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ABSTRACT: The immediate early 1 (ie-1) gene is essential for DNA replication of nucleopolyhedrosis virus. Here, the
gene ie-I from nucleopolyhedrovirus (Nanglai-BmNPV) infecting a local silkworm (Bombyx mori), Nanglai strain, was
cloned and sequenced. The gene contained a 1755 bp open reading frame encoding a deduced protein of 584 amino acids,
molecular weight 66.9 kDa, and isoelectric point 5.79. The nucleotide and amino acid sequences of Nanglai-BmNPV ie-/
gene showed, respectively, 98 and 97% identity to those of the BmNPV ie-/ genes. The identity of the Nanglai-BmNPV
IE-1 deduced amino acid sequence with IE-1 protein sequences of other 37 known Lepidopteran NPVs varied from 20% up
to 97%. The phylogenic tree established with the IE-1 protein sequences of the Lepidopteran NPVs showed similar topology
to those previously reported using highly conserved genes. Interestingly, the tree obtained with IE-1 clearly shows that the
Lepidopteran NPVs group II clade can be subdivided into three subgroups.
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INTRODUCTION

Bombyx mori nucleopolyhedrovirus (BmNPV) is the
most devastating pathogen causing grasserie, the
worst silkworm deleterious disease. BmNPV is a
member of the genus Nucleopolyhedrovirus (NPV),
family Baculoviridae. The NPVs of this family have
been reported to be pathogens infecting over 600
species of arthropods, particularly insects of the order
Lepidoptera'. The genomes of 37 Lepidopteran NPV's
including BmNPV ? have been sequenced completely
and are available in the NCBI database. The Lepi-
dopteran NPVs were first separated into group I and
group II, based on the polyhedrine gene3. Such
division into two groups has been supported by phylo-
genetic analysis based on other genes*~”.

In the infection cycle, NPVs produce two viral
types, budded virus (BV) and occlusion-derived virus
or occluded virus (ODV) for effective viral propa-
gation. The BVs are produced in the nucleus of
infected cells and are released to infect neighbouring
cells within an infected insect. In the last phase of
infection, the viruses are encapsulated in a protein

envelope becoming ODVs, which are released to the
environment and transmitted to other insects via oral
infection®. Genes involved in the proliferation of
NPVs are divided into three classes, early (immediate-
early and delayed early), late, and very late genes,
based on their expression time after virus infection.
These genes are expressed coordinately in a sequential
order®!?. In the early phase of viral infection, the
early genes are expressed in cascade since they are
required for viral DNA replication and regulation of
gene expression. The late genes are expressed after 6—
8 h postinfection and required for the BV production,
whereas the very late genes required to produce ODV
are expressed beyond 12 h postinfection'!.

The immediate early-1 (ie-7) gene is one of the
seven essential genes required for viral DNA repli-
cation®!>'*, The gene is expressed immediately
after viral infection and its product, IE-1, functions
as a regulatory protein for the transcription of other
genes 518, Thus the ie-/ gene may be a key gene
in the regulation of the viral gene expression cascade.
In this study, the ie-1 gene of nucleopolyhedrovirus
infecting a Thai silkworm, Nanglai, was identified
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and compared with all known NPV je-I genes of
Lepidopteran NPVs available in the database. Since
BmNPV causes dramatic loss in Thai silk industry,
the information about the Nanglai-BmNPV je-1 gene
may be useful in suppressing of NPV proliferation
and eventually eliminating the most serious silkworm
disease, grasserie. In addition, the phylogenetic rela-
tionship of Lepidopteran NPVs based on the deduced
amino acid sequences of the IE-1 are analysed and
discussed.

MATERIALS AND METHODS
NPVs purification and DNA extraction

BmNPVs were purified from infected larvae of a
Thai silkworm, Nanglai, collected from a farm in
Srisaket province, Thailand. = Genomic DNA of
Nanglai-BmNPV was extracted by a method modified
from that reported in Chaeychomsri'®. Briefly, the
polyhedral inclusion bodies were extracted from the
haemolymph of infected larvae using a refrigerated
ultracentrifuge. The alkaline solution (0.2 M Na,CO;,
0.5 M EDTA, and 0.34 M NaCl) was added at the
ratio of 1:1 and incubated for 30 min on ice prior to
clear solution collection by centrifugation at 14 000g
for 1 min. Then, 500 ul of 2% SDS, 10 ul of Proteinase
K (10 mg/ml), and 8 pl of RNaseA (10 mg/ml) were
added to 500 pl of the clear solution. The mixture
was incubated at 37 °C for 1 h and then centrifuged
at 14000g for 5 min. The supernatant was collected
for extraction of the viral genomic DNA by using
the phenol/chloroform method. The DNA pellet was
dissolved in TE buffer and kept at —20 °C.

Cloning and sequencing

Two sets of primers were designed using the sequence
of BmNPV T3 (NC 001962) available in the NCBI
database. Primer set 1 was F: 5'-AGCGGGTGGCG-
GCTCG-3' and R: 5-CACATTGCTCACGTAATT-
GGC-3' yielding the 1454 bp PCR product and primer
set 2 was F: 5-ATGTCCGAGACTGGTTATTAC-3’
and R: 5-GCTAACGATTCGCCCCTACT-3’ giving
the 1624 bp PCR product. PCR conditions were as
follows: preheated at 94 °C for 5 min, followed by
35 cycles of denaturing at 95 °C for 1 min, annealing
at 64 °C for 1 min and extending at 72 °C for 3 min.
PCR products were detected by 1% agarose gel. The
products were cloned into pGEM-T Easy and then
sent to Macrogen, Korea, for sequencing.

Sequence alignment and phylogenetic analysis

The sequences obtained from the two PCR products
were assembled. Both the nucleotide and the deduced
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amino acid sequences of Nanglai-BmNPV ie-/ gene
were then aligned with those of 37 other known Lepi-
dopteran NPVs whose genomes have been completely
sequenced, using the CLUSTALW version 1.81. Phy-
logenetic trees based on IE-1 protein sequences were
constructed using neighbour joining and maximal par-
simony methods, P distance model, MEGA version
4.0%°. The reliability of clusters within the tree was
evaluated based on 1000 bootstrap replications.

RESULTS AND DISCUSSION
Nucleotide and deduced amino acid sequence

The combined PCR fragment obtained in this study
was 2942 bp long and covered the whole region of ie-
gene, the upstream flanking genes, open reading frame
(ORF) 122, and a part of the downstream flanking
gene, odv-e 56. The ORF of Nanglai-BmNPV ie-1
gene comprised 1755 nucleotides encoding a deduced
protein of 584 amino acids (Fig. 1). The expected
molecular weight of the protein was 66.9 kD, as calcu-
lated by the pI/MW tool of Expasy web (http://www.
expasy.ch/tools/pi-tool.html). The Nanglai-BmNPV
ie-1 ORF sequence was rich in AT, with 63.2% AT
and 36.8% GC. The transcription start site (+1)3!
was located 50 bp upstream of the translation initiation
codon, ATG. The termination codon, TAA, was lo-
cated at the position +1802 to +1804 followed by a 3’
untranslated region containing a putative polyadenyla-
tion site (AATAAA) at the position +2006 to +2011
(Fig. 1).

The nucleotide and deduced amino acid se-
quences of Nanglai-BmNPV ie-1 were compared with
those of two NPVs infecting Bombyx mori, Bm-
NPV T32 and BmNPV K122, available in the NCBI
database using CLUSTALW. Both BmNPV T3 and
BmNPV K1 were infected silkworms of bivoltine
race, while Nanglai-BmNPV infected silkworms of
polyvoltine race. The ie-1 ORFs and IE-1 proteins of
these three NPVs were of equal length, 1755 bp and
584 amino acid residues.

The identity of nucleotide and amino acid se-
quences of Nanglai-BmNPV ie-/ gene to those of
BmNPV T3 and BmNPV K1 were 98% and 97%, re-
spectively. The ie-I ORF of Nanglai-BmNPV differed
from that of the BmNPV T3 at 26 positions: transi-
tion substitution type occurred at 19 positions, with
12G <+— C and 7T <— C, while the transversion
substitution type occurred at 7 positions. The deduced
amino acid sequence of Nanglai-BmNPV IE-1 and
that of BmNPV T3 differed at 12 positions. When
compared with BmNPV K1 ie-1 gene, the nucleotide
sequence of Nanglai-BmNPV ie-1 showed 31 posi-
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CGTACGCTCCTCGTGTTCCGTTCAAGGACGGTGTTATCGACCTCAGATTAATATTTATCG -191
GTCGACTGTTTTCGTATCCGCTCACCARACGAGTTTTTGCATTAACATTGTATGTCGGCG -131
GATGTTCTGTATCTAATTTGAATAAATAAATGATAACCGCATTGGTTTTAGAGG 'AA -71
TAAAAAAAATATTATTATCGTGTTCGCCATTAGGGCAGTATAAATTGACGTTCATGTTGA -11
+1
ATATTTTTTCAGTTGCAAGT TGACATTGGCGGCGACACGATCGTGAACAACAARACGACT +50
ATGACGCAAATTAATTTTAACACGTCGTACACCAGTGCTCCGACGCCGTCCCGAGCGTCG +110
1M T @ I N F N T S Y T S A P T P S R A S
TTCGACAACGGCTATTCAGAGTTTTGTGATAAACAACAACCCAACGACTATTTAARATTAT +170
20F DN G Y S E F C D XK Q QO P N D Y L N Y
TATAACAATCCCACGCCGGATGGAGCCGACACGGTAGTATCTGACAGCGAGACTGCAGCA +230
41Y N N P T P D GADTUV V S DS ET A A
GCTTCAAACTTTTTGGCAAGTGTCAATTCGTTAACTGATGATAACGATTTAGTGGAATGT +290
6lA s N F L A S V NS L TDTDINTDTLV E C
TTGCTCAAGACCGCTGATAATCTCGGAGAATCAGTTAGTTCTGCTTATTATTCGGAATCC +350
81 L L K T A DN L G E S V S S A Y Y S E S
CTTGAGCTGCCTGTTACGGAGCAACCATCGCCCAGTTCTGCTTATAATGCGGAATCTTTT +410
01L E L PV TE QP S P S S AYNAE S F
GAGCACTCTGTTGGTGTGARCCAACCATCGGCAACTGGAACTARACGGAAGCTGGACGAA +470
120E H § V G V N Q P S A T G T K R K L D E
TACTTGGACGATTCACARAGTGTGGTGGGCCAATTTAACAAGAATARATTGAAGCCTAAA +530
141Y L D D S Q S V V G Q F N K
TACAAGAAAAGCACAATTCAAAGCTGTGCAACCCTTGAGCAGACAATTAATCACAACACG +590
16lY K K s T I 9 s ¢C A T L E Q T I N H N T
AACATTTGCACGGTTGCTTCAACTCAAGAAATTACGCATTATTTTACTAATGATTTTGCG +650
181N I C T V A S T Q E I T H Y F T N D F A
CCGTATTTGATGCGTTTCGACGACAACGACTACAATTCCAACAGGTTCTCCGACCACATG +710
200P Y L M R F D DN D Y N S NRF S D H M
TCCGAAACTGGTTATTACATGTTTGTGGTTAAAAAAAGTGAAGTAAAGCCGTTTGARATT +770
2208 E T G Y Y M F V V KK S E VK PFE I
ATATTTGCCAAGTACGTGAGCAATGTGGTGTACGAATATACAAACARCTATTACATGGTA +830
2411 F A K Y V § NV V Y E Y T NN Y Y M V
GATAATCGCGTGTTTGTGGTAACTTTTGATAAAATTAGATTTATGATCTCGTACAATTTG +890
26D N R V F VV TFDZE KTI®RTFMTISYNL
GTTAAAGAAACCGGCATAGAARATTCCTCATTCTCAGGATGTGTGCAGCGACGAGACGGCT +950
281V K E T G I E I P H S Q DV C S D E T A
GCACAAAATTGTAARAAATGCCACTTTGTCGATGTGCATCACACGTTTARAAGCTGCTCTG +1010
30lA 0 N C K K CH F V DV HHTTF K AAL
ACTTCATATTTTAATTTAGATATGTATTACGCGCARACTACATTTGTGACTTTGTTACAA +1070
32T s Y F N L DM Y Y A QTTTFV TTL L Q
TCGTTGGGCGARAGAAAGTGTGGGTTTCTTTTGAACAAGTTGTACGAAATGTATCAAGAT +1130
341s L G E R K C G F L L N K L Y E M Y
ARARATTTATTTACTTTGCCTATTATGCTTAGTCGTAAAGAGAGTARTGAAATTGAGACT +1190
361K N L F T L P I M L 8 R KE S N E I E T
GCATCTAATAATTTTTTTGTATCTCCGTATGTGAGTCARATATTAAAGTATTCGGAAAGT +1250
381A S N N F F V s P Y V S 0TI L KZY S E 8
GTARAGTTTCCCGACAATCCCCCAAACARATATGTGGTGGACAATTTARATTTAATTGTT +1310
401V K F P DN P PNIKYVVDNTILNTLTIV
AACAAAAAAAGTACGCTCACGTACAAATACAGTAGTGTCGCTAATCTTTTGTTTAATAAT +1370
421N K K § T L T Y K Y 8 §$ V A N L L F N N
TATAAATATCATG. TATTGCGAGTAATAATAACGCTGAAAATTTAAAARAGGTTAAG +1430
441Y K Y H D N I A S N NN A E N L K K V K
AAGGAGGACGGCAGCATGCACATTGTCGAACAGTATTTGACTCAGAATATGGATAATGTA +1490
461K E D G S M H I V E Q Y L T Q N M D N V¥
AAAGGTCACAATTTTATAGTATTGTCTTTCAAAAACGAAGAGCGGTTGACTATAGCTAAG +1550
481K G H N F I VvV L § F K N E E R L T I A K
ARARACGAAGAGTTTTATTGGATTTCTGGCGAGATTAAAGATGTAGACGCTAGTCAAGTA +1610
501K N E E F Y W I S GE I KDV DA AS Q V
ATTCAAAAATATAATAGATTTAAGCATCACATGTTTGTAATCAGTARAGTGAACCGAAGA +1670
5211 Q K Y N
GAGAGCACTACATTGCACAATAATTTGTTAAAATTGTTAGCTTTAATATTACAGGGTCTG +1730
541 E s T T L H N N L L K L L A L I L Q G L
GTTCCGTTGTCCGACGCTATAACGTTTGCGGAACARAAAACTAAATTGTARATATARAAAA +1790
561V P L $ DA I T F A E Q K LN C K Y K K
TTTGAATTTAATTAATTATACATATATTTTGAATTTAATTAATTATACATATCTTTTGAA +1850
581 F E F N *
TTTAATTAATTATACATATATTTTATATTATTTTTGTCTTTTATTATCGACGAGGGGCCG +1910

TTGTTGATGCGGGGTGTTGCATAATAACAATGGGAGT TGGTGCGCCACCGCTTCCTCCTC +1970

CTCCTCCTCCTCCTTTTGTCATGTATCTGTAGATAAAATAAAGTATTARACCTARARACA +2030

Fig. 1 Nucleotide sequence, deduced amino acid, and the
5’ noncoding sequences of Nanglai-BmNPYV ie-1 gene. The
numbers with a plus sign indicate the nucleotide position
from the transcription initiation site (4+1). The amino acid
sequence is numbered sequentially from the first amino acid,
the methionine. In the 5’ noncoding region, the ecdyson
response element is bolded and in italics, the CAAT-like
motif is in italics and double underlined, the putative TATA
box is double underlined, the early promoter is underlined
and the DAR sequence is underlined and in italics. The
polyadenylation signal sites are underlined.

tions of nucleotide substitution, 23 of which were tran-
sition substitution type (15G <+— A, and 8 C +— T),
and the remaining 8 substitutions were transversion
type. Differences between IE-1 sequences of Nanglai-
BmNPV and BmNPV K1 were found at 15 positions.
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The nucleotide substitutions often occurred in the 5’
region of the ie-1 nucleotide sequence, which corre-
sponds to the N-terminal of the amino acid sequence.
The Nanglai-BmNPV IE-1 deduced amino acid se-
quence was further aligned with other 37 deduced
IE-1 protein sequences of NPVs whose genomes have
been completely sequenced and are available in the
NCBI database using CLUSTALW 1.81. The result
showed that the identity of Nanglai-BmNPV IE-1 to
the 37 IE-1 proteins ranged from 20% up to 97%. The
highly variable identity among IE-1 proteins indicated
that Nanglai-BmNPV ie-1 gene is a poorly conserved
gene.

Analysis of 5’ noncoding sequence

The 5’ noncoding region of Nanglai-BmNPV ie-/
gene was searched for conserved regions within
300 bp upstream from the translation start site (ATG).
Five conserved sequences were found in this region.
They were a downstream activating region (DAR,
TGACATTGGCGGCG), the tetranucleotide, CAGT,
motif, a TATA (TATAAA) element, a putative CAAT
box (GCATAAT), and an ecdysone response element
(GTGTTATCGACCT). The CAGT motif functioning
as an early promoter was located at the position —1
to +3 of 51 bp upstream of the translation start site,
ATG. The TATA element was located at the position
—26 to —31, 31 bp upstream of the transcription start
site (+1). The location of the DAR was at position
+11 to 424 and 10 bp downstream of the transcription
start site. The CAAT box was found at position —70
to —76, whereas the ecdysone response element was
located at —208 to —220 (Fig. 1).

The 300 bp 5’ noncoding sequence upstream of
the Nanglai-BmNPV ie-/ translation start site (ATG)
was compared with other 37 Lepidopteran NPVs
available from the NCBI database (Table 1). The re-
sult showed that the ie-7 genes from 7 NPVs, namely
AcNPV, BmaNPV, BmNPV T3, Nanglai-BmNPYV,
MvMNPV, PxMNPV, and RoMPNYV, contained the
five conserved identical sequences in their 5’ non-
coding regions. Interestingly, the distance between
the TATA element and CAGT motif and between the
CAGT motif and the translation start site (ATG) in
these seven NPVs were 31 bp and 51 bp, respectively,
in all 7 ie-1 promoters. The locations of DAR se-
quence in these 7 promoters were at nucleotide +11 to
424 as previously reported?*. The TATA element and
CAGT motif are often found in the promoter region
of immediately early genes of baculovirus>2+23. It
has been suggested that the CAGT motif plays an
important role as an initiator element for the reg-
ulation of ie-I transcription since substitution of a
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Table 1 List of Lepidopteran NPVs used in this study. Their
genomes have been completely sequenced and available in
the NCBI database.

Species Abbreviation Accession  Amino
acid
Adoxophyes honmai NPV AhNPV NC.004690 642
Adoxophyes orana NPV AoNPV NC.011423 645
Antheraea pernyi NPV AnpeNPV NC.008035 577
Anticarsia gemmatalis MNPV AgMNPV NC_008520 588
Agrotis ipsilon multiple MNPV AgipMNPV ~ NC.011345 675
Agrotis segetum NPV AgseNPV NC_007921 661
Autographa californica MNPV AcMNPV NC_001623 636
Bombyx mandarina NPV BmaNPV NC.012672 584
Bombyx mori NPV BmNPV NC.001962 584

Choristoneura fumiferana  DEF ~ CfDEFMNPV
MNPV

NC_005137 560

Choristoneura fumiferana MNPV CfMNPV NC.004778 565
Chrysodeixis chalcites NPV CcNPV NC.007151 742
Clanis bilineata NPV CbNPV NC.008293 722
Ecotropis obliqua NPV EoNPV NC.008586 721
Epiphyas postvittana MNPV EppoMNPV  NC.003083 556
Euproctis pseudoconspersa NPV EupsNPV NC.012639 612
Helicoverpa armigera NPV HaSNPV NC.003094 661
Helicoverpa armigera MNPV HaMNPV NC.011615 601
Helicoverpa armigera NPV G4 HaSNPV-G4 NC_002654 655
Helicoverpa armigera NPV NNgl HaSNPV NNgl NC.011354 655
Helicoverpa zea SNPV HzSNPV NC_003349 655
Hyphantria cunea NPV HycNPV NC_007767 560
Lymantria dispar MNPV LydMNPV NC_001973 566
Lymantria xylina MNPV LyxMNPV NC.013953 569
Leucania separata NPV LesNPV NC_008348 927
Mamestra configurata NPV-A MCcNPV-A NC_003529 526
Mamestra configurata NPV-B McNPV-B NC.004117 603
Maruca vitrata MNPV MvMNPV NC_008725 575
Orgyia leucostigma NPV OINPV NC.010276 560
Orgyia pseudotsugata MNPV OpMNPV NC.001875 639
Plutella xylostella MNPV PxXMNPV NC.008349 582
Rachiplusia ou MNPV RoMNPV NC.004323 580
Spodoptera exigua MNPV SeMNPV NC.002169 714
Spodoptera frugiperda MNPV SfMNPV NC.009011 382
Spodoptera litura NPV SINPV NC.003102 688
Spodoptera litura NPV 11 SINPV II NC.011616 707
Trichoplusia ni single SNPV TnSNPV NC.007383 733

single nucleotide in the CAGT motif reduces the ie-/
RNA level®. However, it is still unknown how the
CAGT motif regulates the transcription of baculovirus
genes%. Of 37 ie-1 genes, 3 from AhNPV, AoNPV,
and EoNPV, had neither TATA nor CAGT motif in
their 5’ noncoding regions. It has been suggested
that the transcription of the ie-/ gene having no early
promoter might be regulated by a distal promoter?’.
Moreover, the early promoters of HaSNPV, HaSNPV-
NNgI, HaSNPV-G4, and HzSNPV, contained TATA
sequences and CATT motifs instead of CAGT mo-
tifs>. Excluding the above 7 NPVs, the remaining
31 NPVs did not contain identical sequences to the
DAR and the ecdysone response element of Nanglai-
BmNPV. In AcNPYV, the DAR functioned as a stimu-
lator of ie-1 transcription increasing 10-fold the ie-/
RNA level during infection. However, ie-1 is not
transcribed if both CAGT motif and DAR sequences
are simultaneously deleted >3.

The ecdysone response element in the promoter of
BmNPV ije-1 gene was identified by a series of trun-
cated ie-1 promoters in BmN cells. It has been sug-
gested that the activity of ie-1 regulated by ecdysone
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might resist viral replication?®. Ecdysone is a molting
hormone in insects. The molting of an insect infected
with NPV would be obstructed by the function of
the viral gene, ecdysteroid UDP-glucosyltransferase
(egt). The egt gene encodes enzyme EGT catalyses
the inactivation of ecdysone hormones of a host in-
sect, resulting in an extension of the larval period,
since molting and pupation require ecdysones?’. The
extension of infected larval period provides more
multiplication time resulting in an increased viral
number. In addition, in infected insects, the inactive
ecdysone may not bind the ecdysone response element
of ie-1 promoter so the activity of ie-/ to promote viral
replication may also be inhibited.

Phylogenetic analysis of group I

Phylogenetic tree of Lepidopteran NPVs was con-
structed with the deduced IE-1 amino acid sequences
from Nanglai-BmNPV and with 37 NPVs available
from the NCBI database using the neighbour-joining
(NJ) and maximal parsimony (MP) methods, P dis-
tance model, MEGA version 4%°. The IE-1 (ORF9) of
Xestia c-nigrum granulovirus (XcnGV, NP_059157.1)
was used as an outgroup. The trees obtained from both
methods had very similar topologies. However, the
bootstrap values of the NJ tree were higher than those
of the MP tree in all branches (Fig. 2). Both trees
clearly showed that Lepidopteran NPVs were divided
into two major clades, group I clade and group II
clade, consistent with all previous reports. Group I
clade was also separated into two subclades, clade I-A
and clade I-B. As expected, the trees grouped Nanglai-
BmNPV into clade I-A (Fig.2). The members of
clade I-A were 7 NPVs, namely Nanglai-BmNPYV,
BmNPV, BmaNPV, RoMNPV, PxXMNPV, AcMNPYV,
and MVMNPV. The Nanglai-BmNPV was closely re-
lated to the two NPVs infecting Bombyx spp., BmNPV
and BmaNPV. In clade I-B, seven NPVs, CfDEFM-
NPV, AgMNPV, EppoMNPV, OpMNPV, CfMNPYV,
HycNPV, and AnpeNPV were clustered together.
However, the topologies of NJ tree (Fig. 2A) and MP
tree (Fig. 2B) were slightly different. Like most pre-
viously reported trees, the IE-1 tree topology placed
AcMNPV within group I-A. In contrast, the tree
topology generated by the polyhedron (polh) gene
placed AcMNPYV in group II and it was suggested that
the polh gene of AcCMNPV might have recombined
with that of a virus in group IT°*-*2. The Lepidopteran
NPVs were separated into two groups, group I and
II, based on the conserved gene, polyhedron, which
encoded the major occlusion body protein required for
producing viral progeny®°. Later, the phylogenetics
of NPVs were generated with other conserved genes,
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Fig. 2 Phylogenetic trees based on the deduced amino acid
sequence of IE-1 proteins of Lepidopteran NPV group I
clade generated by (a) neighbour joining and (b) maximal
parsimony methods. Numbers at the nodes indicate the
values from 1000 bootstrap replications. Xestia c-nigrum
granulovirus (XenGV, NP_059157.1) was used as an out-
group. In both trees, NPVs of group I clade was separated
into two subclades, subclade I-A and subclade I-B.

for example lef-233, lef-8, lef-93*3, and ecdysteroid
UBP-glycosyl transferase (egt)*. Recently, many phy-
logenetics of NPVs have been established by means of
the combination of several conserved gene sequences
and whole genome sequences’>3%37. These phyloge-
netic trees were suggested to be more acceptable than
those constructed by a single gene. However, the tree
constructed by a single gene had been used for quick
identification*. In this work, even though ie-1 gene
was poorly conserved, the pattern of the tree topology
derived from IE-1 amino acid sequences agreed with
those of other tree topologies based on single highly
conserved genes, the combination of highly conserved
genes, and complete genome sequences.
Interestingly, the 5’ noncoding sequences of the
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ie-1 genes from group I-A NPVs were highly con-
served: all of them contained the TATA element,
CAGT motif, CAAT-like motif, DAR region, and
ecdysone response sequence. Moreover, the interval
distances between the TATA element and CAGT motif
(31 bp long) and between the CAGT motif and the
translation start site, ATG, (51 bp long) were identi-
cal. Therefore, the tree topology generated using the
5’ noncoding sequence (300 bp upstream of ATG),
showed that the Lepidopteran NPVs group I was
divided into two subclades, A and B (data not shown).
Moreover, the result of group I NPV IE-1 sequence
alignment showed that the IE-1 sequences of the three
NPVs, BmaNPV, BmNPYV, and Nanglai-BmNPYV, in-
fecting Bombyx spp. insects, contained unique amino
acids at 12 positions differing from those present in
the other NPVs (Fig. 3). Eight of these 12 conserved
amino acids were located in the N-terminal part of
the IE-1 protein. The N-terminal region of the IE-1
protein contains an acidic domain that is essential for
the viral transactivational activity>’°. The remaining
4 unique amino acid positions were located in the
C-terminal region of IE-1. The C-terminal region
contains a domain required for inhibitory and DNA-
binding activities*’. Only one of these 4 unique amino
acid positions was in a putative single-stranded-DNA-
binding motif that may be involved in DNA binding '2.
It is likely that the 12 unique amino acid positions of
IE-1 proteins from Bombyx spp. NPVs may provide
these NPVs with the specific ability to infect only
Bombyx spp. insects.

Phylogenetic analysis of group IT

The remaining 24 NPVs were grouped into group II
clade. In most previous reports, the division of NPV
group I into two subgroups was quite clear, but the
taxon of NPVs within group II was inconsistent. Even
if a number of complete genome sequences available
to date were used to construct a phylogenetic tree,
the division within group II was not well defined. It
was suggested that the relationship of NPVs within
group II was more diverse than that of group I
clade®4!.

In this study, trees based on IE-1 sequences from
the 24 NPVs of group II clade were generated using
the NJ and MP methods. Both methods established
trees with very similar topology (Fig. 4). In both trees,
three clear subclades within the group II clade were
derived from a monophyletic origin. The names of
the three subclades, designated A, B, and C, were
given following the previous report in which the tree
was constructed with the DNA polymerase amino acid
sequences of 17 NPVs>. Of the 17 NPVs, only 7
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BmONPV MTQINF 6 BMONPV RKCGFLLGKLYEMYQDKNLFTLPIMLSRKESNEIETASNNFFVSPYVSQILKYSESVKFP 404
BmaNPV MTQINF 6 BmaNPV RKCGFLLGKL FTLPIML IETA! FVSPYVSQILKYSESVKFP 404
NanglaiBmoNPV ITQINF 6 NanglaiBmoNPV RKCGFLLNKLYEMYQDKNLFTLPIMLSRKESNEIETASNNFFVSPYVSQILKYSESVKFP 404
ACMNPY MI VQENIMTSNCASSPYSCEATSACAEAQQLOVDTGGDKIVNNQVTMTQINF 60 ACMNPV RKCGFLLSKLYEMYQDKNLFTLPIMLSRKESNEIETASNNFFVSPYVSQILKYSESVQFP 456
PXMNPV MTQINF 6 PXMNPV RKCGFLLSKLYEMYQDKNLFTLPIMLSRKESNEIETASNNFFVSPYVSQILKYSESVOFP 402
ROMNPV QINF 6 ROMNPV RKCGFLLSKLYEMYQDKNLFTLPIMISRKESNEIETASNNFFVSPYVSQILKYSESVQFP 400
MYMNPY MTHINF 6 MUMNPV RKSGFLLNKL FTLPIML IDTASDNFAVSPYVSQILKYSENVQFP 395
AGMNPV 'VSVASWQ! IMKRIDNY 27 AgMNPV NKTGMLLGKLYQMYQDRSLFTLPIMLSRKEPIVENTPL! YVSQITKYSKNIQFP 413
CEDEFMNPV RIDNF 8 CEDEFMNPYV NKTGMLLGKLYQMYQDRSLFTLPIMLSRKEPIVENTPLSRNYTSSYVSQIIKYSKNIQFP 390
EppPOMNPV MMPKOMADL 9 EpPOMNPV NKTGLLFNRLFQMYEDRSLFTLPIMLTRKEPVVENTPLSRNYASSYVSQILKYSKNIQYP 382
CEMNPV 8 CEMNPV SKSGMLLNKLYQMFQDRSLFTLPIMLSRKEPTIENTPLSRNYTSSYVAQITKYSKNVRFP 384
OpMNPV 8 OpMNPV NKTNMLLNKLYQMYQDRSLFTLPIMLSRKEPVNENAPQNKNHAFSYVAQIMKYSKNLRFP 385
AnpeNPV RDVF 12 AnpeNPV NKINLLMDRVYQHHKSRLLYTLPTVISLKQPATEI TPRSKKYASSYVIQILNYSKNLRER 399
*outkilrzzikori krkkekropok: . Sk rkkrrkks,
BmONPV TSAPTPSRASFDNGYSEFCDKQQPNDYLN- YNNPTPD-GADTVV 53 BMONPV DNPPNKYVVDNLNLIVNKKSTLTYKYSSVANLLFNNYKYHDNIASNNNAENLKKVKKEDG 464
BmaNPV TSAPTPSRASFDNGYSEFCDKQQPNDYLN- YNNPTPD-GADAVV 53 BmaNPV DNPPNKYVVDNLNLIVNKKSTLTYKYSSVANLLFNNYKYHDNT VKKEDG 464
NanglaiBmoNPV TSAPTPSRASFDNGYSEFCDKQOPNDYLN- YNNPTPD-GADTVV 53 NanglaiBmoNPV DNPPNKYVVDNLNLIVNKKSTLTYKYSSVANLLFNNYKYHDNIASNNNAENLKKVKKEDG 464
ACMNPV -YTSASTPSRASFDNSYSEFCDKQ-PNDYLS----YYNHPTPD-GADTVI 106 ACMNPV DNPPNKYVVDNLNLIVNKKSTLTYKYSSVANLLFNNYKYHDNI. KKVKKEDG 516
PXMNPV ---YTSASTPSRASFDNSYSEFCDKQ-PNDYLS-~--YYNHPTPD-GADTVI 52 PXMNPV DNPPNKYVVDNLNLIVNKKSTLTYKYSSVANLLFNNYKYHDNI. KEDG 462
ROMNPV N; DNSYSEFCDKQ-SNDYLS----YYNHPTPDNGADTVI 53 ROMNPV DNAPNKYVVDNLNLIVNKKSTLTYKYSSVANLLFNNYKYHDNIASNNNAENLKKVKKEDG 460
MVMNPV NAS----—=—= YISASTPSRASFD————EFCEKQ PNDYNVGYNLEYNQQTPD-VADTVL 52 MVMNPV DNAPNKYVVDNLNLIVNKKSTLTYKY NLLFNNYKYHDNT. KKVKKEDG 455
AgMNPV YVT PID AETNW 62 AgMNPV QGEPNQDIIDRLEQIVTLKSPLTYKYSSVANLLFNKYNHO KVKKEDG 469
CEDEFMNPY RR: TPSTP: mF“ PID EETNW 43 CE£DEFMNPYV HGEPNQDIIDRLEQIVTLKSPLTYKYSSVANLLFNKYNHQ-~~--RDNNADNLKKVKKEDG 446
EpPpOMNPV HRSL----~--~" YTTPGTPIRALFNT -~~~ ATELPDNMDADT- 44 PP NNEPNQNIIDRLEEIVTQKSSLTYKY NLLFNKY KVKKEDG 437
CEMNPY 00SL PENLNFDV LNDSY 43 CEMNPY ENNPDNGVISRLEEIVTQKSSLTYKYSSVANLLFSRYGHQ KVKKEDG 440
OpMNPY OR PNHNLFNN TELPDDLNFST: MDVPY 42 OpMNPV QGDPTQQVMDRLEEIVTQKSSLTYKYSSVANLLFNRYGR-~=~~ RDNNADALKKVKKEDG 440
AnpeNPV NSAL TPRQTSF! QPVMNT! IER 51 AnpeNPV EHKYNGEYTNTLDQHITQKTKLJ!Kx AELFFTPFGK] KVKKEDG 455
.t e ox s s : . L kr RmkkkkkRkIRIE, 3 DHLE kKRR EERRE
BmONPV sDSETAAAsNFLAsVNSLTDDNDIMECLLKTTDNLGEAVSSAYYSESLELPVAEQP -SPS 112 BMONPV SMHIVEQYLTQNVDNVKGHNF IVLSFK-~~~] NEERLTIAKKNEEFYWISGEIKDVDASQ 519
BmaNPV ASVNSLTDDNDIMECLLKTTDNL ESLELPVAEQP-SPS 112 BmaNPV SMHIVEQYLTQNVDNVKGHNFIVLSFK-----NEERLTIAKKNEEFYWISGEIKDVDASQ 519
NanglaiBmoNPV SDSETAAASNFLASVNSLTDDNDLVECLLKTADNLGESVSSAYYSESLELPVTEQP -SPS 112 NanglaiBmoNPV SMHIVEQYLTQNMDNVKGHNF IVLSFK-----NEERLTIAKKNEEF YWISGEIKDVDASQ 519
ACMNPV SDSETAAASNFLASVNSLT-DNDLVECLLKTTDNLEEAVSSAYYSESLEQPVVEQP-SPS 164 ACMNPV SMHIVEQYLTQNVDNVKGHNF IVLSF! NEERLTIAKKNKEFYWISGEIKDVDVSQ 571
PXMNPV SDSETAAASNFLASVNSLT-DNDLVECLLKTTDNLEEAVSSAYYSESLEQPVVEQP-SPS 110 PXMNPV SMHIVEQYLTQNVDNVKGHNFIVLSF! EERLTIAKKNKEFYWISGEIKDVDVSQ 517
ROMNPV SDSETAAASNFLASVNSLT-DNDLVECLLKTTDHLEEAVSSAYYSESLEQPIVEQP-STS 111 ROMNPV SMHIVEQYLTQNVDNVKGHNF IVLSF! EERLTIAKKNKDFYWISGEIKDVDVSQ 515
MYMNPV SDSETAAASNFLASINSHS-DNDLMECLFKATNDLKETVSSAYYSESIEQPLAEQP-SPS 110 MUMNPY SMHIVEQYLTQN, IVLSFK NEERLTIVKKNKDFYWISGEIKDVNVSQ 510
AgMNPV ENISLTENMSLTEFDPP-IGKEDLETMLOTPCDNLTTLENASQVLANDVGSSLLSEYLSF 121 AgMNPV NRLLVEQYMSQNESDVTSHNFIVLSFG-S---NDERLTIAKKANEYYWIAGEIKDINVDD 525
CEDEFMNPY E--mmm- SMSLTEFDPP-IGTEDLENMLQTPSDNLTTLENASQVLANDVGSSLLSEYLSF 96 CEDEFMNPY NRLLVEQYMSONESDVTSHNFIVLSFG-S-~--NDERLTIAKKGNEYYWIAGEIKDINVDD 502
EppPOMNPV D= LDITPANFETPSLENEELVNLLENESNNLARDVMSQYLIFNNNNT--~-—===~ EpPpOMNPV NRLLVEC NSHNFIVLSFG-N---NDERLTIAKKNMEFYWIAGELKDIHVEN 493
CEMNPV E TFSSVSLTTAEQDNQIDKILQE A-QFTASEYVTG-- CEMNPV NRLLVEQYMS( IVLQ! TIAKKGIEFFWIAAETKDINVDD 497
OpMNPV MNLLEDRSKKLACAVDTELARESTASEFVAG-- OpMNPV NRLLVEQYM; IVLQFGGV---NDERLTIAKRGKEF YWIAGEIKDISVDD 497
AnpeNPV LPVLN- INQVDLEDTDMFTANPDLLM‘LAQEGTNLYNDVTNEFAHQSGETQSFPEN—»YN 108 AnpeNPV NRLLVEQYLSRNEHDENSHNF IVLOFGGANLNNDERLTIVKKGREFYWVAGEVKDINVDE 515
ShERkI: K p L KRRAKR K Krkkakk K prikiz.kikks
BmoNPV NAESFEQSVGVNQPSAAGTKRKLDEYLDDSQ 'VGQFNKNKLKPKYKKST 165 BmONPV VIQKYNRFKHHMFVISKVNRRESTTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 578
BmaNPV NAESFEQSVGVNQPSAT LDEYLDDSQ: VGQFNKNKLKPKYKKST 165 BmaNPV VIQKYNRFKHHMFVISKVNRRESTTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 578
NanglaiBmoNPV PSATGTKRKLDEYLDDSQ VGQFNKNKLKPKYKKST 165 NanglaiBmoNPV VIQKYNRFKHHMFVISKVNRRESTTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 578
ACMNPY LDEYLDNSQ. VGQFNKIKLRPKYKKST 217 ACMNPY VIQKYNRFKHHMFVIGKVNRRESTTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 630
PXMNPV SAYHAQSF PSATGTKRKLDEYLDNSQ VGQFNKIKLRPKYKKST 163 PXMNPV VIQKYNRFKHHMFVIGKVNRRESTTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 576
ROMNPV STYHAES---SDGVNQPSATGTKRKLDEYLDNSQ-~~--~~ CIVGOFNKNKLRPKYKKST 161 ROMNPY TQKYNRFKHHMFVI TTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 574
MVMNPY P LDECMDSS( QFNKIKFRPKYKKST 156 MVMNPV VIQKYNKFNHHMFVIGKVNRRESTTLHNNLLKLLALILQGLVPLSDAITFAEQKLN-CKY 569
AgMNPV NPRAMEP---EVQLSEPSTSGTKRKASE-DIDVDSDDDF -~RGKKHVNKNKIRPRYKKAT 175 AgMNPV MIKKYTKNVHHVFRIIKVNRRESTTWHNNLLKMLALLLONLINIEDAKQLSEKSDSKFSY 585
CEDEFMNPV NPRAMEP---EVQLSEPSTSGTKRKASE-DICVDSDDDFSSRGKKHVNKNKIRPRYKKAT 152 CE£DEFMNPY MIKKY LKMLALLLQNLINIEDAKQLSEKSDSKFSY 562
EppPOMNPV ONAMMEP---EVTLSEPSTSGTKRKGAP-DSDNDMEDAC--KGKKIVNKSKIRPRYKKAT 144 EpPpOMNPV LIKKYTKNVHHVFRITKVNRRESTT! LKMLALLLQNLITIDAAKC FSY 553
CEMNPY RADTMEP---EVIVET-IGDSMKRKASELDSDSDSGESS -~KGKKRVIKPKMRORYKKAT 144 CEMNPV LVKKYTRNVHHVFRI I T LKLLOLLLONLIRIDDVQQYSNKGDSKFIY 557
OpMNPV SADSPQAQL RKA KGKKLVNKPKIRQRYKKAT 145 OpMNPV LIKK ‘RIINVNRREST LKLLOLLLONLIRLEDVQRYSDKSDTKFVY 557
AnpeNPV PGGETQS---FPENY HVNRSKIRQRYKKVA 161 AnpeNPV LKMLAMLLQNLITIYDV] IDK-FSY 574

.o : NERITINE L L]

HVKKYPQNTHHVFRI I
siek ﬂ*ﬁ;%ﬂ’*ﬁ’ﬁﬁk**ﬁ*:**’:_ i %

Fig. 3 Multiple alignment of the IE-1 deduced amino acid sequences of the group I clade NPVs using CLUSTALW version

1.81. Labelled boxes indicated unique amino acids at 12 positions of the IE-1 protein from NPVs infecting Bombyx spp.

insects. The N-terminal transactivation domain was marked by a line over the columns. The SSB-like motif was indicated

by double line over the columns.

NPVs had IE-1 sequences available on the database
and were used in this study. In the previous report,
of the 7 NPVs, SeMNPV and SfMNPV were in
subgroup II-A; SINPV, HaSNPV, and HzSNPV were
in subgroup II-B; and EoNPV was in subgroup II-C.
LydMNPV was not grouped into any of the three sub-
groups. In this study, subclade II-A was composed of
10 NPVs, namely McNPV-A, McNPV-B, HaMNPV,
TnSNPV, CcNPV, AgseNPV, AgipMNPV, STMNPYV,
SINPV II, and SeMNPYV. Subclade II-B contained 6
NPVs, HaSNPV, HaSNPV-NNg1, HaSNPV-G4, HzS-
NPV, SINPV, and LesNPV. The last one, subclade
II-C, consisted of 8 NPVs, OINPV, EoNPYV, EupsNPV,
CbNPV, LyxMNPYV, LydMNPV, AoNPV, and AhNPV.
The reliability of these subclades within the group II
clade was supported by 1000 bootstrap resampling
value. In the NJ tree, the bootstrap value at the
root node of the three subclades was low, only 50%.
However, the bootstrap gave strong support to the
existence of subclade II-A (79%) and II-B (76%),
while subclade II-C was weakly supported by the
bootstrap value (42%). The outcome of the MP tree
agreed with that of the NJ tree, even though the

www.scienceasia.org

bootstrap values supporting the existence of the three
subclades within group II clade NPVs were lower than
those of the NJ tree. For example, the existence of
subclade II-A and II-B in the MP tree was supported
by 57% and 76% bootstrap values, respectively, while
subclade II-C was supported by a low bootstrap value.
Nevertheless, in both trees, the members within each
subclade were identical. The difference between the
NIJ tree and the MP tree was the position of CbNPV.
In the NJ tree, CbNPV was a sister group of OINPYV,
EoNPV, and EupsNPV confirmed by 71% bootstrap
value (Fig. 4), whereas in the MP tree, CbONPV was
a sister group of LyxMNPV, LydMNPV, AoNPV, and
AhNPYV with a very low bootstrap value (Fig. 4B).

In this study, the identity percentages of IE-1
sequences were determined by pairwise comparisons.
The identity percentages obtained from alignment
of 38 Lepidopteran NPV IE-1 deduced amino acid
sequences were used to calculate the average identity
percentages of each subclade and between subclades,
by CLUSTALW (Table 2). From Table 2, the aver-
age identity of IE-1 sequences within subclade I-A
was the highest, 93%, whereas the lowest average
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Fig. 4 Phylogenetic trees present three subclades, A, B, and
C, within Lepidopteran NPV group II clade based on the
deduced amino acid sequence of IE-1 proteins generated by
(a) neighbour joining and (b) maximal parsimony methods.
Bootstrap values (1000 replications) lower than 40% were
not indicated at the nodes. Xestia c-nigrum granulovirus
(XenGV, NP_059157.1) was used as an out group.
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Table 2 Pairwise comparison within subclades and between
subclades of IE-1 deduced amino acid sequences of Lepi-
dopteran NPVs.

Pairwise Comparison Average Max. Min.
identity (%) identity identity
Mean SD
Within clade I-A 93.1 44 99 86
Within clade I-B 66. 11. 96 44
Within clade II-A 44, 18. 99 24
Within clade II-B 56. 37. 100 25
Within clade II-C 33. 15. 88 24
Clade I-A > Clade I- B 44.7 4.1 50 34
Clade I-A > Clade II-A  24.0 1.8 28 20
Clade I-A > Clade II-B 23.0 2.1 26 17
Clade I-A > Clade II-C 234 24 29 18
Clade I-B > Clade II-A  24.0 2.1 28 19
Clade I-B > Clade II-B  22.6 2.2 26 18
Clade I-B > Clade II-C 227 1.7 27 20
Clade II-A > Clade II-B  26.4 3.4 39 19
Clade II-A > Clade II-C  26.8 3.6 35 20
Clade II-B > Clade II-C 25.0 3.3 31 19

identity, 33%, was found in subclade II-C. Thus the
IE-1 sequences belonging to NPVs within clade I-A
were less divergent than those of other subclades.
Low identity percentages were obtained in pairwise
comparisons between subclades (Table 2). These
results showed clear divergence of the IE-1 sequences
between any subclade of group I and group II, and
between subclades within group II. Even though IE-1
sequence has diverged more in Lepidopteran NPVs
compared to other genes, the amino acid sequence
consistently identified the taxons within Lepidopteran
NPVs, particularly within the group II clade.
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