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Endogenous retroviral sequences in the pig genome (PERV) represent a potential infectious risk in xeno-
transplantation. All known infectious PERV have been asssigned to the PERV +y1 family, consisting of the
subfamilies A, B, and C. The aim of the study was the concise examination of PERV <y by the analysis of the
retroviral pro-pol sequences. The analysis of 52 pro-pol clones amplified in this study revealed eight PERV vy
families. In addition to four already-described families (y1, y4, v5, v6), four novel families (y7, v8, v9, v10)
were identified. Quantitative analysis of the novel PERYV vy sequences in selected breeds revealed variations in
the endogenous retroviral load. Open reading frames (ORF) in the amplified proviral fragment were only
found for PERYV +v1. In addition, novel ORF-containing PERV v1 clones consisting of hybrid sequences were
revealed. Sequence comparison from published full-length PERYV v1 clones of the PERV subfamilies A, B, and
C resulted in a lack of strict correlation of the classification of pro-pol and env. The results indicated the
occurrence of causative recombination events between retroviral genomes. Thus, our study on PERV vy provides
new data for the evaluation and selection of pigs intended to be used in xenotransplantation.

Xenotransplantation of functional pig cells, tissues, and or-
gans is discussed as a possible solution for the compensation of
the shortage of human donor organs. Prerequisites are the
solution of the severe host-versus-graft reactions and the pre-
vention of the cross-species transfer of pathogens via the trans-
plant. Use of specific-pathogen-free animals focuses the po-
tential risk of infection to the porcine endogenous retroviral
sequences (PERV) (2).

Endogenous retroviruses (ERV) are copies of exogenous
retroviral genomes integrated into the host genome. They are
transmitted vertically to the offspring. ERV have been found in
multiple copy numbers in all vertebrates examined (6). Most
ERYV are defective due to deleterious mutations (24). Whereas
retrospective examinations of patients exposed to living por-
cine tissues have not yielded any indications for the infection of
the recipients with PERV (10, 21), the potential risk of cross-
species infection of PERV has been shown in in vitro and in
vivo experiments (4, 8, 28). Xenotransplantation of tissues
derived from pigs which are genetically altered for the aim of
the reduction of the serious host-versus-graft reactions in hu-
mans (7, 14) has been suggested to enhance the risk of infec-
tion with PERV (25, 30).

Referring to the envelope (env) sequences, ERV are classi-
fied into the retroviral B (B- or D-type) and +y (C-type) genera
(29). PERV A, B, and C, which have been observed to be
infectious in vitro, are highly homologous in their gag and
pro-pol retroviral genes and, therefore, have been classified as
PERV «v1 (22). Significant differences in the env gene explain
their different host tropisms (16, 26). All pig breeds examined

* Corresponding author. Mailing address: Institut fiir Tierzucht und
Genetik, Veterinarmedizinische Universitdit Wien, Veterinarplatz 1,
A-1210 Vienna. Phone: 43-1-25077-5604. Fax: 43-1-25077-5693. E-
mail: bernhard.aigner@il22server.vu-wien.ac.at.

contain PERV A and B with a copy number ranging from 10 to
23 and from 7 to 12, respectively. PERV C is only present in
some of the breeds with 8 to 15 copies. Differences in the
proviral load have been observed in the genome of different
animals, and the correlation of an increased proviral load in
highly inbred pig breeds has been discussed previously (1, 5, 13,
15-17, 23). Although most of the copies of PERV A and B are
defective, several full-length functional PERV A and B from
genomic pig loci have been sequenced (11, 19). Recently, ad-
ditional PERV # clones, including defective sequences as well
as mutant full-length copies (PERV E), have been described
(17, 22).

Here we precisely examined the PERV vy pro-pol nucleotide
sequences. We identified the lack of the strict correlation of
the classification of pro-pol and env in already-described PERV
vl sequences as well as novel vyl pro-pol clones harboring
hybrid sequences and an open reading frame (ORF).

Amplification and analysis of the PERV sequences. Previous
reports have shown a high PERYV load in Landrace pigs (16,
17); therefore, the search for additional PERV v families was
carried out with genomic DNA of this breed. pro-pol sequences
were amplified by PCR with six pairs of degenerate primers
(two 5" primers [9, 27] and three 3’ primers [9]) and an an-
nealing temperature of 38°C. The 0.5- to 1.2-kb fragments were
separated in agarose gels, isolated, and cloned into the
pGEM-T Easy vector (Promega, Madison, Wis.). Thirty inde-
pendent clones were sequenced from the amplification prod-
ucts of each of the six primer pairs. Sequence analysis was
carried out with the Amersham DNA sequencing kit (Amer-
sham Pharmacia Biotech, Vienna, Austria) and the ABI
PRISM 377 automated DNA sequencer. The clones were se-
quenced bidirectionally with additional primers annealing
within the cloned sequences. Analysis by BLAST search of the
GenBank DNA database revealed that 53 of the 180 clones
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were of retroviral origin, which showed a length of 0.7 to 1.0
kb. Fifty-two clones were classified as PERV v, one clone as
PERV B, and no clone was grouped as a spumavirus. From the
52 PERV v clones amplified in this study, several 0.9-kb clones
showed identical sequences, thereby indicating a low rate of
polymerase errors in the PCR process as previously described
(15).

Phylogenetic analysis. By using Gene Jockey II (Biosoft,
Cambridge, United Kingdom), further comparison of the com-
plete amplified pro-pol fragment of the 53 clones revealed nine
families (eight PERV +y families and a single clone belonging to
a novel PERV B family) with 1 to 21 members. Amplified
clones showing more than 90% identity were pooled to fami-
lies. Nomenclature of the families was carried out according to
Patience et al. (22). In addition to four already-described
PERYV + families (y1, v4, 5, v6), four novel families (y7, ¥8,
v9, v10) were found. Thirty-eight of the 52 PERV v clones
were assigned to two families, yl (n = 21) and v6 (n = 17).

The phylogenetic examination of the PERV sequences
was carried out both for the DNA and for the protein se-
quences. Partial and full-length sequences were prepared in
SeqApp (http:/ftp.bio.indiana.edu/soft/molbio/seqapp/) and
were aligned by ClustalW (12), with manual adaptation. Most-
parsimony, neighbor-joining, and maximum-likelihood phylo-
genetic trees were generated by using PAUP* (http:
/fwww.lms.si.edu/PAUP) and PHYLIP (http://evolution
.genetics.washington.edu/phylip.html). The least defective
clone was chosen as the representative of the family. Due to
the differing sequences in the 5’ region of the pro-pol frag-
ments, 510 nucleotides (nt) of the 3’ end and the C-terminal
170 amino acids, respectively, were used according to Herniou
et al. (9). Figure 1 shows the tree obtained with the nucleotide
sequences by using the neighbor-joining method. The phylo-
genetic relationship of the sequences was confirmed by analo-
gous results which were generated with the different data sets
and the various algorithms used (data not shown).

PERYV +vy1 GenBank sequences. The intensively investigated
mouse leukemia virus-related PERV +1 family includes the
three subfamilies PERV A, B, and C, which are defined by
their env gene (1, 16). For the classification of the y1 pro-pol
sequences amplified in this study, first-step GenBank se-
quences of full-length PERV +v1 clones were compared. Des-
ignation of the clones according to their env gene as PERV A,
B, and C was carried out by sequence comparison to Y12238,
Y12239, and AF038600, respectively. Classification into pro-
pol subfamilies was done according to identities in the poly-
morphic nucleotide positions of the aligned sequences (Fig. 2).
Fourteen of 18 examined 928-nt pro-pol fragments strictly cor-
related to their env gene, whereas two PERV B (AF038601
and AJ133817) and two PERV C (AX052634 and AX052635)
pro-pol sequences correlated with the PERV A env gene. The
PERYV A pro-pol sequences (AF435966, AF435967, AJ279056,
and AJ293656) shared only a few common polymorphic nucle-
otides and showed an increased sequence polymorphism (Fig.
2). Further analysis of five published 928-nt pro-pol sequences
which lack the sequence information for their corresponding
env gene resulted in classification as y1B (U77599 and X99933)
and y1C (AF033259, AX052636, and U77600). One additional
sequence (AF274705) harboring a stop codon showed 40-, 42-,
and 48-nt mismatches to y1A (AJ293656), v1B (A66552), and
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FIG. 1. Neighbor-joining tree of retroviruses produced by
PHYLIP. The analysis was done with the 510-nt 3’ fragment of the
amplified pro-pol sequences and a data set of 1,000 bootstrap repli-
cates. Percent bootstrap values higher than 60% are shown. The
PERYV sequences obtained in this study (y1, y4 to y10, and B5) are
depicted in bold. The viruses and GenBank accession numbers of the
sequences (in parentheses) used in the phylogenetic tree are as fol-
lows: BaEVM (M16550), baboon ERV; BLV (AF257515), bovine leu-
kemia virus; BoEV (X99924), bovine ERV; EIAV (AF247394), equine
infectious anemia virus; ERV 9 (X57147), human ERV 9; FeLV
(AF052723), feline leukemia virus; FeSFV (U78765), feline syncytial
virus; HERV E (M10976), human ERV E; HERV K (M14123);
HERV L (X89211); HERV W (AF135487); HIV (K03455), human
immunodeficiency virus; HSRV (U21247), human spumaretrovirus;
(L03561), human T-cell lymphotropic virus; IAP H (M10134), syrian
hamster intracisternal A-particle; IAP M (M17551), murine intracis-
ternal A-particle; JSRV (M80216), Jaagsiekte sheep retrovirus; MiLV
(X99931), mink ERV; MLV (J01998), murine leukemia virus; MMTV
(M15122), mouse mammary tumor virus; MSAV (AF009668), multiple
sclerosis-associated retrovirus; MuERV L (Y12713), murine ERV L;
OMVV (NC_001511), ovine lentivirus; PERV L (AJ233661);
RVLmSh (Y07810), lemon shark ERV; and SFV 1 (X54482), simian
foamy virus 1.

v1C (AF038600), respectively, and therefore remained unclas-
sified (data not shown).

PERYV v1 clones amplified in this study. The classification of
the 21 PERV +v1 clones amplified in this study was carried out
by sequence comparison of the clones to all published PERV
v1 sequences. The pro-pol GenBank sequences showing the
highest identity were grouped with the respective clones ac-
cording to identities in the polymorphic nucleotide positions
(Fig. 3). Within the examined 928-nt pro-pol fragment, 3 clones
were classified as y1A (Fig. 3A) and 14 clones were assigned to
v1B (Fig. 3B).

Four PERV +v1 clones (m317, m1120, m3111, and m3112)
did not match to the published PERV v1 sequences (Fig. 3C).
Clone m317 (AF511091) showed differences with 1A
(AJ293656), y1B (A66552), and y1C (AF038600) in 60, 29, and
61 nt, respectively. Clones m1120 (AF511090), m3111
(AF511096), and m3112 (AF511097) showed hybrid sequences
with high homologies to various pro-pol sequences for different
regions. Specifically, clone m1120 harboring an ORF was iden-
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AJ279057% ;AAGACACGCACGTGTCCT TC-PTTCGCTAG- GTCAGTGATATCACATTGATCGGGGGATGCT TAAGGCTCAGCAG B B
AY056035%* %AGACACGCACGGGTCCT TC- TTCGCTAG GTCAGTAATATCACATTGATCGAGGGATGCQ TAAGGCTCAGCAG B B
A66552* AA ACACGCACGGGTCCT TC- TTCGCTAG GTCAGTAATATCACATTGATCGGGGGATGCT TAAGGCTCAGCAG B B
A66553* &AAGACACGCACGGGTCCT TC-TTCGCTAG-GTECAGTAATATCACATTGATCGGGGGATGCT- TAAGGCTCAGCAG B B
Y17013* GAAGACGCGCACGCGTCCT TC-TTCGCTAG- GTCAGTAATATCACATTGATCGGGGGATGCT TAA CTCAGCAG B B
AJ293657* GAAGACACGCACGCGTCCT TC-TTCGCTAG- GTCAGTAATATCACATTGATCGGGGGATGCT TAA 3 B B
AJ13381l6* GAAGACACGCACGCGTCCT TC-BTCGCTAG- GTCAGTAATATCACATTGATCGGGGGATGCT TAA CTCGGCAG B B
AJ133818* GAAGACACGCACGCGTCCT TC-ITCGCTAG- GTCAGTAATATCACATTGATCGGGGGATGCT TAAGGCTCGGCAG B B
AF038601* GAAGACACGCACGGGTCCT TC-PTCGCTAG- GICAGTAATATCACATTGATCGGGGGATGCT - TAAGGCTCAACAG B A
AJ133817* G&AGACACGCACGGGTCCT TC-PTCGCTAG- GTCAGTAATATCACATTGATCGGGGGATGCT TAAGGCTCAGCAA B A
AJ279056* AGAGTGACACAAGGGTACC—GC—ATTGCT' ECTACCAACATTTCATTGATCGGGAGGCGCT TCTGCCCTAGCAG A A
AF435967* AG TGACACAAGGGTACC GC ATTGCTCA CCTACCAACTTCCTCGCACTCTGGGCGCAATC CTACCQTAGCAG A A
AF435966 | S TET AGAGCCGACAC;ATCTCCTTGACAGGGGGGGACT TCTACCCTAGCAG A A
AJ293656* AGAGTCACACAAGGGTCCT TC CCTGCTAG GACAACAACATCTCATTGATCGGGGGGCGCT-TCTACCITAGCAG A A
AX052635* AGAGTCACGCAAGGGTCCT-TC-CETGITAG- GACAACAACACCTCATTGATCGGAGGACGCT TCTACPETCAGCAG C A
AX052634* AGAGTCACGCAAGGGTCCT-TC- CCTGTTAG GACAACAACACCTCATTGATCGGAGGACGCT TCTACETCAGCAG C A
AF038600* AGAGTCACGCAAGGGTCCT-TC~ CCTGTTAG GACAACAACACCTCATTGATCGGAGGACGCT TCTACCTCAGCAG C C
AF038599 AGAGTCA=GC-AGGGTCCT-TC-CCTGITAG- GACAACAACACCTCATTGATCGGAGGACGCT TCTACCTCAGCAG C C

FIG. 2. Alignment of the 928-nt pro-pol fragments from published full-length PERV v1 clones. Designation of the env gene to PERV A, B, and
C subfamilies was carried out by sequence comparison to Y12238, Y12239, and AF038600, respectively (in the column labeled env gene). The
classification of the pro-pol fragment to y1A, y1B, and y1C is shown in the column labeled pro-pol gene. The polymorphic nucleotides (n = 144;
15.4%) are depicted with the numbers of their positions in the alignment of the data set shown at the top. The 51 nucleotide positions whose
sequence invariably determined the pro-pol subfamilies y1B and y1C are shown in bold. Mutant nucleotides are depicted in shaded boxes. pro-pol

fragments harboring an ORF are indicated with an asterisk.

tical to m317 in its 5" region until nt 285 and was identical to
AJ293656 downstream of nt 226, with the exception of one
A/G nucleotide exchange each. The two clones m3111 and
m3112 showed sequence identity to each other 3" of nt 539,
whereas high homologies were found in their 5" regions to
m319 and to AF274705, respectively. The overlapping region
of the clones m3111 and m3112 (nt 539 to 928) showed no
identity to other PERV vy1 sequences.

In total, sequence analysis revealed nine clones harboring an
OREF in the examined pro-pol sequence which were derived
from at least six independent loci. Five of these loci were
previously undescribed. In detail, PERV +v1A included the
ORF containing clone m316 (AF511088). Three PERV y1B
clones (m319, m313, and m3117) were identical (AF511092),
and clone m2112 (AF511095) was closely related. Clone m3119
(AF511098) maintaining an ORF showed relationship to the
mutant sequences m314 and m2115. Clone m3120 differed only
slightly from several GenBank sequences represented by

A66552. In addition, the hybrid clones m1120 (AF511090) and
m3111 (AF511096) harbored an ORF.

Determination of the approximate copy number of the
PERV v families was carried by Southern blot analysis
(BamHI) with six pig breeds (Duroc, Landrace, Large
White, Mangaliza, Pietrain, and Turopolja). Ten micro-
grams of DNA from three individuals per breed was exam-
ined. A specific probe hybridizing to ryrl was used as a
quantitative loading control (31). Probes specific for the
different PERYV vy families were amplified by PCR. Genomic
mouse DNA was used as a negative control. PERV clones,
which were found to be the closest relatives by phylogenetic
analysis, were diluted in genomic mouse DNA and were
used to monitor cross-hybridization. For the estimation of
the copy number, the signal strength was compared to the
signals of the probe used diluted in genomic mouse DNA.
For PERV vl1, the results were consistent with the data
already described (Table 1) (16, 17).
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AJ293656* YlA

AAAGTCAAGACGGAGCCTAACGACTACATTTGGGCAAGATTCTCCATTACCGGCCCAGAT)

m1120* vl

GGGATTGGGCCGCCATCCGTAMCTACATTTGGGCAAGATTCTCCATTACCGGCCCAGGT

m317 Y1 [GGGGTTGGGCCGCCATCCGTAAATTGCGCTTAGACGGAACTACTCGATACGAGTGTGAAC
AF274705 vyl [GAGGTCGGCCTGGCATC CATCGATTATGCGCAAACAGGACCCTCCATTACCGGGCCAGAT)
m3112 vl GGGAACGGGCCGGCATCCA'I‘CGATTATGCTCAAACAGGACCCCCTGATACAAATCTGMC
m3111* vl GAAGACGGGCCGGCGTTCATCAGTAGCGCTTAGACAAGAOCCCCTGATACAAATCTGAAC
m319* Y1B GGGAACGGGCCGGCGTTCATCAGTAGCGCTTAGACAAGACTACCCGACGTGAGTCCAGAC

FIG. 3. Alignment of the 21 PERV v1 pro-pol clones amplified in this study. The amplified clones assigned to y1A (A) and y1B (B) and the
published GenBank sequences which showed the highest identity are shown. The polymorphic nucleotides (n = 16 [1.7%] and n = 44 [4.7%] for
v1A and 1B, respectively) of the amplified 928-nt pro-pol sequence are depicted, with the numbers of their positions in the alignment of the
respective data set shown at the top. Mutant nucleotides are depicted in shaded boxes. Fragments harboring an ORF are indicated with an asterisk.
Sequence A66552 represents seven GenBank sequences which are highly homologous in the pro-pol region and are identical at nt A423 (A66553,
AF038601, AF147808, AJ133817, AJ279057, and U77599). (C) Sequence comparison of the clones m317, m1120, m3111, and m3112 to other
PERYV «1 sequences amplified in this study or taken from GenBank. The three hybrid clones m1120, m3111, and m3112 are depicted in bold letters.
Homologous regions are shown in boxes, and polymorphic nucleotides of the hybrid sequences are shown in shaded boxes.

TABLE 1. Approximate copy numbers of PERV vy sequences per
haploid genome in different pig breeds determined by using
Southern blot analysis

Copy no. in the following pig breeds:

PERV

family Duroc Landrace Large White Mangaliza Pietrain Turopolja
v1 50 50 50 50 50 50
v4 10 10 10 10 10 10
v5 2 2 2 2 2 2
v6* 50 50 50 50 50 25
y7° 10 5 5 5 10 2
v8 1 1 1 1 1 1
v9 0 5 5 0 0 0
v10 2 2 2 2 2 0

¢ Copy numbers were observed to differ within the breeds.

PERV v4 and y5. Mutant members have been previously
described for both PERV v4 and 5 families (22). Eight am-
plified clones were representatives of PERV +vy4. Multiple
frameshift and premature stop codon mutations were observed
in the clones. About 10 copies per haploid genome were de-
termined for PERV w4 (Table 1). One clone belonging to
PERYV v5 was observed to harbor multiple missense mutations.
The sequence was assigned to a branch with human ERV-9,
human endogenous retrovirus W (HERV-W), and MSAV
(Fig. 1) and was present in a low copy number in all pig breeds
examined (Table 1). The amplified clones of PERV v4 and v5
showed high identity to the published sequences AF274708
and AF274709, respectively.

PERYV v6. Mutant full-length PERV E members have been
observed in the pig genome (17). Seventeen of our clones
corresponded to this family, which was named PERV 6. Com-



11742 NOTES

pared to clones of PERV +v1, the PERV 6 clones showed a
higher sequence diversity. Phylogenetic analysis was done as
for PERV v1 and revealed at least 11 novel loci (data not
shown). None of the clones was found to have an ORF. Anal-
ogous to the PERV +1 hybrid sequences, comparison of the
945-nt clones m116 (AF511100) and m2110 (AF511101) re-
vealed sequence identity 3’ of nt 480, whereas the 5’ region
showed differences in 26 nt (data not shown). The copy num-
ber of PERV +v6 sequences estimated for different pig breeds
(Table 1) was similar to that described in previously published
studies (17).

Novel PERV families (y7 to y10 and B5). Six clones of
endogenous retroviral sequences were found not to match to
previously described families. Therefore, they represented
PERV «7, consisting of two independent clones, and PERV
v8, v9, v10, and B5. None of the clones was found to have an
OREF. Southern blot analysis revealed low copy numbers for
the novel PERYV + families. In addition, breed-specific differ-
ences were detected (Table 1).

The extensive search for new PERV +y copies carried out by
the identification and phylogenetic analysis of more than 50
independent pro-pol sequences resulted in previously unde-
scribed PERV families as well as novel clones harboring an
OREF. Occurrence of several independent 0.9-kb PCR clones in
PERV «v1B, v4, and y6 showing the identical sequence indi-
cated a low incidence for misincorporation of nucleotides dur-
ing the PCR procedure as previously described (15). The copy
numbers of the different PERV +y families observed in Land-
race pigs (Table 1) correlated well with the number of clones
which were amplified in this study from Landrace genomic
DNA and subsequently were assigned to the respective fami-
lies. Previous studies have suggested the correlation of an
increased PERV load in highly inbred breeds (13, 17). How-
ever, all breeds examined showed a high proviral load for
PERV +v1 and v6. Recently, breed-specific differences in the
chromosomal integration sites of PERV have been described
(15) which were confirmed by our results. This indicates that
the use of preselected pigs in subsequent breeding concepts
might lead to the reduction of the genomic load of putative
infectious PERV.

Within the examined 928-nt pro-pol region, five novel PERV
v1 loci harboring an ORF (one y1A, two y1B, and two hybrid
clones) were identified. This suggests that additional functional
PERV «1 proviruses that have not yet been described may
exist in the pig genome. In contrast, in addition to the pub-
lished mutant full-length PERV E (17), 17 defective clones
representing at least 11 novel loci were found for PERV 6.
Taking the estimated copy number into account, these results
indicate a low incidence of the presence of intact PERV 6
genomes.

After in vitro coculture experiments with porcine cells, hu-
man-tropic replication-competent particles with hybrid se-
quences have been observed in human cells which have not
been found in the genome of the donor pigs (20). This suggests
that coexpression and recombination events of distinct PERV
might lead to the production of recombined virus particles with
unknown consequences on the potential risk of infection. In
this study we showed the presence of such chimeric PERV y1
sequences in the pig genome, where the classification of pro-
pol and env did not correlate within the subfamilies. In hu-
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mans, chimerism between the reverse transcriptase and trans-
membrane domains has been found both for endogenous
retroviruses and infectious retroviruses (3). Recombination
events within the diploid retroviral genome have been de-
scribed to cause this phenomenon (18). We also found hybrid
PERY pro-pol sequences within a given animal. This was con-
firmed by the observation of hybrid PERV pro-pol sequences
(5' region including nt 307) in the published clones AF435967
and AJ279056 (Fig. 2). In addition, intragenic recombinants
between PERV +v1A and y1B have previously been described
for the env gene (15).

Thus, the results of our study indicate the presence of se-
quences deriving from recombination events between distinct
PERV v1 sequences in the pig genome. The potential risk of
infection can therefore not be ruled out for mutant PERV loci.

Nucleotide sequence accession numbers. The nucleotide se-
quence data of the representatives of the PERV families have
been submitted to GenBank for PERV +vyl1 (AF511088-
AF511099), v6 (AF511100 to AF511110), v7 (AF511111), v8
(AF511112), v9 (AF511113), 10 (AF511114), and B5
(AF511115).
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