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SUMMARY

Pseudorabies virus (PrV) infections appear to be more widely distributed in the European wild

boar (Sus scrofa) population than assumed. In Europe, attempts to isolate and characterize the

causative agents have been limited so far. We therefore collected and examined a total of 35 PrV

isolates obtained from wild boar or hunting dogs in Germany, France, Spain, Italy, Slovakia and

Hungary between 1993 and 2008. Restriction enzyme analysis of genomic DNA using BamHI

showed that all isolates, except one, belonged to genogroup I but different subtypes were evident.

For further investigations of the phylogenetic relationships, a 732-bp fragment of the

glycoprotein C (gC) gene was amplified by PCR. Sequence analysis revealed about 40 variant

positions within this fragment. Comparison of the nucleotide sequences supported the separation

into a clade containing isolates from North-Rhine Westphalia, Rhineland-Palatinate (Germany),

France and Spain (clade B) and an apparently more variable clade comprising isolates from

Brandenburg, Baden-Wurttemberg, Saxony, Saxony-Anhalt (Germany), Slovakia, Hungary, Italy

and France (clade A).
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INTRODUCTION

Suid herpesvirus 1 (SuHV1), or pseudorabies virus

(PrV), a member of the family Herpesviridae, sub-

family Alphaherpesvirinae, genus Varicellovirus, is

the causative agent of Aujeszky’s disease [1], a noti-

fiable disease in swine of great economic importance.

In spite of its broad host range which includes nearly

all mammals except higher primates and humans,

members of the Suidae family (domestic and feral

pigs, wild boar) are the only hosts able to survive a

productive infection and serve as a virus reservoir [2].

In domestic pigs the use of gE-deleted marker vac-

cines in combination with DIVA (differentiating

infected from vaccinated animals) strategies for sero-

logical testing, and strict control efforts has led to

substantial improvement of the disease situation and

eventually in the elimination of PrV from many parts

of Europe and North America [3].

However, it soon transpired that despite the

tremendous success of the vaccination schemes in

domestic pig populations, the complete eradication of

PrV could not be achieved. Early reports from the

mid-1980s and the beginning of the 1990s have already

provided evidence for PrV infections in free-roaming

feral pig and wild boar populations in The Americas

and also in Europe and even North Africa. In Europe,

the detection of seropositive wild boar in Germany,

Italy, the former Yugoslavia and The Netherlands,

indicated that PrV had found an ecological niche al-

ready in times when national eradication programmes

were established in many countries (for review see [4]).

In recent years, increased efforts in serological surveys

and monitoring indicated the occurrence of PrV

infections in a number of other European countries,

e.g. Croatia, the Czech Republic, France, Slovenia,

Poland, Russia, Switzerland and Spain with sero-

prevalences ranging between 2.4% and 56.25%

[5–12]. These studies showed that PrV infections were

more widely distributed in wild boar in Europe than

previously assumed.

Isolation and characterization of the virus from

infected wild boar should help to identify the origin of

infections. Most PrV of wild boar origin were sup-

posedly obtained from dead hunting dogs or wild

carnivores which had contact with PrV-infected wild

swine and subsequently succumbed to infection [13].

This view is supported by reports describing the de-

tection of PrV in brain tissue of a Florida panther

(Felis concolor coryi) and in hunting dogs that suffered

from clinical symptoms typical for Aujeszky’s disease

in the USA, Austria and Belgium, respectively

[13–15].

However, only few attempts were made to detect,

isolate and characterize viruses from the wild reser-

voir host in regions where PrV is endemic in feral pigs

or wild boar. In the USA, PrV isolates of feral pig

origin were used for experimental studies [16–19]. In

Europe, PrV isolated from wild boar in Italy,

Germany and Belgium has been analysed [15, 20–23].

Usually, molecular characterization of PrV is per-

formed by analysis of restriction fragment length

polymorphisms (RFLP) using BamHI delineating

four major genome types [24]. Using this technique,

the few available PrV isolates of wild boar origin

which were obtained from endemic regions in the

USA, Italy and Germany showed typical features of

a PrV type I genome [22, 23, 25, 26]. Moreover, PrV

DNA was detected using polymerase chain reaction

(PCR) in organ samples from free-roaming wild boar

in Spain [27]. Considering the large spread of PrV in-

fections in wild boar populations across Europe and

the changing disease situation in domestic swine,

there is an urgent need to increase our understanding

of the epidemiology of the infection in wildlife and to

provide tools to trace possible spillover into domestic

pigs or other livestock. Thus, it is still unknown how

many PrV variants are circulating among wild boar

across Europe and how they are related to each other.

In order to address these questions we set out in a

multi-national approach to isolate and characterize

PrV isolates of wild boar origin from different parts of

Europe.

MATERIALS AND METHODS

Collection of PrV isolates and DNA

Between 1993 and 2008, PrV isolates of wild boar

origin or DNA of PCR-positive wild boar were col-

lected for molecular characterization from Germany,

France, Slovakia, Hungary and Italy either during

targeted virological surveys on PrV in regions where

PrV infections were shown to be endemic in free-

ranging wild boar, or during routine virological

screening on the presence of classical swine fever virus

(CSFV). Additionally, PrV isolated from hunting dogs

that suffered from Aujeszky’s disease probably con-

tracted by direct contact with wild boar in endemic

regions were included in the study. Depending on the

design of the virological survey conducted in different

countries and themethods established in the respective
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laboratories, PrV was isolated from organ tissues, e.g.

lung, tonsils, spleen, kidney, lymph nodes (wild boar),

brain (hunting dogs), or from nasal and genital swabs

(wild boar) as previously described [19, 22, 23] ; using

African Green Monkey (Vero), PK-15, SPEV or SK6

cells. Cell cultures were screened for a cytopathic

effect (CPE) indicative of herpesvirus infection and

PrV antigen was detected by indirect peroxidase

immunostaining using a goat polyclonal anti-PrV

antibody and AEC as substrate. Cell cultures were

passaged at least four times to yield sufficient amount

of virus for subsequent characterization.

From Spain, only DNA from PCR-positive

wild boar was available as there was no laboratory

capacity to isolate PrV. The DNA was extracted using

commercial DNA extraction kits (Machery & Nagel,

Germany) from trigeminal ganglia and tonsils of

wild boar from regions in central Spain where PrV

infections are endemic in wild boar [27].

Where available, the species that the virus was

isolated from, the location (municipality/region), and

year of isolation were recorded. All PrV isolates or

DNAs were submitted for further molecular charac-

terization and analysis to the National Reference

Laboratory for Aujeszky’s disease at the Friedrich-

Loeffler-Institut, Germany.

Virus identification

Virus identification was performed by direct fluor-

escence antibody test (FAT) using a polyclonal

FITC-labelled anti-PrV serum (AV-Gammacon,

Czech Republic [22]) or by conventional PCR using

primers specific for the gene encoding the glyco-

protein D (gD) of PrV with slight modification to the

method previously described [28]. Briefly, after DNA

extraction using a commercial kit (Machery & Nagel)

we used a LightCycler-adapted temperature profile,

i.e. amplification of the 217-bp fragment of the gD

gene was performed for 40 cycles (15 s at 95 xC, 10 s at

60 xC, 10 s at 72 xC).

RFLP

Conventional typing of PrV isolates was conducted

by RFLP using BamHI [22]. Briefly, PrV isolates

were propagated in Vero cells for at least 2 days

to reach a sufficient virus titre. Subsequently, DNA

was extracted from cells and supernatants with

PMQN [phenol, m-cresol, 8-hydroxychinoline, 0.15 M

NaCl (pH 8.0)]/chloroform/isoamylalcohol (50/48/2),

resuspended in TE buffer [10 mM Tris–HCl, 1 mM

EDTA (pH 8.0)] and stored at x20 xC. For restric-

tion enzyme analysis, viral DNA was digested with

BamHI (Life Technologies, Germany) at 37 xC for

1.5–3 h. DNA fragments were electrophoretically

separated in 0.7% agarose gels (Life Technologies) at

50 V overnight and stained with ethidium bromide.

Classification of DNA fragment patterns was per-

formed using the PrV strains Kaplan and Bartha as

reference as previously described [22, 24]. DNA from

Spanish wild boar had to be excluded from RFLP

analysis because of the limited amount of DNA

available from organs.

Sequencing

Sequencing was performed after amplification of an

y800-bp fragment comprising a part of the gC open

reading frame (start codon at nt 54029) and the 5k
non-coding region by PCR with primers gC-For

(5k-GTGCGCCACTAGCATTAAATCCGT-3k, nt

53933-53956; Genbank accession no. BK00174) and

gC-Rev (5k-CTGTACAGGAGGAGCGAGACGTT-3k,
nt 54732-54710) using pfx DNA polymerase (Invitro-

gen, Germany) in a volume of 25 ml with the provided

reagents. Amplification reactions were performed in a

thermocycler (MWG, Germany) under the following

conditions : after an initial incubation step for 3 min at

95 xC and 2 min at 72 xC, 35 cycles of 30 s at 95 xC and

2 min at 72 xC were performed with a final elongation

step for 4 min at 72 xC and an indefinite incubation

at 4 xC. PCR products were separated on 1% agarose

gels, purified and sequenced on both strands using

the Big Dye R terminator cycle sequencing kit

(Applied Biosystems, Germany) with the primers used

for amplification. Sequence determination was per-

formed with the genetic analyser 3130 (ABI).

Alignment and phylogenetic analysis

Sequences encompassing 732 nt coding for 223 amino

acids in total were aligned and their evolutionary

history was inferred using the neighbour-joining

method [29] as implemented in MEGA4 [30]. For the

deduced amino-acid sequences, the evolutionary dis-

tances were computed using the Dayhoff matrix-

based method [31]. All positions containing gaps

and missing data were eliminated from the dataset

(complete deletion option). The bootstrap test as

percentage of replicate trees (500 replicates) in which

the associated taxa clustered together was used as
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previously described [32]. Nucleotide sequences gen-

erated in this study were submitted to GenBank.

Accession numbers are given in Table 1.

RESULTS

Between 1993 and 2008, a total of 27 PrV isolates

of wild boar origin were obtained, of which 20 were

isolated directly from PrV-infected wild boar and

seven from hunting dogs. Sixteen isolates originated

from southwestern or northeastern Germany.

Four PrV isolates were obtained from northwestern

regions in France or central or southern regions of

Slovakia, respectively. PrV from Hungary (n=2) were

isolated in regions adjacent to the border to Serbia.

The wild boar PrV isolate from Italy was identical

with one previously described [26]. From Spain, eight

DNA samples from seven different districts where

PrV infections are known to occur were selected and

included in the phylogenetic analysis (Table 1, Fig. 1).

RFLP

The BamHI-induced RFLP of genomic DNA of PrV

isolates from wild boar showed that all but one

belonged to PrV genotype I. The BamHI restriction

Table 1. PrV isolates of wild boar origin included in the study

Isolate ID Host species Year Country Region

BamHI
restriction
pattern

Genbank
accession no.

10-GER ST Wild boar 1996 Germany Saxony-Anhalt Iw GQ259092
11-GER ST Wild boar 1996 Germany Saxony-Anhalt Iw GQ259093
12-GER BRB Wild boar 1995 Germany Brandenburg Iw GQ259094

13-GER BRB Wild boar 1995 Germany Brandenburg Iw GQ259095
15-GER BRB Wild boar 1996 Germany Brandenburg Iw GQ259096
519-FRA Wild boar France North France Ip GQ259097
527-FRA Hunting dog France North France II? GQ259098

536-FRA Hunting dog 1999 France Meuse Ip GQ259099
537-FRA Hunting dog 1999 France Meurthe et Moselle Ip GQ259100
549-SVK Wild boar 1998 Slovakia Partizánske Ip GQ259101

550-GER NRW Wild boar 1999 Germany North Rhine-Westphalia Ip GQ259102
551-GER NRW Wild boar 1999 Germany North Rhine-Westphalia Ip GQ259103
552-GER NRW Wild boar 1999 Germany North Rhine-Westphalia Ip GQ259104

553-GER RP Hunting dog 2000 Germany Rhineland-Palatinate Ip GQ259105
554-GER RP Hunting dog 2000 Germany Rhineland-Palatinate Ip GQ259106
555-GER RP Wild boar 2000 Germany Rhineland-Palatinate Ip GQ259107
556-GER NRW Wild boar 2000 Germany North Rhine-Westphalia Ip GQ259108

558-SVK Wild boar 1999 Slovakia Zvolen Ip GQ259109
559-SVK Wild boar 1999 Slovakia Rudn nad Hronom Ip GQ259110
560-SVK Wild boar 2000 Slovakia Komárno Ip GQ259111

561-ITA Wild boar 1993 Italy Abruzzi Ip GQ259112
563-HUN Wild boar 1997/1998 Hungary Bács-Kiskun Iw GQ259113
576-HUN Wild boar 1997/1998 Hungary Bács-Kiskun Iw GQ259114

611-GER RP Hunting dog 2003 Germany Rhineland-Palatinate Ip GQ259116
612-GER BRB Wild boar 2003 Germany Brandenburg Iw GQ259117
613-GER SN Wild boar 2005 Germany Saxony Iw GQ259118

614-GER BW Hunting dog 2008 Germany Baden-Württemberg GQ862778
2960-ESP Wild boar 2004 Spain Montes de Toledo n.d. GQ259091
2890-ESP Wild boar 2004 Spain Montes de Toledo n.d. GQ259125
2886-ESP Wild boar 2005 Spain Guadiana valley n.d. GQ259124

2885-ESP Wild boar 2005 Spain Serranı́a Cuenca n.d. GQ259119
2882-ESP Wild boar 2005 Spain East Sierra Morena n.d. GQ259123
2874-ESP Wild boar 2005 Spain Montes de Toledo n.d. GQ259122

2873-ESP Wild boar — Spain Sistema Central n.d. GQ259121
2872-ESP Wild boar 2000 Spain Guadiana valley n.d. GQ259120

n.d., Not determined.
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pattern of isolate 527-FRA differed considerably

from those of the reference strains Bartha and

Kaplan, and showed typical features of PrV genotype

II, in particular the absence of BamHI fragment 2

(Table 1). Two different subtypes were evident within

PrV genotype I. Most of PrV isolates (n=17) showed

BamHI restriction patterns similar to the standard

pattern as exhibited by PrV strain Kaplan identifying

them as subtype Ip. In contrast, the BamHI restriction

patterns of four wild boar isolates from Branden-

burg (612-GER BRB) and Saxony (613-GER SN),

Germany, and from the Bács-Kiskun district in

Hungary (563-HUN, 576-HUN) exhibited the same

pattern as wild boar PrV previously isolated in eastern

Germany (10-GER ST, 11-GER ST, 12-GER BRB,

13-GER BRB, 15-GER BRB) which had been charac-

terized as subtype Iw [22]. Due to the loss of a

BamHI site in the inverted repeat regions, they are

also referred to as 5-10/5-12 double fusion strains

(Fig. 2). With the exception of the absence of frag-

ment 2, 527-FRA showed a similar BamHI restriction

pattern as the isolates from eastern Germany and

Hungary.

Sequence and phylogenetic analysis

Sequence analysis revealed about 40 variable pos-

itions within the 732-bp fragment spanning 61 nt in

the 5k non-coding region of the gC gene and part of

the open reading frame encoding the N-terminal 223

amino acids of gC. Phylogenetic comparison of the

nucleotide and the deduced amino-acid sequences

Fig. 1. Origin of pseudorabies virus ($) isolated from wild boar and hunting dogs.

12216
  9162

  6108

  4072

  3054

2036

kb

1636

21 3 4 5 6 7 8 9 10 11 12kb

Fig. 2. BamHI restriction pattern of viral pseudorabies virus
(PrV) DNA of selected wild boar PrV. kb, kilobase DNA

ladder; lane 1, isolate 553-GER RP; lane 2, isolate 554-GER
RP; lane 3, isolate 550-GER RP; lane 4, isolate 612-GER
BRB; lane 5, isolate 563-HUN; lane 6, isolate 527-FRA;

lane 7, isolate 519-FRA; lane 8, isolate 614-GER BW; lane
9, isolate 549-SVK; lane 10, isolate 559-SVK; lane 11, PrV
reference strain Bartha; lane 12, PrV reference strain Kaplan.

Horizontal arrows indicate 5/10-5/12 fusion bands and loss
of DNA fragments 10 and 12 (lanes 4–6). Vertical arrows
show loss of DNA fragment 2 (lane 6) and fragment 7 (lane

11). The latter is characteristic for the PrV reference Bartha.
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revealed almost identical results and identified at least

eight different PrV variants circulating in wild boar

populations in Europe indicating a separation into

two distinct clades, designated as ‘A’ and ‘B’ (Fig. 3).

Clade B comprised 19 isolates from Germany

(North-Rhine Westphalia, Rhineland-Palatinate),

France and Spain. With the exception of isolate 536-

FRA which displayed a single amino-acid substi-

tution, all sequences within this group were identical.

All other isolates formed an apparently more variable

clade A comprising isolates from Germany (Baden-

Württemberg, Brandenburg, Saxony, Saxony-

Anhalt), Slovakia, Hungary, Italy and France. Within

clade A, sequences of isolates from the northeastern

parts of Germany formed one homogenous group,

while for the remaining sequences no further clusters

were obvious. Based on both nucleotide and amino-

acid sequences, the PrV isolates from Slovakia fell

into three different groups. The sequences of the two

isolates from Hungary were identical. Isolate 527-

FRA seems closely related to isolate 614-GER from

Baden-Württemberg, Germany (Fig. 3).

An alignment of the deduced amino-acid sequences

showed insertions/deletions (indel) at positions 18,

38–39, 181 and 183 (Table 2). The indel at position

181 is unique to clade B. Further, 561-ITA was the

only isolate were an indel was found at position 183

(Fig. 4).

DISCUSSION

In this study, a large set of European PrV isolates

of wild boar origin was analysed. It comprised 35 iso-

lates from wild boar or hunting dogs from Germany,

France, Spain, Italy, Slovakia and Hungary isolated

between 1993 and 2008. Prior to this study, PrV

isolations from wild boar and subsequent virus

characterization had only been reported from Italy,

France and Germany [20–23]. Our findings not only

confirm the presence of PrV in wild boar populations

of France, Germany, Spain and Italy but also suggest

a far more widespread circulation of PrV, even in

countries which have not yet reported any evidence for

PrV infection in wild boar, e.g. Slovakia andHungary.

Since several of the investigated isolates were

obtained from border areas, e.g. between Germany/

Poland, Germany/Belgium, Germany/Czech Republic,

Hungary/Serbia, and Hungary/Croatia, the detection

64

82
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31

31

43

60

50

93

91

80
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60

25
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536-FRA
537-FRA
519-FRA

550-GER NRW
552-GER NRW
551-GER NRW
556-GER NRW

555-GER RP
554-GER RP
611-GER RP
553-GER RP

2873-ESP
2882-ESP
2874-ESP
2886-ESP
2960-ESP
2872-ESP
2890-ESP
2885-ESP
576-HUN
563-HUN
527-FRA

549-SVK
559-SVK
558-SVK

560-SVK
11-GER ST
10-GER ST

612-GER BRB
13-GER BRB
15-GER BRB
12-GER BRB
613-GER SN

AF158090

561-ITA

41-GER BW

Clade A

Clade B

Fig. 3. Phylogenetic trees of the evolutionary history inferred from the glycoprotein C gene sequences (left) and the deduced
amino-acid sequences (right) using the neighbour-joining method. Bootstrap values (500 replicates) are shown next to the

branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances. The Chinese
strain Ea (AF 158090) was used as outgroup.
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of PrV in these areas could be the result of migrating

wild boar. It is also likely that PrV might be also

prevalent in additional countries in wildlife. However,

this needs to be confirmed by serological studies.

In our study, we compared conventional RFLP

and partial sequencing in the analysis of PrV isolates

of wild boar origin to gain more insight into the epi-

demiology of PrV infections in wild boar in Europe.

The results obtained by either technique did not

correlate well as has been observed by others (see e.g.

[33]). Conventional RFLP of genomic DNA using

BamHI has initially been applied as the standard

method for the characterization of PrV and for infer-

ring genetic relationships in them [24]. We used this

method for comparison with results obtained in

previous studies. It resulted in a first classification of

the PrV isolates of wild boar origin and showed that all

isolates, except one, belonged to genotype I (Fig. 2).

This confirms results obtained with PrV isolates of

wild boar or feral swine from Italy, Germany and

North America [20, 22, 25]. Interestingly, wild boar

isolates fromGermany and Hungary showed the same

rare PrV subtype Iw (5-10/5-12 double fusion strains)

confirming previous associations with PrV isolates

from domestic pig and cats in Hungary [34–36]. Since

genotype II strains prevailed in domestic pigs in

central Europe in recent years, it has been speculated

that PrV infections of wild boar must have occurred

some time ago [20]. This may indicate that the sole

genotype II wild boar isolate 527-FRA had been

introduced into wild boar from domestic pigs only

recently.

RFLP is inexpensive and can detect variation

across large genomic regions [24]. However, it detects

only a small proportion of the total genetic variation.

Therefore (partial) DNA sequencing has been

Table 2. Summary of variable amino acids (AA) in gC in comparison with the reference strain Phylaxia

Position AA Isolates Comment

18 A-P 536
24 S 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates),

527, 549, 559, 561, 11, 10, 12, 13, 15, 613, 612

Deletion

25 T-S 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates),
527, 549, 559, 561, 11, 10, 12, 13, 15, 613, 612

38 G 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates),
11, 10, 12, 13, 15, 613, 612

Deletion

39 G 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates),
527, 11, 10, 12, 13, 15, 613, 612

Deletion

43 A-E 527, 614, 561, 558, 560, 11, 10, 12, 13, 15, 613, 612
52 P-S 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates)
55 A-E 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates)

57 A-V 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates)
90 G-S 561
96 H-R All

153 P-L 558
156 S-P 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates),

576, 563, 527, 614
157 E-D 549, 559, 561, 560, 11, 10, 12, 13, 15, 613, 612

176 D-G 11, 10, 12, 13, 15, 613, 612
179 T-A 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates),

527, 614, 549, 559, 561

181 V 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates) Deletion
181 V-A 576, 563, 527, 614, 560, 11, 10, 12, 13, 15, 613, 612
182 V-L 527

183 E-V 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates)
183 E-D 527, 614
183 E 561 Deletion

184 D-V 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872
(all other Spanish isolates), 561

185 E-D 527, 614
187 G-E 576, 563

209 T-A 536, 537, 519, 551, 552, 556, 550, 554, 555, 553, 611, 2872 (all other Spanish isolates)
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Phylaxia M A S L A R A M L A L L A L Y A A A I A A A P S T T T A L G T T P N G G G G G N S S A G E L S P S P P P T P A P A S P E A G A V S T P R A P P P S V S R R K P P

536-FRA . . . . . . . . . . . . . . . . . P . . . . . - S . . . . . . . . . . . . - - . . . . . . . . . . . . S . . E . V . . . . . . . . . . . . . . . . . . . . . . .
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. . . . . . . . . . . . . . . . . . A . . . - V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . G . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fig. 4. Alignment of the deduced amino-acid sequences of gC in comparison with the Phylaxia pseudorabies virus strain. Indels are indicated (open boxes).
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introduced in the investigation of Aujeszky’s disease

outbreaks in domestic pigs in the USA [33]. However,

while sequencing yields detailed information about

the genetic variation in the targeted genomic region, it

lacks information on the genome as a whole [33]. We

sequenced part of the 5k non-coding and coding re-

gions of the gene encoding gC. This protein is a non-

essential component of the virion envelope and is in-

volved in the attachment of the virion to the cell [3]. It

is considered as a more variable part of the PrV gen-

ome due to genetic alterations as a result of antibody

selection [37]. Partial sequence analysis of the gC gene

region also allowed a clear differentiation between

isolates exhibiting an identical BamHI restriction

pattern (Fig. 2) [37]. At least eight different PrV

sequence types were shown to occur in wild boar in

Europe with up to three circulating in countries such

as Germany and Slovakia. Interestingly, the wild boar

PrV isolates from southwestern Germany, the eastern

part of France and Spain formed a distinct clade B,

which, except for one isolate, had identical sequences

in the analysed region (Fig. 3). This could indicate a

recent introduction from a common source or a high

level of evolutionary adaptation. Interestingly, viruses

isolated more than 3000 km apart clustered within

this group, which is surprising as the gC gene of

PrV was shown to be variable even in epidemio-

logically linked outbreaks in domestic pigs [36].

Contamination as a reason for the observed clusters is

highly unlikely as DNA was extracted at different

locations and also independent PCRs were used for

sequencing.

Further research is needed to elucidate trans-

mission and spread of PrV in wild boar and feral pig

populations. In contrast to clade B, clade A is more

diverse comprising isolates from Slovakia, Hungary,

eastern Germany, Italy and France. The reason for

this difference relative to clade B remains elusive but

may indicate a longer period of circulation with re-

sulting diversification or multiple introductions. In

any case, both clades seem to overlap geographically

in central Europe, since, isolates of both groups were

found in Germany and France.

Phylogenetic analysis suggests that PrV isolates of

wild boar origin identified in Europe do not represent

a homogenous population. If the diversity in the PrV

isolates is taken into account, multiple introductions

from domestic pigs into wildlife appear to be one

plausible explanation for the diversity in the wild

boar isolates with some occurring a very long time

ago. This would correspond to observations made in

France and Germany indicating that PrV infections

were either not present in wild boar or had occurred

only at a very low level [4, 6]. On the other hand the

virus may have been present already in wild boar in

Europe and in wild pigs in the USA before, and may

have caused several spillover infections at the time.

Interestingly, in Germany, monitoring has provided

evidence that PrV may have been circulating in wild

boar for decades without confirmed spillovers to

domestic pigs (T. Müller, unpublished data). Future

studies to assess transmissions between wild boar and

domestic pigs should include PrV isolates obtained

from domestic swine from the same regions.

It was hypothesized that PrV in wild boar in Italy

may have originated from the (illegal) movement of

infected wild boars from eastern European countries

to replenish the Italian wild boar population [20].

However, no information about PrV in wild boar in

those countries was available at that time. In our

analysis, the Italian isolate clusters within clade A.

However, it is difficult to trace the origin of the indi-

vidual PrV circulating in wild boar populations in

Europe since molecular characterization uncovers

genetic but not necessarily epidemiological relation-

ships. This is particularly important if PrV isolates of

wild boar origin which come from geographically

distant regions are analysed. This also applies to the

genetic homogeneity in clade B.

Considering the success of national Aujeszky’s dis-

ease eradication programmes and the maintenance of

an officially disease-free status of serveral countries,

further knowledge on PrV infections in wildlife is in-

creasingly important. Previous studies from Germany

and Spain revealed no evidence for transmission

of PrV between the domestic pig and the wild boar

populations [23, 35, 38, 39]. Moreover, virus trans-

mission from wild boar to domestic pigs has not been

reported in Europe yet, although domestic pigs can be

experimentally infected with PrV isolates originating

from wild boar [22]. To consider a country or zone

free from AD, the World Organization for Animal

Health (OIE) requires that measures are implemented

to prevent any transmission of PrV from wild boar

to domestic pigs [40]. Therefore, the epidemiological

situation in wild boar should be continuously moni-

tored and assessed. In this respect, serosurveillance

is an appropriate screening tool to verify the presence

or absence of PrV. However, for more detailed

information, virus isolation and subsequent mol-

ecular characterization is needed to trace possible

virus transmissions. Our study contributes to these
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requirements as the obtained sequences will help in

the trace-back process in the case of an emergency.
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35. Kükedi A, et al. Molecular Epidemiology of Aujeszky’s
Disease virus. IV, Characterization and origin of
virus strains isolated in Hajdu-Bihar and Szabolcs-

Szatmarbereg counties. Magyar Allatorvosok Lapja
1990; 45 : 467–472.

36. Müller T, et al. Pseudorabies in the European wild boar
from eastern Germany. Journal of Wildlife Diseases

1998; 34 : 251–258.
37. Ishkawa K, et al. Sequence variation of the gC gene

among pseudorabies virus strains. Veterinary Micro-

biology 1996; 49 : 267–272.
38. Müller T, et al. Pseudorabies virus infections in euro-

pean wild boar – a potential danger for domestic pigs?

VIII. ISVEE Conference, Paris, 8–11 July : Epidemi-
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