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Abstract The genome of Bombyx mori densovirus
(China isolate), termed as BmDNV-3, is composed of
two kinds of different single-stranded linear DNA
molecules (VD1 and VD2). In this study, the viral
DNA molecules were purified and cloned into pUC119
vector, and the complete nucleotide sequence was
determined. Sequence analysis showed that VD1 gen-
ome consisted of 6,543 nts including inverted terminal
repeats (ITRs) of 224 nts, and VD2 genome consisted
of 6,022 nts including ITRs of 524 nts. Comparison of
the complete genome sequence between BmDNV-3
and BmDNV-2 (Yamanashi isolate) showed an iden-
tity of 98.4% in VD1 and 97.7% in VD2, with a total
number of 228 bp substitutions, 11 bp deletions and 3
bp insertions found in BmDNV-3. A single nucleotide
“A” deletion at nt 1589 in BmDNV-3 caused a frame
shift mutation and brought about a premature stop
codon, thus dividing VD2 of BmDNV-3 into two ORFs
(named VD2 ORFla and VD2 ORF1b) within that
region, while there was only one ORF (named VD2
ORF1) in the corresponding region of BmDNV-2
(Yamanashi isolate). Comparative polymorphisms of
ORFs and ITR regions of the two viral genomes
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showed that highly variable regions were mainly
located in VD1 ORF3, VD1 ORF4, VD2 ORF2, and
ITRs of BmDNV-3. Northern blots analysis revealed
that VD1 had 1.1 kb and 1.5 kb transcripts from the
left half of its plus strand, and one transcript about
33 kb from the right half of its minus strand.
Sequencing of 3" and 5 RACE products showed that
the 1.1 kb transcript started at nt 290 and ended at nt
1437, the 1.5 kb transcript started at nt 1423 and ended
at nt 2931, and the 3.3 kb transcript started at nt 6287
and ended at nt 2922. These results help us to further
understand the variation between different DNV gen-
era and its possible causes, providing clues for studying
the evolutionary history of densoviruses.
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Introduction

The family Parvoviridae includes two subfamilies: the
Parvovirinae, members of which infect vertebrates, and
the Densovirinae, members of which infect inverte-
brates [1]. Similar to other parvovirus, densoviruses
(DNVs) are small icosahedral, no-enveloped particles of
18-26 nm in diameter and their genomes consist of a
4-6.5 kb single-stranded linear DNA equimolecularly
encapsidated as plus and minus strands in separate
virions. DNVs can infect a wide range of insects
including Lepidoptera, Diptera, Orthoptera and Dict-
yoptrea [2] and lead to death of the host in most cases,
but they are not able to infect tissues of vertebrates [3],
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thus making them potential biological agents for
controlling main agricultural pests [4, 5].

BmDNV is a viral agent causing flacherie disease of
the silkworm. Many DNV isolates have been obtained
from silkworm, they were termed as BmDNV-1 (Ina
isolate), BmDNV-2 (Saku isolate and Yamanashi iso-
late), BmDNV-3 (China isolate) and BmDNV-4
(Kenchu insolate) [6]. BmDNV-2 was parvo-like virus
containing small, single-stranded linear DNA genome.
Unlike BmDNV-1 and other parvovirus, BmDNV-2
has bipartite genomes and no common terminal pal-
indromic sequences, implying that it is a new type of
virus with unique replication mechanisms [7, 8§].
According to ICTV Virus Taxonomy report, BmDNV-2
has not been definitely classified so far. Since the
characteristic trait of BmDNV-2 was quite similar to
those of densovirus, it was tentatively designated as
densovirus [9, 10].

BmDNV-3 and BmDNV-2 (Yamanashi isolate)
both have bipartite genomes and have the same host
species, but their virulence and the symptoms of
infection are different. For example, BmDNV-2
(Yamanashi isolate) almost exclusively infects the
columnar cells of midgut epithelium, while BmDNV-3
can infect the columnar cells of midgut epithelium
during the early stage of infection and is able to infect
the cup shaped cells of midgut epithelium during late
stage of infection. In this study, the genome of
BmDNV-3 was completely sequenced, analyzed and
compared with the genome of BmDNV-2 (Yamanashi
isolate). In addition, we investigated its transcription
strategy upon infection through northern blots analysis
and the 3’, 5-rapid amplification of cDNA ends
(RACE), and found that BmDNV-3 VD1 has an
ambisense genome like genus Densovirus [11, 12].

Materials and methods
Virus and viral DNA

Densoviruses was propagated with fifth instar larvae of
BmDNV-3 susceptible silkworm strain Huaba. Midgut
was taken from the larvae that showed obvious symp-
toms and was homogenized in TEN buffer (50 mM
Tris-HCl, 1 mM EDTA, 0.1 M NaCl, pH 7.5) using a
tissue homogenizer at 2,000 rpm for 2 min. To purify
the viral particles, a 40% (w/w) CsCl density-gradient
ultracentrifugation was performed at 45,000 rpm
(170,000g) for 16 h at 4°C in a Beckman VTiS0 rotor.
The purified viral particles were suspended in high salt
solution containing 10 mM Tris-HCl of pH 7.5,
100 mM Na(Cl, 15 mM MgCl,, 0.2% SDS and 0.5 mg/ml
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proteinase K and were incubated at 56°C for 4 h. Then,
total DNAs of the viral particles were extracted with
phenol/chloroform (1:1) three times and with chloro-
form one time, and finally recovered by means of
ethanol precipitation.

Cloning of viral DNA

In live BmDNV-3 viruses, VD1 and VD2 are present
in separate particles and have their own complemen-
tary strands both of which exist in single-strand status.
In the extraction process, the complementary strands
hybridized with each other and might left short single
stranded segments at both ends. The viral DNA
hybridized upon extraction was blunt ended using T4
DNA polymerase (10 U per 300 ng of DNA, and
35 uM dNTPs in 50 mM Tris—-HCI, 5 mM MgCl,, and
10 mM DTT), heated for 15 min at 70°C, and then
precipitated with ethanol. Endonuclease digestion, gel
electrophoresis, and fragment elution from agarose gel
were carried out according to the supplier’s instruc-
tions. Restriction fragments were obtained by digestion
with HindIll and cloned into Hindlll/Smal-digested
pUC119, or cloned into Hindlll-digested pUCI119.
Terminal fragments were obtained and cloned into
Smal-digested pUC119. The recombinant plasmids
were transformed into E. coli DHS5? for replication.

Sequencing and sequence analysis

The cloned viral DNAs were sequenced from both
directions using the Genomelab'™ DTCS-QUICK
START KIT (BECKMAN COULTER) in CEQ™
8000 Genetic Analysis System according to the manu-
facturer’s instructions. Multiple clones were sequenced
to verify the sequences. In order to guarantee the accu-
racy, sequencing was performed to clones that had a 5- to
7-fold coverage to the whole genome. The nucleotide
sequence was processed with MegAlign program of
DNAStar (LagerGene, USA). ORF characterization
and amino acid sequence deduction were performed
using the SeqBuilder program of DNAStar. Compara-
tive analysis including multiple alignments of nucleotide
and amino acid sequences was performed with clustalW
method. Homology searches were conducted against the
NCBI nucleotide and protein databases. Transcriptional
control signals were assessed by Neural Network
Promoter Prediction (NNPP) software [13, 14].

Northern blots

Total RNA was isolated from midgut of the infected
larvae of BmDNV-3 susceptible silkworm strain
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Huaba at 72 h posterior to virus treatment. The midgut
was submerged in a fresh 0.5% diethyipyrocarbonate
(DEPC) solution for 30-60 min before being frozen in
liquid nitrogen, and subjected to RNA purification
using an RNA isolation kit (QIAGEN). The total
RNA was submitted to electrophoresis in 1.2% form-
aldehyde agarose gels and blotted onto positively
charged nylon membranes (Roche, USA). The blotted
membranes were incubated overnight at 42°C with two
32P_labeled probes obtained using a probe preparation
kit (Takara) based on the sequence from nts 1116 to
2573 and the sequence from nts 4451 to 5414 of the
BmDNV-3 VD1 genome.

Mapping the 3’ and 5" ends of viral transcripts

A 3, 5-RACE kit (BD Biosciences Clontech, USA)
was used to characterize the 3’-end and 5’-end of the
transcripts. From the open reading frames obtained
through sequence analysis, the most probable locations
of the transcript were predicted. Using DNV-specific
primers and the 3-RACE and 5-RACE universal
primers, PCR amplification was carried out according
to manufacturer’s instruction of the RACE kit. The
PCR products were subject to cloning and sequencing
analyses as described above.

Results and discussion
Analysis of the viral genome

The complete nucleotide sequence of the viral genome
has been determined. The sequence data was assem-
bled into two contiguous sequences named VD1 (6,543
nts) and VD2 (6,022 nts). The GenBank accession
numbers are DQ017268 and DQ017269, respectively.
They were in accordance with a previous estimate of
6.6 and 6.0 kb, respectively, based on the DNA agarose
gel electrophoresis and restriction enzyme digestion
experiment (unpublished data). Base composition of
VD1 was 68.2% A+T, and that of VD2 was 72.1%
A+T. Both VD1 and VD2 had a high content of A+T.

A VD10RF1
VD10RF2
v VD10RFS

VD1 had ITRs of 224 nts, and VD2 had ITRs of 524
nts. In addition, VD1 and VD2 had an identical 53 nts
sequence in their ITRs ends. However, the terminal
palindromic sequence commonly seen in many other
densoviruses was not found. Structural analysis of both
VD1 and VD2 ITRs suggested that the single stranded
viral DNA molecules could form a “panhandle struc-
ture”. The 5’ terminal sequences of 224 nucleotides of
each single strand VD1 DNA and the 224 nucleotides
at its 3’ end were complementary. This also applied for
524 nucleotides at the termini of VD2 DNA. The GC
content of BmDNV-3 ITRs (VDI1, 40.5%; VD2,
42.4%) is higher than that of the entire virus genome
(VD1, 31.8%; VD2, 27.9%), which may contribute to
the stability of the ITRs secondary structure.

Using methionine-initiated codon (ATG), stop
codons (TAA, TAG and TGA), at least 100 aa long and
having minimal overlap as the criteria for searching
OREFs, seven putative ORF regions were identified in
BmDNV-3 genome. The locations, orientations, and
sizes of the predicted ORFs are shown in Fig. 1A. It was
discovered that VD1 contained four ORFs (VD1 ORF1,
VD1 ORF2,VD1 ORF3,and VD1 ORF4) and VD2 had
three ORFs (VD2 ORFla, VD2 ORFlb, and VD2
ORF2). The overall organization of VD1 genome is
similar to that of JcDNV and MIDNYV [12, 15], and that
of VD2 genome is similar to that of BmDNV-1 [16, 17].

Comparison of BmDNV-3 and BmDNV-2
(Yamanashi isolate)

According to previous reports [7, 8], the genome of
BmDNV-2 (Yamanashi isolate) has six ORFs in all
(shown in Fig. 1B), and consists of 6542 nts in VDI,
6031 nts in VD2 (GenBank AB033596). The analysis of
the BmDNV-3 DNA genome showed that this virus
was closely related to BmDNV-2 (Yamanashi isolate).
The two virus genomes shared 98.4% identity in VD1
nucleotide sequence, and 97.7% identity in VD2
nucleotide sequence, with a total of 228 bp substitu-
tions, 3 bp insertions, and 11 bp deletions in BmDNV-3.
The major difference between BmDNV-3 and
BmDNV-2 (Yamanashi isolate) in sequence is shown

VD10RF4

VD20RF1a
YD20RF1b
D2

VD208F3 [

Fig. 1 Comparison of genome organization of (A) BmDNV-3
and (B) BmDNV-2 (Yamanashi isolate). The horizontal bar
represents the genomic DNA molecules. Open boxes above the

B YD10RF1
VD10RF2
- VD10RE)

[ YD10RF4

YDZORFL ]

VD20RF2 [
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horizontal bars represent the ORFs found in the genome
sequence and those below the horizontal bars represent ORFs
found in the complementary
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Fig. 2 Characteristics of BmDNV-3 VD1 genome structure. (A)
Genome organization of BmDNV-3 VDI, the horizontal bar
represents the genomic DNA molecules VD1, shaded boxes
above the horizontal bars show the ORFs found in the genome
sequence and the shaded box below the bar represents the ORF
found in the complementary sequence. Abbreviated sequence of

nt 2931, and the 3.3 kb transcript started at nt 6287 and
ended at nt 2922 (Fig. 2A). Therefore, the 1.5 kb
transcript and the 3.3 kb transcript overlapped for 10
nts at the 3’ ends (antisense RNAs) at 50 map units.
These results indicate that this genus employs a radi-
cally different transcription strategy from that of the
other reported DNVs.

To further understand the genomic structure of
VD1, we also analyzed the distribution of initiation
signals and polyadenylation signals on VD1 sequence.
Using NNPP algorithm for predicting putative tran-
scription regulatory sequences, we found that one
TATA box (TATATAA) was located between nt 260
and nt 266, 21 nts upstream of the start codon of VD1
OREF]1. This putative promoter was believed to control
the transcription of VD1 ORF1 and VD1 ORF2.
Another TATA box was located between nt 1402 and
nt 1408, which possibly controlled the transcription of
VD1 ORF3. A third TATA box was located on the
minus strand between nt 6301 and nt 6307, which
possibly controlled the transcription of VD1 ORFI.
Polyadenylation signals (AATAAA) were found
among nt 1406-1411 and nt 2911-2916 on the plus
strand, respectively. The complementary strand con-
tained a polyadenylation signal at nt 2943-2938.

Homology among parvovirus and densovirus amino
acid

In VD1, BLAST analyses of the predicted 126 aa gene
of VD1 ORF1 and 316 aa gene of VD1 ORF?2 revealed

sou® Bndof ORF$

the BmDNV-3 VD1 genome illustrated its characteristic prop-
erties. The functional promoters are indicated with TATA boxes.
(B) RNA blot was hybridized against the single-stranded probes.
Lanes 1-2: Northern blots with 1.458 kb and 0.964 kb probes,
respectively

some homology with replication initiator protein and
putative major nonstructural protein of parvovirus,
respectively. A stretch of 60 aa (aa position 52-121) of
VD1 ORF1 aligned and shared 27% identity with
erythrocyte binding protein of Plasmodium falciparum
(GenBank accession No. 34495238), 87 aa (aa position
25-111) shared 25% identity with chromosomal repli-
cation initiator protein of Pseudomonas putida. A
stretch of 226 aa (aa position 89-314) of VD1 ORF2
shared 21% identity with the nonstructural protein of
Penaeus stylirostris densovirus (PstDNV) (GenBank
accession No. AF273215), 123 aa (aa position 144-266)
shared 27% identity with the nonstructural protein of
Porcine parvovirus (GenBank accession No. M37899),
and 241 aa (aa position 58-298) shared 22% identity
with NTP-binding and helicase domains of adeno-
associated virus (GenBank accession No. AF043303).
Amino acids 178-296 of VD1 ORF2 contained a
stretch of conserved sequence characteristic of NTP-
binding and helicase domains of the nonstructural
protein (NS-1) shared by all parvovirus [18] (shown in
Fig. 3). In vertebrate parvovirus, NS-1 was found to be
covalently bound to the 5’ terminus of viral DNA [19]
and to influence packaging of the viral DNAs [20]. It
was believed that NTP-binding and helicase domains
play a central role in NS-1 [21]. Based on these
sequence similarities, we suggested that VD1 ORF1
and VD1 ORF2 encoded the viral nonstructural pro-
teins. The ORF4 was presumed to encode nonstruc-
tural protein, since the ORF4 contained sequences
conserved among various DNA polymerases, and
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BmDRV-3¥D1 (170-279) K-NCIFLNGNIKTGKTL-22-NSEFYYQKFIGRSICVLEEP-31-TPFIITSNFSLLSRGHAPSIS [DQO17268]

BmDHV-1 (556-667)
AAV2 (317-434)
B19 (311-428)
AalDNV (567-685)
THHNY (574-692)
JcDNV (390-506)

Consensus KNL G TGKT FF Q

Fig. 3 Conserved sequence motifs in viral proteins of vertebrate
and invertebrate parvoviruses. Region of NS-1 with highly
conserved 119-aa sequence that was aligned using clustalW.
NTP-binding and helicase domains [A], [B], and [C] are also

showed an evolutionary relationship with the DNA
polymerases involved in protein-primed replication
[10]. Judging from the results of peptide mapping of
major structural proteins, and amino acid sequencing
of BmDNV-2 capsid proteins [10], it was obvious that
BmDNV-3 VD1 ORF3 coded for major structural
proteins of the virus.

It was reported that the synthesis of GmDNV and
MIDNYV capsid proteins might be initiated from one of
four codons within one ORF with a mechanism termed
leaky scanning [11, 12], and the translation products
contained a conserved region of phospholipase A,
domain. Although BmDNV-3 VD1 ORF3 coded for
structural protein, the leaky scanning mechanism and
the conserved region of phospholipase A, domain were
not present in VD1 ORF3 (data not shown). So
BmDNV-3 VD1 should be different feature in capsid
proteins.
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