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Summary. We determined the complete genome sequence of Himetobi P virus
(HiPV), an insect picorna-like virus, which was isolated from the small brown
planthopperl.aodelphax striatellusThe genome of HiPV consists of 9,275 nu-
cleotides excluding the poly (A) tail, and contains two large open reading frames
(ORFs), which were separated by a 176-nucleotide noncoding region. The de-
duced amino acid sequence of the first ORF contains core motifs of picornaviral
helicase, protease, and RNA-dependent RNA polymerase. The capsid protein-
coding region was mapped onto the second ORF by determining the N-terminal
amino acid sequences of the capsid proteins. Subgenomic RNA for the capsid
protein gene was not detected in the infected tissue. The capsid protein precursor
gene of HiPV lacks an AUG initiation codon at the expected position and the
upstream sequence of the gene is predicted to form several stem-loop structures,
suggesting that the precursor is produced by internal ribosome entry site (IRES)
mediated-translation, as occurs in Plutia stali intestine virus (PSIV). These char-
acteristics of the HiPV genome are similar to those of a new group of RNA viruses
consisting of Drosophila C virus (DCV), Rhopalosiphum padi virus (RhPV), and
PSIV.

*

Many small RNA viruses with biophysical properties similar to those of mam-
malian picornaviruses have been found in various insects [10, 16]. These viruses
are described as insect picorna-like viruses, and are listed as unassigned viruses
in the family Picornaviridae[11] because of a shortage of nucleotide sequence
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data. Himetobi P virus (HiPV) is an insect picorna-like virus that was found in the
small brown planthoppekaodelphax striatellug3, 18, 19]. The virus is a spher-

ical particle 29 nm in diameter, which contains a single-stranded RNA genome
of molecular mass 2.8 10° and three major capsid proteins [19].

Recently, the complete nucleotide sequence of five insect picorna-like viruses,
infectious flacherie virus (IFV) [5], Acyrthosiphon pisum virus (APV) [20],
Drosophila C virus (DCV) [6], Rhopalosiphum padi virus (RhPV) [9], and Plautia
stali intestine virus (PSIV) [15], have been reported, revealing the diversity of the
genome organization of these viruses. Mammalian picornaviruses have a single
openreading frame (ORF) that encodes a capsid protein precursor iptre &
the genome and nonstructural proteins in theeBt. Silkworm IFV has a genome
organization close to that of mammalian picornaviruses, and phylogenetic analy-
sis of RNA-dependent RNA polymerase shows that IFV is more closely related to
viruses in the familysequiviridad5]. Pea aphid APV has capsid protein genes in
the 3 part of the genome [20]. The N-terminal region of the APV capsid protein
precursor is encoded in the downstream region of the nonstructural protein gene
in the same reading frame, but the C-terminal region of the precursor is encoded
in a different reading frame, suggesting that a frame-shift is necessary for capsid
protein translation [20]. The genome organization of the three insect picorna-like
viruses, DCV, RhPV, and PSIV, is similar. The three viruses have two ORFs that
are separated by a noncoding region. A nonstructural protien precursor is en-
coded in the 5proximal ORF and a capsid protein precursor is encoded in the
3'-proximal ORF [6, 9, 15].

Usually, positive-stranded RNA viruses that encode capsid protein genes in
the 3 part of the genome produce subgenomic RNA for translation of the capsid
protein [11, 17]. The three viruses, however, do not produce subgenomic RNA
[6, 9, 15]. In addition, the capsid protein precursor genes of the three viruses do
not have an AUG initiation codon at the expected position in their genomes [6,
9, 15]. In PSIV, internal ribosome entry site (IRES)-mediated translation of the
capsid protein precursor occurs, and the CUU codon located one codon upstream
from the coding region of the precursor was identified as the translation initiation
codon [14]. The unique genome organization of the three viruses indicates that
these viruses from a novel group of RNA viruses. These recent studies show that
the variety of insect picorna-like viruses is wider than was previously believed.
We sequenced the HiPV genome to study its organization.

HiPV was purified from the frozen viruliferous planthoppkr,striatellus
according to the method of Toriyama et al. [19] with some modifications. A mac-
erated solution of viruliferous planthoppers was clarified with carbon tetrachloride
and further centrifuged according to the PSIV purification procedure [12]. Puri-
fied HiPV particles were treated with phenol and the extracted HiPV RNA was
precipitated with ethanol. A Great Length cDNA Synthesis kit (Clontech) and
oligo (dT) 25 dN primers were used for HiPV cDNA synthesis. The synthesized
cDNA was cloned into a phage vector, Lambda ZAPII (Stratagene). Plasmids
excised from the phage library were used for cDNA sequencing as previously de-
scribed [15]. The portion of the HiPV genome sequence that was not included in
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the cDNA of the excised plasmids was determined using RT-PCR products. The
nucleotides at the’ferminus of the genome were determined using the amplified
products of a SRACE system as described [15].

In a previous report [19], an agarose electrophoresis analysis of HiPV revealed
both single-stranded (ss) RNA and double-stranded (ds) RNA, which is not always
detected in HiPV preparations. This suggests that the dsSRNA might not be related
to HiPV. Therefore, we carried out a dot blot hybridization assay using an ECL
direct nucleic acid labeling system (Amersham). The labeled dsRNA hybridized
with the dsRNA but not with the HiPV ssRNA (data not shown). In addition, the
5 terminal nucleotide sequence of the dsRNA [19] was not found in any part of
the HiPV genome. We concluded that the ds RNA is not related to HiPV, but the
origin of the ds RNA is unknown.

A previous capsid protein analysis of HiPV detected three major proteins
(36.5 kDa, 33 kDa, and 28 kDa) and three minor proteins (41.5 kDa, 31.5 kDa,
and 31 kDa) [19]. The 41.5 kDa protein was assumed to correspond to VPO
of mammalian picornaviruses, but the origins of the other two minor proteins
(31.5 kDa and 31 kDa) were unknown [19]. In several SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) analyses of independently purified HiPV patrticles,
the two major proteins, 36.5 kDa and 28 kDa, had similar density ratios, but
the density ratio of the 33 kDa protein varied. When the 31.5 kDa and 31 kDa
proteins were observed, the amount of the 33 kDa protein was always less than
the amounts of the 36.5 kDa and 28 kDa proteins (Fig. 1). This suggested that the
31.5kDa and 31 kDa proteins would be degraded products of the 33 kDa protein.

The HiPV genome excluding the poly (A) tail consisted of 9,275 nucleotides
(Fig. 2). A computer analysis predicted two large nonoverlapping ORFs. The first
ORF, which starts at nucleotide (nt) position 964 and ends at nt 6 294, encoded
1,777 amino acids. When the amino acid sequence identity of tharBof the
first ORF was analyzed using the program FASTA, HiPV showed 44.7% and
32.4% identities to PSIV and DCV, respectively, in approximately 310 amino
acid-overlaps. The consensus motifs for RNA helicase &) [2], cysteine
protease (GXCG) [1], and RNA-dependent RNA polymerase (S&%N and
YGDD) [8] were found in the deduced amino acid sequence of the first ORF, at
amino acid positions 575-580 (GSGVGK), 1193-1196 (GDCG), 1586-1595
(SGHFLTAIIN), and 1630-1 633 (YGDD), respectively. This indicates that the
first ORF encodes a nonstructural polyprotein.

The coding regions of the capsid proteins of HiPV were mapped by analyzing
the N-terminal sequences of the proteins. We separated the capsid proteins of
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Fig. 2. Schematic diagram of the genome organization of HiPV. The tick line and open boxes
represent noncoding regions and ORFs respectively. The coding regions of capsid proteins
are indicated by arrows together with the N-terminal sequence of each capsid protein (bold
type) and its upstream amino acid residue. The nucleotide positions of the start and end of
each ORF and the cleavage sites of each capsid protein are indicated above the line

HiPV by 10% SDS-PAGE and blotted them onto a PVDF membrane, which was
then stained with Coomassie brilliant blue. Five protein bands (41.5 kDa, 36.5kDa,
33 kDa, 31 kDa, and 28 kDa) were detected, excised and sequenced on a LF 3000
Protein Sequencer (Beckman). The N-terminal sequences of the five proteins were
VNLNSEADML (41.5 kDa), ANNNNN (36.5 kDa), KKPDKTNHGE (33 kDa
and 31 kDa), and ANFASTGQHD (28 kDa). The N-terminal sequence of the
31 kDa protein was the same as that of the 33 kDa protein, indicating that the
origin of the 33 kDa and the 31 kDa protein was the same, and that the 31 kDa
protein probably came from the degradation of the C-terminal part of the 33 kDa
protein. The N-terminal sequences of the 41.5 kDa, 33 kDa, and 28 kDa proteins
were found in the deduced amino acid sequence of the second ORF, and the
5 termini of their coding regions were mapped at nt 7 259, 7 463, and 8 324,
respectively (Fig. 2). The'Serminus of the 36.5 kDa protein was mapped at nt
6 473, which was located about 340 nucleotides upstream from the first AUG
codon of the second ORF (nt 6 812—6 814). There were no stop codons between
the B terminus of the coding region of the 36.5 kDa protein and the first AUG
codon of the second ORF, and the reading frame of the 36.5 kDa protein was
consistent with that of the other three proteins. The coding region of the 33 kDa
protein overlapped with that of the 41.5 kDa protein, suggesting that the 41.5 kDa
protein is a precursor of the 33 kDa protein and the HiPV, like PSIV, has a VP4-
like structural protein [12, 15]. These results indicate that the capsid protein genes
of HiPV are located in the’®art of the genome and the proteins are produced as
a large precursor.

When positive-stranded RNA viruses encode capsid protein genes iiptre 3
of the genome, the viruses usually produce subgenomic RNA for capsid protein
translation [11, 17]. To examine subgenomic RNA production of the HiPV capsid
protein gene, a Northern blot analysis was performed. Since HiPV multiply in
the midgut ofL. striatellus[18], we dissected 30 planthoppers of a viruliferous
colony to collect midgut tissues. The dissected midguts were directly suspended in
TRIZOL solution (Gibco BRL) for total RNA extraction. The extracted RNA was
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electrophoresed in a 1% agarose gel containing formaldehyde, and was blotted
onto a nylon membrane (Hybond#\ Amersham). The probe for the Northern
analysis was amplified by PCR using a cDNA clone containing the capsid coding
region of HiPV. The amplified DNA fragment, which corresponded to nts 7 749—

8 330 of the HiPV sequence, was labeled with horseradish peroxidase using an
ECL direct nucleic acid labeling and detection system (Amersham). Procedures
for hybridization and detection were conducted according to the manufacturer’s
recommendations. A large amount of genome-size RNA was detected but there
was no smaller RNA corresponding to the size of the capsid coding region, about
2.6 kb (Fig. 3). This indicates that HiPV does not produce subgenomic RNA for
the capsid protein gene in the infected tissue.

The absence of subgenomic RNA for the capsid protein gene in the infected
tissue indicates that HiPV produces capsid proteins by the translation of genome-
size RNA. This means that HiPV is closer to picornaviruses than caliciviruses
and astroviruses because the latter two groups of viruses produces subgenomic
RNA for their capsid protein genes [11]. Mammalian picornaviruses have a long
5 noncoding region (NCR), approximately 620—1200 nucleotides [13], and this
region forms a tertiary structure to recruit ribosomes for internal translation initi-
ation. The 5NCR of HiPV is 963 nucleotides and contains 15 AUG triplets. This
suggested that the nonstructural polyprotein of HiPV may be produced by IRES-
mediated translation. Another characteristic of picornaviral RNA is the presence
of a genome-linked protein (VPQ) at theehd of the genome [13]. Among insect
picorna-like viruses, the presence of VPg has been shown in IFV [4] and DCV [7].
Although the presence of VPg in the HiPV genome was not examined because of
a low yield of the purified virus, the similarity of genome organization between
HiPV and DCV suggested that HiPV would have VPg.
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Fig. 4. Nucleotide and deduced amino acid sequence of tharbof the HiPV capsid coding

region and its upstream region. The inverted repeat sequences (arrows) and the predicted stem-

loop structure corresponding to the stem-loop VI of the PSIV IRES [14] are indicated. The
asterisk indicates the terminal codon

The UAA stop codon located 5 codons upstream from therfninus of the
capsid coding region suggests that translation of the capsid protein precursor of
HiPV is initiated slightly upstream from théterminus of the capsid coding region
(Fig. 4). Recently, IRES-mediated translation of the PSIV capsid protein has
been demonstrated [14]. The IRES for PSIV capsid protein translation consists of
approximately 250 nucleotides and the translation initiation codon was identified
as the CUU codon that was located that was one codon upstream from the 5
terminus of the capsid coding region. Seven stem-loop structures were predicted
in the PSIV IRES sequence, and the importance of an inverted repeat, which was
found in the loop sequence of stem VI (nt 6163 to 6167 in the PSIV sequence)
and nt 6188 to 6192 containing the CUU codon, was suggested [14]. When we
predicted the secondary structure of the upstream sequence of the HiPV capsid
coding region using the program MFOLD (data not shown), an equivalent stem-
loop structure that corresponded to stem-loop VI of PSIV was formed. In addition,
a5 nucleotide inverted repeat sequence was also found between the loop sequence
and the sequence just upstream from ther&l of the capsid coding region of
HiPV (Fig. 4). Equivalent inverted repeat sequences are also conserved in the
corresponding regions of the DCV and RhPV genomes [14]. We postulate that
the inverted repeat sequences from a pseudo-knot structure and may play a role
in determining the translation initiation site of the capsid protein precursor genes
of the four viruses. It is likely that HiPV uses a similar mechanism for capsid
protein translation as seen as PSIV and that the CUA codon that is located one
codon upstream from thé germinus of the capsid coding region of HiPV may
be the initiation site of the capsid protein gene.

The characteristic of the genome organization of HiPV indicate that HiPV is
also a member of a new group of RNA viruses that consists of DCV, RhPV and
PSIV.
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The nucleotide sequence data reported in this paper in the DDBJ, EMBL, and

GenBank databases under accession No. AB017037.
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