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Abstract Porcine endogenous retroviruses (PERV) are

widely distributed in the genomes of pigs. PERV-A and

PERV-B are present in all pigs. They infect human cells in

vitro and therefore represent a risk for xenotransplantation

when pig cells, tissues or organs are used. PERV-C infects

only pig cells and is not present in the genomes of all pigs.

However, PERV-A/C recombinants infecting human cells

and characterized by high replication titers were found in

pigs. To select PERV-C-free animals that cannot generate

such recombinants, PCR-based assays were developed

(Kaulitz et al., J Virol Methods, 175:60, 2011). When

screening for PERV-C in German wild boars (Sus scrofa

scrofa), applying these methods, a new variant of PERV-C

was identified. Whereas in all 125 wild boar only the new

variant of PERV-C was found, different variants were

present in some landrace pigs, and most importantly, some

pigs were totally free of PERV-C.

Introduction

Porcine endogenous retroviruses (PERV) pose a special

risk in xenotransplantation using pig cells, tissues or organs

to overcome the shortage of human allotransplants [1].

Endogenous retroviruses have been detected in the gen-

omes of all vertebrate species, and their general organiza-

tion corresponds to that of exogenous retroviruses [2, 3].

Most of the endogenous retroviruses are replication

incompetent, while only a minority still produce infectious

virus particles that are able to infect cells of the same

(ecotropic) or of other species (polytropic, xenotropic) [4, 5].

In pigs, three different classes exist, PERV-A, PERV-B

and PERV-C, which all belong to the gammaretroviruses

[6–8]. In addition, betaretroviruses are also found in the

genomes of pigs [9]. PERV-A and PERV-B infect human

cells in vitro as well as cells from other species [7, 10–13].

In contrast, PERV-C is an ecotropic virus infecting only

pig cells, and it is not present in the genomes of all pigs [6,

7]. PERVs may be the result of a transspecies transmission,

possibly of murine viruses to pigs [14]. PERV-A integrated

into the pig genome approximately 7.6 million years ago

(MYA), whereas PERV-C integrated in S. barbatus

approximately 1.5 MYA [15].

In addition, replication-competent PERV-A/C recombi-

nants have been found in normal pigs [16–19] and in pigs

carrying melanomas [20]. The recombinants were found de

novo integrated in the genome of somatic cells of these

animals, but they are not present in the germ line [16–22].

PERV-A/C isolates are characterized by high-titer repli-

cation and specific mutations when compared with the

parental PERV-A [18]. After passaging on human cells, the

virus titer has been found to increase significantly due to

genetic alterations in the LTR [23, 24]. Similar genetic

alterations in the LTR have also been detected in PERV-A

passaged in human cells [23, 25]. A consensus statement of

the International Xenotransplantation Association has

suggested breeding pigs for xenotransplantation that do not

harbor PERV-C in order to avoid generating such high-titer

Electronic supplementary material The online version of this
article (doi:10.1007/s00705-012-1490-9) contains supplementary
material, which is available to authorized users.

D. Kaulitz � D. Mihica � M. Semaan � J. Denner (&)

Centre of HIV and Retrovirology, Robert Koch-Institute,

Nordufer 20, 13353 Berlin, Germany

e-mail: DennerJ@rki.de

C. Adlhoch

Center for Biological Security, ZBS1, Robert Koch-Institute,

Nordufer 20, 13353 Berlin, Germany

123

Arch Virol (2013) 158:341–348

DOI 10.1007/s00705-012-1490-9

http://dx.doi.org/10.1007/s00705-012-1490-9


342 D. Kaulitz et al.

123



PERV-A/C recombinants [26]. To detect PERV-C-free

pigs, sensitive PCR detection methods for PERV-C have

been developed, and 92 % of farm animals and multi-

transgenic animals bred for xenotransplantation have been

identified as PERV-C positive [27, 28]. Previously a 100 %

prevalence of PERV-C in 18 wild boars living near Berlin

in the Federal State of Brandenburg, Germany, was

reported [27]. In contrast, Mang et al. [29] found no PERV-

C in a wild boar using a nested PCR; however they tested

only one animal. When analyzing the presence of PERV-C

in wild boars using the newly developed methods, some,

but not all, of the new PCR assays were able to detect

PERV-C. To clarify this discrepancy, sequence analysis

was performed, indicating sequence differences in the

binding sites of primers and probes that impaired hybrid-

ization. The new sequences were identified as variants of

PERV-C. Whereas in 125 tested wild boars only one new

variant PERV-C was found, in some landrace pigs, two

different variants were present, but most importantly, some

pigs were totally free of PERV-C, including these new

variants.

Materials and methods

Animals and DNA isolation

One hundred twenty-five wild boars were analyzed, 18 of

which had been collected at four different locations near

Berlin [27], and 107 animals were from four other geo-

graphical regions in Germany: Baden-Wuerttemberg (11

animals), Brandenburg (18 animals), Rhineland-Palatinate

(50 animals) and Saxony (28 animals). The sampling

details and the procedure for DNA preparation from liver

tissue of these samples were described in previous studies

in which the presence of hepatitis E virus [30] and hoko-

virus [31] in these animals was investigated. For compar-

ative purposes, DNA from 169 German landrace pigs was

analyzed [28].

PCR

In addition to the PCR based on primers published by

Takeuchi et al. [7] (designated PCR1), other PCR assays

were developed based on different primer pairs (PCR2 to

PCR7) (Fig. 1; Table 1). The sensitivity of PCR1 was

estimated to be 1.1 9 104 plasmid molecules, using a

molecular PERV-C clone in the presence of DNA from the

pig cell line PK-15 [28].

Real-time PCR

For the quantification of envC-specific proviral DNA, the

primers ‘‘envC real forward’’ and ‘‘envC real reverse’’ and

a corresponding probe (Table 1; Fig. 1) were designed. A

duplex real-time PCR was performed based on cyclophilin

(cyp) as a reference gene using the primers ‘‘cyp real-time

for’’ and ‘‘cyp real-time rev’’ and quantifying the PCR with

a cyp probe (Table 1). The 25-ll reaction mixture con-

sisted of 2.5 ll 109 PCR buffer (100 mM Tris-HCl,

500 mM KCl, 15 mM MgCl2, 0.01 % [w/v] gelatin), 3 ll

MgCl2 (25 mM), 0.5 ll dNTP (20 mM), 0.5 ll (10 lM) of

each primer, 0.5 ll of both probes (10 lM), 0.1 ll ROX

(Invitrogen, Darmstadt, Germany), 0.3 ll AmpliTaq Gold�

polymerase (Roche, Mannheim, Germany) (5 U/ll),

nuclease-free water and the template DNA (100 ng). The

thermal cycling conditions used were 7 minutes at 95 �C

followed by 50 cycles of 95 �C for 20 seconds and 58 �C

for 30 seconds in a Stratagene MX4000 machine (Agilent,

Waldbronn, Germany). The efficiency of this assay was

determined by measuring tenfold serial dilutions of envC-

positive genomic DNA from 1.1 9 1010 to 0.2 plasmid

copies per reaction. Amplicons generated by real-time PCR

were subcloned into the vector pBluescript II KS (Agilent,

Waldbronn, Germany) and sequenced, and the plasmid was

used in the real-time PCR to measure the copy number. As

an internal standard for quantification and for quality

control of the template DNA, a part of the housekeeping

gene encoding cyclophilin was co-amplified. There was no

interference between both real-time PCRs, as confirmed by

an analysis of serial dilutions of genomic DNA from one

pig, which was PERV-C positive. The PCR showed an

efficiency of 93.7 % for cyclophilin and 99.3 % for PERV-

C [28]. The detection limit of the real-time PCR was 100

copies, as determined using a plasmid standard, and linear

co-amplification was obtained between 1 pg and 100 ng of

genomic template DNA.

Sequencing

Amplicons generated by PCR3, PCR5, PCR6 and PCR7, as

indicated in Table 1, were sequenced bidirectionally using

Sanger’s dideoxy method, using 10 ng of amplicon, 5 pmol

Fig. 1 (A) Schematic presentation of the location of the primers and

probes for the PCRs and real-time PCRs. The length of the amplicons

in bp and the approximate locations of variable regions A (VRA) and

B (VRB) and the proline-rich region (PRR) in the receptor-binding

site of the surface envelope protein of PERV-C are indicated.

(B) Sequence comparison of part of the surface envelope protein of

PERV-C (envC), the PERV-C new variant (envC*), PERV-A (envA)

and PERV-B (envB). The sequences of the outer primers (PCR3,

PCR5, PCR4, PCR6 and PCR7) and inner primers (PCR2) for the

nested PCR as well as primers and probes for the real-time PCR are

indicated. PCR1-6 were designed using the sequence of PERV-C. A

real-time PCR was developed for PERV-C, and a real-time PCR was

designed for the new variant (nv). PCR 7 was designed only for the

new variant of PERV-C (nv). (B) Amino acid changes in a region of

the surface envelope protein of the PERV-C variant found in wild

boars compared with the sequence in landrace pigs

b
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of primer, 1 ll of 59 buffer, 2 ll of BigDye (Applied

Biosystems), and the corresponding primers.

Phylogenetic tree analysis

The PERV-C sequences from GenBank were analyzed

using the software Lasergene�-MegAlign (DNASTAR).

A 500-bp sequence of wild boar PERV-C was used to

identify homologous regions. The alignment of sequences

was done using the ClustalW method. A phylogenetic tree

was constructed by neighbor joining. To compare the

amino acid sequences of wild boar and landrace PERV-C

(AM229312), the env regions were translated and aligned.

Results

Application of PCR-based detection methods

developed for PERV-C screening to wild boars

To analyze the prevalence of PERV-C in wild boars, dif-

ferent PCRs and a real-time PCR were used that had been

developed to screen for the presence of PERV-C proviruses

(Fig. 1A) [28]. When PCR1 was used to detect PERV-C,

all 18 animals from the first study and 107 new wild boars

from four different regions of Germany were found to be

positive. Using PCR3, all 125 wild boars were also found

to be positive for PERV-C.

Table 1 Primers and probes used for amplification in the different PCRs and real-time PCRs

PCR/real-time

PCR

Primer/probe Sequence 50-30 Location Accession

no.

PCR

PCR1 Forward CTGACCTGGATTAGAACTGG

(Takeuchi et al. [7])

6606..6625 AM229312

Reverse ATGTTAGAGGATGGTCCTGG

(Takeuchi et al. [7])

6867..6886 AM229312

PCR1 new

variant

Forward CTGACCTGGAcTAGAACTGG 6606..6625 New

variant

Reverse ATGTTAaAGaATGGTCCTGG 6867..6886 New

variant

PCR2 Forward GTGCTCTCCTTCAGACCTAGATTAC 6635..6659 AM229312

Reverse CGTCAAGACCGTATTTGGTCC 6822..6842 AM229312

PCR3 Forward CTGACCTGGATTAGAACTGG 6606..6625 AM229312

Reverse = PCR6 reverse = PCR7

reverse

AAGTTTTGCCCCCATTTTAGT 6924..6944 AM229312

PCR4 Forward GATTAGAACTGGAAGCCCCAAGTGCTCT 6614..6641 AM229312

Reverse TCTGATCCAGAAGTTATGTTAGAGGATGGT 6872..6901 AM229312

PCR5 Forward = PCR7 forward CTATTCGCCTCAAAATAAACCAG 6778..6800 AM229312

Reverse CATGTGCATTGGTCTCTATG 7086..7105 AM229312

PCR6 Forward CCAGGACCACCAAATAATGG 6435..6454 AM229312

Real-time PCR

Porcine

cyclophilin

(cyp)

Forward TGCTTTCACAGAATAATTCCAGGATTTA [31]

Reverse GACTTGCCACCAGTGCCATTA [31]

Probe Cy5-TGCCAGGGTGGTGACTTCACACGCC-

BHQ2

[31]

envC envC real forward CCCCAACCCAAGGACCAG 6853..6870 AM229312

envC real reverse AAGTTTTGCCCCCATTTTAGT 6924..6944 AM229312

envC probe FAM-CTCTAACATAACTTCTGGATCAGACCC-

BHQ1

6878..6904 AM229312

envC new variant Forward CCCCAgCCCAAGGACCAG 6853..6870 New

variant

Reverse AAGTTTTGtCCCCgTTTTAGT 6924..6944 New

variant

Probe FAM-CTtTAACATAACTTCTGGATCAGACCC-

BHQ1

6878..6904 New

variant

SNPs of the new variant of PERV-C sequence in small letters
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However, wild boars were negative when using the

PERV-C-specific real-time PCR, whereas German landrace

pigs and transgenic pigs that were positive in PCR1 were

also positive in this real-time PCR. To analyze the dis-

crepancy, PCR3 and PCR5, both of which produced

products that overlapped with the sequences analyzed in

the real-time PCR, were performed, and the amplicons

were sequenced. When comparing these sequences with

published sequences [32] and sequences isolated from

landrace pigs and sequenced by us, differences in the

sequences including the primer- and probe-binding sites of

the real-time PCR were detected (Fig. 1B). These differ-

ences explained the negative result obtained in the real-

time PCR. The differences in the nucleotide sequence

resulted in amino acid exchanges in the proline-rich region

(PRR) and the variable region B (VRB) of the surface

envelope protein (Fig. 1C). This new variant of PERV-C

had not yet been reported.

Design of PCRs and real-time PCR specific for the new

variant and distribution of variants of PERV-C

New primers and a new probe were designed based on the

sequence of the new variant of PERV-C (Table 1) and

applied in PCR1 (new variant) as well as in the real-time

PCR (new variant) (Table 2). The efficiency of the real-

time PCR specific for the new variant of PERV-C was

comparable with that of the real-time PCR for the old

variant [28] (Fig. S1). In addition, a probit analysis was

performed for this real-time PCR. The real-time PCR was

performed 10 times with probes from eight dilutions at the

margin of detection, and at 0.0252 ng DNA, all samples

were positive, e.g., they had measurable Ct values. Using

the real-time PCR specific for the new variant of PERV-C,

all 125 wild boars were found positive (Table 2 shows 10

animals). PCR1 [7] and the PCR1 (new variant) did not

discriminate between the two variants of PERV-C

(Table 2).

Using the real-time PCR (new variant), which is specific

for the new variant of PERV-C, only positive reactions

were also detected in some landrace pigs (7 animals out of

10 in Table 2). All together, 169 landrace animals were

included in these analyses, and 147 (84 %) were positive in

the PERV-C-specific real-time PCR. Of these animals, 32

were tested in the real-time PCR specific for the new

variant, and 26 of them (81 %) were found positive,

Table 2 Screening for PERV-C in wild boars and German landrace

pigs using different PCRs and real-time PCRs

Animal Real-

time

PCR

Real-time PCR

new variant

PCR1 PCR1 new

variant

PCR3

Wild boars

WB1 - ? ? ? ?

WB2 - ? ? ? ?

WB3 - ? ? ? ?

WB4 - ? ? ? ?

WB5 - ? ? ? ?

WB6 - ? ? ? ?

WB7 - ? ? ? ?

WB8 - ? ? ? ?

WB9 - ? ? ? ?

WB10 - ? ? ? ?

German Landrace

GL1 ? ? ? ? ?

GL2 - - - - -

GL3 - ? - - -

GL4 - ? - - -

GL5 - ? - - -

GL6 - ? - - -

GL7 ? ? ? ? ?

GL8 ? ? ? ? ?

GL9 ? ? ? ? ?

GL10 - - - - -

PK-15 - - - - -

For the different PCR methods, see ‘‘Materials and methods’’ and

Fig. 1

WB, wild boar; GL, German landrace pig; PK-15, PK-15 cells

Table 3 Screening for PERV-C in different groups of landrace pigs

Group Animals PCR1 PCR1 new

variant

Real-time

PCR

Real-time PCR new

variant

PCR2 PCR3 PCR4 PCR5 PCR6 PCR7

1 GL1,

GL8

? ? ? ? ? ? ? ? ? ?

2 GL4,

GL5

- - - ? - - - - - ?

3 GL2 - - - - - - - - - -

4 GL3 - - - ? - - - - ? -

5 GL10 - - - - - - - - ? -

For the different PCR methods, see ‘‘Materials and methods’’ and Fig. 1. GL, German landrace pig
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suggesting that some animals carry both sequences

(Table 2, animals GL 1, 7, 8, 9).

Three main types of German landrace animals were

found as a result of this screening (Table 2): (i) pigs that

were PERV-C positive in PCR1, PCR1 (new variant) and

PCR3 as well as in the real-time PCR and real-time PCR

(new variant) (animals GL1, GL7-9), (ii) pigs that were

negative in PCR1 but positive in the real-time PCR (new

variant) (pigs GL3-6), and finally, (iii) pigs that were

negative in all four of these assays (pigs GL2 and 10). In a

further analysis of these animals using PCR2 to PCR7, the

data obtained previously using PCR1 and real-time PCR

were confirmed, but five different groups of animals were

found (Table 3). Among the animals GL3-6, belonging to

the second group, GL 4 and 5 were positive in PCR7, and

GL3 was positive in PCR6.

PCR6 amplifies a region overlapping the sequence

between the VRA (variable region A) and PRR (prolin-

rich region) (Fig. 1; Table 1) and allows investigating

whether mutations in the forward primer may cause

negative results in PCR1 and PCR1 (new variant).

Sequencing of the amplicons revealed two additional

variants of PERV-C in landrace pigs with differences in

the binding sites of the primers (Fig. 2). The sequence of

these variants had been reported previously (AF402663;

DQ996276; [33]).

Most importantly, some landrace pigs were negative in

all PCRs and real-time PCRs performed (Fig. 3; Table 2,

animal GL2), indicating that they were also free of the new

variants of PERV-C. The pig kidney cell line PK15 was

also PERV-C negative in all assays.

Phylogenetic trees revealed that the new variant of

PERV-C found in all wild boars is equally distant to a

PERV-C sequence described in bearded pigs (Sus barba-

tus) and other PERV-C variants (Fig. 4).

Discussion

In this study, a new variant of PERV-C was found in all

wild boars that were tested and in some landrace pigs. In

addition, the repertoire of methods for the detection of

PERV-C was extended by establishing additional PCRs

and real-time PCRs. This will allow better screening for

PERV-C-free animals.

In previous studies, 92 % of the German landrace and

multi-transgenic animals were found to be positive for

PERV-C [27, 28]. Here a smaller population was analyzed,

which has already been partially selected for the absence of

PERV-C, explaining the lower percentage of 84 %.

All wild boars analyzed carried the new variant of

PERV-C, which was equally distantly related to a PERV-C

in bearded pigs (Sus barbatus) and other PERV-C variants

Fig. 2 Differences in the sequences of PERV-C AM229312 [32], of

the new variant, a second variant (2.v.) that is almost identical to

DQ996276, and AF402663 in the region of primers and probes for

PCR1 and the real-time PCR. Substitutions are indicated by small

letters
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Fig. 3 PCR analysis of DNA from one wild boar (WB1), three

German landrace pigs (GL1-3), PK15 cells, and a no-template control

using primers designed for PCR1 [7] and for the PCR1 specific for the

new variant. M, marker. These data indicate the presence of PERV-C

new variant in GL1 and WB1, and the absence of any PERV-C in GL

2 and 3. The weak bands seen in addition to the main amplicon were

nonspecific, as shown by sequencing

Fig. 4 Phylogenetic trees of PERV-A, PERV-B and PERV-C

sequences located between the forward primer of PCR1 and the

reverse primer of PCR5, containing binding sites for primers and

probes for the PERV-C-specific real-time PCRs
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(Fig. 4). It had been calculated that PERV-C was inte-

grated into the genome of S. barbatus approximately 1.5

MYA [15], but the relationship between the sequences is

still unclear. It also remains unclear, but was not the aim of

this study, whether the new variants of PERV-C are rep-

lication competent and how many proviruses can be found

in wild boars and other pigs. However, it is likely that even

replication-incompetent variants of PERV-C can partici-

pate in recombination events, leading to PERV-A/C. Har-

rison et al. [18] showed that mutations in the proline-rich

region (PRR) are relevant for the high-titer replication of

PERV-A/C. Therefore, the observation that sequences of

the newly described variant of PERV-C have changes in

the PRR may also impact infectivity and/or host range.

The identification and characterization of the new vari-

ant of PERV-C is of importance for the virus safety of

xenotransplantation, and the aim of the study was to

improve the detection methods. Although PERV-C does

not infect human cells, recombination between PERV-A

and PERV-C might result in a high-titer PERV-A/C strain

that is able to infect human cells [11, 16–22], and selection

of PERV-C-negative animals would prevent such recom-

binants from arising.

The fact that PCR1 [7] is not sufficient to screen for all

PERV-C variants is one of the most important findings of

this study. The combined application of PCR1 and the PCR

methods based on the sequence of the new variants of

PERV-C will prevent false negative results in the detection

of PERV-C. In the case of a negative PCR1 result, a real-

time PCR and PCR6 should be performed to determine

whether the animal contains the new variant of PERV-C or

the sequence described by Hector et al. [33]. Most

importantly, using the new detection methods, some ani-

mals have been identified as being negative for the known

PERV-C. These animals may be used as source for the

generation of genetically modified animals designed for

xenotransplantation. Since it is not only the presence of

PERV proviruses, but mainly their expression, that is

important for the evaluation of risk, RNA studies including

high-throughput sequencing should be considered in the

future.
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