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Nucleotide sequencing and phylogenetic analysis of 10 recognized prototype strains of the porcine entero-
virus (PEV) cytopathic effect (CPE) group I reveals a close relationship of the viral genomes to the previously
sequenced strain F65, supporting the concept of a reclassification of this virus group into a new picornavirus
genus. Also, nucleotide sequences of the polyprotein-encoding genome region or the P1 region of 28 historic
strains and recent field isolates were determined. The data suggest that several closely related but antigenically
and molecular distinct serotypes constitute one species within the proposed genus Teschovirus. Based on
sequence data and serological data, we propose a new serotype with strain Dresden as prototype. This hitherto
unrecognized serotype is closely related to porcine teschovirus 1 (PTV-1, former PEV-1), but induces type-
specific neutralizing antibodies. Sequencing of field isolates collected from animals presenting with neurolog-
ical disorders prove that other serotypes than PTV-1 may also cause polioencephalomyelitis of swine.

The porcine enteroviruses (PEVs) were described as caus-
ative agents of severe and mild neurological disorders known
as Teschen/Talfan disease (16, 39), reproductive failure (10),
pneumonia (27), diarrhea (13), and dermal lesions of swine
(25). Due to the physicochemical properties of their virions,
they were previously classified as enteroviruses. Several distinct
serotypes have been described (3, 5, 6, 12, 17, 23, 36). Based on
parameters such as (i) cytopathic effect (CPE), (ii) replication
properties in various host cell lines, and (iii) serological assays,
the PEVs were divided into three CPE groups: I (serotypes 1 to
7 and 11 to 13), II (serotype 8), and III (serotypes 9 and 10)
(23, 42). Recently, partial genome regions of members of each
CPE group—Porcine teschovirus 1 (PTV-1) strains Talfan and
F65 (9, 20), PEV-8 (J. H. Peng, R. P. Kitching, and N. J.
Knowles, unpublished data), and PEV-9 (J. H. Peng, J. W.
McCauley, R. P. Kitching, and N. J. Knowles, unpublished
data)—were cloned and sequenced. Analysis of available ge-
nome information revealed that PEV-9 and PEV-10 are typical
enteroviruses, while PEV-8 appears to be closely related to
both enteroviruses and rhinoviruses. However, the genome of
strain F65 (a member of CPE group I) exhibits unique features
suggesting the reclassification into a new picornavirus taxon.
The new genus was named Teschovirus, with F65 as a member
of the species Porcine teschovirus (22). In this study, we will use
the proposed name “teschovirus” as synonymous to “PEV
CPE group 1.7

Since the molecular properties of other members of PEV
CPE group I and their relationship to F65 are still unclear, we
aimed to gain further information on these viruses. For this
purpose, the genomes of the prototype strains of PEV-1 to -7
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and PEV-11 to -13 (proposed names PTV-1 to -10 [Table 1])
were sequenced and compared to genomes of other members
of the family Picornaviridae. Moreover, several historic strains
and recent field isolates were included to examine evolutionary
aspects of the PTVs and facilitate an unequivocal classifica-
tion of these strains. At present, serotyping using hyperim-
mune sera is difficult due to the significant cross-reactivity of
PTV-specific antibodies. This property of the PTVs led to the
description of untypeable strains (e.g., references 8 and 36).
Another recent approach addressed this question by the gen-
eration of monoclonal antibodies (MAbs) (8).

MATERIALS AND METHODS

Sources of prototype viruses and clinical specimens. All PTV prototype strains
used in this study are listed in Table 1. Isolates from brain and spinal cord were
collected from animals showing symptoms of neurological disorders (Teschen/
Talfan disease). Isolates from fetuses and organ pools (lymph nodes, spleen,
liver, and lungs) were collected from animals showing clinical symptoms such as
reproductive failure and pneumonia. Isolates from feces and rectal swabs were
collected from healthy animals. PTV-1 IBRSV-VII is the only strain of this
collection of unknown origin, as it was isolated from an apparently contaminated
cell culture.

Cell culture and propagation of viruses. PEV and PTV strains were propa-
gated in porcine kidney (PS-EK and PK-15) or porcine embryonic testes
(EFH-R, CCLYV, and RIE170) cells. PS-EK and PK-15 cells were maintained in
Dulbecco modified Eagle medium and EFH-R cells were maintained in a mix-
ture of Hanks and Eagle minimal essential media with nonessential amino acids
and sodium pyruvate. The media were supplemented with 10% fetal bovine
serum. There were no fundamental differences in susceptibility of these cells to
various viruses. Time of harvest for the propagated virus strains was dependent
on the extent of CPE. Incubation was ended when 90% of the monolayers were
destroyed, a time point which varied from 18 h to 4 days postinfection. The
number of virus passages was kept as low as possible.

Indirect immunofluorescence (IIF) assay. Monolayers of EFH-R cells grown
on multispot slides were infected with virus at a multiplicity of infection of 0.5 to
2.0 and incubated until slight CPE was observed, generally 16 to 20 h postinfec-
tion. The cells were washed in isotonic buffer and air dried before immersion in
acetone. Anti-PEV/PTV MAbs were applied and incubated for 1 h. A Cy3
(indocarbocyanin)-conjugated goat anti-mouse immunoglobulin G secondary an-
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TABLE. 1. PTV strains and field isolates
P Former Sequenced Isolated GenBank .
roposed name - . . Reference Source
name genome region from: accession no.
Prototype strains
PTV-1 Talfan PEV-1 Polyprotein Brain AF231769 16 BFAV
PTV-2 T80 PEV-2 Polyprotein Tonsils AF296087 4 IAHPL
PTV-30 2b PEV-3 Polyprotein Brain AF296088 21 ATCC
PTV-4 PS 36 PEV-4 Polyprotein Fetus AF296089 10 ATCC
PTV-5 F 26 PEV-5 Polyprotein Feces AF296090 1 ATCC
PTV-6 PS 37 PEV-6 Polyprotein Fetus AF296091 10 ATCC
PTV-7F 43 PEV-7 Polyprotein Feces AF296092 1 BFAV
PTV-8 UKG 173/74 PEV-11 Polyprotein Feces AF296093 23 IAHPL
PTV-9 Vir 2899/84 PEV-12 Polyprotein CNS? AF296094 3 SVUA
PTV-10 Vir 460/88 PEV-13 Polyprotein CNS AF296095 3 SVUA
PTV-11 Dresden PEV-1 Polyprotein CNS AF296096 15 BFAV
Field isolates
PTV-1 Teschen-Konratice PEV-1 Polyprotein Brain AF231768 28 BFAV
PTV-1 Teschen-Bozen 654 PEV-1 Polyprotein Brain AF231767 28 SVUA
PTV-1 Teschen-Tirol PEV-1 P1 region Brain AF296097 28 BFAV
PTV-1 Teschen-199 PEV-1 P1 region Brain AF296098 Unpublished BFAV
PTV-1 IBRSV-VII PEV-1 P1 region Cell culture AF296099 Unpublished BFAV
PTV-1 DS 562/91 PEV-1 Polyprotein CNS AF296100 Unpublished LVUSH
PTV-1 Sek 549/98 ND“ P1 region Organ pool® AF296101 Unpublished ITT
PTV-1 Vir 2236/99 ND Polyprotein CNS AF296102 Unpublished SVUA
PTV-1 Vir 1626/89 PEV-1 Polyprotein Brain AF296103 3 SVUA
PTV-1 Vir 1627/89 PEV-1 Polyprotein Brain AF296104 3 SVUA
PTV-1PS 34 PEV-1 P1 region Fetus AF296105 10 ATCC
PTV-1 5-Dy ND P1 region Rectal swab AF296106 36 TMLVUA
PTV-2 Vir 6711-12/83 PEV-2 Polyprotein Brain AF296107 3 SVUA
PTV-2 Vir 6793/83 PEV-2 Polyprotein Brain AF296108 3 SVUA
PTV-2 Vir 480/87 PEV-2 Polyprotein Brain AF296109 3 SVUA
PTV-2 Sek 49/99 ND P1 region Organ pool AF296110 Unpublished ITT
PTV-4 Vir 918-19/85 PEV-4 Polyprotein Brain AF296111 3 SVUA
PTV-4 Vir 3764/85 PEV-4 Polyprotein Brain AF296112 3 SVUA
PTV-4 Vir 2500/99 ND Polyprotein CNS AF296113 Unpublished SVUA
PTV-5 Vir 1806/89 PEV-5 P1 region Organ pool AF296114 3 SVUA
PTV-6 Vir 3634/85 PEV-6 Polyprotein Brain, spleen AF296115 3 SVUA
PTV-6 Vir 289/89 PEV-6 P1 region Brain AF296116 3 SVUA
PTV-6 21-SZ ND P1 region Rectal swab AF296117 36 TMLVUA
PTV-8 25-Ty, ND P1 region Rectal swab AF296118 36 TMLVUA
PTV-10 Vir 461/88 PEV-13 Polyprotein CNS AF296119 3 SVUA
PTV-11 UKG 53/81 ND P1 region Feces AF296120 Unpublished IAHPL
PTV-11 DS 1696/91 ND P1 region Brain AF296121 2 LVUSH
Strains used for neutralization and
indirect immunofluorescence assay
PTV-2 O 3b PEV-2 Brain 21 ATCC
PTV-5 Sek 254/97 PEV-5 Organ pool Unpublished ITT
PTV-7 WR 2 PEV-7 Feces 30 BFAV
PTV-7 UKG 163/79 PEV-7 Feces 24 IAHPL
PTV-8 DS 805/92 PEV-11 Brain Unpublished LVUSH
PTV-8 DS 756/93 PEV-11 Brain Unpublished LVUSH
PTV-9 D 77/94 PEV-12 Brain Unpublished SVLUA
PTV-9 UKG 158/80 PEV-12 Feces 24 IAHPL
PTV-10 UKG 170/80 PEV-13 Feces 24 IAHPL

“ ND, serotype not determined.
 Organ pools were prepared from lymph nodes, spleen, liver, and lungs.

¢ BFAV, Bundesforschungsanstalt fiir Viruskrankheiten der Tiere (Insel Riems, Tiibingen, Germany); IAHPL, Institute for Animal Health Pirbright Laboratory
(Pirbright, England); ATCC, American Type Culture Collection (Manassas, Va.); SVUA, Staatliches Veterindruntersuchungsamt (Arnsberg, Germany); LVUSH,
Lebensmittel- und Veterindruntersuchungsamt des Landes Schleswig-Holstein (Neumiinster, Germany); ITT, Institut fiir Tierzucht, Tierhaltung und Tiergesundheit
(Oldenburg, Germany); TMLVUA, Thiiringer Medizinal-, Lebensmittel- und Veterinaruntersuchungsamt (Bad Langensalza, Germany); SVLUA, Staatliches Veteri-

nér- und Lebensmitteluntersuchungsamt (Frankfurt/Oder, Germany).
@ CNS, central nervous system.

tibody (Dianova) was used to detect specifically bound MAbs. Fluorescence
intensity was rated from not detectable (—) to strong (+++) by microscopic
examination.

Neutralization assays. For neutralization assays, neutralizing hyperimmune
sera specific to different virus strains were generated in rabbits. To propagate
these sera, virus was partially purified by separation of cell debris and concen-
trated by ultracentrifugation. Virus was administered to rabbits intramuscularly
starting with 1 ml of infectious virus (=10%% 50% tissue culture infective doses
[TCIDs(]) suspended in complete Freund’s adjuvant. Animals were boosted

three to four times, with slightly increasing doses of virus every 4 weeks. Fur-
thermore, a PTV-1 (Swiss strain Mirvil)-specific antiserum produced in specific
pathogen-free pigs was used. Virus neutralization assays were performed by two
methods. (i) Virus was adjusted to 100 to 1,000 TCIDs,/50 pl and neutralized
with antisera of a known type specificity diluted in twofold steps. The maximum
serum dilution which neutralized the virus completely was determined. The
reaction value of a serum neutralizing its reference virus strain was set at 100%
(SNT). (ii) Virus was diluted in 10-fold steps. Equal volumes of a constant
dilution of an immune serum were added and allowed to react with the virus for
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FIG. 1. Genome organization of teschovirus and other picornavirus genera. The open reading frames are flanked on either sides by NTRs.
Names of gene regions (not drawn to scale) encoding viral proteins are presented. In terms of 2A function, four virus groups (A to D) can be

distinguished. Gene regions coding for proteinases (2AP™, 3CP™,

LP™) and the nonproteolytic leader proteins (L) are highlighted in black and grey,

respectively. The cardiovirus 2A protein has an N-terminal extension (indicated in grey) of unknown function. Among the aphthoviruses, FMDV
has three copies of the 3B gene (as indicated), while ERAV (formerly ERV-1) does not. The genome-linked 3B peptides at the 5’ end and the
poly(A) tails at the 3’ ends are indicated. The processing sites of 3CP™ (arrowheads) and 2AP™ and LP™ (small arrows) are also shown. A question
mark symbolizes unknown proteolytic activity responsible for the maturation cleavage of the 1AB precursor.

1 h at 37°C. Subsequently, the mixtures were transferred to EFH-R cells grown
in 96-well plates. For controls, immune sera were replaced by normal rabbit sera.
After 3 to 5 days, cells were surveyed for CPE and infectivity titers were calcu-
lated. The degree of neutralization was expressed as the neutralization index
(NT) indicating the difference in neutralization of the virus by an immune serum
in relation to a normal serum. The NI was calculated as negative decadal
logarithm (VNT). Neutralization of virus was considered significant if NI was
=1.7 (29).

Sample preparation, reverse transcription-PCR (RT-PCR), and sequencing of
amplicons. RNA of PTV-infected PS-EK cells was prepared by the method of
Chomczynski and Sacchi (7). Five micrograms of total RNA was reverse tran-
scribed with 20 pmol of oligo(dT),, primer and 40 U of Superscript (RNase
H-free) reverse transcriptase (Gibco) in a total volume of 40 pl. Two microliters
of the cDNA was used for high-fidelity Expand long PCR (Roche Diagnostics)
employing different specific primer sets (not shown). Prior to sequencing, PCR
products were purified with either a Qiaquick gel extraction kit or Qiaquick PCR
purification kit (Qiagen). Sequencing was done according to the cycle sequencing
protocol of ABI Perkin-Elmer. Sequencing products were run on an ABI Prism
310 genetic analyzer.

Nucleotide and amino acid sequences, sequence alignments, and phylogenetic
trees. The nucleotide and amino acid sequences (with EMBL or Genbank se-
quence library accession numbers given in parentheses) of the following virus
strains were used for sequence comparisons: poliovirus type 1 (PV-1) Mahoney
(J02281), coxsackievirus A type 16 (CVA-16) G-10 (U05876), CVA-21 Coe
(D00538), CVB-3 Nancy (M33854), human enterovirus 70 (EV-70) J670/71
(D00820), bovine enterovirus type 1 (BEV-1) VG(5)27 (D00214), PEV-8 V13
(AJ001391), PEV-9 UKG 410/73 (Y14459), PEV-10 LP 54 (complete genomic
sequence [R. Zell and A. Krumbholz, unpublished data]), A-2 plaque virus
(AF201894), human rhinovirus 1B (HRV-1B) B632 (D00239), HRV-14 1059
(L05355, K02121, and X01087), foot-and-mouth disease virus (FMDV) A22
(X74812), Aichi virus (AB010145), avian encephalomyelitis virus (AEV)
(AJ225173), equine rhinitis A virus (ERAV; former equine rhinovirus 1 [ERV-
1]) (L43052), equine rhinitis B virus (ERBV; former ERV-2) (X96871), hepatitis
A virus (HAV) LA (K02990), encephalomyocarditis virus (EMCV) B (M22457,
J04335), parechovirus 1 (former echovirus 22) Harris (L02971), PTV-1 (formerly
PEV-1) F65 (AJ011380), and Theiler murine encephalomyelitis virus (TMEV)
DA (M20301).

Sequences were aligned manually or with the ClustalW program (38) and
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188 rRNA
3'-CUAGGAA GGCGUCCAAGUGGA..UGCCU UU-5'
F-65 (PTV1} 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGCAUGGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
Ualfan (PTV1) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGCEUGGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
UsQ (PTV2) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCEGCEUGGA GUUCCUGUAU GGEGAAUGCAG GACUGGACUU GUECUGCCUG ACAGGGUCGC GGCUGGCCGU 400
© 2b (PTV3} 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGCEUGGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
PS 36 (PTV4) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGH GGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
F 26 (PTV5} 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAG GGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
PS 37 (PTV6} 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGH GGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
F 43 (PTV7) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGH (GGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
UKG 173/74 (PTV8) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGCAUGGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
Vir 2899/84 (PTV9) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAG GGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUR!ICUG ACAGGGUCGC GGCUGGCCGU 400
Vir 460/88 (PTV10) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGEEgGGA GVUCCUGUAE GGGAAUGCAG GACUGGACUU GUGCUECCUG ACAGGGUCGC GGCUGGCCGU 400
Dresden (PTV1l1) 301 AGGCACCUAU UGAGAUUUCU CUGGGGCCCA CCAGCAUGGA GUUCCUGUAU GGGAAUGCAG GACUGGACUU GUGCUGCCUG ACAGGGUCGC GGCUGGCCGU 400
proposed
start codon of F 65
18S rRNA
3' -CUAGGAAG GCGUC...22 Nt..CAAGUGGAUGC CUUU-§'
F-65 (PTV1) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUG AAA AUU UUC UCU CUG AAA CGC AAA GAU AAG AGC CAC UCA UAC UCU CCU CGU GAG AUU 500
Ualfan {PTV1} 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUG AAA AU UUg UCU CUG AAA CEC € QAU AAG AGC CAC UCA UAC UCU CCU CGU GAG AUU 500
U8o (PTV2) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUG AAA AE@ UUC UCU CUG AAa CEC ::k ¥ AAG AGC CAC UCA U. UCU CCU CGU GAG AUU 500
0 2b (PTV3) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUG AAA Al UUC UCU CUG AAA CGC € GAU AAG AGC CAC UCA UAC UCU CCU CGU GEG AUU 500
Ps 36 (PTV4) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC WAUG GCA UGU UUG AAA AUU UUC UCU CUG AAA CGC GA® AAG AGC CAC UCA U UCu ccu ¢ ggG AUU 500
F 26 (PTVS) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUR AAA AUU UUC UCU CUG AARA Ci AAA GAU AAG AGC CAC UCA UAC UCU ccu Cg@ GAG AUU 500
PsS 37 (PTV6) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUE AAA AUU UU@ UCU CUG AAAR CGC AAA G. AAG AGC CAC UCA U UCU CCU CGU GAG AUU 500
F 43 (PTV7) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC CAUG GCA UGU UUG ARA AUU UUC UCU CUG AAA CGC AAG AGC CAC UCA UAC UCU CCU C GAG AUU 500
UKG 173/74 (PTV8) 401 CUGUACUUUG UAUAGUCAGU UG AC CAUG UGU UUG AARA AUU UUC UCU UG AAA CGC Gi AAG AGC CAC UCA UAC UCU CCU CGU GAG AUU 500
Vir 2899/84 (PTVS) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC 1%UG GCA UGU UUG AAA AUU UUC UCU CUG AAA CW A AAG AGC CAC UCA UAC UCH CCU CGU el €UU 500
Vir 460/88 (PTVL0) 401 CUGUACUUUG UAUAGUCAGU UGAAACUCAC AUG GCA UGU UUG AAA AUU UUC UCU CUG AAA g% S:U A C CAC UCA U. UCU CCU cau ﬁ kU'U 500
Dresden (PTV1l) 401 CUGUACUUUG UAUAGUCAGU UGARACUCAC CAUG Gf“A fifelig U‘]f‘i AAR AUU UUC UCU CUG AAA CL‘C AAR W ::S :SC CAC UCA U:g ucu CCT“ CGU G@ E’UU 500

consensus
start codon

FIG. 2. Alignment of partial nucleotide sequences around the start codon of PTV-1 strain F 65 and the PTV prototype strains. The consensus
initiator codon at nt 432 is underlined. The AUG triplet at nt 336 of F 65 (also underlined) is not conserved among the teschovirus strains.
Deviating nucleotides are highlighted. Nucleotide numbering refers to the sequence of strain F 65 (GenBank accession no. AJ 011380). The 3’
ends of 18S rRNA sequences are aligned to viral sequences which are thought to direct the ribosome to the initiation codon. Nucleotides of the
18S rRNA which allow the formation of base pairs with viral RNA are underlined.

compared to the corresponding genome regions of other picornaviruses. Neigh-
bor-joining trees were calculated with the quartet puzzling method (34, 35) using
the JTT substitution model for amino acid sequences (19) and the Tamura-Nei
model for nucleotide sequences (37). The reliability of the clustering was tested
by 10,000 iterations in the quartet puzzling method. For tree construction, max-
imum-likelihood branch lengths were computed. Consistency of branching was
also tested with the maximum-parsimony algorithm (data not shown) using the
PHYLIP program package (14).

RNA secondary predictions and free energy calculations were performed with
the mfold program, version 3.0 (43).

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper are available from the GenBank nucleotide sequence data-
base under accession no. AF231767 to AF231769 and AF296087 to AF296121.

RESULTS

Sequencing of PTV prototype strains. Of the 13 previously
described serotypes of PEV, 10 were subclassified into CPE
group I (3, 23). Molecular data describing their relation to
PTV-1 strain F65 are missing. Using long RT-PCR, amplicons
of more than 7 kbp of these viruses were generated and directly
sequenced. With this approach, the complete polyprotein-en-
coding nucleotide sequences of the PTV prototype strains were
determined and compared to the genomes of other picornavi-
ruses. The organization of the teschovirus genome is shown in
Fig. 1. The teschovirus RNA has a length of at least 7,100
nucleotides (nt) containing one long open reading frame. The
deduced polyproteins range from 2,203 to 2,207 amino acids
(aa). For PTV-1 strain F65, two AUG initiator codons, at nt
336 and 432, were suggested (9). However, the first start codon
is not conserved among the PTVs (Fig. 2). More likely, viral
translation starts at nt 432 (the second in-frame AUG initiator
codon of F65). There is a Kozak consensus sequence around
this start codon (UCACCAUGG) which is supposed to bind to
the 18S rRNA (26). Up to nine base pairs may be formed at
this site. Twenty-two nucleotides upstream of the A,;,UG
initiator codon is a short oligopyrimidine tract (CUUU) which
together with neighboring nucleotides may interact with the 3’

end of the 18S rRNA. Here, up to 10 nucleotides may be
involved in base pairing (Fig. 2). Such an oligopyrimidine tract
was reported to be important for proper translation initiation.
Prerequisite is a distance of approximately 22 bp (for a review,
see reference 33). For the other start codon, an oligopyrimi-
dine tract is located 15 nt upstream of the A;;,UG triplet (9)
at a distance comparable to those found in hepatoviruses (33).
The nucleotide sequence 3’ to this A;; UG triplet is extremely
well conserved. In contrast, synonymous third-base substitu-
tions are observed 3’ to nt 432 (Fig. 2). Assuming a translation
start at nt 432, the PTV polyprotein contains a highly con-
served leader protein of 86 aa. This leader protein seems to be
released from the polyprotein by the 3C proteinase, as con-
cluded from the presence of a conserved consensus QG cleav-
age site. Like the leader protein, the nonstructural proteins of
the P2 and P3 regions show considerable sequence conserva-
tion. This high degree of sequence homology does not allow
the differentiation of distinct serotypes. The teschovirus 2A
proteinase is FMDV-like; i.e., the putative 2A proteinase is an
oligopeptide with a C-terminal NPG |, P consensus cleavage
site. The processing site at the N terminus is unclear, since
both an asparagine residue (at aa 953 of the consensus se-
quence) which is characteristic for the cleavage of FMDV 2A
and a nearby QG cleavage site (at aa 947/948) is conserved.
Thirteen of 16 amino acids are identical to the FMDV 2A
sequence. Pairwise comparison of the nonstructural proteins
reveal high (>90%) amino acid identity. Previously, applica-
tion of quantitative taxonomy to all members of the potyviruses
and enteroviruses provided strong evidence for species distinc-
tion (31, 40). To determine whether the PTV serotypes belong
to one or more species, we analyzed pairwise similarities be-
tween the P2 and P3 nonstructural proteins of 26 teschoviruses
and, as a control, 25 sequences of enterovirus 3D polymerases
belonging to six different species (Fig. 3). While the frequency
distribution of pairwise amino acid identity scores of each
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FIG. 3. Frequency distribution of pairwise amino acid identity scores of P2 and P3 proteins. Twenty-six sequences of teschovirus nonstructural
proteins (2B to 3D) were investigated and compared to 25 enterovirus 3D polymerase sequences. The amino acid identity scores of 60 to 75% of
the enterovirus genus are characteristic for comparisons of heterologous species, while amino acid identity scores greater 90% of enteroviruses and
PTVs indicate comparisons of (i) different strains of homologous serotypes or (ii) heterologous serotypes of homologous species.

teschovirus P2-P3 protein accumulates in a single peak, there is
a discontinuous distribution of pairwise similarities for the
enterovirus 3D polymerases which is characteristic for a mul-
tispecies genus. From this result, we concluded that all known
PTV serotypes belong to one species. Construction of neigh-
bor-joining trees of selected P2 and P3 proteins supports the
results of pairwise comparisons and demonstrates the unique
position of the porcine teschoviruses within the picornavirus
family (Fig. 4). In all examples examined, cardioviruses, aph-
thoviruses, and ERBV (formerly ERV-2) are their closest rel-
atives.

In contrast to the nonstructural proteins, the capsid proteins
1A to 1D are the most divergent proteins of the PTV serotypes
(1AB, 352 to 354 aa; IC, 242 aa, 1D, 262 to 264 aa). Extents of
pairwise amino acid identity range from 79 to 87% for 1AB, 76

to 91% for 1C, and 66 to 82% for 1D. Phylogenetic tree
construction using the Puzzle program supports the existence
of distinct serotypes, which were demonstrated with serological
methods (3, 23) (Tables 2 and 3). For this analysis, represen-
tative members of the most closely related genera cardiovirus,
aphthovirus, and erbovirus (ERBV) were included to illustrate
both the genetic distance of the PTV serotypes to the heter-
ologous genera and the close relationship within the teschovi-
ruses (Fig. 5). The proposed PTV species can be divided into
three subgroups consisting of three to four serotypes each.
So far, the 5" end of the PTV genome has not been deter-
mined. However, the presence of an oligo(C) stretch was dem-
onstrated for F65 (9). The 5’ and 3’ nontranslated regions
(NTRs) are the most conserved genome regions of the PTVs.
For example, a stretch of 250 nt at the 3’ part of the supposed
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FIG. 4. Unrooted neighbor-joining tree of the 3D polymerases of 21 picornavirus species. Representative serotypes of the enterovirus and
rhinovirus genera: CVA-16 (HEV-A), CVB-3 (HEV-B), PV-1/CVA-21 (PV/HEV-C), EV-70 (HEV-D), A-2 plaque virus, PEV-10 (PEV-B),
PEV-8 (PEV-A), HRV-1b (HRV-A), and HRV-14 (HRV-B). Amino acid sequences were aligned with the ClustalW program. Maximum-
likelihood branch lengths were calculated using the quartet puzzling method. Branch lengths are proportional to genetic divergence. The scale bar
indicates amino acid substitutions per site. Circles indicate acknowledged picornavirus genera. Numbers at nodes represent percentages of
bipartitions in intermediate trees that have been generated in 10,000 puzzling steps. Note that the three CPE groups of PEVs belong to three
distinct taxa (CPE 1 = PTV, CPE II = PEV-A, CPE III = PEV-B). PEV-A is a tentative species of the enterovirus genus.

internal ribosome entry site (IRES) has a nucleotide identity specific primer was performed. However, this approach was
score of 99% (see also Fig. 2). To determine the nucleotide successful in only 3 of 25 assayed strains (Talfan, Bozen, and

sequence of the 5" NTR up to this C tract, PCR with a nega- Vir 1626/89 [data not shown]).

tive-strand-specific oligo(dC),, primer and a positive-strand- Twenty-eight 3'-NTR sequences of all serotypes were deter-

TABLE 2. Cross-neutralization

SNT value with indicated antiserum

Antigen PTV-1 PTV-2  PTV-3  PTV-4  PIV-5  PIV-6  PTV-7 PTV-8 PTV-9 PTV-10 PTV-11
Miirwil 03b 02b PS 36 F 26 PS 37 WR 2  UKGI173/74  Vir2899/84  Vir 460/88  Dresden
PTV-1 Konratice 100 0.4 0.4 0.2 0.4 0.2 0.8 1.1 1.6 0.2 7.1
Vir 1626/89 100 0.8 0.8 0.0 0.4 0.6 0.8 0.8 1.6 0.4 0.1
PS 34 100 1.1 1.4 0.5 0.1 0.3 0.1 0.4 1.1 0.2 1.0
Talfan 100 0.2 3.1 0.1 0.2 0.1 0.1 0.4 0.4 0.2 0.5
Teschen 199 25.0 0.2 0.6 0.1 0.2 0.1 1.1 0.4 1.1 0.2 6.2
Tirol 50.0 0.4 6.3 0.6 0.4 0.3 0.1 0.4 2.8 0.2 49
PTV-20 3b 0.8 100 0.1 0.2 0.4 0.2 0.8 0.4 3.1 0.1 0.6
PTV-302b 0.8 0.4 100 0.2 0.8 0.8 0.8 0.4 1.6 0.4 0.6
PTV-4 PS 36 0.8 0.5 0.1 100 0.4 0.1 0.8 0.4 0.8 0.2 1.0
PTV-5 F 26 1.6 0.5 0.4 0.2 100 1.6 0.8 0.4 31 0.4 0.8
PTV-6 PS 37 0.8 0.5 0.1 0.1 0.4 100 0.8 0.4 0.1 0.2 0.4
PTV-7 WR 2 0.8 0.5 0.8 0.1 0.4 0.2 100 0.6 0.8 0.4 0.8
PTV-8 UKG 173/74 0.8 0.5 0.8 0.1 0.3 0.1 0.1 100 0.6 0.1 0.8
PTV-9 Vir 2899/84 1.6 0.5 0.8 0.1 36 1.4 0.1 0.8 100 0.4 0.8
PTV-10 Vir 460/88 3.1 0.5 1.6 0.0 33 0.7 0.1 0.8 0.8 100 1.6
PTV-11 Dresden 3.1 0.5 0.8 0.0 11 0.5 2.1 0.4 0.4 0.0 100
PTV-11 DS 1696/91 3.1 NT* NT NT NT NT NT NT 22 NT 100

“ NT, not tested.
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TABLE 3. IIF assay

Fluorescence intensity with MAb:
Virus Strain

040/4B1 158/5D2 041/3C3

PTV-1 Talfan +++ +++ —

PS 34 +++ +++ —

Vir 1626/89 +++ +++ —

Tirol +++ +++ —

Konratice +++ +++ —

Bozen 654 +++ +++ -

DS 562/91 +++ +++ -

Teschen 199 +++ +++ -
PTV-2 T80 +++ — —

O 3b +++ — -

Vir 6711-12/83 +++ — —
PTV-3 O 2b +++ — -
PTV-4 PS 36 +++ — —

Vir 918-19/85 +++ — -

Vir 3634/85 +++ — —
PTV-5 F 26 +++ — -

Sek 254/97 +++ — —

Vir 1806/89 +++ — -
PTV-6 PS 37 +++ — —

Vir 3634/85 +++ — -

Vir 289/89 +++ — —
PTV-7 F 43 +++ — -

WR 2 +++ — -

UKG 163/79 +++ — -
PTV-8 UKG 173/74 +++ — —

DS 805/92 +++ — -

DS 756/93 +++ — —
PTV-9 Vir 2899/84 +++ — -

D 77/94 +++ — —

UKG 158/80 +++ — -
PTV-10 Vir 461/88 +++ — —

UKG 170/80 +++ — -
PTV-11 Dresden +++ - +++

DS 1696/91 +++ — +++

UKG 53/81 +++ — +++

mined. As a result, the length of the 3’ NTR ranges from 65 to
67 nt. The overall sequence is highly conserved (nucleotide
identity greater 94%). However, all sequenced strains lack the
two 3’ cytosine residues of F65 which results in significant
changes of the proposed RNA secondary structure (9). Also,
some strains have an insertion of an uridine residue at nt 56 of
the 3’ NTR as well as exchanges at nt 5/6 and 47/48 (data not
shown). Due to these differences, both of the stem-loops pro-
posed by Doherty and coworkers appear to be less conserved
among the PTVs. Using the mfold 3.0 program, conserved
RNA secondary structures consisting of three stem-loops are
suggested (Fig. 6). The free energy of this proposal ranges
from —10.0 (F65) to —13.4 (Vir 2899/84) kcal/mol. While the
above-mentioned nucleotide substitutions and the insertion
increase the amount of free energy in the proposed three-stem-
loop model, they lead to a decrease of the previous proposals’
free energies.

Sequencing of PTYV field isolates. Due to a significant cross-
reaction of polyclonal antisera used for IIF assays, serotyping
of PTVs often leads to ambiguous results. To facilitate un-
equivocal serotyping and identify circulating genotypes, the
genomes of several historical strains and recent field isolates
(Table 1) were sequenced by the same approach as used for the
prototype strains. At least the nucleotide sequence of the P1

J. VIROL.

region which encodes the capsid proteins, the flanking 5" NTR,
and part of the P2 region was determined. As a result, field
isolates can be easily typed on the basis of capsid protein
sequences (Fig. 7). Due to the nucleotide substitutions, pair-
wise amino acid identities of homologous serotypes range from
90 to 99% (for capsid protein 1AB), while those for heterolo-
gous serotypes are below 90%. Some genotypes of PTV-4, -5,
and -6 (PS 36, PS 37, and Vir 1806/89) exhibit up to 15%
divergence from the consensus sequence (Fig. 7A). For PTV-1,
three main genotypes are observed in both nucleotide and
amino acid sequence phylogenies. All three genotypes were
found to be identical with both approaches. Tree topology was
also essentially identical using a maximum parsimony algo-
rithm (data not shown). The genotypes contain neurotropic
and nonneurotropic viruses, virulent and avirulent strains, as
well as recent and historic isolates. As shown in Fig. 7, three
fields isolates (Dresden, UKG 53/81, and DS 1696/91) are
clearly distinct from PTV-1 and the other PTV serotypes, in-
dicating the existence of a hitherto unrecognized serotype.

Phenotypical characterization of the Dresden serotype. Re-
action patterns of cross-neutralization in SNT revealed a re-
markable difference between the Dresden isolate and all other
PTV serotypes, although a relation to some PTV-1 strains
seems to exist (Table 2). A second approach using the more
sensitive VNT confirms this result (Fig. 8). There is no signif-
icant neutralization of the Dresden strain by the tested PTV-1
serotype-specific hyperimmune sera raised against Mérwil and
the strains Konratice, Vir 1626/89, and Teschen 199, each of
which represents one of the main PTV-1 genotypes. Only for
the PTV-1 strain Vir 1626/89 was some borderline neutraliza-
tion observed (Fig. 8). On the other hand, a Dresden-specific
rabbit hyperimmune serum neutralized Dresden virus even if
strongly diluted but none of the PTV-1 strains. Furthermore,
MADbs generated against most of the PTV serotypes were
used in an IIF assay (M. Dauber, unpublished data) (8). The
Dresden isolate, UKG 53/81, and DS 1696/91 were strongly
recognized by the PTV group-specific MAb 040/4B1 and the
Dresden-specific MAb 041/3C3 (Table 3). Neither the PTV-1-
specific MAb 158/5D2 nor other serotype-specific MAbs
showed any reaction with these virus strains (for the PTV-1
specific MAb, see Table 3). These results indicate that strain
Dresden and the closely related strains UKG 53/81 and DS
1696/91 may be considered as a distinct serotype.

DISCUSSION

Despite being initially described in the 1930s, the molecular
genetic properties of the PEVs remained unclear for a long
time. Application of classical virological methods revealed the
heterogeneity within this virus group: While some physico-
chemical properties (e.g., acid stability) suggested classification
as enteroviruses, other features (e.g. thermostability in the
presence of 1 M MgCl,) were incompatible with this view.
These characteristics in combination with the growth proper-
ties in different host cell lines and the cell type specificity were
the basis of a subclassification into three CPE groups (23, 42).
Ten acknowledged serotypes comprise CPE group I, the main
group (3, 23). However, significant cross-reaction of serotype-
specific antibodies led sometimes to ambiguous serotyping.
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Some isolates were just untypeable (8, 36). Considerable
progress was made recently, when the polyprotein-encoding
region of a member of CPE group I was cloned and sequenced
(9, 20). Because of their distinct nucleotide sequences, they
were suggested to be a new picornavirus genus, and the name
“Teschovirus” was suggested (22). Sequencing of the polypro-
tein-encoding genome region of 10 prototype strains and of
more than 29 field isolates of CPE group I reveals that PTVs
are a uniform group which is clearly separated from the CPE
groups II (PEV-8) and III (PEV-9 and -10). Consequently,
renaming of all members of this group seems to be warranted.
A proposal is presented in Table 1. The proposed genus Te-
schovirus is characterized by a nonproteolytic leader protein
and an FMDV-like 2A proteinase (Fig. 1). A leader protein
with no apparent proteinase activity was also described for the
cardioviruses and Kobuvirus. However, a close phylogenetic
relationship of the three leader proteins was not observed
(data not shown). Pairwise comparison of the nonstructural

protein sequences of each sequenced teschovirus strain and the
3D polymerase sequences of 25 enteroviruses indicate that all
PTV serotypes belong to the same species whereas six species
comprise the enterovirus genus (Fig. 3). This is concluded from
the pairwise amino acid identity scores which distribute in a
single peak. Previously, it was shown that a discontinuous dis-
tribution of pairwise similarities (as observed for the enterovi-
rus 3D polymerases) is characteristic for a multispecies genus
(31, 40).

Although the 5’ end of the teschovirus genome has not been
determined, a striking degree of sequence conservation of the
putative PTV IRES region is evident (Fig. 2). No other picor-
navirus group has a comparable nucleotide identity up to 99%.
PTV-1 strains have a poly(C) tract followed by unique IRES
sequences. The precise location of putative secondary struc-
tures awaits detailed analysis. Two possible translation initia-
tion sites were suggested (9). However, the A;;,UG triplet is
not conserved among all PTVs, and the highly conserved nu-
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FIG. 6. Proposals of conserved RNA secondary structures of the PTV 3’ NTR. The predictions shown apply to strains Talfan, T80, PS 36, F
26, F 43, UKG 173/80, and 25-Ty,;. The putative secondary structures of the other PTVs (not shown) are equivalent but have nucleotide
substitutions at positions 5/6 (resulting in two additional Watson-Crick base pairs) and 47/48 (leading to an A/C mismatch), an insertion at position
56 (which increases the negative free energy of the loop), and two additional cytosine residues prior to the poly(A) tail (only F65). Proposed
structure A has a free energy of —12.7 kcal/mol. The free energies of the other PTVs range from —10.0 (F 65 [not shown]) to —13.4 (Vir 2899/84
[not shown]) kcal/mol. The predictions of structures B and C are based on proposals suggested for strain F 65 (not shown). For F 65, free energies
of —10.1 kcal/mol for proposed structure B and —6.6 kcal/mol for proposed structure C were calculated. All tested PTV strains yielded significant
lower amounts of free energy than F 65, ranging from —7.7 to —3.2 kcal/mol for structure B and —4.2 to +2.6 kcal/mol for structure C (data not
shown). The predictions of the secondary structures and the free energies were calculated with the mfold 3.0 program (43).

isolates revealed little or no genetic linkage between 5'-NTR
sequences and serotype. It was hypothesized that this observa-
tion might be the result of a high frequency of recombination.
Likewise, no such correlation could be found for the teschovi-
ruses. Determination of whether this can be attributed to re-
combination events must await a detailed study including more
field isolates.

cleotide sequences 3’ to this triplet show no third-base substi-
tutions (Fig. 2). Moreover, the oligopyrimidine tract thought to
interact with the 18S rRNA is quite close to the A;;,UG
(distance of 15 nt). Hepatoviruses have an oligopyrimidine
sequence 16 nt upstream of the AUG initiator codon. A sec-
ond start codon is 6 nt downstream. Previously, it was hypoth-
esized that an inappropriate distance might reduce translation

efficiency (33) leading to the nonlytic phenotype of these slowly
reproducing viruses. The other PTV start codon, A,;,UG, is
absolutely conserved among 50 sequenced PTV strains (data
not shown) and part of a Kozak consensus sequence which is in
the optimal distance (23 nt downstream) from a rather short
pyrimidine stretch. However, the coding sequences contain
numerous third-base changes (Fig. 2), indicating accumulation
of synonymous substitutions. In a previous study (31), analysis
of the 5'-NTR sequences of seven clinical coxsackievirus B5S

The 3" NTR has a conserved nucleotide sequence which
allows the formation of three putative stem-loops. Calculation
of free energy yields values ranging from —10.0 to —13.4 kcal/
mol. Previously, Doherty et al. (9) suggested two alternative
folds, which appear to be unlikely since they are less conserved
(data not shown). The three-stem-loop model is supported by
the observation that exchanges at nt 5/6 and 47/48 of the 3’
NTR as well as an insertion at position 56 and only one C
residue prior to the poly(A) tail fit the suggested model well

FIG. 7. Unrooted neighbor-joining trees of the P1 region of 39 porcine teschoviruses. Nucleotide sequences (A) and deduced amino acid
sequences (B) of the capsid protein-encoding genome regions were aligned with the ClustalW program. Maximum-likelihood branch lengths were
calculated using the quartet puzzling method. Branch lengths are proportional to genetic divergence. The scale bar indicates nucleotide
substitutions and amino acid substitutions per site; circles indicate serotypes within the teschovirus genus.
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while leading to a decrease of the free energy of the previous
proposals.

Picornavirus serotypes are defined by the ability to induce
neutralizing type-specific antisera. According to the SNT and
VNT results presented in Table 2 and Fig. 8, strains Dresden,
UKG 53/81, and DS 1696/91 should be considered as a distinct,
albeit hitherto unrecognized serotype. This view is supported
by the results of IIF assays employing a set of PTV type-
specific MADbs (Table 3) and the sequence data (Fig. 7). There-
fore, we propose the existence of an 11th PTV serotype with
strain Dresden as a prototype.

In terms of the 2A protein, picornaviruses consist of four
groups (Fig. 1). (i) In cardioviruses, aphthoviruses, teschovi-
ruses, and erbovirus (ERBV), the 2A protein is involved in an
unusual proteolytic activity at the conserved NPGP sequence
motif of its C terminus. (ii) The 2A protein of enteroviruses
and rhinoviruses is a trypsin-like proteinase with a cysteine
residue in the catalytic center; it cleaves the polyprotein at its
N terminus (for a review, see reference 32). (iii) For parecho-
viruses, Aichi virus, and the hepatovirus-like AEV, conserved
sequence motifs were described which were also found in the
H-rev107 family of proteins (18). (iv) The HAV 2A protein is
unrelated to known proteins. Other characteristic features of
the teschovirus genome organization are also common to aph-
thoviruses, cardioviruses, and erbovirus, i.e., the presence of a
poly(C)/oligopyrimidine tract and a leader protein (Fig. 1).
Assuming a common ancestor, all proteins of these four picor-
navirus genera have diverged except for the highly conserved
2A proteinase and the L proteinases of aphthoviruses and
erbovirus, which are papain-like cysteine proteinases. Within
the teschovirus genus, one species has evolved so far. This is
concluded from the frequency distribution of pairwise se-
quence comparisons of 26 PTV sequences including all sero-
types. In previous studies, this approach was found useful for
the demarcation of potyvirus and enterovirus species (31, 40).
However, the PTV speciation process seems to be still in
progress since the existence of three PTV subgroups is ob-
served: the suggested serotypes PTV-1, -3, -10, and -11 com-

prise group 1, group 2 includes PTV-2, -4, -6, and -8, and
PTV-5, -7 and -9 belong to group 3 (Fig. 5). The genetic
distance of the PTV serotypes within each subgroup is quite
similar, suggesting that the evolution of teschoviruses pro-
ceeded in two steps. The first step led to the development of
three subgroups which then subdivided into 11 serotypes.
Moreover, the suggested serotypes PTV-4, -5, and -6 have
evolved genotypes which exhibit a remarkable diversity from
the sequences of the other members of their serotype (up to
19% of the nucleotide sequence). For PTV-1, the Teschen
strains were previously considered to include two subtypes
(28): subtype 1 contained strains Konratice and Bozen, while
strains Tirol and Talfan belong to the subtype 2. Although this
differentiation was based on physicochemical properties (elec-
trophoresis with DEAE-cellulose), such differences are not
reflected by nucleotide and amino acid sequences. Instead,
Konratice, Bozen, and Tirol are genetically very similar. Three
main PTV-1 genotypes can be described, each of which con-
tains neurotropic strains and nonneurotropic field isolates
(Fig. 7).

Another aspect concerning evolutionary changes of te-
schoviruses is the observation that the virulence of these
viruses is gradually changing. In Europe, many thousand
outbreaks of severe polioencephalomyelitis caused by
PTV-1 Teschen strains occurred in the 1930s to 1950s. This
epizootic was associated with considerable economic losses.
Subsequently, the manifestation index of severe polioen-
cephalomyelitis decreased and the highly virulent Teschen
strains were replaced by less virulent Talfan strains (15, 16).
Today, PTV-1 is still frequently isolated from the feces,
tonsils, and other nonneural organs of apparantly unaffected
pigs. On the other hand, other serotypes than PTV-1 are
increasingly identified to be the cause of neurologic disor-
ders of swine (3). Determination of whether this observation
reflects changes of virus prevalence or is the result of im-
proved methods of virus detection (41) and virus isolation
awaits further investigations.
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