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with the Lymantria dispar L. MNPV (LdMNPV) isolates 
from different countries, and showed that it was more 
closely related to LdMNPV than to Lymantria xylina Swin-
hoe NPV and Lymantria monacha L. NPV. The contami-
nated diet plug bioassays using 2nd instar larvae indicated 
that the median lethal dose  (LD50) and median survival 
time  (ST50) of different isolates of LyobMNPV against L. 
obfuscata were lower than those of LdMNPV against L. 
dispar. LyobMNPV was more closely related to LdMNPV 
but its  LD50 and  ST50 were lower than those of LdMNPV. 
The study provides novel information on the position of 
LyobMNPV in the phylogenetic tree of baculoviruses and 
about biological and genetic variation of Lymantria spe-
cies’ NPV isolates from different parts of the world.

Keywords Baculoviruses · Genetic variation · Phylogeny · 
Pathogenicity

Introduction

The Indian gypsy moth, Lymantria obfuscata Walker 
(Lepidoptera: Lymantriidae), which occurs on the Indian 
subcontinent and has been recognized as a distinct species 
since 1865, is a polyphagous pest infesting a wide variety 
of fruit trees such as apple (Malus pumila Miller), pear 
(Pyrus communis L.), apricot (Prunus armeniaca L.), plum 
(Prunus domestica L.) and walnut (Juglans regia L.); wild 
and ornamental trees and shrubs, including oak (Quercus 
sp. L.) and rose (Rosa sp. L.), oleaster (Elaeagnus angus-
tifolia L.), seabuckthorn (Hippophae sp. L.), barberry 
(Berberis vulgaris L.), elm (Ulmus alata Michx.), willow 
(Salix sp. L.), poplar (Populus sp. L.), aspen (Populus trem-
uloides Michx.) and birch (Betula sp. L.) (Dharmadhikari 
et al. 1985; Rishi and Shah 1985). L. obfuscata has one 

Abstract The Lymantria obfuscata Walker (Lyob) mul-
tiple (M) nucleopolyhedrovirus (NPV) (LyobMNPV) has 
been isolated and successfully applied for the management 
of the Indian gypsy moth, L. obfuscata in Jammu and Kash-
mir (J&K), India. The present work aimed to investigate 
the variability of LyobMNPV isolates from six localities 
of J&K through molecular [amplification of the polyhedrin 
(polh), late expression factor-8 (lef-8) and late expression 
factor-9 (lef-9) genes] and biological (bioassays) charac-
terization. To identify the position of LyobMNPV in the 
phylogenetic tree of baculoviruses, partial sequences of the 
polh, lef-8 and lef-9 genes were determined by using the 
DNA sequences within their coding regions by optimiz-
ing the polymerase chain reaction with degenerate primers. 
The sequence alignment revealed that LyobMNPV isolates 
exhibited seven, five and eleven single nucleotide polymor-
phic sites in the case of polh, lef-8 and lef-9, respectively. 
The phylogenetic analyses supported placing LyobMNPV 
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generation per year passing through four life stages: egg, 
larva (caterpillar), pupa and adult (moth). The pest under-
goes complete metamorphosis with six larval instars and 
overwinters in the form of egg masses. The larval stage 
is the destructive stage as it feeds on foliage voraciously. 
In the recent past, populations of L. obfuscata attained 
outbreak proportions in Jammu and Kashmir (J&K) and 
Himachal Pradesh leaving trees completely leafless, which 
lead to significant financial losses and posed a serious 
threat to the horticulture industry and the ecological integ-
rity of forested ecosystems (Munshi et al. 2008; Singh et al. 
2007; Thakur et al. 2015).

Control efforts against L. obfuscata in J&K using L. 
obfuscata (Lyob) multiple (M) nucleopolyhedrovirus 
(NPV) (LyobMNPV) are currently focussed on suppress-
ing periodic population outbreaks and population dispersal 
to croplands (Gupta et al. 2016). Although there are sev-
eral species of Lymantriidae, the biology and host range of 
Lymantria obfuscata and Lymantria dispar L., 1758 (Lepi-
doptera: Lymantriidae) are broadly similar (Dharmadhikari 
et al. 1985). Two strains of L. dispar exist: the Asian strain, 
Lymantria dispar asiatica Vnukovskij, of which the female 
is capable of flight; and the European strain, Lymantria dis-
par dispar (L.), of which the female is flightless (Brandt 
1994). The L. dispar asiatica prevalent in India’s neigh-
bour, China, poses a more serious threat due to its ability 
to fly and thus its strong dispersal ability. It can cross-mate 
successfully with L. obfuscata and produce viable hybrids, 
and many of the resulting females can also fly (Gries et al. 
2007; Keena et al. 2001). The ability of both hybrid and 
pure-bred females to fly will likely allow L. dispar asiatica 
to spread throughout the north western Himalayas much 
more rapidly and cause more devastating economic losses. 
Cyclical outbreaks of the gypsy moth which occur in many 
countries completely defoliate trees leading to widespread 
deforestation (Schaefer et al. 1984).

Insects have many pathogens [viruses, bacteria (e.g.,  
Rickettsia), Protozoa, fungi and nematodes] that can effec-
tively suppress pests when applied artificially as microbial 
pesticides (Lacey et al. 2001). Baculoviruses (family Bacu-
loviridae) are generally highly selective pathogens of insects 
belonging to the orders Lepidoptera (butterflies and moths), 
Hymenoptera (sawflies) and Diptera (flies and mosquitoes) 
(Fuxa 2004). The Baculoviridae are currently divided into 
four genera based on phylogenetic, phenotypic and bio-
logical properties: Alphabaculovirus (lepidopteran-specific 
NPV; NPV groups I and II), Betabaculovirus [lepidopteran-
specific granulovirus (GV)], Gammabaculovirus (hymenop-
teran-specific NPV) and Deltabaculovirus (dipteran-specific 
NPV) (Jehle et al. 2006a, b). The NPV and GV are naturally 
occurring disease-causing agents that induce epizootics in 
larval populations at high density. The infected larvae disin-
tegrate and serve as inocula for healthy, feeding caterpillars. 

LyobMNPV was originally isolated from L. obfuscata larvae 
showing typical disease symptoms of NPV infection, and the 
virus was also used for initial laboratory and field trials in 
J&K by Gupta et al. (2016). However, the virus has not been 
identified at the molecular level, and its relationships and 
variation in comparison to those of other Lymantria species 
NPV isolates from different parts of the world have not been 
previously reported.

 Understanding the genetic relatedness of baculoviruses 
is relevant to their distribution and ecological impact within 
natural communities, which in turn assist in the design of bio-
pesticides (Cowan et al. 1994). The expanding application 
of molecular techniques has started to reveal the structure 
of baculovirus populations and has highlighted how variable 
these pathogens are both genotypically and phenotypically at 
all levels from within individual hosts to among host popula-
tions. Polymerase chain reaction (PCR) amplification of the 
highly conserved baculovirus genes combined with molecu-
lar phylogenetic analyses provides a powerful tool to identify 
lepidopteran-specific baculoviruses and to study their diver-
sity (Jehle et al. 2006a, b). Several baculovirus genes such 
as the polyhedrin (polh) or granulin, ecdysteroid glucosyl 
transferase, late expression factor-5, late expression factor-8 
(lef-8), late expression factor-9 (lef-9) and DNA polymer-
ase genes can be targeted for sequencing (Jehle et al. 2006a; 
Kuzio et al. 1999; Nielsen et al. 2002). Although, polh is 
still considered a reasonable marker for the identification of 
a NPV and its neighbours, Herniou et al. (2003) and Lange 
et al. (2004) argued that it might not be the best baculovirus 
gene for phylogenetic studies because polh phylogenies often 
disagree with other gene phylogenies. Phylogenies based on 
combined sequences of shared genes have been found to be 
more robust than those based on the sequences of individ-
ual genes (Herniou et al. 2001, 2003). Given the success of 
using polh, lef-8, and lef-9 for phylogenetic studies, we used 
sequence data from these genes to assess the nucleotide vari-
ation among L. obfuscata MNPV isolates collected from dif-
ferent geographical regions of J&K and to place them within 
a phylogenetic tree of other baculoviruses. The sequence data 
were obtained by optimizing the PCR using degenerate prim-
ers (Lange et al. 2004). Bioassays against 2nd instar larvae of 
L. obfuscata were performed to detect differences in the bio-
logical activity of different isolates and the variation in patho-
genicity in comparison to other Lymantria species’ NPV iso-
lates from different parts of the world.

Materials and methods

The virus

The multiple NPV isolates used in this study were origi-
nally isolated from naturally field-infected L. obfuscata 
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larvae collected from different locations of J&K, viz. 
Kupwara (KP; 5371 ft, 75°31′N/74°15′E), Harwan 
(HW; 5426 ft, 34°57′N/74°30′E), Pulwama (PL; 5273 ft, 
33°54′N/74°53′E), Banihal (BL; 5869 ft, 33°25′N/75°12′E), 
Bhaderwah (BH; 5295 ft, 32°58′N/75°43′E) and Bani (BN; 
4200 ft, 34°32′N/73°55′E) (Gupta et al. 2016) (Fig. 1). 
Although L. obfuscata infestation was found through-
out the temperate region of J&K on different host trees, 
the selected locations are the hot spots, wherein heavy 

infestation of the pest was observed or reported. Larvae 
showing typical disease symptoms of NPV infection were 
collected individually in micro-centrifuge tubes (2 ml) from 
these locations and were kept at −20 °C until the isolation 
of occlusion bodies (OBs). The extraction, purification 
and standardization of OBs were done as per Gupta et al. 
(2013). The Kupwara, Harwan, Pulwama, Banihal, Bhad-
erwah and Bani virus isolates were named as LyobMNPV-
India (IND) KP, LyobMNPV-IND HW, LyobMNPV-IND 

Fig. 1  Geographical locations of diseased-insect collection. 1 Kupwara, 2 Harwan, 3 Pulwama, 4 Banihal, 5 Bhaderwah, 6 Bani
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PL, LyobMNPV-IND BL, LyobMNPV-IND BH and 
LyobMNPV-IND BN, respectively, by adopting the most 
commonly used nomenclature (Bonsall 2004; Erlandson 
2009; Fauquet and Fargette 2005; Jehle et al. 2006a, b; 
Organisation for Economic Cooperation and Development 
(2002); Singh et al. 2003).

The host insect

The laboratory culture of L. obfuscata was established from 
field-collected eggs from different locations of J&K. After 
surface decontamination, the eggs were placed on filter 
paper to air-dry and kept at 28 ± 2 °C, 60% relative humid-
ity (RH), and 16-h:8-h light:dark (L:D) photoperiod as per 
the method described earlier by Grisdale (1969). Follow-
ing egg hatching, the larvae were reared on a wheat germ-
based artificial diet as suggested by Stockhoff (1993) in 
sterile glass jars (30 × 20 × 10 cm) capped with ventilated 
lids. Larvae were regularly monitored for their growth. The 
diet was supplemented regularly to ensure sufficient food, 
and proper care was taken for sanitation. The emerging 
adults were allowed to mate and oviposit. The egg masses 
obtained from the laboratory culture were layered between 
cotton gauze and stored at 4 °C in a cardboard box. In the 
subsequent year, these eggs masses were removed from 
cold storage in early March, surface sterilized and allowed 
to hatch. Egg masses began to hatch from mid-March. The 
larvae were reared together until the 2nd instar stage and 
were later used in the experiments.

Extraction of viral DNA

The genomic DNA of individual isolates of NPVs infect-
ing L. obfuscata was extracted directly from the OB stock 
suspension using the protocol given by Rabindra (2001), 
except that the OB stock suspension was doubled and rea-
gents adjusted accordingly. Ethanol-precipitated DNA was 
pelleted by microcentrifugation and the pellet was dis-
solved in sterile distilled water and stored at −20 °C until 
use. The purity and concentration of the isolated genomic 
DNA sample was estimated by using Nanodrop (Thermo 
Fisher).

PCR amplification and sequencing of partial polh, lef‑8 
and lef‑9 genes

The polh, lef-8 and lef-9 genes were amplified from 
genomic DNA of the six LyobMNPV isolates by optimiz-
ing the PCR using degenerate primer pairs as described by 
Lange et al. (2004) (Table 1). These primers included uni-
versal primer (M13 forward, M13 reverse, T7 and BGHrev) 
tails to allow for direct sequencing of the PCR products. 
The degenerate primers were used to amplify a predicted 

510-, 800- and 250-bp fragment of the polh, lef-8 and lef-9 
genes, respectively.

PCR amplification was carried out in a reaction vol-
ume of 50 μl for the isolate with 2 μl of deoxynucleotide 
triphosphates (10 mM), 2 μl of each primer (10 μM/μl), 
5 μl of reaction buffer 10× (with  MgCl2), 0.5 μl of Taq 
DNA polymerase (1.0 U) and 2.5 μl of genomic DNA 
(50 ng) in an Applied Biosystems Thermocycler. For ampli-
fication of partial polh, the primers prPH-1 and prPH-2 
were used. The thermal cycling conditions consisted of an 
initial denaturation step at 95 °C for 3 min, followed by 
35 cycles of denaturation at 95 °C for 30 s, annealing for 
1 min at 50 °C, extension at 72 °C for 1 min and a final 
extension step at 72 °C for 10 min. Amplification reactions 
with lef-8-specific primers (prL8-1 and prL8-2) were per-
formed with an initial denaturation step of 95 °C for 4 min 
and 35 cycles of 95 °C for 2 min, 48 °C for 1 min, 72 °C for 
1 min, and a final extension step of 72 °C for 2 min. PCR 
reactions on the partial lef-9 gene were performed by using 
primers prL9-1 and prL9-2 with an initial denaturation 
step of 95 °C for 4 min and 35 cycles of 95 °C for 2 min, 
50 °C for 1 min, 72 °C for 1 min and a final extension step 
72 °C for 2 min. The PCR products were finally stored at 
4 °C until used. After amplification, 7 µl of PCR product 
was electrophoresed at 70 V for 1 h on 2.5% (w/v) aga-
rose gel stained with ethidium bromide (0.2 µg/ml) in 1× 
TRIS–borate-ethylenediaminetetraacetic acid and viewed 
on a Ultra Lum Gel documentation system. The 100-
bp DNA marker (λ DNA Marker, catalogue no. 528 552; 
Roche) was used to estimate the size of the amplimers. The 
PCR product (43 µl) was purified using a QIAquick PCR 
Purification Kit (QIAGEN) and used for DNA sequencing 
(PRISM Ready Reaction Dye Primer Cycle Sequencing 
Kit, −21M13, M13 Reverse; QIAGEN}. The nucleotide 
sequences were determined using the 3730XL DNA Ana-
lyzer (Thermo Fisher).

Sequence alignment and phylogenetic analyses

Readable sequences were produced from all isolates used 
in the study. The six sequence reads were subsequently 
used to generate a consensus sequence of the polh, lef-8 and 
lef-9 genes of LyobMNPV isolates employing the BioEdit 
Sequence Editor (Hall 1999) to facilitate comparison with 
the documented sequences in the GenBank database. The 
partial nucleotide sequences of the three gene fragments 
of LyobMNPV and other closely related NPV isolates 
obtained from Genbank were aligned using CLUSTAL O 
(1.2.4) and concatenated to a single data set using Geneious 
version 6.0.

Phylogenetic analyses were performed to elucidate the 
relationship of LyobMNPV to their closest relatives in the 
National Center for Biotechnology Information (NCBI) 
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database. The polh, lef-8 and lef-9 gene sequences of 12 
Lymantria NPV isolates and complete genome sequences 
of eight isolates were used for the analyses. Orgyia pseu-
dotsugata MNPV (OpMNPV) was used as an out-group 
sequence. The phylogenetic analyses were carried out in 
MEGA 6 using neighbor-joining method (Saitou and Nei 
1987; Tamura et al. 2013). Bootstrap analyses (using 1000 
replications) were used to assess the confidence in branch-
ing order (Felsenstein 1985). The details of the virus iso-
lates used in the study are listed in Supplementary Table 1.

Bioassays

Preliminary bioassays were performed to determine the 
most susceptible population. Based on the results of these 
assays the six different virus isolates were tested against 
one geographical population, i.e. Bhaderwah. For bioas-
says, OBs stock suspensions were prepared from labora-
tory-reared late 3rd instar larvae of L. obfuscata that were 
inoculated per os with a dose of 1.44 × 105 OBs/larva by 
the contaminated diet plug method. The virus was puri-
fied and quantified using a haemocytometer and phase 
contrast microscope at ×1000 magnification (Gupta et al. 
2013). The six different virus isolates (Kupwara, Harwan, 
Pulwama, Banihal, Bhaderwah and Bani) were bioassayed 
on laboratory-reared freshly moulted 2nd instar host lar-
vae, that were starved for 12 h and then inoculated with 

six doses of NPV, viz. 1.8 × 102, 3.6 × 103, 7.2 × 104, 
1.44 × 105, 2.88 × 106 and 5.76 × 107 OBs/larva using 
an artificial diet as described earlier. For the time response 
the larvae were inoculated with a dose of 7.2 × 104 OBs/
larva to produce similar mortality rates in order to facili-
tate comparisons among the isolates. Serial dilutions with 
sterile distilled water were performed to achieve the desired 
doses. Ten-microlitre aliquots of each viral dose from each 
viral isolate were spread on each diet plug (square diet 
plugs, 7 mm × 7 mm × 5 mm) by using the blunt end of 
a glass rod. It was previously ascertained that the larvae 
were able to consume the entire diet plug within 24 h, and 
that 10 µl was sufficient to fully cover the surface of each 
square of diet. Control larvae were fed a diet plug inocu-
lated with sterile distilled water. The diet plugs were air-
dried and then placed individually in a compartmentalized 
acrylic insect-rearing system designed by the National 
Bureau of Agricultural Insect Resources (NBAIR) Ban-
galore, India. One larva was then placed in each compart-
ment of 2 × 2 cm. Larvae, having eaten the entire diet plug 
within 24 h, were transferred to fresh uncontaminated diet 
and reared at 28 ± 2 °C, 60% RH, and 16:8 L:D photo-
period. Larvae that did not consume the entire plug were 
discarded. The bioassay of each viral dose and a corre-
sponding experimental control group was replicated three 
times for dose response and seven times for time response 
with 50 larvae per replicate, for a total of 150 larvae per 

Table 1  Degenerate oligonucleotide primers used for the amplification of polyhedrin (polh), late expression factor-8 (lef-8) and late expression 
factor-9 (lef-9) gene regions of Lymantria obfuscata Walker (Lyob) multiple (M) nucleopolyhedrovirus (NPV) (LyobMNPV)

bp Base pairs
a B = C, G or T; D = A, G or T; H = A, C or T; I = inosin; N = C, A, T or G; R = A or G; S = C or G; Y = C or T
b Underlined nucleotides indicate standard sequencing M13 forward, M13 reverse, T7 and BGHrev primers (this part of the primer allows for 
the direct sequencing of polymerase chain reaction products); degenerate baculovirus primers are not underlined
c Expected size of the amplification product

S. no. Primer Target 
gene

Primer  sequencea,b Standard sequencing primers Product size (bp)c Annealing temperature

1 prPH-1 polh TGTAAAACGACGGCCAGTNRC-
NGARGAYCCNTT

M13 forward 510 50 °C

prPH-2 CAGGAAACAGCTATGACCDG-
GNGCRAAYTCYTT

M13 reverse

prPH-
1B

TAGAAGGCACAGTCGAGGNRC-
NGARGAYCCNTT

BGHrev

2 prL8-1 lef-8 CAGGAAACAGCTATGACC-
CAYGGHGARATGAC

M13 reverse 800 48 °C

prL8-2 CAGGAAACAGCTATGACCAYR-
TASGGRTCYTCSGC

M13 reverse

prL8-1B TAATACGACTCAC-
TATAGGGCAYGGHGARATGAC

T7

3 prL9-1 lef-9 CAGGAAACAGCTATGAC-
CAARAAYGGITAYGCBG

M13 reverse 250 50 °C

prL9-2 TGTAAAACGACGGCCAGTTT-
GTCDCCRTCRCARTC

M13 forward
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dose. The virus-induced mortality was recorded daily for 
up to 15 days. The data were analysed utilizing SPSS ver-
sion 16. Probit analysis was performed for the calculation 
of median lethal dose  (LD50 ± 95% CL). Median survival 
times  (ST50) and corresponding confidence interval were 
calculated using a log rank test under Kaplan–Meier analy-
sis. Comparisons of  LD50s and  ST50s of different isolates 
were analysed by univariate ANOVA.

Results

PCR amplification and nucleotide sequencing

The amplification of total DNA with gene-specific primers 
(polh, lef-8 and lef-9) resulted in successful amplification of 
respective amplimers from the six isolates of LyobMNPV 
which were collected from different geographical regions 
of J&K. The insect DNA extracted from the untreated, con-
trol larvae did not result in amplification using the same 
set of primers. Using a 100-bp DNA marker, band sizes of 
the polh, lef-8 and lef-9 genes were estimated to be 510, 
800 and 250 bp, respectively (Fig. 2). A readable sequence 
of 510-, 800- and 250-bp products for polh, lef-8 and lef-
9 genes were determined for the first time for LyobM-
NPV isolates in this study. The nucleotide sequences were 
deposited in the GenBank database with public accession 
numbers KY296839, KY296840 and KY296841 for polh, 
lef-8 and lef-9 of LyobMNPV, respectively.

The baculovirus isolates expressed genetic variation and 
the Kupwara, Banihal, Bhaderwah and Bani isolates were 
genetically different from Harwan and Pulwama isolates 
on the basis of single nucleotide polymorphic sites (SNPs) 
observed in the polh, lef-8 and lef-9 genes. DNA profiling 
revealed significant difference between the isolates, and 
sequence analysis of the polh, lef-8 and lef-9 genes corre-
lates well with the DNA profiles (banding pattern) and sup-
ports the grouping of the six LyobMNPV isolates into two 
clusters. Further, while comparing cluster 1 with cluster 2, 
seven SNPs were observed in the case of polh, five in the 
case of lef-8 and eleven in the case of lef-9 with similarities 
of 98, 99 and 95%, respectively. Alignment of the LyobM-
NPV polh, lef-8 and lef-9 gene sequences with the corre-
sponding gene sequences of different Lymantria species 
NPV isolates revealed substitutive mutations at different 
nucleotide positions that were distributed throughout the 
length of the genes (Supplementary Tables 2–4).

In order to examine phylogenetic relationships with 
other closely related documented isolates, the consensus 
sequence of the polh, lef-8 and lef-9 genes of LyobMNPV 
were used to identify homologous sequences in the Gene-
Bank database using the BLASTn program of the NCBI. A 
BLAST homology searches revealed that LyobMNPV polh, 
lef-8 and lef-9 gene sequences showed high identities rang-
ing from 96 to 98%, 97 to 99% and 95%, respectively to 
respective genes of different L. dispar MNPV isolates, with 
an expect value of 0. The identity to polh, lef-8 and lef-9 
gene of other Lymantria species such as Lymantria xylina 

Fig. 2  Polymerase chain reaction (PCR)-amplified polyhedrin gene 
(polh) of six different isolates of Lymantria obfuscata Walker (Lyob) 
multiple (M) nucleopolyhedrovirus (NPV) (LyobMNPV) using 
degenerate primers. Two types of banding pattern were observed 
among the six isolates: pattern 1 = Kupwara (KP), Banihal (BL), 
Bhaderwah (BH) and Bani (BN); pattern 2 = Harwan (HW) and Pul-

wama (PL). Sizes of DNA molecular weight markers are indicated. 
DNA band size corresponding to the gene is indicated by an arrow. 
DNA molecular weight marker (100 bp) (M); amplified PCR product 
of KP (1), HW (2), PL (3), BL (4), BH (5) and BN (6) LyobMNPV 
genomic DNA; Master Mix without template DNA (negative control) 
(7)
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Swinhoe and Lymantria monacha L. NPV (LymoNPV) 
isolates was 87–97%, 76–97% and 87–95%, respectively. 
Thus, LyobMNPV was most closely related to the L. dispar 
MNPV in the NCBI taxonomy database.

Phylogenetic analyses

The phylogenetic analyses was used to distribute the 
various NPV isolates into a phylogenetic tree in which 
the constituent strains from diverse geographical 
regions were grouped into two main clusters (Fig. 3) 
Cluster 1 includes 21 isolates. In this cluster LyobM-
NPV (clusters 1 and 2) grouped together with the L. 

dispar MNPV (LdMNPV) isolates from different coun-
tries. The LymoNPV isolates formed a separate sub-
cluster with Biebrza National Park (BNP) LdMNPV. 
The LyxyNPV isolates also formed a separate sub-clus-
ter except for 2 LyxyNPV (Taiwan). The LyobMNPV 
was more closely related to the LdMNPV than to Lyx-
yNPV and LymoNPV. In cluster 2 the OpMNPV was 
formed as an out-group. The various Lymantria NPV 
isolates used in the present study were well classified 
or grouped on the basis of their species. The present 
results show that the above genes can be effectively 
utilized for the genetic characterization and diversity 
analysis of baculoviruses.

Fig. 3  Phylogenetic analyses of concatenated nucleotide sequences 
of the partial polh, lef-8 and lef-9 genes of reported Lymantria NPVs 
with LyobMNPV. Orgyia pseudotsugata MNPV was used as an out-
group sequence. Numbers at the nodes indicate the bootstrap values. 
Phylogenetic analysis was carried out in MEGA 6 using the neigh-

bor-joining method. Bootstrap analyses (using 1000 replications) 
were used to assess the confidence in branching order. Virus names 
(International Committee on Taxonomy of Viruses) are indicated after 
the isolate number and the sources of the samples are indicated in 
parentheses. For other abbreviations, see Fig. 2
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Bioassays

The virus isolates tested under laboratory conditions caused 
mortality in the L. obfuscata larvae, which was diagnosed 
from typical virus disease characteristics (soft flaccid body, 
rupturing of the cuticle) and confirmed by microscopic 
examination through Giemsa staining. The mortality of 
2nd instar L. obfuscata larvae against LyobMNPV isolates 
at six different doses ranged from 30.66 to 100%, with 
significant differences between the doses in each isolate 
(F = 6.810–10.567; df = 6,14; p = 0.0004–0.0031). No 
mortality was observed in the larvae in controls, while the 
BH isolate inflicted 100% mortality at a dose of 5.76 × 107 
OBs/larva. Significant differences (χ2 = 18.451; df = 5; 
p = 0.0024) were also observed in the comparison of mor-
tality between the isolates. The  LD50 estimates of Kupwara, 
Harwan, Pulwama, Banihal, Bhaderwah and Bani isolates 
were 3.35 × 102, 3.96 × 102, 2.93 × 102, 4.35 × 102, 
2.50 × 102, 4.78 × 102 OBs/larvae, respectively, with 
significant differences between the isolates (F = 7.650; 
df = 5; p = 0.0019) (Table 2). Overall, the Bhaderwah 
isolate exhibited a 14–47% reduction in the  LD50 as com-
pared to the others. The time-response bioassays of 2nd 
instar larvae of L. obfuscata against six geographic iso-
lates of LyobMNPV at a dose of 1.44 × 105 OBs/larva 

showed that the first virus-induced mortality was observed 
on day 3 and mortalities continued up to day 10 post-inoc-
ulation. After day 10 no further mortality was recorded. 
The daily mortality observed with six different isolates 
of LyobMNPV against L. obfuscata on days 1–10 varied 
from 0.00 to 26.00% with significant differences between 
the days in each isolate (F = 8.122–12.277; df = 9, 20; 
p = 0.0248–0.0463). Significant differences (χ2 = 20.532; 
df = 5; p = 0.0009) were also observed in comparison of 
speed of kill between the isolates. The  ST50 of Bhaderwah, 
Pulwama, Kupwara, Harwan, Banihal and Bani isolates 
were 6.80, 7.20, 7.95, 8.55, 9.25 and 10.00 days, respec-
tively, and were significantly different between the isolates 
(F = 9.965; df = 5; p = 0.0005) (Table 3).

Discussion

The NPVs of Lymantria species have been isolated and 
characterized from different parts of the world (Harrison 
et al. 2014), but till now no such study has been reported 
from India. The molecular characterization of virus sam-
ples has greatly aided in determining the potential of native 
isolates as natural bioinsecticides and the evolution of 
baculoviruses along with their hosts (Herniou et al. 2004). 

Table 2  Median lethal dose (LD50) with 95% confident limits, regression equation and correlation of six different geographical isolates of 
LyobMNPV against 2nd instar L. obfuscata larvae in a dose-response bioassays with six doses, replicated three times

Regression equation: y mortality (%), x dose; r2 coefficient of determination between the dose and mortality value

OB Occlusion body, IND India, KP Kupwara, HW Harwan, PL Pulwama, BL Banihal, BH Bhaderwah, BN Bani

Isolate LD50 (OBs/larva) 95% Confidence interval χ2/df Regression equation y = bx + a r2

LyobMNPV-IND KP 3.35 × 102 319.140–352.903 19.90/19 Y = 0.155x − 1.925 0.94

LyobMNPV-IND HW 3.96 × 102 376.230–422.258 26.517/19 Y = 0.127x − 0.290 0.92

LyobMNPV-IND PL 2.93 × 102 282.339–312.232 18.613/19 Y = 0.175x − 1.273 0.96

LyobMNPV-IND BL 4.35 × 102 429.345–468.528 19.538/19 Y = 0.116x − 0.456 0.92

LyobMNPV-IND BH 2.50 × 102 196.325–271.571 9.931/19 Y = 0.203x − 0.751 0.98

LyobMNPV-IND BN 4.78 × 102 470.437–501.357 14.895/19 Y = 0.109x − 2.102 0.90

Table 3  Median survival time (ST50) with 95% confident limits, regression equation and correlation of six different geographical isolates of 
LyobMNPV against L. obfuscata larvae in time-response bioassays at a dose of 1.44 × 105 OBs/larva, replicated seven times

Regression equation: y mortality percentage, x time; r2 coefficient of determination between dose and mortality value. For abbreviations, see 
Tables 1 and 2

Isolate ST50 (days) 95% confidence interval χ2/df Regression equation y = bx + a r2

LyobMNPV-IND KP 7.95 7.92–8.27 10.032/12 Y = 10.269x − 31.627 0.89

LyobMNPV-IND HW 8.55 8.40–9.12 14.740/12 Y = 7.467x − 13.841 0.89

LyobMNPV-IND PL 7.20 7.06–7.92 11.645/12 Y = 9.276x − 16.787 0.90

LyobMNPV-IND BL 9.25 9.18–9.97 10.321/12 Y = 8.933x − 32.630 0.85

LyobMNPV-IND BH 6.80 6.04–7.02 19.453/12 Y = 11.473x − 28.019 0.92

LyobMNPV-IND BN 10.00 9.97–10.89 14.242/12 Y = 6.339x − 13.391 0.83
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L. obfuscata is a pest of national significance in the north-
western Himalayas, and the isolation and characteriza-
tion of its NPV were undertaken in this study. The aim of 
the study was to establish the genetic relationships of the 
six LyobMNPV isolates with each other and with other 
Lymantria species’ NPV isolates whose gene sequences of 
polh, lef-8 and lef-9 are already available from the NCBI 
database, to address phylogenetic relationships within the 
Baculoviridae. The sequences of three highly conserved 
baculovirus genes, polh, lef-8 and lef-9, were amplified 
from LyobMNPV DNA by PCRs using degenerate primer 
sets, and their sequences were analysed phylogenetically; 
the selected genes have previously been indicated as most 
suitable for this (Herniou et al. 2003).

Gene sequencing analysis of the amplified products of 
the LyobMNPV isolates resulted in 510-, 800- and 250-
bp sequences for polh, lef-8 and lef-9, respectively. Most 
amplification products of previously published polh, lef-
8 and lef-9 gene sequences were between 500- and 550-, 
750- and 800- and 250- and 260-bp long, respectively. PCR 
assays using degenerate/specific primers were described 
by several authors for the detection and differentiation of 
NPVs by amplifying the polh, lef-8 and lef-9 genes (Jehle 
et al. 2006a, b; Lange et al. 2004). Our results concur with 
earlier studies showing that genetically different baculovi-
rus isolates can be placed into different groups based on 
the presence of SNPs in the sequences of specific genes 
(Eberle et al. 2009; Redman et al. 2010; Takatsuka et al. 
2003). Recombination events, sequence duplication, DNA 
point mutations, insertion and deletion events commonly 
occur during the baculovirus replication cycle (Croizier and 
Ribeiro 1992; Martin and Weber 1997), and may lead to the 
generation of new genetic variants within the baculovirus 
populations after each infection cycle. This genetic vari-
ability provides a large opportunity for natural selection, 
since small changes within the viral genome can result in 
significant modifications in virus characteristics. Nucleo-
tide substitution in the polh, lef-8 and lef-9 genes may have 
significant implications, as this could affect viral protein 
expression and possible differences in viral virulence, OB 
production or number of virions within OBs of each of the 
genotypes.

BLAST homology searches revealed that LyobMNPV 
polh, lef-8 and lef-9 gene sequences showed high identi-
ties to the respective genes of different LdMNPV isolates. 
In the concatenated phylogenetic tree based on polh, lef-
8 and lef-9 gene sequences, the NPV isolates from the 
genus Lymantria grouped on the basis of species, and 
the LyobMNPV was more closely related to the LdM-
NPV than to L. xylina NPV (LyxyNPV) and L. monacha 
NPV (LymoNPV). Nucleotide sequences of the polh, lef-8 
and lef-9 genes showed that they were highly conserved 
among LyobMNPV isolates and variable among different 

NPV species as localized regions of variation are a com-
mon feature in baculoviruses. The L. obfuscata occurring 
on the Indian subcontinent has been recognized as a dis-
tinct species but is more closely related to L. dispar (Dhar-
madhikari et al. 1985). It is interesting that LyobMNPV 
(clusters 1 and 2) grouped together with the LdMNPV 
isolates from different countries, and was more closely 
related to the LdMNPV than to LyxyNPV and LymoNPV. 
Therefore, the present study clearly revealed that the virus 
isolated from L. obfuscata, namely LyobMNPV, is more 
closely related to LdMNPV. These findings have broad 
implications for our understanding of the genetic diversity 
and evolution of LyobMNPV isolates and, in a broader 
context, the genome diversity of baculoviruses in general.

The contaminated diet plug bioassays were per-
formed using 2nd instar larvae of only one host popu-
lation, i.e. Bhaderwah. The selected host population 
was most susceptible in comparison to other geographi-
cally distinct gypsy moth populations as determined 
by preliminary bioassays. The  LD50 of different iso-
lates of LyobMNPV (250–478 OBs/larvae) against L. 
obfuscata were lower than LdMNPV-J from Japan (940 
OBs/larva) against a Chinese strain of the Asian gypsy 
moth L. dispar (AGM-C) and LdMNPV-H from China 
(648 OBs larva-1), LdMNPV-J from Japan (1260 OBs 
larva-1) and LdMNPV-D from North America (1904 
OBs larva-1) against a Russian strain of the Asian 
gypsy moth L. dispar (AGM-R) (Duan et al. 2011). 
The  ST50 of different isolates of LyobMNPV against 
2nd instar larvae of L. obfuscata varied from 6.80 to 
10.00 days, while  ST50 of AGM-R and AGM-C to the 
three virus isolates varied from 10.40 to 11.50 days 
and 8.30 to 8.90 days, respectively (Duan et al., 2011). 
Earlier studies also reported variations in the biologi-
cal activities of different geographic isolates of gypsy 
moth virus (Magnoler 1970; Shapiro and Robertson 
1991). The observed differences in bioassay results 
between the isolates may be attributed to a number of 
factors. Very large differences in virus infectivity can 
be associated with small changes in virus structure 
(Crook 1981) or genetic composition, particularly the 
presence or absence of key genes. The variation in the 
degree of pathogenicity of baculoviruses isolated from 
different parts of the world from Lymantria species has 
also been confirmed at the gene level through func-
tional genomics (Eberle et al. 2009).

It is concluded that LyobMNPV is more closely related 
to LdMNPV, but that its  LD50 and  ST50 are lower than 
those of LdMNPV. This research is the first of its kind 
worldwide. It expands our knowledge about the biological 
and genetic variation among Lymantria NPVs and provides 
novel information on the distinct groups of these NPVs. 
The information generated could contribute to a better 
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classification of baculoviruses, which is especially impor-
tant for the design of bio-insecticides for application in spe-
cific agroecosystems.
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