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Vertically transmitted endogenous retroviruses pose an infectious risk in the course of pig-to-human
transplantation of cells, tissues, and organs. Two classes of polytropic type C porcine endogenous retroviruses
(PERV) productively infect human cells in vitro. The cloning and characterization of replication-competent
PERV-B sequences from infected human cells (F. Czauderna, N. Fischer, K. Boller, R. Kurth, and R. R. Tönjes,
J. Virol. 74:4028–4038, 2000) as well as the cloning of functional PERV-A and -B sequences from porcine cell
line PK15 (U. Krach, N. Fischer, F. Czauderna, and R. R. Tönjes, J. Virol. 75:5465–5472, 2001) have been
previously described. Here we report the isolation of four full-length proviral sequences from a porcine
bacterial artificial chromosome (BAC) library that comprises chromosomally assigned PERV. Clones Bac-
PERV-A(130A12) and Bac-PERV-A(151B10) map to pig chromosome 1 and demonstrate close homology to
PK15-PERV-A(58) in env and to PERV-MSL in long terminal repeat (LTR), gag, and pro/pol sequences. Clone
Bac-PERV-A(463H12) is located on pig chromosome 3 and demonstrates close homology to PK15-PERV-A(58)
in env and to 293-PERV-B(43) in LTR, gag, and pro/pol (Czauderna et al.; R. R. Tönjes, F. Czauderna, N.
Fischer, U. Krach, K. Boller, P. Chardon, C. Rogel-Gailard, M. Niebert, G. Scheef, A. Werner, and R. Kurth,
Transplant Proc. 32:1158–1161, 2000). Clone Bac-PERV-B(192B9) is located on pig chromosome 7 in the swine
leukocyte antigen region and is highly homologous with but distinct from the previously described functional
clone 293-PERV-B(43) and bears the number of repeats initially observed in the LTRs of clone 293-PERV-
A(42) (Czauderna et al.; Krach et al.). Clones Bac-PERV-A(130A12), Bac-PERV-A(151B10), and Bac-PERV-
A(463H12) were replication competent upon transfection into susceptible 293 and HeLa cells. Bac-PERV-
B(192B9), however, bears two stop codons in pro/pol preventing this clone from being replication competent in
some individual pigs, but initial screenings indicate that this provirus might be intact in others. The data
suggest that the porcine genome harbors a limited number of infectious PERV sequences, allowing for specific
screening in different pig breeds.

The therapeutic use of animal cells, tissues, and organs de-
rived from pigs as donors for xenotransplants might help to
overcome the growing shortage of human allotransplants. Ma-
jor concerns regarding infectious risk posed by the possibility
of introducing new agents from the animal into the recipient,
leading to xenozoonosis, have been raised (7, 8, 9, 15, 25).
Breeding and keeping pigs under specific-pathogen-free con-
ditions is considered to reduce the risk of transmitting exoge-
nous agents. However, these methods are not appropriate for
avoiding the presence of endogenous retroviruses which are
transmitted in the germ line.

Porcine endogenous retroviruses (PERV) released from
porcine cells infect human cells in vitro (14, 18, 31, 32). Risk of
xenozoonosis is even enhanced if genetically engineered pigs
which are produced to reduce the host-versus-graft reaction
are used (2, 23, 30).

In a retrospective study, no cross-species transmission of
PERV in patients treated with pig tissue was observed (17). On
the other hand, in an NOD/SCID mouse model, the diabetic
and immunodeficient animals showed infection and expression

of PERV in different tissues after xenotransplantation of por-
cine islet cells, suggesting that PERV are xenozoonotic in vivo
(29).

Approximately 30 to 50 integration sites of PERV exist in
the genome of different pig breeds (1, 13) and three classes
of infectious endogenous gammaretroviruses (PERV-A,
PERV-B, and PERV-C) are known (19, 26). These classes
display high sequence homology in the genes coding for the
group specific antigens (Gag) and the polymerase (Pol) but
differ in the genes encoding the envelope proteins (Env) which
determine the different host ranges of the classes (13, 19, 26).

We have previously reported the isolation of replication-
competent molecular PERV clones derived from human em-
bryonic kidney cells infected with PERV (293 PERV-PK) (5,
27). Subsequently, we described functional proviral PERV iso-
lated from porcine kidney cell line PK15 (12). The level of
expression of these proviruses significantly depends on the
existence of repeat structures in the PERV long terminal re-
peats (LTR) (24). In this communication, we describe the
cloning and characterization of PERV-A and PERV-B provi-
ral sequences derived from a bacterial artificial chromosome
(BAC) library that has been generated using DNA from large
white pigs (21). Three proviruses produced infectious and rep-
lication-competent virus particles after transfection of different
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human cell lines. The findings allow us to compare functional
PERV from different origins directly on the molecular and
cellular level and to map these proviral sequences to chromo-
somal locations of one specific pig breed. This mapping en-
ables even further analyses, e.g., screening of different pig
breeds for replication-competent proviruses or the generation
of PERV-free pigs.

MATERIALS AND METHODS

Porcine genomic BAC libraries. A porcine BAC library that was constructed in
a pBeloBAC11 vector using primary fibroblast DNA isolated from a large white
pig homozygous for swine leukocyte antigen (SLA) haplotype H01 as described
previously (21) was employed for this study. The large white genome harbors at
least 20 to 30 copies of PERV as revealed by Southern blot hybridization (21).

Thirty-three BAC clones containing PERV-specific sequences were mapped
by fluorescence in situ hybridization to 22 distinct locations on 14 chromosomes
(21). All clones were subjected to initial analyses (see below) which revealed that
four of these were most likely to harbor intact PERV as deduced from these
screening experiments (see below) and were used in this study. These clones are
designated Bac-PERV-A(130A12), Bac-PERV-B(192B9), Bac-PERV-A(151B10)
and Bac-PERV-A(463H12). Clones derived from cell line 293 PERV-PK are
denoted using the prefix 293-, while clones derived from the porcine cell line
PK15 are indicated by the prefix PK15-.

Prescreening of BAC library. All BAC clones were subjected to individual
gene-specific PCR amplifications for gag, pro/pol, and env. Resulting PCR frag-
ments were tested in a protein truncation test (PTT; Promega) according to the
manufacturer’s instructions for the presence of open reading frames (ORFs). A
long PCR (see below) was applied to determine if the detected ORFs belong to
a single provirus or whether they are scattered across the BAC clone. Only
positive clones were subjected to further analyses. The prescreening results are
summarized in Table 1.

Preparation of BAC DNA. DNA from individual BAC clones was prepared
using conventional alkaline lysis of bacteria followed by CsCl gradient centrifu-
gation of the DNA (50,000 � g overnight) according to standard protocols (22).

Cell lines and replication studies. The cell line 293 was kindly provided by R.
Weiss (London) and HeLa cells were obtained from the European Collection of

Cell Cultures (ECACC 93021013). One to 2 �g of BAC DNA was transfected
into cells using Lipofectamine (Life Technologies, Karlsruhe, Germany). Due to
the size of the BAC constructs, transfections had to be carried out repeatedly to
actually result in successful DNA transfer. Viral replication was detected by
reverse transcriptase (RT) assay and indirect immunofluorescence microscopy
with PERV-specific antibodies. Infectivity was tested by inoculation of semicon-
fluent cultures of susceptible cell lines with cell-free supernatants of producer
cells after filtration through 0.45-�m-pore-size membranes (Sartorius, Göttin-
gen, Germany).

RT assay. Cell-free membrane-filtered supernatants were tested for RT activ-
ity using the C-type RT activity assay (Cavidi Tech Ab, Uppsala, Sweden)
according to the instructions of the manufacturer (protocol B).

Immunofluorescence microscopy. Human 293 and HeLa cells transfected with
BAC DNA or infected with PERV present in culture supernatant were fixed at
several time points (3, 20, and 31 days posttransfection [d.p.t.] and 22 days
postinfection [d.p.i.]) with 2% paraformaldehyde. Indirect immunofluorescence
analysis was performed as described previously using PERV-specific antisera
directed against Gag p10 (11).

Detection of integrated PERV. Genomic DNA was isolated from different cell
lines grown to confluence according to standard procedures (22). To avoid
amplification of episomal proviral sequences genomic DNA was purified by CsCl
gradient centrifugation (22). Integration of PERV was tested by amplification of
pro/pol sequences using oligonucleotide primers PK1 (5�-TTG ACT TGG CAG
TGG GAC GGG TAA C-3�, nucleotides (nt) 2927 to 2949) and PK6 (5�-GAG
GGT CAC CTG AGG GTG TTG GAT-3�, nt 3739 to 3716) for a first PCR and
primers PK2 (5�-GGT AAC CCA CTC GTT TCT GGT CA-3�, nt 2954 to 2966)
and PK5 (5�-CTG TGT AGG GCT TCG TCA AAG ATG-3�, nt 3696 to 3673)
for a nested amplification. Nucleotide positions refer to 293-PERV-B(33) (5, 27).

Cloning and sequence analyses. Sequences encompassing the proviral genes
were amplified from BAC clones 130A12, 151B10, 463H12, and 192B9 using
long-distance PCR techniques (ExpandLong; Boehringer Mannheim, Mann-
heim, Germany) with oligonucleotide primers PK28 (5�-ATC AGC AGA CGT
GCT AGG AGG ATC-3�, nt 895 to 918) and PK29 (5�-CCG CAG TCC TCT
ACC CCT GCG TGG-3�, nt 8758 to 8781) and a cycle scheme of initial heating
at 94°C for 5 min, 35 cycles of 94°C for 1 min, 58°C for 1 min, and 68°C for 10
min, and one final elongation for 20 min at 68°C. Amplification products were
subcloned into pGEM-T Easy (Promega, Mannheim, Germany).

The proviral LTR sequences of all BAC clones were amplified separately using

TABLE 1. Summary of all chromosomal positions of BAC clones initially screened to harbor PERV sequences

Clone
no.

Chromosome
position

PERV
class

Gag
expressiona

RT
test

Full-length
PCRb gagb polb envb Proviral

integrationc

130A12d 1q2.4 A � � � � � � �
242D4 13q4.9 A � � � � � � �
151B10d 1q2.3 A � � � � � � �
141G12 1q2.11 A � � � � � � �
463H12d 3p1.5 A � � � � � � �
305F5 5q2.3 A � � � Trunc � � �
258A11 3p1.5 A � � � � � � �
135E5 8p1.2 A � � � � Trunc � �
253B6 13q4.2 A � � � � � Trunc �
383E10 13q4.3 A � � � � � � �
1079D8 17q1.2 A � � � � � � �
192B9d 7p1.1 B � � � � � � �
484G4 7p1.23p1.1 B � � � � � � �
161B7 4p1.1 B � � � Trunc � � �
783D7 9q2.6 B � � � � � Trunc �
667G4 17q2.1 B � � � � Trunc � �
534G4 17q2.1 B � � � � � � �
498D8 14q1.1 B � � � Trunc Trunc � �
1058D6 11q1.2 B � � � � � � �
647G4 11q1.4 B � � � � � Trunc �
80H6 14q2.8 B � � � � � � �

a Expression of Gag protein was tested by an immunofluorescence assay with specific Gag p10 antibodies after transfection of BAC DNA and was noted as positive
when protein expression was detected at 1 to 3 d.p.t. �, positive result; �, negative result; Trunc, a PCR product or an in vitro transcript in PTT experiments was
obtained, but the resulting molecular weight was smaller than calculated.

b Gene-specific PCR was used to search for PERV genes while long PCR was used to determine if identified genes belong to one ORF. Resulting gene-specific PCR
products were subjected to a PTT to test for ORFs.

c Genomic DNA of transfected cells was tested for proviral integration.
d Functionally investigated clones harboring proviral PERV.
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oligonucleotide primers 5�LTRfor (5�-TGA AAG GAT GAA AAT GCA ACC
TAA-3�, nt 1 to 24) and PBSrev (5�-GTT GGC CGG GAA ATC CTG CG-3�, nt
715 to 735) for the 5�-LTR and PK34 (5�-AAA GGA TGA AAA TGC AAC
CTA ACC-3�, nt 8233 to 8210) and 3�LTRrev (5�-ATT TTA ACT CGA CTG
GCC TTT CAG-3�, nt 8895 to 8918) for the 3�-LTR. The gap between the
5�-LTR and the proviral gene amplification products (nt 736 to 894) was subse-
quently bridged by PCR amplification using appropriate primers deduced from
both sequences. Primers for sequencing and given nucleotide positions are based
on molecular clone 293-PERV-B(33). DNA sequences of both strands were
determined as described previously (5) using an ABI 377 DNA sequencing
system (Applied Biosystems, Weiterstadt, Germany).

Nucleotide sequence accession numbers. The proviral sequences of Bac-
PERV-A(130A12), Bac-PERV-A(151B10), Bac-PERV-A(463H12), and Bac-
PERV-B(192B9) have been deposited in GenBank (accession numbers
AJ279056, AF435967, AF435966, and AJ279057, respectively). Sequences used

for homology analyses are PK15-PERV-A(58) (AJ293656) (12) and PK15-
PERV-B(213) (AJ293657) (12).

RESULTS

Screening for replication-competent PERV. Due to the size
of the clones derived from the BAC library we chose a direct
approach to search for replication-competent proviruses. Out
of 22 different BAC clones, 4 that were most likely to harbor
complete PERV proviral sequences designated Bac-PERV-
A(130A12), Bac-PERV-A(151B10), Bac-PERV-A(463H12),
and Bac-PERV-B(192B9) were identified by several screening
procedures, including Southern blots and PCR analysis (data

FIG. 1. Schematic representation of replication-competent PERV proviral structure and LTR organization. (A) Proviral sequences of Bac-
PERV-A(130A12), Bac-PERV-A(151B10), Bac-PERV-A(463H12), and Bac-PERV-B(192B9) are 8,918, 8,882, 8,754, and 8,840 bp in length,
respectively. Genes are shown as boxes and the first and last nucleotide of LTR and structural genes are shown in bold letters (A to I) which are
explained in Table 2. Arrowheads mark the transcriptional start site (cap), the primer binding site (PBS), the splice donor site (SD), the splice
acceptor site (SA), the poly(A) addition site [p(A)], and the polypurine tract (ppt). Crosses show the positions of two in-frame stop codons in pol
of Bac-PERV-B(192B9) at nt 4687 and 5251. (B) Organization of repetitive sequences in U3 of PERV LTR modulating the transcriptional activity
shown for clones Bac-PERV-A(130A12) (I), Bac-PERV-A(151B10) (II), Bac-PERV-A(463H12) (III), and Bac-PERV-B(192B9) (IV) (24).
Statistical analysis reveals several binding motifs for transcription factors within the repeat structure. The hatched boxes in sequences I and II
indicate homologous but different sequences (24).

TABLE 2. Nucleotide positions of genes and genetic elements of three replication-competent and one replication-incompetent
full-length PERV investigated in this study

Clone
Nucleotide position of indicated gene or gene elementa

A B C D E F G H I Cap PBS SD SA Poly(A)

Bac-PERV-A (130A12) 702 1153 2727 2875 6309 6185 8149 8216 8918 540 706 761 5949 8810
Bac-PERV-A (151B10) 703 1148 2711 2859 6272 6148 8112 8180 8882 541 707 762 5912 8775
Bac-PERV-A (463H12) 630 1077 2660 2832 6242 6118 8100 8125 8754 467 633 689 5873 8646
Bac-PERV-B (192B9) 668 1115 2689 2837 6277 6150 8123 8173 8840 506 671 727 5911 8744

a Cap, transcriptional start site; PBS, primer binding site; SD, splice donor site; SA, splice acceptor site; Poly(A), poly(A) addition site; A, end of 5�-LTR; B and C,
gag; D and E, pro/pol; F and G, env; H and I, 3�-LTR.
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not shown), and were further investigated. The specific provi-
ral and structural details of each clone are indicated in Fig. 1
and summarized in Table 2.

Immunofluorescence analysis of transfected or infected cell
lines. The capacity of proviral PERV sequences in BAC clones
to productively infect cells was investigated initially by indirect
immunofluorescence analyses using a PERV-specific anti-
serum against Gag p10 (11). As shown for HeLa cells (Fig. 2A
to I), Gag expression in an increasing number of cells was
observed for clones Bac-PERV-A(130A12), Bac-PERV-
A(151B10), and Bac-PERV-A(463H12) after incubation with
p10 antiserum for 3, 20, and 31 d.p.t., respectively, indicating
the replication competence of these proviruses (see below).
For Bac-PERV-B(192B9), immunoreactivity was detected for
up to 3 d.p.t. but diminished when the cells were cultured for
longer periods of time (Fig. 2M to O).

The initial immunoreactivity of cells transfected with Bac-
PERV-B(192B9) can be explained by transient LTR-mediated
expression of Gag shortly after transfection due to the defi-
ciency of this clone to establish productive infection (see be-
low).

Subsequently, transfer of cell-free culture supernatants from
transfected HeLa cells (32 d.p.t.) to fresh cells revealed the
presence of replication-competent virions by indirect immuno-
fluorescence. Exemplary results for the infectivity of virions
produced by clones Bac-PERV-A(130A12), Bac-PERV-

A(151B10), and Bac-PERV-A(463H12) but not of Bac-PERV-
B(192B9) at 22 d.p.i. are given in Fig. 2D, H, L, and P, respec-
tively. Similar results were obtained for these clones upon
transfection and infection into 293 cells (data not shown).

RT activity studies. To confirm the results obtained by im-
munofluorescence analyses the activity of the viral RT was
measured. Cell-free culture supernatants from human HeLa
and 293 cells transfected or infected with clones Bac-PERV-
A(130A12), Bac-PERV-A(151B10), Bac-PERV-A(463H12),
and Bac-PERV-B(192B9) were collected for up to 48 d.p.t. and
43 d.p.i. (Fig. 3). The supernatant used to infect fresh cells was
harvested at 32 d.p.t. For clones Bac-PERV-A(130A12), Bac-
PERV-A(151B10), and Bac-PERV-A(463H12), RT activity
was detected in 293 cells up to 28 mU of murine leukemia virus
(MLV) standard per ml (Fig. 3A) and could be transferred to
new cells (Fig. 3B), while no RT activity was observed for clone
Bac-PERV-B(192B9) posttransfection or postinfection. Exper-
iments with HeLa cells revealed similar results (data not
shown).

Detection of proviral integration. Genomic DNA extracted
from cell lines transfected (Fig. 4A) or infected (Fig. 4B) with
PERV was investigated at 40 d.p.t. and d.p.i. for integration of
proviral sequences by PCR, revealing a pro/pol amplification
product of 729 bp. HeLa cells (Fig. 4) and 293 cells (data not
shown) used for infection studies were integration positive for
Bac-PERV-A(130A12), Bac-PERV-A(151B10), and Bac-

FIG. 2. Detection of PERV Gag expression. Indirect immunofluorescence assay at different time points after transfection and infection of BAC
DNA into HeLa cells using an antibody against Gag p10 (11). Expression of clones Bac-PERV-A(130A12) (A to D), Bac-PERV-A(151B10) (E
to H), Bac-PERV-A(463H12) (I to L), and Bac-PERV-B(192B9) (M to P). The top three rows show protein expression investigated at 3, 20, and
31 d.p.t. (from top to bottom). The bottom row shows protein expression of HeLa cells at 22 d.p.i. with cell-free supernatant harvested from cells
at 32 d.p.t. Scale bar, 50 �m (same magnification for all panels).
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PERV-A(463H12) (Fig. 4B, lanes 1 to 3). No proviral Bac-
PERV-B(192B9) sequences were detectable in genomic DNA
either of cells that showed PERV Gag expression (Fig. 2M)
after transfection with BAC DNA (Fig. 4A, lane 4) or of cells
treated with supernatant (Fig. 4B, lane 4).

Analyses of full-length PERV sequences. For further char-
acterization of the viral genome, the sequences of all four
proviral clones were determined. As the sequences of the
LTRs and viral genes were determined separately, they were
assembled for this analysis.

Sequence analyses revealed two different structures of
LTRs. One LTR shows a distinct repeat pattern in U3 [Bac-
PERV-A(463H12) and Bac-PERV-B(192B9)] and one LTR is
devoid of these repeats [Bac-PERV-A(130A12) and Bac-
PERV-A(151B10)]. The organization of these repeat patterns
is shown in Fig. 1B.

While all proviruses display structural homology, Bac-
PERV-B(192B9) is described in close detail as this clone
showed mutations in its coding sequence. The details of pro-
viral clones Bac-PERV-A(130A12), Bac-PERV-A(151B10),
and Bac-PERV-A(463H12) as well as of clone Bac-PERV-
B(192B9) are given in Fig. 1A, while the nucleotide positions
of genes and genetic elements are summarized in Table 2.

The LTR of clone Bac-PERV-B(192B9) is 668 bp long,
while the gag gene starts at nt 1115 and is colinear with the

pro/pol ORF (nt 2837 to 6277). The stop codon at nt 2689
separating both genes is suppressed by tRNAGln; however, two
stop codons at nt 4687 and 5251 within the pro/pol sequence
disrupt the ORF, and as a consequence, prevent this clone
from replication (Fig. 2M to P, 3, and 4). The env gene partially
overlaps with pro/pol and forms a new ORF (nt 6150 to 8123).
Clone Bac-PERV-B(192B9) has been chromosomally assigned
and maps to 7p1.1 within the SLA cluster (21).

All clones showed a close relationship to proviral PERV
sequences described previously (5, 12, 27). In particular,
Bac-PERV-A(130A12), Bac-PERV-A(151B10), Bac-PERV-
A(463H12), and Bac-PERV-B(192B9) were compared to
PK15-PERV-A(58) and PK15-PERV-B(213) (5, 12). Results
of the homology analysis are summarized in Table 3.

DISCUSSION

In this report we describe the characterization of proviral
PERV-A and PERV-B sequences isolated from the genome of
large white pigs. We thus are the first to compare native pro-
viral PERV sequences derived from the pig genome with
PERV derived from infected human cells on the molecular and
cellular level.

Recently, full-length replication-competent PERV from pig
cell line PK15 were isolated and characterized in our labora-

FIG. 3. Replicative properties of PERV. (A) Detection of RT activity in cell-free culture supernatants of 293 cells upon transfection of BAC
DNA. Results are average values from three independent experiments. (B) Detection of RT activity in cell-free culture supernatants of 293 cells
upon infection with cell-free supernatant from respective clones harvested at 32 d.p.t. Results are average values from two independent
experiments. Gray bars, Bac-PERV-A(130A12); white bars, Bac-PERV-A(151B10); hatched bars, Bac-PERV-A(463H12); black bars,
Bac-PERV-B(192B9).
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tory (12). These data combined with the four full-length PERV
sequences described in this report demonstrate that the pig
genome harbors a limited number of intact proviruses that
form virions which can be transmitted to human cells in vitro as
previously reported (14, 18, 31, 32).

As we have identified six unique PERV proviruses from two
sources of porcine genomes, we are confident to have identi-
fied almost all PERV in pig breeds analyzed so far, since all
other chromosomal locations harboring PERV sequences have
been shown to contain defective proviruses represented in at
least one viral gene (Table 1). The differences in length of the
PERV genes described to date have no impact on the highly

conserved structural motifs for mammalian type C retrovi-
ruses. Particularly, the env genes bear motifs such as the vari-
able regions A and B (VRA and VRB) and the proline-rich
region (PRO) of the gp70 protein that determine the host
range via receptor interaction (3, 4, 13, 20). While the role of
the Env protein in this interaction is well known, other more
subtle viral features, some of which are located within the
PERV LTR, may be responsible for the replicative perfor-
mance of different PERV on a series of cell lines (24).

We have discovered two different LTR structures, one har-
boring a U3 repeat structure and one without these repeats
(Fig. 1B). We assume that these differences account in part for
the differences in replication performance observed in the var-
ious clones (Fig. 3) (24). A main feature of these repeats
represents several binding motifs for transcription factors, in-
cluding NF-Y, according to digital analysis. Generally, the
more repeats are present in one given LTR, the higher is the
transcriptional activity (24). Furthermore, the number of U3
repeats probably represents an adaptation of the virus to its
human host cells, as they are dynamically regulated during
serial passaging (24). Nevertheless, different numbers of re-
peats also occur in the natural and proviral state of PERV and
account for many of the observed differences in length.

Although Bac-PERV-B(192B9) is defective, it demonstrated
transcriptional activity, as revealed by transient expression of
Gag after transfection of BAC DNA (Fig. 2).

Since the library used to characterize the proviruses pre-
sented in this communication is derived from a defined SLA
haplotype (H01), it remains to be shown whether the haplotype
has an impact on the distribution of replication-competent
proviruses. If this correlation exists, pig breeds could be
screened for this particular proviral PERV more easily.

A recent publication demonstrated PERV expression and
subsequent infection of different tissues after transplantation
of porcine pancreatic islets into immunodeficient NOD/SCID
mice (29). These in vivo data indicated that a risk for infection
by PERV exists in highly immunosuppressed transplant recip-
ients during xenotransplantation. Even if the PERV clones
derived from the porcine genome so far appear to be barely
active, they have the capacity to productively infect different
cell lines and thus bear xenozoonotic potential. Moreover,
molecular virus clones turned out to mutate after serial pas-

FIG. 4. Proviral integration of functional PERV. (A) Genomic
DNA of HeLa cells transfected with DNA of BAC clones was isolated
at 40 d.p.t. by CsCl gradient centrifugation to avoid amplification of
episomal proviral sequences. This DNA was tested for integration of
PERV by PCR (for details, see text). The PCR amplification product
was calculated to be 729 bp in length. (B) Same experiment as for
panel A conducted with genomic DNA isolated from HeLa cells at
40 d.p.i. that had been treated with cell-free supernatant of HeLa cells
harvested at 32 d.p.t. Genomic DNA of uninfected HeLa cells was
prepared from the same stock used to perform the transfection exper-
iment. Lane 1, Bac-PERV-A(130A12); lane 2, Bac-PERV-A(151B10);
lane 3, Bac-PERV-A(463H12); lane 4, Bac-PERV-B(192B9); lane 5,
uninfected HeLa cells; M, molecular size standard (Smart ladder;
Eurogentec, Brussels, Belgium).

TABLE 3. Comparison of nucleotide and amino acid sequences of Bac-PERV-A(130A12), Bac-PERV-A(151B10),
Bac-PERV-A(463H12), and Bac-PERV-B(192B9) with native PERV proviral sequences isolated from the PK15 cell line (10)a

Native PERV
sequence Gene

% Nucleotide Homology (% amino acid homology) with clone:

Bac-PERV-A(130A12) Bac-PERV-A(151B10) Bac-PERV-A(463H12) Bac-PERV-B(192B9)

PK15-PERV-A(58) LTR 99.9 (NA)b 98.4 (NA) 70.1 (NA) 63.4 (NA)
gag 99.8 (98.9) 92.6 (84.0) 96.7 (72.7) 95.2 (95.0)
pro/pol 99.7 (98.4) 81.5 (65.9) 85.1 (66.9) 96.7 (NA)
env 99.8 (98.0) 99.4 (98.0) 98.6 (98.7) 71.6 (65.6)

PK15-PERV-B(213) LTR 67.5 (NA) 66.8 (NA) 94.8 (NA) 82.9 (NA)
gag 95.2 (95.6) 88.7 (70.3) 96.1 (84.0) 99.2 (98.3)
pro/pol 96.5 (95.9) 80.4 (63.4) 83.3 (65.4) 99.3 (NA)
env 71.5 (64.6) 71.5 (64.6) 71.9 (65.5) 99.4 (99.1)

a Low homology scores are due to the fact that different PERV classes are compared. Homology scores were revealed using sequence analysis DNASIS software
(Hitachi).

b NA, not applicable, as the nucleotide sequence is either not translated into protein (LTRs) or stop codons prevent the sequence from being translated [Bac-PERV-
B(192B9) pol gene].
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sages on susceptible cells, indicating that PERV has the capac-
ity to adapt to the host cell on the molecular level (24).

For the full characterization of the four proviruses, their
genomic flanking sequences were determined by inverse PCR
(Niebert et al., submitted). Knowledge of these sequences al-
lowed us to screen individual pigs as well as different pig breeds
for the prevalence of those four specific proviruses and for
polymorphisms in different copies of the same provirus present
within different individuals. Analyses indicated that individual
proviruses showed polymorphisms in different regions of their
genes as well as the varying presence of the localized provi-
ruses between individual pigs and different breeds (Niebert et
al., submitted).

In particular, the point mutations influencing the replicative
properties of clone Bac-PERV-B(192B9) were of major inter-
est. Therefore, we have initiated analyses of whether the de-
fective sequence of this provirus located in the SLA is poly-
morphic in other individual pigs or different pig breeds
(Niebert et al., submitted). Since we have detected several
copies displaying an intact pol ORF, we assume that the re-
lated proviruses can encode replication-competent viruses
compared to known infectious PERV sequences (5, 12); how-
ever, experimental evidence has not been provided yet. Cor-
responding single nucleotide polymorphisms have been shown
to have great impact on genetic variability in several other
cases (6, 10, 16, 28, 33).

Therefore, we cannot rule out the possibility that polymor-
phic PERV, both as mutational variants in known locations
and as complete proviruses in new locations, exist in other pig
breeds not analyzed so far.

As available data suggest that the number of replication-
competent proviral PERV sequences within the porcine ge-
nome is rather limited, it appears feasible to generate PERV-
free strains of pigs for xenotransplantation.
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