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Abstract
The Mythimna unipuncta nucleopolyhedrovirus isolate KY310 (MyunNPV-KY310) is an alphabaculovirus isolated from 
a true armyworm (Mythimna unipuncta) population in Kentucky, USA. Occlusion bodies of this virus were examined by 
electron microscopy and the genome sequence was determined by 454 pyrosequencing. MyunNPV-KY310 occlusion bodies 
consisted of irregular polyhedra measuring 0.8–1.8 µm in diameter and containing multiple virions, with one to six nucle-
ocapsids per virion. The genome sequence was determined to be 156,647 bp with a nucleotide distribution of 43.9% G+C. 
152 ORFs and six homologous repeat (hr) regions were annotated for the sequence, including the 38 core genes of family 
Baculoviridae and an additional group of 26 conserved alphabaculovirus genes. BLAST queries and phylogenetic inference 
confirmed that MyunNPV-KY310 is most closely related to the alphabaculovirus Leucania separata nucleopolyhedrovirus 
isolate AH1, which infects Mythimna separata. In contrast, MyunNPV-KY310 did not exhibit a close relationship with 
Mythimna unipuncta nucleopolyhedrovirus isolate #7, an alphabaculovirus from the same host species. MyunNPV-KY310 
lacks the gp64 envelope glycoprotein, which is a characteristic of group II alphabaculoviruses. However, this virus and five 
other alphabaculoviruses lacking gp64 are placed outside the group I and group II clades in core gene phylogenies, further 
demonstrating that viruses of genus Alphabaculovirus do not occur in two monophyletic clades. Potential instances of 
MyunNPV-KY310 ORFs arising by horizontal transfer were detected. Although there are now genome sequences of four 
different baculoviruses from M. unipuncta, comparison of their genome sequences provides little insight into the genetic 
basis for their host specificity.
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Introduction

Baculoviruses are viruses of insects that possess large, 
double-stranded circular DNA genomes [1]. These viruses 
produce enveloped, rod-shaped virions that are embedded in 
proteinaceous occlusion bodies (OBs). Species of baculovi-
ruses are organized into four genera within a single family, 
Baculoviridae [1]. Two of these genera, Alphabaculovirus 
and Betabaculovirus, contain 65 of the 68 species currently 
classified for Baculoviridae. Viruses of both genera infect 
larvae of the insect order Lepidoptera. Decades of research 
with isolates of these two genera have uncovered extensive 
information about the genetics, pathology, and life cycle of 
baculoviruses [2, 3] and led to applications as recombinant 
protein expression vectors and safe, ecologically friendly 
biopesticides [4, 5].
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In this study, the complete genome sequence of the 
alphabaculovirus Mythimna unipuncta nucleopolyhedro-
virus KY310 (MyunNPV-KY310) is detailed. This virus 
was originally isolated from larval cadavers of the true 
armyworm, Mythimna unipuncta, collected in a Lexing-
ton, KY (USA) pasture during an outbreak [6]. Analysis 
of partial nucleotide sequences of the lef-8, lef-9, and poly-
hedrin (polh) genes of MyunNPV-KY310 suggested that 
it represents one of four different and distinct groups of 
baculoviruses isolated from true armyworm [6]. Genomes 
from viruses of three of these groups have been previously 
sequenced and analyzed, including the betabaculoviruses 
Pseudaletia unipuncta granulovirus Hawaiian (PsunGV-H, 
GenBank accession no. EU678671; species Mythimna uni-
puncta granulovirus A) and Mythimna unipuncta granulovi-
rus #8 [7] (MyunGV#8; species Mythimna unipuncta granu-
lovirus B) and the alphabaculovirus Mythimna unipuncta 
nucleopolyhedrovirus #7 [8] (MyunNPV#7; unclassified as 
of this writing). Examination of the MyunNPV-KY310 OBs 
and genome sequence in this study confirmed that it likely 
represents a fourth distinct species of baculovirus to be iso-
lated from M. unipuncta. Comparison of the MyunNPV-
KY310 genome sequence with other Mythimna sp. baculo-
virus genome sequences highlights the divergence among 
alphabaculoviruses that exists even among viruses from the 
same host, and underscores the difficulties with attempting 
to define the genetic basis for baculovirus host range.

Materials and methods

Virus

MyunNPV-KY310 OBs were isolated from virus-killed M. 
unipuncta cadavers collected from a pasture in Lexington, 
KY during March, 2010. The homogenization of cadavers 
and purification of OBs by low-speed centrifugation were 
carried out using previously described procedures [8, 9].

Electron microscopy

Methods for cryogenic scanning electron microscopy (Cryo-
SEM) and transmission electron microscopy (TEM) of 
MyunNPV-KY310 OBs were as previously described [8].

Viral DNA isolation and sequencing

Viral genomic DNA was extracted from the occlusion-
derived virus of 1.5 × 1010 OBs of MyunNPV-KY310 using 
previously described procedures [10]. Determination of the 
genome sequence was carried out at the National Research 
Council, Plant Biotechnology Institute (Saskatoon, Sas-
katchewan, Canada) using Roche 454 FLX-titanium 

pyrosequencing technology. Sequence reads initially were 
assembled using CLC-Genomics Workbench 6.0.2, with 
additional assembly and read mapping carried out with 
Lasergene SeqMan Pro version 11. Regions of the genome 
with repeats or unusual features were amplified by PCR and 
sequenced by Sanger dideoxy sequencing.

The MyunNPV-KY310 genome sequence generated 
during this study has been deposited in GenBank with the 
accession number MH124167.

Genome sequence analysis

Open reading frames (ORFs) that are homologs of pre-
viously annotated baculovirus genes were identified by 
BLASTp queries of conceptual amino acid sequences. Other 
ORFs were annotated if they were ≥ 50 codons in size, did 
not overlap larger ORFs by > 75 bp, and were predicted to 
encode proteins by both the fgenesV (http://linux​1.softb​erry.
com/berry​.phtml​) and ZCURVE_V [11] programs. Amino 
acid sequences from such ORFs were also used in HHpred 
queries [12] to identify conserved domains.

Repeated sequences in homologous repeat (hr) and 
unique repeat (ur) regions were identified using LaserGene 
Genequest v. 15 (DNASTAR).

Sequence comparisons and phylogenies

The order of homologous genes between MyunNPV-KY310 
and selected alphabaculoviruses was determined using gene 
parity plots [13]. Synteny between the MyunNPV-KY310 
and LeseNPV-AH1 genomes was further evaluated by align-
ment of the genome sequences using Mauve [14] as imple-
mented in LaserGene MegAlign Pro 15, with a seed weight 
of 15.

To infer a core gene phylogeny, core gene amino acid 
sequences from the baculovirus genomes listed in Supple-
mentary Table 1 were aligned using the MegaAlign Pro 15 
implementation of MUSCLE [15]. Alignments were concat-
enated with BioEdit [16]. Phylogeny was inferred by (1) the 
minimum evolution (ME) method in MEGA7 [17], using the 
JTT substitution matrix with a gamma shape parameter of 
0.81 and 500 bootstrap iterations, and (2) the maximum like-
lihood (ML) method in RAxML [18] using the LG matrix. 
Alignments of amino acid sequences encoded by selected 
he65 and GIY-YIG nuclease (ac79) homologs, and phylog-
enies based on those alignments, were carried out with the 
same methods. The GIY-YIG nuclease ME and ML trees 
were inferred with MEGA7 and JTT or LG matrices, respec-
tively, with a gamma shape parameter of 2.9. Both ME and 
ML he65 trees were inferred using MEGA7 and the JTT 
matrix, with a gamma shape parameter of 1.4.

The consensus sequences of unit repeats in MyunNPV-
KY310 and LeseNPV-AH1 “unique” and homologous repeat 

http://linux1.softberry.com/berry.phtml
http://linux1.softberry.com/berry.phtml


106	 Virus Genes (2019) 55:104–116

1 3

regions were determined from MUSCLE alignments of indi-
vidual unit repeat sequences.

Pairwise nucleotide distances for partial lef-8, lef-9, 
and polh sequences were estimated between MyunNPV-
KY310 and other alphabaculoviruses using MEGA7 and 
the Kimura-2-parameter substitution model as previously 
described [19], to address whether MyunNPV-KY310 met 
the criteria described by Jehle et al. [19] for belonging to a 
new baculovirus species.

Results

Occlusion bodies (OBs) and virions

MyunNPV-KY310 OBs exhibited an irregular polyhedral 
shape typical of alphabaculovirus OBs (Fig. 1a, b). The OBs 
in SEM images measured from 0.8 to 1.8 µm in diameter, a 
range consistent with sizes reported for OBs of other alphab-
aculoviruses [20].

Several enveloped virions were observed within the 
matrix of the OBs (Fig. 1c, d). Each virion contained from 

one to six nucleocapsids, with most virions appearing to 
contain two or three nucleocapsids. Nucleocapsids measured 
approximately 300 nm in length, consistent with reported 
lengths for other alphabaculovirus nucleocapsids [20].

Basic properties of the genome sequence

Assembly of MyunNPV-KY310 sequencing reads yielded a 
circular genome sequence of 156,647 bp with a coverage of 
433× (Fig. 2). The genome exhibited a nucleotide distribu-
tion of 43.9% G+C. The genome sequence was linearized 
at the start-codon adenine of the polyhedrin (polh) ORF and 
deposited in GenBank (accession number MH124167).

A total of 152 ORFs and six homologous repeat (hr) 
regions were identified and annotated in the MyunNPV-
KY310 genome (Fig. 2, Supplementary Table 2). Anno-
tated ORFs included those for the 38 core genes that have 
been found in all baculovirus genomes to date [21, 22]. 
The hr regions of MyunNPV-KY310 consisted of 12-bp 
and 14-bp palindromes very similar to those reported for 
the hr regions of the Leucania separata nucleopolyhedrovi-
rus genome (isolate LeseNPV-AH1; [23]). The consensus 

Fig. 1   Occlusion bodies of 
Mythimna unipuncta nucleo-
polyhedrovirus isolate KY310 
(MyunNPV-KY310). a, b 
Scanning electron micrographs 
of occlusion bodies. c, d Trans-
mission electron micrographs 
of ultrathin sections through 
occlusion bodies. Scale bars: 
2 µm (a, b), 500 nm (c, d)
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sequence of the 12-bp palindromes, referred to by Xiao et al. 
[23] as P-I repeats, was identical to the reported sequence 
of the LeseNPV-AH1 sequence (5′-CGA​ACC​GGT​TCG​-3′). 
The 14-bp (P-II) repeat consensus differs at two nucleotide 
positions between the two viruses: in the LeseNPV-AH1 
genome, the P-II consensus is 5′-CGT​TGG​GCCCA​ACG​-3′, 
while the MyunNPV-KY310 P-II consensus is CGT​TGG​
ATCCA​ACG​-3′. A “unique repeat” (ur) region, reported to 
occur between the ORF6 (hoar) and ORF7 in the LeseNPV-
AH1 sequence, also was detected in the same location in 
MyunNPV-KY310. Both ur regions consist of six or seven 
similar, adenine-rich direct repeats (Fig. 3).

Relationships with other baculoviruses

Phylogenetic relationships among MyunNPV-KY310 and 
other baculoviruses were inferred from concatenated align-
ments of the 38 baculovirus core gene amino acid sequences. 
Alphabaculoviruses formed a single monophyletic group, 
and group I alphabaculoviruses [24, 25] formed a single 
monophyletic clade within the alphabaculovirus group 
(Fig. 4). The remaining alphabaculoviruses did not form a 

monophyletic clade, but were paraphyletic in both the ME 
and ML trees.

MyunNPV-KY310 was placed in a clade with LeseNPV-
AH1, which is consistent with results of a previously pub-
lished phylogeny based on concatenated lef-8/lef-9/polh 
alignments [6] and BLASTp queries showing that Myun-
NPV-KY310 is most closely related to LeseNPV-AH1 (Sup-
plementary Table 2). LeseNPV-AH1 is a virus of Mythimna 
(Leucania) separata, a species that is closely related to M. 
unipuncta. MyunNPV-KY310 and LeseNPV-AH1 were 
grouped into a larger clade with Spodoptera littoralis nucle-
opolyhedrovirus (SpliNPV-AN1956 [26]) and Spodoptera 
litura nucleopolyhedrovirus (SpltNPV-G2 [27]). Notably, 
Mythimna unipuncta nucleopolyhedrovirus #7, a virus from 
the same host species [8], was placed in a different part of 
the alphabaculovirus phylogeny (Fig. 4).

Other Genbank entries of nucleotide sequences from 
a Leucania separata nucleopolyhedrovirus were submit-
ted prior to the LeseNPV-AH1 genome sequence, includ-
ing one 1,446 bp sequence [28] and a 5,423 bp sequence 
[29]. However, BLAST queries with nucleotide and amino 
acid sequences from these GenBank submissions indicated 
that they come from viruses that are variants of Mamestra 

Fig. 2   Map of the ORFs and 
other features of the MyunNPV-
KY310 genome. The position 
and orientation of ORFs on the 
circular genome are represented 
by arrows, with gray arrows rep-
resenting core genes of family 
Baculoviridae and black arrows 
representing ORFs unique to 
MyunNPV-KY310. Each ORF 
is designated by either its num-
ber in the genome annotation or 
the abbreviation of its homolog. 
The presence and locations of 
regions consisting of sequence 
repeats are also indicated
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configurata nucleopolyhedrovirus B (MacoNPV-B) and not 
from isolate LeseNPV-AH1 (data not shown).

Gene parity plots with selected alphabaculoviruses 
revealed a significant degree of collinearity between Myun-
NPV-KY310 and the genomes of LeseNPV-AH1 and Splt-
NPV-G2, and noticeably less collinearity with HearNPV-
G4 and MyunNPV #7 (Fig. 5). Examination of the plots 
revealed a region of the MyunNPV-KY310 genome encom-
passing the ORFs between ORF114 (pif-1) and ORF133 
(bro-h) which was inverted with respect to the corresponding 
regions in LeseNPV-AH1 and SpltNPV-G2 (Fig. 5, dashed-
line box). Mauve alignment of the MyunNPV-KY310 and 
LeseNPV-AH1 nucleotide sequences confirmed that a 
locally collinear block (LCB) extending from nt 116,955 to 
137,679 in the MyunNPV-KY310 genome sequence, con-
taining ORFs 114–133, was present in the opposite orienta-
tion in the LeseNPV-AH1 sequence (data not shown).

Nucleotide distances between partial lef-8, lef-9, and 
polh sequences of MyunNPV-KY310 and LeseNPV-AH1 
were estimated at 0.397, 0.232, and 0.294 substitutions/site, 
respectively, indicating that these two alphabaculoviruses 
belong to different species [19]. Larger values were seen 
for pairwise distances with other isolates of currently rec-
ognized alphabaculovirus species, suggesting that Myun-
NPV-KY310 represents an undescribed species of genus 
Alphabaculovirus. A recent application of a phylogenetic 
clustering approach to baculovirus species delimitation [30] 
also indicated that MyunNPV-KY310 represented a species 
separate from Leucania separata nucleopolyhedrovirus.

Gene content

ORFs annotated for the MyunNPV-KY310 genome sequence 
included homologs for 26 genes common to all alphabacu-
loviruses [21]. No homolog for ubiquitin (ac35) was found 

in MyunNPV-KY310, a feature previously reported for the 
LeseNPV-AH1 genome sequence [23]. Nine members of 
the baculovirus repeated ORF (bro) multigene family [31] 
were found in the MyunNPV-KY310 sequence. Eight of the 
nine bro family members in the MyunNPV-KY310 sequence 
also were found in identical locations within the LeseNPV-
AH1 genome (Supplementary Table 2). BLAST queries 
indicate that 14 MyunNPV-KY310 ORFs (4, 5, 7, 23, 64, 
71, 104, 109, 131, 145, 148, 150, 151, and 152) were unique 
to the MyunNPV-KY310 and LeseNPV-AH1 genomes, 
and six ORFs (9, 25, 61, 81, 90, and 93) occurred solely in 
the MyunNPV-KY310 sequence. Of these 20 ORFs, data-
base queries with 19 failed to detect conserved domains or 
sequence similarity with other genes. An HHpred query with 
ORF150 (LeseNPV-AH1 ORF167) revealed the presence of 
domain DUF3587 (probability = 100%), which is found in 
ichnovirus repeat element (rep) proteins [32, 33].

Horizontal gene transfer has been shown to account for 
some of the gene content of baculoviruses [34]. BLASTp 
queries produced evidence of horizontal gene transfer 
involving some MyunNPV-KY310 ORFs. The top database 
search matches with the adjacent ORFs 128 and 129 (ctl-2) 
were with ORFs from clade a betabaculoviruses (Supple-
mentary Table 2), and the only match obtained with a query 
using ORF141 was with Agrotis segetum nucleopolyhedro-
virus A (AgseNPV-A; [35]) ORF61.

MyunNPV-KY310 ORF52 is a homologue of he65 
(ac105), a gene expressed early during infection and found 
in a subset of alphabaculovirus and betabaculovirus genomes 
[36]. BLASTp analysis of the MyunNPV-KY310 he65 
homolog yielded top matches with the he65 gene in Xestia 
c-nigrum granulovirus (XecnGV) and related betabaculo-
viruses (Supplementary Table 2). Phylogenetic inference 
with other baculovirus and entomopoxvirus homologs of 
he65 placed the MyunNPV-KY310 and LeseNPV-AH1 he65 

Fig. 3   Sequences of unit repeats 
of the “unique repeat” (ur) 
regions of a MyunNPV-KY310, 
and b LeseNPV-AH1. Identical 
nucleotides occupying ≥ 50% 
of aligned positions are shaded 
in black, and nucleotides of 
the same class as conserved 
nucleotides (containing either 
a purine or pyrimidine base) 
are shaded in gray. Nucleotides 
in the consensus sequence are 
denoted by uppercase letters for 
positions in the alignment with 
100% identical residues, and 
lowercase letters for positions 
in the alignment with ≥ 50%, 
but < 100%, identical residues. 
IUPAC base codes are as fol-
lows: W = A or T; Y = C or T

A
MyunNPV-KY310_ur1 7364 TG—-AAAAAAATACAAGTCCATGGAACATTACA 7394
MyunNPV-KY310_ur2 7463 TG--AAAAAAATACAAGTCCATGGAACA-AACG 7492
MyunNPV-KY310_ur3 7538 TG-TAAAAAAACACAAGTCC-TGGAAACGTACA 7568
MyunNPV-KY310_ur4 7619 TG-AAAAAAATCACAAGTCCGGAGCAAA-AAAA 7649
MyunNPV-KY310_ur5 7672 TGAAAAAAAATCACAAGTCGATGGAGGT-CACA 7703
MyunNPV-KY310_ur6 7732 TG--AAAAAATTACAAGTCATTTGGACT-TAGA 7761
consensus 1 TG  AAAAAAWYACAAGTCcatgGaaca tAca

B
LeseNPV-AH1_ur1    7463 TG---AAAAAAAACACAAGTCCAGCTACGTCACA 7493
LeseNPV-AH1_ur2    7534 GGCCAAAAAAAAACACAAGTCTAAACACA----- 7562
LeseNPV-AH1_ur3    7662 TG-AAAAAAAAAACACAAGTCCAGATACGTCACA 7694
LeseNPV-AH1_ur4    7751 TG--AAAAAAAAACACAAGTCCAGATACGTCATA 7782
LeseNPV-AH1_ur5    7859 TG----AAAAAAACACAAGTCCAGATACGTCACA 7888
LeseNPV-AH1_ur6    7939 TGTAAAAAAAAAACACAAGTCCA---ATGGAAAT 7969
LeseNPV-AH1_ur7    7973 TG----AAAAAAATACAAGTCCATAAGTGTATCG 8002
consensus             1 tG  aaAAAAAAAcACAAGTCcAgatacgtcaca
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amino acid sequences in a well-supported group with other 
clade a betabaculovirus HE65 sequences (Fig. 6). This group 
in turn was part of a larger clade that included other group 
II alphabaculovirus HE65 sequences. The HE65 sequences 
of group I alphabaculoviruses also formed a well-supported 
clade, but branches for two betabaculovirus sequences also 
occurred in this group, suggesting horizontal transfer among 
the group I alphabaculoviruses and betabaculoviruses. 
Branches for other HE65 sequences from entomopoxviruses 

and from other individual alphabaculovirus and betabaculo-
virus sequences were poorly supported.

A BLASTp search with MyunNPV-KY310 ORF108 
resulted in several matches to GIY-YIG nucleases from bac-
teria (Supplementary Table 2). The GIY-YIG superfamily 
includes nucleases that occur in a broad range of organisms 
and are distinguished by an approximately 70- to 100-amino 
acid domain containing the motifs GIY and YIG, followed 
by conserved arginine and glutamate residues [37]. GIY-YIG 

Fig. 4   Core gene phylogeny 
showing the relationships 
among MyunNPV-KY310, 
representative isolates of 
baculovirus species, and other 
unclassified isolates. The 
phylogenetic tree was inferred 
from the concatenated align-
ments of 38 baculovirus core 
gene amino acid sequences 
using the ML method, with the 
deltabaculovirus Culex nigri-
palpus nucleopolyhedrovirus 
(CuniNPV) used as an outgroup 
(not shown). Nodes for interior 
branches show bootstrap values 
of > 50% where they occur for 
both ME and ML analyses of 
the concatenated alignments, 
with the ME bootstrap value 
listed before the slash and the 
ML value listed after the slash 
(ME/ML). Dashes indicate 
branches with < 50% bootstrap 
in the ME or ML tree. Branches 
for the group I viruses of genus 
Alphabaculovirus and the 
viruses of genera Betabaculovi-
rus and Gammabaculovirus are 
compressed. Terminal branches 
shown correspond to alphabacu-
loviruses that do not possess a 
gp64 gene (group II). Genome 
accession numbers and isolate 
abbreviations are displayed for 
these viruses. All virus taxa 
used in the analysis are listed in 
Supplementary Table 1
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nuclease homologs have been previously identified in alpha- 
and beta-baculoviruses [38]. However, no baculovirus 
GIY-YIG homologs appeared among BLAST results with 
ORF108 other than the homologous ORF121 encoded by 
LeseNPV-AH1. Phylogenies inferred from an alignment of 
ORF108, other baculovirus and ascovirus Ac79 homologs, 
and selected bacterial GIY-YIG nuclease homologs placed 
the group I alphabaculovirus Ac79 homologs, the betab-
aculovirus clade a homologs, and the bacterial GIY-YIG 
family members each into their own groups (Fig. 7). The 
MyunNPV-KY310 and LeseNPV-AH1 sequences were not 
placed with the bacterial sequences, but instead occurred 
along with Orgyia leucostigma nucleopolyhedrovirus 
(OrleNPV-CFS-77) ORF97 in a moderately well-supported 

clade with 62%/72% ME/ML bootstrap support. Alignment 
of ORF108 with a subset of these sequences revealed that 
ORF108 possessed copies of the GIY and YIG motifs and 
the conserved arginine (Fig. 8). However, ORF108 and 
OrleNPV-CFS-77 ORF97 encoded a lysine in place of the 
conserved glutamate.

Discussion

Until recently, core gene phylogenies of baculoviruses 
placed the alphabaculoviruses into two monophyletic clades, 
referred to as group I and group II [25] (for recent exam-
ples, see [39, 40]). Publications on recently determined 
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Fig. 5   The ORF content and order of the MyunNPV-KY310 genome 
compared with that of LeseNPV-AH1, Helicoverpa armigera nucleo-
polyhedrovirus G4 (HearNPV-G4), Spodoptera littoralis nucleopoly-
hedrovirus AN1956 (SpliNPV-AN1956), and MyunNPV#7 by gene 
parity plots. Each point in a plot represents an ORF. ORFs present 
in only one of the genomes being compared appear on the axis cor-

responding to the virus in which they are present (y-axis for Myun-
NPV-KY310, x-axis for the other viruses). A large group of contigu-
ous ORFs that are present in an inverted order in MyunNPV-KY310 
compared to LeseNPV-AH1 and SpliNPV-AN1956 are indicated by a 
dashed-line box
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alphabaculovirus genome sequences have reported phyloge-
nies in which not all alphabaculoviruses occur in two mono-
phyletic groups. Five viruses—LeseNPV-AH1, Operophtera 
brumata nucleopolyhedrovirus-MA (OpbuNPV-MA), Heli-
coverpa armigera nucleopolyhedrovirus-G4 (HearNPV-G4), 
SpltNPV-G2, and SpliNPV-AN1956—have been placed on 
branches outside of the clade containing the group I and 
other group II alphabaculoviruses [8, 30, 41, 42]. Our analy-
sis has shown that MyunNPV-KY310 is also a member of 
this group of viruses (Fig. 4). Harrison et al. [8] reported that 
these viruses could be placed back on the same basal node as 
the other group II alphabaculoviruses in an ME phylogeny 
based on MUSCLE alignments from which sequences of 
the Urbanus proteus nucleopolyhedrovirus (UrprNPV) had 
been excluded. However, with MyunNPV-KY310 sequences 
present in the core gene amino acid alignments, exclusion 

of UrprNPV sequences did not result in a reunion of all 
group II viruses into a single monophyletic clade. This sug-
gests that the addition of more taxa to alphabaculovirus core 
gene trees will likely reinforce the paraphyly of the group II 
alphabaculoviruses.

As is typical for baculovirus genomes, some ORFs were 
identified in the MyunNPV-KY310 genome whose presence 
may be due to horizontal transfer. Of particular interest were 
ORFs 52 (he65) and 108 (GIY-YIG nuclease). The ancestral 
ORF 52 sequence apparently was either obtained from clade 
a betabaculoviruses or was a source for he65 in the genomes 
of these viruses (Fig. 6). The he65 gene product was ini-
tially identified as one of a set of genes that induced nuclear 
localization of actin in transient expression assays [43]. Sub-
sequent studies with he65 knockout mutants found that he65 
was not required for actin nuclear localization [44], with a 

Fig. 6   Phylogeny of bacu-
lovirus and entomopoxvirus 
HE65 homologs. ML and ME 
phylograms were inferred 
from the alignment of he65-
encoded amino acid sequences 
of alphabaculoviruses (NPVs), 
betabaculoviruses (GVs), and 
two entomopoxviruses, with 
ORF and GenBank acces-
sion numbers displayed for 
each sequence. The ML tree is 
shown with bootstrap values 
of ≥ 50% for the ME and ML 
trees (ME/ML) where they 
occur, as described for Fig. 4. 
The MyunNPV-KY310 HE65 is 
indicated with an arrow
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Fig. 7   Phylogeny of baculovirus and bacterial protein sequences 
containing GIY-YIG nuclease motifs. ML and ME phylograms were 
inferred from the alignment of amino acid sequences encoded by 
alphabaculoviruses (NPV), betabaculovirus (GV), ascovirus, and 
bacterial ORFs, with GenBank accession numbers displayed for each 

sequence. The ML tree is shown with bootstrap values of ≥ 50% for 
the ME and ML trees (ME/ML) where they occur, as described for 
Fig. 4. Lines indicate the positions of group I alphabaculovirus and 
bacterial sequences, and the MyunNPV-KY310 GIY-YIG nuclease 
homolog (ORF108) is indicated with an arrow
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deletion phenotype characterized by either no impact or a 
minor impact on viral replication [44, 45]. Although several 
GIY-YIG nuclease homologs have been identified in group 
I alphabaculoviruses, the origin of the homolog encoded by 
ORF108 and its relationship to the group I alphabaculovirus 
homologs could not be discerned from phylogeny (Fig. 7). 
GIY-YIG domain-containing proteins have a wide variety of 
functions involving DNA cleavage, including DNA repair 
[37]. Inactivation of the AcMNPV GIY-YIG homolog (ac79) 
resulted in reduced titers of infectious budded virus [38]. 
In contrast, inactivation of the Bombyx mori nucleopolyhe-
drovirus (BmNPV) homolog, Bm65, resulted in the loss of 
infectious budded virus production [46]. Additional studies 
have suggested that Bm65 is involved in repair of UV dam-
age of DNA [47, 48]. It is unclear if the ORF108 sequence 
encodes an active nuclease, as a conserved glutamate resi-
due involved in metal-binding and catalytic activity [49] has 
been replaced in the ORF108 amino acid sequence with a 
lysine (Fig. 8).

The genome of MyunNPV-KY310 is the fourth bacu-
lovirus genome overall, and the second alphabaculovirus 
genome, to be determined from a virus of the true army-
worm, M. unipuncta, along with PsunGV-H, MyunGV#8, 
and MyunNPV#7. Most baculoviruses possess a narrow 
host range consisting of one or a few related host species, 
and there has been no report of the M. unipuncta baculovi-
ruses identified from insects other than M. unipuncta. How-
ever, the possibility that these viruses have a broader host 
range cannot be excluded. Nevertheless, these virus isolates 
originate from the same host, and therefore an examination 
and comparison of their genomes could be expected to pro-
vide some insight into the molecular basis for baculovirus 
host range and specificity. ORFs unique to these viruses, 
or at least possessing a high degree of sequence similarity, 
might function to optimize infection and replication in true 
armyworm larvae or related species such as M. separata. 

Four ORFs of MyunGV#8-22 (nrk-1), 41, 56, and 136—
grouped in phylogenies with homologous ORFs present in 
LeseNPV-AH1 [7]. Only two of these ORFS-22 (nrk-1) and 
56—are also found in MyunNPV-KY310, and the Myun-
NPV#7 genome only contains a homolog of nrk-1 [8]. The 
sequence identity between the MyunNPV-KY310 NRK1 and 
the homologous sequences of MyunGV#8 and LeseNPV-
AH1, as assessed by BLASTp, are 62% and 51.4%, respec-
tively. However, sequence identity between the NRK1 
sequences of the two MyunNPV isolates KY310 and #8 is 
only 28.1%, which suggests that the NRK1 sequences found 
in the MyunGV#8/LeseNPV-AH1/MyunNPV-KY310 lin-
eage may not specify infectivity towards larvae of genus 
Mythimna. No other ORFs unique to the two MyunNPV 
genome sequences were identified.

Thézé et al. [34] identified an ORF, xc138, from Xec-
nGV with highly conserved homologs in the PsunGV-H and 
Mythimna separata entomopoxvirus (MySEV) genomes. 
The authors speculated that the xc138 gene product might 
confer specific virulence towards M. separata or related 
hosts. However, no xc138 homolog was identified in 
LeseNPV-AH1 [23], MyunGV#8 [7], MyunNPV#7 [8], or 
MyunNPV-KY310 (Supplementary Table 2). BLASTp and 
tBLASTn queries with the amino acid sequence encoded 
by xc138 failed to find homologous sequences in these 
genomes.

Other studies have shown that the baculovirus genes 
helicase (p143), late expression factor-7 (lef-7), host range 
factor-1 (hrf-1), host cell-specific factor-1 (hcf-1), imme-
diate-early gene ie-2, and Hyphantria cunea nucleopolyhe-
drovirus gene ep32 also can influence host range and spe-
cies-specific virulence [50–56]. Five of these genes (ie-2, 
hrf-1, hcf-1, lef-7, and ep32) are missing from one or both 
of the MyunNPV genomes. The helicase gene is a baculo-
virus core gene that is present in all baculovirus genomes. 
Recombination between the helicase genes of the closely 

E. coli str. K-12 5 FLYLIRTADNKLYTGITTDVERRYQQHQSGKGAKALRGKGELTLVFSAPVGD-RSLALRAE
V. panuliri 10 SVYLVRMRSNALYCGISTDVQRRFEQHVSGKGAKALKGKGPLVLEWHSELSDCRSLASKVE
A. allosaccharophila 20 SVYMVRTASGLLYTGISTDPLRRLRQHQSGKGSRALRGKGPLTLVWQQEVGE-KGAALRIE
BmNPV-T3 ORF65 12 CVYILRQDNGKLYTGITSNLNRRIKQHSNKQGAKCLRNATNLRLVYHSASAYDYKTAARME
AcMNPV-C6 ORF ac79 12 CVYILRQDNGKLYTGITSNLNRRIKQHSNKQGAKCLRNATNLRLVYHSASAYDYNTAARME
MyunGV#8 ORF66 15 ELYMVRTSNQSLYTGISVDAERRFRDHCSGRGARFLRGKKPLRLVYSSKCRMTLSQALGLE
OrleNPV-CFS-77 ORF97 28 ALYIVETRQKTMYIGITTNVADRLDKHHHGLCVKLDCNTFDFELAYQSNNFMCASCAVRVK
LeseNPV-AH1 ORF121 60 ALYIIRTSKNTLYTGVSTNVVRRLQQHRSGRASLNGGGKGPLLLVYQSEYFMCASCAIRLE
MyunNPV-KY310 ORF108 8 ALYIIRTFRNTLYIGTSTNVVRRLQQHRSGRGYQSLRGKGPLMLVYQSEYFLCVSCARCLK
consensus lYiirt  n lYtGistnv rRl qH sgkgak lrgkgpl Lvy s      s Alrve

A B        C D

Fig. 8   Alignment of GIY-YIG nuclease domains from selected bacu-
lovirus and bacterial sequences. Boxes indicate the locations of GIY 
(a) and YIG (b) motifs, as well as conserved arginine (c) and gluta-
mate (d) residues. Identical amino acids occupying ≥ 50% of aligned 
positions are shaded in black, and chemically similar amino acids are 

shaded in gray. Amino acids in the consensus sequence are denoted 
by uppercase letters for positions in the alignment consisting of the 
same residue in all the sequences, and lowercase letters for positions 
in the alignment in which a majority of the sequences consist of the 
same residue
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related alphabaculoviruses AcMNPV and Bombyx mori 
nucleopolyhedrovirus (BmNPV) resulted in recombinant 
isolates of AcMNPV able to infect and fully replicate in 
Bombyx mori larvae and a B. mori cell line which were 
otherwise only semi-permissive for the parental AcMNPV 
isolate [50]. Further research found that specific substitu-
tions at two positions within the AcMNPV helicase were 
necessary for AcMNPV to infect and kill B. mori larvae 
[57]. In helicase amino acid alignments, the amino acids 
at these two positions were not conserved among the heli-
cases of the four true armyworm viruses. In another study, 
the helicase gene of Trichoplusia ni granulovirus (TnGV) 
was unable to support replication of AcMNPV in Trichop-
lusia ni cells when it was used to replace the native AcM-
NPV helicase sequence in a bacmid, even though both 
parental viruses can infect and replicate in T. ni [58]. The 
helicases of AcMNPV and TnGV share only 29% sequence 
identity, and the inability of the TnGV helicase to sup-
port replication of AcMNPV may represent the failure of 
TnGV helicase to assemble with other AcMNPV proteins 
in a presumptive baculovirus replication complex. Simi-
larly, the helicases of the two MyunNPV isolates exhibit 
41.2% sequence identity, while the helicases of AcMNPV 
and BmNPV share 96% sequence identity. Together, these 
observations collectively suggest that there is not a single 
conserved helicase amino acid sequence required for infec-
tivity against true armyworm larvae.

The ability to avoid or overcome host apoptosis is key 
to the establishment of baculovirus infection, and has been 
shown to shape baculovirus host range [59–62]. Both the 
KY310 and #7 isolates of MyunNPV encode two inhib-
itor-of-apoptosis proteins, one each from the IAP-2 and 
IAP-3 lineages [63]. However, the IAP-2 sequences of the 
two isolates only share 25.4% sequence identity, and the 
MyunNPV#7 IAP-3 does not appear among the matches 
of a BLASTp query with the MyunNPV-KY310 IAP-3 
sequence. The MyunNPV-KY310 genome contains a p49 
ORF, which encodes a homolog of the P35 anti-apoptosis 
protein [23, 64]. In contrast, the MyunNPV#7 genome 
contains no p35 homolog. The MyunGV#8 and PsunGV-
H genomes each contain a single copy of a gene coding 
IAP-5 and no p35 homolog. These observations suggest 
that successful evasion of the M. unipuncta larval defen-
sive apoptotic response does not require that a baculovi-
rus produce a specific array of anti-apoptotic proteins, or 
that it produces anti-apoptotic proteins that display much 
sequence identity with each other.

The genome sequence determination of a fourth baculo-
virus from M. unipuncta and its comparison to the other M. 
unipuncta baculovirus genome sequences has confirmed the 
remarkable extent to which baculoviruses can diverge, yet 
still infect and replicate in the same host species. This study 
also alludes to the complex nature of baculovirus host range 

and specificity. Much work remains to elucidate the details 
of its genetic and molecular basis.
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