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Abstract

Two full-length porcine reproductive and respiratory syndrome virus (PRRSV) genomes, strain VR-2332 and its
cell culture passaged descendent RespPRRS vaccine strain, were compared and analyzed in order to identify possible
sites of attenuation. Of the 41 nucleotide changes, 12 resulted in conservative changes and 18 produced non-conser-
vative changes. The results suggest that key amino acids in ORF1 may contribute to the phenotype of RespPRRS,
which includes increased growth rate on MA-104 cells and decreased virulence in swine. The results provide a genetic
basis for future manipulation of a PRRSV reverse genetics system. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Porcine reproductive and respiratory syndrome
virus (PRRSV) was first recognized as a ‘mystery
swine disease’ in the United States in 1987 (Kef-
faber, 1989). Since the virus was identified in
Europe (Lelystad virus; Wensvoort et al., 1991)
and in the USA (VR2332; Benfield et al., 1992;
Collins et al., 1992), PRRSV has become a serious
pathogen of swine herds world-wide (Rossow et
al., 1999). PRRSV, along with lactate dehydroge-
nase-elevating virus (LDV), equine arteritis virus

(EAV) and simian hemorrhagic fever virus
(SHFV), is a member of the family Arteriviridae
in the order Nidovirales (Cavanagh et al., 1990;
Plagemann and Moennig, 1992).

PRRSV causes respiratory disease in young
swine and production of mummified, weakborn or
aborted piglets in pregnant sows through an unre-
solved mechanism. Clues to the genetic basis of
pathogenicity can be gleaned from comparison of
the nucleotide sequence of a virulent parent viral
strain with that of the cell-passaged attenuated
variant. One such pair is the prototype North
American isolate, strain VR-2332, and Resp-
PRRS, its MA-104 cell adapted attenuated de-
scendent. In this article, we report the complete
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nucleotide sequence of both strains of PRRSV
and have deduced and characterized their nucle-
otide and protein differences. Several key amino
acid changes between parental and vaccine strains
were identified using this approach, but many
other nucleotide and amino acid changes also
occurred in genomic regions of unknown func-
tion. The nucleotide sequences were also com-
pared to strain 16244B, which is claimed to be a
virulent field revertant of RespPRRS (Allende et
al., 2000). A full comparison of all three PRRSV
strains shows that the origin of 16244B (‘Michelle’
strain) is unclear.

2. Materials and methods

2.1. Viruses

PRRSV strains VR-2332 and RespPRRS have
been described in previous reports (Collins et al.,
1992; Nelsen et al., 1999; Yuan et al., 1999).
Strain 16244B (Michelle) was described by Al-
lende et al. (1999). For growth curve analysis,
MA-104 cells were infected with each PRRSV
strain at an m.o.i. of 0.1. After 1 h of ad-
sorption, the unattached virus was washed off of
the cells and 5 ml of fresh cell medium (EMEM/
10% FBS or DMEM/2% Swine Serum) was
added. The culture was placed at 37°C, 5% CO2

and 0.5-ml aliquots of virus were removed and
replaced with 0.5 ml fresh medium at 4, 8, 12, 16,
24, 36, 48, 60, and 72 h. Viral plaque assays of
each time point were completed on MA-104 cells
with a 5-ml agar overlay (an equal volume of
mixture of 2% low gelling point agarose (FMC
SeaPlaque) and 2×MEM medium). Incubation
at 37°C, 5% CO2 for 96–120 h revealed the
presence of plaques, which were quantitated for
each time point.

2.2. 5 �-Race RT-PCR

PRRSV was harvested from infected MA-104
cells on day 5 post-infection (p.i.). After pelleting
of cellular debris at 12000 rev./min, the superna-
tants were layered onto a 2 ml 0.5 M sucrose
cushion in an SW 27 ultracentrifuge tube and

centrifuged at 24000 rev./min for 3 h. The pelleted
virions were resuspended in STE buffer (200 �l;
10 mM NaCl/10 mM Tris pH 7.5/1 mM EDTA,
4°C) and transferred to a microcentrifuge tube.
Another 200 �l of STE was used to collect any
remaining disrupted virions and the two fractions
of viral suspension were pooled and stored at
−20°C.

Viral RNA was isolated using the QIAamp
viral RNA kit (Qiagen) and stored at −80°C
after quantitation by optical density and native
RNA agarose gel electrophoresis. Approximately
1 �g of purified viral RNA in 6 �l was added to 2
�l of 2 �M reverse primer /1a-p3668 (5�-GGT-
CGTTGACAAGTTGGTCATCTACCGGTTT-
ATCCTCGGA), incubated at 67°C for 10 min
and placed on ice. First strand cDNA synthesis
was then completed as described previously (Yuan
et al., 1999). The reverse transcribed product was
purified (Microcon 100, Amicon) and the cDNA
was eluted in 40 �l of RNase-free water. Multiple
adenosine or guanosine residues were added to
the 3�-end of purified PRRSV cDNA (�1 �g)
using a terminal deoxynucleotide transferase pro-
cedure described by the manufacturer (TdT; New
England Biolabs), diluted to 200 �l and stored at
−20°C. First round PCR was completed as de-
scribed previously using 2 �M Qt (5�-CCAGT-
GAGCAGAGTGACGAGGACTCGAGCTCA-
AGCTTTTTTTTTTTTTTTTT) or Qc (5�-CCA-
GTGAGCAGAGTGACGAGGACTCGAGCT-
CAAGCCCCCCCCCCCCCCCCCC) and 15 �M
Qo (5�-CCAGTGAGCAGAGTG-ACG) as the
forward primers and 15 �M /1a-p3668 as the re-
verse primer (Frohman, 1994; Yuan et al., 1999).
An identical second round of PCR was then
completed using 10 �l first round PCR product
and Qi (5�-GAGGACTCGAGCTCAAGC) and
/1a-p1457 (5�-CCTTCGGCAGGCGGGGAGTA-
GTGTTTGAGGTGCTCAGC; 15 �M each) as
the primer pair.

2.3. Sequence analysis

Automated sequencing reactions were com-
pleted with Taq DyeDeoxy Terminator Cycle Se-
quencing Kit (Applied Biosystems) using a PE
2400 Thermocycler (Perkin–Elmer) at the Univer-
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sity of Minnesota Advanced Genetic Analysis
Center. Comparison of the parental and vaccine
genomes and deduced ORF amino acid compari-
son was completed using computer software in-
cluded in the LASERGENE package
(DNASTAR Inc., Madison, WI), Wisconsin
Package Version 10.0 and (Genetics Computer
Group (GCG), Madison, WI). GenBank acces-
sion numbers used for sequence analysis include
the complete VR-2332 (U87392, Nelsen et al.,
1999), RespPRRS (AF066183; Yuan et al., 1999)
and 16244B (AF046869) sequences.

3. Results

3.1. Determination of the 5 � terminal sequence of
VR-2332 and RespPRRS �RNA

Primer extension experiments had suggested

that 20 nucleotides were unaccounted for in the
published sequence of strain VR-2332 (Nelsen et
al., 1999). In order to determine the unresolved
bases, we derived several clones of PCR products
generated from different passages of VR-2332 and
RespPRRS (Fig. 1). Initially, several standard
5�-RACE was performed on passage 2 from the
original VR-2332 field isolate brain homogenate,
passage 31 of strain VR-2332 and passage 4 of
RespPRRS vaccine strain (Frohman, 1994). Three
different 5�-terminal base patterns were eluci-
dated, with added ambiguity due to the poly T
tract added during the 5�-RACE procedure, im-
mediately preceding an apparent 18 base PRRSV
sequence GACGUAUAGGUGUUGGC. Inter-
estingly, heterogeneity at the 5�-end was detected
early during passaging of the original PRRSV
field isolate, yet no heterogeneity was seen after
viral plaque purification to produce strain VR-

Fig. 1. 5�-terminal nucleotides of strains VR-2332 and RespPRRS. VR-2332 (VR) or RespPRRS (R) from different passages were
subjected to rapid amplification of cDNA ends (RACE) and products were cloned and sequenced as described in Section 2. VR-2332
represents sequence submitted to GenBank prior to elucidation of the 5� terminal nucleotides. Strain VR-2332-infected brain
homogenate was passaged two times on two separate occasions (VR-2a, VR-2b), or plaque purified and passaged 24 (VR-24) or 31
(VR-31) times. RespPRRS was passaged four (R-4) or 12 (R-12) times. Bold letters indicate previously unresolved bases and letter
in italics refer to the non-viral nucleotides (T or C) arising from the RACE procedure.
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2332 (Fig. 1). Further analysis of PCR clones
derived from 5�-RACE experiments using poly
(G) addition discriminated the remaining 5� ter-
minal bases of strains VR2332 and RespPRRS.
Only one additional base, corresponding to an
adenine residue, was identified for strain VR-
2332 (Fig. 1). Two additional bases, TA, were
detected for the 5� terminal bases of four PCR
clones derived from vaccine strain RespPRRS.
The number of subsequent passages shown in
Fig. 1 (2, 4, 12, 24, 31) indicates the relative
stability of the cloned virus strains. These results
are discordant with a recent report with respect
to the first nucleotide of VR2332 and Resp-
PRRS. Oleksiewicz and investigators reported a
5�-terminal U in strain VR-2332 and lack of
such in strain RespPRRS (Oleksiewicz et al.
1999), whereas we observed a 5�-terminal U only
in the RespPRRS vaccine strain. The complete
leader sequence of RespPRRS vaccine strain
shares 95.2% identity with another PRRSV vac-
cine strain, PrimePac PRRS (Shen et al., 2000)
(data not shown).

We have determined that the genome size for
VR-2332 is 15411 bases (U87392) and that of
RespPRRS, with an extra 5�-terminal U, is
15412 bases (AF066183). RespPRRS leader se-
quence acquired two additional mutations when
passaged for another eight passages at high
m.o.i. (U�A base 36 and U�C at base 63).
From the sequence data, we cannot determine
exactly when the 5�-terminal thymidine residue
of strain RespPRRS was acquired during pas-
saging. However, the possibility exists that strain
RespPRRS has developed individual genomes of
variable nucleotide sequence due to strain evolu-
tion over the course of more than 70 passages.
The RespPRRS sequence which we derived from
3- to 7-fold coverage of the genome (AF066183)
is somewhat different from the sequence of Re-
spPRRS recently reported (Allende et al., 2000).

3.2. Nucleotide comparison of the parental and
�accine PRRSV strains

Complete genome analysis of the parental
strain VR-2332 and its cell-culture adapted de-
scendant, strain RespPRRS, revealed that 41 nu-

cleotides had changed during viral strain
attenuation. The changes appeared throughout
the genome (Fig. 2A), except for ORF7 and the
3� untranslated region (UTR), and no single
ORF exhibited less than the 99% identity be-
tween parental and vaccine strains (Fig. 2B). Of
the 41 altered nucleotides, 10 resulted in silent
mutations such that the encoded protein was
not changed. One of these 10 silent mutations
resided in the 5�-leader, 8 resided in ORF 1, and
one silent change was detected in ORF3. The
rest of the nucleotide changes resulted in amino
acid changes in each of the remaining identified
ORFs. Detailed analysis of the nucleotide
changes, corresponding amino acid changes and
potential coding domains are listed in Table 1.
For ease of understanding, nucleotide number-
ing in Table 1 is based on the sequence of VR-
2332 (1–15411). The 5�-terminal uracil residue of
strain RespPRRS is numbered as zero, and all
site designations are one less than the value of
the sequence deposited in GenBank.

3.3. 5 � leader sequence mutations

The resolution of the 5� terminal sequence in-
dicated that the 5� ends of both of these
PRRSV strains coded for a 34 aa peptide. How-
ever, no conclusive evidence has been generated
to demonstrate the presence of this potential
leader protein. The leader sequence of Resp-
PRRS suggested some virus heterogeneity. In
one case (Table 1, mutation 2a), U36�A36 (VR-
2332�RespPRRS) coded for a conservative
change at amino acid 12 (F12Y). In the other
case (Table 1, mutation 2b), the C63�U63 nu-
cleotide change, located in the third base of the
21st codon in this polypeptide sequence, is si-
lent. RNA folding predictions (Mfold; Zucker,
1989) suggested that each of these nucleotide
changes resulted in minor alterations in nucle-
otide-pairing in stems of secondary structure.
The 5�-terminal bases, an A residue in strain
VR-2332 and an AT dinucleotide sequence in
vaccine strain RespPRRS, are predicted to ex-
tend 5� from a long stable hairpin located imme-
diately downstream between nucleotides 2 and
45 (data not shown).
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Table 1
Comparison of parental PRRSV strain VR-2332 and vaccine strain RespPRRSa

Type of changeNt ORFMutation VR�R Type of change Predicted domainVR�RORF
(codon position) AAc

Addition – Nonconservative Leader RNA1 Leader 0 .�U
F�Y Conservative Leader RNA and possible protein12Transition (2)2.1b U�A36Leader

Transition (3) 21 G�G Silent Leader RNA and possible protein2.2b Leader 63 C�U

V�I Conservative NSP1�Transition (1)G�A 1993 1a 784
S�F Nonconservative PCP� domain NSP1�4 1a 1181 C�U Transition (2) 331
S�F Nonconservative NSP2668Transition (2)5 C�U21921a

9511a D�N Semiconservative NSP23040 G�A Transition (1)6
D�N Semiconservative NSP210907 1a Transition (2)G�A3457

14871a N�T Nonconservative NSP34649 A�C Transversion (2)8
14981a A�S Semiconservative NSP34681 U�G Transversion (1)9

A�T Nonconservative NSP31506Transition (1)10 G�A47051a
16361a R�R Silent NSP35097 G�A Transition (3)11

P�P Silent NSP52052Transversion (3)A�U12 1a 6345
21621a P�L Nonconservative NSP56674 C�U Transition (2)13

L�L Silent NSP103244Transition (2)14 U�C99181b
Transition (2) 3257 G�E Nonconservative NSP101b15 9958 G�A

Y�H Conservative Helicase domain NSP103449Transition (1)U�C16 1b 10 533
35031b A�A Silent Helicase domain NSP1010 697 U�C Transition (3)17
35311b T�T Silent NSP1010 781 G�A Transition (3)18

C�R Nonconservative NSP103539Transition (1)19 U�C10 8031b
35691b D�D Silent NSP1010 895 C�U Transition (3)20

S�T Semiconservative NSP1136231b 11 05521 Transversion (1)U�A
36311b P�P Silent NSP1111 081 G�A Transition (3)22

Transition (2) 3678 G�E Nonconservative NSP1123 1b 11 221 G�A
V�L24 Semiconservative1b NSP1111 229 G�U Transversion (1) 3681
G�A Nonconservative Coronavirus-like domain; NSP11 (key aminoG�C 371411 32925 1b Transversion (2)

acid)
38261b P�P Silent NSP1211 666 C�U Transition (3)26

2 10 L�F Nonconservative Signal sequence12 102 G�U27 Transversion (3)
D�Y Nonconservative ND9Transversion (1)28 G�U12 1022b

Transversion (1) 122 A�S Semiconservative Extravirion29 2 12 436 G�U
K�R Conservative Extravirion12830 A�G2 12 455 Transition (2)

31 V�M2 Semiconservative Extravirion12 460 G�A Transition (1) 130
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Table 1 (Continued)

ORFORF VR�RMutation Type of changeVR�R Predicted domainType of changeNt
AAc(codon position)

G�E Nonconservative12 943 ExtravirionG�A332 Transition (2) 83
Transition (3) 85 D�D Silent Extravirion333 12 950 C�U

A�T Nonconservative Extravirion2513 13 44634 Transition (1)G�A

4 69 C�Y Nonconservative Extravirion13 446 G�A35 Transition (2)
1354 V�A Nonconservative Extravirion13 614 U�C Transition (2)36

R�Q Semiconservative Signal sequenceTransition (2)37 13G�A13 8255
5 151 R�G Nonconservative Intravirion14 238 A�G38 Transition (2)

Q�E Conservative Extravirion16Transversion (1)39 C�G14 4206
Transversion (1) 121 R�G Nonconservative Intravirion40 14 7356 C�G

R�G Nonconservative Intravirion12114 7376 Transversion (3)G�C41

a Analysis of complete genome sequences and classification of amino acid changes were completed using GCG computational biology computer programs. Predicted
domains of viral proteins was based on Hopp–Woods analysis of peptide structure (Jameson and Wolf, 1988) were also completed using GCG. Predicted ORF1 non
structural proteins (NSP) were derived from genome comparison of strain VR-2332 with PRRSV strain 16244B (Allende et al., 1999) and with equine arteritis virus
(Snijder et al., 1999; van Dinten et al., 1999).

b Represent two separate sequence analyses of RespPRRS leader (Fig. 1).
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Fig. 2. Nucleotide differences between strain VR-2332 and RespPRRS. (A) Full-genome schematic the nucleotide differences
between VR-2332 and RespPRRS reveals several changes occurred in ORF1a, a cluster of changes were seen in the 3�-terminus of
ORF1b, and discrete changes were seen in all envelope glycoproteins (ORFs 2–5) and in the membrane protein (ORF6). When
RespPRRS is similarly compared to strain 16244B, many nucleotide changes are seen throughout the genome. (B) Each region of
the PRRSV genome was analyzed for the number of nucleotide changes and the corresponding ORF percent identity between
VR-2332 and RespPRRS.

3.4. Changes in identified ORF 1 domains

Several PRRSV ORF 1 replicase protein do-
mains have been identified (Fig. 3; Snijder and
Meulenberg, 1998; Allende et al., 1999; Nelsen et
al., 1999). From the analysis of both VR-2332 and
RespPRRS genomes, it was deduced that only
four of the 15 ORF 1 specific nucleotide changes

occurred in these identified domains. One muta-
tion, a C1181�U1181 transition, which would alter
amino acid 331 of ORF 1 from a serine residue in
strain VR-2332 to a phenylalanine in the attenu-
ated strain RespPRRS (S331F), resulted in a non-
conservative change located in the putative ORF1
cleavage product, nsp2 (den Boon et al., 1995;
Allende et al., 1999, 2000; Nelsen et al., 1999). A
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Fig. 3. ORF1 protein amino acid changes between VR-2332 and RespPRRS. ORF1 protein schematic shows identified domains:
papain-like cysteine proteases � and � (PCP� and PCP�), Cysteine protease (CP), serine protease/3c-like protease (SP/3CP),
polymerase (POL), cysteine/histidine-rich domain (C/H), helicase domain (HEL) and coronavirus-like domain (CORONA). The
schematic also shows possible nonstructural proteins (1–12) produced during cleavage by ORF1-encoded proteases at proposed
cleavage sites (grey arrows). Seventeen amino acid changes occurred during in vitro passaging of strain VR-2332 to produce
attenuated strain RespPRRS. Interesting mutations mentioned in the text are indicated by an asterisk.

second recognizable mutation, a U10533�C10533

transition, resulted in a change from tyrosine to
histidine within the helicase domain. The final
ORF1 recognizable mutation was located in the
coronavirus-like domain. In this instance, the
transversion from G11329�C11329 resulted in
amino acid 3714 undergoing a non-conservative
change from glycine to alanine. A glycine residue
at this position, except for strain RespPRRS, has
been shown to be conserved in all nidoviruses
analyzed to date (Nelsen et al., 1999).

All other amino acid changes located within
ORF1 are in regions of unknown function. How-
ever, the cluster of amino acid mutations located
near the carboxyl terminal end suggests that the
replicase region was altered during passage to
result in a more fit virus for replication in cell
culture, as evidenced by the in vitro one-step
growth curve comparison shown in Fig. 4. The
growth curve comparison appears to be the re-
verse of virus strain replication in swine (M.
Roof, unpublished data).

3.5. Changes resulting in altered structural
proteins

PRRSV ORFs 2–7 have been shown to code
for four glycoproteins (GP2–5), the membrane
protein (M) and the nucleocapsid protein (N),
respectively. Sequence analysis of strains VR-2332
and RespPRRS indicated that there were 15 nu-
cleotide changes in this region, and all but one of
which resulted in amino acid alterations. There
were four amino acid mutations within GP2. One
amino acid change (aa10, L�F) was located
within the predicted signal sequence of GP2, but
the nucleotide mutation (G12102�U12102) also al-
tered amino acid 9 from an aspartic acid to a
tyrosine of a putative ORF2a protein (Wu,
Christopher-Hennings, and Nelson, unpublished
data). The remaining three GP2 changes (aa 122,
A�S; aa 128, K�R; aa 130, V�M) were clus-
tered in an eight amino acid region in the middle
of the protein sequence, predicted to be located
on the exterior of the virion. The three amino acid
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Fig. 4. Viral growth curves of PRRSV strains VR-2332 (�)
and RespPRRS (�) reveal that RespPRRS has enhanced
growth kinetics in vitro. Results are representative of three
separate experiments. The number of plaques were determined
in triplicate for two separate viral dilutions and were found to
deviate by less than 5% in each individual experiment.

vealed that this mutation had reverted back to a
VR-2332-like sequence while maintaining all other
ORF 5 and 6 mutations and the avirulent viral
phenotype (data not shown). The other M protein
mutation was shown to be the result of two
nucleotide changes within the codon for amino acid
121, altering the sequence from an arginine to a
glycine (R�G). Curiously, both carboxyl terminal
GP5 and M mutations resulted in a R�G change.

3.6. Comparison of strains VR-2332 and
RespPRRS to PRRSV 16244B field strain

In 1997, PRRSV strain 16244B was isolated from
a Nebraska herd and has since been shown to be
virulent (Allende et al., 1999, 2000). Full-length
genome sequencing revealed that this strain was
98% identical to VR-2332 and RespPRRS (Allende
et al., 2000). Whether the isolate is a naturally
occurring PRRSV field variant, or directly related
to the original VR-2332 field isolate (isolated in
1989) or the RespPRRS vaccine strain (released in
1994) is not known. To address this question, a
full-length genome comparison of strain Resp-
PRRS to strain 16244B was completed, as it has
been suggested that strain 16244B is a field rever-
tant of RespPRRS (Allende et al., 2000) (Fig. 2A).
As can be seen in Fig. 2A, strain 16244B differs
from RespPRRS at many nucleic acid residues.

All three strains were analyzed in detail. We
compared identical and non-identical nucleic acid
residues between strains VR-2332 and RespPRRS,
strains VR-2332 and 16244B, between RespPRRS
and 16244B, and between all three strains. We
observed 15157 instances in which all three viral
genomes contained the identical base, 215 instances
in which strains VR-2332 and RespPRRS were
identical but different from strain 16244B, 17 cases
in which strains VR-2332 and 16244B were identi-
cal but different from strain RespPRRS, and 22
instances in which strains RespPRRS and 16244B
were identical but different from VR-2332. Impor-
tantly, no instances were observed in which the
three strains were all different from one another. If
strain 16244B were in fact derived from a field
reversion of RespPRRS, the data would imply that
for 237 nucleotide mutations 16244B reverted back
to the exact VR-2332 nucleotide sequence and in no

modifications that occurred in GP3 (aa 83, G�E;
aa 116, G�S; aa 251, A�T) and the two in GP4
(aa 69, C�Y; aa 135, V�A) also are predicted to
lie on the exterior of the virion. All of these
mutations but one are semi- or non-conservative
changes. In the putative viral attachment protein
GP5, two amino acids were altered during virus
attenuation. One GP5 change occurred within the
proposed signal sequence (aa 13, R�Q) and the
other change (aa 151, R�G) is predicted to be
located in the virion interior (Faaberg and Plage-
mann, 1995). GP5 has been shown to be disulfide
linked to the M protein (Faaberg et al., 1995;
Mardassi et al., 1996) and studies with a similar
virus have revealed that this disulfide bond is
critical to infectivity (Faaberg et al., 1995). While
no mutations occurred in the extravirion region of
GP5, one mutation did occur within the M protein
(aa 16, Q�E) predicted to be located on the outer
surface of the virus. Although this M protein
mutation was conservative, mutations in this criti-
cal region of the PRRSV viral attachment het-
erodimer could be important. However, analysis of
the sixth in vivo backpassage of RespPRRS re-
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instance would it have mutated to either of the
two possible remaining bases. The likelihood of
such a probability is exceedingly low. We also
considered the possibility that strain 16244B re-
sulted from a viral recombination event between
strain RespPRRS and an unidentified but closely
related field isolate. However, no region of con-
siderable length was clearly identified as
being derived from strain RespPRRS, which one
would expect if viral recombination had taken
place. Therefore, the origin of 16244B remains
unclear.

4. Discussion

An attenuated PRRSV strain, RespPRRS, was
found to differ in sequence from the parental
strain, VR-2332, by only 41 nucleotides. This
represents a 0.28% variation during 70 passages in
MA-104 cells. This rate of variation is comparable
to other RNA viruses (Steinhauer and Holland,
1987) and suggests that PRRSV is not susceptible
to inherently high spontaneous mutation rates in
the absence of immunological and environmental
pressures. This may explain the relative stability
of strain VR-2332 when passaged alone in cell
culture, as this report delineates. However,
PRRSV has been shown to undergo high fre-
quency recombination in the presence of two or
more virus strains (Yuan et al., 1999) and appears
to evolve rapidly in the presence of biological
pressure.

Attenuation can result from changes in many
areas of viral genomes and the 41 nucleotide
mutations described include alterations in several
key PRRSV regions. Thus, no definitive site of
PRRSV attenuation can be identified simply from
sequence analysis. Twelve of the 41 nucleotide
changes in strain RespPRRS were silent. How-
ever, one or more of these silent mutations could
change the secondary or tertiary structure of
PRRSV RNA and thus alter the stability of the
genome. In other viruses, such as picornaviruses,
viral RNA folding may play a critical role in host
protein association (Meerovitch et al., 1989) and
in neurovirulence (Pilipenko et al., 1989a,b;
Westrop et al., 1989).

The 5� and 3� ends of viral sequences have been
correlated with attenuation in other viruses, such
as poliovirus (Westrop et al., 1989), and shown to
be important in viral replication and transcription
for coronaviruses, another member of the
Nidovirus order (Williams et al., 1999). Only two
mutations occurred in the 5�-end of PRRSV dur-
ing attenuation of strain VR-2332 to RespPRRS,
and their relative roles in attenuation must be
further investigated. No change occurred in the
3�-end of the PRRSV genome. Viruses may also
acquire attenuated phenotypes as a result of mu-
tations in viral proteases (Ni et al., 1995), protease
cleavage sites (Tozser et al., 1999), within the
polymerase gene (Pelosi et al., 1998; Skiadopoulos
et al., 1999), by altering viral proteins to decrease
virion stability (Bailly et al., 2000) or to interfere
with the virus/host interaction (McCright et al.,
1999), as well as by other mechanisms. The com-
parison of VR-2332 to its vaccine correlate, Resp-
PRRS, revealed that the possibility exists for one
or more of these mechanisms to be involved in
attenuation.

A recent publication suggested that nine specific
amino acid changes may be important in attenua-
tion of RespPRRS (Allende et al., 2000), possibly
based on the assumption that PRRSV attenuation
may be localized by amino acid comparison of a
non-parental genome (16244B) with a parental
(VR-2332) and its vaccine offspring (RespPRRS).
We have determined that our sequence of the
RespPRRS strain is somewhat different from
what has been previously reported (Allende et al.,
2000), which brings additional complexity to the
derivation of potential PRRSV attenuation sites.
In addition, the 5�-terminal nucleotides for both
VR-2332 and RespPRRS are markedly different
from those reported for strain 16244B. In our
view, PRRSV attenuation sites may be genotype
specific and variable, possibly resulting from
a complicated interplay of genomic regions and
viral and host specific factors. Postulation of at-
tenuation sites can lead to interesting hypothesis-
based experiments. However, a reverse genetics
system for PRRSV must be produced and geneti-
cally altered at specific nucleotides in order to
discern sites of attenuation.



S. Yuan et al. / Virus Research 79 (2001) 189–200 199

Acknowledgements

The authors wish to thank Chris Nelsen and
Faith Klebs for excellent technical expertise.
Boehringer Ingelheim Vetmedica, Inc., provided
financial support for the research.

References

Allende, R., Lewis, T.L., Lu, Z., Rock, D.L., Kutish, G.F.,
Ali, A., Doster, A.R., Osorio, F.A., 1999. North American
and European porcine reproductive and respiratory syn-
drome viruses differ in non-structural protein coding re-
gions. J. Gen. Virol. 80, 307–315.

Allende, R., Kutish, G.F., Laegreid, W., Lu, Z., Lewis, T.L.,
Rock, D.L., Friesen, J., Galeota, J.A., Doster, A.R., Oso-
rio, F.A., 2000. Mutations in the genome of porcine repro-
ductive and respiratory syndrome virus responsible for the
attenuation phenotype. Arch. Virol. 145, 1149–1161.

Bailly, J.E., McAuliffe, J.M., Durbin, A.P., Elkins, W.R.,
Collins, P.L., Murphy, B.R., 2000. A recombinant human
parainfluenza virus type 3 (PIV3) in which the nucleocap-
sid N protein has been replaced by that of bovine PIV3 is
attenuated in primates. J. Virol. 74, 3188–3195.

Benfield, D.A., Nelson, E., Collins, J.E., Harris, L., Goyal,
S.M., Robison, D., Christianson, W.T., Morrison, R.B.,
Gorcyca, D.E., Chladek, D.W., 1992. Characterization of
swine infertility and respiratory syndrome (SIRS) virus
(isolate ATCC VR-2332). J. Vet. Diagn. Invest. 4, 127–
133.

Cavanagh, D., Brian, D.A., Enjuanes, L., Holmes, K.V., Lai,
M.M., Laude, H., Siddell, S.G., Spaan, W., Taguchi, F.,
Talbot, P.J., 1990. Recommendations of the Coronavirus
Study Group for the nomenclature of the structural
proteins, mRNAs, and genes of coronaviruses. Virology
176, 306–307.

Collins, J.E., Benfield, D.A., Christianson, W.T., Harris, L.,
Hennings, J.C., Shaw, D.P., Goyal, S.M., McCullough, S.,
Morrison, R.B., Joo, H.S., Gorcyca, D.E., Chladek, D.W.,
1992. Isolation of swine infertility and respiratory syn-
drome virus (isolate ATCC VR-2332) in North America
and experimental reproduction of the disease in gnotobi-
otic pigs. J. Vet. Diagn. Invest. 4, 117–126.

den Boon, J.A., Faaberg, K.S., Meulenberg, J.J., Wassenaar,
A.L., Plagemann, P.G., Gorbalenya, A.E., Snijder, E.J.,
1995. Processing and evolution of the N-terminal region of
the arterivirus replicase ORF1a protein: identification of
two papainlike cysteine proteases. J. Virol. 69, 4500–4505.

Faaberg, K.S., Plagemann, P.G.W., 1995. The envelope
proteins of lactate dehydrogenase-elevating virus and their
membrane topography. Virology 212, 512–525.

Faaberg, K.S., Even, C., Palmer, G.A., Plagemann, P.G.W.,
1995. Disulfide bonds between two envelope proteins of
lactate dehydrogenase-elevating virus are essential for viral
infectivity. J. Virol. 69, 613–617.

Frohman, M.A., 1994. On beyond classic RACE (Rapid Am-
plification of cDNA ends). PCR Methods Appl. 4, S40–
S58.

Jameson, B.A., Wolf, H., 1988. The antigenic index: a novel
algorithm for predicting antigenic determinants. Comput.
Appl. Biosci. 4, 181–186.

Keffaber, K.K., 1989. Reproductive failure of unknown etiol-
ogy. Am. Assoc. Swine Pract. Newslett. 1, 1–9.

Mardassi, H., Massie, B., Dea, S., 1996. Intracellular synthe-
sis, processing, and transport of proteins encoded by ORFs
5 to 7 of porcine reproductive and respiratory syndrome
virus. Virology 221, 98–112.

McCright, I.J., Tsunoda, I., Whitby, F.G., Fujinami, R.S.,
1999. Theiler’s viruses with mutations in loop I of VP1 lead
to altered tropism and pathogenesis. J. Virol. 73, 2814–
2824.

Meerovitch, K., Pelletier, J., Sonenberg, N., 1989. A cellular
protein that binds to the 5�-noncoding region of poliovirus
RNA: implications for internal translation initiation.
Genes Dev. 3, 1026–1034.

Nelsen, C.J., Murtaugh, M.P., Faaberg, K.S., 1999. Porcine
reproductive and respiratory syndrome virus comparison:
divergent evolution on two continents. J. Virol. 73, 270–
280.

Ni, H., Chang, G.J., Xie, H., Trent, D.W., Barrett, A.D.,
1995. Molecular basis of attenuation of neurovirulence of
wild-type Japanese encephalitis virus strain SA14. J. Gen.
Virol. 76, 409–413.

Oleksiewicz, M.B., Botner, A., Nielsen, J., Storgaard, T., 1999.
Determination of 5�-leader sequences from radically dis-
parate strains of porcine reproductive and respiratory syn-
drome virus reveals the presence of highly conserved
sequence motifs. Arch. Virol. 144, 981–987.

Pelosi, E., Rozenberg, F., Coen, D.M., Tyler, K.L., 1998. A
herpes simplex virus DNA polymerase mutation that spe-
cifically attenuates neurovirulence in mice. Virology 252,
364–372.

Pilipenko, E.V., Blinov, V.M., Chernov, B.K., Dmitrieva,
T.M., Agol, V.I., 1989a. Conservation of the secondary
structure elements of the 5�-untranslated region of cardio-
and aphthovirus RNAs. Nucleic Acids Res. 17, 5701–
5711.

Pilipenko, E.V., Blinov, V.M., Romanova, L.I., Sinyakov,
A.N., Maslova, S.V., Agol, V.I., 1989b. Conserved struc-
tural domains in the 5�-untranslated region of picornaviral
genomes: an analysis of the segment controlling translation
and neurovirulence. Virology 168, 201–209.

Plagemann, P.G.W., Moennig, B., 1992. Lactate dehydroge-
nase-elevating virus, equine arteritis virus and simian hem-
orrhagic fever virus: a new group of positive stranded
RNA viruses. Adv. Virus Res. 41, 99–192.

Rossow, K.D., Shivers, J.L., Yeske, P.E., Polson, D.D., Row-
land, R.R.R., Lawson, S.R., Murtaugh, M.P., Nelson,
E.A., Collins, J.E., 1999. Porcine reproductive and respira-
tory syndrome virus infection in neonatal pigs character-
ized by marked neurovirulence. Vet. Rec. 144, 444–448.



S. Yuan et al. / Virus Research 79 (2001) 189–200200

Shen, S., Kwang, J., Liu, W., Liu, D.X., 2000. Determination
of the complete nucleotide sequence of a vaccine strain of
porcine reproductive and respiratory syndrome virus and
identification of the Nsp2 gene with a unique insertion.
Arch. Virol. 145, 871–883.

Skiadopoulos, M.H., Surman, S., Tatem, J.M., Paschalis, M.,
Wu, S.L., Udem, S.A., Durbin, A.P., Collins, P.L., Mur-
phy, B.R., 1999. Identification of mutations contributing to
the temperature-sensitive, cold-adapted, and attenuation
phenotypes of the live-attenuated cold-passage 45 (cp45)
human parainfluenza virus 3 candidate vaccine. J. Virol.
73, 1374–1381.

Snijder, E.J., Meulenberg, J.J., 1998. The molecular biology of
arteriviruses. J. Gen. Virol. 79, 961–979.

Snijder, E.J., van Tol, H., Pedersen, K.W., Raamsman, M.J.,
de Vries, A.A., 1999. Identification of a novel structural
protein of arteriviruses. J. Virol. 73, 6335–6345.

Steinhauer, D.A., Holland, J.J., 1987. Rapid evolution of
RNA viruses. Annu. Rev. Microbiol. 41, 409–433.

Tozser, J., Bagossi, P., Boross, P., Louis, J.M., Majerova, E.,
Oroszlan, S., Copeland, T.D., 1999. Effect of serine and
tyrosine phosphorylation on retroviral proteinase sub-
strates. Eur. J. Biochem. 265, 423–429.

van Dinten, L.C., Rensen, S., Gorbalenya, A.E., Snijder, E.J.,
1999. Proteolytic processing of the open reading frame
1b-encoded part of arterivirus replicase is mediated by

nsp4 serine protease and is essential for virus replication. J.
Virol. 73, 2027–2037.

Wensvoort, G., Terpstra, C., Pol, J.M.A., ter Laak, E.A.,
Bloemraad, M., de Kluyver, E.P., Kragten, C., van Buiten,
L., den Besten, A., Wagenaar, F., Broekhuijsen, J.M.,
Moonen, P.L.J.M., Zetstra, T., de Boer, E.A., Tibben,
H.J., de Jong, M.F., van’t Veld, P., Groenland, G.J.R.,
van Gennep, J.A., Voets, M.T., Verheijden, J.H.M.,
Braamskamp, J., 1991. Mystery swine disease in the
Netherlands: the isolation of Lelystad virus. Vet. Q. 13,
121–130.

Westrop, G.D., Wareham, K.A., Evans, D.M., Dunn, G.,
Minor, P.D., Magrath, D.I., Taffs, F., Marsden, S., Skin-
ner, M.A., Schild, G.C., et al., 1989. Genetic basis of
attenuation of the Sabin type 3 oral poliovirus vaccine. J.
Virol. 63, 1338–1344.

Williams, G.D., Chang, R.Y., Brian, D.A., 1999. A phyloge-
netically conserved hairpin-type 3� untranslated region
pseudoknot functions in coronavirus RNA replication. J.
Virol. 73, 8349–8355.

Yuan, S., Nelsen, C.J., Murtaugh, M.P., Schmitt, B.J.,
Faaberg, K.S., 1999. Recombination between North Amer-
ican strains of porcine reproductive and respiratory syn-
drome virus. Virus Res. 61, 87–98.

Zucker, M., 1989. On finding all suboptimal foldings of an
RNA molecule. Science 244, 48–52.


