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Porcine reproductive and respiratory syndrome virus (PRRSV) is a recently described arterivirus responsible for
disease in swine worldwide. Comparative sequence analysis of 3*-terminal structural genes of the single-
stranded RNA viral genome revealed the presence of two genotypic classes of PRRSV, represented by the proto-
type North American and European strains, VR-2332 and Lelystad virus (LV), respectively. To better under-
stand the evolution and pathogenicity of PRRSV, we obtained the 12,066-base 5*-terminal nucleotide sequence
of VR-2332, encoding the viral replication activities, and compared it to those of LV and other arteriviruses.
VR-2332 and LV differ markedly in the 5* leader and sections of the open reading frame (ORF) 1a region. The
ORF 1b sequence was nearly colinear but varied in similarity of proteins encoded in identified regions. Fur-
thermore, molecular and biochemical analysis of subgenomic mRNA (sgmRNA) processing revealed extensive
variation in the number of sgmRNAs which may be generated during infection and in the lengths of noncoding
sequence between leader-body junctions and the translation-initiating codon AUG. In addition, VR-2332 and
LV select different leader-body junction sites from a pool of similar candidate sites to produce sgmRNA 7, en-
coding the viral nucleocapsid protein. The presence of substantial variations across the entire genome and in
sgmRNA processing indicates that PRRSV has evolved independently on separate continents. The near-simul-
taneous global emergence of a new swine disease caused by divergently evolved viruses suggests that changes
in swine husbandry and management may have contributed to the emergence of PRRS.

Porcine reproductive and respiratory syndrome virus (PRRSV)
is a small, enveloped positive single-stranded RNA virus that
causes reproductive failure in breeding swine and respiratory
problems in young pigs. The syndrome was first recognized as
a “mystery swine disease” in the United States in 1987 (27), but
in the time since the virus was identified in Europe (Lelystad
virus [LV] [67]) and in the United States (VR-2332 [4, 10]),
PRRSV has become a significant pathogen of swine herds
worldwide, with new disease phenotypes continuing to emerge
(49).

PRRSV is a member of the family Arteriviridae in the order
Nidovirales (7). The arterivirus family consists of PRRSV, lac-
tate dehydrogenase-elevating virus (LDV), equine arteritis
virus (EAV), and simian hemorrhagic fever virus (SHFV) (46).
The 59-capped (51) and 39-polyadenylated (5, 50, 61) RNA is
polycistronic, containing (59 to 39) two large replicase open
reading frames (ORFs), 1a and 1b, and several smaller ORFs
(11, 28, 42, 55). In the infected cell, arteriviruses produce
a nested set of six to eight major coterminal subgenomic
mRNAs (sgmRNAs) each thought to express only the relative
59-terminal ORF. These sgmRNAs have a leader sequence
derived from the 59 end of the genome that is joined at specific
leader-body junction sites located downstream by an unclear
discontinuous transcription mechanism (29). The sgmRNAs
of PRRSV encode four glycoproteins (GP2 to 5, encoded by
sgmRNAs 2 to 5), an unglycosylated membrane protein (M,
encoded by sgmRNA 6), and a nucleocapsid protein (N, en-
coded by sgmRNA 7) (3, 32, 33, 38, 41, 43). The European
prototype strain of PRRSV, LV, contains all six of these pro-
teins in the virion (35, 36, 65), but only the proteins encoded by

ORFs 5 to 7 have conclusively been demonstrated to be in the
virion of North American isolates (3, 43, 45).

Nucleotide and amino acid sequence comparisons of the
39-terminal ORFs 2 to 7 have shown that there are significant
differences between PRRSV strains native to Europe and those
found in North America (26, 42). Therefore, although these
two PRRSV strains cause similar diseases (4, 67), they are
genotypically different in the genes encoding structural pro-
teins. In order to fully investigate the genomic properties of
these two divergent groups of PRRSV strains, we completed
the sequencing of the 59 12,066 nucleotides of North American
prototype VR-2332 that contain ORF1 and compared the gen-
erated nucleotide and predicted amino acid sequences to those
of the European PRRSV prototype strain LV (15,111 bases
[38, 39]), LDV strain P (LDVP) (14,104 bases [44]), and EAV
strain Bucyrus (12,719 bases [63]).

The genotypic comparison between strains VR-2332 and LV
revealed that ORF 1a of VR-2332 is vastly different from that
of LV in both length and sequence, while ORF 1b is relatively
conserved between the two strains of PRRSV. The 59 leader
sequence of VR-2332 was 31 bases shorter than that of LV and
differed considerably in nucleotide sequence. Regional amino
acid sequence comparisons also revealed that although the
recognized functional domains of the ORF 1a proteins were
present in both strains, the proteins were not well conserved
between these domains. In order to investigate biochemical
differences caused by the total genome variation, we deter-
mined the use of subgenomic leader-body junction sites for
VR-2332 mRNAs and found that VR-2332 can utilize various
sites, all of which are different from those used by LV (37). In
particular, examination of the display of sgmRNA 7 transcripts
revealed that three potential leader-body junction sites are
present at the same relative sites on the genomes of North
American VR-2332 and European LV strains, yet the junction
site utilized to form sgmRNA 7 was peculiar to each isolate.
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Therefore, these two strains, which cause comparable diseases
in the same host, differ greatly in both genotype and selection
of a subgenomic transcript leader-body junction site. The re-
sults, combined with those of earlier studies (26, 42), suggest
that these two PRRSV strains underwent divergent evolution
on two continents from a distant common ancestor.

MATERIALS AND METHODS

Virus and cells. The fourth cell culture passage of the VR-2332 isolate of
PRRSV was obtained from the American Type Culture Collection and was
passaged twice before the isolate was used to generate nearly full-length VR-
2332 mRNA 7 cDNA. The LV isolate was provided by Boehringer Ingelheim
Animal Health, St. Joseph, Mo. David Benfield (South Dakota State University,
Brookings) provided plaque-purified VR-2332. All PRRSV samples were prop-
agated in simian MA-104 cells in Dulbecco modified Eagle medium supple-
mented with 10% fetal calf serum at 37°C (10). Porcine alveolar macrophages
were prepared as described previously (2). PRRSV isolates were grown in mac-
rophages in standard RPMI 1640 medium supplemented with 2% swine serum.

Viral cDNA identification, RNA isolation, RT-PCR, and cloning. The con-
struction and screening of a VR-2332-infected cell library was described previ-
ously (42). A 270-bp fragment, generated by restriction endonuclease digestion
of a plasmid containing cDNA of bases 20 to 222 of the LV strain of PRRSV and
a flanking vector sequence, was radiolabeled with [32P]dCTP (3,000 Ci/mmol;
Amersham, Arlington Heights, Ill.) by random oligonucleotide-primed synthesis
(17) and used as a probe for the detection of similar sequences in VR-2332.
VR-2332 library clones 412 and 658 were identified in this manner.

Viral genomic RNA was isolated from infected MA-104 cell medium. The
medium was collected 4 days postinfection (p.i.), and cellular debris was removed
by centrifugation for 20 min in a JA-14 rotor (Beckman Instruments, Inc.,
Fullerton, Calif.) at 8,000 rpm at 4°C. The virus was pelleted from the superna-
tant, and the RNA was purified from this pellet essentially as described previ-
ously (9). Viral RNA was denatured by treatment with 10 mM methylmercuric
hydroxide, primed with VR-2332-specific primers, and reverse transcribed with
SUPERSCRIPT II RNase H2 reverse transcriptase (RT) (Life Technologies,
Inc.). PCRs were completed with VR-2332, LV, LDVP primers, or degenerate
primers designed from regions of high homology between LV and LDVP se-
quences (Table 1). PCR amplification was completed with the Long PCR kit
(Boehringer Mannheim Corporation) with an optimization of annealing temper-
ature for individual primer pairs and an elongation time for predicted product
size. PCR products were purified with a Microcon 100 kit (Amicon).

To obtain leader-body junction sites, total RNA from infected-cell lysates was
isolated by acid guanidine phenol extraction or by the RNeasy kit (Qiagen, Santa
Clarita, Calif.) on day 3 (MA-104) or day 2 p.i. (alveolar macrophages). Reverse
transcription was performed with random hexamers and Moloney murine leu-
kemia virus RT (Perkin-Elmer Cetus, Norwalk, Conn.). For the first round of

PCRs, a leader sequence forward primer (658P1/, 59-CAGGAGCTGTGACCA
TTGGC) was synthesized based on the sequence of clones 658 and 412 and was
used with reverse primers specific to each of the ORFs (712P5, 59-CGGCTTC
AATGGCGGCTAG [ORF 2]; 712P2, 59-GGCGCACATGAGTTGATG [ORF
3]; P42, 59-GCAATCGCGAGCAACAGCC [ORF 4]; 05P1, 59-GGTTGCCAC
GGAACCATC [ORF 5]; 06P1, 59-GCGGCACTTTCAACGTGG [ORF 6]; and
P72, 59-CGCCCTAATTGAATAGGTGAC [ORF 7]). First-round PCR products
were diluted 200-fold and used in nested PCRs with, as the leader sequence
forward primer, 658P2 (59-GCTGCACAGAAACACCCTTC) and reverse prim-
ers specific to the internal sequence of each ORF PCR product generated
(712P6, 59-GGCCTCATAAGATCTTCTG [ORF2]; 712P3, 59-CTAGCTCG
TCATGATCGTC [ORF3]; 416P1, 59-CATGTTGGACGTAGCTGG [ORF4];
O5P2, 59-GAAGCAAGTCAACGCAGCC [ORF5]; 06P2, 59-GGTGAAAGCA
CAATTCAGG [ORF6]; and P73, 59-CTTTCCCGGTCCCTTGCC [ORF7]).
Alternatively, nested PCRs were completed with 658P1/ as the forward primer
and a primer developed for 39 rapid amplification of cDNA ends (Qt, 59-CCA
GTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTTTTTTTTTTTTTT
TT) in the first round, and in the second round, 658P2 and another primer
developed for 39 rapid amplification of cDNA ends (Qo, 59-CCAGTGAGCAG
AGTGACG) were used (19). PCR was performed for a total of 30 cycles. These
nucleic acids were denatured for 1 min at 93°C, annealed at 55 to 63°C for 30 s
to 1 min, and extended at 72°C for 1 min. The amplified fragments were then
polished at 72°C for 10 min. Fragments corresponding to the approximate pre-
dicted size were gel purified with GeneClean II (Bio 101, Vista, Calif.) or a
Qiaquick gel extraction kit (Qiagen).

Purified fragments were ligated into the pGEM-T vector (Promega, Madison,
Wis.) and transformed into competent DH5a cells. For each leader-body junc-
tion, at least two clones from independent PCRs were sequenced with the
exception of mRNA 7, for which a total of 10 clones were analyzed (16).

Primer extension. RNA was obtained from total RNA from infected MA-104
cells on day 3 p.i. with Trizol reagent (Gibco BRL). Primer extension analysis to
determine the length of the 59 leader was completed as described previously but
with modifications (60). Briefly, 1 mg of infected-cell total RNA was denatured
in the presence of 10 mM methylmercuric hydroxide for 5 min and hybridized for
16 h at 30°C to the leader sequence reverse complement primer /658P4 (Table 1),
which was isotopically 59-end labeled with [g-32P]ATP (Amersham Life Science)
and T4 polynucleotide kinase (Promega Corporation). The labeled primer was
extended with Superscript II RNase H2 RT (Gibco BRL). The fragment was
sized with a sequencing reaction on clone 712 (42), with a 19-mer primer, P71/
(59-GCTGTTAAACAGGGAGTGG), by electrophoresis through a 7 M urea–
polyacrylamide gel (9%).

Northern blotting. One microgram of total RNA was denatured with glyoxyl,
electrophoresed through a 2% agarose gel (6), transferred to nylon membranes
(MagnaGraph; MSI, Westboro, Mass.), and cross-linked to the membrane by
UV light. Membranes were hybridized to radiolabeled oligomers in QuikHyb
(Stratagene, La Jolla, Calif.) at 68°C for 16 h, washed three times in 63 SSC (13
SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate [pH 7.0])–0.5%
sodium dodecyl sulfate at 72°C, and exposed to autoradiography film (NEN Life
Science Products, Boston, Mass.) or a phosphorimaging screen (Molecular Dy-
namics, Inc., Sunnyvale, Calif.). The reverse complement oligomer sequences
were derived from defined nucleotide regions of potential sgmRNA 7 species
(ORF7-VR, 59-CCTTCTTTCTCTTCTGCTGCTTGCCGTTGTTATTTGGC
AT, melting temperature (Tm) 5 79.5°C; ORF7-LV, 59-TACTTTTCTTTTTCT
TCTGGCTCTGGTTTTTACCGGCCAT, Tm 5 76.4°C; ORF7-JS 1,59-ACGC
CGGACGACAAATGCGTGGTTAAAGGGGTGGAGAGAC, Tm 5 85.4°C;
ORF7-JS 2, 59-TTATTTGGCATATTTGACAAGGTTTACGGGGTGGAGA
GAC, Tm 5 76.7°C; and ORF7-JS 3, 59-GACAAGGTTTACCACTCCCTGT
TTAACGGGGTGGAGAGAC, Tm 5 78.9°C). The oligomers were 39-end
radiolabeled with [a-32P]dATP (Amersham Life Science) and terminal de-
oxynucleotide transferase (Promega Corporation).

Sequence analysis. Automated sequencing reactions were completed with a
Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems) and a PE
2400 Thermocycler (Perkin-Elmer) at the University of Minnesota Advanced
Genetic Analysis Center. Analysis of the newly generated VR-2332 sequence and
comparison to the sequences of other arteriviruses were completed with com-
puter software included in the LASERGENE package (DNASTAR Inc., Mad-
ison, Wis.), Wisconsin package version 9.1 (Genetics Computer Group [GCG],
Madison, Wis.), and EUGENE (Molecular Biology Information Resource, Bay-
lor College of Medicine, Houston, Tex.). Sequences used for sequence anal-
ysis (and their GenBank accession numbers) include VR-2332 leader se-
quence (AF030244), ORF 2 to the 39 end (PRU00153), LV (M96262), LDVP
(PRU15146), and EAV (X53459).

Nucleotide sequence accession number. The complete genomic sequence for
strain VR-2332 detailed in this report has been deposited as GenBank accession
no. PRU87392.

RESULTS

Determination of the 5*-end sequence of VR-2332 viral RNA.
Library clones 412 and 658 included putative 59 leader se-
quences of 162 and 170 bases, respectively, based on sequence

TABLE 1. Primers used to generate ORF 1 clones of VR-2332

Primer Sequence Location

658P1/ 59-CAGGAGCTGTGACCATTGGC 45–64
/658P4 59-GAAGGGTGTTTCTGTGCAGC 60–79
595500/ 59-CAAGACCCAATTCTGCACG 5848–5863
596050/ 59-GCGCCCCTCAGGCCAGTTTT 6049–6068
/395800 59-TGGCTGCCGACCTTCAC 6124–6140
595800/ 59-GGCAGCCACATAATTAAAGACATA 6149–6172
/396200 59-ACTGCACCGAGGCTTGAA 6458–6475
LAF2/ 59-GCTTTGTATCTGCTTCAAACATG 6544–6566
597550/ 59-GGTCCCCGTCAACCCAGAGAAT 7522–7543
/39ORF1b 59-ACCGTCGACATTCATCATACCTA 7568–7590
/398242 59-CGGATAATGGGACAGGTTC 7633–7652
/3942-60 59-AATCCTTTCACCCGCATCA 8123–8141
5940-56/ 59-CCTGATGCGGGTGAAAG 8139–8156
598342/ 59-AGGAGMAYTGGCAAACYGTGAC 8352–8375
598242/ 59-CCCGCYAAGACCTCKATGG 8539–8560
VRBP1/ 59-GTTTGGTGATCTATGCACAG 9080–9099
59-160/ 59-TCCCACCATGCCAAACTATCACTG 9237–9260
/VRBP2 59-CAGATGTTCAACCCACCAGT 9257–9277
VRBP5/ 59-CTCATGGACAGCTGTGCTTG 9463–9482
/39965 59-GTGGGCCGATGATGAACCTG 10028–10047
VRBP9/ 59-GAATGCACGGTTGCTCAGGC 10840–10859
591500/ 59-GAGGACGACGCCATCACTAT 10588–10787
/VRBP6 59-CCCAGGAGTGCCTAGAAAC 11163–11181
/392260 59-GGTGACATCCTCCAACGGTAGTGC 11325–11348
/VRBP4 59-GTTCAATGACAGGGCCCGG 12031–12049
/P23 59-GCCACCACATCCAAACTAC 12489–12507
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comparison to other arteriviruses. These separate clones ex-
hibited complete nucleotide identity for all 162 59 leader nu-
cleotides of clone 412. Eight additional nucleotides were pres-
ent at the 59 end of clone 658. To establish the sequence as the
VR-2332 59 leader sequence, a SmaI restriction endonuclease
digestion of clone 412 was used to probe, at high stringency, a
Northern blot of total RNA from MA-104 cells infected with
PRRSV. Hybridization of the radiolabeled probe to discrete
bands of RNA derived from VR-2332-infected cells but not to
RNA derived from LV-infected cells was observed. A primer
synthesized by using the additional eight nucleotides present in
the 170-base (clone 658) sequence has identified the VR-2332
leader sequence joined to downstream ORF 1 nucleotides
(d5800 clones; Fig. 2A) with no alterations in the leader se-
quence presented below.

In order to locate the exact 59 end of strain VR-2332, primer
extension reaction products were analyzed. The strong stop for
VR-2332 primer extension comigrated with a thymidine resi-
due at nucleotide 2965 in clone 712 (98 bases from the start of
P71), corresponding to a primer extension product of 98 nu-
cleotides (Fig. 1A). Because the primer extension reaction was
completed with a primer annealing to bases 78 to 59 of the
leader sequence of ORF 7 clone 658, the 20-base difference
represents an uncloned genomic sequence. Therefore, the 59
end of the leader sequence of PRRSV VR-2332 is 190 bases in
length (170 plus 20 nucleotides). The 20 59-terminal nucleo-
tides have not yet been identified.

Comparison of VR-2332 with other arterivirus leader se-
quences. The VR-2332 leader sequence is intermediate in
length among the leader sequences of LDVP (156 bases [8]),
LDVC (161 bases [20]), SHFV (208 bases [68]), EAV (211
bases [12, 63]), and LV (221 bases [38, 39]). The 190-base
leader sequence was aligned with the 221-base leader sequence
of LV (Fig. 1B). The two PRRSV isolates exhibited an overall
moderate sequence identity of 61.0% for the known leader
sequences when aligned with the GAP program in GCG. The

leader sequences of two isolates of LDV exhibited similar
sequence identities to VR-2332 (62.5% for LDVP and 62.3%
for LDVC) when they were compared by using the same pa-
rameters. The only region of distinct similarity was in the
approximately 40-base region at the 39 end of the leader
sequences, which exhibited 90.4% identity. The hexanucleotide
UUAACC (Fig. 1B) was shown to be completely conserved
between the two strains and defines the leader-body junction
sequence for strain VR-2332 (see below).

Determination of the genomic sequence for ORF 1 of strain
VR-2332. The genomic sequence for VR-2332 ORF 1 was gen-
erated from RT-PCR products covering the region at least
three times, as schematically outlined in Fig. 2A, by using the
primers listed in Table 1. The sequence of clone 712 (ORFs 2
to 7) was reported previously (42). Using LV-specific primers,
we obtained RT-PCR cDNA clones LAF1, LAF1s, LAF2-
3940-60, 21, 39-ORF1b, and 3942-60. LV-LDVP primers pro-
duced clones 8242 and 8342 by similar RT-PCR methods. The
remaining clones were generated by RT-PCR with VR-2332-
specific primers disclosed through sequence analysis of the
previously mentioned clones. All clones were sequenced and
aligned into 12,066 contiguous bases.

When the newly generated sequence was combined with the
sequence of clone 712, the complete VR-2332 viral genome
consisted of 15,409 bases with a polyadenylated tract at the 39
end (Fig. 2A). The genome of LV is 15,098 nucleotides in
length (39), and thus, the VR-2332 genome is 311 nucleotides
longer than the genome of the European strain LV. The pre-
dicted lengths (and calculated molecular masses) of the prod-
ucts of strain VR-2332 ORF 1a and 1b are 2,502 amino acids
(272.1 kDa) and 1,457 amino acids (161.0 kDa), respectively,
while strain LV possesses ORF 1 proteins of 2,396 amino acids
(260.1 kDa) and 1,458 amino acids (161.3 kDa), respectively
(Fig. 3A).

Genetic comparison of PRRSV VR-2332 ORF 1 sequence to
those of other arteriviruses. Needleman-Wunsch pairwise com-

FIG. 1. (A) Primer extension analysis of strain VR-2332. RNA from VR-2332-infected MA-104 cells was hybridized to g-32P-radiolabeled VR-2332 leader reverse
primer /658P4 and reverse transcribed. The primer extension products were electrophoresed alongside the known sequencing products obtained from clone 712 and
forward primer P71/. The primer extension product migrated with the thymidine residue located at nucleotide 2965 of clone 712, resulting in an extension product of
98 nucleotides. (B) Comparison of PRRSV leader sequences. VR-2332 leader (190 bases in length) and LV leader (221 bases in length) sequences exhibit 61.0% identity
as analyzed by the GCG GAP program, with a gap weight of 5 and a length weight of 5 (lines between the sequences indicate identity). The leader-body junction
sequence utilized for transcription of each mRNA is boxed.
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parisons between VR-2332 ORF 1 and other arterivirus ORF
1 nucleotide and protein sequences showed that ORF 1b is
relatively more conserved than ORF 1a among arteriviruses
(Table 2). The low degree of nucleotide and protein similarity
to the European prototype strain of PRRSV, LV, obtained for
both ORF 1a and 1b was particularly striking and was not
expected for two viruses causing the same disease phenotype in
the same host.

The ORF 1 sequence of VR-2332 contained a predicted
pseudoknot sequence at the end of ORF 1a (Fig. 2B), very
similar to the pseudoknot sequence of strain LV (1, 38), so that
the 1,457 additional amino acids of ORF 1b were predicted to
be translated through ribosomal frameshifting (Fig. 3A) (12).
Regions corresponding to seven protein domains have been
identified in ORF 1 of all members of the order Nidovirales
(12, 13, 56–58). These protein domains were identified for
strain VR-2332 by genetic comparison and were aligned with
and compared to PRRSV LV (Fig. 3A) and other viruses (Fig.
3B and C).

The VR-2332 ORF 1a sequence, like that of LV, contained
two papainlike cysteine protease (PCP) motifs (PCPa was
78.0% similar [amino acids 74 to 146] and PCPb was 62.5%

similar [amino acids 268 to 339]), an unusual cysteine protease
with a putative CG catalytic site (63.9% similar [amino acids
435 to 506]), and a poliovirus 3C-like serine protease motif
(68.6% similar [amino acids 1840 to 1946]) that were moder-
ately conserved between the strains (Fig. 3A). All four pre-
dicted proteases and their cleavage sites have yet to be defined.
However, both PCP sites are functional in LV (13), and the
relative conservation of these two motifs suggests that both
sites are likely to be functional in VR-2332. All serine protease
sites predicted for LV (62) were shown to be conserved in the
ORF 1b sequence of VR-2332. A region of little protein sim-
ilarity (39.3%), VR-2332 amino acids 507 to 1236 and LV
amino acids 498 to 1119 (optimal similarity score obtained with
the GCG GAP program, a blosum62.cmp scoring matrix, a gap
weight of 2, and a gap length weight of 4), in the ORF 1a
product resided between the third cysteine protease domain
and the serine protease domain and accounted for the majority
of the extra 106 amino acids in strain VR-2332 (Fig. 3A and
data not shown). An exhaustive search of many databases
revealed no other predicted protein motifs present in the ORF
1 product of strain VR-2332.

ORF 1b was more conserved than ORF 1a. ORF 1b of

FIG. 2. (A) Schematic of the 15,409-base viral genome of VR-2332 (open boxes) with sequenced cDNA clones (shaded boxes). (B) Sequence of the VR-2332 region
between ORF 1a and 1b and its resulting predicted RNA pseudoknot tertiary structure involved in ribosome frameshifting, as modeled on the predicted pseudoknot
of LV (1, 38). The proposed heptanucleotide slippery sequence (boxed), UAG stop codon of ORF 1a (bold), and differences between VR-2332 and LV (italics) are
indicated.
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FIG. 3. (A) Schematic of amino acid comparisons of VR-2332 (upper bars) and LV (lower bars) by domain, showing regions of similarity and dissimilarity (GCG
GAP program alignments; see text). (B) ORF 1a alignment of the following: (1) arteriviral PCPa and -b domains and their respective catalytic residues (a or b) (with
blosum62.cmp and pam250.cmp, a gap weight of 12, and a gap length weight of 4); (2) an unusual arteriviral cysteine protease domain with putative catalytic residues
(F) (with blosum62.cmp, a gap weight of 5, and a gap length weight of 5); and (3) the poliovirus 3C-like protease (PV1) domain with catalytic H and D and C/S residues
(p) (with blosum62.cmp, a gap weight of 1, and a gap length weight of 2). (C) ORF 1b with MHV-A59 ORF 1b residues used to align the following: (1) a putative
polymerase region with amino acids conserved among positive strand RNA viruses (48) shown (p) (with blosum62.cmp, a gap weight of 5, and a gap length weight of
5); (2) a domain with conserved cysteine and histidine residues (F) (with blosum62.cmp, a gap weight of 6, and a gap length weight of 2); (3) helicase domains showing
conserved amino acids (F) in Sindbis virus-like RNA plant virus group A2 (22) (with blosum62.cmp, a gap weight of 2, and a length weight of 2); and (4) a
coronaviruslike domain (with blosum62.cmp, a gap weight of 5, and a gap length weight of 5). In all panels, amino acids conserved in aligned sequences are shown in
boldface, those conserved among arteriviruses are shown in uppercase (except for the PCPa and -b -alignment which shows conservation between VR-2332, LV, and
LDVP in uppercase), and similar amino acids between the two PRRSV strains are boxed.
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FIG. 3—Continued.
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VR-2332 was highly similar to that of LV, in that it coded for
polymerase (86.9% similar [amino acids 367 to 511]) and
nidovirus-unique coronaviruslike (89.7% similar [amino acids
1209 to 1305]) domains. In addition, nucleoside triphosphate/
helicase (77.2% similar [amino acids 787 to 1010]) and cys-
teine- and histidine-rich (76.6% similar, probably metal bind-
ing [amino acids 647 to 693]) domains that were less similar to
LV were also identified. A region of 151 amino acids at the C
terminus of the ORF 1b product exhibited only 49.0% similar-
ity between the two PRRSV strains (Fig. 3A).

Comparison of putative functional domains of VR-2332 ORF 1
to other viruses. As shown in Fig. 3B, panel 1, VR-2332 ORF
1a PCP motifs were aligned with those of LV, LDVP, and
EAV (13, 57, 58, 66). PCPa is well conserved between both
strains of PRRSV and LDVP. However, the putative catalytic
residues of PCPb, when aligned, suggest that there is consid-
erable divergence between the viruses, including those be-
tween VR-2332 and LV, as the lengths of regions between
conserved residues are quite variable. The poliovirus 3C-like
serine protease motif also contains different lengths of non-
conserved amino acids between conserved residues (Fig. 3B,
panel 3).

In other ORF 1 functional domains, strains VR-2332 and
LV are clearly more related to each other than to other arteri-
viruses, although there are many short amino acid stretches
which also have identity to LDVP (Fig. 3). EAV possesses little
homology to other arteriviruses (59).

VR-2332 leader-body junction sequences. Previous results
suggested that each sgmRNA leader-body junction included one
specific junction site on the PRRSV genome (34, 37, 52). How-
ever, sequence analysis of the 39 end of VR-2332 identified 15
potential leader-body junction sequences which could theoret-
ically be used for transcription of the six sgmRNAs 2 to 7 (con-
sensus sequence with one mismatch, see below). Therefore, lead-
er-body junction sequence analysis was completed by RT-PCR
for each ORF-specific sgmRNA transcript. The leader-body
junction consensus sequence for VR-2332 was determined
to be UUAACC, similar to all arterivirus consensus sequences
described to date (8, 14, 15, 21, 34, 37, 52), with nucleotide
differences among the sgmRNAs noted for the first five bases
of this sequence ([U/A][U/C/A/G][A/C][A/G][C/U]C) (Table
3).

The length of untranslated sequence between the leader-
body junction sequence and the starting AUG for each ORF is
shown in Table 3. For mRNAs 2, 3, and 6 only one junction site
was identified. However, for mRNAs 4 and 7, two genomic
sites were identified and designated 4.1 and 4.2 and 7.1 and 7.2,
respectively, designations similar to the nomenclature of addi-
tional EAV mRNA 3 species (14). Another mRNA (5-1 [7])
utilized a site downstream of the starting AUG for ORF 5, and
it appears to encode a truncated protein utilizing the second
ORF 5 methionine (amino acid 132; data not shown). The

length of untranslated sequence preceding ORFs 3 and 4.1 for
VR-2332 agrees with that of another North American isolate
(ISU79 [34, 40]). However, mRNA 3-1, detected in ISU79-
infected cells, was not detected in our analysis of VR-2332-
infected cells. This could be due to the genomic sequence
variation at this leader-body junction site (ISU79 has UUG
ACC and VR-2332 has UUGACU) or to the different cell lines
used for sgmRNA junction site analysis. The lengths of se-
quences preceding mRNAs 5, 6, and 7.1 agree with those of
a Japanese isolate (EDRD-1 [52]), which was shown to be
more related to North American isolates than to LV (38)
(Table 3). Thus, with limited RT-PCR and sequence analysis,
we have obtained evidence that the leader-body junction sites
utilized by strain VR-2332 for mRNAs 4 and 7 seem to be
more heterogeneous than previously reported. Because the

TABLE 2. Comparison of VR-2332 ORF 1 sequences
to those of other arterivirusesa

ORF

LV LDVP EAV

% nt
identity

% aa
similarity

% nt
identity

% aa
similarity

% nt
identity

% aa
similarity

1a 54.7 55.6 51.6 46.7 41.0 28.3
1b 63.1 75.3 55.4 62.2 47.8 46.6

a Needleman-Wunsch alignment was carried out with the GCG GAP program:
nwsgapdna.cmp (for nucleotide comparison) with a gap weight of 50, and a gap
length weight of 3 and blosum62.cmp (for amino acid comparison) with a gap
weight of 12 and a gap length weight of 4. nt, nucleotide; aa, amino acid.

TABLE 3. Comparison of the numbers of nucleotides between the
leader-body junction site and the initiating AUG for sgmRNAs of

VR-2332 (North American) and LV (European [37]) PRRSV

ORF mRNA

VR-2332 junction No. of
nucleotides

Type Sequencea
VR-2332
(no. of
clones)

LVb

2 2 Leader CACCCCUUuAACCAugUcUg
Subgenomic CACCCCUUGAACCAACUUUA19 (5) 38
Genomic CuguCaUUGAACCAACUUUA

3 3 Leader CACCCCUUUAACCAUgucug
Subgenomic CACCCCUUUAACCAUAGUGU83 (4) 11
Genomic guCaaaUgUAACCAUAGUGU

4 4.1 Leader CACCCCUUUaACCauGucUG
Subgenomic CACCCCUUUCACCUAGAAUG 4 (3) 83
Genomic aAuuggUUUCACCUAGAAUG

4.2 Leader CACCCCUUuAaCCaUGUcUg
Subgenomic CACCCCUUCAGCCGUGUUUC56 (1) NDc

Genomic CAaCauUUCAGCCGUGUUUC

5 5 Leader CACCCCUUUAaCCaugucUg
Subgenomic CACCCCUUUAGCCUGUCUUU40 (3) 32
Genomic aACuguUUUAGCCUGUCUUU

5-1 Leader CACCCCUUUAacCAugucug
Subgenomic CACCCCUUUAGUCACUGUGU111 (1) ND
Genomic aguCuCUUUAGUCACUGUGU

6 6 Leader CACCCCUuUAACCAugucUg
Subgenomic CACCCCUAUAACCAGAGUUU17 (4) 24
Genomic aACCCCUAUAACCAGAGUUU

7 7.1 Leader CACCCCUUUAACCAuGucUg
Subgenomic CACCCCUUUAACCACGCAUU123 (7) 9
Genomic gcaaaugaUAACCACGCAUU

7.2 Leader CACCCCuUuAACCaUGUCug
Subgenomic CACCCCGUAAACCUUGUCAA 9 (3) ND
Genomic ggagugGUAAACCUUGUCAA

a The leader-body junction motif for each sgmRNA is underlined. Nucleotides
conserved between the subgenomic, leader, and genomic sequences are in up-
percase.

b Material reprinted with the permission of the Society of General Microbi-
ology and J. J. M. Meulenberg (37).

c ND, not detected.
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initial RNA was isolated from swine alveolar macrophages, this
finding suggests that more than one leader-body junction site
may be utilized in vivo to produce at least some sgmRNAs.

When the untranslated sequence lengths between the leader
and initiator AUG for the mRNAs of North American and
Japanese isolates were compared to those of LV, significant
differences were readily apparent (Table 3). Also, with the
exception of mRNA 7 (see below), the alignment of nucleotide
sequences from VR-2332 and LV ORFs 2 to 7 revealed that
the junction site motifs used were poorly conserved between
strains (data not shown). Strain-specific selection of leader-
body junction sites and their placement in ORFs 2 to 7 delin-
eate a clear biochemical difference between VR-2332 and LV.

sgmRNA 7 junction site utilization in virally infected cells.
sgmRNA 7.1 and 7.2 (coding for the nucleocapsid [N] protein)
(Table 3) were further investigated in order to confirm the
difference in leader-body junction site utilization between
North American and European strains and to assess the rela-
tive abundance of the two VR-2332-specific mRNA 7 species.
VR-2332 and LV contain three potential leader-body junction
motifs at the same relative positions (Fig. 4). However, North-
ern analysis of total RNA from VR-2332 and LV-infected
MA-104 cells revealed two isoforms for VR-2332 and one for
LV. When a Northern blot was analyzed with a VR-2332 ORF
7 sequence probe, one mRNA 7 was a highly abundant, slower-
migrating band (presumably VR-2332 mRNA 7.1; see below)
and the other was a less abundant, faster-migrating band (pre-
sumably VR-2332 mRNA 7.2) (Fig. 5A, lane 1). Both cloned
(Fig. 5A, lane 1) and uncloned (data not shown) VR-2332
preparations exhibited similar profiles for mRNA 7. When
the blot was reprobed for LV ORF 7 sequence, only one
mobility species was discerned, which migrated with VR-2332
mRNA 7.2 (Fig. 5A, lane 2). Evidence of an LV mRNA 7
equivalent to VR-2332 mRNA 7.1 was not observed in the
Northern analysis and has not been described previously (37).

We assessed whether all three junction sites were utilized
during VR-2332 infection of simian MA-104 cells and of fresh-
ly isolated porcine alveolar macrophages, the natural host cell
of the virus. Identification of mRNA 7.1 and 7.2 in infected
alveolar macrophages would suggest that the two species of
mRNA 7 are biologically relevant. Northern blots of total RNA
from both types of infected cells were probed with radiolabeled
VR-2332 or LV ORF 7 oligomers. VR-2332 expresses both
mRNA 7.1 and 7.2 in both populations of cells (Fig. 5B,
panel a). In addition, sgmRNA 7 leader-body junction oli-

gomer probes were used to detect expression of each mRNA 7
species in infected cells. The VR-2332 leader-body junction
site 1 probe (for the junction site 123 bases upstream of the
ORF 7 AUG) hybridized to a species of mRNA that migrated
with mRNA 7.1 in both populations of infected cells (Fig. 5B,
panel b). Similarly, the junction site 2 probe (for the junction
site 9 bases upstream of the ORF 7 AUG) identified mRNA
7.2 in both cell populations (Fig. 5B, panel c), which migrated
with LV mRNA 7 (Fig. 5B, panel d). The other leader-body
junction site (VR-2332 nucleotide 14577 in Fig. 4) was not
detected in VR-2332-infected cells, indicating that this species
was expressed at very low levels or not at all.

Therefore, both the North American strain VR-2332 and the
European strain LV possess genomic sequences containing
three similar leader-body junction motifs in the region preced-
ing ORF 7. VR-2332 utilizes the site 123 bases upstream of the
initiating ORF 7 AUG for the majority of mRNA 7 transcripts
and the site 9 bases upstream for a minor fraction of them. LV,
in contrast, utilizes only the site 9 bases upstream of ORF 7 for
its mRNA 7 transcripts. No obvious consensus sequence or
RNA structure surrounds the chosen leader-body junction mo-
tifs that are used (unpublished data). It is interesting that
neither strain of PRRSV appears to utilize the third potential
junction site, even though that putative junction site was com-
pletely conserved in both strains.

DISCUSSION

The complete comparative genome analysis and experi-
mental data reported here confirm and extend the remarkable
differences between North American and European PRRSV
reported earlier from an analysis of the 39 structural gene and
noncoding region sequences (42). VR-2332, the North Amer-
ican prototype, exhibits substantial nucleotide and amino acid
sequence and length divergence from the European prototype,
LV, over the entire length of the virus. The identified protease
and polymerase motifs in ORF 1, relatively well conserved
during evolution, signify their importance for the maintenance
of viable PRRSV virus. Other than these motifs, notably in the
sequence and length of the 59 leader, most of ORF 1a, and the
region of ORF 1b corresponding to the C-terminal end of the
product, the strains exhibit inordinate divergence. It is striking
that these and other genotypic differences in ORFs 2 to 7 and
the 39 noncoding region do not manifest appreciable differ-
ences in disease phenotype. The data suggest the divergent

FIG. 4. Predicted junction site motifs (bold and underlined) in VR-2332 and LV ORF 7. VR-2332 mRNA 7.1 utilizes the first junction site motif (JS 1) and mRNA
7.2 utilizes the third junction site motif (JS 2). LV uses the third junction site motif exclusively (37) (JS). A potential junction site motif at nucleotide 14577 (VR-2332)
appears not to be used (Fig. 5). The beginning ORF 7 nucleotide and predicted protein sequences are shown in bold type (with the GAP program [fastadna.cmp], a
gap weight of 16, and a length weight of 4).

VOL. 73, 1999 PRRSV COMPLETE GENOME COMPARISON AND EVOLUTION 277



evolution of related viruses on separate continents from a
distant common ancestor and the simultaneous emergence of a
new disease in swine.

In this report, we have examined the subgenomic messages
produced in cells, and not only did we find that the leader-body
junction sequences used for each mRNA of strain VR-2332
are different from those for LV mRNAs, but we also found
evidence in infected swine macrophages that the VR-2332
sgmRNA junction sites utilized are variable, particularly in
the case of mRNA 7. Although both VR-2332 and LV ge-
nomic sequences naturally contain potential leader junction
sequences for mRNA 7 at three sites, only one particular site
is used preferentially for transcription in each isolate. It ap-
pears that the leader sequence, ending in UUAACC, is joined
to downstream leader-body junction motifs by more than sim-
ple base pair homology, since only a specific subset of potential
leader-body motifs are utilized. Thus, we suggest that another
viral nucleotide or protein sequence(s), secondary structure of
the viral RNA, or other host factors may play a role in site
selection. The differences in PRRSV polymerase proteins de-
scribed in this report may play a key role in determining the
choice of junction site utilized.

Multiple species of mRNA 7 were not previously described
for any arterivirus. Multiple species of mRNA 3 were reported
for EAV (14) and for PRRSV ISU79, although ISU79 mRNA
3-1 is predicted to encode a truncated ORF 3 protein (34). The
ORF 3 protein is incorporated into the LV virion (65), but it
has not been detected in any North American isolate or in
other arteriviruses. The ORF 7 product, the N protein, is a
fundamental protein found in all viruses and functions to en-
close and protect the viral genome. Both LV and VR-2332 con-
tain three potential junction sites (ending 123, 23, and 9 bases
upstream of the ORF 7 initiator AUG [Fig. 4]) for mRNA 7

formation at the same relative positions in their genomes (38,
42), yet VR-2332 selects the junction site ending 123 bases
upstream of ORF 7 (AUAACC) to produce most mRNA 7
while LV selects the site ending 9 bases upstream (UUAACC)
to transcribe mRNA 7 (Fig. 4). This may indicate an essential
need for a U in the second position and a C in the fifth posi-
tion, but other mRNA junction sites (mRNAs 2, 4.2, and 5-1)
indicate that different nucleotides can be tolerated in these
positions. The significance of this difference among isolates of
PRRSV is unknown.

The mechanism of leader-body junction site selection in ar-
teriviruses is not well studied. However, coronavirus transcrip-
tion has been examined by several investigators (reviewed in
references 29, 53, and 64), and these investigators have ob-
tained diverse results. Specific selection may be influenced by
the primary 59 leader sequence (30, 54, 69), sequences flanking
the downstream consensus sequence (23, 24), the 39 non-
coding region (31), sequences in ORF 1 (63), or sequences
at some other location on the genome. Secondary and tertiary
structures of the RNA (18), viral replicase proteins, or in some
cellular gene or protein with which viral genes or proteins
interact during transcription may also influence junction site
selection (70). In mouse hepatitis virus (MHV) defective in-
terfering RNA studies, investigators found that the amount of
subgenomic defective interfering transcription was influenced
by the addition of novel intragenic (leader-body junction) se-
quences (25). The investigators concluded that downstream
intragenic sequences suppressed transcription from the up-
stream intragenic region. This seems unlikely to be the case in
arterivirus transcription, however, because both VR-2332 and
LV genomic sequences naturally contain potential leader-body
junction sequences for mRNA 7 at three sites, yet one partic-
ular site is used preferentially for transcription in each isolate.

FIG. 5. (A) Northern blot analysis of PRRSV mRNA 7. Total RNA from cells infected with VR-2332 (lane 1) or LV (lane 2) were electrophoresed through an
agarose gel and blotted onto a nylon membrane. The membrane was probed sequentially with a VR-2332 ORF 7 oligomer (lane 1) and then an oligomer to LV ORF
7 (lane 2). No nonspecific hybridization was detected in several analyses. (B) Northern blot analysis of total RNA from VR-2332-infected MA-104 (CL2621) cells and
alveolar macrophages (AM) shows that junction site 1 is used to transcribe the majority of mRNA 7 (7.1) and that junction site 2 is used to transcribe a minority of
mRNA 7 (7.2). Mock-, VR-2332-, and LV-infected-cell total RNA populations were electrophoresed through a 2% agarose gel and transferred to membranes. The
membranes were probed with reverse complement oligomers to VR-2332 ORF 7 (a), VR-2332 ORF 7 junction site 1 (b), VR-2332 ORF 7 junction site 2 (c), and LV
ORF 7 (d). An RNA ladder (Gibco BRL) was used to assess sgmRNA size.
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Arteriviruses, in contrast to coronaviruses, utilize a shorter
leader-body junction sequence and have overlapping ORFs,
which suggests that the two virus families may not use identical
mechanisms to couple the leader to each junction site for for-
mation of their mRNAs. It is possible that the different species
of mRNA 7 detected in this study may instead be used to pro-
duce different proteins. VR-2332 ORF 7 is predicted to code
for two smaller products (5.0 and 3.7 kDa) in addition to the N
protein (13.6 kDa), whereas LV ORF 7 is predicted to code for
only one additional product (5.9 kDa) in addition to the LV N
protein (13.8 kDa). Alternatively, the two different mRNA 7 59
untranslated leader sequences identified for VR-2332 may re-
flect different quantities of nucleocapsid protein expression
needed at different times during infection.

The evidence presented in this report suggests that the ge-
notypic differences between VR-2332 and LV and the simul-
taneous appearance of frank disease do not appear to be the
result of recent recombination events between other viruses. If
this were the case, the regions of noted similarity (the ORF 1b
product and some structural proteins, in particular) would
most likely be better conserved between VR-2332 and LV.
Rather, the genomic and biochemical differences are consid-
erable and extend throughout the genome of PRRSV, with
moderate conservation interspersed with dissimilarity. Com-
puter searches for sequences similar to PRRSV do not reveal
a potential virus family, other than arteriviruses, for such a
recombination event. It is possible that, because of very close
similarity to LDV, the two strains of PRRSV evolved from an
LDV-like viral ancestor on separate continents, as has been
hypothesized previously (47). However, divergent PRRSV evo-
lution does not explain the simultaneous appearance of similar
diseases in the United States and Europe. The association of
distinct PRRSV genotypes with a similar, new disease pheno-
type in swine might therefore be related to global changes in
commercial swine management and husbandry.
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