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Simian hemorrhagic fever virus (SHFV) was recently reclassified and assigned to the new virus family
Arteriviridae. During replication, arteriviruses produce a 3’ coterminal, nested set of subgenomic mRNAs
(sgRNAs). These sgRNAs arise by discontinuous transcription, and each contains a 5’ leader sequence which
is joined to the body of the mRNA through a conserved junction sequence. Only the 5'-most open reading frame
(ORF) is believed to be transcribed from each sgRNA. The SHFV genome encodes nine ORFs that are
presumed to be expressed from sgRNAs. However, reverse transcription-PCR analysis with leader- and
ORF-specific primers identified only eight sgRNA species. The consensus sequence 5'-UCNUUAACC-3' was
identified as the junction motif. Our data suggest that sgRNA 2 may be bicistronic, expressing both ORF 2a
and ORF 2b. SHFV encodes three more ORFs on its genome than the other arteriviruses. Comparative
sequence analysis suggested that SHFV ORFs 2a, 2b, and 3 are related to ORFs 2 through 4 of the other
arteriviruses. Evidence which suggests that SHFV ORFs 4 through 6 are related to ORFs 2a through 3 and may
have resulted from a recombination event during virus evolution is presented.

Simian hemorrhagic fever virus (SHFV), an enveloped, pos-
itive-stranded RNA virus, causes a persistent, asymptomatic
infection in monkeys belonging to the genera Papio, Erythro-
cebus, and Cercopithecus (17, 23). However, this virus induces
a fatal hemorrhagic fever in species within the genus Macaca
(29, 36). SHFV, together with equine arteritis virus (EAV),
murine lactate dehydrogenase-elevating virus (LDV), and por-
cine reproductive and respiratory syndrome virus (PRRSV),
has recently been assigned to the monogeneric family Arteri-
viridae within the newly established order Nidovirales (4) (re-
viewed in references 10 and 35).

The arteriviral genomes are monopartate, capped (31), and
polyadenylated (3, 30), and they vary in length from 12.7 to
15.1 kb (7, 15, 26). The 5’-terminal two-thirds of the viral
genomes are taken up by two large overlapping open reading
frames (ORFs) designated ORF 1a and ORF 1b. These ORFs
encode polyproteins from which the viral polymerase and
other nonstructural proteins are derived (reviewed in refer-
ence 10). In the case of EAV, LDV, and PRRSYV, six smaller
OREFs are present downstream of ORF 1b encoding four gly-
coproteins (GP, through GPs), the unglycosylated membrane
protein (M), and the nucleocapsid protein (N), as ordered
from the 5’ — 3’ direction, according to the nomenclature of
van Nieuwstadt et al. (39). These ORFs are expressed through
a 3’ coterminal, nested set of subgenomic mRNAs (sgRNAs)
which are assumed to be functionally monocistronic (9, 37).
Each sgRNA contains a leader sequence of approximately 200
nucleotides (nt) (7, 15, 19, 26, 42) which is derived from the
extreme 5’ end of the genome and is joined to the body of the
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RNA via a poorly understood discontinuous transcription
mechanism. Fusion of the leader and body sequences occurs at
a short conserved motif (6-8, 25, 42), the transcription-associ-
ated sequence (TAS) (18). The TAS is found at the 3’ end of
the common leader sequence and at positions upstream of
each of the ORFs (7, 15, 25).

Recent analysis of the 6.3 kb, 3’ terminal SHFV genome
sequence revealed the presence of nine ORFs, instead of the
expected six, downstream of ORF 1b (Fig. 1) (34). The gene
organization at the 3’ end of the SHFV genome is identical to
that of the other arteriviruses in that ORF 7 is presumed to
encode GPs and ORFs 8 and 9 encode the M and N proteins,
respectively (16, 34). The coding assignments of the remaining
six SHFV ORFs are not known. Furthermore, it is not clear
how these ORFs are expressed: Northern blot analysis of RNA
extracted from SHFV-infected cells detected only six polyad-
enylated virus-specific sgRNAs, with estimated lengths of 4.7,
3.3, 2.7, 2.0, 1.2, and 0.65 kb (16, 42). Analysis of the two
smallest SHFV RNAs identified a short conserved sequence,
5'-U(U/C)AACC-3' at the junction site (42). One or more
similar motifs have been found upstream of each of the SHFV
ORFs (34). However, which of these potential TASs are actu-
ally used during virus replication had not been determined.
Here, we have studied SHFV transcription in further detail.
We have employed reverse transcription (RT)-PCR to identify
all of the sgRNAs and to map each of the leader-body junction
sites. In addition, we have investigated the coding assignments
of SHFV ORFs 2a through 6 by computer-assisted sequence
analysis.

To analyze the viral sgRNAs, MA104 cells were infected
with the LVR 42-0/M6941 strain of SHFV at multiplicity of
infection of 0.1, and total cytoplasmic RNA was isolated at 20 h
postinfection according to the method of Sawicki et al. (32)
with modifications (42). Leader-body junction regions of
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FIG. 1. Schematic representation of the genome organization of the PRRSV
and SHFV 3’ ORFs (a) and the SHFV sgRNAs (b). ORFs are drawn approxi-
mately to scale. Solid lines represent untranslated RNA. Black rectangles rep-
resent 5’ leader sequences. The lengths of the sgRNAs, excluding the poly(A)
tracts, are also shown.

SHFV sgRNAs were amplified by RT-PCR using negative-
sense ORF-specific oligonucleotide primers (Table 1) and a
positive-sense primer corresponding to nt 60 through 77 of the
SHFV 5’ leader sequence (42). The resulting PCR fragments
were purified from 1% agarose gels, inserted into plasmid
pCRII, and introduced into Escherichia coli TOP10F’ with the
TA Cloning Kit, according to the manufacturer (Invitrogen
Corp., San Diego, Calif.). Recombinant plasmid DNA was
purified with the Quantum Prep Plasmid Miniprep kit (Bio-
Rad Laboratories, Hercules, Calif.) and sequenced with M13
universal and reverse primers and the Sequenase DNA se-
quencing kit (U.S. Biochemical Corp., Cleveland, Ohio). For

TABLE 1. Reverse primer sequences used for RT-PCR and
locations of primer sequences downstream
of initiation codons

Reverse primer sequence Distance to initiation

ORF (5" =13 codon (nt)
2a TTGAAACCCTTCTCTGCC 263
2b GCAGATGAAAGCAAGCAAC 104
3 TTCGCCATAACCCAGAAC 282
4 AAAGAACTGGGTTCGCAC 338
5 GAAGTGCAACTTGACCTGAG 115
6 CGCAATCACAATGAACAAG 506
7 AAAGTCAAGAAAGGAGGCAG 490
8 GTCGCGTTAATCGCTAAAC 313
9 CATATGAAAGATTTCCGCC 231

NOTES 863

5' Leader 5

UAACCAUGUUCUGUGAGUGCCCUCG. . . 3"

ORF 2a SgRNA &'

. AUUUGCAGACCCUCCUUAACUUCUGULUCAC- 77nt-AUG.

Genome 5' .. .CUCUAGCCAAGGUCUUUAACI

5' Leader

UAACCAUGUUCUGUGAGUGCCCUCG. . . 3"

ORF 3 SQRNA  5' . AUUUGCAGACCCUCCUUCACCCUGAACUCUU- 45nt-AUG. .. 3'

.. UAGCUGCCULAACCUU

Genome 5

5' Leader UAACCAUGUUCUGUGAGUGCCCUCG. .. 3°

ORF 4 sgRNA  5' ... AUUUGCAGACCCUCC

.. AUCCUAGGAUUUCUAUUAACC

Genome 5

5' Leader
ORF 5 sgRNA

Genome

5' Leader

ORF 6 sgRNA . . AUUUGCAGACCC

Genome 5' .. .GUGGCAACGUUGUCAU

5' Leader
ORF 7 sgRNA

Genome

5' Leader
ORF 8 sgRNA

Genome

5" lLeader

ORF 9 sgRNA

. . CCAAAAGGGGUCUUGUUAAC

Genome

cuccc U

Consensus 5" -UCNUUAACC- 3’
G

FIG. 2. Sequences of the leader-body junction regions of the SHFV sgRNAs.
The sequences are aligned with the 5 ends of the SHFV genome (5’ Leader [42])
and with the genomic sequences surrounding the TAS (Genome). Colons indi-
cate identical nucleotides. The initiation codons for ORFs 2a through 9 are
underlined. Nucleotides from the leader and genome sequences which unam-
biguously contribute to the sgRNA are shaded. The overall junction region
consensus sequence is shown at the bottom of the figure with the most common
nucleotides represented in the middle line.

each PCR product, at least three independent clones were
analyzed.

As shown in Fig. 2, eight distinct junction regions were
identified. These were located upstream of ORF 2a and of
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FIG. 3. (a) Alignment of conserved regions in the predicted translation prod-
ucts of SHFV OREFs 2a, 2b, and 3 with those of ORFs 2 through 4, respectively,
of the Lelystad isolate of PRRSV (26). (b) Alignment of the carboxy-terminal
halves of the predicted translation products of SHFV ORFs 3 and 6. (c) Align-
ment of parts of the deduced amino acid sequences of SHFV ORFs 2a and 4 with
that of the ORF 2 product of the Lelystad isolate of PRRSV. Cysteine residues
are indicated in boldface type. The alignments were based on database searches
using version 1.4.9MP of BLASTP (1) in combination with pairwise comparisons
and multiple sequence alignments generated with the Genetics Computer Group
software programs GAP and PILEUP, respectively.

ORFs 3 through 9. Alignment of the genomic fusion regions
and comparison with the 3’ end of the leader sequence indicate
that the SHFV TAS conforms to a nonanucleotide consensus
sequence, 5'-UCNUUAACC-3’, in which only the residues at
positions 7 and 8 are strictly conserved. The SHFV TAS re-
sembles the TASs of PRRSV strain Lelystad [5'-U(U/C)AAC
C-3'] (25), LDV [5'-U(A/G)UAACC-3'] (6), and EAV (5'-U
CAACU-3") (8, 9). The distances between the SHFV TASs
and the initiation codons of the 5'-most ORFs on the respec-
tive sgRNAs range from 1 to 178 nt (Fig. 2).

Previous studies have shown that during arteriviral transcrip-
tion, fusion of the leader and body sequences can occur at
different positions within the TAS, resulting in sgRNA se-
quence heterogeneity (6, 25). In this study, such heterogeneity
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was not observed between cDNA clones derived from the same
leader-body junction region. However, only a limited number
of SHFV c¢DNA clones were studied per sgRNA species. Fur-
thermore, for sgRNAs 2a, 4, 7, and 9, it was not possible to
pinpoint leader-body fusion sites because of the extensive se-
quence identity between the leader sequences and the TASs.
The results shown in Fig. 2 suggest that in the case of the ORF
8 sgRNA, leader-body fusion preferentially occurred at posi-
tion 4, with residues 1 through 3 being derived from the leader
and 5 through 9 from the genomic sequence. Similarly, for the
sgRNAs of ORFs 3 and 6, leader-body fusion took place at
either position 4 or 5. In contrast, on the ORF 5 sgRNA at
least the 3’-most 7 nt were derived from the genome, and
leader-body fusion may have occurred at position 1 or 2 or
possibly even at position —1, i.e., upstream of the TAS (Fig. 2).

Based upon our present results, we propose that SHFV
produces eight sgRNA species during replication. According
to conventional nomenclature (5), these sgRNAs are desig-
nated RNAs 2 through 9, with calculated lengths of 5.049,
4.032, 3.454, 2.827, 2.642, 1.921, 1.210, and 0.629 kb, respec-
tively; these sizes exclude the 3’ poly(A) tail but include the
208-nt 5’ leader sequence (Fig. 1) (42). The lengths of sgRNAs
2,4,6,7,8, and 9 correspond to those found for the SHFV
RNAs in infected cells as detected by Northern blot analysis
(16, 42). Amplification of sgRNAs 3 and 5 consistently yielded
reduced amounts of RT-PCR products, compared to those
obtained for the other six sgRNAs. This suggests that sgRNAs
3 and 5 may be produced in small amounts during virus rep-
lication, which could explain why these transcripts were previ-
ously overlooked by Northern blot hybridization. Also,
sgRNAs 5 and 6 are likely to comigrate in agarose gels, which
may have precluded detection of the individual transcripts.

Surprisingly, we did not detect an ORF 2b-specific sgRNA.
A potential TAS was previously identified 141 nt upstream of
the ORF 2b initiation codon (34). However, RT-PCR per-
formed with a combination of the ORF 2b- and leader-specific
primers did not yield the anticipated product of 413 nt but
rather a single, much larger product of 893 nt. Sequence anal-
ysis showed that the latter product had not been derived from
an ORF 2b-specific sgRNA but rather from sgRNA 2. The
apparent absence of a separate sgRNA for ORF 2b may indi-
cate that this gene is silent. However, we currently favor the
hypothesis that sgRNA 2 may be functionally bicistronic, di-
recting the synthesis of both the ORF 2a and ORF 2b prod-
ucts. Experiments to test this hypothesis are currently under
way. The expression of multiple ORFs from a single sgRNA
species has not yet been reported for any other arterivirus, but
it has been well documented for the closely related coronavi-
ruses (21, 22, 33), i.e., other members of the order Nidovirales
which employ a transcription scheme similar to that of the
arteriviruses (reviewed in references 24 and 38).

EAV, LDV, and PRRSV carry the same complement of
genes, and their genomes are essentially collinear. SHFV pos-
sesses three more ORFs than the other arteriviruses. Whereas
ORFs 8 and 9 have been found to encode the SHFV homologs
of M and N, respectively (Fig. 1) (16), and ORF 7 presumably

FIG. 4. Schematic representations of the ORF 4 products of LDV and PRRSV with the ORF 3 and ORF 6 products of SHFV (a), the ORF 2 products of EAV,
LDV, and PRRSV with the ORF 2a and ORF 4 products of SHFV (b), and the ORF 3 products of LDV and PRRSV with the ORF 2b and ORF 5 products of SHFV
(c). Cysteine residues are indicated by C, and potential N-linked glycosylation sites are denoted by open circles. The fine broken lines identify aligned cysteine residues,
and the coarse broken lines in panel ¢ identify arbitrarily aligned residues. Black triangles indicate the positions at which the signal sequences are cleaved from the
peptide as predicted by von Heijne’s algorithm (40), and the open triangle symbolizes an alternative signal sequence cleavage site. The black boxes represent N- and
C-terminal hydrophobic domains as determined by Kyte and Doolittle (20). The short diamond-squared boxes in panel a represent the core sequence, RWA. The
striped boxes in panel b symbolize the core residues, HPLG, of a highly conserved amino acid sequence. The checkered boxes in panel ¢ indicate the locations of the
conserved seven-amino-acid sequence, FHPELFG. Nucleotide sequences were taken from den Boon et al. (7) for the Utrecht strain of EAV, Chen et al. (6) for LDV
strain P, Meulenberg et al. (26) for the Lelystad isolate of PRRSV, and Smith et al. (34) for the LVR 42-0/M6941 strain of SHFV.
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encodes GP5 (34), the genes for GP, through GP, remain to be
identified. Little is known about the characteristics and func-
tions of these glycoproteins. GP, is a class I membrane glyco-
protein which has been found in the viral envelopes of EAV,
LDV, and PRRSV (11, 13, 27, 28). Studies of LDV and
PRRSV suggest that GP5, a soluble glycoprotein, and GP,, an
integral membrane protein of unknown topography, are also
part of the virion (12, 14, 39, 41). SHFV virions contain at least
two envelope glycoprotein species, of 42 and 54 kDa (16), the
latter of which presumably represents GP5 (34).

The products encoded by SHFV ORFs 2a through 6 all show
characteristics of glycoproteins. To determine the relationship
of these proteins to those encoded by other arteriviruses, the
deduced amino acid sequences were used as a query to search
the nonredundant protein database at the National Center for
Biotechnology Information (NCBI) (Bethesda, Md.) by using
the software program BLASTP (1). Regions of significant
amino acid sequence similarity were detected between the
products of SHFV ORFs 2a, 2b, and 3 and those of ORFs 2, 3,
and 4 of the Lelystad isolate of PRRSV (Fig. 3a). These results
suggest that ORFs 2a, 2b, and 3 encode homologs of GP,, GP;,
and GP,, respectively.

A search using the products of ORFs 4 through 6 as a query
did not reveal significant sequence similarity to any protein
sequence in the NCBI data library. Surprisingly, however, a
comparison with SHFV sequences revealed that the ORF 6
product is closely related to the protein encoded by ORF 3,
having 27% sequence identity and 46% sequence similarity in
the carboxy-terminal 105 residues (Fig. 3b). This observation
suggests that ORF 6 resulted from a gene duplication event
and led us to speculate that ORFs 4 and 5 may have arisen
similarly. Indeed, a short region with 30% sequence identity
and 42% sequence similarity was detected in the proteins en-
coded by ORFs 2a and 4 (Fig. 3c). However, sequence simi-
larity between the products encoded by ORFs 2b and 5 was
virtually absent.

During divergent evolution, conservation primarily acts at
the level of overall protein structure whereas the primary se-
quence may vary considerably. Cysteine residues, critically in-
volved in glycoprotein folding through the formation of disul-
fide bonds, are generally more strictly conserved than other
amino acid residues. As shown in Fig. 4a, the distribution of
cysteine residues in the SHFV ORF 6 product resembles that
of the SHFV ORF 3 product and the ORF 4 products (GP,) of
PRRSV and LDV. Similarly, the cysteine pattern in the pre-
sumptive ectodomain of the SHFV ORF 4 product is similar to
that of the ORF 2a product of SHFV and the ORF 2 products
(GP,) of PRRSV, LDV, and EAV (Fig. 4b). Finally, the cys-
teine patterns of the products encoded by SHFV ORFs 2b and
5 can also be matched (Fig. 4c). The combined data suggest
that SHFV ORFs 4 through 6 may have arisen from a heter-
ologous RNA recombination event during which the genes for
GP,, GP5, and GP, were duplicated. Further support for this
scenario can be found in the ORF overlap regions. All but two
of the SHFV ORFs overlap the adjacent 5' ORF; there is a
42-nt gap between ORFs 3 and 4 and a 5-nt gap between ORFs
6 and 7 (34). These gaps suggest that an RNA segment carrying
ORFs 4 through 6 may have been placed between existing
overlapping ORFs. Such a recombination event may have in-
volved closely related SHFV genomes, in which case the con-
siderable sequence differences between ORFs 2a through 3
and their duplicates resulted from subsequent divergence. Al-
ternatively, ORFs 4 through 6 may have been acquired from a
more distantly related arterivirus. A recombinant virus can
only become established if the newly gained genetic informa-
tion provides a selective advantage. At present, we do not
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know how the acquired genes contribute to SHFV fitness.
Future studies of the biosynthesis and function of the various
SHFV proteins and characterization of additional SHFV iso-
lates may shed light on this issue.

This work was supported by Public Health Service grant RR06841
from NCRR.
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