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The pathogenicity and genome sequence of isolate LdMNPV-HrB of the gypsy moth alphabaculovirus, Lymantria
dispar multiple nucleopolyhedrovirus from Harbin, Heilongjiang, China, were determined. A stock of this virus
from one passage through the gypsy moth New Jersey Standard Strain (LdMNPV-HrB-NJSS) exhibited 6.2- to
11.9-fold greater pathogenicity against larvae from a Harbin colony of L. dispar asiatica than both Gypchek and a
Massachusetts, USA LdMNPV isolate (LdMNPV-Ab-a624). Sequence determination and phylogenetic analysis of
LdMNPV-HrB and LdMNPV-HrB-NJSS revealed that these isolates were most similar to other east Asian LdMNPV
isolates with 98.8% genome sequence identity and formed a group with the east Asian LdMNPV isolates which
was separate from groups of isolates from Russia, Europe, and USA.

1. Introduction
The gypsy moth (Lymantria dispar L., Lepidoptera: Erebidae) is a
worldwide pest of trees and forests. Currently, three sub-species are
recognized (Pogue and Schaefer, 2007): Lymantria dispar dispar L., which
is native to Europe; L. dispar asiatica Vnukovskij, which is found in Asia
east of the Ural Mountains, China, and Korea; and L. dispar japonica
Motschulsky, found in Japan. The latter two subspecies are collectively
referred to as the Asian gypsy moth (AGM), and comprise a biotype
which is distinguished from L. dispar dispar (European gypsy moth, or
EGM) by the ability of AGM female moths to fly, while EGM female
moths are flightless (Keena et al., 2008).
The European gypsy moth was introduced into the United States at
Medford, MA in 1868. Since then it has spread from the northeast corner
of the USA, extending south to Virginia and west to Wisconsin and Illi
nois and adjacent regions in Canada (https://www.aphis.usda.gov/pl
ant_health/plant_pest_info/gypsy_moth/downloads/gypmoth.pdf). The
costs from outbreaks of this pest in terms of economic damage and
control measures are considerable (Aukema et al., 2011; Bradshaw et al.,
2016). An invasion of North America by AGM is expected to be even
more damaging and costly, due to the flight capability of female AGM
moths and the possibility that AGM populations will better adapt to

some North American trees than the current invasive EGM populations
(Keena and Richards, 2020). AGM has been detected in the USA 24 times
between 1991 and 2015 (USDA/APHIS/PPQ, 2016). In addition, 580
specimens of AGM egg masses were intercepted at 20 different US ports
of entry during 2019, a 630% increase relative to 2018 (Veira et al.,
2019).
One of the control measures used to manage outbreaks of L. dispar
dispar in the USA is a product, Gypchek, consisting of a formulation of
the Lymantria dispar multiple nucleopolyhedrovirus (LdMNPV) (Rear
don et al., 2016), an alphabaculovirus in family Baculoviridae (Harrison
et al., 2018). The LdMNPV isolate used for Gypchek originates from a
population of EGM in Connecticut, USA (Reardon et al., 2016). Different
isolates from different EGM and AGM host populations exhibit different
levels of pathogenicity against EGM and AGM larvae. Data from some
studies suggest that some isolates may be more effective than Gypchek
against populations of AGM (Duan et al., 2011, 2012; Ebling et al., 2004;
Harrison et al., 2016; Podgwaite et al., 2013), though not all studies
indicate a significant difference among isolates towards different host
populations (Martemyanov et al., 2017).
We previously reported a preliminary characterization of an
LdMNPV isolate, LdMNPV-HrB, from a gypsy moth population located
in Harbin, China (Harrison et al., 2014). In this study, we assessed the
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Table 1
Concentration-mortality response (LC50 × 104 in OBs/mL, with 95% confidence limits).
LdMNPV isolates

Gypchek
Ab-a624
3029
HrB-NJSS
a

Strains of L. dispara
L. dispar dispar

L. dispar asiatica

UC (Connecticut, USA)

SK (Gangwon, Korea)

CJ (Beijng, China)

CN (Liaoning, China)

CR (Heilongjiang, China)

L. dispar japonica
JI (Honshu, Japan)

6.1
(4.7–7.9) ab
4.3
(2.6–6.9) a

2.0
(1.2–3.0) a
1.9
(1.2–2.8) a

4.9
(3.3–7.3) a
2.4
(1.2–4.2) b

3.3
(1.9–5.3) a
3.5
(1.5–7.4) a

23.0
(10.3–118.6) a
44.0
(17.2–453.3) a

2.5
(1.1–4.7) ab
2.8
(2.2–3.5) a

12.3
(6.7–28.4) c
7.5
(5.5–10.5) b

2.0
(1.2–3.1) a
2.2
(1.1–3.7) a

1.2
(0.8–1.6) b
1.5
(0.7–2.7) b

5.8
(3.9–8.8) b
5.3
(4.0–6.9) b

4.4
(3.3–5.8) b
3.7
(2.8–4.9) b

3.4
(0.7–10.8) b
1.9
(1.0–3.0) a

For each L. dispar strain, different letters denote statistically significant differences among LC50 values of isolates.

pathogenicity of LdMNPV-HrB against larvae of different EGM and AGM
colonies and determined the genome sequence of this isolate and its
relationships to other LdMNPV isolates.

relationships were inferred from this alignment by maximum likelihood
using MEGA X (Kumar et al., 2018) with the Tamura 3-parameter model
and a discrete gamma distribution for rate variation among sites while
allowing some sites to be invariable. Nucleotide positions with repre
sentation in less than 50% of the taxa were excluded from the analysis.
Reliability of the tree was evaluated with 500 bootstrap iterations.

2. Materials and methods
2.1. Virus isolates and insects

3. Results

LdMNPV isolates used in bioassays included LdMNPV-Ab-a624
(Lynn et al., 1993), LdMNPV-3029, a sample of the biopesticide VirinENSh (Harrison et al., 2014; Harrison and Rowley, 2015); a sample of
Gypchek obtained from Sylvar Technologies, Inc. (Harrison et al., 2016);
and LdMNPV-HrB-NJSS, from a single passage of LdMNPV-HrB through
the New Jersey Standard Strain (NJSS) L. dispar larvae. Colonies of
L. dispar were maintained at the USDA Forest Service Northern Research
Station Quarantine Facility in Ansonia, CT as previously described
(Keena, 2016). The colonies used in this study included UC (from Con
necticut, USA; (Keena et al., 2008)); SK (South Korea; (Keena, 2016); JI
(Honshu, Japan; (Keena, 2016); and CB (Beijing), CL (Liaoning), and CR
(Harbin), from three different provinces in China (Chen et al., 2015).

3.1. Relative pathogenicity of LdMNPV-HrB-NJSS and other isolates to
EGM and AGM larvae
In bioassays with L. dispar colonies UC, CJ, CN, and JI, LC50s among
the four LdMNPV isolates tested often exhibited statistically significant
differences but with a low degree of variation which ranged from 1.2- to
4.1-fold (Table 1). In contrast, the Gypchek and Ab-a624 viruses
exhibited LC50s against the CR colony from Harbin, Heilongjiang, China
that were 5.2- to 11.9-fold higher than the HrB-NJSS isolate from the
same population or the 3029 isolate. Gypchek and Ab-a624 LC50s
against CR were also approximately 10X higher than LC50s of Gypchek
and Ab-a624 against the other five colonies.

2.2. Bioassays

3.2. Harbin LdMNPV genome sequences and relationships with other
LdMNPV isolates

Occlusion body (OB) stocks for use in bioassays were prepared from
cadavers of infected 4th instar larvae that had been reared from the same
shipment of NJSS L. dispar eggs obtained from the APHIS Buzzards Bay
Laboratory in MA, USA. Droplet feeding bioassays were carried out and
scored as previously described (Harrison et al., 2014, 2016) with
neonate larvae of UC, SK, CB, CR, CL, and JI colonies. Southland Prod
ucts gypsy moth diet was supplemented with either 0.03 g/L (UC) or
0.11 g/L (AGM colonies) of ferric citrate. The LC50 values were calcu
lated from the data of three replicate bioassays and compared by lethal
dose ratio test using Polo-Plus 2.0 (Robertson et al., 2007). Slopes of
probit lines and heterogeneities (x2/n) are shown in Supplementary
Table 1.

Because bioassays were carried out with a stock of LdMNPV-HrB that
had been passaged through NJSS larvae, genome sequences for both the
original virus stock (LdMNPV-HrB) from colony CR (Harbin) larvae and
from LdMNPV-HrB after a single passage through NJSS larvae
(LdMNPV-HrB-NJSS) were determined and compared to evaluate the
impact of a single passage of an AGM-derived virus isolate through EGM
larvae on the genome sequence.
The LdMNPV-HrB genome was 162,246 bp with a nucleotide
composition of 57.4% G + C, which are within the ranges of genome
sizes (159,089–164,746 bp) and nucleotide compositions (57.3–57.5%)
of other LdMNPV isolates (Supplementary Table 2). Differences in sizes
of LdMNPV genomes were often attributable to deletions unique to
specific isolates (Harrison et al., 2016), including deletions of baculovi
rus-repeated ORF (bro) sequences and the viral enhancing factor-1 (vef-1)
gene (Martemyanov et al., 2017). The features annotated in the
LdMNPV-HrB sequence include 174 ORFs (including vef-1) and 12 ho
mologous regions (hrs) (Supplementary Table 3), with 16 bros, 147
homologs of ORFs annotated in the exemplar isolate LdMNPV-5/6, and
17 ORFs with homologs annotated in other LdMNPV isolates and
LyxyNPV-5. The LdMNPV-HrB ORFs conserved in the exemplar isolate
LdMNPV-5/6 encoded amino acid sequences with identities ranging
from 65.2% (ORF63, chaB1) to 100% (ORF1, polh; ORF18, odv-e18;
ORF40, p10; ORF72, chitinase; ORF86, ac75; ORF87, ac76; ORF90, gp41;
ORF97, p18; ORF100, odv-e28; ORF104, p40; ORF105, p12; ORF108, pif7; ORF125; ORF156; ctl-1; ORF161; ORF166) (Supplementary Table 3).

2.3. Genome determination and phylogeny
LdMNPV-HrB viral DNA was isolated from the original sample of OBs
that had been harvested from virus-killed Harbin (CR) larvae (Harrison
et al., 2014), and also from a second preparation of OBs (LdMNPV-HrBNJSS) harvested from 4th-instar NJSS larvae that were infected with
LdMNPV-HrB, using previously described procedures (Harrison et al.,
2014). The DNA from these two preparations were sequenced, and
genomic contigs were assembled and annotated as previously described
(Harrison et al., 2016).
Available LdMNPV genome sequences (Supplementary Table 2) were
aligned with each other and the genome of the Lymantria xylina
nucleopolyhedrovirus (LyxyNPV-5) (Nai et al., 2010) by MAFFT as
implemented in Lasergene MegAlign Pro v 17 (DNAStar). Phylogenetic
2
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100
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LdMNPV-45/0 KU862282 (USA)
LdMNPV-Ab-a624 KT626572 (USA)
LdMNPV-5/6 AF081810 (USA)

100

LdMNPV-RR01 KX618634 (Poland)
LdMNPV-T3 MF311096 (Turkey)

100

LdMNPV-NSh-07 MN661137 (Russia)
LdMNPV-3029 KM386655 (Russia)

100

100

LdMNPV-LdMN Nsk06 MK411291 (Russia)

100
100

LdMNPV-LdMN Nsk07 MK411292 (Russia)

Fig. 1. Phylogenetic inference of relationships
among isolates of LdMNPV based on whole-genome
nucleotide sequence alignments. A maximumlikelihood phylogram of isolates is shown with
GenBank accession numbers and host geographic
origin. LdMNPV-HrB and LdMNPV-HrB-NJSS are
indicated in bold type with arrows. The related
alphabaculovirus LyxyNPV-5 from Lymantria xylina
(Nai et al., 2010) was included as an outgroup (not
shown). Bootstrap values are displayed at each
node. Pairwise % nucleotide sequence identities
between LdMNPV-HrB and the other LdMNPV
genome sequences ranged from 97.1% (with
LdMNPV-RR01) to 98.8% (with LdMNPV-2161 and
LdMNPV-H2).

LdMNPV-3054 KT626570 (Spain)
LdMNPV-27/0 KY249580 (Russia)

100
99

LdMNPV-27/2 KP027546 (Russia)
100

LdMNPV-J2 MK089451 (Japan)
LdMNPV-3041 KT626571 (Japan)

LdMNPV-H2 MK264918 (China)

100

100

LdMNPV-2161 KF695050 (South Korea)

LdMNPV-HrB-NJSS MT782113 (China)

100
100

LdMNPV-HrB MT782112 (China)

0.0050

Of the most divergent ORF sequences, many are bro genes and others do
not have a known or identifiable function.
Comparison of the LdMNPV-HrB and -HrB-NJSS genome sequences
revealed that the consensus sequences of these two isolates differed by
two indels: a 57-bp insertion in LdMNPV-HrB-NJSS running from nt
6657–6766, within ORF4 (mucin-like); and a 21-bp deletion present in
LdMNPV-HrB-NJSS of nt 85,589–85,609 of the LdMNPV-HrB sequence
in ORF93 (vp91). The two sequences possess the same set of ORFs
(Supplementary Table 3). Numerous polymorphisms (both SNPs and
indels) were present in the reads of both genome sequences in fre
quencies that often differed by >10% (data not shown).
Alignment of LdMNPV-HrB and -Hrb-NJSS with complete genome
sequences of other LdMNPV isolates confirmed an extensive degree of
collinearity among the genomes of these viriuses, with pairwise %
sequence identities ranging from 97.1% (with LdMNPV-RR01) to 98.8%
(with LdMNPV-2161 and LdMNPV-H2). The HrB isolates were grouped
with isolates LdMNPV-H2 from China and LdMNPV-2161 from South
Korea in a phylogeny inferred from the genome alignment (Fig. 1).
These viruses were part of a larger clade that included isolates from
Japan. Isolates from Russia, Europe, and the USA formed a separate
clade.

differences between these two Gypchek preparations may be due to
differences in genotypic compositions (Podgwaite et al., 2010). To our
knowledge, there is no published data on the potencies of different
samples of the same baculovirus isolate that would assist in under
standing our results with different samples of Gypchek.
Phylogenetic analysis of LdMNPV isolates from genome sequence
alignments indicate that the geographic location of a host population
exerts more influence on the divergence of, and relationships among,
viral isolates than the sub-species or biotype of the host. Isolates from
east Asian L. dispar asiatica populations in China and Korea were
grouped together with isolates from Japanese populations, at least one
of which (JI) is L. dispar japonica, and separately from isolates deriving
from other L. dispar asiatica populations in Russia. In addition, the clade
containing USA and European isolates from L. dispar dispar populations
were placed in a larger group with Russian isolates from L. dispar asiatica
populations. This same trend was observed with respect to host plant
utilization by different populations of gypsy moth (Keena and Richards,
2020), indicating that both gypsy moth baculovirus genetics and gypsy
moth host plant adaptation traits are locally adapted and not fixed to
gypsy moth subspecies or biotype.
The results in this study suggest that different isolates should be
considered when developing formulations for controlling invading
populations of AGM. Further research is needed to identify the specific
variables in both host populations and virus isolates that influence
pathogenicity.

4. Discussion
The significantly higher pathogenicity of LdMNPV-HrB-NJSS and
LdMNPV-3029 towards larvae of the CR colony relative to Gypchek
suggests that these isolates may be more effective for controlling
invading populations of AGM from northern China. The Gypchek virus
prep from Sylvar Technologies that was used in this study did not exhibit
the same comparatively reduced pathogenicity that was observed for a
Gypchek sample, isolate LdMNPV-3049, that had been deposited in the
USDA-Beltsville virus collection in 1997 (Harrison et al., 2016). The

Acknowledgments
We wish to thank Dan Kuhar (USDA-ARS Invasive Insect Biocontrol
and Behavior Laboratory, Beltsville, MD) for assistance with sequence
alignment and figure and table assembly. This work was supported by
the U.S. Department of Agriculture. Mention of trade names or
3

R.L. Harrison et al.

Journal of Invertebrate Pathology 177 (2020) 107495

commercial products in this publication is solely for the purpose of
providing specific information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture. USDA is an equal
opportunity provider and employer.

Harrison, R.L., Rowley, D.L., Keena, M.A., 2016. Geographic isolates of Lymantria dispar
multiple nucleopolyhedrovirus: Genome sequence analysis and pathogenicity
against European and Asian gypsy moth strains. J. Invertebr. Pathol. 137, 10–22.
Keena, M.A., 2016. Inheritance and world variation in thermal requirements for egg
hatch in Lymantria dispar (Lepidoptera: Erebidae). Environ. Entomol. 45, 1–10.
Keena, M.A., Cote, M.J., Grinberg, P.S., Wallner, W.E., 2008. World distribution of
female flight and genetic variation in Lymantria dispar (Lepidoptera: Lymantriidae).
Environ. Entomol. 37, 636–649.
Keena, M. A., Richards, J. Y., 2020. Comparison of survival and development of gypsy
moth Lymantria dispar L. (Lepidoptera: Erebidae) populations from different
geographic areas on North American conifers. Insects 11, 260.
Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: Molecular
Evolutionary Genetics Analysis across computing platforms. Mol. Biol. Evol. 35,
1547–1549.
Lynn, D.E., Shapiro, M., Dougherty, E.M., 1993. Selection and screening of clonal isolates
of the Abington strain of gypsy moth nuclear polyhedrosis virus. J. Invertebr. Pathol.
62, 191–195.
Martemyanov, V.V., Podgwaite, J.D., Belousova, I.A., Pavlushin, S.V., Slavicek, J.M.,
Baturina, O.A., Kabilov, M.R., Ilyinykh, A.V., 2017. A comparison of the adaptations
of strains of Lymantria dispar multiple nucleopolyhedrovirus to hosts from spatially
isolated populations. J. Invertebr. Pathol. 146, 41–46.
Nai, Y.S., Wu, C.Y., Wang, T.C., Chen, Y.R., Lau, W.H., Lo, C.F., Tsai, M.F., Wang, C.H.,
2010. Genomic sequencing and analyses of Lymantria xylina multiple
nucleopolyhedrovirus. BMC Genomics 11, 116.
Podgwaite, J.D., Martemyanov, V.V., Slavicek, J.M., Bakhvalova, S.A., Pavlushin, S.V.,
Hayes-Plazolles, N., Zerillo, R.T., 2013. Potency of nucleopolyhedrovirus genotypes
for European and Asian gypsy moth (Lepidoptera: Lymantriidae). J. Entomol. Sci.
48, 332–344.
Podgwaite, J. D., Zerillo, R. T., Slavicek, J. M., Hayes-Plazolles, N., Relative potencies of
gypsy moth nucleopolyhedrovirus genotypes isolated from Gypchek. In: K. A.
McManus, K. W. Gottschalk, Eds.), 21st U.S. Department of Agriculture Interagency
Research Forum on Invasive Species 2010. U.S. Department of Agriculture, Forest
Service, Northern Research Station, Annapolis, MD, 2010, p. 119.
Pogue, M. G., Schaefer, P. W., 2007. A Review of Selected Species of Lymantria Hubner
[1819] (Lepidoptera: Noctuidae: Lymantriinae) from Subtropical and Temperate
Regions of Asia, including the Descriptions of Three New Species, Some Potentially
Invasive to North America. FHTET-2006-7. Forest Health Technology Enterprise
Team, Forest Service, U.S. Department of Agriculture, Fort Collins, CO.
Reardon, R., Podgwaite, J., Zerillo, R., 2016. GYPCHEK - Bioinsecticide for Gypsy Moth
Control in Forested Ecosystems and Urban Communities. FHTET-2012-01 (2nd ed.
March 2016). Forest Health Technology Enterprise Team. Forest Service, U.S.
Department of Agriculture, Fort Collins, CO.
Robertson, J.L., Russell, R.M., Preisler, H.K., Savin, N.E., 2007. Bioassays with
Arthropods, second ed. CRC Press, Boca Raton, FL.
USDA/APHIS/PPQ, USDA Pest Alert: Asian Gypsy Moth. 2016. https://www.aphis.usda.
gov/publications/plant_health/content/printable_version/fs_phasiangm.pdf.
Veira, K., Trepanowski, N., Palmeri, M., Wu, Y., 2019 Port and Domestic Gypsy Moth
Molecular Diagnostics Survey. In: N. Trepanowski, et al., Eds.), Otis Laboratory 2019
Annual Report United States Department of Agriculture, 2020, pp. 51-52.

Funding
This research did not receive any specific grants from funding
agencies in the public, commercial, or not-for-profit sectors.
Appendix A. Supplementary material
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jip.2020.107495.
References
Aukema, J.E., Leung, B., Kovacs, K., Chivers, C., Britton, K.O., Englin, J., Frankel, S.J.,
Haight, R.G., Holmes, T.P., Liebhold, A.M., McCullough, D.G., Von Holle, B., 2011.
Economic impacts of non-native forest insects in the continental United States. PLoS
ONE 6, e24587.
Bradshaw, C.J., Leroy, B., Bellard, C., Roiz, D., Albert, C., Fournier, A., BarbetMassin, M., Salles, J.M., Simard, F., Courchamp, F., 2016. Massive yet grossly
underestimated global costs of invasive insects. Nat. Commun. 7, 12986.
Chen, F., Luo, Y., Keena, M.A., Wu, Y., Wu, P., Shi, J., 2015. DNA barcoding of gypsy
moths from China (Lepidoptera, Erebidae) reveals new haplotypes and divergence
patterns within gypsy moth subspecies. J. Econ. Entomol. 108, 366–374.
Duan, L.Q., Otvos, I.S., Xu, L.B., Conder, N., Wang, Y., 2011. Comparison of the activities
of three LdMNPV isolates in the laboratory against the Chinese strain of Asian gypsy
moth. Open Entomol. J. 5, 24–30.
Duan, L.Q., Otvos, I.S., Xu, L.B., Conder, N., Wang, Y., 2012. Field testing Chinese and
Japanese gypsy moth nucleopolyhedrovirus and disparvirus against a Chinese
population of Lymantria dispar asiatica in Huhhot, Inner Mongolia, People’s
Republic of China. J. Econ. Entomol. 105, 344–353.
Ebling, P.M., Otvos, I.S., Conder, N., 2004. Comparative activity of three isolates of
LdMNPV against two strains of Lymantria dispar. Can. Entomol. 136, 737–747.
Harrison, R.L., Herniou, E.A., Jehle, J.A., Theilmann, D.A., Burand, J.P., Becnel, J.J.,
Krell, P.J., van Oers, M.M., Mowery, J.D., Bauchan, G.R., 2018. ICTV Virus
Taxonomy Profile: Baculoviridae. J. Gen. Virol. 99, 1185–1186.
Harrison, R.L., Keena, M.A., Rowley, D.L., 2014. Classification, genetic variation and
pathogenicity of Lymantria dispar nucleopolyhedrovirus isolates from Asia, Europe,
and North America. J. Invertebr. Pathol. 116, 27–35.
Harrison, R.L., Rowley, D.L., 2015. Complete genome sequence of the strain of Lymantria
dispar multiple nucleopolyhedrovirus found in the gypsy moth biopesticide VirinENSh. Genome Announc. 3, e01407–e1414.

4

