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The genome of Lelystad virus {LV), the causative agent of porcine epidemic abortion and respiratory syndrome
(previously known as mystery swine disease), was shown to be a polyadenytated RNA molecule. The nucleatide
sequence of the LV genome was determined from a set of overlapping cDNA clones. A consecutive sequence of 15,088
nucleotides was obtained. Eight open reading frames (ORFs) that might encode virus-specific proteins were identified,
ORF1a and ORF1b are predicted to encode the viral RNA polymerase because the amino acid sequence contains
sequence elements that are conserved in RNA polymerases of the torovirus Berne virus (BEV), equine arteritis virug
{EAV), lactate dehydrogenase-elevating virus (LDV}, the coronaviruses, and other positive-strand RNA viruses. A hep-
tanucleotide slippery sequence (UUUAAAC) and a putative pseudoknot structure, which are both required for efficient
ribosomal frameshifting during translation of the RNA polymerase ORF1b of BEV, EAV, and the coronaviruses, were
identified in the overlapping region of ORF1a and ORF1b of LV. ORFs 2 to 6 probably encode viral membrane-asso-
ciated proteins, whereas ORF7 is predicted to encode the nucleocapsid protein. Comparison of the amino acid se-
quences of the ORFs identified in the genome of LV, LDV, and EAV indicated that LV and LDV are more closely related
than LV and EAV. A 3 nested set of six subgenomic RNAs was detected in LV-infected cells. These subgenomic RNAs
contain a common leader sequence that is derived from the 5 end of the genomic RNA and that is joined to the 3
terminal body sequence. Owr resuits indicate that LYV is closely related evolutionarily to LDV and EAY, both members of

a recently proposed family of positive-strand RNA viruses, the Arteriviridae. ® 1993 Academic Press, Inc.

INTRODUCTION

Mystery swine disease (MSD), which causes abor-
tions and respiratory disease in pigs and which was
first detected in 1987 in North America (Hill, 1990),
emerged in 1990 in Europe (Paton et af., 1991; Plana et
al,, 1991}). This disease has acquired several other
names, such as swine infertility and respiratory syn-
drome (SIRS), which is most commonly used in the
United States, and porcine reproductive and respira-
tory syndrome {PRRS) and porcine epidemic aboriion
and respiratory syndrome {PEARS), which are most
commonly used in Europe. PEARS mainly aflects sows
and their piglets in breeding herds. It causes anorexia
and respiratory disiress in pigs of all ages and abor-
tions and stillbirths in pregnant sows (L.oula, 1990).

Recently, we isolated Lelystad virus {L.V) and demon-
strated that infection with thig virus caused the disease
(Terpstra et al,, 1991; Wensvoort et af,, 1991). Lelystad
virus appears to replicate in vitro only in primary cul-
tures of porcine alveolar lung macrophages. The high-
est titer measured in the supernatant of these cell cul-
tures was 108° TCID,, - mi~! (Wensvoort ef a/,, 1992).
Electron microscopic studies showed that LV is 50 to
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65 nm in size and that it is a spherical enveloped virus
containing a nucleccapsid of 30 to 35 nm {(Wensvoort
et al., 1992).

To unravel the genomic organization and replication
strategy of LV, we analyzed virus-specific RNA in in-
fected cells and determined the cDNA sequence of the
genome of LY. in this paper, it is shown that LV con-
tains a polyadenylated RNA genome of 15.1 kb and
produces a 3’ coterminal nested set of subgengmic
RNAs in infected cells. The nucleotide sequence and
the organization of the genome indicate that LV is a
member of a recently proposed new family of viruses,
the Arteriviridae, consisting of lactate dehydrogenase-
elevating virus (LDV), equine arteritis virus (EAV) and
simmian hemorrhagic fever virus (SHFV) (Plagemann
and Moennig, 1991).

MATERIALS AND METHODS

Isolation of RNA and DNA from LV-infected
macrophage cultures

Primary cultures of porcine alveolar lung macro-
phages were grown in 75-cm? bottles, containing 256
mi RPMI 1840 growth medium (Fiow). The inttial cell
concentration was 8 x 10° gells - mi™'. After 16 hrincu-



LV, cDNA SEQUENCE, AND REPLICATION STRATEGY 63

bation at 37°, the medium was discarded and 3 ml
virus suspension, with a titer of 105 TCID,,- mi~!, was
added. After 2 hr, 25 ml fresh medium was added and
the cells were incubated for 24 hr at 37°,

Cytoplasmic RNA was isolated from the infected
cells as described by Favaloro et al. {1980). The RNA
was purified by centrifugation through a 5.7-M CsCl
cushion (Setzer et a/., 1880) and treated with RNase-
free DNase (Pharmacia). RNA was analyzed in either
an 0.8% neutral agarose gel, as described by Moor-
mann and Hulst (19388}, or a denaturing agarose farmal-
dehyde gel, according to Sambrook et a/. (1989},

For the isolation of nuclear DNA, the infected cells
were lysed and the cell nuclei were pelleted as de-
scribed by Favalaro et al. {1880). The nuclei were
treated with proteinase K, extracted with phenol-chlo-
roform, and precipitated with alcohol, as described by
Sambrook et af. (1989).

Construction of a cDNA library

Intracellular RNA of LV-intected porcine alveolar lung
macrophages (10 ug) was incubated with 10 mM
methylmercury hydroxide for 10 min at room tempera-
ture. For reverse-transcription, the denatured RNAwas
incubated at 42° with 580 mAM Tris-HC!, pH 7.8, 10 mM
MgCl,, 70 mM KC!, 0.5 mM dATP, dCTP, dGTP, and
dTTP, 0.6 ug calt thymus oligonucleotide primers
pd(V)6 {(Pharmacia), and 300 units of Moloney murine
leukemia virus reverse transcriptase (Bethesda Re-
search Labarateries) in a total volume of 100 wl. After 1
hr, EDTA was added to a final concentration of 20 mM.
The reaction mixture was extracted with phenol-chlo-
roform, passed through a Sephadex G-50 column, and
precipitated with ethanol.

Ta synthesize the second cONA strand, we used
DNA polymerase ! {(Boehringer) and RNase H (Pharma-
cia) (GUbler and Hoffman, 1983). To generate blunt
ends, double-stranded cDNA was incubated with T4
DNA polymerase (Pharmacia) and Klenow polymerase
(Pharmacia) in a reaction mixture that contained 0.05
mAM deoxynucleatide-triphosphates. Subsequently,
cDNA was fracticnated in a 0.8% agarcse gel (Moor-
mann and Hulst, 1988). Fragments of 0.5 to 4 kb were
electroeluted, ligated into the Smal site of pGEM-47
(Promega), and used for transformation of Escherichia
coli strain DH5e« {Hanahan, 1983). Colony filters were
hybridized with a *%P-labeled single-stranded cDNA
probe. Reverse transcriptase was used 1o synthesize
this probe from LV RNA (fractionated in a neutral aga-
rose gel) (Moormann et al., 1990). The single-stranded
cDNA probe was incubated with excess cytoplasmic
RNA from meck-infected alveolar lung macrophages
and subsequently added to the hybridization solution.

The relationship between the LV ¢cDNA clones was
determined by restriction enzyme analysis and Sauth-
ern biot hybridization with nick-translated cDNA
probes {Sambrook et a/., 1989). The specificity of a few
cDNA clones was confirmed. These clonas were used
as probes in Northern analysis of RNA extracted from
LV-infected and mock-infected macrophages. Once
the sequence of the cDNA clones was obtained, spe-
cific oligonucleotides were synthesized and used in a
second screening of the cDNA library to isolate over-
lapping cONA clones spanning the gaps between dif-
ferent cDNA groups. T4 kinase (Pharmacia) or the 3
end-labeling kit {containing terminal transferase) of
Boehringer was used 0 label these oligonuclectides
with *2p.

To obtain the 3' end of the viral genome, we con-
structed a second cDNA library, using oligo{dT),,_a
and a 3’ LV-specific oligonucleotide that was comple-
mentary to the minus-strand viral genome (39U183R)
as primers in the first-strand reaction. The reaction
conditions for first- and second-strand synthesis were
identical to those described above. This library was
screened with virus-specific oligonucleotide probes.

DNA sequencing

Most (>95%) of the cDNA sequence was deter-
mined with an Automated Laser Fluorescent DNA se-
guencer from Pharmacia LKB. The AutoRead se-
guencing kit (Pharmacia) was used essentially accord-
ing to Procedures C and D as described in the
Autoread sequencing kit protocol. The sequence was
determined on double-stranded DNA. Fluorescent
primers were prepared with FluorePrime {Pharmacia).
The remaining part of the sequence was determined
on double-stranded DNA using oligonuclectide primers,
the T7 polymerase sequencing kit of Pharmacia, and
[a-38S]dATP (Amersham). The sequence analysis pro-
grams PCGENE {Intelligenetics, Inc., Mountain View,
CA), the sequence analysis software package of the
University of Wisconsin Genetics Computer Group
{GCG; Devereux et al., 1984), and FASTA (Pearson and
Lipman, 1988} were used to assembie and analyze se-
quence data.

Nucleotide sequence accession number

The nucleotide sequence data reported in this paper
have been deposited with the EMBL/GenBank Data Li-
braries under Accession No. M96262.

Northern Hybridizations

The total cytoplasmic RNA from LV- and mock-in-
fected porcine alveolar lung macrophages was sepa-
rated on a neutral agarose gel or a denaturing formalde-
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hyde gel, as described above. After electrophoresis,
the RNA was transferred to Hybond N membrane
{Amersham). Virus-specific oligonuclectides (20-mers)
were y-*2P-labeled using T4 kinase and hybridized
overnight in an agueous solution of 6X SSC, 0.5% so-
dium pyrophosphate, 1X Denhardt's, 100 pg-ml™’
salmon sperm DNA, and 20 ug-mi~" tRNA at 42° to
the Northern blots. The Northern blots were washed
extensively in 0.5 SSC, 0.5% sodium pyrophosphate
at 42°, prior to autoradiography at —70°, using an in-
tensifying screen. The Northern blots were used sev-
eral times. The blots were washed in 0.1% SDS
{(heated to 90°) for 80 min to remove the probes. The
removal of the probes was checked by autoradiog-
raphy.

Oligonucleotides

The sequence of the aligonuclectides, which were
used in Northern hybridization experiments or far the
construction or screening of the cDNA library, and their
position in the genome of LV are: 25U101R (8" GGA-
TACCTGTTGGGCTAGAAC 3 86-105), BU94R (CGG-
CCCAGAACCAGTTGTGC; 4515-4534}, 41U103R (CG-
GATGAATGTATACAACGGC; 11,375-11,384), 60R219
(CGACGAGAGACCATCTCATC; 12,098-12,117), 41R
1019 (GTTTGAGGTTGTCGTACCCG; 12,681-12,700),
41R346 (GGGTATGTTGGGTCACATGG; 13,355
13,374), 551320 (CCGTAGACGCTGCAGAGTAC;
13,806-13,827}, 3911356 (GCGACACGGTTGGTGGA-
TTG; 14,269-14,288}, 39U183R {CGTCTGGTAACCG-
AGCATAC; 14,453-14,472), 118U250(CAGCCAGGG-
GAAAATGTGGC; 14,746-14,765), 119R64R (TCG-
CGTGACTTCTACATCC; 14,935-14,954), 119R10
(TAGGTGACTCAGAGGCCACA; 15,006-15,025).

RESULTS

Identification, cloning, and sequencing of the LV
genome

To identify the LV genome, we isclated DNA and
RNA from LV-infected and uninfected porcine alveolar
lung macrophages. The analysis of the isolated nucleic
acid fractions demonstrated that infected cells con-
tained an RNA band that was absent from mock-in-
fected cells (Fig. 1). This RNA migrated slightly stower
than a preparation of hog cholera virus RNA of 12.3 kb
{(Moormann and Hulst, 1988) in a 0.8% neutral agarose
gel (data not shown) and was estimatedto be 1410 15
kb in length. The analysis of nuclear DNA, isolated
from LV-infected cells, in an ethidium-bromide stained
agarose gel did not reveal any LV-specific DNA bands.

To analyze the LV genome in maore detail, we deter-
mined its cDNA sequence. A random primed ¢DNA

Fic. 1. Neutral agarose ge! electrophoresis of RNA isolated from
LV-infected (lane 1) and mock-infected {lane 2} alveolar lung macro-
phages. The LV genomic RNA is indicated with an arrow.

library was constructed from RNA of LV-infected alveo-
tar lung macrophages, and LV-specific cDNA clones
were isolated as described (see Materials and Meth-
ods). The inserts of positive clones were analyzed by
restriction enzyme digestion, nick-translated, and used
to search for overlaps between the various cDNA
clones. The clones were found not to be contiguous
but formed three separate blocks. cDNA clones in the
region of the two remaining gaps were obtained using
LV-specific oligonuclectide probes, complementary to
the cDNA sequences at both sides of the gaps. The
specificity of the cDNA clones was confirmed by hy-
bridizing a set of five ¢clones, located in different regions
of the viral genome, to Northern blots carrying RNA of
LV-infected macrophages. Remarkably, cDNA clones
4,12, and 20 hybridized only with the viral RNA band of
14 to 15 kb, whereas cDNA clones 39 and 41 hybrid-
ized not only to this viral RNA but to a panel of four or
five virus-specific RNAs of lower molecular weight as
well (data not shown). The latter clones were located at
the 3’ end of the viral genome, suggesting that LV RNA
transcription results in the production of a nested set of
subgenomic RNAs (see below).

Figure 2 shows the positions of all cDNA ciones
used to obtain the nucleotide sequence of the viral
genome. The nucleotide sequence was determined on
at least two independent ¢cDNA clones and was
16,088 nuclectides in length. This sequence has been
submitted to the EMBL/GenBank Database (Acces-
sion No. M96262} and will not be duplicated in this
publication. We assume that the 5’ ultimate nucleotide
is very close to the &' end of the LV genomic RNA. In
addition to clones 25 and 155, four additional cDNA
clones were isolated from the b’ end of the viral ge-
nome {results not shown). The sequences of these
clones were only two or three nucleotides shorter than
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Fig. 2. Organization of the LV genome. The cDNA clones, which
have been used for the determination of the nuclectide seguence,
are indicated in (A). The parts of the clones, which were sequenced,
are filled in (black bars). The ORFs, identified in the nucleotide se-
guence are shown. In (B} the subgenomic set of RNAs, encoding the
ORFs, is shown. The leader sequence is indicated by a salid box.

the ultimate 5’ nucleotide. However, we cannot ex-
clude that these cDNA clones terminate around the
same nucleotide because of a strong-stop in the RNA
which prematurely terminates the reverse-transcrip-
tion reaction.

Since the sequence data indicated a close relation-
ship among LV, EAV, and LDV (see below), we ex-
pected LV to be a positive-strand RNA virus, containing
a 3’ poly{Al tail. Hence, to clane the 3' end of the viral
genome, we constructed a second cDNA library, using
oligo(dT) and primer 3GU183R in the reverse transcrip-
tase reaction. Primer 39U183R is complementary to LV
minus-strand RNA, which is likely present in a prepara-
tion of RNA isolated from LV-infected cells. This library
was screened with virus-specific prcbes {nick-trans-
lated cDNA clone 119 and oligonuclectide 1128R64R),
resulting in the isolation of five additional cDNA clones
(e.g., ¢cDNA clone 151, Fig. 2). Sequencing of these
cDNA clones revealed that LV contains a 3’ poly{A) tail.
The length of the poly(4) tail varied ameng the selected
cDNA clanes, but its maximum length was 20 nucleo-
tides.

Eight open reading frames (ORFs) that might encode
virus-specific proteing were identified in the nucteotide
sequence of LV (Fig. 2). Most of the sequence (approxi-
mately 80%) encodes two very large ORFs, ORF1a and
ORF1b (Table 1). The C-terminus of ORF1a overlaps
the putative N-terminus of ORF 1b over a small distance
of 16 nucleotides. We assume that ORF1a and ORF1b
encode the viral polymerase and that ORF1b is ex-

pressed by ribosomal frameshifting (see below). The
remaining ORFs, ORFs 2 t0 7, are located at the 3 part
of the viral genome and partially overlap. These ORFs
encode smalt polypeptides of 128 to 265 amino acid
residues {Table 1).

Similarities between CRF1a and ORF1b and the
RNA polymerases of BEV, EAV, LDV, and the
coronaviruses

Molecular characterization of polymerase encoding
regions of the coronaviruses mouse hepatitis virus
(MHV-ABS; Bredenbeek et al., 1990; and MHV-IHM:;
Lee af al, 1991) and avian infectious bronchitis virus
(IBV: Boursnell et &/, 1987; and Brierley et al., 1987}, of
the torovirus Berne virus (BEV; Snijder et &/, 1990a),
and of EAV (den Boon et a/., 1991a) has indicated that
the RNA polymerase is expressed through two over-
lapping ORFs, ORF1a and ORF1b. An RNA sequence
element, containing a so-called slippery sequence and
a sequence that may form an RNA pseudoknot struc-
ture in the ORF1a/ORF1b overlap region, was shown
to be essential for the expressicn of ORF1b via a mech-
anism of ribosomal frameshifting (Brierley et af., 1989).
The former elements were also identified in the overlap
region of LV ORF1a/ORF1b by a computer program
designed to predict RNA secondary structure, includ-
ing pseudoknotting, as described by Abrahams et al.
(1980}. The heptanucleotide slippery sequence UUUA-
AAC is located just upstream of the UAG stop codon of
ORF1a (Fig. 3A). A potential stem—loop structure was
identified downstream of this slippery sequence. In ad-
dition, a region encompassing nucleotides 7453 to
7480 may participate in forming a pseudoknat struc-
ture (Fig. 3B).

Further analysis of the predicted amino acid se-
guence of ORF1a of LV revealed that it has other fea-
tures in common with the amino acid sequence of
ORF1a of BEV, EAV, and the coronaviruses: hydropho-
bic regions {amino acids 1106 to 1196, 1226 to 12686,
1516 to 1646, and 1856 10 2036) and cysteine-rich
domains {amino acids 262 10 290, 472 to 525, 1203 10
1284, and 2010 to 2108) were identified, and a puta-
tive serine protease consensus sequence was present
between amino acids 1724 and 1830. The catalytic
triad of thig protease is likely formed by the His, Asp,
and Ser residues at positions 1732, 1767, and 1810,
respectively (Fig. 4A). As can be observed in Fig. 4B,
the coronaviruses MHY and IBV are predicted to con-
tain a 3C like cysteine protease. Sequence comparison
and secondary structure predictions have indicated
that the trypsin-like serine proteases and 3C-like cys-
teine protease likely belong to the same protease su-
perfamily (Bazan et al., 1988; and Gorbalenya et al,
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TABLE 1
CHARACTERISTICS OF THE ORFS OF LELYSTAD VIRUS
Calculated size of the
Nucleotides No, of aminc unmadified product
ORF (first—last) acids (kDa) Glycosylation sites
ORF1a 212-7399 2396 260.0 3
ORF1b 7384-11772 1463 161.8 3
ORF2 11786-12532 249 28.4 2
ORF3 12394-13188 265 30.8 7
ORF4 12936-13484 183 20.0 4
ORF5 13484-14086 201 22.4 2
ORF6 14077-14595 173 18.9 2
ORF7 14588-14971 128 13.8 1

1989). In addition, a papain-like protease domain was
detected in the N-terminal part of ORF1a of IBV (Bours-
nel et al., 1987), MHV (Lee et al., 1991), and EAV (den
Boon et a/, 1991a), whereas two putative papain-like
protease domains were identified in ORF1a of LV. The
sequence around the Cys at positions 76 {GCCWL)
and 276 (GKCWL) of LV ORF1a has similarity with the
sequence surrounding the putative catalytic Cys of the
protease domains of cellular and viral papain-like pro-
teases {L ee et g/., 1991). The amino acid sequence of
ORF1a contains several His residues (e.g., His at posi-
tions 146, 157, and 237 for the first domain and His at
positions 345 and 432 for the second domain), which
may function as the active site residue.

Except for these domaing, no significant overall
identity was observed between the amino acid se-
quences of ORF1a of LV and ORF1a of coronaviruses.
However, the sequences of ORFl1a of LV and EAV
shared 25% identical residues over a length of 1283
residues (Fig. 5B). Although the amino acid sequence
encoded by ORF1a of EAV was about 600 residues
shorter at the N-terminus than that encoded by ORF1a
of LV, the sequences could be aligned from amino acid
1118 of LV ORF1a (Fig. bA, panel 1}. The identity of LV
ORF1a (amino acids 1 to 540 and 1006 to 1350} with
polypeptides encoded by the ORFs identified in the se-
quences of cONA clones of LDV, i.e., cDNA clone 4-37
(P. Plagemann, persconal communication) and cDNA

A
7358 AGTCAACTCCAAGGTTTGACCACTGAACAGGCT TTAAACTGT TAGCCGCCAGCGGCTTGACCCGETET 7425
ORFfa 2383 S @ L @ G L T T E Q@ AL NTGC - 2396
ORF1b 1 - T G6GF KLLAASGLTRSTE 14
B 3 AAAAU‘E ¢ 5?
c Cg g
c ¢
A u-6
G U -C
u -4
U-G A
C-G
G-¢ A
G-C G
C-G H
AG_C ¢
A
c-6
c-g ©
6-¢ U
c-6 G
-6 U
G-C u
5' AGGCUDUAAACIUGUUA CUAG

FIG. 3. Sequence of the overlapping regicn between ORF1a and ORF1k {A] and putative 1ertiary RNA structure (pseudoknot; B}, as predicted
by the computer program described by Abrahams et al. (1990). The heptanucleotide slippery sequence is boxed. The UAG stop codon of ORF1a

is underlined.
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A TRP QWVVSAAHCYKS - 37 - NNDIMLIKLKS - 77 - KDSCQGDSGGPVV-CSG----- KLGGIVSWGSGC
HChV GGISSVDHVTCG - 21 - MTDECETGVKT - 50 - LKNLKGWSGCPIF-EASSGR---VVGRVKVGKNE
EAV VYVLTASHYYGR - 19 - NGOFAEAVTTQ - 40 - AMTTSGDSGSAVV-QGDA----- VVGYHTGSNTSGVAYVTTRSGK
Lv RTVYTAAHVL-N - 19 - NGDY--AWSHA - 40 - CFTNCGDSGSPVISESGD----- LIGIHTGSNKLGSGLVTTPEGE
B PV1 NVAILPTHASPG - 38 - FRDIRQHIPTG - 46 - FPTRAGQCGG-VITCTG~=-==------- KVIGMH - VGGNG
CPMV ACKHEFTHIKTK - 43 - CWOLFCWDPDK - 56 - APTIPEDCGS-LVIAHIGGKH-------- KIVGVHVAGIQG
A -~ A
EAV VVVLTASHVVGR - 19 - NGDFAEAVTTQ - 40 - AWTTSGOSGSAVVQGD------------- AVVGYHT-GSNTSGVAY
LV RTYVTAAHVL-N - 19 - NGDY--AWSHA - 40 - CFTNCGDSGSPVISESG------------ DLIGIHT-GSNKLGSGL
MHV DXVYCPRHVICS - 97 - GSFLCGSCOSYGYVLTGDSVRFVIMHOLELSTGUHT -GTDFSGNFY
18V DTIYCPRHVLGK - 101 - ASFLAGACGSVGFNIEKGVVNFFYMHHLELPNALHT-GTDLMEGFY
~ -
c LV 372 KSPIALGKNKFKEL - 7 - CLEADLASCORSTPAIVR - 31 - QDGAFTKRGGLSSGDPVTSVSNTVYS - 37 - PMLVYSDDLVLY 516
LDV 264 GTPICLGKNKFTPL - 7 - CLEADLASCDRSTPAIIR - 31 - NSGCFDKRGGLSSGDPVTSISNTVYS - 38 - PLLVYSDDVWVFY 409
EAV 371 GSPIYLGKSKFDP! - 6 - CLETDLESCDRSTPALVR - 31 - GSVAFTKRGGLSSGDPITSISNTIYS - 38 - RVYIYSDDVWLT 515
MHV 572 GVPVVIGTTKFYGG - 16 - LMGWDYPKCDRAMPNILR - 39 - G-CYYVKPGGTSSGDATTAFANSVFN - 58 - SMMILSDDGWVC 743
1BV 578 NASWIGTTKFYGG - 16 - LMGWDYPKCDRAMPNLLR - 39 - G-GIYVKPGGTSSGDATTAYANSVFN - 58 - SLMILSODGWVEC 749
BEV 509 GGFCLIGVSKY--G - 18 - VFGSDYTKCORTFPLSFR - 35 - G-MLLNKPGGTSSGDATTAHSNTFYN - 51 - FLNFLSDDSFIF 679
* * * ik * * * kW sk * PRl

F1G. 4. Sequence analysis of conserved domains in the polymerase encoding region of LV. Comparison of the putative trypsin-like serine
protease domain of LV with (A) these protease domains of trypsin (TRP), hog cholera virus strain Brescia (HChV; Moormann et a/,, 1890), and
EAV and (B} the 3C-like cysteine protease motifs of picornavirus (PV1) cowpea mosaic virus (CPMVY) and the coronaviruses mause hepatitis virus
{MHW) and infectious bronchitis virus {IBV). The alignments were based on sequence data and comparisons presented by den Boon et af. {1981}
The putative catalytic residues are indicated with an arrowhead. (C) Alignment of the polymerase motit of CRF1b of LV, LDV (Kuo et af., 1991),
EAV {den Boon et af, 1991}, MHV (Lee et 2/, 1991), IBV{Boursnell et 4/, 1984), and BEV (Snijder et a/l., 1990). Identical amino acids are indicated

with asterisks.

clone 4-35 {Kuo eral,, 1991}, was 46 and 31%, respec-
tively (Figs. bA, panel 2, and 5B).

Comparison of the predicted amino acid sequence
of ORF1b of LV and the polypeptides encoded by
ORF1b of BEV, LDV, EAV and the coronaviruses
showed that ORF1b is more conserved than ORF1a.
The four characteristic domains identified in ORF1b of
these viruges were also present in LV ORF1b at the
same relative position. They were: ([} the polymerase
motif containing the core sequence $/GDD, identified
in the RNA polymerase of all positive-strand RNA vi-
ruses (Poch et af., 1989; amino acids 372 to 576); (Il) a
putative cysteine- and histidine-rich zinc finger domain
{amino acids 646 to 688); (lll) a nucleoside triphos-
phate binding and helicase motif (aminoc acids 792 to
1015); and (V) a conserved domain of unknown func-
tion {amino acids 1217 to 1308). An alignment of the
polymerase motif of LV, LDV, EAV, MHV, IBV, and BEV
is shown in Fig. 4C. The similarity between the polypep-
tides encoded by ORF1b of LV and EAV was not re-
stricted to these four conserved doemaing. The amino
acid sequence encoded by ORF1b of both viruses
could be aligned without the introduction of large gaps,
and they shared 36% identical amino acids over a
length of 1305 residues (Figs. 5A, panel 3, and 5B).
Furthermore, the amino acid sequence encoded by LV
ORF1b had 67% identical residues with the amino acid
sequence of a fragment of LDV ORF1b encoded by

cDNA clone 4-11 (Kuo et al., 1991; Figs. bA, panel 4,
and 5B). The identity between ORF1b of LV and ORF1b
of EAV in this specific region was lower {45%).

ORFs 2 to 7 encode putative viral structural proteins

The amino acid sequences encoded by ORFs 210 8
all show features reminiscent of membrane-asso-
ciated (envelope) proteins. They all contain putative N-
linked glycosylation sites {Table 1), and N- and C-ter-
minal hydrophobic sequences that may function as a
signal sequence and a membrane anchor, respec-
tively, were identified. The hydropathicity plot of the
product of QRF6 had a very remarkable pattern (Fig. 6).
Three hydrophobic, putative membrane-spanning
fragments were identified in the 90 N-terminal amino
acids. A simiiar hydropathicity profile was observed for
ORF6 of EAV (den Boon et al., 1991a), ORF2 or VpX of
LDV (Godeny et a/l., 1990, Kuo er af., 1992), the M
protein of MHV (Boursnell, 1984) and IBV (Rottier et af.,
1986), and the E protein of BEV (den Boon et af,
1991b) (Fig. 6). These findings suggest a similar topol-
ogy and membrane-associated function.

The amino acid sequences of ORFs 2 to 6 shared 29
to 53% identical residues with the amino acid se-
quences of ORFs identified in the nucleotide sequence
of LDV (Godeny et al., 1990; Kuo ef &, 1992; and P.
Plagemann, personal communication), whereas the
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amino acid sequence of ORF6 of LV shared a signifi-
cant percentage of identical residues (269) with ORF6
of EAV only (den Boon et a/., 19914} (Figs. 5B and 5C).

In contrast to the structural proteins, likely encoded
by ORFs 2 ta 6, the polypeptide encoded by ORF7 was
extremely basic; 26% of the N-terminal haif of this poly-
peptide consisted of Arg, Lys, and His residues. The
amino acid sequence enceded by ORF7 shared 20 and
419% identical residues with the polypeptide encoded
by ORF7 of EAV and ORF1 or Vp1 of LDV, respectively
(Figs. 5B and 5C). Godeny et a/. (1990} have reporied
that Vp1 is the nucleocapsid protein of LDV. The basic
character and the identity with Vp1 suggest a similar
function for the product of LV QRF7.

Identification of a 3" nested set of subgenomic RNAs

In Northern hybridization experiments, using cDNA
clones located at the 3" terminal part of the LV genome
as probes, RNAs of smaller size than the genomic RNA
were also detected in LV-infected cells. This finding
indicated that the genome of LV is expressed in a man-
ner similar to the genomes of BEV, EAV, LDV, and coro-
naviruses, i.e., via the production of subgenomic

RNAs, which together form a 3’ coterminal nested set
{de Vries ef al., 1980; Kuo et al, 1991, 1882; Snijder et
al., 1990b; Spaan et al., 1988, van Berlo et af., 1986).
To analyze these subgenomic RNAS in more detail, a
set of LV-specific oligonucleotides located in the
unique part of the various ORFs and at the extreme &'
and 3 ends of the LV genome were synthesized (Mate-
rials and Methads and Fig. 7A). These oligonucieo-
tides were labeled and hybridized to Northern blots of
RNA isolated from | V-infected and mock-infected al-
veolar lung macrophages. Hybridization bands were
observed in the analysis of RNA from LV-infected cells
{Fig. 7B}, but not in the analysis of RNA from mock-in-
fected cells (data not shown). Figure 7B shows that
oligonucleatide 25U101R, which is complementary to
the &’ end of the viral genome, hybridized to viral geno-
mic RNA of about 15 kb (RNA1) and to six smaller RNAs
of 3.3 (RNA2}, 2.7 (RNA3), 2.2 (RNA4), 1.7 (RNAB), 1.1
(RNAB}, and 0.7 (RNA7} kb. Thus, these six subgeno-
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alveolar lung macrophages. The RNA was separated on a denatur-
ing fcrmaldehyde agarose gel. The blots were sequentially hybrid-
ized with the indicated LV-specific oligonucleotides {B). The logation
of these oligonucleotides in the genome is shown in (A).
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mic RNAs likely possess a common leader sequence,
which is derived from the 5" end of the viral genome.
The hybridization patterns of the other oligenucleo-
tides indicated that these subgenomic RNAs farm a 3
coterminal nested set (Figs. 2 and 7B). Besides the
seven RNAs, two additional bands were observed to
varying extents at about 1.5 and 4.3 kb. These bands
comigrated with the 185 and 285 ribosomal RNA
bands, as detected by ethidium bromide staining of the
gel. For this reason they might reflect aspecific binding
of the probes to ribosomal RNA which is present in
high concentrations in the total cytoplasmic RNA prep-
arations. Alternatively, the bulk amount of ribosomal
RNA might cause retardation of LV-specific RNA in the
gel, resulting in the 4.3- and 1.5-kb bands observed.

DISCUSSION

We have shown that the genome of LV, the caus-
ative agent of porcine epidemic abortion and respira-
fory syndreme, is a polyadenylated RNA molecule. Be-
cause LV is closely related to several positive-strand
RNA viruses, such as EAV and LDV, we presume that
its genomic RNA also has a positive polarity. Although
investigators have shown in in vitro transfection experi-
ments that the genomic RNA of the latter viruses is
infectious (Brinton-Darnell and Plagemanr:, 1975; van
der Zeijstet al, 1975), itis still unknown whether this is
true to for LY. The nuclectide sequence of the LV ge-
nome, which was determined from a set of overlapping
cDNA clones, consists of 15,088 bases. At the 5’ end,
the viral genome may be a few bases longer than the
sequence described in this paper. In the nucleotide
sequence, ORFs have been identified that might en-
code the viral RNA polymerase (ORF1a and ORF1b),
membraneg-associated proteins {ORFs 2 to 6), and the
nucleocapsid protein (ORF7). The order of the genes,
i.e., B'—gene encoding the RNA polymerase—genes en-
coding the membrane-associated protemns—-gene en-
coding the nucleocapsid protein-3’, is the same in BEV
(Snijder et af., 1990a,b), EAV {den Bocon et 2., 1991a),
LDV (Plagemann and Moennig, 1991), and the corona-
viruses (Spaan et a/., 1988). Furthermore, the genomes
of LV, EAV, LDV, and the coronaviruses appear 1o be
similarly expressed. During the replication of LV RNA, a
3’ coterminal nesied set of six subgenamic RNAS is
farmed, which contain an identical leader sequence
derived from the noncoding 5 end of the genomic
RNA. Studies on the expression of subgenomic
mRNAs of coronaviruses have shown that only the
unique region, i.e., the region of the mRNA that is not
present in the smaller subgenomic mMRNAs, is trans-
lated (Spaan et al, 1988). Sequence analysis of sub-
genomic cDNA clones has indicaled that the so-called

junction sequence, the site in the subgenomic mRMA
where the leader is fused to the body mRNA, is con-
served (Spaan et a/., 1988). De Vries et a/. have shown
that the leader of EAV consists of 208 nucleotides and
is fused to the body sequence of mRNAs 6 and 7 at the
sequence b'-UCAAC-3' (den Boon et al,, 1991a; de
Vries et al., 1990). The junction site for mRNA7 of LDV
appeared 10 be the sequence 5-AAACC-3', whereas
5'-UAACC-3" was identified for mRNAs 5, 6, and 8
(Plagemann and Moennig, 1991). The latter sequence
was also identified in the nucleotide sequence of LV,
immediately upstream of ORF1a. ORFs 4 to 7 are pre-
ceded by a similar motif, 5 —{U/ANU/C)AACC-3', which
may represent the junction sequence of subgenomic
RNAs 4 to 7. The segments 5'-UAAACC-3' and 5'-
UUGACC-3" were identified as putative junction se-
guences of RNAZ and RNA3, respectively. Experi-
ments are in progress to determine the length of the LV
leader sequence exactly and to identify the junction
sites,

The organization of the LV genome, the conserved
domaing in the RNA polymerase gene, and the expres-
sion of the structural proteins via a 3’ nested set of
subgenomic RNAs are findings that imply that LV, the
coronaviruses, and toroviruses are evolutionarily re-
lated. However, the sequence data presented here in-
dicate that LV, EAV, and LDV are even closer related.
The size of the genome of these viruses (13 10 15 kb)is
much smaller than that of coronaviruses and torovirus
BEV (27 to 30 kb; Snijder et al, 1990b; Spaan et 4.,
1988). Especialiy the geneg, encoding the viral polymer-
ase of coronaviruses and BEV (20 to 22 kb; Boursnell et
al, 1987; Lee et al, 1991; Snijder et &/, 1990a) is
much longer than that of LV, EAV, or LDV (10 t0 11 kb
den Boon et a/, 19%1a; Plagemann and Moennig,
1991). The genomes of LV, EAV, and LDV (although
the latter is only partially sequenced) are similarly orga-
nized and these viruses also synthesize a 3' nested set
of subgenomic RNAs in infected cells {de Vries et al.,
1990; Kuo et al,, 1991, 1992; van Berlo et &/, 1986).
The percentage of identical amino acids between the
sequences of the viral RNA polymerase, the putative
membrane-associated proteins, and the putative nu-
cleocapsid protein of LV and LDV {29 10 67%) and LV
and EAV (20 to 36%) indicated that LV is more closely
refated to LDV than it is to EAV.

LV, EAV, and LDV alsg share other properties. First,
macrophages are most likely the target cells of all three
viruses in their respective hosts. This fact has been
established most conclusively for LDV (Stueckemann
et af., 1982a). It is still unknown whether LV and EAV
infect other cells as well in vive. LV and LDV grow in
vitro only on primary cultures of macrophages while
EAV Is exceptional in that it replicates in many different
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cell lines (McCollum et a/, 1971). Second, LV, LDV,
and EAV all seem to establish asymptomatic persistent
infections in their natural hosts (G. Wensvoort, unpub-
lished results; Stueckemann et af., 1982b; Timoney et
al, 1988}). Third LV, LDV, and EAV have similar mor-
phological features. The size of the virion particles, as
determined in electron microscopic studies, is simitar.
The spherical virions of 50 to 65 nm contain a nucleo-
capsid core with a diameter of 30 to 35 nm (Brinton-
Darnell and Plagemann, 1875 Hyliseth, 1973; Wens-
voort et al., 1992}, and the nucleocapsid shows a cubi-
cal rather than a helical symmetry.

LV, LDV, and EAV appear to be closely related to
each other and distantly related to coronaviruses and
toroviruses. Snijder et a/. (1890a) and den Boon et /.
{1991a} proposed a coranavirus-like superfamily, com-
prising corcnaviruses and toroviruses, based on simi-
larity In genome organization, genome expression, and
amino acid sequence. On the basis of the same crite-
ra, EAV, initially classified as a togavirus because of its
merphological resemblance to this family (Westaway
et al, 1985), was also proposed to be a member of the
coronavirus-like superfamily {den Boon et af., 1991a).
Recently, Plagemann and Moennig (1991) suggested
classifying LDV and simian hemorrhagic fever virus
{SHFV) together with EAV in a separate and new family
of viruses, the Arteriviridae. Although the SHFV ge-
nome has not yet been sequenced, several properties
of the virus—the size and shape of the virion, the size
and polyadenylation of the genome, the nature of the
structural proteins, and its propensity for macro-
phages—indicate that SHFV resembles LV, EAV, and
LDV (Plagemann and Moennig, 1991). We conclude
that LV, because of its nucleotide sequence, its geno-
mic organization, and its replication strategy, repre-
sents a new member of the proposed Arteriviridae
family.
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