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Porcine reproductive and respiratory syndrome virus (PRRSV) was shown to produce atypical subgenomic RNAs that
contain open reading frame 1a nucleotides and are present under a wide variety of culture conditions, including high and low
multiplicities of infection, in simian and porcine host cells, and during infection with cell-adapted and wild-type PRRSV strains.
Sequence analysis demonstrated that they are heterogeneous in 59–39 junction sequence and size and may code for different
predicted fusion proteins. This is the first report of these novel RNAs in arteriviruses and we have termed them heteroclite
(meaning “deviating from common forms or rules”) subgenomic RNAs. The unique properties of these subgenomic RNAs
include (a) apparent association with normal virus infection and stability during serial passage, (b) packaging of heteroclite
RNAs into virus-like particles, (c) short, heterogeneous sequences which may mediate the generation of these RNAs, (d) a
primary structure which consists of the two genomic termini with one large internal deletion, and (e) little apparent
interference with parental virus replication. These subgenomic RNAs may be critical to, or a necessary side product of, viral
replication. The expression of these novel RNA species support the template-switching model of similarity-assisted RNA
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recombination. In summary, PRRSV readily undergoes nonhomologous RNA recombination to generate heteroclite sub-
genomic RNAs. © 2000 Academic Press
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INTRODUCTION

Porcine reproductive and respiratory syndrome virus
(PRRSV) is a major infectious threat to the swine industry.
The disease first appeared approximately 1 decade ago
in both the United States (Collins et al., 1992; Keffaber,
1989) and Europe (Wensvoort et al., 1991) but is now
endemic worldwide, despite serious efforts at control.
PRRSV is classified as one of four members of the newly
established family Arteriviridae (Meulenberg et al.,
1993b; Nelsen et al., 1999), which also includes lactate-

ehydrogenase elevating virus (LDV), equine arteritis
irus, and simian hemorrhagic fever virus (Plagemann
nd Moennig, 1992). Along with Coronaviridae and Toro-

viridae, Arteriviridae belong to the order Nidovirales (Ca-
vanagh et al., 1990). While the complete genomes of
many arteriviruses are known (Allende et al., 1999; Go-
deny et al., 1990; Meulenberg et al., 1993b; Nelsen et al.,

999; Palmer et al., 1995; van Dinten et al., 1997), much
emains to be elucidated concerning viral interactions
ith the macrophage host. One step toward understand-

ng these interactions is to identify all viral transcripts
nd proteins produced during natural infection.

All members of the order Nidovirales are single-
tranded positive-sense RNA viruses that produce a
v
r
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ested set of subgenomic RNAs in the infected cell.
RRSV contains a genome of approximately 15 kb in

ength and has evolved separately in the United States
prototype strain VR-2332; Murtaugh et al., 1995; Nelsen
t al., 1999) and Europe (prototype strain Lelystad; Meu-

enberg et al., 1993b), such that two very distinct genetic
ypes have emerged (Murtaugh et al., 1995; Nelsen et al.,
999). However, these two distinct types retain similar
enomic organization (Conzelmann et al., 1993; Meng et
l., 1994; Meulenberg et al., 1993b; Murtaugh et al., 1995;
elsen et al., 1999). The PRRSV genome encodes a large

iral replicase (open reading frames (ORF) 1a and 1b)
hich is expressed from the genomic RNA and several
ajor nested, 39 coterminal subgenomic mRNAs (sg
RNAs). All of the sg mRNAs, except the smallest, are

olycistronic. The major sg mRNAs encode, from largest
o smallest, four glycoproteins (GP2–GP5; ORFs 2–5,
espectively), an unglycosylated membrane protein (M;
RF 6), and a nucleocapsid protein (N; ORF 7) (Conzel-
ann et al., 1993; Meng et al., 1994; Meulenberg et al.,

993b; Murtaugh et al., 1995; Nelsen et al., 1999). Minor
g mRNA transcripts are also observed (Meng et al.,
996; Nelsen et al., 1999), and the virus also contains
everal ORFs for which no protein product has been

dentified. Each sg mRNA is formed by an unclear mech-
nism of discontinuous transcription, but appears to in-

olve sense and antisense base pairing of transcription-
egulating sequences (van Marle et al., 1999). All strain-
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159ATYPICAL RNAs OF PRRSV INFECTION
specific viral RNAs possess identical 59 and 39 regions
with small ORFs for which no concrete function has been
determined (Allende et al., 1999; Meulenberg et al.,
1993a; Nelsen et al., 1999).

All Nidoviruses undergo RNA genome recombination.
Such recombination can be classified as homologous or
nonhomologous, based on the nature of the RNAs in-
volved and the degree of homology in the crossover
region (Lai, 1992, 1996; Nagy and Simon, 1997). The vast
majority probably arise by a “polymerase copy-choice” or
“template switching” mechanism, as originally proposed
by Huang (Huang, 1977). Homologous recombination in-
volves two similar or closely related RNAs with high
homology and the crossovers occur at perfectly matched
sites so that resultant recombinant RNAs retain the exact
sequence and structural organization of parental RNA
molecules. Homologous recombination is believed to be
one of the major mechanisms used by the positive-
stranded RNA viruses to maintain genetic stability, res-
cue genomes of nonviable progeny RNA, and generate
sequence variants to evade immunogenic pressure
(Nagy and Simon, 1997). Nonhomologous recombination
occurs between two different sites of the same or differ-
ent RNAs without apparent homology at the crossover
site so that the resultant recombinant virus contains
insertions or deletions. The most commonly observed
incidence of nonhomologous recombination is the pro-
duction of defective interfering (DI) RNAs during high-
multiplicity viral infection. By definition, DI RNAs are
those mutants that usually contain multiple internal de-
letions but retain the cis-acting elements essential for
replication, such as regions of the polymerase, the nu-
cleocapsid gene, and the viral packaging signal. DI
RNAs are, therefore, an important tool to help define the
cis-acting signals that regulate the viral life cycle.

Coronaviruses undergo high-frequency RNA recombi-
nation (Jia et al., 1995; Keck et al., 1988; Lai et al., 1985;
Masters et al., 1994; Wang et al., 1993; reviewed in Lai,
1996) and produce DI RNAs. Naturally occurring DI
RNAs, ranging from 2.2 to 28 kb in length, have been
identified for four coronaviruses, mouse hepatitis virus
(MHV) (Makino et al., 1985, 1988; van der Most et al.,
1991), infectious bronchitis virus (IBV) (Penzes et al.,
1994), bovine coronavirus (BCV) (Chang et al., 1994), and
transmissible gastroenteritis virus (TGEV) (Mendez et al.,
1996), and have been instrumental in determining regu-
latory cis-acting sequences for coronavirus replication
and transcription. All described coronaviral DI RNAs
identified were selected after repeated high-multiplicity
passage and were found to contain mostly multiple dis-
continuous genomic regions, but to have retained similar
viral 59 and 39 ends (Chang et al., 1994; Makino et al.,
1985, 1988; Mendez et al., 1996; Penzes et al., 1994; van
der Most et al., 1991).
Recently, arteriviruses PRRSV (Yuan et al., 1999) and
LDV (Li et al., 1999) were also shown to undergo homol-
ogous recombination, but the appearance of DI RNAs
was not reported. Since the production of defective in-
terfering viral particles is a well-recognized conse-
quence of passaging virus at high multiplicity of infection
(m.o.i.), we hypothesized that PRRSV might also undergo
nonhomologous RNA recombination to generate DI
RNAs that would be enriched during high m.o.i. infection.
Potential PRRSV DI RNAs, like coronaviral DI RNAs,
would retain the 59 and 39 regions with variable internal
deletions. We found nine abundant “DI-like” subgenomic
RNAs in cells and purified virions following high m.o.i.
infections of MA-104 cells. However, the subgenomic
RNAs were not characteristic DI RNAs. They were
present under conditions of low m.o.i. infection and
present both in virus isolated directly from the field and
in plaque-purified virus. In addition, none of the sub-
genomic RNAs contained the ORF 1b sequence encod-
ing the polymerase and helicase. The subgenomic RNAs
were further distinguished from standard nidovirus DI
RNAs since the joining of 59 and 39 ends occurred at
sites of nucleotide sequence identity (Brian and Spaan,
1997; van Marle et al., 1999). Therefore, these sub-
genomic RNAs are not typical with respect to other
nidovirus DI RNAs and require discrete regions of nucle-
otide identity to effect nonhomologous recombination.
We propose the term “heteroclite RNA” (meaning “deviat-
ing from common forms or rules”) to refer to these novel
PRRSV RNA species.

RESULTS

Sequential passage of PRRSV

Titration of virus from serial passage at both low
(0.001) and high m.o.i. (2.5) exhibited similar patterns of
viral RNA replication. The degree of titer fluctuation (5- to
10-fold for low m.o.i., 5- to 15-fold for high m.o.i.) was
comparable to that observed in other Nidoviridae spe-
cies where DI RNAs have been detected (data not
shown; Makino et al., 1984; Snijder et al., 1991). However,
the kinetics of cytopathogenicity were accelerated dur-
ing high m.o.i. passages such that cytopathic effect ap-
peared approximately 1 day earlier than CPE of low m.o.i.
infections, and high-multiplicity passage often resulted in
higher progeny titers. This suggested that defective
RNAs, if present at high m.o.i. passage and absent at low
m.o.i. passage, did not negatively influence viral growth
kinetics or decrease virus yield.

Northern blot analysis of PRRSV-infected total cellular
RNA

To obtain evidence that defective RNAs were gener-
ated during serial passage at high m.o.i., total cellular
RNA from MA-104 cells infected with sequential high

(2.5) m.o.i. passages of VR-2332, plaque-purified virus, or
mock-infected control cells were electrophoresed in trip-
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licate, blotted onto nylon membranes, and analyzed for
the presence of VR-2332-specific sequences. Synthetic
oligonucleotide probes that were complementary to dif-
ferent genomic regions of VR-2332 RNA were prepared
and radiolabeled as described (Table 1, Fig. 1A). A probe
specific for the ORF 7 sequence (7-p14890) detected
numerous extra subgenomic RNA species in addition to

FIG. 1. A. Schematic of the arteriviral transcription strategy show
synthesized and used for Northern blot analysis. B. MA-104 cell total R
plaque-purified virus (lane 8) was isolated, electrophoresed in triplicate,
containing the ORF 7 sequence (1, 7-p148901), ORF 1b sequence (2, 1
the viral genomic RNA and subgenomic mRNAs 2-7 (Fig.
1B1). When identical lanes were probed for a sequence
in ORF1b (1b-p11982) only genomic RNA was readily
detected, but fewer abundant large RNA species were
also observed (Fig. 1B2). The third set of lanes, probed
with a radiolabeled oligonucleotide complementary to
the 59 end of ORF 1a (1a-p222), unexpectedly revealed at
least nine abundant subgenomic length RNA species
(Fig. 1B3).

e placement of VR-2332 ORF-1-specific and ORF-7-specific probes
er infection by PRRSV strain VR-2332 passages 1–7 (lanes 1–7) or by
tted as described. Probes were prepared for detection of RNA species

82), or ORF 1a sequence (3, 1a-p222).
ing th
NA aft
In order to demonstrate that the ORF 1a-specific sub-
genomic RNA bands were only propagated under con-
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ditions of high m.o.i. passage, RNA from MA-104 cells
infected by plaque-purified VR-2332 was also analyzed.
Surprisingly, the plaque-purified virus produced very sim-
ilar RNA species to those seen in high m.o.i. viral pas-
sage (Fig. 1B, lane 8). Mock-infected MA-104 cells did
not contain analogous RNA bands (data not shown). To
control for ORF 1 probe specificity, the ORF 1a and ORF
1b probes were tested for hybridization to in vitro tran-
scribed subgenomic ORF 2 RNA. No cross-reactivity was
observed (data not shown). The results demonstrated
that these ORF-1a-containing subgenomic-length RNAs,
most often termed defective RNAs, were generated by a
single round of cultured cell infection by three times
plaque-purified VR-2332, as well as by serial high-multi-
plicity VR-2332 passages. Despite extensive investiga-
tion, culture conditions were not identified in which these
RNA species were eliminated, thus indicating that pro-
duction of the atypical subgenomic RNAs was an inher-
ent aspect of PRRSV replication or transcription or both.

Atypical RNA species are produced by other
cell-adapted PRRSV strains

To gain additional evidence that the development of
these RNAs was not dependent on multiplicities of in-
fection or passage number, we electrophoresed and
blotted intracellular RNAs from MA-104 cells infected
with VR-2332 at different multiplicities of infection or at
different passages, or cells infected with two cell-
adapted attenuated virus strains (RespPRRS and Prime-
Pac PRRS). Using the same radiolabeled oligomer com-
plementary to ORF 1a (1a-p222), abundant subgenomic-
length RNAs were detected under all conditions (Fig. 2).
VR-2332 infection produced the same pattern of RNA
bands in these cells, whether passaged once at high
multiplicity (2.5 m.o.i.; lane 1), 19 times at high (lane 2) or
low (0.001 m.o.i.; lane 3) multiplicity, or once at low
multiplicity with plaque-purified virus (lane 4). We identi-
fied the nine most distinct VR-2332 atypical species de-
tected (I-1 to I-9). Twelfth-passage RespPRRS (lane 5)
and 14-passage Prime Pac PRRS (lane 6) vaccine strains
also generated similar RNAs, although the ORF-1a-spe-
cific subgenomic RNA pattern produced in Prime Pac
PRRS-infected cells differed with the RNA pattern gener-
ated by infection of VR-2332 and its derivative RespPRRS.
No RNA bands were observed when uninfected cells
were similarly analyzed (lane 7). These results sug-
gested that the production of subgenomic-length ORF-
1a-specific RNAs may be a general property of PRRSV
infection in culture on MA-104 cells.

Atypical subgenomic-length RNAs are also produced
in porcine macrophages, the natural host cell

To assess whether the ability of PRRSV-infected cells

to produce these unusual RNA species was limited to in
vitro growth, we electrophoresed RNA from freshly iso-
lated porcine lung macrophages that remained unin-
fected or had been infected with a variety of PRRSV field
isolates that had never been propagated in cultured
cells. When hybridized to probe 1a-p222, subgenomic-
length RNA bands were detected for field isolates 99-
88766, 99-13084, and 96-26663 (a neurovirulent isolate;
Rossow et al., 1999) that comigrated with RNA species
produced by VR-2332-infected MA-104 cells (Fig. 3). The
data suggest that such RNA bands may be present and
formed by the same mechanism during natural PRRSV
infection.

Atypical subgenomic-length RNA species contain
internal deletions but retain 59 leader, 39 UTRs,
and ORF 7 regions

To assess the primary structure of these intracellular
RNA species, we synthesized a series of oligonucleotide
probes complementary to each coding region of the
full-length genome of PRRSV (Table 1) and conducted
Northern blot analysis of total cellular RNA infected by
strain VR-2332 for 21 passages at high (2.5) m.o.i. (Fig. 4).

FIG. 2. PRRSV infection of MA-104 cells at different passage num-
bers reveals novel RNA species. Total RNA was isolated, electropho-
resed, and blotted and then probed with radiolabeled oligomer 1a-
p222. Nine new prominent subgenomic RNAs were detected in MA-104
cells infected with plaque-purified VR-2332 (0.001 m.o.i.; lane 1), p1 at
2.5 m.o.i. (lane 2), VR-2332 p19 at 2.5 m.o.i. (lane 3), VR-2332 p19 at
0.001 m.o.i. (lane 4), RespPRRS vaccine strain p12 (0.001 m.o.i.; lane 5).
A different pattern of subgenomic RNAs were also detected in Prime-
Pac PRRS vaccine strain p12 (0.001 m.o.i.; lane 6). Total RNA from
mock-infected MA-104 cells was used as a control (lane 7).
In an effort to clarify the results of Fig. 4, we digitally
adjusted the level of hybridization intensities to equalize
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162 YUAN, MURTAUGH, AND FAABERG
the full-length viral RNA message detected in each lane.
No hybridization bands disappeared in this process. All
RNA species, including subgenomic mRNA 2-7 and the
newly identified RNA species, contained sequences
within the PRRSV leader, ORF 7 region, and 39 untrans-
ated region (Fig. 4; lanes 1, 11, and 12, respectively).
gain, the atypical subgenomic RNAs were detected by
a-p222 (nt 222–261), indicating that they contained the
RRSV genomic sequence from the 59 end of ORF 1a,
hich is absent in subgenomic mRNAs 2–7 (Fig. 4, lane

). The most abundantly detected intracellular RNA
ands were designated I-2, I-5, and I-7 (I 5 intracellular;
pproximately 3.8, 2.4, and 1.9 kb, respectively). However,

he downstream ORF 1a sequence at nucleotides 1457–
494 (probe 1a-1457) was not detected in some of the
maller atypical subgenomic RNA bands such as I-7 (Fig.
, lane 3). Furthermore, the VR-2332 sequence at nucle-
tides 3668–3707 and 11982–12003 was not identified in

he majority of the atypical subgenomic RNA species
Fig. 4, lanes 4 and 5). These results suggested that the
9 boundaries of atypical RNA species were within the
9-end of ORF 1a. Similarly, the data obtained using
robes complementary to ORF 2–7 indicated that the
ajority of these RNAs did not contain sequences within
RF 2, 3, or 4 and therefore appeared to only harbor

equences downstream of ORF 4. The Northern blot data
urther confirmed that the atypical RNA species con-
ained large internal deletions. The data corresponding
o atypical subgenomic RNA species I-2, I-5, and I-7 are
ummarized in graphic form at the bottom of Fig. 4. Size

FIG. 3. PRRSV infection of porcine alveolar macrophages reveals that
atypical subgenomic RNA bands are present in host cells. Total RNA
was isolated from cells, electrophoresed, blotted, and probed with
radiolabeled oligomer 1a-p222. PRRSV p19-infected MA-104 cell RNA
(2.5 m.o.i.; lane 1) or RNA from porcine alveolar macrophages that was
infected with PRRSV original VR-2332 field isolate passaged in macro-
phages three times (lane 2), neurovirulent field isolate UM96-26663
(lane 3), and field isolate UM-13284 (lane 4).
stimates of the hybridizing bands, combined with the
nown locations of the oligonucleotide probes, indicated

t
S

hat the atypical subgenomic RNAs detected in the in-
ected cell were composed exclusively of 59 and 39
enomic sequences. However, the possibility existed

hat small discontinuous regions of internal genomic
equence existed in the undetermined bases.

RRSV atypical subgenomic RNAs are packaged
nto virions

Nested PCR was conducted to assess whether intra-
ellular atypical RNAs were packaged into virions. First-
ound PCR was performed using a leader primer (658p5)
nd Qi (Table 1) on cDNA prepared from intracellular
RRSV RNA or RNA harvested from extracellular virus

hat was purified by sucrose cushion centrifugation.
irst-round products were amplified by a second round
f PCR using the primer pair, 59382 (ORF 1a specific,
R-2332 nt 382–402) and p75 (ORF 7 specific, nt 15139–
5158). Both intracellular and extracellular RNA tem-
lates yielded several DNA products (Fig. 5), whereas
ninfected cell RNA did not yield any product (data not
hown). The pattern and sizes of the PRRSV-infected

ntracellular RNA products (Fig. 5, lane 1) were consis-
ent with the ORF-1a-specific atypical RNA bands de-
ected in Northern blot analysis (Figs. 2 and 4), including

band (I2-7, 1.9 kb) similar in size to the I-7 band (Figs.
and 4). Furthermore, the RNA harvested from purified

irions produced comparably sized products (Fig. 5, lane
). These products were designated S-1 through S-7 (S 5
upernatant). Increasing the time of ultraviolet light ex-
osure of lane 2 revealed two additional RT-PCR bands,
-8 and S-9. We previously showed that PRRSV intra-
irion RNA is protected from RNase degradation while
xtravirion RNA is not (Yuan et al., 1999). However, to
olidify the finding that these atypical subgenomic RNAs
ere packaged, infected cell medium supernatant was

ncubated with and without the addition of RNAseA (140
g/ml) for 1 h at 37°C prior to viral RNA isolation and
T-PCR. Identical results were obtained regardless of

he presence of RNAse A. This result was due to the
rotection of atypical subgenomic RNA within virions,
ince purified RNA added to the culture medium in the
resence of RNAse A was completely degraded (data
ot shown). RT-PCR analysis of a second PRRSV strain,
rimePac PRRS, revealed an equivalent pattern of sub-
enomic RNA bands in virus purified from the medium of

nfected cells (data not shown). Therefore, the results
ndicated that atypical PRRSV RNA species were pack-
ged into virions.

ucleotide sequence of atypical subgenomic RNA
pecies

Individual atypical RNA species were PCR amplified,
loned, and sequenced to obtain the primary structure of
he novel RNAs. DNA bands I2-7, S-2, and S-7 through
-9 (Fig. 5) were gel-purified and cloned into bacteria.
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163ATYPICAL RNAs OF PRRSV INFECTION
Nucleotide sequencing of the resultant plasmids was
completed to examine the entire PRRSV insert. The
lengths of I2-7, S-2, and S-7 through S-9 from sequence
analysis correlated accurately to the sizes predicted
from Northern blot (I-7) and RT-PCR analyses (I2-7, S-5,
and S-7 through S-9). In all cases, the determined se-
quences revealed that the atypical subgenomic RNAs
were composed of only two genomic regions of PRRSV,
reflecting the junction of 59-ORF 1a nucleotides with
downstream sequences in the 39-end of the genome. The
junction site was distinct in most cases and existed at
sites of short (3–7 nucleotides) sequence identity be-
tween the specific 59 and 39 PRRSV genomic regions
Fig. 6A). Heterogeneity was observed in the junction site

FIG. 4. Northern blot hybridization results suggest that atypical RN
MA-104 cells infected with VR-2332 p19 at high m.o.i., electrophorese
region-specific probes for the 59-leader sequence (Leader-p150, lane
3), and 3668–3707 (1a-p3668, lane 4); ORF 1b (1b-p11982, lane 5); ORF
5 (5-p13942, lane 9); ORF 6 (6-p14525, lane 10); ORF 7 (7-p14890, lane

lacement of a specific probe on the genome and its corresponding
typical RNAs (I-2, I-5, I-7) and the deduced primary structures of those
ars signify the probable sequence needed to code for the correct nu
ocation and sequence in subgenomic RNAs cloned from
he same size class, as demonstrated in sequence anal-

f
f

sis of two subgenomic-length virion RNA gel bands
S-7a and S-7b, S-9a and S-9b) (Fig. 6A). In addition, we
ound an intracellular atypical RNA species (I2-7) which

as identical in sequence to a virion-derived atypical
NA (S-7b), consistent with the packaging of intracellular
typical subgenomic RNA. It appears that the RT-PCR
ands may represent a mixture of similarly sized RNAs
nd that the sequences joining the 59 and 39 ends are
ariable and different than the consensus VR-2332 tran-
criptional leader–body junction sequence UUAACC.

All atypical RNA molecules examined were joined
ithin the ORF 1a coding sequence and possessed all

nown regions required for translation. The first reading
rame of each of the subgenomic RNA transcripts coded

tain one large internal deletion. Total cellular RNA was isolated from
separate lanes, and transferred to a nylon membrane. Radiolabeled
1a nucleotides 222–261 (1a-p222, lane 2), 1457–1494 (1a-p1457, lane

2516, lane 6); ORF 3 (3-p12949, lane 7); ORF 4 (4-p13636, lane 8); ORF
nd the 39 untranslated region (lane 12). Bars at the top represent the
nd those at the bottom represent probe-positive regions for specific
Solid bars signify regions positive by hybridization and cross-hatched

e length.
As con
d in 12
1); ORF
2 (2-p1
11); a

lane, a
or a putative protein containing truncated ORF 1 protein
used with downstream amino acids located in alterna-
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164 YUAN, MURTAUGH, AND FAABERG
tive reading frames or fused in-frame to ORF 6 amino
acids (Fig. 6B). We noted that one or both papain-like
cysteine protease cleavage sites were present in five of
the predicted polypeptides (den Boon et al., 1995; Nelsen
et al., 1999).

DISCUSSION

Most defective RNAs interfere with the replication of
their parental viruses, which results in fluctuation of the
virus titers among serial passages at high m.o.i. infec-
tion. The defective RNAs of coronaviruses and torovi-
ruses, such as MHV (Makino et al., 1984, 1988) and
Berne virus (Snijder et al., 1991), showed some (approx-
imately 10-fold) or no (IBV; Penzes et al., 1994) ability to
interfere with viral replication at high m.o.i. Defective
interfering RNAs of the coronavirus, TGEV (Mendez et al.,
1996), also display interference with helper genomic and
subgenomic RNA synthesis, suggesting that viral repli-
cation is also affected. Finally, in BCV (Chang et al.,
1994), a defective RNA species was present in the stock
strain derived from three times plaque-purified virus, but
no viral replication information was reported. Thus, it is
difficult to define unifying qualities of the coronaviral
defective interfering RNAs studied to date (Brian and
Spaan, 1997).

We identified several novel PRRSV subgenomic RNAs
that were constitutively present during serial passage at
high and low multiplicities of infection in MA-104 cells
and were demonstrated in several PRRSV field strains
that had not been cell cultured. These atypical transcript

FIG. 5. VR-2332 p19-infected MA-104 cell total RNA (lane 1) or RNA
from virus isolated from the supernatant (lane 2) produced similar
RT-PCR products. S-8 and S-9 were visible only on prolonged exposure
of the gel. DNA bands I2-7, S-2, and S-7 through S-9 were purified and
sequenced.
species are distinct from “defective interfering RNAs” in
that plaque purification did not clear these RNAs from

a
u

viral stocks, interference specific to repeated high-mul-
tiplicity passage was not observed, and the subgenomic
RNAs were present in virus isolated directly from the
field. In contrast to the majority of coronavirus-defective
RNAs that inhibit the transcription of all (Mendez et al.,
1996) or all but ORF 7 mRNA (Makino et al., 1990), PRRSV
atypical subgenomic RNAs coexist with apparently nor-
mal levels of genomic RNA and major subgenomic
mRNAs. This suggests that the modest fluctuations seen
in PRRSV growth on MA-104 cells were probably not due
to specific inhibition of major subgenomic mRNA synthe-
sis by PRRSV atypical subgenomic RNAs. Last, each of
the sequenced atypical subgenomic RNAs was found to
contain only a contiguous sequence from the 59 and 39
ends of the viral genome, with a single large internal
deletion. This feature also describes the major sub-
genomic mRNAs of PRRSV (sg mRNA2–7). However, the
RNAs described here have an additional 59 ORF 1a
sequence and appear to result from single recombina-
tion events at heterogeneous sites, rather than single
recombination events at a predicted consensus se-
quence (UUAACC). Defective RNA species of this type
have been described for two other Nidoviruses, yet those
particular RNA species either resulted from high-multi-
plicity passage and were related to passage number
(Berne virus; Snijder et al., 1991) or were a transient

bservation in persistently infected cells (BCV; Hofmann
t al., 1990). We propose that the PRRSV atypical RNA
pecies described in this report be termed heteroclite

meaning “deviating from common forms or rules”) sub-
enomic mRNAs because they result from single RNA

ecombination events similar to the proposed formation
f the major subgenomic mRNAs, do not contain regions
f ORF 1b shown to be critical in the formation of most
oronaviral defective RNAs, seem to be constitutively
resent in infected cells, and are formed by a process
ith features of both homologous and nonhomologous

ecombination. The PRRSV polymerase may be more
dept in switching templates than the typical coronavirus
olymerase, so that instead of occasional defective coro-
avirus RNAs arising from high-multiplicity passage, we
ee continual propagation of heteroclite subgenomic
NAs under low- as well as high-multiplicity passage.
hese subgenomic RNAs could thus have become part
f the natural PRRSV infection.

The biological function of the PRRSV heteroclite sub-
enomic mRNAs is unknown, but they may be an impor-

ant factor contributing to the relative virulence and/or
ersistence of specific strains of virus, play a role in viral

eplication, or be a unnecessary product of RNA replica-
ion in host cells due to an errant polymerase. For strain
R-2332, each of these RNA species is heterogeneous in
ize and sequence and codes for different protein prod-
cts. The atypical RNAs may be present to increase the

mount of the 59-end ORF 1a proteins, whose function is
nknown, delineated by the papain-like cysteine pro-
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165ATYPICAL RNAs OF PRRSV INFECTION
tease cleavage sites. These novel RNAs may also ex-
press minor levels of a PRRSV fusion protein. However, if
the ribosome, when translating viral transcripts, were to
occasionally read through to the two remaining reading
frames or to translate downstream ORFs, additional pro-
teins may be expressed (Fig. 6B, open boxes). The ability
of arteriviruses to undergo ribosomal frameshifting dur-
ing translation has been shown previously (den Boon et
al., 1991; Snijder et al., 1999). The two vaccine strains

ontain a similar profile of heteroclite RNAs, but the
articular vaccine heteroclite subgenomic RNAs have
ot been studied in detail in order to link them to atten-
ation. Additional analysis of comparably sized RT-PCR
roducts of different strains may help define a functional

ole.
We demonstrated that these heteroclite RNAs were

rotected from RNAse A degradation in the infected cell
upernatant, providing strong evidence that these RNA
pecies are packaged into virus-like particles. Because

hese heteroclite subgenomic RNAs are packaged, they
ay be used in encapsidation studies to define cis-

FIG. 6. A. Sequence analysis reveals that atypical subgenomic mRN
sites that consist of heterogeneous nucleotides. Purified DNA bands we
The figure represents the sequences of the crossover regions (boxed)
intracellular) and the predicted polyproteins with corresponding base
product is identified in parentheses below each sequence. B. Trans
additional 59 papain-like protease (PCPa and PCPb) cleavage produc
cting signals for replication and packaging. The hetero-
lite subgenomic RNAs were detected in sucrose-gradi-

j
p

ent-purified virions, but were also detected in other por-
tions of the gradient and will need to be further examined
(data not shown). However, as all of the atypical sub-
genomic RNAs appeared to contain an intact 59-end of
he PRRSV genome and the major subgenomic mRNAs
mRNAs2–7) are not packaged, we suggest that the viral
NA encapsidation signal most likely resides in the 59-
nd of ORF 1a, between nucleotides 190 and 476, as
-9a was the shortest atypical RNA isolated from pack-
ged virus. An alternative explanation is that efficient
iral packaging may consist of several factors and that
he sequence at the 59-end of ORF 1a may interact with

specific packaging signal located further downstream.
he packaging signals for MHV JHM strain (Makino et
l., 1985, 1990), MHV A-59 strain (van der Most et al.,
991), and BCV (Cologna and Hogue, 2000) were identi-

ied in specific regions of ORF 1b.
We have also studied the aberrant 59–39 junction sites

resent in PRRSV atypical subgenomic RNAs. It is inter-
sting that the sequences mediating the junction site do
ot display any similarity to the traditional leader–body

e one large internal deletion and are joined at aberrant 59–39 junction
ed into bacteria and one or two clones were selected and sequenced.
clones (S-2, S-7a and -b, I2-7, S-8, S-9a and -b; S 5 supernatant, I 5
rs displayed above the sequence. The presumed fusion polypeptide
f the sequenced heteroclite RNAs in all three frames suggest that

or fusion proteins may be produced in the infected cell.
As hav
re clon
for six
numbe
unction used by this virus, UUAACC. Instead, they dis-
lay heterogeneity in size and sequence and no obvious
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base-pairing immediately outside of the region of iden-
tity. The 59 and 39 end joining involves direct base-pairing

etween sense and antisense viral strands, but second-
ry structures also appear to play a substantial role in
efining the site of sense–antisense interaction (Brian
nd Spaan, 1997; van Marle et al., 1999). We have gen-
rated RNA folding patterns for the regions surrounding

he atypical subgenomic RNA junction sites and find that
hese junction sites, as well as the major leader–body
unction sites for ORFs 2–7 mRNAs, often occur at un-
aired nucleotides within hairpins of predicted stability
nd believe that “kissing loops” (Chang and Tinoco, 1994)
ay play a role in forming 59–39 junctions. Our results

upport a model in which PRRSV RNA secondary struc-
ures play a most critical role in this interaction, as the
rteriviral RNA polymerase seems to be able to jump to

egions of minimal sequence similarity (as few as three
ucleotides). Other viral or host proteins also may play a

undamental role in accurately directing this RNA-di-
ected RNA polymerase to the correct site for sub-
enomic mRNA formation. However, the polymerase may
ccasionally subvert the prevalent method of junction
ite formation and make an incorrect leap. This may
xplain the formation of defective interfering RNAs in
ther nidoviruses.

MATERIALS AND METHODS

iruses and cells

PRRSV strains VR-2332 (cloned virulent field strain),
espPRRS (Boehringer Ingelheim Animal Health, St. Jo-
eph, MO) vaccine virus, and Prime Pac PRRS (Schering
lough Animal Health, Kenilworth, NJ) vaccine virus are
ell-adapted viruses that were subjected to 7 or 71 pas-
ages on the MA-104 simian cell line or 94 passages on
acrophages, respectively. The cells were maintained in

MEM medium containing 10% fetal bovine serum (FBS).
or serial consecutive passaging, VR-2332 was used to

nfect MA-104 cells at low (0.001) and high m.o.i. (2.5) and
ncubated at 37°C, 5% CO2, for 72 to 120 h postinfection

(p.i.). For subsequent passages, 0.5 ml of diluted (1 3
1023, low m.o.i) or undiluted (high m.o.i) supernatant was

dded to fresh monolayers of MA-104 cells (Penzes et al.,
994). Titration of each passage supernatant revealed
imilar virus concentrations, regardless of the m.o.i.
sed. The infected cell supernatants were harvested
hen the cultures exhibited 80% cell cytopathic effect

CPE) and stored at 280°C. VR-2332 was also plaque
urified by three rounds of plaque-to-plaque isolation.
RRSV field isolates were obtained from the University of
innesota Veterinary Diagnostic Laboratory.

irus plaque assay and plaque purification
For virus titration, cell culture supernatants were di-
uted 103–106 fold in EMEM without FBS. Diluted virus (50

R
(

ml) was added to duplicate wells of a 12-well-plate (Corn-
ing) which contained 90% confluent MA-104 cell mono-
layers, followed by room temperature (RT) incubation for
1 h with occasional redistribution of the inoculum. An
equal mixture (1.5 ml) of 2 3 EMEM medium and 2%

eaPlaque LE agarose (FMC), prewarmed at 56°C, was
dded to each well and then left at RT for 15 min to
olidify the agarose overlay. The cells were then trans-

erred for incubation at 37°C in 5% CO2 for 96 h. To stain
iral plaques, 100 ml of 3 mg/ml 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma) was
added to each well, and the plates were further incu-
bated for 4 to 12 h. The results were recorded as the
number of plaque forming units per milliliter of inoculum
(PFU/ml). For VR-2332 plaque purification, a piece of
agarose overlay plug on the top of a well-separated
plaque was removed and resuspended into 200 ml of

MEM containing 2% FBS. Plaque purification was re-
eated twice more with 1021 to 1023 dilutions of suspen-
ion. To amplify the 33 plaque-purified viral stock, a 1023

diluted suspension was used to infect 2 3 107 MA-104
cells. The cell supernatant was harvested 3 days later,
aliquoted, and stored at 280°C.

Intracellular RNA purification

At 36 h p.i., total cellular RNAs from 2 3 107 MA-104
cells, mock infected or infected with PRRSV at low or
high m.o.i., were isolated using a RNAeasy Midi kit (QIA-
gen Inc.). Briefly, the cell monolayer was washed with
phosphate-buffered saline and harvested using a rubber
policeman. The harvested cells were lysed in supplied
buffer (RLN) and homogenized by passage through a
20-gauge needle 20 times. The lysates were loaded onto
a spin column and subjected to two rounds of washing
with buffer (RW1). Elution buffer or DEPC-treated H2O (60
o 100 ml) was used to elute the purified RNAs.

urification of viruses and viral RNAs

For large-scale preparation of viruses, 1.2 3 108 MA-
104 cells were infected as described above. The infected
cell supernatants were harvested at 96 h p.i., when 80%
CPE was observed. Cellular debris was pelleted by cen-
trifugation at 15,000 rpm in a Beckman JA20 rotor for 20
min and the supernatants were then loaded onto a 0.5 M
sucrose/10 mM Tris (pH 7.5)/10 mM NaCl/1 mM ethyl-
enediaminetetraacetic acid cushion in a Beckman SW 27
tube and centrifuged at 24,000 rpm for 16 h in a Beckman
L8-60M ultracentrifuge to pellet virions. The pellet was
resuspended in 1 to 2 ml of 0.1 M LiCl/5 mM EDTA/1%
sodium dodecyl sulfate (SDS) and viral RNA was purified
as described (Nelsen et al., 1999) and stored at 280°C.

urification of intravirion RNA free from extraneous RNA
ontamination was accomplished by treatment with

NAse A (140 ng/ml, 1 h at 37°C) prior to RNA extraction

QIAamp viral RNA purification kit, QIAgen Inc.).
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Northern blotting analysis

RNA samples (10 mg) were denatured in 10 mM so-
ium phosphate buffer (pH 7.0), 50% dimethyl sulfoxide,
nd 0.9 M deionized glyoxal followed by incubation at
0°C for 1 h. The denatured samples were electropho-
esed for 3–4 h through a 1% agarose gel in recirculating
0 mM sodium phosphate buffer (pH 7.0). The separated
NAs were transferred by capillary action onto a nylon
embrane (MSI) as described previously (Nelsen et al.,

999). Oligonucleotide probes complementary to individ-
al genomic regions of PRRSV RNA (Table 1) were syn-

hesized, 39-end radiolabeled using terminal deoxynucle-
tide transferase (TdT, New England Biolabs) with

a32P]dATP (Amersham Life Sciences), and used for hy-
ridization to the membrane-bound RNA in QuikHyb
uffer (Stratagene) at 68°C. The membrane was washed

hree times in 0.9 M NaCl/0.09 M Na3–citrate z H2O/0.1%
sodium dodecyl sulfate (SDS) at 68°C and then exposed
to autoradiography film (NEN Life Science Products, Bos-
ton, MA) or a PhosphorImager screen (Molecular Dy-
namics).

RT-PCR

Rapid amplification of cDNA ends (39-RACE PCR) was
performed on purified viral RNA templates or PRRSV-
infected total cellular RNA with slight modification
(Frohman, 1994). Qt primer (Table 1) was used to prime
the RNA template and cDNA was produced after reverse
transcription (RT) was completed (Nelsen et al., 1999).
For the first round of polymerase chain reaction (PCR),

T

Oligonucleotides Used in Northern

Name Sequ

Leader-p21 59-TCTATGCCTTGGCATTTGTAT
Leader-p150 59-GTTAAAGGGGTGGAGAGAC
1a-p222 59-TAGACTTGGCCCTCCGCCAT
59-382 59-ATTCCCCACTGTTGAGTGCT
59-804 59-GCGGGGATGAAGTGAA
1a-p1457 59-CCTTCGGCAGGCGGGGAGT
1a-p3668 59-GGTCGTTGACAAGTTGGTCA
1b-p11982 59-GTGGCAGTGGCCTTATAAAT
2-p12516 59-TATTTACAGGTCTCGGCTTC
3-p12949 59-GGCCAGGCGGTATCATAAAC
4-p13636 59-GAGCGTTGGGTAAACTCCTT
5-p13942 59-CCACTGCCCAATCAAATTTG
6-p14525 59-CGCGAAAGTCATGTACCCG
7-p14890 59-CCTTCTTTCTCTTCTGCTGCT
p75 59-GTGCAAGTCCCAGCGCCTTG
39UTR-p15299 59-GCACAATGTCAATCAGTGCC
Qt 59-CCAGTGAGCAGAGTGACGA
Qo 59-CCAGTGAGCAGAGTGACG
Qi 59-GAGGACTCGAGCTCAAGC
primers leader-p21 and Qi (Table 1) were used with the
Expand Long PCR system (Boehringer Mannheim, Inc.).
The second round PCR was completed similarly on a
1023 dilution of the first round PCR products using 59-382

nd p75 (Table 1) as the primer pair. The PCR products
ere separated on a 1% agarose gel and each DNA
and was purified by the use of a QIAgen gel purification
it.

olecular cloning and nucleotide sequencing

The purified RT-PCR fragments were cloned into
GEM-T vector (Promega) and resulting plasmids were
creened for cDNA inserts using conventional methods

Sambrook et al., 1989). Three to five plasmids were
dentified for each of four constructs and seven clones

ere sequenced (S-2, S-7a, S7b, I2-7, S-8, S-9a, S9b).
ucleotide sequencing was performed using the ABI 377
utomatic sequencer in the Advanced Genetic Analysis
enter, University of Minnesota, with the vector sequenc-

ng primers (T7 and SP6) or viral-specific primers (Table
). The GCG package 10.0-UNIX (University of Wisconsin)
nd DNASTAR (Intelligenetics Inc.) were used to analyze

he sequences.
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