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Summary. The putative membrane (M) protein (ORF 6) and nucleocapsid (N)
protein (ORF 7) genes of five U.S. isolates of porcine reproductive and
respiratory syndrome virus (PRRSV) with differing virulence were cloned and
sequenced. To determine the genetic variation and the phylogenetic relationship
of PRRSV, the deduced amino acid sequences of the putative M and N proteins
from these isolates were aligned, to the extent known, with other PRRSV
isolates, and also other members of the proposed arterivirus group including
lactate dehydrogenase-elevating virus (LDV) and equine arteritis virus (EAV).
There was 96—-100%; amino acid sequence identity in the putative M and N genes
among U.S. and Canadian PRRSV isolates with differing virulence. However,
their amino acid sequences varied extensively from those of European PRRSV
isolates, and displayed only 57-59% and 78-819% identity, respectively. The
phylogenetic trees constructed on the basis of the putative M and N genes of
the proposed arterivirus group were similar and indicated that both U.S. and
European PRRSYV isolates were related to LDV and were distantly related to
EAV. The U.S. and European PRRSYV isolates fell into two distinct groups,
suggesting that U.S. and European PRRSV isolates represent two distinct
genotypes.

®

Porcine reproductive and respiratory syndrome (PRRS) has been devastating
the swine industry in North America since 1987 and in Europe since 1990
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[9, 23, 32]. The causative agent of the syndrome, the porcine reproductive and
respiratory syndrome virus (PRRSV), has been isolated and characterized
[3, 4, 30]. Both U.S. and European PRRSV isolates are tentatively classified as
members of the newly proposed arterivirus group, which includes lactate
dehydrogenase-elevating virus (LDV), equine arteritis virus (EAV) and simian
hemorrhagic fever virus (SHFV) [5, 18, 20, 24]. These positive-strand RNA
viruses resemble togaviruses morphologically but are distantly related to
coronaviruses and toroviruses on the basis of genome organization and gene
expression [ 15, 24, 25, 26, 28]. The members of this group infect macrophages
and contain a nested set of 6 to 7 subgenomic mRNAs in infected cells [5, 6, 8,
13, 14, 18, 20, 21, 24]. However, no serological cross-reaction has been found
among PRRSV, LDV and EAV [9]. The PRRSV is a positive-strand RNA virus
with a genome of about 15 kb that contains eight open reading frames (ORFs)
[20]. ORFs la and 1b are predicted to encode viral RNA polymerase, whereas
ORFs 2 to 6 probably encode viral membrane-associated (envelope) proteins.
The ORF 6 is predicted to encode the membrane (M) protein based on its similar
characteristics with the ORF 6 of EAV and LDV, and the M protein of mouse
hepatitis virus and infectious bronchitis virus [5, 18, 20]. The product of ORF
71s extremely basic and hydrophilic, and is predicted to be the viral nucleocapsid
(N) protein [5, 17, 18, 20].

Although the syndrome caused by PRRSV appears to be similar in the U.S.A.
and Europe, several recent studies have described phenotypic, antigenic, genetic
and pathogenic variations among PRRSV isolates in the U.S.A. and in Europe
[1,2, 18, 27, 31]. The European isolates grow preferentially in swine alveolar
macrophage (SAM) cultures and replicate to a very low titer in other culture
systems [30, 31, 32]. The U.S. isolates replicate well in SAM as well as in three
continuous cell lines, CL2621, MARC-145 and CRL 11171 [3, 4, 11, 18].
Phenotypic differences among U.S.A. isolates were also observed, as not all
PRRSV isolates isolated on SAM can replicate on CL2621 cell line [ 1] and some
isolates show delayed onset of the cytopathic effect in infected cells ([2], Meng
and Paul, unpubl. obs.]. A high degree of antigenic variation among PRRSV
isolates was also reported, four European isolates resembled each other closely,
but differed from the U.S. isolates, whereas three U.S. isolates differed
antigenically from each other [31]. Animals seropositive for European isolates
were found to be seronegative for U.S. isolate VR 2332 [2]. The genetic
differences between U.S. and European isolates are striking, especially as they
are considered to be the same virus [18]. The amino acid sequence identity of
ORFs 35, 6and 7 between U.S. isolate VR 2385 and the European isolate Lelystad
virus (LV) is only 54%;, 78% and 58%, respectively [18]. Similar observations
were also reported when comparing the ORF 7 of a Canadian isolate IAF-exp91
and another U.S. isolate VR 2332 with LV [17, 22]. However, the 3’ terminal 5 kb
nucleotide sequences of two European isolates [5, 20] and portion of the N genes
from seven Spanish PRRSV isolates [29] are almost identical. The existence of
apathogenic or low-pathogenic strains has been suggested among isolates [27].
The U.S. isolate VR 2385 is highly pathogenic compared to European LV, and
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differences in pathogenicity among U.S. isolates were also observed (Halbur,
Paul, Meng and Lum, unpubl. obs.). These studies suggest that the PRRSV
isolates in North America and in Europe are antigenically and genetically
heterogeneous, and that different genotypes or serotypes of PRRSV may exist.

To further determine the genetic variation and the phylogenetic relationship
of PRRSYV, the putative M and N genes of five additional U.S. PRRSV isolates
with differing virulence were cloned and sequenced. Phylogenetic trees based on
the putative M and N genes of seven U.S. PRRSV isolates (six Iowa isolates and
one Minnesota isolate), one Canadian PRRSYV isolate, two European PRRSV
isolates and other members of the proposed arterivirus group, including LDV
and EAV, were constructed. The PRRSV isolates used in this study, designated
as VR 2385 [18], ISU-22, ISU-55, ISU-79, ISU-1894 and ISU-3927, were
isolated from pig lungs obtained from different farms in Towa during PRRS
outbreaks. A continuous cell line ATCC CRL 11171, was used to isolate and
propagate these viruses. All viruses used in this study were biologically cloned
by three rounds of plaque purification. Pathogenicity studies in caesarean-
derived colostrum-deprived (CDCD) pigs showed that VR 2385, ISU-22 and
ISU-79 were highly pathogenic and produced from 50 to 80%, consolidation of
the lung tissues in experimentally-infected five-week-old CDCD pigs necropsied
at 10 days post inoculation, whereas ISU-55, ISU-1894 and ISU-3927 were
low-pathogenic and produced only 10 to 25% consolidation of lung tissues
(Halbur, Paul, Meng and Lum, unpubl. obs.).

Monolayers of ATCC CRL 11171 cells were infected with different PRRSV
isolates at the seventh passage at a m.o.i. of 0.1. Total intracellular RNA was
isolated from infected cells by a guanidinium isothiocyanate method (Stratagene).
The quality of RNA from each isolate was determined by Northern blot hybrid-
ization (data not shown) with a cDNA probe generated from the extreme 3’ end
of VR 2385 isolate [18]. cDNA was synthesized from total intracellular RNA
by reverse transcriptase using random primers and amplified by polymerase
chain reaction (PCR) as described previously [19]. Primers for RT-PCR were
designed on the basis of VR 2385 sequence which amplified the entire protein
coding regions of the M and N genes (5 primer: 5 GGGGATCCAGA
GTTTCAGCGG 3 3’ primer: SGGGAATTCACCACGCATTC3'). Unique
restriction sites (EcoRI and BamHI) at the termini of the PCR products were
introduced. A PCR product with the expected size of about 900 bp was obtained
from all virus isolates (data not shown). Southern blot hybridization was then
used to confirm the specificity of the amplified products. The 32P-labeled cDNA
probe from VR 2385 hybridized with the RT-PCR products from all virus
isolates (data not shown). The PCR products of the M and N genes from all
PRRSV isolates were then digested with EcoRI and BamH], purified and cloned
into vector pSK + [19]. Plasmids containing the full length M and N genes were
sequenced with an automated DNA Sequencer (Applied Biosystem, Inc.). Three
to four cDNA clones from each virus isolate were sequenced with universal and
reverse primers as well as other virus-specific sequencing primers (PP288:
SGCGGTCTGGATTGACGAC 3'; PP289: 5 GACTGCTAGGGCTTCTGC
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3, DP966: SAATGGGGCTTCTCCGG 3'). The sequences were combined and
analyzed by MacVector (International Biotechnologies, Inc) and GeneWorks
(IntelliGenetics, Inc.) computer programs. Phylogenetic analyses were conducted
with the aid of the PAUP software package version 3.1.1 (David L. Swofford,
Illinois Natural History Survey, Champaign, IL). PAUP employs the maximum
parsimony algorithm to construct phylogenetic trees. The nucleotide sequence
data reported in this paper have been deposited with GenBank database under
the accession numbers U18748 (ISU-1894), U18749 (ISU-22), U18750 (ISU-
3927), U18751 (ISU-55) and U18752 (ISU-79).

Analysis of the nucleotide sequences encoding the putative M and N proteins
of the five U.S. PRRSV isolates indicated that, like LV [20] and VR 2385 [18],
the M and N genes of all the five U.S. isolates overlapped by 8 base pairs (bp)
(Fig. 1). The AACC motif located 13 nucleotides upstream of the N gene is
believed to be the leader-body junction site for subgenomic RNA 7 during
PRRSV transcription [18, 21]. Numerous substitutions in the nucleotide
sequence were distributed randomly throughout the M and N genes in all the five
isolates when compared to VR 2385 (Fig. 1). There is no correlation between the
virus virulence and the genetic variation in the M and N genes among these U.S.
isolates analyzed. Most of the substitutions are third base silent mutation when
converted to amino acid sequences (Fig. 2). Insertions and deletions were found
in the nucleotide sequences of the M and N genes between the U.S. isolates and
LV, but not among the U.S. isolates (Fig. 1). The deduced amino acid sequences
of the M and N genes from the five U.S. PRRSV isolates were then aligned with
the corresponding sequences of two other U.S. isolates, Minnesota isolate VR
2332 [22], only N gene) and [owa isolate VR 2385 [ 18], one Canadian PRRSV
isolate IAF-exp91 [17], only N gene), two European PRRSYV isolates, LV [20]
and PRRSYV isolate 10 (PRRSV-10) [5], two LDV strains, LDV-C [7] and
LDV-P [14], and EAV [6] (Fig. 2). The amino acid sequence of the N gene
among the eight North American PRRSV isolates were highly conserved
(Fig. 2b), and displayed 96-1009, amino acid sequence identity (Table 1).
However, the N protein of all North American PRRSV 1solates shared only
57-59%, amino acid sequence identity with that of the two European isolates
when the inserted amino acids of the European isolates were included in the
alignment (Table 1), suggesting that the North American and the European
isolates may represent two different genotypes. The M protein of all the U.S.
isolates with varying virulence was also highly conserved, and displayed higher
sequence similarity with the M proteins of the two European isolates (Fig. 2a),
ranging from 78 to 819 amino acid identity (Table 1). The N gene of all the

»
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Fig. 1. Comparison of the nucleotide sequences of the putative M (ORF 6) and N (ORF 7)
genes of the LV and the six U.S. PRRSV isolates with varying virulence. The VR 2385
nucleotide sequence is shown on top, and only differences are indicated. The start codons
are indicated by (+ 1 >), and the termination codons are indicated by asterisks (*). Deletions
are indicated by (—), and the two larger insertions in the N gene of LV are indicated by ( A ).
The leader-body junction site motif, AACC, upstream of N gene is underlined
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Fig. 2. Alignment of amino acid sequences of the M (a) and N (b) genes of the proposed
arterivirus group. The EAV M gene sequence was omitted because the relatively low
sequence identity with PRRSV and LDV requires gaps in the alignments. The M gene
sequences of U.S. PRRSV isolate VR 2332 and Canadian isolate IAF-exp9! are not
available. VR 2385 sequences are shown on top, and only differences are indicated. Deletions
are indicated by (— ), and the two larger insertions in the N gene of the Furopean PRRSV
isolates are indicated by ( A ). The alignments were performed with a GeneWorks program
{IntelliGenetics, Inc.). The following parameters (default value) were used. Cost to open a
gap is 5, cost to lengthen a gap is 25, minimum diagonal length is 4, and the maximum
diagonal offset is 10
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North American PRRSYV isolates shared 49—-509, amino acid sequence identity
with that of the two LDV strains, whereas the two European PRRSV isolates
shared only 40-419/ amino acid identity with that of the LDV strains when the
inserted amino acids of the European PRRSYV isolates were included (Table 1).
Two regions of amino acid sequence insertions, “KKSTAPM” and “ASQG”,
were found in the N protein of the two European PRRSV isolates when
compared to the eight North American PRRSV isolates as well as two LDV
strains and EAV (Fig. 2b). These results indicated that the U.S. PRRSV isolates
were more closely related to LDV than were the European PRRSV isolates, and
that PRRSV may have undergone divergent evolution in the U.S. and in Europe
before their association with PRRS was recognized in swine [22]. The M and
N genes of the North American and European PRRSYV isolates shared only
15-17%, and 22-24% amino acid sequence identity with those of EAV,
respectively.

The sequence homology of PRRSV with LDV and EAV suggests that these
viruses are closely related and may have evolved from a common ancestor
[22, 24]. The evolutionary relationships of PRRSV with other members of the
proposed arterivirus group were determined on the basis of the amino acid
sequence of the M and N genes. Bootstrapped parsimony (1000 replicates) with
branch-and-bound search option were performed to find the tree with shortest
length (most parsimonious). The trees were rooted by assuming EAV as the
outgroup for the N genes and LDV as the outgroup for the M genes. The
phylogenetic tree drawn for the N gene is essentially the same as that drawn for
the M gene (Fig. 3). The PRRSV isolates fall into two distinct groups. All the
North American PRRSYV isolates thus far sequenced are closely related and
formed one group. The two European PRRSYV isolates are closely related and
comprised another group. Recently, portions of the N gene from seven Spanish
PRRSV isolates have been determined, and displayed 96-97%, sequence
homology with the corresponding region of LV [297]. This again indicates that
the European PRRSV isolates are highly conserved. Both the U.S. and European
PRRSV isolates are related to LDV strains and distantly related to EAV (Fig. 3).
The North American and European PRRSV isolates represent two distinct
genotypes (Fig. 3).

A striking feature of RNA viruses is their rapid evolution resulting in
extensive sequence variation [12]. Direct evidence for recombination between
different positive-strand RNA viruses has been obtained [16]. Western equine
encephalitis virus appears to be an evolutionarily recent hybrid between Eastern
equine encephalitis virus and another alphavirus closely related to Sindbis virus
[10]. Thus, the emergence of PRRSV and its close relatedness to LDV and EAV
is not surprising. Although the capsid or nucleocapsid protein has been used for
construction of evolutionary trees of many positive-strand RNA viruses,
proteins with conserved sequence motifs such as a RNA-dependent RNA
polymerase or a RNA replicase, would be more suitable for phylogenetic studies
[12]. Further sequence information of both North American and European
PRRSYV isolates would facilitate the evolutionary studies of PRRSV.
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Fig. 3. Phylogenetic trees based on the amino acid sequences of the M (a) and N (b) genes

of the proposed arterivirus group. The trees were constructed by maximum parsimony

methods with the aid of the PAUP software package version 3.1.1. The trees with the shortest

length {most parsimonious) were found by implementing the bootstrap (1000 replicates) with

branch-and-bound search option. The trees were rooted by assuming EAV as the outgroup

for the N genes and LDV as the outgroup for the M gene. The branch lengths (number of
amino acid substitutions) are given above each branch

Acknowledgements

The authors would like to thank W. Allen Miller at the Plant Pathology Department, Susan
Carpenter at the Department of Microbiology, Immunology and Preventive Medicine,
Richard Ross and John Andrews at the Veterinary Medical Research Institute (VMRI), and
Donald Beitz at the Department of Animal Science for their critical reviews of the
manuscript, Beth Sagers at the Solvay Animal Health, Inc. for her technical assistance,
Srinivas Mummidi and Eric Vaughn at VMRI for their helpful suggestions, and Harold



754 X.-J. Meng et al.

Hills at the Nucleic Acid Facility, lowa State University for his assistance in sequence
analysis. This work was supported by a grant from Solvay Animal Health, Inc., Mendota
Heights, MN 55120, and in part by National Research Initiative Competitive Grant from
US Department of Agriculture (grant no. 94-02092).

References

1. Bautista EM, Goyal SM, Yoon 1J, Joo HS, Collins JE (1993) Comparison of porcine
alveolar macrophages and CL 2621 for the detection of porcine reproductive and
respiratory syndrome (PRRS) virus and anti-PRRS antibody. J Vet Diagn Invest 5:
163-165

2. Bautista EM, Goyal SM, Collins JE (1993) Serologic survey for Lelystad and VR-2332
strains of porcine respiratory and reproductive syndrome (PRRS) virus in US swine
herds. J Vet Diagn Invest 5: 612-614

3. Benfield DA, Nelson E, Collins JE, Harris L, Goyal SM, Robison D, Christianson WT,
Morrison RB, Goreyca D, Chladek D (1992) Characterization of swine infertility and
respiratory syndrome (SIRS) virus (isolate ATCC VR-2332). J Vet Diagn Invest 4
127-133

4. Collins JE, Benfield DA, Christianson WJ, Harris L, Hennings JC, Shaw DP, Goyal
SM, McCullough S, Morrison RB, Joo HS, Gorcyca DE, Chladek DW (1992) Isolation
of swine infertility and respiratory syndrome virus (isolate ATCC VR-2332) in North
American and experimental reproduction of the disease in gnotobiotic pigs. ] Vet Diagn
Invest 4; 117-126

5. Conzelmann K-K, Visser N, Van Woensel P, Thiel H-J (1993) Molecular characteriza-
tion of porcine reproductive and respiratory syndrome virus, a member of the Arterivirus
group. Virology 193: 329-339

6. Den Boon JA, Snijder EJ, Chirnside ED, De Vries AAF, Horzinek MC, Spaan WIM
(1991) Equine arteritis virus is not a togavirus but belongs to the coronavirus-like
superfamily. J Virol 65: 2010-2920

7. Godeny EK, Speicher DW, Brinton MA (1990) Map location of lactate dehydrogenase-
elevating virus (LDV) capsid protein (Vpl) gene. Virology 177: 768-771

8. Godeny EK, Chen L, Kumar SN, Methven SL, Koonin EV, Brinton MA (1993)
Complete genomic sequence and phylogenetic analysis of the lactate dehydrogenase-
elevating virus (LDV). Virology 194: 585-596

9. Goyal SM (1993) Porcine reproductive and respiratory syndrome. J Vet Diagn Invest 5:
656—664

10. Hahn CS, Lustig S, Strauss EG, Strauss JH (1988) Western equine encephalitis virus is
a recombinant virus. Proc Natl Acad Sci USA 85: 5997-6001

11. Kim HS, Kwang J, Yoon 1], Joo HS, Frey ML (1993) Enhanced replication of porcine
reproductive and respiratory syndrome (PRRS) virus in a homogeneous subpopulation
of MA-104 cell line. Arch Virol 133: 477-483

12. Koonin EV, Dolja VV (1993) Evolution and taxonomy of positive-strand RNA viruses:
implication of comparative analysis of amino acid sequence. Crit Rev Biochem Mol Biol
28:375-430

13. Kuo L, Harty JT, Erickson L, Palmer GA, Plagemann PGW (1991} A nested set of eight
RNAs is formed in macrophages infected with lactate dehydrogenase-elevating virus. J
Virol 65: 5118-5123

14. Kuo L, Chen Z, Rowland RRR, Faaberg KS, Plagemann PGW (1992) Lactate
dehydrogenase-clevating virus (LDV): subgenomic mRNAs, mRNA leader and com-
parison of 3'-terminal sequences of two LDV isolates. Virus Res 23: 55-72

15. Lai MMC (1990) Coronavirus: organization, replication and expression of genome.
Annu Rev Microbiol 44: 303-333



16.

17.

18.

19.

20.

21.

22.

23,

24.

25.

26.

27.

28.
29.

30.

31.

32.

Phylogenetic analyses of PRRSV 755

Lai MMC (1992) RNA recombination in animal and plant viruses. Microbiol Rev 56:
61-79

Mardassi H, Mounir S, Dea S (1994) Identification of major differences in the
nucleocapsid protein genes of a Quebec strain and European strains of porcine
reproductive and respiratory syndrome virus. J Gen Virol 75: 681-685

Meng X-J, Paul PS, Halbur PG (1994) Molecular cloning and nucleotide sequencing of
the 3'-terminal genomic RNA of the porcine reproductive and respiratory syndrome
virus. J Gen Virol 75: 1795-1801

Meng X-J, Paul PS, Vaughn EV, Zimmerman JJ (1993) Development of a radiolabeled
nucleic acid probe for the detection of encephalomyocarditis virus of swine. J Vet Diagn
Invest 5: 254258

Meulenberg JJM, Hulst MM, De Meijer EJ, Moonen PLIM, Den Besten A, De Kluyver
EP, Wensvoort G, Moormann RJM (1993) Lelystad virus, the causative agent of porcine
epidemic abortion and respiratory syndrome (PEARS), is related to LDV and EAV.
Virology 192: 62-72

Meulenberg JIM, De Meijer EJ, Moormann RIM (1993) Subgenomic RNAs of Lelystad
virus contain a conserved leader-body junction sequence. J Gen Virol 74: 1697-1701
Murtaugh M (1993) The PRRS virus. Proc of the Allen D Leman Swine Conf,
Minneapolis, MN, pp 43—45. University of Minnesota, Minneapolis

Paul PS, Halbur PG, Meng X-J (1993) Porcine reproductive and respiratory syndrome:
an overview. J Clin Vet Med 11: 19-28

Plagemann PGW, Moennig V (1992) Lactate dehydrogenase-elevating virus, equine
arteritis virus and simian hemorrhagic fever virus, a new group of positive strand RNA
virus. Adv Virus Res 41: 99-192

Snijder EJ, Den Boon JA, Bredenbeek PJ, Horzinek MC, Runbrand R, Spaan WIM
(1990) The carboxyl-terminal part of putative Berne virus polymerase is expressed by
ribosomal frame shifting and contains sequence motifs which indicate that toro and
coronaviruses are evolutionarily related. Nucleic Acids Res 18: 45354542

Spaan WJM, Cavanagh D, Horzinek MC (1988) Coronaviruses: structure and genome
expression. J Gen Virol 69: 2939-2952

Stevenson GW, Van Alstine WG, Kanitz CL, Keffaber KK (1993) Endemic porcine
reproductive and respiratory syndrome virus infection of nursery pigs in two swine herds
without current reproductive failure. J Vet Diagn Invest 5: 432-434

Strauss JH, Strauss EG (1988} Evolution of RNA virus. Annu Rev Biochem 42: 657683
Suarez P, Zardoya R, Prieto C, Solana A, Tabares E, Bautista JM, Castro JM (1994)
Direct detection of the porcine reproductive and respiratory syndrome (PRRS) virus by
reverse polymerase chain reaction (RT-PCR). Arch Virol 135: 89-99

Wensvoort G, Terpstra C, Pol JM, Ter Laak EA, Bloemraad M, De Kluyver EP,
Kragten C, Van Butten L, Den Besten A, Wagenaar F, Broekhuijsen JM, Moonen
PLIM, Zetstra T, De Boer EA, Tibben HJ, De Jong MF, Van’t Veld P, Groenland GJR,
Van Gennep JA, Voets MT, Verheijden JHM, Braamskamp J (1991) Mystery swine
disease in the Netherlands: The isolation of Lelystad virus. Vet Q 13: 121-130
Wensvoort G, De Kluyver EP, Luijtze EA, Den Besten A, Harris L, Collins JE,
Christianson WT, Chladek D (1992) Antigenic comparison of Lelystad virus and swine
infertility and respiratory syndrome virus. J Vet Diagn Invest 4: 134138

Wensvoort G (1993} Lelystad virus and the porcine epidemic abortion and respiratory
syndrome. Vet Res 24: 117-124

Authors’ address: Dr. P. S. Paul, Veterinary Medical Research Institute, College of

Veterinary Medicine, lowa State University, 1802 Elwood Drive, Ames, lowa 50011, U.S.A.

Received November 2, 1994



