species including
chimpanzees, rhesus monkeys, horses, minks, bats, rabbits,
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cows, cats, dogs, and mice (43). The receptor specificities of
PERV-A, PERV-B, and PERV-C were investigated with LacZ
pseudotype vectors (42). The results showed no cross-interfer-
ence, implying that the Env proteins recognize different cell
surface receptors. Also, host range analyses by the vector trans-
duction assay showed that PERV-A and PERV-B viruses have
wider host ranges, including several human cell lines, than
PERV-C viruses, which infected only two pig cell lines and one
human cell line (42). Recently, the in vitro host range of PERV
was studied in human primary cells and cell lines, as well as in
cell lines from nonhuman primates and other species. The
analysis revealed that there were three distinct patterns of
susceptibility to infection among these host cells. First, some
cells are resistant to infection in the assay. Second, other cells
are infected by virus but the cells are not permissive to pro-
ductive replication and spread. Third, the final category of cells
is permissive for productive infection and spread (51). Very
recently, four novel groups of gamma retroviruses (�2 to �5)
and four novel groups of beta retroviruses (�1 to �4) (33) in
addition to the previously recognized gamma 1 retroviruses
(PERV-A, -B, and -C) were detected in pigs. Also a full-length
novel PERV-E, a gamma retrovirus, has been identified by
screening a porcine genomic library with distinct reverse tran-
scriptase sequences as hybridization probes (25).

In 1994, the transplantation research group at Westmead
Hospital in Sydney, Australia, initiated an inbreeding program
in a stock of feral pigs as resources for transplantation research
and in the long term as potential donors for xenotransplanta-
tion. The line is called Westran (Westmead transplantation),
and pigs from it are the subject of the research reported here.
Specifically, we describe a study of sequencing and mapping
PERV env in the Westran pig line as a preliminary component
of the assessment of these viruses as hazards for xenotrans-
plantation.

MATERIALS AND METHODS

Animal resources. The Westran line is believed to be descended from a pair of
pigs released on Kangaroo Island, off the coast of South Australia, in 1803 by a
French navigator and explorer, Nicholas Baudin (10). Captured feral pigs from
Kangaroo Island were transferred to Adelaide University for biomedical re-
search in 1976 (28). After being maintained as a very small colony for about 15
years, a pair of full sibs was transferred to Westmead Hospital in Sydney for
transplantation research. Since then, the core breeding line has been maintained
by deliberate full-sib mating up to the current eighth generation. Assessment of
genetic and immunological composition has been performed by a Westmead/
University of Sydney research team using ABO blood grouping and mixed
lymphoctye reaction and lymphocytotoxity assay nonreactivity and monitoring
hyperpolymorphic microsatellite markers. The highly inbred status of the line has
been confirmed by finding very high levels of microsatellite homozygosity (94%
[47 of 50] of microsatellites are monomorphic at the eighth generation of full-sib
mating) (W. J. Hawthorne, J. S. Burgess, Y. Chen, S. Walters, T. Patel, J. Clarke,
L. Weston, P. J. O’Connell, C. Moran, J. R. Chapman, and R. D. M. Allen,
Abstr. 7th World Congr. Int. Pancreas Islet Transplant., p. 143). Crossover skin
grafts also have been performed in Westran pigs. Littermate same-sex skin grafts
are accepted long term without evidence of rejection. The sequences of endog-
enous retroviruses from a generation 5 inbred boar (no. 115) have been analyzed.
PERV locations were mapped on chromosome spreads from this boar and its son
from a sib mating no. 167.

Primers and PCR conditions. Consensus primer pairs PERV-F (5�-CATGC
ATCCCACGTTAAGC-3�) and PERV-R (5�-ACCATCCTTCAAACCACCC-
3�) (22), chosen from the highly conserved regions at either end of the PERV-A
(GenBank accession no. Y12238) and -B (GenBank accession no. Y12239)
envelope genes, were used to search for novel variants in the less conserved
region and to amplify as many envelope fragments as possible from PERV

proviruses in the pig genome. DNA polymerases Taq and Pfu were employed in
this study. PCR with Taq DNA polymerase was carried out in a 50-�l volume
with approximately 100 ng of template genomic DNA, 0.2 mM (each) primer,
600 �M (each) deoxynucleoside triphosphate (dNTP), 1 or 2 mM MgCl2, 5 �l of
10� PCR buffer (Invitrogen), and 2.5 U of Taq polymerase. This mixture was
overlaid with 1 drop of mineral oil. Amplification was performed in a PTC-100
programmable thermal controller (MJ Research Inc.) for 45 cycles with dena-
turation for 1 min at 94°C, annealing for 1 min at 65°C (PERV-A and -B), and
extension for 1 min at 72°C. The final extension was for 20 min at 72°C. The Pfu
proofreading DNA polymerase was chosen for the second set of PERV PCRs
because its error rate is known to be lower than that of Taq DNA polymerase.
PCR was carried out in a 50-�l volume with approximately 100 ng of template
genomic DNA, 0.2 mM (each) primer, 0.5 mM (each) dNTP, 10� PCR buffer
(Stratagene), and 2.5 U of cloned Pfu polymerase (Stratagene). This mixture was
overlaid with 1 drop of mineral oil. Amplification was performed in an MJ
thermocycler with initial denaturation for 3 min at 95°C, followed by 35 cycles of
denaturation for 1 min at 95°C, annealing for 1 min at 65°C, and extension for 5
min at 72°C. The final extension was for 10 min at 72°C.

Cloning of PERV PCR products and preliminary identification of clone types
by restriction digestion. The env PCR products were gel purified (BRESAclean
DNA purification kit; Bresatec) and ligated into the pCR-Blunt plasmid vector
(Invitrogen) for Pfu polymerase-generated PCR products and a pCR2.1-TOPO
plasmid vector (Invitrogen) for Taq polymerase-generated PCR products and
transformed into Escherichia coli TOP10 bacteria (Invitrogen) as suggested by
the manufacturer.

Restriction enzymes KpnI and MboI (Promega) were used for preliminary
screening of the clones for characteristic features of PERV-A and -B (22).

Sequencing of PERV clones. A SequiTherm EXCEL long-read DNA sequenc-
ing kit (Epicentre) and Li-Cor sequencer (model 4200) were used to read
approximately 1.8 kb of full-length insert sequences by using a pair of M13 vector
primers (M13F, 5�-TTTCCCAGTCACGACGTTG-3�, and M13R, 5�-GGATA
ACAATTTCACACAGG-3�) labeled with different infrared-sensitive dyes suit-
able for the Li-Cor sequencing system. Sequences were analyzed with Base
ImageIR software, version 4.1 (Li-Cor Inc.).

SeqEd software, version 1.0.3 (Perkin-Elmer, Applied Biosystems), was used
to amalgamate and orient the sequences with respect to published PERV se-
quences. Full sequences of the PERV env PCR products were assembled by
overlapping forward and reverse sequencing products. The overlapping of se-
quences at each end of the long reads may compensate for the less accurate reads
at the ends.

Alignment of the PERV env sequences was performed with the Clustalw and
Pileup programs of the multiple sequence alignment option in GCG by using the
World Wide Web ANGIS interface (http://www.angis.org.au/). The putative
amino acid sequences were determined with the Translate program in GCG.

Chromosomal localization of PERVs. Westran porcine chromosomes were
derived from blood lymphocytes cultured for 72 h in AminoMax (Life Technol-
ogies). To synchronize cells in mid-S phase, 300 �g of thymidine (Sigma)/ml was
added 24 h before finishing the cell culture. At day 3, the cells were rinsed three
times with Dulbecco’s phosphate-buffered saline (Commonwealth Serum Labs).
They were suspended once again in the culture medium containing 20 �g of
5-bromodeoxyuridine (Sigma)/ml and 0.5 �g of 5-fluorodeoxyuridine (Sigma)/ml
and further incubated for 6[1/2] h, followed by a 1-h spindle fiber disruption with
colchicine (Sigma). Harvest and slide preparation by air drying were by standard
techniques.

PERV clones Taq-82 and Taq-9 were used as probes for PERV-A and
PERV-B, respectively. To improve the efficiency and specificity of hybridization,
the PERV inserts were excised from the vector by EcoRI restriction digestion.
To label PERV probes with biotin, a BioNick labeling system (Life Technolo-
gies) was employed for nick translation. Parallel incorporation of a trace of
[3H]dATP (Amersham) indicated that 50 and 47 pmol of biotin-14-dATP were
incorporated into 1 �g of PERV-A and PERV-B probes, respectively. Immu-
nochemical detection and staining by the PPD11 method (21) were as described
previously (48). Cells showing positive signals on porcine chromosomes under
blue-light excitation were photographed on color-positive film for analysis.

The fluorescence in situ hybridization (FISH) signal, appearing as yellow
grains on R-banded chromosomes, was scored, and the data were plotted onto
pig standard R-band ideograms of about 300 bands (18). Twenty cells from each
animal (no. 115 and 167) were counted for each of the PERV-A and PERV-B
probes.

Statistical analysis of hybridization signals. The Zmax test (14) was used to
analyze the cumulative FISH data from 20 metaphase cells to determine the
significance of each hybridization location. This test was originally designed for
analyzing grain counts from radioactive in situ hybridization but is ideally suited
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for the present situation, where there are multiple sites of relatively weak hy-
bridization which must be distinguished from background labeling.

Nucleotide sequence accession numbers. GenBank accession numbers for 31
Westran PERV envelope sequences are AF426916 through AF426946.

RESULTS

Restriction enzyme digestion for screening PERV clones.
Cloned PERV-A and -B env PCR products, amplified by Taq
DNA polymerase (64 clones) and Pfu proofreading DNA poly-
merase (346 clones), were screened by KpnI and MboI restric-
tion enzymes. Four patterns of KpnI digestion (Fig. 1a) and six
patterns of MboI digestion (Fig. 1b) were identified in the PCR
product amplified by Taq DNA polymerase. Each of the KpnI/
Pfu patterns corresponded to a KpnI/Taq pattern (A, B, and
D). Four of the MboI/Pfu patterns corresponded to MboI/Taq
patterns (L, M, N, and P). Three patterns of KpnI digestion
(Fig. 1c) and 12 patterns of MboI digestion (Fig. 1d) were
identified in a PCR product amplified by the Pfu proofreading
DNA polymerase. Combined results for the two restriction
enzymes were that 9 types of clone were recognizable for
clones amplified by Taq DNA polymerase and 13 types were
recognizable for clones amplified by Pfu proofreading DNA
polymerase (Table 1).

KpnI restriction digestion pattern A is characteristic of
PERV-A and pattern B is characteristic of PERV-B, based on
the published PERV-A and PERV-B sequences (22). Diges-
tion patterns AM, AN, AP, and BL were found for clones
generated with both Taq and Pfu polymerases. On the other
hand, restriction digestion patterns AK, AO, BN, CL, and DL
were found only in the clones generated by Taq DNA poly-

merase, and restriction enzyme patterns AV, AX, AQ, AR,
AS, AT, AU, AW, and DU were found only in the clones
generated by Pfu DNA polymerase. These unique clones con-
stitute 8% (5 of 64) of the Taq DNA polymerase-amplified
clones and 5% (18 of 346) of the Pfu DNA polymerase-ampli-
fied clones. Among both Taq- and Pfu-amplified clones, the BL
type is predominant, constituting 64% (41 of 64) of the Taq
polymerase-amplified clones and 72% (248 of 346) of the Pfu-
amplified clones (Table 1).

Sequences of PERV clones. By using the restriction digestion
patterns to ensure inclusion of the widest possible range of
clone types, 18 Taq-amplified clones and 13 Pfu-amplified
clones were sequenced (Table 1). Table 2 summarizes the
sequence differences among PERV classes including published
PERV-A (GenBank accession no. Y12238), PERV-B (Gen-
Bank accession no. Y12239), and PERV-C (GenBank acces-
sion no. AF038600) sequences (1, 22).

To determine the envelope types, each clone was initially
aligned with the published PERV-A and PERV-B sequences.
Seventeen clones had sequences very similar to the PERV-A
sequence, differing from it by only 44 to 54 bases. They are
designated PERV-A clones. Nine clones had sequences very
similar to the PERV-B sequences, differing from it by only 1 to
15 bases. These are designated PERV-B clones. The remaining
five clones differed from both PERV-A and PERV-B by at
least 94 bases. Sequence comparison showed that these five
clones are actually recombinants between PERV-A and
PERV-B. Excluding recombinant clones, the absolute number
of nucleotide differences among PERV-A clones is between 5

FIG. 1. Restriction digestion patterns of PERV clones. (a and b) Four patterns (A to D) of KpnI digestion and six patterns (K to P) of MboI
digestion were identified in the PCR product amplified by Taq DNA polymerase. (c and d) Three patterns (A, B, and D) of KpnI digestion and
12 patterns (L, M, N, X, and P to W) of MboI digestion were identified in the PCR product amplified by Pfu proofreading DNA polymerase. Lanes
S1 and S2, 1-kb ladder and �X174/HaeIII marker (Promega) size standards, respectively.
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and 54 bp in 1,785 bp. For PERV-B clones, there were between
1 and 24 bp differences in 1,776 bp. There are about 400 bp
different between the PERV-A and PERV-B groups (Table 2).

The recombinant clones were classified into three groups
based on the patterns of breakpoints between PERV-A and -B
sequences (Fig. 2). For Taq-1, Pfu-232, and Pfu-260, different
polymerases gave the same breakpoints, suggesting that this
recombinant sequence reflects genuine PERV sequence in the
pig genome and that it is not an artifact of the PCR process.
Clone Taq-21 shows double recombination between PERV-A
and PERV-B.

Frameshift mutations and premature stop codons. The nu-
cleotide sequence alignments of the 17 PERV-A clones, 9
PERV-B clones, and 5 recombinant clones together with the
PERV-A, PERV-B, and PERV-C published sequences show
that 55% of the clones (17 of 31) sequenced have premature
stop codons within the envelope protein-encoding region,
which would prevent the retrovirus from making a full-length

envelope protein recognizable by the cell surface receptor for
the virus. Table 3 lists the positions of premature stop codons
and their causes. Fourteen stops were caused by frameshift
mutation, and only three were caused by base substitutions. A
hot spot for frameshift mutations was found at nucleotide
position 1134, with 10 of 14 found at this position. Three
clones, namely, Taq-10, Taq-11, and Pfu-232, have two frame-
shift mutations.

Chromosomal distributions of PERVs. FISH signals for
each PERV-A and PERV-B envelope probe were scored. For
animal 115 with the PERV-A probe, 478 grains were found
distributed over 106 chromosomal segments, giving an average
density of 4.51 grains per segment. Over 131 positions from
animal 167, 745 grains were found with the same PERV-A
probe, giving a higher mean grain density of 5.69. The pooled
PERV-A FISH signals for these two animals (115 and 167) are
presented on a secondary plot with mean density of 7.84 (1,223
grains/156 chromosomal positions) (Fig. 3).

TABLE 1. Restriction enzyme digestion and sequence analysis of PERV clones

Polymerase
used

Digestion
pattern

No. of
clones

No. of clones
sequenced [ID(s)a]

Most likely
type from
sequence

comparison

Presence of
premature stop
codon [ID(s)]

Taq AK 1 1 (1) A�B Yes (1)
AM 10 3 (6, 10, 11) A Yes (6, 10, 11)
AN 4 2 (8, 82) A Yes (8, 82)
AO 1 1 (17) A Yes (17)
AP 4 2 (54, 56) A Yes (54)
BL 41 6 (3, 4, 9, 12, 14, 20) B Yes (3, 12)
BN 1 1 (24) B No
CL 1 1 (21) A�B No
DL 1 1 (29) B Yes (29)

Pfu AV 2 1 (251) A No
AM 15 1 (6) A No
AN 17 1 (11) A No
AX 1 1 (260) A�B Yes (260)
AP 48 1 (3) A No
AQ 5 1 (56) A Yes (56)
AR 2 1 (62) A No
AS 4 1 (112) A Yes (112)
AT 1 1 (115) A Yes (115)
AU 1 1 (232) A�B Yes (232)
AW 1 1 (295) A Yes (295)
BL 248 1 (1) B No
DU 1 1 (345) A�B No

a ID(s), clone identification number(s).

TABLE 2. Average numbers of nucleotide differences in pairwise comparisons of sequences within and between PERV classes

PERV class PERV class of clones
for comparison

No. of sequence
comparisons

No. of differences (bp)

Mean � SD Range

PERV-A PERV-A 153 31.5 � 11.53 5–54
PERV-B 180 397.9 � 4.50 388–408
PERV-C 18 241 � 6.76 222–254
Recombinant PERV 90 144.5 � 104.71 60–356

PERV-B PERV-B 45 10.4 � 5.62 1–24
PERV-C 10 444.3 � 2.41 440–448
Recombinant PERV 50 283.9 � 94.45 97–351

PERV-C Recombinant PERV 5 301.0 � 30.33 274–346
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Similarly, hybridization of the PERV-B probe to metaphases
from animal 115 and animal 167 were scored. Only pooled
PERV-B FISH results are presented (Fig. 4). The mean grain
density with this probe is 3.6 (342 grains/95 positions) for
animal 115. Again animal 167 had a higher mean density of
4.44 (560 grains/126 positions). The pooled mean density is
6.05 (902 grains/149 positions) from the results for two animals
(115 and 167).

Chi-square homogeneity analysis (29) shows no interaction
between animal and probe, thus validating tests of the marginal
totals separately for the effects of animal and probe against the
null hypothesis of equal numbers of grains (signal intensity).
For the comparison of PERV-A versus PERV-B, the chi-
square value of 48.79 with one degree of freedom indicates a
very highly significant deviation from expectation: the
PERV-A probe hybridized much more strongly than PERV-B,
presumably due to a larger number of PERV-A inserts. For the

comparison of hybridization intensity between animals 115 and
167, the chi-square test (	1

2 
 110.69) indicates a highly sig-
nificant deviation from the expected equal signal intensity. The
most likely explanation for this difference is the superior qual-
ity of the chromosome cultures and spreads from animal 167.

Zmax test statistics have been calculated for the hybridization
data from animals 115 and 167 and for the pooled results for
the two animals. In these analyses, each site of hybridization
was treated as a different segment. It was assumed as a first
approximation that each segment is the same size. It should be
noted that, since both animals were males, segments on the sex
chromosomes (X and Y chromosomes) occur only half as often
as autosomal segments, and this has been taken into account in
applying the Zmax statistic.

There are 20 significant sites in animal 115 and 26 in animal
167 with the PERV-A probe (data not shown). For the pooled
data, there are 41 significant PERV-A sites (Fig. 3). However,
it is highly unlikely that there are so many sites of PERV-A
insertion. In many cases, significant sites are in contiguous
bands and are almost certainly the results of “spillover” of
signal between bands. For example, the site at 9q2.5 in Fig. 3
is almost certainly spillover from the major peak at 9q2.4.

FIG. 2. Three types of recombinant envelope gene sequence be-
tween PERV-A and PERV-B.

FIG. 3. The results of PERV-A hybridization pooled across two
animals (115 and 167). The vertical scale is number of grains. The 5%
significance threshold for the Zmax test is indicated. Arrows, most likely
band locations of PERVs.

TABLE 3. Sequence analyses of 17 clones with premature
stop codons

Clone
IDa

Stop codon
positionb Cause(s) of stop codonc

Taq-1 416 �T nt 1134 (frameshift mutation)
Taq-3 578 Base substitution C1733T
Taq-6 467 �A nt 1250 (frameshift mutation)
Taq-8 416 �T nt 1134 (frameshift mutation)
Taq-10 330 �C nt 815 (frameshift mutation), �T nt 1134

(frameshift mutation)
Taq-11 428 �T nt 1134, �A nt 1250 (frameshift mutation)
Taq-12 242 Base substitution A725T
Taq-17 395 Base substitution C1184T
Taq-29 373 �A nt 1042 (frameshift mutation)
Taq-54 416 �T nt 1134 (frameshift mutation)
Taq-82 416 �T nt 1134 (frameshift mutation)
Pfu-56 416 �T nt 1134 (frameshift mutation)
Pfu-112 416 �T nt 1134 (frameshift mutation)
Pfu-115 511 Base substitution C1532T
Pfu-232 428 �T nt 1134, �A nt 1250 (frameshift mutation)
Pfu-260 416 �T nt 1134 (frameshift mutation)
Pfu-295 416 �T nt 1134 (frameshift mutation)

a ID, identification.
b Position of the stop codon in relation to the position of the codon for the first

amino acid in the sequence.
c Nucleotide (nt) positions are positions of mutations in the nucleotide se-

quence. The nucleotide numbering starts from the 5� forward primer sequence
(nucleotide 1).
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After making allowances for contiguous significant sites,
there were 14 major PERV-A peaks identified in animal 115
and 17 major PERV-A peaks identified in animal 167 (Table
4). Thirteen of the significant PERV-A major peaks identified
above (1q1.2, 2p1.4, 3p1.4, 5q2.1, 6q3.8, 7p1.3, 7q1.5, 9q2.4,
12p1.3, 13q4.1, 17q1.4, Xp2.1, Yq) are identical in animals 115
and 167, confirming that these locations have genuine
PERV-A insertions. There are another five strongly suggestive
PERV-A locations (1q1.8, 5p1.3, 5p1.2, 5q1.2, 6p1.4) which are
significant in one animal but which are present below the
significance threshold in the other animal. The site at 16q2.1 is
also a suggestive PERV-A location, although it is significant
only in pooled results. The patterns of peaks for both animals
are identical (data not shown). Therefore there are 19
PERV-A locations, including suggestive locations, identified in
the Westran line. The results for the two Westran animals are
quite consistent, as expected. However, the Westran PERV-A
locations are quite different from those of Large White pigs
(Table 4).

The Zmax test indicates 10 significant sites of hybridization in
animal 115 and 17 significant sites in animal 167 with the
PERV-B probe (data not shown). However, after allowing for
the contiguous sites apparently affected by spillover of hybrid-

ization signal, it is reasonable to conclude that there are 9
significant major peaks in animal 115 and 13 in animal 167
(Table 5). The differences between animals 115 and 167 are the
peaks on chromosomes 8, 13, X, and Y. All these different
PERV-B locations are significant in animal 167 but do not
exceed the significance threshold in animal 115 (data not
shown). However, they are significant in the pooled results for
the two animals (Fig. 4).

Nine significant PERV-B major peaks (1p2.2, 5q2.1, 7p1.2,
9q2.4, 11p1.3, 12q1.1, 14q1.3, 16q2.1, 17q2.1) for animals 115
and 167 are identical, confirming these nine as unequivocal
PERV-B locations in the Westran line. There are four more
suggestive locations (8p2.2, 13q4.1, Xp1.3, Yq) in Westran
pigs. A comparison of these PERV-B locations with the pub-
lished PERV-B locations in Large White pigs (36) shows that
four PERV-B sites, located on chromosomes 7, 9, 13, and 17,
are identical or very close, indicating that these are probably
common PERV-B insertions in these two breeds (Table 5 and
Fig. 4).

DISCUSSION

About 30% of the 31 envelope sequences described here are
classified as PERV-A, whether from Taq or Pfu polymerase-
amplified clones. However, the clones sequenced in this study
are a nonrandom sample because selection of clones for se-
quencing was based on restriction enzyme digestion results.
The restriction digestion results for 410 randomly chosen
clones (Table 1) show that 27.8% (114 of 410) are PERV-A,

FIG. 4. The results of PERV-B hybridization pooled across two
animals (115 and 167). The vertical scale is number of grains. The 5%
significance threshold for the Zmax test is indicated. Arrows, most likely
band locations of PERVs.

TABLE 4. Sites of significant major PERV-A peaks in Westran
animals 115 and 167 and pooled results for these two animals

Chromosome

Site of peak for animal(s): Published
PERV-A
locationa115

(20 cells)
167

(20 cells)
115 � 167
(40 cells)

1 1q1.2 1q1.2 1q1.2
1q1.8 1q1.8

1q2.1
1q2.3
1q2.4

2 2p1.4 2p1.4 2p1.4
3 3p1.4 3p1.4 3p1.4
5 5p1.3 5p1.3

5p1.2 5p1.2
5q1.2 5q1.2

5q2.1 5q2.1 5q2.1
6 6p1.4 6p1.4

6q3.5 6q3.5 6q3.5
7 7p1.3 7p1.3 7p1.3

7q1.5 7q1.5 7q1.5
8 8p1.2
9 9q2.4 9q2.4 9q2.4
12 12p1.3 12p1.3 12p1.3
13 13q4.1 13q4.1 13q4.1

13q4.2
13q4.3
13q4.9

16 16q2.1
17 17q1.4 17q1.4 17q1.4
X Xp2.1 Xp2.1 Xp2.1
Y Yq Yp1.1 Yp1.1 Yp1.2

a Published locations in a Large White pig from reference 36.
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that 71% (291 of 410) are PERV-B, and that 1.2% (5 of 410)
can be classified as recombinant clones between PERV-A and
PERV-B, providing a more accurate representation of the
relative occurrence of these three classes.

Initially Taq DNA polymerase was used to generate PCR
products for cloning. However due to a substantial level of
minor sequence differences between clones, which might have
been artifacts of the inability of Taq to correct errors during
DNA replication, proofreading polymerase Pfu was tried. Use
of the formula derived by Cantor and Smith (7) to calculate the
predicted misincorporation rate for the PERV amplification
showed that the misincorporation rate for a product of the size
analyzed here was 0.65 nucleotide for the Taq DNA polymer-
ase and 0.08 nucleotide for Pfu DNA polymerase. Thus two
Taq clones on average would be expected to differ by 1.3
nucleotides, a Taq clone sequence versus a Pfu clone sequence
would be expected to differ by 0.73 nucleotide, and a pair of
Pfu clones would be expected to differ by 0.16 nucleotide if
misincorporation during PCR was the only source of difference
between them. We can conclude that comparisons of Pfu clone
sequences with other Pfu sequences or Taq clone sequences
are very unlikely to show artifactual differences due to PCR.
Even comparisons of Taq sequences with other Taq sequences
are unlikely to be seriously affected by amplification artifacts,
as only about one such nucleotide difference is expected on
average.

The consensus primers used in this study did not amplify any
new types of PERVs, only PERV-A and PERV-B. It was later
revealed that the forward consensus primer had good homol-
ogy with the PERV-C sequence but the reverse primer did not.
Therefore PERV-C-specific primers were tested in Westran
pigs and amplified PCR products of the expected size in sev-
eral trials (data not shown). These results indicate that the
Westran line is PERV-C positive. The copy number of
PERV-C has been estimated as 8 to 15 copies per genome for

specific strains of inbred and outbred miniature pigs (1). There
is evidence of variable PERV-C copy number in other pigs.
Some pigs have even been found to be negative for PERV-C
(5, 25). Even though PERV-C has a narrower host range than
PERV-A and PERV-B (42), it will be important to further
characterize PERV-C in Westran pigs if they are ever to be
used for xenotransplantation.

The sequencing results suggest that a large proportion of
PERVs (17 of 31) are defective due to premature stop codons
in the envelope gene. Indeed, 11 clones have a frameshift
mutation caused by a deletion of the same nucleotide at posi-
tion 1135. While some of these clones may simply reflect re-
sampling of the same PERV insertion from the PCR product,
it is unlikely that all 11 do. Thus this site may be a hot spot for
deletion or may reflect independent insertions of PERVs with
the same deletion during the evolutionary history of the pig.
Bebenek et al. (3) indicated that the reverse transcriptase of
HIV-1 is relatively error prone and that errors are nonran-
domly distributed. They found base substitution and one-base
frameshift mutational hot spots mainly due to the template-
primer slippage. Subject to further verification, these results
are encouraging as they indicate that a substantial proportion
of the PERVs in the Westran line constitute little potential
hazard in xenotransplantation as they are nonfunctional.

The three types of recombinant retroviruses that showed
recombination between PERV-A and PERV-B were an unex-
pected and interesting finding. There is ample precedent for
this type of recombination among retroviruses in other species.
Retroviruses package two complete viral genomic RNAs in
each virion, and this specific configuration facilitates recombi-
nation by template swapping during reverse transcription. Re-
combination between retrovirus genomes has been demon-
strated during mixed infection with genetically marked avian
tumor viruses (4, 19, 47, 53, 54), murine leukemia viruses (15,
52), and human retroviruses (9). Also, exogenous viruses can
recombine with endogenous retrovirus sequences (13, 38, 49).
Recently, new recombinants between species have been dis-
covered. For example, baboon endogenous retrovirus (BaEV)
is a recombinant retrovirus containing type C gag-pol genes and
a type D env gene probably arising by recombination of two
primate viruses (24, 45). Similarly, RD-114 of cats is a recom-
binant between env of BaEV and gag-pol of Papio cynocephalus
endogenous retrovirus (44).

Although the possibility that the recombinant clones are
PCR artifacts cannot be excluded completely, at least one of
the apparently recombinant PERVs is likely to be a genuine
recombinant because three clones showing the same pattern of
recombination were amplified with two DNA polymerases
(Fig. 2).

The FISH results show that there are at least 13 definite
PERV-A locations and 9 definite PERV-B locations and a
possible further 6 PERV-A and 4 PERV-B locations. The
higher number of locations for PERV-A than for PERV-B is
more like the pattern that Le Tissier et al. (22) found for
European pigs than the pattern they found for Asian pigs, even
though Westran pigs have a mitochondrial DNA sequence
typical of Asian breeds (20). However the distributions of
PERV-A and PERV-B in European versus Asian pigs were
not accurately estimated by Le Tissier et al. (22), and some
Asian breeds could possibly have more PERV-A than PERV-B.

TABLE 5. Significant PERV-B locations in animals 115 and 167
and pooled results for these two animals

Chromosome

Site of peak for animal(s): Published
PERV-B
locationa115

(20 cells)
167

(20 cells)
115 � 167
(40 cells)

1 1p2.2 1p2.2 1p2.2
4 4p1.1
5 5q2.1 5q1.2 5q1.2
7 7p1.2 7p1.1 7p1.2 7p1.23p1.1
8 8p2.2 8p2.2
9 9q2.4 9q2.4 9q2.4

9q2.6
10 10p1.2
11 11p1.3 11p1.3 11p1.3

11q1.4
12 12q1.1 12q1.1 12q1.1
13 13q4.1 13q4.1

13q4.2
14 14q1.3 14q1.3 14q1.3

14q2.8
16 16q2.1 16q2.1 16q2.1
17 17q2.1 17q2.1 17q2.1 17q2.1
X Xp1.3 Xp1.3
Y Yq Yq

a Published locations in a Large White pig from reference 36.
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Also Asian breed mitochondrial DNA has introgressed into
several European breeds. Le Tissier et al. (22) showed that
PERV-A proviruses are present at between 10 and 23 copies
and that PERV-B proviruses are present at between 7 and 12
copies in different pig breeds. On average, inbreeding is as
likely to cause loss of a PERV site as it is to cause fixation.
Thus the inbred Westran line might be expected to have fewer
sites than outbred animals. However, there is a possibility that
some PERV locations could not be detected by the method
used in the present studies because of mismatch between the
probe and target causing weak hybridization signals.

Comparison of the FISH results between animals 115 and
167 indicates consistent hybridization patterns except for four
locations detected with the PERV-B probe (8p2.2, 13q4.1,
Xp1.3, Yq) (Table 5). Based on the high level of inbreeding
and close relationship of these animals, these differences are
unlikely to be due to differences in the presence of hybridiza-
tion targets. In each case, the sites were detected in animal 167,
which has an overall higher signal intensity, and were absent
from 115. Thus it appears that they slipped below the threshold
for detection in animal 115, due to the lower efficiency of
hybridization and/or signal detection in this animal.

Hybridization of PERV-A and PERV-B probes to the same
site is also possible. There are five possible sites (5q2.1, 9q2.4,
13q4.1, 16q2.1, Yp1.1) showing hybridization peaks in the
same chromosomal locations with PERV-A and PERV-B
probes (Fig. 3 and 4). There are three possible explanations.
First, distinct PERV-A and PERV-B insertions may lie close to
each other. Second, small regions of highly conserved sequence
between PERV-A and PERV-B probes, where the forward
and reverse primers are located, could contribute to some
cross-hybridization although the cross-hybridization signal
would be expected to be very small. Third, recombinant
PERVs (Fig. 2) could generate hybridization signals with both
probes, likely to be more equal in intensity. Sequence analysis
of PERV clones has shown the existence of three possible
types of recombinant PERV clones. These three sites might
correspond to the three different recombinant PERVs.

The PERV-A locations in Westran pigs are quite different
from those in Large White pigs (Table 4). Rogel-Gaillard et al.
(36) reported eight PERV-A locations on four different chro-
mosomes (1, 8, 13, and Y) of their Large White pig. On the
other hand, consistent significant PERV-A sites on 13 different
chromosomes in Westran pigs are observed. The PERV-A
locations on 10 chromosomes (2, 3, 5, 6, 7, 9, 12, 16, 17, and X)
are so far unique to Westran pigs. However, a PERV-A site on
the Y chromosome seems to be the same in the Large White
and the Westran lines. On chromosome 1, there are two sig-
nificant PERV-A sites (1q1.2 and 1q1.8) in Westran pigs and
three sites (1q2.1, 1q2.3, 1q2.4) in the Large White pig. Of
these, only the sites at 1q1.8 in Westran pigs and 1q2.1 in the
Large White pig could possibly be the same, although misal-
location is highly unlikely given that these sites are well sepa-
rated. It is probable that the significant PERV-A site on 13q4.1
in Westran pigs could be the same as that in the Large White
pig allocated to the adjacent location at 13q4.2.

About one-half of the PERV-B locations appear to be lo-
cated in the same or adjacent chromosomal bands in Westran
and Large White pigs (Table 5). They are the sites on chro-
mosomes 7, 9, 13, and 17. A PERV-B site was mapped to 7p1.2

(Fig. 4) in this study, very close to the known location of the
swine major histocompatibility complex (SLA complex) class I
region. Two distinct PERV-B integration loci, at 7p1.1 and
7p1.2-1.1, very close to the SLA complex have been identified
by using BAC clones as FISH probes by Rogel-Gaillard et al.
(36), with one corresponding to the Westran 7p1.2 site (Table
5). Seven different chromosomes (chromosomes 1, 5, 8, 12, 16,
X, and Y) have PERV-B sites in Westran pigs absent in Large
White pigs. PERV-B sites on chromosomes 4 and 10 in Large
White pigs are absent from the Westran pig. For chromosomes
11 and 14, a single PERV-B site has been identified in Westran
and Large White pigs. However, the locations are so far apart
(14q1.3 in Westran pigs and 14q2.8 in Large White pigs), being
located on different arms for chromosome 11 (11p1.3 in Westran
pigs and 11q1.4 in Large White pigs), that they clearly repre-
sent independent insertions in these breeds. Thus, as expected,
different pig breeds share some PERV insertions in their ge-
nomes but the breeds also have other unique locations.

In conclusion, this study has characterized and mapped
PERVs in the Westran pig strain, in the process identifying
numerous novel sites of insertion, establishing that a substan-
tial proportion of the retrovirus inserts have defective envelope
genes, and recognizing recombinants between PERV-A and
PERV-B. The occurrence of recombinant PERVs also pro-
vides a salutary reminder of the potential for recombinational
repair of defective retroviruses and for recombination of hu-
man and porcine retroviruses during xenotransplantation. De-
fective PERVs could possibly regain infectious potential
through recombination. Furthermore PERVs could recombine
with human endogenous retroviruses to generate totally novel
retroviruses. Thus these results corroborate the recombino-
genic potential of retroviruses and highlight the potential dan-
ger of intra- and/or interspecies recombination of PERVs in
xenotransplantation.
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