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The genome structure of a densovirus from a silkworm was determined by sequencing more than 85% of the
complete genome DNA. This is the first report of the genome organization of an insect parvovirus deduced from
the DNA sequence. In the viral genome, two large open reading frames designated 1 and 2 and one smaller open
reading frame designated 3 were identified. The first two open reading frames shared the same strand, while
the third was found in the complementary sequence. Computer analysis suggested that open reading frame 2
may encode all four structural proteins. The genome organization and a part of the nucleotide sequence were
conserved among the insect densovirus, rodent parvoviruses, and a human dependovirus. These viruses may

have diverged from a common ancestor.

Many kinds of viruses have been isolated from a wide
variety of organisms. Those viruses are classified into more
than 50 families according to their characteristic traits (18).
Viruses containing a linear, single-stranded DNA belong to
the family Parvoviridae (29), which consists of three genera,
parvovirus, dependovirus, and densovirus. Parvovirus and
dependovirus aré both vertebrate viruses, although the
former is able to replicate autonomously and the latter is
replication defective. On the other hand, densovirus is an
invertebrate autonomous virus.

Members of the genus densovirus are commonly called
densonucleosis virus (DNV) (17). In 1968 a viral disease of
the silkworm Bombyx mori was discovered in sericultural
farms in the suburbs of Ina City, Japan. Based on
cytopathological, chemical, and physical characteristics
(12), the causative agent of this disease was determined to be
a Bombyx DNV.

The Bombyx DNV has a diameter of roughly 22 nm.
Protein analysis of the Bombyx DNV showed that the virion
possesses four structural proteins (22). The surface of the
Bombyx DNV particle has the form of an icosahedron
consisting of 12 capsomers, and viral protein 1 (VP1; molec-
ular weight, 50,000) is thought to be the repeating unit in the
capsid structure (23). The function of the remaining three
proteins (VP2, VP3, and VP4) are not known, although the
relative concentrations of each amino acid are known to be
very similar among all four proteins (2).

The DNA of Bombyx DNV is composed of a linear,
single-stranded molecule with a molecular weight of about
1.7 x 10%, and two complementary strands are contained in
different particles of the DNV (21). Each strand seems to
possess an inverted repeat at each terminus (21). DNA
synthesis occurs predominantly in infected nuclei of colum-
nar cells of the silkworm midgut, indicating that the virus
multiplies in the nucleus (33). The mode of replication of
DNV DNA, however, is still obscure.
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Recently, the nucleotide sequences of the complete
genomes of two species of the genus parvovirus (1, 26) and
of one species of the genus dependovirus (31) were deter-
mined. These sequencing studies showed that the genome
organization of parvovirus is similar to that of dependovirus,
even though one is replication defective and the other is not.
The genome organization of densovirus has not been char-
acterized, however, because of the absence of suitable cell
systems for DNV multiplication. With the aim of elucidating
the genome organization, the evolutionary origin, and the
replication process of the invertebrate virus, we determined
more than 85% (4,277 nucleotides) of the complete genome
DNA sequence of a densovirus (Ina isolate) from the silk-
worm B. mori.

MATERIALS AND METHODS

Enzymes and reagents. Restriction endonucleases, the
Klenow fragment of Escherichia coli DNA polymerase I, the
17-mer synthetic M13 primer, nucleotides, dideoxynu-
cleotides, and T4 polynucleotide kinase were purchased
from Takara Shuzo Co. Ltd. Bacterial alkaline phosphatase
came from Worthington Diagnostics (Freehold, N.J.). The
M13 vectors mp8 to mpll were obtained from P-L
Biochemicals, Inc. (Milwaukee, Wis.). [a->2P]dCTP (specific
activity, >3,000 Ci/mmol) was purchased from Amersham
Corp. (Arlington Heights, Ill.).

DNA sequencing. The virion DNA extracted from purified
DNV particles (21) was used as the source of DNV DNA.
The nucleotide sequences were determined by the dideoxy
chain-termination method (29) by using a range of M13
vectors (20). The sequencing strategy is shown in Fig. 1.
Sequencing reactions and gel conditions have been de-
scribed elsewhere (27). The nucleotide sequence that was
determined was confirmed by shotgun sequencing by using
the plasmid clone (pCBg42) containing the virus DNA (H.
Bando, J. Kusuda, and S. Kawase, Arch. Virol., in press).

RESULTS

Nucleotide sequence of Bombyx DNV genome. We deter-
mined 4,277 nucleotides of the Bombyx DNV DNA se-
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FIG. 1. Sequencing strategy used to determine the nucleotide
sequence of the Bombyx DNV genome. The reference line repre-
sents the DNV genome of 4.9 kilobase pairs (scale between each
mark on the axis, 1,000 nucleotides). The vertical bars represent the
restriction sites, and the arrows indicate the direction and extent of
the sequence obtained. The restriction endonuclease sites are ab-
breviated as follows: A, Accl; B, Bglll; D, Dral; E, EcoRI; H,
Hindlll; P, Pst; S, Sall; Sc, Scal.

- -- —»ORF1

10 20 30 40 0 6
GATCTTGTAA GGTGCATGCG CAATAGAGGT GAACACGAAG AATATACAGA CTTGCTTGAT
CTAGAACATT CCACGTACGC GTTATCTCCA CTTGTGCTTC TTATATGTCT GAACGAACTA

70 80 90 100 110 120
AATGTTAATA CTCCTCGTGA ACTTTTGTCT GCTATGGAGT CTTTTGAAGA GTCTTCAAAT
TTACAATTAT GAGGAGCACT TGAAAACAGA CGATACCTCA GAAAACTTCT CAGAAGTTTA

130 140 150 160 170 180
GAAATTCCAA GTCAAGCAGC GACCGGAGTA TTTGCAGAAA CTGGAAACCG TTATGATGTC
CTTTAAGGTT CAGTTCGTCG CTGGCCTCAT AAACGTCTTT GACCTTTGGC AATACTACAG

190 200 210 220 230 240
CCACGATCCC AAGATTGGGA TACTATGATG AAAGTTGTGA GCGCAGAAGA AGAAATGATA
GGTGCTAGGG TTCTAACCCT ATGATACTAC TTTCAACACT CGCGTCTTCT TCTTTACTAT

250 260 270 280 290 300
GAATTCTTAA CCGAGGAATT CTCAGCATTT ATTCAAAAAG ATTGCAAAAA CAACTCGTTG
CTTAAGAATT GGCTCCTTAA GAGTCGIAAA TAAGTTTTTC TAACGTTTTT GTTGAGCAAC

Polyadenxlation signal
310 320 33 340 350 360
GAAGAATTGA TCGAAACAGT GGACGAGCCG AAATTGGTAC ATTCAAGAAC CTGCATCGAT

CTTCTTAACT AGCTTTGTCA CCTGCTCGGC TTTAACCATG TAAGTTCTTG GACGTAGCTA

370 380 390 400 410 420
GAGTATTACT TAACGCTCAT CTTACAGAAC AAAGCAAAAG AAACTACGGA TTTGAAAAGG
CTCATAATGA ATTGCGAGTA GAATGTCTTG TTTCGTTTTC TTTGATGCCT AAACTTTTCC

430 440 450 460 470 480
CCATTCCCTG TCAGTTATCA ACAAATGGAA CTCTGTCATA AAGACGCTTT GAACTCATCT
GGTAAGGGAC AGTCAATAGT TGTTTACCTT GAGACAGTAT TTCTGCGAAA CTTGAGTAGA

490 500 S10 520 530 540
GAACGAGAAA GAAGCCTCGA CCAATTCTTT CGAGCGGTGG AACCGAGAAT GGGAATCCTC
CTTGCTCTTT CTTCGGAGCT GGTTAAGAAA GCTCGCCACC TTGGCTCTTA CCCTTAGGAG

550 560 570 580 590 600
GCAGATCAGT TATGCAGACG TTTTGAGAAT AATACAGTTA ATGCAAGAAG AATTTACACG
CGTCTAGTCA ATACGTCTGC AAAACTCTTA TTATGTCAAT TACGTTCTTC TTAAATGTGC

Terminator

610 620 630 640 65 660
ACTCCATTGA GTTTAGACCA GGCCACAGAT TTCGTGAAAT GGTTTACAAA TAGAGGAGAG
TGAGGTAACT CAAATCTGGT CCGGTGTCTA AAGCACTTTA CCAAATGTTT ATCTCCTCTC

670 680 690 700 710 720
CTCTTGATAG CAGAGGTTCG TACGCTATTT GGTTCCATGA AACAAATAAA GGAACGGAAG
GAGAACTATC GTCTCCAAGC ATGCGATAAA CCAAGGTACT TTGTTTATTT CCTTGCCTTC

730 740 750 760 770 780
ACTACCCACA AGACATTAGT AGAGGATACC CACCCGACTA CGATTTCGGA GTCATACCGA
TGATGGGTGT TCTGTAATCA TCTCCTATGG GTGGGCTGAT GCTAAAGCCT CAGTATGGCT

" 790 800 810 820 830 840
CTAGATACCG ATACTGCGGA AAGCCAGCAA TCGAGCCAAT CAGAATCAGA GAGGGAGGAG
GATCTATGGC TATGACGCCT TTCGGTCGTT AGCTCGGTTA GTCTTAGTCT CTCCCTCCIC

850 860 870 880 890 900
GAGAATCGCA GGAACCGACC ATCGAGTTCA AGACATATAA ATACTACTCG GAAAAGAAAG
CTCTTAGCGT CCTTGGCTGG TAGCTCAAGT TCTGTATATT TATGATGAGC CTTTTCTTTC

910 920 930 940 950 960
TCTATCACAA CATCGAAGGG CGTGCTTACG AAGAAAAAAA GTTTGAAGAA CCAACCCAGG
AGATAGTGTT GTAGCTTCCC GCACGAATGC TTCTTTTTTT CAAACTTCTT GGTTGGGTCC

970 980 990 1000 1010 1020
GCCATTTCCA CATACTTCAC GCCTGCAGAT GGTACAATAA TGAATGCAGG TGCCTCGGGA
CGGTAAAGGT GTATGAAGTG CGGACGTCTA CCATGTTATT ACTTACGTCC ACGGAGCCCT

1030 1040 1050 1060 1070
GGAGCTTTGA CGTCAATCCA AGGAAGAATA AGGCAATCCC TATCGACCCG GTCGACACCG
CCTCGAAACT GCAGTTAGGT TCCTTCTTAT TCCGTTAGGG ATAGCTGGGC CAGCTGTGGC

J. VIROL.

quence, extending over 85% of the complete genome (Fig.
2). The nucleotide sequence that was obtained accounts for
all known restriction sites of Bombyx DNV DNA (Bando et
al., in press). In particular, the computer analysis of the
nucleotide sequence predicted no recognition site for the
restriction enzymes Hpal, Kpnl, Smal, Stul, Xbal, and
Xhol; only one site each for BamHI, HindIll, Pvull, and
Sall; two sites for PstI; and four sites for Dral. These
predictions are consistent with the actual restriction maps of
the viral DNA that have been described elsewhere (Bando et
al., in press). The nucleotide sequence of Bombyx DNV
DNA is presented in Fig. 1.

Location of open reading frarmes. Open reading frames
(ORFs) in the DNA sequence were determined by computer
analysis. The Bombyx DNV genome contains three major
ORFs: ORF1 and ORF?2 lie in one strand, while the third

1050 1100 1110 1120 1130 1140
GAACATATAC GCAACATTAT GTTCTATAAC ACAAAATGGC CCCGATCGCT GTGCACATCA
CTTGTATATG CGTTGTAATA CAAGATATTG TGTTTTACCG GGGCTAGCGA CACGTGTAGT
Initiation codon ot 5
1150 1160 1170 1180 1190 1200
AAGTGGCCGA CGACCGAATT CGAATATGTT TATAGAACTG AATCTGTTTG CAAAGAATCA
TTCACCGGCT GCTGGCTTAA GCTTATACAA ATATCTTGAC TTAGACAAAC GTTTCTTAGT
1210 1220 1230 1240 1250 281260
ATACAACCCA AGCGACACTC CAACAACTGG AAGAGAGCAA CGATCAGGAT GAAABTGACC
TATGTTGGGT TCGCTGTGAG GTTGTTGACC TTCTCTCGTT GCTAGTCCTA CTTTCACTGO
1270 1280 1200 Crminator 1310 1320
TTCCGGACAA CAGTCGTCAC GCCTACCAAC TARAAGAGAT AATAGATGCG CAGATGTCCC
AAGGCCTGTT GTCAGCAGTG CGGATGGTTG ATTTTCTCTA TTATCTACGC GTCTACAGGG

1330 1340 1350 1360 1370 1380
GCATGGAAGA TCATCCAGAA ACGGAAACCC AGTCGAAAAG TTCGTGGAGC AATTCAAACT
CGTACCTTCT AGTAGGTCTT TGCCTTTGGG TCAGCTTTTC AAGCACCTCG TTAAGTTTGA

CAAT, ﬁx
1400 1410 1420 1430 1440
CAGGCCAACA TCGCTTGGAA CACATATTAG ACACAAAGGA TTGGCTTGAA AGTGAATGGG
GTCCGGTTGT AGCGAACCTT GTGTATAATC TGTGTTTCCT AACCGAACTT TCACTTACCC

TATA box
145% 1460 1470 148! 1490 1500
GTACATATAT AAGCTAGTGA CAAACAAATA CAGCGAACAT TTCAAATACT TATGAAAATA
CATGTATATA TTCGATCACT GTTTGTTTAT GTCGCTTGTA AAGTTTATGA ATACTTTTAT

§—>0RF 2 Initiation codoni
1510 1520 1530 1540 1550 1560

ACTATGAATA TGACCTACAG TGATTTAAAA TGCTCTATCG AATGAACACA CTATGCCTAT
TGATACTTAT ACTGGATGTC ACTAAATTTT ACGAGATAGC TTACTTGTGT GATACGGATA

1570 1580 1590 1600 1610 1620
TTGGGGAGCA ATAAGTAGTA ATGACTTATT AAACACGTAT TATACCATAG AAGAGTCACA
AACCCCTCGT TATTCATCAT TACTGAATAA TTTGTGCATA ATATGGTATC TTCTCAGTGT

16 1640 1650 1660 1670 1680
GCAAATTGTA GAAGAACTAC TCGACTTCCA AATGCATAAT GATCAACTAG AGTATTTTGA
CGTTTAACAT CTTCTTGATG AGCTGAAGGT TTACGTATTA CTAGTTGATC TCATAAAACT

Acp DConserved region

1690y 1700 1710 1720 1730 1740
CAGCATAGAG IGATGCAAAAA AAAGGTTTAT AACAGACCTA TATGAGATTT TAGAGAAGAA
GTCGTATCTC CTACGTTTTT TTTCCAAATA TTGTCTGGAT ATACTCTAAA ATCTCTTCTT

1750 1760 1770 1780 1790 1800
GCATCAAAAA ACAAACACAT TCCAAATAGT AAGTCCACCT AGCGCAGGAA AAAACTTTTT
CGTAGTTTTT TGTTTGTGTA AGGTTTATCA TTCAGGTGGA TCGCGTCCTT TTTTGAAAAA

1810 1820 1830 1840 1850 1860
TATAGAAACA GTACTTGCAT TTTATTGGAA CACTGGGGTC ATTCAAAATT TTAACCGATA
ATATCTTTGT CATGAACGTA AAATAACCTT GTGACCCCAG TAAGTTTTAA AATTGGCTAT

1870 1880 1890 1900 1910 1920
CAACAATTTC CCGTTAATGG AAGCTGTTAA TAGAAGAGTA AACTATTGGG ATGAACCAAA
GTTGTTAAAG GGCAATTACC TTCGACAATT ATCTTCTCAT TTGATAACCC TACTTGGTTT

1930 1240 1950 1960 1970 1980
CTTTGAACCA GATGCTACAG AAACGCTTAA AAAATTATTC GCTGGAACCA GCCTGAAGGC
GAAACTTGGT CTACGATGTC TTTGCGAATT TTTTAATAAG CGACCTTGGT CGGACTTCCG

1990 2000 2010 2020 2030 2040
CACAGTTAAA TTTCAGAAGG AAGCTAATGT TCAAAAAACC CCTGTTATTA TTACAGCAAA
GTGTCAATTT AAAGTCTTCC TTCGATTACA AGTTTTTTGG GGACAATAAT AATGTCGTTT

2050 2060 2070 2080 2090 2100
CTACGACAAA TTCACTAAAG AAGTATGGGA CGATCGTATC ATTAAGTATT ATTGGTATCC
GATGCTGTTT AAGTGATTTC TTCATACCCT GCTAGCATAG TAATTCATAA TAACCATAGG

TATA box
2110 2120 2130 2140 2150 2160
TTGTCCTAAA TTAAAAGAAT ATAATAAGCG ATTACATCCA TTCGCGTGGG TTTATCTGAT
AACAGGATTT AATTTTCTTA TATTATTCGC TAATGTAGGT AAGCGCACCC AAATAGACTA

FIG: 2. Nucleotide sequence of the Bombyx DNV genome. Major ORFs (ORF1, 2, and 3), putative signals of transcription and translation
(CAAT box, TATA box, initiation codon, terminator, polyadenylation signal), possible splicing junctions (Acp; acceptor site, Don; donor
site), and the conserved region are highlighted and are discussed in the text.
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ORF, ORF3, is in the complementary strand (Fig. 3). ORF1
consists of 1,290 nucleotides (Fig. 2). If ORF1 is translated
into a polypeptide without RNA splicing, a protein of 43,000
daltons is produced. The molecular weight of this protein is
larger, however, if the initiation codon is located in an
upstream region of ORF1 where the sequence has not been
completed. ORF2 contains 887 codons and is located be-
tween nucleotides 1546 and 4207 shown in Fig. 2; it encodes
a protein of at most 89,000 daltons. ORF?3 is in the comple-
mentary strand and consists of 501 nucleotides or 167
codons.

To clarify further the genome organization and coding
potential of the Bombyx DNV genome, we analyzed the
distribution of initiation signals for transcription and trans-
lation in the sequence. In eucaryotes one of the control
regions of transcription by RNA polymerase II is often
characterized by a TATA box, (M. L. Goldberg, Ph.D.
thesis, Stanford University, Stanford, Calif., 1979) which

Initiation codon2
2170 2180 2190 2200 2210 2220
TGATAAGTAT GTAACCGATT TGTTAATCTT AATCAAAATG TATAATCACA GOGTGATGGG
ACTATTCATA CATTGGCTAA ACAATTAGAA TTAGTTTTAC ATATTAGTGT CCCACTACCC

2230 2240 2250 2260 2270 2280
TAATAAAATA TGTAATCTTA TCAAAATGTA TAAATATAGG GTGATGGTAA TAAATATATT
ATTATTTTAT ACATTAGAAT AGTTTTACAT ATTTATATCC CACTACCATT ATTTATATAA

TATA box
2290 2300 2310 %320 2330 2340
CAGTGCATTC ATATGCCTGA TCTTAATTTT CCTTACTAAT AATTATCTTG GTCCGGGACT
GTCACGTAAG TATACGGACT AGAATTAAAA GGAATGATTA TTAATAGAAC CAGGCCCTGA

60 2370 2380 2390 2400
GTATACATGT AAATCCATAG ACGAGACGAC GCTATCCGAG GCCGTAGTAA TTTGGCCTTC
CATATGTACA TTTAGGTATC TGCTCTGCTG CGATAGGCTC CGGCATCATT AAACCGGAAG

2410 2420 2430 2440 2450 2460
AGATAAAGTA ACCAATCATA AGGAAGTTTT TCAAGCTGAT AAACAGGCCC GTGACGAGTT
TCTATTTCAT TGGTTAGTAT TCCTTCAAAA AGTTCGACTA TTTGTCCGGG CACTGCTCAA

2470 2480 2490 2500 2510 2520
TTTTACTTCA TTTGTGCATA TCGGAAACGT GCATAGTTTA ATTGGCGGTA TTGGACTTGG
AAAATGAAGT AAACACGTAT AGCCTTTGCA CGTATCAAAT TAACCGCCAT AACCTGAACC

2530 2540 2550 2560 'Mitialjon codong
AACTAAAAAT TTGGTAGAAG AACATGTATT AGGTAAACCC TTGTACGGAR TEGGCAARAG

TTGATTTTTA AACCATCTTC TTGTACATAA TCCATTTGGG AACATGCCTT ACCCGTTTTC

2590 2600 2610 2620 2630 2640
AAAATCAACT GAAAAAGATT GGGCCAAAAT CAAAAGGATT AATAGAGCTA GAGCCGCAAG
TTTTAGTTGA CTTTTTCTAA CCCGGTTTTA GTTTTCCTAA TTATCTCGAT CTCGGCGTTC

2650 2660 2670 2680 2690 2700
ACGAGAAAAC CAAGAAAACC AACCAGATAT TAGAGAATTT GGACACGTAG CTGGACAAAA
TGCTCTTTTG GTTCTTTTGG TTGGTCTATA ATCTCTTAAA CCTGTGCATC GACCTGTTTT

2710 2720 2730 2740 2750 2760
TATTAACGCA GACCAAGAAG TAAATTTGGC TGACTTTCCT GACTTTTTAC AAGACTTTGA
ATAATTGCGT CTGGTTCTTC ATTTAAACCG ACTGAAAGGA CTGAAAAATG TTCTGAAACT

2770 2780 2790 2800 2810 2820
TGCCGAAGCA GGACCAAGTG GAACTCAACC AGTCGAAACA GCACAACAAT CTCCTCCAAC
ACGGCTTCGT CCTGGTTCAC CTTGAGTTGG TCAGCTTTGT CGTGTTGTTA GAGGAGGTTG

2830 2840 2850 2860 2870 2880
AATGTCTGAA GATATACAAC CAATGGAAAC CGTCGGGGCC ACTGATACCG GAGGAGGAGC
TTACAGACTT CTATATGTTG GTTACCTTTG GCAGCCCCGG TGACTATGGC CTCCTCCTCG

2890 2900 2710 2920 2930 2940
TCAAGTCGAT CCACGTACTG GAGGACAAGC AGCTGGAGGA TCCGAAATGG GAGCTGGTGG
AGTTCAGCTA GGTGCATGAC CTCCTGTTCG TCGACCTCCT AGGCTTTACC CTCGACCACC

2950 2960 2970
ATCAGCTAAT GATGGTAGAG AAGACATTTT
TAGTCGATTA CTACCATCTC

3010 3020 3030 3040 3050 3060
TACATTAGTA TATGGAAAAA GCTACCATTT CACAATAACA AAATGGTTTA CTGAATTTCG
ATGTAATCAT ATACCTTTTT CGATGGTAAA GTGTTATTGT TTTACCAAAT GACTTAAAGC

2980 2990 3000
TTCTGGAGCA CCACAACCAA ATCAACATCA
TTCTGTAAAA AAGACCTCGT GGTGTTGGTT TAGTTGTAGT

3070 3080 3090 3100 3110 3120
ACATTTAGCA ACAACGAACT CGGGCTATTA CGCTCAACAA CGTTTTAAAC ATATACATGG
TGTAAATCGT TGTTGCTTGA GCCCGATAAT GCGAGTTGTT GCAAAATTTG TATATGTACC

3130 3140 3150 3160 3170 3180
AATTCCATGG GAAAGACTAC TAATGTATGT AAGTGAAGGC GAACTCCTCC GAATGTTTAG
TTAAGGTACC CTTTCTGATG ATTACATACA TTCACTTCCG CTTGAGGAGG CTTACAAATC

3190 3200 3210 3220 3230 3240
AGATTATACT TCATTGAAAG TGGAAGAAGT AGTATGTGAA GTCTATAGTC TCGGAGTACG
TCTAATATGA AGTAACTTTC ACCTTCTTCA TCATACACTT CAGATATCAG AGCCTCATGC
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occurs approximately 30 nucleotides upstream of the cap site
of the mRNA. Another sequence in the —70 to —80 nucleo-
tide region has also been implicated in transcriptional control
of both viral and nonviral genes (3, 6, 10), and its consensus
sequence is GGPyCAATCT, which is commonly called the
CAAT box. In eucaryotic nuclear genomes, the only initia-
tion signal of translation is AUG, and it usually has purines
at its —3 and 4 positions (i.e., three nucleotides upstream
and four nucleotides downstream from the AUG codon). In
particular, a purine in position —3 has a dominant effect (16).

Relying on these criteria, we searched for possible initia-
tion signals in the Bombyx DNV sequence. Three sets of
possible initiation signals were found for ORF2. The first set,
located in the S’ region of ORF2, contained a CAAT box (at
nucleotide 1383), a TATA box (at nucleotide 1447), and a
A**AUG sequence (at nucleotide 1553). The other two sets
contained only Pu**AUG (Pu is purine) sequences and a
TATA box (Fig. 1 and 2). If all three of these initiation signal

3250 3260 3270 3280 3290 3300
ATTACCTTTT GTAACTTCAG CCACTACCAG TTCAGTTGCT AACGCTAACG CACAATATCC
TAATGGAAAA CATTGAAGTC GGTGATGGTC AAGTCAACGA TTGCGATTGC GTGTTATAGG

3310 3320 3330 3340 3350 3360
CATCGATGTT TTTCATTTTG ATGAAGCTTA TGAAACCAAC TACGGCATAA ATAATGTAGC
GTAGCTACAA AAAGTAAAAC TACTTCGAAT ACTTTGGTTG ATGCCGTATT TATTACATCG

3370 3380 3390 3400 3410 3420
AGACATCATA AATAAAGCTC TTGGAACTGA ATGGAAAAAT GCTACACGGC CTACTGCTCC
TCTGTAGTAT TTATTTCGAG AACCTTGACT TACCTTTTTA CGATGTGCCG GATGACGAGG

3430 3440 3450 3460 3470 3480
TGTAACAACA GCTTGGTCAG AACAATTTCC GAATATATCG GCATCATCTA CGAGTAGGGA
ACATTGTTGT CGAACCAGTC TTGTTAAAGG CTTATATAGC CGTAGTAGAT GCTCATCCCT

3490 3500 3510 3520 3530 3540
TATAAACAAT CCCGTAATCG TTGATTATTC TCTTCCATAT TTTGAAAATA ATGTGCCTAA
ATATTTGTTA GGGCATTAGC AACTAATAAG AGAAGGTATA AAACTTTTAT TACACGGATT

3550 3560 3570
AGACGTCGGA ATATATGACT ACGTTGACAT
TCTGCAGCCT

3580 3590 3600
TAAAAATGGA ACTACTGCTT ACGGTAAATG
TATATACTGA TGCAACTGTA ATTTTTACCT TGATGACGAA TGCCATTTAC

3610 3620 3630 3640 3650 3660
CTGGGAAAAA CGATTTAAAC CTACGAATGG ACTTTTATAT GCGGAGAGTA CTTTGAAAGG
GACCCTTTTT GCTAAATTTG GATGCTTACC TGAAAATATA CGCCTCTCAT GAAACTTTCC

3670 3680 3690 3700 3710 3720
AAACGTAGTC ACTCCGCTTG CAGCACCAAC TAATATAATG ACACCAATAC CTGGATTAGA
TTTGCATCAG TGAGGCGAAC GTCGTGGTTG ATTATATTAC TGTGGTTATG GACCTAATCT

3730 3740 3750 3760 3770 3780
AAATGGGTAT TTCATGAGCA ATGACCAAAT AAGAGAACGA CGAGACCTAA CTACAAGTGT
TTTACCCATA AAGTACTCGT TACTGGTTTA TTCTCTTGCT GCTCTGGATT GATGTTCACA

3790 3800 3810 3820 3830 2840
ACCACCTGAT GCTCTAACAG CTACAAAATT AAATCAAAGT GCTTCTAATA ATTTAAATGC
TGGTGGACTA CGAGATTGTC GATGTTTTAA TTTAGTTTCA CGAAGATTAT TAAATTTACG

3850 3860 3870 3880 3890 3900
ATTTGTGGAT TACATGGGTT ATAATTATTT CGGCGAACAA AAAGCGCCGC AATCAATGCC
TAAACACCTA ATGTACCCAA TATTAATAAA GCCGCTTGTT TTTCGCGGCG TTAGTTACGG

3910 3920 3930 3940 3950 3960
TAAGTTTATG ATTGGATTTG TAAACATTAG AAACGAAGAC AATTCTCTAC TTAATGCTAA
ATTCAAATAC TAACCTAAAC ATTTGTAATC TTTGCTTCTG TTAAGAGATG AATTACGATT

3970 3980 3990 4000 4010 4020
ATGGGACATT TTAATTAAAA CTCGAATTAG ACTCACTGGA CTTCAATCTA CTAGGGAATG
TACCCTGTAA AATTAATTTT GAGCTTAATC TGAGTGACCT GAAGTTAGAT GATCCCTTAC

4030 4040 4050 4060 a070 4080
GGTTGCTAGA ACGGATAGAA TTCCGCCACA ATATTTCACA TCACAATATA CGCAGTTCCG
CCAACGATCT TGCCTATCTT AAGGCGGTGT TATAAAGTGT AGTGTTATAT GCGTCAAGGC

4090
CTATCCTAAT
GATAGGATTA

4100 4110 4120 4130 4140
ATAAATGACA CTCCTCTACT AAGGTCTTTG GGTACATTTA AGTTACCAAC
TATTTACTGT GAGGAGATGA TTCCAGAAAC CCATGTAAAT TCAATGGTTG

4150 4160 4170 4180 4190 4200
TAAACGACCA GGAATGGATT CAAGAATAGC GCTGGGCGAG CTGCAGAAAC AACGCAAGAT
ATTTGCTGGT CCTTACCTAA GTTCTTATCG CGACCCGCTC GACGTCTTTG TTGCGTTCTA

Te"““ﬁgoa Acp 4220 4230 4240 4250 4260
GAATTTATAG ATGCACAAAA GAAACTTCGT CATAAATCGG CTTTGTTACC TATAATTGAG
CTTAAATATC TACGTGTTTT CTTTGAAGCA GTATTTAGCC GAAACAATGG ATATTAACTC

4270 az7e7?
AAACCTGTAA CTAGATC
TTTGGACATT GATCTAG

FIG. 2—Continued.
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FIG. 3. ORFs in the Bombyx DNV genome. The upper three lines correspond to the three ORFs in a genome strand and the lower three
lines are those in the complementary strand. The vertical lines represent the position of the termination codon in each frame. kb, Kilobases.

sets are functional, proteins with molecular weights of about
89,000 (I-1 [initiation signal 1]), 67,000 (I-2), and 55,000 (I-3)
would be produced from ORF2 (Table 1). We could not
identify any likely initiation signals for transcription and
translation of ORF1; it is possible that its promoter is located
in the upstream region, for which the sequence has not been
determined. ORF3 appears to have one set of signals for
transcription and translation (Fig. 1). Because only one
strand is thought to be the sense strand for mammalian
parvoviruses (4), ORF3 in the complementary strand may
encode a protein that is unique to densoviruses.

Codon usage and amino acid composition. There were
differences in the codon frequencies among these ORFs. In
particular, aspartic acids and asparagine were more frequent
in ORF2 than in ORF1. In Table 1 are shown the amino acid
compositions of the structural proteins obtained previously
(2) and those of the three ORFs predicted from the nucleo-
tide sequence. The amino acid frequencies in all the struc-
tural proteins are similar to those predicted from ORF2 but
different than those predicted from ORF1 and ORF3. This

suggests that all structural proteins may be coded by a single
ORF, ORF2. Recently, Nakagaki and Kawase (22) have
reported that the four structural proteins VP1, VP2, VP3,
and VP4 have molecular weights of 50,000, 57,000, 70,000,
and 77,000, respectively. If the total molecular weight rep-
resents the products of individual genes, it would exceed the
coding capacity of the Bombyx DNV DNA. Because a
similar situation occurs for the other parvoviruses, it is
possible that ORF2 codes for all four structural proteins.
Homology among parvovirus, dependovirus, and denso-
virus genomes. To ascertain whether any homologous do-
mains exist among the nucleotide sequences of the parvovi-
rus, dependovirus, and densovirus genomes, the genome
sequences of rodent parvoviruses H-1 virus (H-1) and
minute virus of mice (MVM); a human dependovirus, adeno-
associated virus 2 (AAV-2); and Bombyx DNV were exam-
ined by a dot matrix method. The sequence comparisons
presented in Fig. 4 indicate that there is a region showing
more than 80% homology between H-1 and MVM. In the
nucleotide sequence of 440 bases in that region, a subregion

TABLE 1. Amino acid composition of proteins studied

Composition (mol%) of the following:

Amino acid ORF2
ORF1 ORF3 VP1 VP2 VP3 VP4
I-1¢ I-2¢ I-32

Asp 8.9 13.2 13.5 14.0 14.0 14.1 14.4 14.2 13.7
Thr 11.1 7.7 8.9 9.1 2.1 8.3 8.3 8.1 7.6
Ser 9.3 5.7 5.9 6.2 15.2 8.0 10.3 6.1 10.0
Glu 14.0 11.1 13.1 11.7 33 10.4 9.7 12.7 11.7
Gly 3.1 5.8 8.0 7.7 3.8 8.3 8.6 8.2 8.4
Ala 4.7 6.6 7.5 8.4 5.4 10.3 9.9 8.4 8.2
Val 4.8 5.9 6.2 5.5 16.7 7.2 6.7 7.4 6.9
Met 2.9 2.9 2.8 2.6 2.0 1.2 1.6 1.6 1.5
Ile 5.1 6.7 6.7 5.7 6.8 6.8 6.6 6.7 6.3
Leu 7.0 7.1 7.1 6.6 10.1 7.5 7.7 8.6 8.2
Tyr 2.9 5.4 4.7 4.6 1.3 4.4 4.1 33 33
Phe 4.0 5.5 5.1 4.9 11.9 3.9 3.4 4.5 4.1
Lys 6.4 6.3 5.8 5.3 4.1 3.1 2.7 3.1 2.8
His 2.2 1.9 2.0 1.6 0.5 1.1 1.0 1.0 1.1
Arg 9.0 5.2 5.4 6.2 6.0 5.7 5.0 6.3 6.2

“ Tentative reading frames from initiation codons 1, 2, and 3 (Fig. 2).
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FIG. 4. Dot matrix comparison of the sequence homologies between H-1 and MVM, H-1 and AAV, and H-1 and DNV. A dot represents
a segment of 120 bases in which there are more than 48 bases that are identical between the two sequences being compared. The lines show
the coding regions of probable structural proteins (SP) or nonstructural proteins (NS). Scale between each mark on both axes, 1,000
nucleotides. Double-headed arrows indicate commonly conserved regions (see text).

of more than 40% homology existed between H-1 and
AAV-2. Furthermore, within that region the Bombyx DNV
genome was also shown to have 35% homology with the H-1,
MVM, and AAV-2 genomes in a 300-base sequence (Fig. 4).
We take the homologies found among the viral genomes as
evidence for a common origin of these viruses. Therefore,
the nucleotide sequence in this region has been conserved in
each of the evolutionarily diverged members of the
Parvoviridae family. Interestingly, this conserved region is
located not only within ORF2 of the Bombyx DNV genome
but also within sequences encoding the nonstructural pro-
teins of the other viruses examined. Thus, this domain may
code an important active site in the gene product.

These regions of the four viruses were aligned with each
other to estimate the number of nucleotide substitutions
(Fig. 5). We computed the proportion of different nucleo-
tides in these homologous regions among the different vi-
ruses. By using these proportions, the total number of
nucleotide substitutions per site at all codon positions (Table
2) was estimated by the four-parameter method (32). It is
clear from the results shown in Table 2 that the substitution
number at the third position of a codon is much larger than
those at the first two positions. In fact, many synonymous
substitutions were observed in this region. Hydrophobicity
in this region was also conserved during the evolution of
these viruses. The observations indicate that this conserved
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TABLE 2. Proportion of nucleotide sites with different nucleotides between two compared species and estimated number of nucleotide
substitutions in the conserved regions of H-1, MVM, AAV-2, and the Bombyx DNV

Proportion of nucleotide sites of the following viruses*:

Virus Codon position
DNV H-1 MVM
H-1 1 0.571 (1.124)
2 0.612 (1.292)
3 0.663 (2.332)
All 0.616 (1.341)
MVM 1 0.571 (1.143) 0.020 (0.021)
2 0.612 (1.292) 0.000 (0.000)
3 0.684 (2.452) 0.245 (0.319)
All 0.622 (1.365) 0.088 (0.095)
AAV-2 1 0.633 (1.503) 0.398 (0.579) 0.388 (0.558)
2 0.612 (1.317) 0.347 (0.483) 0.347 (—)
3 0.755 (—) 0.714 (—) 0.714 (—)
All 0.667 (—) 0.486 (0.791) 0.483 (—)
2 Values in parentheses are nucleotide substitutions and were estimated by the four-parameter method (32). —, inapplicable case because of too many

nucleotide changes. Ninety-eight codons were compared in each case, and all gaps were excluded from the computation.

region may be important in biological functions (8, 15).
Finally, based on the homologies of the regions, we con-
structed a phylogenetic tree for these four viruses, including
the Bombyx DNV, by the unweighted pairwise group
method (Fig. 6). For this purpose, we used the number of
nucleotide substitutions at the first and second positions of a
codon, because the nucleotide substitutions at the third
position were often too numerous to be estimated by the
four-parameter method (Table 2). The phylogenetic tree
shows that the divergence order of the virus genomes is
exactly the same as that of the host genomes. Thus, these
viruses may represent a typical example of host-dependent
evolution.

DISCUSSION

We determined the nucleotide sequence of 4,277 nucleo-
tides comprising more than 85% of the complete Bombyx
DNV genome. Our computer analysis showed that the
Bombyx DNV genome possesses at least three major ORFs.
Although the precise locations of splice junctions and the
starting signals of transcription and translation remain un-
known, we tentatively identified ORF?2 as the coding region
for all viral structural proteins. This conclusion is consistent
with our previous observation that the peptide map shows
considerable similarity among the amino acid sequences of
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FIG. 6. The phylogenetic tree for the parvoviruses H-1, MVM,
AAV-2, and the Bombyx DNV,

the four structural proteins (2). The difference in molecular
weights between the structural proteins and those predicted
from ORF2, however, suggests that the four structural
proteins result from differential mRNA splicing and protein
processing.

The rodent parvoviruses (H-1 and MVM) and the human
dependovirus (AAV-2) have a common feature in their
genomes. They have two large ORFs that are located sepa-
rately in the right and left halves of the genome (1, 26, 31).
All structural proteins of these mammalian parvoviruses are
known to be coded by the OREF in the right half (ORF-R) of
the genome (24, 31). If ORF-R of the mammalian
parvoviruses corresponds evolutionarily to ORF2 of the
Bombyx DNV, the ORF in the left half (ORF-L) of the
genome of the mammalian parvoviruses may be related to
ORF1 of the Bombyx DNV. Because the two nonstructural
(NS) proteins NS-1 and NS-2 are coded by ORF-L in
mammalian parvoviruses (7), ORF1 may code for
nonstructural proteins of the Bombyx DNV.

ORF3 of the Bombyx DNV has a coding capacity of 167
amino acids. Because only four structural proteins are
known to be produced by the Bombyx DNV, ORF3 may
code for a nonstructural protein that has presently gone
undetected. This ORF may allow a clear distinction between
insect and mammalian parvoviruses, because only one of the
viral DNA strands seems to be a sense strand in the
mammalian parvovirus.

The sequence comparisons among the four virus genomes
(H-1, MVM, AAV-2, and DNYV) in the family Parvoviridae
revealed that the Bombyx DNV has a sequence of 300
nucleotides that is homologous to sequences in the other
three viruses. Although this conserved region is located in
ORF2 of the Bombyx DNV, the corresponding regions of the
mammalian parvoviruses are located in ORF-L. Searching
the sequence signals of splice junctions in ORF2, we found
possible acceptor and donor sites that were located near the
beginning and the end of the conserved region of the Bombyx
DNV (Fig. 2). Furthermore, a possible donor site also exists
at the 3’ end of ORF1 and an acceptor site at the 3’ end of
ORF2. Thus, a potential splicing pattern could join the 5’ end
of ORF1 with the conserved region of ORF2 in phase, then
eliminate the bulk of the remaining coding sequence of
ORF2, and then pick up a translational stop codon. Such a
splicing gives rise to a protein that is equivalent in size to the
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larger of the mammalian parvovirus nonstructural proteins.
Interestingly, there is convincing evidence to suggest that
the NS-1 protein coded by ORF-L may be essential for early
rounds of replication form replication (7, 19, 24) and trans-
activation of the promoter for the structural proteins (25).
Thus, the active sites of the nonstructural protein may be
located in the conserved region between the mammalian
parvoviruses and the Bombyx DNV.

Although the significance of the conserved region still
remains obscure, we tentatively conclude that the rodent
parvoviruses (H-1 and MVM), a human dependovirus
(AAV-2), and an insect densovirus (Bombyx DNV) share a
common ancestor. The phylogenetic tree shows that the
branching order of these viruses is the same as that of their
hosts, suggesting a host-dependent evolution of these vi-
ruses (30). Such host-dependent evolution of the viruses may
be easily explained if the viral DNAs are integrated into the
host genome. In fact, it is known that AAV-2 DNAs are
integrated into the human genome in latently infected cells
(5, 11). Moreover, the viral genomes of the family Par-
voviridae contain a palindromic sequence arrangement at
both termini, although the fine structure varies with the
virus. It is of particular interest to know whether terminal
repeats exist in the Bombyx DNV DNA because most of the
integrated viruses and transposons have long terminal re-
peats. It must be noted that the terminal organization of the
genome of some other densoviruses appears to resemble that
of the dependoviruses (13).

The rate of evolution of these DNA viruses is of interest,
because it is not clear whether these virus genomes evolve at
the same rate as the host genomes (9). If we use the
divergence time (80 million years) between the orders
Rodentia and Primates as that of the rodent parvoviruses
H-1 and MVM and the human dependovirus AAV-2, the
nucleotide substitution rate of these viruses can be estimated
to be about 3.5 x 10~° per year per site. This rate is almost
comparable to that of eucaryotic genes such as hemoglobin
(14). This conclusion must be taken with caution, however,
because the estimation of the evolutionary rate depends on
whether the assumption of host-dependent evolution is rea-
sonable.

In view of the widespread distribution of severe parvovi-
rus disease among domestic animals and insects, it is of
considerable importance to understand the evolutionary
relationships among the viruses in the family Parvoviridae.
As shown by the results of our study, viruses found in
invertebrates can be useful references in comparative stud-
ies of viruses found in vertebrates.
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