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Editorial foreword

This collection of papers is the third joint publication of Chinese and Russian
authors. Encouraging that colleagues from other states join Chinese and Russian authors.

The first 2 publications mostly focused on virus preparation development and
applications in forest protection and this publication maintaining virus priority pays more
than usual attention to other areas of biological forest protection.

Baculovirus application is a key area in protection of tree and shrub species. Being
one of the most environmental microbiological forest protection areas it enables reliable
protective impact. Significantly baculovirus related work is rather wide spread in China and
began to renew in Russia. The already developed virus preparations are applied in big
areas in China providing forest protection against hazardous needle and leaf eating pests.

Recently a new highly efficient agent neovir based on red pine sawfly nuclear
polyhedrosis was developed in Russia. It can successfully replace the well known virus
preparation virin-diprion widely applied in pine protection against red pine sawfly larvae.

However other biological protection areas are under development. The classical
biological procedure namely entomophage application is getting higher demand in some
states in particular due to arising forest protection challenges by new invasive organisms.

We believe that this third Russian-Chinese collection of papers will find its readers
and serve to develop forest protection biological area not only in China and Russia but
other states as well.

Yu. Gninenko, Zhang Yongan

MpeancnoBue pegakTopoB

TpeTbe coBMeCTHOEe u3gaHune HayyHblx ctater Kutanckmx un Poccunckux aBTOpOB.
BooxHoenseT 10, 4To K KuTanckum mn Poccuiickum aBTopaM MpUCOEAMHUIUCH Komnern us
Apyrux cTpaH.

[Be nepBble paboTbl B OCHOBHOM CKOHLIEHTPUPOBaHbl Ha paspaboTke w
NPMMEHEHUN BWPYCHbIX MNpenapatoB B 3aliMTe feca, a [AaHHOe w3gaHve, yaenss
npuopuTeT Bupycam, 6onee yem OObIMHO 3a0CTPSET BHUMAHWE Ha OPYrMx HanpaereHUsX
Ouornorn4yeckon 3aLLnThl feca.

MpuMeHeHne ©GaKynoBMpPYCOB $BMSETCS OCHOBHbIM HarmpaBfneHMeM B 3alimTte
OPEBECHbIX U KYCTapHWKOBbLIX MOpoA. fABNsiAcb oAHMM M3 Hauboree 3KONMornyeckmx
HanpaBneHun MUKpPOOMONoOrM4yeckon 3awuTbl feca, OHO obecnevmMBaeT HagExHoe
3awmTHoe Bo3gencTBue. CyulecTBeHHass CBsi3aHHas C  OGakynoBupycamy pabota
NpoBOANTCS [OBOMbHO WNPOKO B KuTae u Hayana BoccTaHaBnmBatbCs B Poccuun. Yxe
paspaboTaHHble BUPYCHblE MpenapaTtbl NPUMEHSTCA Ha Gonblwux nnowansx B Kutae,
obecneunBas 3awwmTy neca OT BpeOHbIX XBOE- N NNCTOrPbI3YLLMX Bpeautenen.

HepaeHo B Poccum 6bin paspaboTaH HOBbLIA BbICOKO3I((EKTUBHLIN Npenapar —
HEOBMP — Ha OCHOBE SAEPHOro NONMaapo3a KPacHOrONI0OBOro COCHOBOMO nununbLymka. OH
CMOXET YCMELHO 3aMEHUTb XOPOLUO M3BECTHbIN BUPYCHLIM MNpenapaTt BUPUH-OUMPUOH,
LUMPOKO MNPUMEHSIEMbIN B 3alUUTe COCHbl OT JIMMMHOK KPaCHOrONOBOrO COCHOBOIO
NUAUNbLIYKA.

TeM He MeHee, NPOAOMKAOTCA WUCCNEeAoBaHUS B OPYrMX HanpaBneHusix
Ovonornyeckon 3awmTbl neca. B HeKOTOpbIX CTpaHax pacTéT CNpoC Ha Knaccuyeckuin
Ovonornyeckuin metTon, a UMEHHO — NPUMeHeHWe 3HToModaroB, B YAaCTHOCTU B CBSI3M C
BO3pacTarLL MMM npobrnemamm 3aLmuThbl fieca U3-3a HOBbIX MHBA3MBHbLIX OPraHM3MOB.

Mbl nonaraem, 4to AaHHbIn 3-i Poccuiicko-Kutackuin cOOpHMK Hay4yHbIX paboT
HaMOET CBOMX uuTaTenem u nocnyxut pasBUTUIO HanpaBfeHus OMONOrmyeckon 3alnThbl
neca He Tonbko B Knutae u Poccum, n B gpyrux ctpaHax.

}O. MHUHeHKo, YskaH MoHraH
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FIELD TESTING A CHINESE, JAPANESE AND THE
REGISTERED STRAIN OF THE NORTH AMERICAN GYPSY
MOTH VIRUS AGAINST THE CHINESE STRAIN OF THE
ASIAN GYPSY MOTH IN HUHHOT, INNER MONGOLIA,
CHINA

L.Q. Duan?, LS. Otvos?, L.B. Xul, N. Conder?, Y. Wang!

! Agricultural College, Inner Mongolian Agricultural University, 275 Xin Jian East Road, Huhhot,
P.R. China 010019

% Natural Resources Canada, Canadian Forest Service, Pacific Forestry Centre, 506 West
Burnside Road, Victoria, BC, V8Z 1M5, Canada
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MTOJIEBBIE UCITBITAHUA KUTAUCKUX, ATIOHCKUX U
3APET'MCTPUPOBAHHbBIX CEBEPOAMEPUKAHCKHUX BUPYCOB
HEMNAPHOT'O LIEJIKOIPSAJA ITPOTHUB A3UATCKOW ®OPMBEI
HEIMAPHOT'O IEJIKOITPAZLA B XYXOTO, BHYTPEHHAA MOHI'OJIUA,
KHWTAU

MokazaHa  Ouonornyeckass  3AEKTMBHOCTL  LUTAMMOB  Si4EPHOIO
nonuagpo3a HenapHoro LIenkonpsga, MnofyYeHHass M3  pasHbiX  Nonynauui
HenapHoro wenkonpsga Bo Bpems ucnbitaHnin B 2004-2006 rr., npoBefeHHbIX Ha
ryceHvuax asmatckorn oOopMbl HEMAPHOro Liernkopsaa B NPOBUHLMN BHYTpeHHss
Monronus (Kutan). Kutanckuin wtamm Bupyca okasancs 6onee 3¢deKkTMBHLIM,
Torga Kak wrtamm w3 CesepHo AMepuku nmen cpegHo 3PdEKTUBHOCTD.
HavMeHbLlas CMEepTHOCTb TYCEHWL OTMEYeHa Mpu UCNOMb3BOAHUN SAMOHCKOro
lwTamma.

OpHako Bpemsi goctmkeHust 50%-HOM CMEpPTHOCTM TyCeHWUL, oKa3ariocb
HauMeHbLUMM AN SnoHcKoro nsonsTa (11.1 4.), Toraa Kak ang KUTanckoro m3onsita
OHo cocTtaBurno 13.5 gH., a a4nsa cesepoamepukaHckoro — 13.5 n 14.7 gH.



Joxab, npoweawun B 2005 r. cpasy nocrne nNposBefeHUsa OnpbICKMBaHUS,
CYLLIECTBEHHO CHU3WI YPOBEHL CMEPTHOCTM MYCEHUL,

KnioueBble cnoBa: 06aKynoBupyc, asnaTtCKMiA HenapHblA Lenkonpsag,
BUPYNETHOCTb, MAaTOreHHOCTb, reorpadnyeckme n3onaThbl.

ABSTRACT: The biological activity of three geographic isolates of the
gypsy moth nucleopolyhedrovirus (LAMNPV) was evaluated in the field against
larvae of the Chinese strain of the Asian gypsy moth in Inner Mongolia, P.R. China,
in 2004, 2005 and 2006. The Chinese strain of the virus (LAMNPV-H) was the
most pathogenic of the isolates tested, having the lowest LCsy and LCgys (6.5 and
742 OBs/uL, respectively). The North American strain of the virus (LdAMNPV-D)
was moderately pathogenic, with LCgy of 31.5 OBs/uL and LCgys of 4 093 OBs/pL.
The Japanese strain (LAMNPV-J) was the least pathogenic, it had the second
lowest LCsq (14.7 OBs/uL) but highest LCgs (11 542 OBs/uL). The slopes of the
dose-response regression lines for Chinese gypsy moth larvae to the three virus
isolates indicated that the Chinese strain larvae were more homogenously
susceptible to LAMNPV-H and LAMNPV-D than to LAMNPV-J. Time-response data
showed that LAMNPV-J was significantly more virulent than the other two isolates,
but at a much higher dose, causing 50% mortality in the shortest period of time
(11.1 d), followed by LAMNPV-H and LAMNPV-D (13.5 and 14.7 d, respectively).
Rainfall immediately after the application of LAMNPV-D in 2005, as expected,
significantly reduced gypsy moth larval mortality.

Key words: baculovirus; geographic strain; virulence; pathogenicity; Asian

gypsy moth.

The gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lymantriidae), is a
native defoliator in both Europe and Asia. Since its intentional importation from
Europe and accidental escape near Boston, Massachusetts, in 1868 or 1869, the
European gypsy moth has spread over a wide area of North America. It now
occurs throughout the northeastern United States from central Wisconsin to North
Carolina, and into Canada in the southern Maritimes, Quebec and central Ontario
(Régniere et al. 2009), causing significant defoliation of forested areas (McManus
and Mclintyre 1981, Leonard 1981, Elkinton and Liebhold 1990). The gypsy moth is
also a major pest in forested areas in China and Japan (Pogue and Schaefer
2007).

Recent taxonomic reclassification of the family Lymantriidae, based on
morphological, genetic and molecular characteristics, prompted a review of the
status of the genus Lymantria. Following a thorough study of members of this
genus, Pogue and Schaefer (2007) proposed some nomenclatural changes for the
common and scientific names of gypsy moth. In this new nomenclature, the
species L. dispar (subgenus Porthetria) is divided into three subspecies, and three
new species. According to this classification system, the term “gypsy moth” (L.
dispar dispar (L.)) now refers specifically to the flightless gypsy moth native to
Europe and introduced into North America (EGM), as well as the nearly wingless
gypsy moth occurring in India. The “Asian gypsy moth” (L.d. asiatica Vnukovskij)
(AGM) are those L. dispar that have winged females capable of flying, that occurs
from the eastern slopes of the Ural Mountains in Russia to the Pacific Ocean, in
the northern two-thirds of China and Korea. The Japanese gypsy moth (L.d.
japonica (Motschulsky)) (JGM), refers specifically to the gypsy moth found only on
the Japanese islands of Honshu, Shikoku, Kyushu, and parts of southern and
western Hokkaido.



Females of the JGM, AGM, and many females that are hybrids between the
Asian and European strains, are able to fly, increasing their dispersal capability
(Reineke and Zebitz 1998, Keena et al. 2001). The AGM also has a much broader
host range, including both deciduous and coniferous trees, and therefore, poses a
greater threat to North American forests than the European strain (Baranchikov
1988, Walsh 1993). Timber losses in North America, to date, have been caused
solely by the EGM, because the AGM, luckily, has not yet become established in
North America (Krcmar-nozic et al. 2000), i.e. eradication attempts have so far
been successful. Should the AGM be allowed to become established in North
America, its ability to feed on a wider range of host plants and the ability of female
AGM to fly may allow it to spread much more rapidly than the EGM, and likely
leading to more devastating economic losses in forestry.

During the past 140 years since its escape and establishment in North
America, many strategies for eradication, control and suppression of the EGM
have been developed and tried, including the introduction of the fungal pathogen
Entomophaga maimaiga Humber, Shimazu and Soper (Zygomycetes:
Entomophthorales), from Japan, to slow its spread (McManus and Mcintyre 1981,
Hajek 1999, Sharov et al. 2002). The use of a nucleopolyhedrovirus (NPV) that
occurs in gypsy moth populations is an important regulator in high-density
populations (Podgwaite 1981). It has been developed as a biopesticide for control
of gypsy moth and was first registered by the US Environmental Protection Agency
in 1978 under the name Gypchek. In addition, researchers in Canada and the
former U.S.S.R. also successfully developed this baculovirus as a bioinsecticide
for gypsy moth control (Webb et al. 1989, Cunninghan et al. 1991, Podgwaite et al.
1992, Cunningham 1995). The virus products developed for use in the United
States and Canada were derived from the same NPV isolate (Cunningham 1995),
but registered in these countries under different names (Gypchek in the United
States (Reardon et al. 1996) and Disparvirus in Canada (Cunningham et al.
1991)). The U.S.S.R product, VIRIN-ENSh, was developed from a different viral
isolate (Dougherty 1983) that has similar biological activity (Shapiro 1983). In
preparation for the potential establishment of the AGM in North America, it is highly
desirable to examine the control capabilities of existing biopesticides and to
increase the potential number of pest management tools currently available to
forest managers.

We report here on the biological activity of the three geographic isolates of
LdAMNPV, previously tested in the laboratory (unpublished data), in the field against
the Chinese strain of Asian gypsy moth (AGM-C) in Inner Mongolia Autonomous
Region, People’s Republic of China (PRC). We conducted this study to determine
the field activity of LAMNPV-D, the active ingredient in the virus products registered
to control gypsy moth in North America, against the AGM-C. We also wanted to
compare the biological activity of LAMNPV-H and LAMNPV-J to compare their
efficacy to LAMNPV-D, and to speed up the eventual selection of the most virulent
strain to be developed into a viral biopesticide for the control of the AGM, should it
become established in North America and the need arise for an additional
biopesticide other than the currently registered product. Lastly, we wanted to
determine the efficacy of these three virus products when applied against AGM-C
on a native host tree in China, and compare these results with those of previous
laboratory studies with the same three virus products.



Materials and Methods

Experimental plot. The experiments were conducted in the research area
of the Inner Mongolia Agricultural University, located in Huhhot, Inner Mongolian
Autonomous Region, PRC. Our study plot (50 m x 12 m) was located in northeast
corner of the 30 ha university research area, and was surrounded by apple (Malus
sp.) and cherry (Prunus sp.) trees in east, corn in the north and south, and grass in
the west. Our experimental plot was weeded, as required, during the 3 years of the
experiment.

Host tree. Populus cathayana Rehder (common name in China is “qing
yang”), one of the hosts of AGM in China, was the host tree used in this
experiment. P. cathayana is one of the most common and widely distributed
species of Populus in central China [its range includes southern Gansu, Hebei,
Lianong, Nei Mongol (Inner Mongolia), eastern Qinghia, Shaanxi, Shanxi, Sichuan,
Yunnan and Zhejiang Provinces] (Fang et al. 2008, Chao et al. 2009), where it
grows along river valleys at elevations between 800 to 3000 m. Mature trees can
reach a height of 30 m (Weisgerber and Han 2001).

Rooted cuttings. To prepare for the field tests, at the end of April 2003, five
rows (1.5 m apart) of 30 pits, each 25-30 cm deep, and spaced 2 m apart, were
dug in the study plot. To obtain the rooted cuttings, a total of 600 twigs (each
approximately 50 cm long) were cut from five adjacent mature P. cathayana trees
located near our experimental plot, part of a row of trees initially propagated in
1988 from cuttings taken from a single, naturally growing tree. The cuttings were
propagated by planting four of these twigs into each of the pits. The twigs were
watered at planting, and once or twice a week thereafter, depending on weather
conditions. About 95% of the cuttings rooted and survived, resulting in some pits
containing only three, rather than four rooted cuttings. On June 24 in 2004, rooted
poplar cuttings that had grown to more than 60 cm were cut back to a height of
about 50-60 cm (to fit into the pre-constructed cages). Pruning was done in such a
way as to ensure that the three or four rooted cuttings in each pit retained enough
leaves (a total of approximately 100 leaves), for treatment with distilled water
(control) or one of the three concentrations of the three LAMNPV isolates.

Cages. Frames for each of the 72 cages (75 cm x 75 cm x 80 cm high)
were constructed from steel construction rods (0.8 cm diameter). The pieces were
welded together at the eight corners to create the frame. Fine nylon mesh, mesh
size ca. 0.3 mm x 0.3 mm, was sewn to two opposing sides and across the top of
the steel frame. Two other pieces of mesh were attached along the top edge of the
uncovered sides, and Velcro® zippers were sewn on each of the corners of each
cage to make flaps that could be opened to allow checking larval mortality. One
cage was installed around each of the pits containing three or four of the rooted
poplar cuttings. The ground inside and outside the cages was cleared of
vegetation, and the rooted poplar cuttings were thoroughly searched for naturally-
occurring insects, which were removed before placing the cages and introducing
the test insects (30 larvae in each cage in 2004 and 2006, 20 larvae in 2005).
There were no naturally-occurring gypsy moth larvae in our experiment plot or the
surrounding the experimental research area, only some Carabus brandtis
Faldermann adults, larvae in the ground and some unidentified ants.

Test insects. AGM-C egg masses (between 0.5-1.0 kg, i.e. 1200-2500 egg
masses) were collected in the spring of each year of the experiment (March 16, 2004,
March 10, 2005 and March 25, 2006) from the He-Ling Forest Farm in Inner
Mongolia Autonomous Region, where the gypsy moth populations were feeding on
Prince Rupprecht’s larch, Larix principis-rupprechtii Mayr. This infestation had
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been in progress for 3 years and was in its increasing phase in 2004, with the
infestation reaching its peak in 2005 and starting to decline in the fall of 2006.
Each year, the collected egg masses were stored under refrigeration at 5°C for
approximately 2-3 months before use.

AGM-C eggs were surface decontaminated prior to being set up for rearing.
Thirty groups of eggs, each containing approximately 500 eggs, were placed into
cheesecloth and immersed into 1% bleach solution for 30 seconds and then rinsed
for 1 min each of five times in distilled water, and allowed to dry on filter paper at
room temperature. The decontaminated eggs were put into 6 oz. containers (0OZ6-
XE6) with DS306 cardboard lids (Sweetheart Cup Co., Owing Mills, MD), 500 eggs
in each of 30 cups, and reared at 25°C, 50%RH, and 16L:8D light-dark
photoperiod.

The hatched larvae were transferred to new 6 0z. containers containing a
modified artificial gypsy moth diet (Bell et al 1981, Odell et al 1997) and reared
(100 larvae in each of 150 cups, total of 15,000 larvae) under the same conditions
as above until just before placing them in the cages. On the day before the larvae
were placed on the treated poplar trees, newly molted (less than 24 h) second-
instar larvae were transferred into clean 6 oz. fluted containers containing no diet
(30 larvae per cup in 2004, 20 larvae per cup in 2005 and 30 larvae per cup in
2006) and starved for 24 h before being placed onto the leaves of the treated
rooted popular cuttings in the cages.

Virus strains. Three geographic isolates of L. dispar NPV were provided by
Natural Resources Canada, Canadian Forest Service (CFS), Pacific Forestry
Centre (PFC), to the Forestry College, Agricultural University of Inner Mongolia for
testing. Two of the virus isolates were collected from field populations of gypsy
moth, one from Heilongjiang Province, China (courtesy of Professor Yue Shukui,
Northeastern Forestry University, Harbin) and one from Japan (courtesy of Dr.
Shimazu Mitsuaki, Forestry and Forest Products Research Institute, lbaraki
Prefecture) (designated here as LAMNPV-H and LAMNPV-J, respectively). The
third strain used is the active ingredient in the baculovirus product Disparvirus
(designated here as LAMNPV-D), produced by the Canadian Forest Service (CFS)
and registered in Canada for gypsy moth control (Health Canada 2009).
Disparvirus has the same active ingredient as Gypchek (Cunningham et al. 1991),
the product used operationally in the United States for gypsy moth control.

All three virus isolates were amplified under quarantine conditions at PFC twice
in vivo using laboratory-reared larvae of the Russian strain of gypsy moth (provided
courtesy of Vic Mastro and John Tanner, Otis Methods Development Center,
USDA/APHIS/PPQ, Massachusetts) at PFC prior to shipping to China. The
amplified virus strains were shipped by courier to the senior author as cadavers of
Russian strain gypsy moth larvae (AGM-R) on frozen ice packs.

Virus Purification. The virus stocks and solutions were prepared fresh
each year of the 3 years of the experiment in Huhhot. Approximately 30-40 days
prior to the experiment, 10 g of insect cadavers from each of the virus isolates
were macerated separately and the occlusion bodies (OBs) were purified following
the procedure described in Ebling et al. (2004). Following purification, the pellets
were re-suspended in distiled water, and the OBs quantified using a
hemocytometer, (Wigley 1980). After quantification the virus stock solutions were
stored at 4°C until 1 day prior to the treatment in the field, at which time the three
virus concentrations were prepared.

Virus application. There were four treatments for each of the three geographic
isolates of LAMNPV: distilled water for the control, and three virus concentrations



treatments (low, medium and high) for each of the three virus strains (Table 1). The
three concentrations (low, medium and high of the three virus strains) that were
selected to test in the field in 2004 were based on the results of previous
bioassays using the same three strains of virus against AGM-C and AGM-R. The
LDsy values for LAMNPV-D, LAMNPV-H and LAMNPV-J were 194, 211 and 940
OBsl/larva, respectively, against AGM-C (unpublished data) and 1,904, 648 and
1,260 OBs/larva, respectively, against AGM-R (Ebling et al. 2004). For the field
trials we selected doses that were the average of the two values and slopes
obtained in the previous two laboratory bioassays (given above). There were four
treatments (three doses plus one control), and six replicates for each treatment, for
a total of 24 cages for each of the three virus isolates tested, for a total of 72 cages
for the field test in each year. The experiment was arranged in a randomized block
design (Fig. 1). Rooted cuttings growing in rows 1, 3 and 5 were used for
treatments, while rooted cuttings in rows 2 and 4 were used as a spray “buffer”.
Treatments were assigned randomly to each cluster of caged rooted cutting.

All three geographic strains of LAMNPV were applied to the randomly
selected rooted cuttings on the same day in the field in 2004 and 2006 (June 25, and
June 24, respectively). In 2005, an unforecasted heavy rainstorm (which deposited
10 mm of rain in 20 minutes, and a total of 15 mm in 26 hours) occurred just after
the application of the LAMNPV-D isolate on June 6, forcing the postponement of
applications of the remaining two isolates (LAMNPV-H and LdAMNPV-J) until the
following day (June 7), when the leaves were dry.

The application of the virus strains in 2004 was used as a pilot, or “range-
finding”, test to determine the three virus concentrations that would be used in the
final field experiment. A separate 600mL hand-held pump sprayer (Model SX-735,
Zhe Jiang Shi Xian Sprayer Limited Company, Tai Zhou, Zhe Jiang, China) (Fig.
2b) with a hollow-cone nozzle was used to apply the controls and doses for each
of the three virus strains. All the controls (distilled water) were applied first,
followed by the three virus strains, in the following order: LAMNPV-D, LAMNPV-H
and LAMNPV-J. Treatment with each virus strain started with lowest concentration,
and ended with the highest concentration. The control and three virus strains and
concentrations were applied in the same order all 3 years.

The steel-frame cages were removed before the application of each
treatment. Newspaper-covered cardboard was held around three sides of the
rooted cutting in each group of rooted cuttings during treatment to prevent spray
drift to adjacent groups of rooted cuttings. About 100 mL (about 25 mL per rooted
cutting) of one of the appropriate virus solutions (low, medium and high) was
applied to both sides of the leaves of the rooted cuttings in one pit. On average,
there were a total of about 100 leaves on the three or four rooted cuttings in each
pit. The spray nozzle was held about 20-25 cm from the leaves, and the spray was
applied to all sides of the rooted cuttings by the same person each year to
minimize variation in application and droplet size. Both the controls and virus
solutions were applied until the leaves were dripping. Once the spray had dried on
the leaves, the cages were re-positioned over the rooted cuttings. Average spray
droplet size was 639.1 + 30.7 uym, as determined by spraying a microscope slide
using the same parameters as those used for the field application, and examining
the slide using a dissecting microscope at 10x magnification (Model XTS-20,
Beijing Tech Instrument Corporation, Ltd., Beijing, P.R. China).

In 2004 and 2005, 30 and 20 newly molted second instar gypsy moth
larvae, respectively, were placed directly onto the rooted poplar cuttings inside
each cage after the spray droplets had dried on the leaves. The concentration of
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OBs used for the field experiment in 2004 for both the LAMNPV-D and LAMNPV-H
gypsy moth virus strains were so high that both the moderate and high
concentrations caused 100% mortality of the test larvae. Therefore, the
concentrations of 1/10 and 1/100 of the lowest concentration applied in 2004 were
used as the low and medium doses in 2005 and 2006, and the lowest
concentration in 2004 became the high concentration for both of these strains
(LAMNPV-D and LdMNPV-H) in 2005 and 2006 (Table 1). In 2005, an
unforecasted rainstorm halted the application of the viruses after the highest
concentration of LAMNPV-D had been sprayed onto the foliage, and the remaining
two virus strains were not applied until after the foliage had dried the following day.
Undoubtedly, an unknown amount of the OBs were washed off the leaves by the
rainstorm. As a result of this rainstorm, it was anticipated that larval mortality
caused by LAMNPV-D would be reduced. Because of these complications, the
whole field experiment was repeated in 2006.

Table 1. Percent mortality of second-instar larvae of the Chinese strain
of Asian gypsy moth caused by three different concentrations of three
geographic isolates® of LAMNPV in 2005 and 2006, in Huhhot, Autonomous
Region of Inner Mongolia, P.R. China.

Treatment Concentrations Larval mortality (%)
(virus isolate) (OBs/mL) 2005 2006
Control (dH,0) 0 0 34117

Geographic isolates tested
Low 926 34124 *12.8 + 3.1
LdMNPV-D Medium 9,260 12.3+4.0 *31.2+5.6
High 92,600 214 +15.8 *64.9+4.4
Low 590 21.3+6.3 14.6 £4.5
LdMNPV-H Medium 5,900 284 +9.9 46.5+6.2
High 59,000 74.8+8.5 751+3.2
Low 3,340 50.3 + 18.0 28.3+6.3
LdMNPV-J Medium 33,400 385+124 43.2+8.7
High 334,000 90.8+2.6 *71.0 £ 4.1

In 2006, to avoid problems caused by the unexpected rainfall the previous
year, two changes were made to the procedure outlined above. First, to reduce or
prevent the potential effects of precipitation on the experiment, a 1 m? transparent
plastic sheet was placed on the top of each of the cages, including the controls,
and tied down using nylon rope to protect the treated foliage in the cages from
rainfall. These sheets were removed 15 days after the virus application. Second, to
facilitate finding all the larvae on the rooted cuttings when checking for mortality,
mesh sleeves were used. Once the spray droplets had dried on the leaves, a 25
cm x 30 cm piece of nylon mesh (the same material used to cover the top and
sides of the cages), with a nylon zipper running down the short edge (25 cm) so
the sleeve could be opened to check larval mortality, was placed around each of
three of the treated rooted cuttings in each of the cages. The sleeve was then
closed tightly around the rooted cutting at each end using cloth ties sewn to 6-8 cm
bands of white muslin (also known as calico) sewn onto each long edge (30 cm
side) of the sleeve. The resulting mesh sleeve measured approximately 25 cm
long and 9.5 cm in diameter.
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Ten newly molted, less than 24-hour-old, second-instar AGM-C larvae, starved
for 24 hours, were released into each of the three sleeves in each cage (for a total of
30 larvae per steel frame cage). In all 3 years, larvae in each of the cages were
checked every 1 to 3 days and the dead larvae removed. In 2004, the rearings
were terminated on day 19 post-inoculation because there was 100% mortality in
several cages. In 2005 and 2006, the larvae were reared until pupation began at
days 35 and 29, respectively. After the start of pupation, the cages were left in
place until all the adults had emerged, mated and the females had laid their eggs
and died. The effects of virus doses on egg-laying will be presented in a
subsequent paper on the sublethal effects of these virus treatments on AGM-C.
Ten percent of all the cadavers were randomly selected from each virus strain,
dose and replicate and examined for the presence of OBs under a compound
microscope (Model CX21FS1, Olympus Corporation, Tokyo, Japan) at 1000x
magnification and oil emersion to calculate percent viral infection based on a
random sample.

At the conclusion of the field trials in 2004, and also in 2005, the rooted
cuttings were cut back to a height of 10-15 cm above the ground in the spring
before growth began to remove the branches with cocoons and egg-masses. All
leaf litter and other detritus (including dead AGM-C adults) was also removed and
discarded to eliminate any potential sources of inocula the following year. In
addition, all the soil within the experimental plot (not just underneath the rooted
cuttings) was turned over to bury in the ground any residual virus that may have
ended up on the soil surface from virus-killed larvae. These measures were taken
to reduce or eliminate any residual active virus on the soil surface or on the stems
of the rooted cuttings that could potentially affect the field trials that were
conducted the following year. Consequently, only newly grown stems with leaves
were used in the experiments in 2005 and 2006. Cages were washed and
decontaminated using 1% bleach solution following the field trials in 2004 and
2005, and were dried in the sun (so UV rays could deactivate any virus particles
that may have remained on the cages) prior to storing.

Weather data. Temperature, precipitation, relative humidity, wind speed and
direction were obtained from a weather station located 8 km from the University
Research Area.

Data analysis. AGM-C larval mortalities of caused by the same strains and
concentrations in 2005 and 2006 were compared using one-way ANOVA. The LCs
and LCgs (mean lethal concentration causing 50% and 95% larval mortality,
respectively) for each LAMNPV isolates was estimated using POLO- PC (LeOra
Software 1994). The LCs, and LCgs values were examined for significant differences,
i.e. no overlap of the 95% confidence limits. Each virus strain had its own control
replicate, and all six control replicates were used for comparison with its respective
virus strain. The STso (time required for the virus to cause 50% larval mortality)
was determined using ViStat (Hughes and Wood 1990).

Results

Pilot experiment — 2004. The preliminary (“range-finding”) field trial
conducted in 2004 indicated the practicality of the proposed method. It also
provided data that allowed us to select the virus doses to use in 2005. Results
from the field trial in 2004 showed that the moderate and high concentrations of
LdMNPV-D (926,000 and 9,260,000 OBs/uL) and LdMNPV-H (590,000 and
5,900,000 OBs/uL) applied to the foliage were too high and caused 100% larval
mortality. Consequently, when we repeated the experiment in 2005 and lowered
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the doses used. The lowest concentration was retained and we added a 10% and
1% dilutions of the lowest dose of each of these two virus strains for testing in
2005 (Table 1).

There were six replicates for each treatment and 20 larvae per replicate in 2005

(N =1080 larvae / virus isolate, N = 360 for controls,), 30 larvae per replicate in 2006
(N = 1620 larvae / virus isolate, N = 540 for controls).

: Significance at 0.05 level. Significance between the 2 years compared using one-way ANOVA.
% LAMNPV-D = active ingredient in Disparvirus, the commercial product registered for gypsy
moth control in Canada, LAMNPV-H = virus isolated Chinese strain of Asian bypsy moth north of
Harbin, Heilongjiang Province, P.R. China, and LAMNPV-J = virus isolated from Asian gypsy
moth in Japan.

Weather. In 2005 an unforecasted rainstorm deposited 10 mm of rain in 20
minutes, and a total of 15 mm in 26 hours occurred immediately following the
application of the LAMNPV-D virus strain on June 6. This rainstorm washed an
unknown quantity of virus from the three doses of LAMNPV-D off the leaves of the
rooted cuttings. Rather than present incomplete data for 2005, we repeated the
entire test (applying all three virus strains) in 2006. We compared larval mortality
caused by the three virus strains in 2005 with the mortality caused by the same
virus strains and concentrations in 2006 to determine the effect of the unforecasted
rainstorm on larval mortality for LAMNPV-D. The nearest weather station was
located 8 km away, and we used this weather station to approximate the weather
conditions among the rooted cuttings in our experimental plot at the time of
treatment. Wind speed was not a factor during virus application near ground level
among the rooted cuttings. During the 3 years the field trials were conducted,
relative humidity among the rooted cuttings at the time of virus application was
estimated to be between 30 and 60%, and air temperature ranged between 21 and
27°C. The actual amount of precipitation was measured in the plot. Precipitation
only occurred once during the 3-year study, as mentioned above.

Comparison of mortalities of second-instar AGM-C larvae challenged with
the same virus concentrations in 2005 and 2006. The application of LAMNPV-D
was followed by a heavy rainstorm in 2005 and, as expected, mortality was
significantly lower for all three doses [low (F = 5.81; df = 1, 10; P = 0.037), medium (F
=6.03; df = 1, 8; P = 0.040) and high (F = 6.99; df = 1, 10; P = 0.025)] compared to
2006 (Table 1). Mortality caused by low (F = 0.408; df = 1, 10; P = 0.746), medium
(F =2.443; df = 1, 10; P = 0.149) and high concentrations (F = 0.001; df = 1, 10; P
= 0.978) of LAMNPV-H virus in 2005 and 2006 did not differ significantly. Similarly,
larval mortality caused by the low (F = 1.332; df = 1, 10; P = 0.275) and medium
concentrations (F = 0.097; df = 1, 8; P = 0.762) of LAMNPV-J in 2005 and 2006 did
not differ significantly. However, mortality caused by the highest concentration of
LdMNPV-J applied in 2006 was significantly lower than the mortality in 2005 (F =
16.54; df = 1, 10; P = 0.002).

Dose response in 2006. As previously mentioned, an unforecasted
rainstorm occurred immediately following application of the LAMNPV-D virus strain
in 2005, reduced larval mortality by 60-75% of that obtained in 2006. The field trial
in 2005 demonstrated that the virus doses selected for LAMNPV-H and LdAMNPV-J
would enable us to determine the LCsy and LCg; of these two virus strains
(Robertson and Preisler 1992). Because the rearings from the 2006 field trials
gave the most dependable results and were done in sleeve cages, which allowed
for more accurate counting of larval mortality, it was decided that the dose
response of AGM-C larvae in the field would be determined using only the 2006
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data. Only one larva died in the controls in 2006, all control data was used for
calculating the LCsp and LCgs using POLO-PC (LeOra Software 1994).

As expected, larval mortality increased with increasing virus dose (Table 1).
LAMNPV-H was the most pathogenic of the isolates tested against larvae of the
AGM-C in the field, having the lowest LCsy and LCgys (6.5 and 742 OBs/uL,
respectively). LAMNPV-H was marginally more pathogenic than LAMNPV-D at the
LCso level (requiring fewer OBs), but not at the LCgs level (where there was overlap
of the 95% confidence limits) (Table 2). The upper 95% confidence limit for LCsq Of
LdMNPV-H and lower 95% confidence limit for LAMNPV-D were separated by only
8 OBs.

The LCs (14.7 OBs/uL) and LCgs (11,542 OBs/ul) of LAMNPV-J was not
significantly different from the respective corresponding values of the other two
isolates (the 95% confidence limits overlapped). LAMNPV-D had a LCs, (31.5/uL OBS)
and LCgs (4,093 OBs /uL), while LAMNPV-J had not only the highest LCgs, but also the
widest 95% confidence limit of the three isolates. We therefore considered LAMNPV-D
to be biologically more pathogenic than LAMNPV-J because of its lower LCgs
(4,093 OBs/uL) and much narrower 95% confidence limits, even if the LCsos and
LCgss for the two isolates were not significantly different.

The slope of the regression line obtained in Probit analysis has generally been
interpreted as a measure of variability in host susceptibility to the virus; with less
variation among host larvae producing steeper slopes (Hughes et al. 1984).
Insects completely homogenous in susceptibility would yield a slope of about 2
(Burges and Thomson 1971), with less variability between hosts producing steeper
slopes. Slopes less than 2 are due to insect variability rather than problems in
methodology (Ebling et al. 2004). All of the slopes presented in Table 2 are less
than 2, supporting the suitability of methodology used to conduct this field
experiment with the three virus strains. The steepness of the slopes of the dose-
response regression lines for the AGM-C larvae to the three viral isolates tested
indicated that AGM-C larvae had a more homogenous susceptibility to LAMNPV-H
and LAMNPV-D than that to LAMNPV-J.

Time-response. The speed with which a virus causes mortality of the host
is an important measure of its effectiveness as a hiopesticide when foliage protection
of the host tree is desired. Time response was only calculated on the 2006 data,
because these results were complete for all three virus strains and most accurate, due
to the use of sleeve cages. Results of the time-response (amount of time required to
kill 50% of the larvae, STs) for the field applications of the three virus strains against
AGM-C larvae are presented in Table 2. There were no significant differences in the
time-response among the three replicates within each virus strain; therefore data
sets for each virus strain were pooled for analysis with ViStat. The time-response
data for the larval mortality caused by LAMNPV-D fits the model, because the
observed y? values are significantly lower than predicted values (3> = 9.7, df = 7, P
= 0.2062). However, this was not the case for either LAMNPV-H (x* = 28.1, df = 8,
P = 0.0004) or LAMNPV-J (x* = 60.6, df = 9, P < 0.0001).

The time-response data (STsp) indicates that LAMNPV-J had a significantly
faster time response (STsp 11.1 d) than the other two isolates tested (the 95%
confidence limits did not overlap those of the other two strains). However, the dose
causing this faster “kill” response was much higher for LAMNPV-J than for the
other two strains (Tables 2 and 3). LAMNPV-H was also significantly more virulent
(STso 13.5 d) than LAMNPV-D (STs 14.7d) (Table 2).
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Table 2. Dose- and time-response of second-instar Chinese strain of Asian gypsy moth larvae to three
geographic isolates of LAMNPV in field tests at Huhhot, Inner Mongolia, P.R. China, in 2006.

Strains Dose-Response (OBs/pL) Time-Response (day)
N | SlopexSE LCso® LCos xCldf STs” SlopetSE yCldf
LAMNPV-D | 1,620 |0.78 £ 0.10 (20_21_'24_6) (1726;‘992%,781) 8.38/10 | (1,57 154 | 10312105 | 97/7
LdMNPV-H | 1,620 |0.80 £ 0.10 (4‘9??2_4) (249 7_42’406) 8.17 /10 (13_(1)3}?4_1) 906077 | 28.1/8
LAMNPV-J | 1,620 | 0.57 + 0.09 (7‘31f"275_6) (2’68211_’51?2’853) 7.8/10 (10;1_'11_5) 861067 | 60.6/9

% Calculated using probit analysis (LeOra Software, 1994) statistical package; numbers in parentheses indicate 95% confidence

limits.

® Determined using pooled replicates having less than 50% mortality; calculated using ViStat (Hughes and Wood, 1990)
statistical package; numbers in parentheses indicate 95% confidence limits calculated as being double the SE.




Discussion

As expected, mortality generally increased with increasing virus dose for all
three virus strains, with the exception of the medium dose of LAMNPV-J in 2005
(Table 1). We have no explanation for this anomaly, apart from this being the result
of an unexplained experimental error. There were no real significant differences in
pathogenicity of the same doses of LAMNPV-H and LdMNPV-J isolates tested
against AGM-C in 2005 and 2006, with the exception of the highest dose for
LAMNPV-J. Again, we think this is due either to experimental error or to the
application of the treatment itself, since both exceptions occur with this virus strain.

Mortality values for the three doses of LAMNPV-D in 2005 were about one-
third of that caused by the same three doses in 2006 (Table 1). This significantly
reduced mortality was the result of the unexpected heavy precipitation (10 mm of
rain in 1 hour, and a total of 15 mm in 26 hours) immediately after the LAMNPV-D
strain was applied. This “unplanned experiment” showed that heavy precipitation
immediately after the virus application, before the virus has a chance to dry onto
the leaves, can reduce larval mortality by about 60-75%. D’Amico and Elkinton
(1995), using artificial rainfall (equivalent to 2.4 cm precipitation in a 5 minute
period) and natural rainfall (1.4 cm precipitation over an unspecified period of
time), has the effect of washing viral OBs from leaves and decreasing mortality of
gypsy moth larvae consuming the leaves in the upper crown of the tree. Unlike
D’Amico and Elkinton (1995), we found that the rainfall on leaves did not appear to
cause increased virus-caused larval mortality on leaves located on the lower crown
of the tree, nor did the rainfall appear to move virus from branch to branch. The
differences between our results and those of D’Amico and Elkinton (1995) are
likely due to our use of rooted cuttings (less than 1 m tall), rather than full sized
trees.

The results of the field test in 2006 suggest some interesting trends.
LAMNPV-H had a significantly lower LCsy than LAMNPV-D, but was not
significantly pathogenic than LAMNPV-J. There were no significant differences of
LCgs values among the three isolates (LAMNPV-H, LAMNPV-H and LdMNPV-J).
Overall, LAMNPV-H appeared to be the most pathogenic strain of the three
geographic isolates of LAMNPYV tested in the field against second-instar larvae of
the local AGM-C, indicated by having the lowest LCs, (6.5 OBs /uL) and LCgs (742
OBs/uL), and having the narrowest 95% confidence limits of the three virus stains
tested (Table 2). However, this significantly higher pathogenicity may be more
apparent than real, because the difference is based on a difference of only 8 OBs.
These results suggest that, based on pathogenicity in the field trial, the LAMNPV-H
strain would be superior for controlling the AGM-C. On the other hand, the slight
difference in pathogenicity between LAMNPV-H and the currently registered strain
(LAMNPV-D), in our opinion, would not justify the added expense that would be
required to register LAMNPV-H.

In a specifically designed study with another insect from the same family,
Douglas-fir tussock moth (Orgyia pseudotsugata (McDunnough)), we compared
the LCsg values obtained using the diet surface contamination technique obtained
with LDsgy values using the diet plug method. Results showed that the LCsgy of
larvae challenged using diet surface contamination was 1.4 to 2.0 times higher
than the LDg, of larvae challenged using diet plugs (unpublished data). Based on
the results of these bioassays, we expected similar results when we compared the
LC values from the field trial presented in this paper with the LD values in our
laboratory bioassay (unpublished data).
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The LD values, from the laboratory bioassays, were obtained by feeding a
known quantity of virus to the larvae using diet plugs (the entire dose is
consumed). The LC values, from the field trials, were obtained by applying virus to
leaf surfaces and allowing larvae to feed on the treated foliage. In the latter case,
we only had control over how much virus (quantity of inoculum) was applied to
each leaf, and no control on how much foliage (and virus) was consumed by each
individual larva. Because of the uncertainties of the latter method, the diet plug
(LD) method is more accurate than diet surface or leaf surface contamination
methods. It is difficult to compare the results of field tests (LC values with bioassay
results (LD values), and we are not aware of any published work that makes this
comparison.

In the field trial reported here, we found the biological activities of all three
LAMNPV isolates generated much lower LCsos and LCgss in the field against AGM-
C compared with the LDsg and LDgs observed in the laboratory bioassays against
second-instar AGM-C larvae. This was contrary to expectations.

In both laboratory and field experiments, LAMNPV-H was the most
pathogenic of the three virus isolates tested against AGM-C. In the field, LAMNPV-
H was more pathogenic than LAMNPV-D against AGM-C, but in laboratory
bioassays both viruses had similar pathogenicity against AGM-C (LDs, of 211 OBs
and LDgs of 1,414 /uL for LAMNPV-H compared with LDsg of 194 OBs and LDgs of
1,705 OBs/uL for LAMNPV-D) (unpublished data). Also, while the laboratory
bioassay indicated that LAMNPV-J was the least pathogenic against AGM-C, in the
field trial the results were somewhat less conclusive. The LCsq for LAMNPV-J in the
field (14.7 OBs/uL) was in between the LCsq values for the other two isolates, while
the LCys (11,542 OBs/uL) was almost identical to the LDgs (11,542 OBs / larva) in
the laboratory bioassay.

All three virus strains took longer to cause mortality in the field compared to
the laboratory bioassays. This was expected. In the field the STg, for LAMNPV-D
and LAMNPV-H increased by about 5 days, and for LAMNPV-J the STs, increased
by about 2.5 days. In the field, LAMNPV-J had the highest virulence, having a
significantly lower STso (11.1 d) than the other two strains. However, this occurred
at a much higher dose than for the other two virus strains. Of the remaining two
strains, LAMNPV-H was more virulent than LdAMNPV-D, but the difference in
virulences was only barely significant (there was a 0.1 d separation in the 95%
confidence limits). These differences in the STsos were expected, because larvae
in the laboratory bioassay were reared at constant temperature of 25°C with a
constant supply of food, while the larvae in the field experiment were subjected to
fluctuating temperatures and needed to move in search of food. Virus replication is
slower at lower temperatures, but the cumulative virus mortality at lower
temperatures is similar of that achieved at optimal temperature (Boucias et al.
1980). During this field trial, the ambient temperature ranged from 13°C to 32°C,
which likely slowed the rate of virus replication compared to what it was at a
constant temperature of 25°C during the laboratory bioassay. It is also interesting
to note that LAMNPV-J, the least pathogenic of the three strains tested, was the
most virulent (it had the lowest STs), and not LAMNPV-H, which was the most
pathogenic strain in both the laboratory bioassay and field trial. Larval mortality by
LAMNPV-H and LAMNPV-D started later in the AGM-C on the rooted cuttings, but
ended up being higher. It appears that LAMNPV-J is faster acting, but the dose
required to achieve this shorter STs is about 16 times and 3 times higher than for
LAMNPV-H and LAMNPV-H, respectively (Table 2).
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The low pathogenicity exhibited by LAMNPV-J against the EGM and AGM-R
(Ebling et al. 2004) and the native AGM-C (unpublished data) may be related to
the subspecies of gypsy moth from which the virus was initially isolated, and/or
phase of the outbreak cycle. We have no information on the phase of the outbreak
where LAMNPV-H and LAMNPV-J were collected. Amplifying the three virus strains
twice in AGM-R should, theoretically, have reduced or eliminated any major
differences caused by this factor (outbreak phase). According to Pogue and
Schaefer (2007), neither EGM nor AGM were reported to occur in Japan, and of
the species of gypsy moth in the subgenus Porthetria reported in Japan, only L.d.
japonica is recorded from the Ibaraki Prefecture where the virus-infected larvae
were likely collected. It would be interesting to test the same three geographic
variants of LAMNPV used in this study against L.d. japonica to see if LAMNPV-J
exhibits greater virulence against the Japanese subspecies of gypsy moth. Due to
international trade, Japan is one potential source of gypsy moth introduction from
Asia.

The lower LCsgs (increased potency) can be explained, we think, by several
factors. First, the virus was applied to the foliage until the leaves were dripping.
Since the virus was applied to leaves (which have a comparatively large surface
area), rather than diet (which has a smaller surface area) being offered as a food
source to the larvae, the larvae were probably exposed to higher levels of virus
(inoculum) in the field trial (feeding on contaminated leaves) than they were during
the laboratory bioassay (feeding on a 4.410.1 mg inoculated diet plugs or
contaminated diet). Second, larvae feeding on foliage that was sprayed until
dripping would have more time and opportunity to ingest a lethal dose of the virus
than the 24-48 hours the larvae had to feed on inoculated material in the bioassay.
The mesh sleeves used in the cages may also have offered the virus on the leaves
some partial protection from deactivation by UV light. Even during diet surface
contamination experiments, second instar larvae were never able to consume
more than one-quarter of the contaminated diet, because the diet had to be
changed once a week to prevent it from desiccating or becoming moldy. Third,
there are the additive and synergistic effects on insect virus activity that
allelochemicals, substances that are produced by the host plant as defense
mechanisms.

The susceptibility of gypsy moth, Lymantria dispar (L.), to LANPV has been
shown to be affected by changes in host plants (Keating and Yendol 1987, Keating
et al. 1988). Gypsy moth larvae consuming virus- treated foliage of aspen
(Populus spp.) had higher mortality than did larvae consuming virus-treated oak
(Quercus spp.) foliage. Larvae on oak were less susceptible to infection while
those on aspen were more susceptible. In a later study, Keating et al. (1990)
reported that diet pH may also affect virus activity by changing midgut pH of the
defoliator and altering the rate and location of virion release in the midgut lumen.
The ability of gypsy moth virus and other baculoviruses to cause fatal infection was
reported to be reduced significantly when larvae consume foliage high in
polyphenols (Keating et al. 1988, 1989; Hunter and Schultz 1993). The increasing
levels of tannin in oak leaves as the leaves age have been reported to negatively
affect infection by LANPV in the gypsy moth (Barbosa and Krischik 1987, Schultz
1989, Keating et al. 1989, Hunter and Schultz 1993).

Phenolic glycosides are plant defense chemicals known to enhance the
insecticidal activities of Bacillus thuringiensis (Arteel and Lindroth 1992) and
entomopathogenic viruses (Keating and Yendol 1987, Cook et al. 2003. Four
phenolic glycosides, salicin, salicortin, tremulacin and tremuloidin, have been
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identified in Populus tremuloides Michaux, of which one, salicortin, has been
described as occurring in all members of the genus Populus (Pearl and Darling
1971). Cook et al. (2003) indicate that the phenolic glycoside salacin in P.
tremuloides enhances the virulence of Gypchek against EGM, reducing the LDsg
by approximately 25%. This is supported by Keating and Yendol (1987), who report
that the host tree alters the efficacy of the dose the EGM larvae receive, reducing
the LDso by as much as 70% (LDs, for EGM on red oak was 33,651 PIBs/larva
compared with LDsg of 10,165 for EGM on aspen). Although the quantity of
phenolic glycosides in the leaves of P. cathyana has not been studied, it is known
that the phenol content of P. cathayana phloem is higher than that of at least four
other species of poplar in China (P. alba var. pyramidalis, P. beiijingensis W.Y. Hsu,
P. hopeiensis Hu et Chow, and P. nigra var. thevestina) (Wang et al. 1987). This
may be another reason for the low LCsy of second instar AGM-C larvae feeding on
P. cathayana in this experiment.

In conclusion, LAMNPV-H seems to be the most effective strain tested
against AGM-C, but this virus strain has not been registered for use in North
America. Currently, the bacterium Bacillus thuringiensis subsp. kurstaki (Btk) is
used in gypsy moth eradication programs in western North America, partly
because the product is available commercially, is effective against low density
populations of gypsy moth, and can be applied several times in a season. Since
Btk is available and is a viable control agent, there is no need to develop LAMNPV-
H as a biopesticide. In addition, there are currently two registered virus products
(Gypchek in the United States, Disparvirus in Canada) which contain LAMNPV-D
as the active ingredient, and could be used to control AGM-C should it become
established and Btk not be available as a control tool. Presently, several
applications of Btk in one season offers the best chance for eradicating gypsy
moth infestations over small to mid-sized areas, but it might be worth repeating the
bioassay experiment against the L.d. japonica, the gypsy moth with the widest
distribution in Japan.
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CPABHUTEJIbHASI AKTUBHOCTb TPEX U30JIATOB BUPYCA
AAEPHOTIO I1OJIM3/IPO3A HEITAPHOT'O IIEJIKOIIPA/ZIA B
JIABOPATOPWHU ITPOTHUB ASUATCKON ®OPMEI HEITAPHOT'O
IIEJIKOITIPAA

Tpu wu3ongta Bupyca SOepHOro MONuagpo3a TyCeHwul  HemnapHoro
wenkonpsga Lymantria dispar ns Kutas, AnoHunm n 3aperMctpmpoBaHHbIN M30MAT M3
CeBepHort Amepukn Obinu ucnbitTadsl B 2004 . B nabopaTopHbIX YCNOBUSIX BO
BHyTpeHHen MoHronum (Knta) C¢ wmcnonb3oBaHWMEM [Afs  BblKapMSIMBaHMWSA
MooMdULMPOBaHHOW  nuTaTenbHOM cpedbl. [Ona  oueHkn  adpekTMBoCTU
n3yvyaeMbIX LUITaMMOB UCNonb3oBanu Jo3y npenapata (LDsg) n BpeMs 4OCTMKEHNS
50%-HO CMEpPTHOCTM ryceHuu. B onbiTax WCNonb3oBanu ryceHul BTOPOro
BO3pacTa a3uatckon popMbl HenapHoro wwenkonpsiaa n3 Kutas.

MonyyeHHble pes3ynbTaTbl MOKa3anu, 4To WTaMMbl BUPYCOB M3 Kutasa wu
CeBepHori AMeprKN NPUHLMNNANLEHO He OTNMYanuchb No BenuuuHe LDsy Torga kak
ANOHCKMN WTaMM uMen ©Gonee HU3KMe nokasaTnu CcMepTHoCcTU. Bpemsa
poctmkeHnst 50%-HoM CMEepPTHOCTU MPUHUMNMAKMIBLHO He OTNu4Yanocb ANns BCEeX
TPEX MUCMNbITAHHbIX LUTAMMOB.

KnroueBble cnoBa: 6akynoBupyc, n3onatbl, NAaTOreHHOCTb, BUPYNEHTOCTb,
a3naTCKN HEMapHbIN LLENKOMNPSA.

ABSTRACT: Three isolates of gypsy moth [Lymantria dispar (L.)]
nucleopolyhedrovirus (LAMNPV), from China (LAMNPV-H), Japan (LdMNPV-J)
and the registered strain from North America (LAMNPV-D), were bioassayed in the
Inner Mongolia Autonomous Region, People’s Republic of China, in 2004, using a
modified version of the diet plug method, to determine their pathogenicity and
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virulence based on the dose- and time-response of second-instar larvae of the
Chinese strain of the Asian gypsy moth. Results showed that LAMNPV-H and
LAMNPV-D did not differ significantly in dose-response. The LDsy and LDgs for
LdMNPV-H were 211 and 1414 OBs larva™, respectively, while LAMNPV-D had a
somewhat lower LDs, (194 OBs larva™) and a higher LDgs (1705 OBs larva™).
LdAMNPV-J was the least pathogenic, with a LDsg of 940 OBs larva™ and LDgs Of 11
457 OBs larva™. Overall, LAMNPV-H and LdAMNPV-D had similar pathogenicity
against second-instar larvae of the Chinese strain of the Asian gypsy moth, and
were considerably more pathogenic than LAMNPV-J. Time-responses were not
significantly different among the three virus strains.
Key words: baculovirus; isolates; pathogenicity, virulence; Lymantria dispar

Introduction The gypsy moth, Lymantria dispar (L.) (Lepidoptera:
Lymantriidae), is a polyphagous defoliator of Eurasian origin known to feed on over
300 species of trees and shrubs. Oaks (Quercus spp.) are the favoured hosts [1].
Two strains of gypsy moth are commonly recognized in the literature, the
European strain, originating from Europe (including European Russia) and North
Africa, and the Asian strain from central and eastern Asia [2].

The European strain of the gypsy moth (EGM) was brought to North
America in 1869 in an attempt to improve silk production. However, a few
specimens accidentally escaped during a storm and became established in the
north-eastern United States (US) [3]. The spread of the EGM in the US is well-
documented, and this strain now occurs throughout the north-eastern US [4-5].
EGM has also spread into Canada and is now found from Nova Scotia to mid-
western Ontario, causing light to severe defoliation over large areas in Ontario and
Quebec [6].

Several methods and various control agents have been used in the US, first
to control it, then to slow down the spread of the gypsy moth [4, 7, 8]. During its periodic
outbreaks, widespread defoliation (an average of 1.2 million ha annually) occurs when
control measures are not applied [9]. It is estimated that approximately $11 million
(US) is spent annually in the US on gypsy moth control [10].

Recently, a revised nomenclature for gypsy moths was proposed based on
wing pattern and the ability of the female to fly [2]. According to the proposed
nomenclature, the subgenus Porthetria includes several closely related Lymantria
spp. The common name “gypsy moth”, L. dispar dispar (L.), now denotes only the
winged but flightless EGM and the nearly wingless gypsy moth occurring in India,
while the term “Asian gypsy moth”, L. dispar asiatica Vnukovskij (AGM), refers to
the strain that has winged females capable of flight. L.d. asiatica is found in Russia
east of the Ural Mountains, the northern two-thirds of China, and Korea. In
addition, four species of gypsy moth in the subgenus Porthetria, L. albescens Hori
and Umeno, L. postalba Inoue, L. umbrosa (Butler), and L. xylina Swinhoe, and
one subspecies, L.d. japonica (Motschulsky), occur in Japan. All of the females of
gypsy moths occurring in the Japanese archipelago and nearby islands have
functional wings. Of these, the Japanese gypsy moth, L.d. japonica, has the widest
distribution throughout the Japanese mainland.

As a result of increased global commerce, repeated accidental introductions of
the exotic Asian strain have occurred in North America, but so far all of these
introductions (mostly from Siberia and possibly also from China) have been
successfully eradicated [8, 11]. The AGM poses a more serious threat than the EGM
for three reasons: the adult females of the Asian subspecies can fly, unlike the
winged but flightless European females; the larvae of the Asian subspecies also
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feed on conifers [12]; and the Asian subspecies is one of the most widespread
defoliators of deciduous and larch forests in China, where it periodically reaches
outbreak levels [13]. In addition, AGM and EGM can hybridize, and many of the
resulting females can also fly [14, 15]. The ability of both hybrid and purebred
females to fly will likely allow the AGM to spread throughout North America much
more rapidly than the European strain has so far, and cause more devastating
economic losses [16]. Thus, the introduction of the Asian subspecies presents a far
greater threat to the coniferous forests of Canada and the US than that posed by
its European relative.

The gypsy moth has several naturally occurring infectious diseases, one of
which, a type of baculovirus known as a multi-capsid nucleopolyhedrovirus
(LAMNPV). It is a major factor controlling L. dispar populations in North America
[17]. LAMNPV has been observed to reach epizootic proportions as larval densities
increase [18]. During the latter half of the last century, research on NPV in several
countries culminated in the commercial development of baculovirus insecticides for
control of gypsy moth in the US, Canada and the former Soviet Union.

With the increase in international trade, it is possible that the AGM will likely
become established. Russia, China, South Korea and Japan are four likely
sources for these introductions because of increasing trade between Asia and
North America. To prepare for the eventual potential establishment of the AGM in
North America, three geographic isolates of LAMNPV were tested against
laboratory colonies of the EGM and the AGM strain from Siberia, Russia (AGM-R)
[16]. Restriction enzyme digestion profiles indicated that these three virus strains
were similar yet distinct, and the isolates can be easily distinguished [16]. One of
the three virus strains was isolated from the AGM from Heilongjiang (LAMNPV-H)
Province, P.R. China. The second field-collected strain tested (LAMNPV-J) was
probably obtained from L.d. japonica, the most widely distributed gypsy moth in
Japan. The third strain tested was the LAMNPV used in Disparvirus® (LdAMNPV-D),
a baculovirus product registered for gypsy moth control in Canada [19]. This is the
same strain as the one registered in the US under the trade name Gypchek [20].

Ideally, it would have been best to simultaneously bioassay all three virus
strains with the three insect strains (EGM, AGM-R and AGM-C) at the same time in
the same laboratory. However, quarantine requirements, as well as lack of
finances and manpower, forced us to do this comparison in two stages. In the first
stage, the three virus strains (D, H and J) were tested in Canada in 2001 and 2002
against EGM and AGM-R, respectively. In the second stage, the same three virus
strains were tested against the AGM from China using the same laboratory rearing
conditions. This second set of bioassays was done in the Inner Mongolia
Autonomous Region, People’s Republic of China, where the insect is native.

In this paper, we report on the results of the second stage of the
investigation. We compare the pathogenicity and virulence of the same three
geographic isolates of LAMNPV against the Chinese strain of the Asian gypsy
moth (AGM-C) in the laboratory in Huhhot, Inner Mongolia Autonomous Region,
People’s Republic of China in 2004.

Materials and methodology

Test Larvae

Egg masses of AGM were collected in March, 2004, from the main host
tree, Prince Rupprecht’s larch, Larix principis-rupprechtii Mayr, in He-Lin County,
Inner Mongolia Autonomous Region (150 km south of Huhhot, P.R. China) and
stored at 5°C for 2 months.
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Starting May 1, eggs were gently separated from the egg masses by hand.
Surface decontamination was performed by wrapping the eggs (approximately 500
eggs per package) in a single layer of cheesecloth and immersing them in a 0.05%
sodium hypochlorite solution for 30 seconds, followed by rinsing in five distilled water
rinses for 1 min each. The eggs were then placed on filter paper to air-dry at room
temperature. Approximately 500 eggs were placed into each of 30 fluted containers
[6 oz. (177 ml) OZ6-XE6] and covered with cardboard lids (DS306) (Sweetheart
Cup Co., Owing Mills, Maryland). The eggs were reared at 25°C, 60% RH, and
16L:8D photoperiod, i.e. the same conditions used in the first stage in Canada
[16]. After hatching, 100 larvae were transferred to each of 150 cups (described
above) containing a modified artificial gypsy moth diet [21, 22] and reared at 25°C,
60% RH, and 16L:8D photoperiod. Newly moulted (less than 24h old) second-
instar larvae were starved for 18-24 h before being inoculated with a virus-
contaminated diet plug.

Virus Inoculum

The activity of three geographic isolates of gypsy moth virus was tested in
bioassays in the laboratory. One isolate, LAMNPV-D (Disparvirus®), was produced and
supplied by Dr. John C. Cunningham, Natural Resources Canada, Canadian Forest
Service (CFS), Great Lakes Forestry Centre, Sault St. Marie, Ontario, Canada,
from the registered virus product, Disparvirus® (Pest Management Regulatory
Agency, Health Canada, Registration number 24869). The other two virus isolates
were originally collected from field populations of gypsy moths. One of these two
isolates, LAMNPV-H, was collected in Heilongjiang Province of China near Harbin
(courtesy of Professor Yue Shukui, Northeastern Forestry University, Harbin). The
other isolate, LAMNPV-J, was collected in Japan (lbaraki Prefecture, Honshu
Island; courtesy of Dr. Shimazu Mitsuaki, Forestry and Forest Products Research
Institute) [16].

All three LAMNPV strains were amplified twice in vivo and mass-produced
under quarantine conditions at the Pacific Forestry Center (PFC), Natural
Resources Canada, Canadian Forest Service, using freshly moulted fourth instar
AGM-R larvae. The laboratory colony of AGM-R used for the amplification and
mass-production were obtained from the Otis Methods Development Center,
USDA, APHIS, PPQ, Massachusetts (courtesy of Dr. Vic Mastro and Mr. John
Tanner). The mass-produced virus was stored for 2 years in insect cadavers in 50
ml centrifuge tubes at -20°C. The insect cadavers were shipped to China for
processing in early 2003, among freezer packs in a Styrofoam cooler. Virus
occlusion bodies (OBs) were purified following the procedure described previously
[16]. The stock suspension of OBs for each LAMNPV strain was prepared 1 month
before the bioassays were conducted, and stored at 4°C until use. OBs were
quantified using a haemocytometer.

Dose-response

Freshly moulted second-instar AGM-C (L.d. asiatica) larvae were starved for
24 h and then inoculated with 1 pl of virus suspension one of the three strains of
LdAMNPYV using a modified version of the contaminated diet-plug method [23, 24] to
determine the dose and time-response to each LAMNPV isolate. Control larvae were
fed a diet plug inoculated with distilled water (dH,0). Virus inoculations targeted 5, 30,
50, 80, 85, 90 and 95% mortality (determined by preliminary bioassays), thereby
giving the narrowest confidence limits for both the LDsgand LDgs [25].

During the preliminary bioassays of all three LAMNPV strains, a
concentration close to the LDsy for LAMNPV-D was determined. However, the
results of the Probit analysis for the other two virus strains either did not fit the
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Probit curve or the replicates differed substantially from each other, so an analysis
of the pooled data could not be performed and no doses approximating the LDsqS
could be determined for either LAMNPV-H or LAMNPV-J in 2003. Because of the
possibility that the outbreak would collapse (depriving us of a source of larvae for
the bioassay) and monetary constraints, it was decided not to repeat this
preliminary bioassay, but instead to add two extra doses to improve the chances of
calculating the LDsy and LDgs dose for LAMNPV-H or LAMNPV-J. Therefore, for the
full bioassay, for LAMNPV-D, five concentrations were used to determine the LDsy,
while for LAMNPV-H and LAMNPV-J two extra doses were used (total of seven
concentrations) to determine the LDsy and LDgs in 2004.

The starved larvae were reared in darkness at 25 £+ 1 °C, 60% RH and
allowed to feed for 24 h on the treated diet. Larvae from laboratory colonies are
used to eating this artificial (substitute) diet and readily accept this diet. After 24 h,
larvae that had consumed the entire plugs were transferred individually to Solo
PL1 plastic souffles (29.6 ml cups, Solo Cup Company, Urbana, IL), containing
untreated fresh diet and capped with Solo PL1 paper lids, and reared at 25 + 1°C,
60% RH, and 16L:8D photoperiod. Larvae that did not consume the entire plug
were discarded. Bioassay of each viral strain dose and a corresponding
experimental control group was replicated three times with 72 larvae per replicate,
for a total of 216 larvae per concentration, for each viral isolate. Food was
changed weekly and the larvae were monitored daily for mortality. Moribund larvae
were considered as dead and gently prodded with a probe. Mortality caused by
virus was diagnosed from typical virus disease characteristics (soft, flaccid body)
and confirmed by microscopic examination. Larval mortality was analyzed using
Probit analysis [26] to estimate the LDsg, LDgs, and 95% confidence limits.

Time-response

Second-instar AGM-C larvae were treated using virus-inoculated diet plugs and
then reared on non-contaminated diet. The virus doses were standardized to produce
similar mortality rates in order to facilitate comparisons among the three virus strains.
Equally effective doses causing less than 50% mortality were chosen, because the
STses generated from these data are relatively insensitive to dose differences [27].
Data obtained from the dose-response bioassays for each viral isolate were analyzed
to determine STsp using ViStat [28].

Results

Dose-response

There were no significant differences in dose-response (LDsg and LDgs)
among the three replicates for each of the three LAMNPV strains, as determined
by overlapping 95% confidence intervals [26]. Therefore, the three replicates for
each virus strain were pooled and the combined data were used for the Probit
analysis of the viral strains’ dose-response. Mortality in the control groups was
very low (2.8%). Natural response was estimated [26] for the regression of data
sets in which control mortality occurred. The experiment was terminated 21 d post-
inoculation, and no pupation occurred within this observation period.

The dose-response bioassays of larvae of AGM-C showed that LAMNPV-H
and LAMNPV-D had very similar activity against the second-instar AGM-C larvae.
The median lethal doses (LDsg) for LAMNPV-D and LAMNPV-H were 194 and 211
OBs larva™, respectively, and were not significantly different (i.e. there was overlap
of 95% confidence limits of LDsgg). Similarly, LDgss were not significantly different at
1705 and 1414 OBs larva™, respectively. LAMNPV-J was significantly less
pathogenic against the AGM-C (the 95% confidence limits did not overlap), having
the highest LDsy and LDgs (940 and 11 457 OBs larva™, respectively) (Table 1).
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Table 1. Response of second-instar larvae of the Chinese strain of Lymantria dispar asiatica to three geographic isolates
(LAMNPV-D, LAMNPV-H, and LAMNPV-J) of nucleopolyhedrovirus in laboratory bioassay,
Huhhot, P.R. China, 2004.

Dose response Time response
Isolate L Dg L Dgs® SlopetS 2, 1¢b STso 2, 1ed
(OBs larva™ | (OBs larva™) E X /df (day) Slope£SE X /df
194 1705 1.74 £ 8.85
LAMNPV-D (157 - 235) (1254 — 2541) 0.14 12.72 /13 (8.45 - 9.25) 10.31 £ 1.17 9.54/9
211 1414 1.99 = 8.33
LAMNPV-H (175 - 255) (1066 — 2011) 0.14 6.25/11 (8.02 - 8.65) 10.89+£1.10 | 28.36/11
940 11 457 1514+ 8.61
LdMNPV-J (748 — 1167) | (7768 — 19 366) 0.13 6.17/10 (8.19 - 9.03) 8.18 £ 0.80 23.88/12

# calculated using Polo PC [26]; numbers in parentheses indicate 95% confidence limits.

® the degrees of freedom are less than 14 and differ among the analyses because data points considered “outliers” (dose responses that were abnormally
high or low) were excluded from the final determination of the LDs for each virus.

¢ determined using pooled replicates causing less than 50% mortality; calculated using ViStat [28]; numbers in parentheses indicate 95% confidence limits
and were calculated as twice the standard error of the STso.

d degrees of freedom differ because of the number of days that virus-induced mortality occurred varied among the three LAMNPV strains.



The slope of the regression line in Probit analysis has generally been
interpreted as a measure of variability in host susceptibility to the virus [29],
with less variation among hosts producing steeper slopes. Slopes of the dose
responses for the three isolates (Table 1) indicate that AGM-C is equally
susceptible to LAMNPV-H and LAMNPV-D and least susceptible to the infection by
LdMNPV-J. Both LAMNPV-H and LAMNPV-D isolates caused higher mortality of
AGM-C larvae infected in the second instar, than LAMNPV-J isolate. Regression
lines for the dose- response of AGM-C larvae to the three virus strains were
parallel, and the ratio of relative potency of LAMNPV-H and LdMNPV-D to
LdMNPV-J was estimated [25, 26] to be 4.5 and 4.8 fold, respectively.

Time-response

Virulence, best determined by the time-response, is the length of time it
takes for the virus to cause mortality and is an important measure of the
effectiveness of the virus as a biopesticide [27]. The virulence of the three
LdAMNPYV strains to second-instar AGM-C larvae was compared in the term of
median time response, STsg (time required to kill 50% of the larvae), at the equally
effective dose. There were no significant differences in the time-response
(STso) among the replicates (receiving doses causing somewhat less than 50%
mortality) within each of the three virus strains bioassayed. Therefore, data
sets were pooled for each of the virus strains prior to analysis with ViStat [28].

The time-response data indicated that all three strains of the LAMNPYV
have similar STsps, as determined by the overlapping 95% confidence limits.
LAMNPV-D, LAMNPV-H and LdMNPV-J had STgs of 8.9, 8.3 and 8.6 d,
respectively. However, for two of the three virus strains tested (LAMNPV-H and
LdMNPV-J), the observed y? values were higher than the predicted 3 values
(Table 1), indicating a greater deviation of the response data from the
regression lines, i.e. the experimental data for these two strains were a poor fit
for the model used by ViStat [16].

Discussion

Making direct comparisons between the results obtained in this paper and
those reported in previous studies is somewhat problematic, because the
bioassay methodologies used vary considerably. Unlike many other studies of
gypsy moth virus strains, in which the lethal concentrations (LC) for different
isolates of LAMNPV were determined, this current and one of the previous
studies [16] determined the more accurate lethal doses (LD) of three isolates of
LAMNPV. Interpreting the results of some of the earlier studies using LC is made
even more difficult because, in some cases, cytoplasmic viruses were also
tested at the same time [30, 31]. Earlier studies also reported variations in the
biological activities of different geographic isolates of gypsy moth virus [30-35],
and variation in the responses of gypsy moth larvae from different geographic
locations to the same virus strain. The age or phase of the gypsy moth outbreak,
the isolation, preparation and storage of the strains are also thought to influence
the biological activity (both pathogenicity and virulence) of the virus [33].

A previous study [16], using the contaminated diet plug method,
compared the dose and time-responses of second-instar larvae of the EGM
and AGM-R to three gypsy moth virus isolates. Both experiments used almost
identical methodologies, the only difference being that the field-collected larvae
used for the bioassay in China were starved for 24 h prior to inoculation,
whereas the larvae used in the Canadian study were from laboratory colonies
and were not starved. Because we tested the same three virus strains against
second-instar AGM-C larvae using an almost identical methodology, most of
comparisons will be between the results we report in this paper and the
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previous study. Hence, we presented our data using the same format (Table 1)
as in Ebling et al. [16] to facilitate comparison of the bioassay results.

Comparison of the pathogenicity of three LAMNPYV isolates against
AGM-C and AGM-R

When second instar AGM-C larvae were challenged with the three virus
isolates, we found that the pathogenicity of LAMNPV-D and LdAMNPV-H against
AGM-C was not significantly different. However, both LAMNPV-D and LAMNPV-H
were significantly more pathogenic against AGM-C than LAMNPV-J.

In comparison, Ebling et al. [16] reported that LAMNPV-H was more
pathogenic against AGM-R than LAMNPV-J, and significantly more pathogenic
than LAMNPV-D. LAMNPV-H had a significantly lower LDs, (648 OBs larva™)
than LAMNPV-J (1260 OBs larva™) and LAMNPV-D (1904 OBs larva™). The LDes
of LAMNPV-H (8540 OBs larva™) was significantly lower than that of LAMNPV-D
(208 600 OBs larva™), but not for LAMNPV-J (20 841 OBs larva™). Comparing
the pathogenicity of the three virus isolates against AGM-C (this study) and
AGM-R [16], LAMNPV-D and LAMNPV-H were significantly more pathogenic
against the AGM-C than to the AGM-R, while LAMNPV-J was somewhat more
pathogenic against the AGM-C than to the AGM-R, but not significantly.

Comparison of the virulence of three LAMNPV isolates against
AGM-C and AGM-R

Interesting patterns emerged when we compared the time-responses
(virulence) of the same three virus isolates against AGM-C and AGM-R. There
were no significant differences among the median time-responses (STsg) of the
three virus isolates (LAMNPV-D, LAMNPV-H and LdMNPV-J) when second-
instar AGM-C larvae were challenged (Table 1). Similarly, there were no
significant differences among the three virus isolates in the time-responses
when second-instar AGM-R larvae were challenged [16]. The STs, of AGM-R to
the three virus isolates varied from 10.4 to 11.5 d [16]. These STs, values are
about 1.5 to 2 d longer than what we obtained for AGM-C, which varied from
8.31t08.9d (Table 1).

Possible sources of variability in virus activity

LAMNPV-D, the active ingredient in the registered virus products in
North America (Gypchek and Disparvirus®), was significantly more pathogenic
against the EGM than the two strains of AGM bioassayed. It has been
postulated that this virus strain was accidentally introduced into North America,
either with its host or with one of the introduced parasitoids of gypsy moth [36].
Thus, it is highly likely that LAMNPV-D virus strain has always been associated
with the EGM.

LdMNPV-H and LdAMNPV-D were equally pathogenic against AGM-C, and
significantly more than LAMNPV-J. The fact that LAMNPV-D and LAMNPV-H
were equally effective was unexpected, because one would have expected that
LdMNPV-H, isolated in Heilongjiang Province in China, to be more pathogenic
to L.d. asiatica. Likewise, it was somewhat surprising that LAMNPV-J was the
least pathogenic strain against AGM-C (Table 1), and only moderately
pathogenic against AGM-R [16], unless it was originally isolated from a species
of Lymantriid other than the Japanese gypsy moth (L.d. japonica).

Previous studies (using LCsy) have revealed differences in pathogenicity
among geographic isolates of LAMNPYV. One study [37] found that the LAMNPV
isolate from France was less active compared with a North American and a
Korean isolate. In a different study [38], six geographic isolates of LAMNPV
from China were tested against EGM established in eastern North America.
None of these virus strains were found to be as effective as the strain used in
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the currently registered products (Gypchek and Disparvirus®) for gypsy moth
control in North America. In a third study [34], 19 different strains of LAMNPV
were bioassayed against a laboratory colony of the introduced EGM, including
one strain from Japan. The median lethal concentration (LCso) values of the
geographical isolates against the colonized strain of L. dispar in the US varied
from 1.7x10° to more than 5x10° OBs ml™. It was also found the North
American virus isolate was generally the most active against gypsy moths, and
the virus from Japan was the least active of the isolates tested. Unfortunately,
the origin of the Japanese virus strain tested was not indicated [34], and when
they did their work the gypsy moth complex was not stated.

As previously mentioned, it is also possible that the nucleopolyhedrosis
virus from Japan was not isolated from L.d. japonica, but from one of the other
species of Lymantria that are known from Japan. Recent taxonomic work [2]
proposed that what was once considered a single species (L. dispar) actually
consists of several species and subspecies, five of which occur in the Kurile
Islands, Japan, and Ryukyu Islands. Interestingly, the AGM, L.d. asiatica, was
not listed as one of the gypsy moths occurring in Japan [2]. Despite repeated
attempts, we could not precisely pinpoint either the location or the scientific
name of the host from which the LAMNPV-J strain we used was obtained.
However, we think that it is highly probable that the virus strain we used was
obtained from L.d. japonica (Motschulsky), the most widely distributed
subspecies of gypsy moth in Japan.

These variances may also be due to differences in larval strains of AGM
used in the two studies. The AGM-R larvae tested during the previous study
[16] were reared from a laboratory colony of a Russian strain obtained from the
Otis Methods Development Center, USDA, APHIS, PPQ, Massachusetts, that
had been in rearing for over 51 generations (John Tanner, USDA, personal
communication), while the AGM-C larvae tested in our experiment were
collected from the field in He Ling County near Huhhot in north-western China.
Thus, the differences in the experimental results may also be due either to
changes in resistance in the AGM-R somehow induced by prolonged breeding
under laboratory conditions, compared with the field-collected AGM-C, or
simply to comparing different strains of the same insect. It would be interesting
to see if the biological activity of these same three geographic strains of virus
would be different if tested (using the same methodology) against a field-
collected Russian and Japanese strains of Asian gypsy moths.

It has been shown by this study and others that both the geographic
isolate and the gypsy moth larval strain tested influence the effectiveness of
the virus as a biopesticide. Therefore, it is very important to select the most
virulent isolate for a given host population, first by laboratory bioassay, then by
confirmation in small-scale field tests, before seeking registration or proceeding
with large-scale field use as a biopesticide. However, this is not always
practical in operational gypsy moth, or other defoliator, control programs, if the
virus product is not already registered.

The AGM-R tested in the previous study [16] and the AGM-C in our
current study occur in the two geographic areas from which the introduction of
L.d. asiatica to North America is most likely to originate due to the ever-
increasing trade with these two countries. There are two other potential
sources for introduction from Asia, Japan and Korea. Given the differences in
the dose and time responses observed in the AGM-R challenged in the
previous study [16] and in this study (AGM-C), it would be highly desirable to
test these same three gypsy moth virus strains against the Japanese gypsy
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moths identified as native to Japan [2], or at the very least against L.d. japonica
(the most common subspecies). This subspecies, with its wide distribution in
Japan, may be a third possible source of introduction of AGM into North
America.

Recent DNA work on Lymantriid moths [39] generally agrees with the
earlier work by Pogue and Schaeffer [2], but also states that L.d. asiatica and
L.d. japonica cannot always be easily separated. Increasing trade among Asian
countries, with its potential for introductions could have further complicated the
distinction between L.d. asiatica and L.d. japonica (LM Humble 2010, personal
communication). It is recommended that the same three virus strains be
bioassayed against recently collected strains of L.d. asiatica from the Russian
Far East, China, and Korea, as well as L.d. japonica from Japan. DNA
barcoding of the field-collected AGM strains being bioassayed would also be
desirable, especially in light of possible past misidentifications of some
Lymantria spp. [40]. The other, less widely distributed gypsy moths of the
subgenus Porthetria in Asia, Lymantria albescens, L. postalba, L. umbrosa,
and L. xylina, could be studied at a later date. Bioassaying the species or
subspecies of gypsy moth occurring in Japan could be done cooperatively with
researchers in Japan to avoid quarantine concerns and accelerate this
research.
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PA3PAGOTKA MEP BUOJIOTUYECKO! 3AIIIMTHI JIECA
OT MHBA3UBHbBIX OPTAHU3MOB

B neca Poccuu Bce 4valle NpoOHMKaKT HOBbIE MHBA3UBHbIE OPraHU3MBbl,
HEKOTOpblE M3 KOTOPbIX CTAHOBATCA OMACHbIMA U HAHOCAT CYLLECTBEHHbIV
ywepb. B neca cTpaHbl MPOHMKNW TakMe COPHble pacTeHusl, KaK KreH
siceHenucTHbIM Acer negundo, sSiceHb NEHCUbBAHCKMIA Fraxinus pennsylvanica,
pobuHua ncespoakauusa Robinia pseudoacacia n gp. Mo onylwkam, nonsHam,
BblpybkaM M rapsiM pPOCCUMCKMX MEeCOB BCE Yalle YCrelwlHO paspacTarTcs
Takve JvyXable Ons Halwux NecoB npuwenblbl, kak 6opliesnk COCHOBCHOIO
Heracleum sosnowskyi, ropew, Beripuxa Polygonum weyrichii, nionuH Lupinus
polyphyllus n mHorve gp. K yucny Haubonee onacHbix BpeauTenen cnegyet
OTHECTU HedaBHO MOSIBUBLUMXCS Yy HAC SICEHEBYID Y3KOTEMYK W3YMpPYAHYHO
anatky Agrilus planipennis, yccypuiickoro kopoega Polygraphus proximus u
camwuToByto orHeBky Cydalima perspectalis. He Tak gaBHO B necax tora
Poccum BbisiBNeH Takke COCHOBbIN ceMeHHon kron Leptoglossus occidentalis,
KOTOPbIA MOXET NpeAcTaBnATb OONbLUY0 ONACHOCTb ANS IeCOCEMEHHOIO Aena
B €BPOINENCKON YacTu CTpaHbl 1 Ha tore 3anagHon Cubupu.

Ha Ttepputopun Poccum nosiBMoOCb Takke HEeCcKornbko duTodaros,
noBpeXadaLLMX paHee 3aBe3eHHyto Oenyto akauuto Robinea pseudoacacia. B
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HEKOTOpbIX panoHax tora Poccumn aTa nopoda B HacTosILLEE BPEMS 3aHMMaeT
nopsgka 10% neconokpbITor nnowaan n opMMpoBaHME O4aroB MacCOBOrO
pasMHOXeHuss GenoakaumeBon nuctoBon rannuubl Obolodiplosis robinea wm
MuHepoB Parectopa robiniella n Phyllonoricter robiniella moxeT HaHecTu
CYLLIECTBEHHbIN yLLEPO APEBOCTOSIM.

Kaxgbii cnyvai nHBasum TpebyeT paspaboTkm COGCTBEHHOW CTpaTernm
3aWuTbl leca OT HOBOro BceneHua. K coxaneHuto, onacHOCTb NPOHUKHOBEHMS
MHIOMX BMOOB, OCOBEHHO COPHbIX PaCTEHWN, ONA Neca B HacTosllee Bpems
elle He JOCTaTOYHO OLEeHeHa.

KnioueBble cnoBa: MHBa3nBHbIE OPraHM3Mbl, 3aliuTa neca.

ABSTRACT: New invasive organisms more often infest Russian forests
and some of them become hazardous and bring severe damage. Such weed
plants as Acer negundo, Fraxinus pennsylvanica, Robinia pseudoacacia and
others penetrated our forests. Russian forest woodsides, openings, cutover
and burned out areas more often successfully overgrow with such foreign
invades as Heracleum sosnowskyi, Polygonum weyrichii, Lupinus polyphyllus
and many others. Agrilus planipennis, Polygraphus proximus and Cydalima
perspectalis that infested our forests recently can be rated as the most
hazardous pests. Lately pine seed bug Leptoglossus occidentalis was found in
south Russia forests it can be a big challenge for forest seed production in
European Russia and West Siberia south.

Also some entomophages that affect imported earlier Robinea
pseudoacacia infested Russian territory. At the moment in some south Russia
regions this species cover around 10% forest covered area so development of
Obolodiplosis robinea, miners Parectopa robiniella and Phyllonoricter robiniella
mass outbreaks may damage the woods sulfficiently.

Each invasion case needs development of forest protection individual
strategy against a new invader. Unfortunately risks of many species invasion in
particular weed plants for forests are underestimated yet.

Key words: invasive organisms, forest protection.

Introduction

Occurrence of new invasive plant species as well as insects and agents
of tree-brush species diseases in Russian forests is a common case. Such weed
plants as Acer negundo, Fraxinus pennsylvanica, Robinia pseudoacacia etc.
infested forests in our country. Such foreign in our forests invaders as
Heracleum sosnowskyi, Polygonum weyrichii, Lupinus polyphyllus and many
others more often successfully grow in edges, clearings and burnt areas in
Russian forests. So far invasion risk of foreign tree-brush and grass plants in
our forests has not found proper awareness among our foresters. However
occurrence of new harmful insects and diseases attracts greater attention since
it needs fast and efficient response to the damage. But often efficient
operations are not feasible since biological specifics of these hazardous
organisms in its new habitats are unknown and protection procedures are not
developed by its occurrence.

This paper goal is to highlight state of art in biological forest protection
against key invasive insects and forest diseases agents in Russia.

The study focuses on a number of invasive organisms and related
entomophages that infested Russian forests. .

Problem solution. Globalization of world economy and intensive integration
of Russia in it resulted in sufficient growth of new foreign to native forest
communities organisms that have already infested or can invade them. Thus
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around 15 invasive insect species (table 1) and 10 tree species disease agents
(table 2) have already infested the Russian territory since early XXI century.

Many of them are not a great hazard for forests but some have shaped
a principally new reality when its infestation results in not only native
community transformation but a hazard for some forest community types and
some tree plant existence.

Such recent organisms as Agrilus planipennis, (Mozolevskaya, Ismailov,
2007), (Mozolevskaya et al, 2008), Polygraphus proximus (Gninenko et al,
2010a, 2010b), and Cydalima perspectalis (Karpun et al, 2014, Shurov, 2014)
can be referred to the most hazardous pests. Lately the pine seed bug
Leptoglossus occidentalis was identified in South Russian forests it may be a
great hazard for seed production in European Russia and south West Siberia
(Gapon, 2012, Gninenko et al, 2014).

. . Practically right after its
infestation Cydalima perspectalis
of new habitats in boxwood
forests in Russian Black Sea
coast it drastically damaged
natural boxwood forests as well as
greenery plantations (pic. 1).

Emerald ash borer
damage in community ash
plantations is great. Now it
started infestation of natural ash
woods where it shapes mass
outbreaks.

Polygraphus proximus and
transmitted pathogene fungus
Grosmannia  aoshimae  that
infested Siberian fir woods
= i /e N ~_ resulted in fir wood mortality in a
Pic. 1. Severe damage of boxwood bark by number of Siberian regions in

Cydalima perspectalis caterpillars. area over 100 thousand ha
(Kravets et al, 2015).
Development of protection operations against new invaders is always
late. It is an objective difficulty however time lag can be cut.

Table 1. Most hazardous insect invaders in Russian forest communities

Species name Infesstation time in Russia Origin
Hyphantria cunea 60-es, XX century North America
Corythucha ciliata 1998 North America
Cameraria ohridella 2003 West Europe
Obolodiplosis robiniea 2005 North America
Parectopa robiniea 2007 North America

Agrilus planipennis 2003 Far East
Phylonorycter issiKii 80-es, XX century Far East
Leptoglossus occidentalis |2012 North America
Phylonorycter robiniella early XX1 century North America
Aproceros leucopada early XX1 century East Asia
Metcalfa pruinasa early XX1 century North America
Cydalima perspectalis 2012 East Asia
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Table 2. Some agents of forest tree brush species diseases that infested
Russian forest communities

Species name Infe.sstatlon. time Origin
in Russia

Agents of Ophiostoma ulmi 30-es, XX centur .
O%hiostomapnovo—ulmi, 50es, XX centuryy North America
Ageent of Mycrosphera alphitoides Early XX century North America
Agent of Erysiphe flexuosa 2003 . North America
Agent of Cryphonectria parasitica 1908 . East Asia
Grosmannia aoshimae early XX1 century East Asia
Phytophthora alni 2010 West Europe
Lophodermium nitens 2007 North America

For the 1% time often new invaders occur in big cities and transport centers. Thus
Polygraphus proximus for the 1% time was identified in Saint-Petersburg sea terminal area
and then in Moscow vicinity (Mandelstam, Popovichey, 2000, Chlakhsaeva, 2008), Cydalima
perspectalis infested Russia in Sochi territory and started its spread from there (Gninenko et
al, 2014) and Corythucha ciliata for the 1% time was found in Krasnodar (Voigt, 2001).

Practically in such conditions it is impossible to carry out fast and total
suppression of the identified pest with available pesticides since there are strict
restriction on toxic chemical application.

Thus development of its biological suppression operations is a key area
to protect against invasive organisms. .

More comprehensive knowledge of its biology specifics in new habitats
enables development of biological protection operations against a new
hazardous organism. Thus it is desirable to study a new invader biology and
search its entomophages and pathogenic microorganisms in collaboration with
foreign colleagues as it occurs in neighbor states of Russia.

Studies of new invader species biology and parallel search of efficient
and safe protection against them is under way at VNIILM now.

Application of the pupae parasitoid Chouioia cunea started as a protection
operation against Cydalima perspectalis. This eulophid parasite laboratory
rearing technology on various host species has been developed and releases
in Cydalima perspectalis mass outbreaks in Sochi area are under way.

Studies of emerald ash borer and its parazitoids are ongoing for several
years. Now new local entomophages that began efficient regulation of its
population have been identified. It enables preconditions to hope that risks for
ash can be sufficiently reduced not only in Russia but in European states as well.

Horse chestnut integrated protection system against Ochrid miner has
been under development over several years. Now there are proposals that
provide use of Horse chestnut species resistant to the pest in greenery
plantations, pheromone trap application, removal of falling leaves during leaf
fall, pesticide applications where allowable and other operations.

Studies to develop fir protection operations against Polygraphus
proximus and related pathogenic fungus are under way.

We believe we should start development of seed facility protection
operations against pine seed bug since there are proofs that it promotes pine
infestations with hazardous myscromycetes.

Several phytophages that affect Robinea pseudoacacia.occurred in
Russian territory. Now in some south Russian areas this species accounts for
around 10% of forest covered area and development of Obolodiplosis robinea
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and miners Parectopa robiniella and Phyllonoricter robiniella can damage
available woods sufficiently.

Conclusions. The studies enabled identification of a great number of
invasive organisms that not only infested Russian forest communities but
became hazardous pests.

Maximum fast study of these new forest resident biology, search of its
efficient entomophages, its production and application technology is needed for
development of biological protection operations against new invaders.

International cooperation aimed at timely invader identification and
development of protection operations against contributes greatly to successful
protection against invasive organisms.
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VIRUS APPLICATION EXPERIENCE TO PROTECT
BOXWOOD AGAINST CYDALIMA PRESPECTALIS
CATERPILLARS
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OIIBIT UCITOJIb30BAHUA BUPYCOB JIJ14 3AIIUTBHI CAMILIHWTA
OT I'YCEHUL] CAMIIUTOBOM OTHEBKHU

MpuBedeHbl gaHHbIE MO CMEPTHOCTU FYCEHWL MHBA3UBHOMO BpeauTens
caMLiMTa — CaMLUMTBOM OHEBKM OT YYXAbIX BUPYCOB. WCNbITaHbl BUPYChI
A0EepHOro nonuagpo3a KWLLEYHOro Tuma pPbBKero COCHOBOMO NUUIbLUMKA
(HeoBMp) 1 BUpPYC g4epHOro nonuagposa ryceHuy, poga Lymantria (nuksup).
lMokasaHo, 4YTO 4yXAOble BMPYCbl BbI3bIBAOT BbICOKMN YPOBEHb CMEPTHOCTU
ryCeHUL, CaMLUMTOBON OFHEBKM M UX BO3MOXHO MCMONb30BaTb ANS 3aliuTbl
caMLuTa OT 3TOr0 OMacHOro BpeanTens.

KntoueBble cnoBa: 3HTOMONATOreHHbIE BUPYChI, CaMLLMTOBAsA OrHeBKa.

ABSTRACT: Result data of tests of entomopathogenic viruses in
Cydalima prespectalis natural populations in Sochi area. Red pine sawfly
Neodiprion sertifer nuclear polyhedrosis intestine virus (neovir biological agent)
and general Lymantria nuclear polyhedrosis virus (pinkvir) were tested. It was
found that foreign viruses can ensure high Cydalima prespectalis caterpillar
mortality rates which enables its application in boxwood protection.

Key words: entomopathogenic viruses, Cydalima prespectalis

Introduction.

Cydalima perspectalis Walker, 1859 (Lepidoptera: Pyraloidea:
Crambidae) — is an Asian species for the 1% time in Europe found in 2006 in
Germany and in 2007 was put in the EPPO alert list (Alert list EPPO). However
its expansion across European countries was so rapid that its quarantine
control viability was called in question so in 2011 the pest was drawn out of the
alert list.

Cydalima perspectalis entered the Russian territory in 2012 with greenery
plants imported from Italy (Gninenko et al. 2014; Karpun et el., 2014; Schurov,
2014). In the Krasnodarsky territory in natural boxwood forests and greenery
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plantations it expanded rapidly with serious boxwood impacts everywhere. In fact
by 2015 the pest was identified across the whole boxwood (Buxus sp.) areal
including the Stavropolje and Crimea however so far there is no efficient protection
resources against Cydalima perspectalis.

Material and procedures.

Initially we tried to find in Cydalima perspectalis populations its own
virus. We undertook search of its dead bodies that occurred in mass as a result
of lack of fodder in boxwood forests in Sochi area (Krasnodarsky territory). Its
caterpillars completely defoliated all boxwood crowns here in 2014. Part of them
died of lack of fodder since it could not finish feeding on other forest plants. Similar
situation was in some areas in 2015. Malnutrition attempts to start feeding on
unsuitable plants could promote evolution of a latent virus infection and trigger
caterpillar virosis-related mortality.

Collected dead bodies were brought to the laboratory and analyzed for
available entomopathogenic microorganisms in its tissues.

Virus particles (polyhedral) that might trigger its mortality were identified
in soma dead bodies. Such dead bodies were homogenized in a mortar and
the homogenate was initially treated. Due to risk of virus loss since its number
in suspension was relatively low complete treatment was not conducted. This
suspension was applied in the follow-up sprayings. Experiment was conducted on
boxwood branch bunches sprayed with the prepared suspension. 29 caterpillars
were planted on each bunch. The control bunch was sprayed with water.

It is known that application of Anagrapha falcifera foreign virus enabled
rather high Cydalima perspectalis caterpillar mortality rate (Rise et all, 2013
a,b). Thus we picked 2 available viruses: Neodiprion sertifer intestine nuclear
polyhedrosis virus (Neovir biological preparation) and Lymantria common
nuclear polygedrosis virus (Pinkvir). 1x 10° titre virus suspensions were
prepared and boxwood branch bunches sprayed. In 1 hour after spraying 2-3
age caterpillars were planted on the brunches. After total finish of the treated
fodder boxwood untreated branches were given for caterpillar feeding. The
bunches were kept at temperature +20 — +22°C, humidity around 70% and
natural light period duration.

Caterpillar condition was based on daily visual survey findings. Feeding
intensity by excrement volumes and caterpillar mortality were registered.

Registration was stopped on the 15" day after spraying.

In lab conditions we managed to test impacts of some environmental
preparations on Cydalima perspectalis. The commercial preparations based on
Dimilin as wellm as Gypsy moth (Neovir) and red pine sawfly (Pinkrivin)
nuclear polyhedrosis viruses were applied in our experiments. Single
application of 0,1 and 0,5% dimilim solutions against 2-3 age Cydalima
perspectalis caterpillars resulted in practically total appetite loss during initial
48 — 72 hours after treatment and 100% mortality in the following 3 weeks
without any visible impacts on protected plants. In result of single virus
preparation treatments small part of 2-3 age caterpillars (around 4% after
“‘Neovir’ and around 6% after’Pinkvir’), managed to reach imago stage
however plant damage rate by the pest in these cases was 5 — 7 lower
compared to the control (Abasov et al, 2016).

Findings and discussion.

The microbiological analysis of Cydalima perspectalis caterpillar dead
bodies found in Sochi area woods showed that a higher number of bacteria
that triggered infection process evolution were observed more often (table. 1).
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Table 1. Cydalima perspectalis dead caterpillar analysis findings found
in its mass outbreaks

Total number of analyzed found Caterpillar share (%%), killed by
caterpillar dead bodies, pcs. bacteria | viruses | Other agents
15 66.7 13.3 20.0*

*Note: This column takes into consideration caterpillars featuring damage by other
caterpillars namely most likely died of cannibalism.

Rather great number of caterpillars had impacts featuring cannibalism
cases. In lack of fodder conditions Cydalima perspectalis cannibalism is a
common case.

Polyhedra were found only in 13.3% caterpillars. However it were not
numerous and we believe that it was not only a key but an associated
caterpillar mortality factor.

Thus on mass mortality background due to lack of fodder its rather
relative small part died with available virus inclusions in cells.

4 and 5 age caterpillars were used in experiment. Suspension treatment
resulted in mortality of only 16.7% caterpillars involved in the experiment. It
proves that Cydalima perspectalis baculovirus is likely unable to reproduce
rapidly so it can not trigger virus epizooty evolution in natural conditions. Dead
caterpillar bodies analysis that found lack of virus polyhedral in dead bodies
proves this preliminary conclusion. Thus caterpillars were killed by other factors
rather than virus infection. This experiment showed that there is no efficient
virus able to trigger active epizooties in Cydalima perspectalis population in its
mass outbreaks in Sochi area. It makes virus biological agent development
based on Cydalima perspectalis own virus more complicated.

In literature sources there is information on effect of Anagrapha falcifera virus
applications (Rise et all, 2013 a,b) against Cydalima perspectalis caterpillars. For
application opportunity testing we used Neodiprion sertifer intestine nuclear
polyhedrosis virus (Neovir biological preparation) and Lymantria common
nuclear polygedrosis virus (Pinkvir) (table 2).

Table 2. Laboratory testing results of some agents to protect boxwood
against Cydalima perspectalis caterpillars

Preparation Application results
P Active substance Mortality termination | Dead caterpillar
name i
(days after spraying) share , %
Neovir Red pine sgvvfl_y nuclear 15 96.0
polyhedrosis virus
Pinkvir Lymantria nuclear 15 94.0
polyhedrosis virus

Thus testing of viruses foreign for Cydalima perspectalis found that
despite long caterpillar mortality period final early age caterpillar mortality was
high. It enables looks for boxwood protection procedure development
opportunity based on application of viruses foreign for Cydalima perspectalis.

Mechanism of foreign virus impacts on Cydalima perspectalis
caterpillars is still understudied and should be a key area in boxwood
protection technology development.
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Conclusion.

The studies in Cydalima perspectalis mass outbreaks showed lack an
active virus able to trigger virosis epizooty in its populations.

2 foreign viruses testing showed an opportunity of high Cydalima
perspectalis caterpillar mortality that makes this phytophage caterpillar control
virus application technology development feasible.
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AHAJIN3 TEHOMA BUPYCA AAEPHOI'O IT1OJIM3/IPO3A
HELICOVERPA ARMIGERA ABCTPAJIUU

lMokasaHbl pesynsTaTbl CEKBEHWPOBAHUS eHoMa Bupyca sAepHOro
nonuagpo3sa xnonkoson coskn Helicoverpa armigera n3 Asctpanum (HearNPV-
Au). Bbicokas reHeTudeckasi BapuabunbeHOCTb BMpyca siAEPHOro nonmvagposa
XJTONKOBOW COBKW M3BecTHa. Pesynbratbl nokasanu, 4to usonsat HearNPV-Au
Ha 99% naeHTu4eH Tunosomy mnsonaty HearNPV-G4, yto cBuaetenscTByeT 06
WX MPUHAAMNEXHOCTN K O4HOMY BUAY.

KnroyeBble crnoBa: BUpPYC SAepHOrO MONUagpoa XIONKOBOW COBKM,
reHbl, aHanms reHoma Bupyca.

ABSTRACT: The complete genomic sequence of Helicoverpa armigera
nucleopolyhedrovirus from Australia, HearNPV-Au, was determined and
analyzed. The Hear-NPV-Au genome was 130,992 bp in size with a G+C
content of 39 mol% and contained 134 predicted open reading frames (ORFs)
consisting of more than 150 nucleotides. HearNPV-Au shared 94 ORFs with
ACMNPV, HearSNPV-G4 and SeMNPV, and was most closely related to
HearSNPV-G4. The nucleotide sequence identity between HearNPV-Au and
HearSNPV-G4 genome was 99 %. The major differences were found in
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homologous regions (hrs) and baculovirus repeat ORFs (bro) genes. Five hrs
and two bro genes were identified in the Hear-NPV-Au genome. All of the 134
ORFs identified in HearNPV-Au were also found in HearSNPV-G4, except the
homologue of ORF59 (bro) in HearSNPV-G4. The sequence data strongly
suggested that HearNPV-Au and HearSNPV-G4 belong to the same virus
species.

Key words: Helicoverpa armigera nucleopolyhedrovirus, gene,
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Introduction

Being pathogenic to many insects, baculoviruses are frequently used as
bio-insecticides to control the size of pest populations in nature. It is well
established that baculovirus populations exhibit large amounts of genotypic
variation, which may have multiple origins, such as geographical or temporal
differences, a different host, or even an individual host [1-8]. The cotton
bollworm Helicoverpa armigera,is a serious global pest that is responsible for
economic losses to over 60 cultivated crops and is resistant to chemical
insecticides. In  China, HearNPV (family = Baculoviridae, genus
Alphabaculovirus) has been commercialized and extensively used on cotton
fields since 1994 [9, 10]. High levels of genetic variation have also been found
within HearNPV populations [6-8]. Now, genomes of five Helicoverpa spp.
NPVs, including HearSNPV-C1 (China) [11], HearSNPV-G4 (China) [12],
HearNPV-NNgl (Kenya) [13], HzSNPV (USA) [14], and HearMNPV (China)
[15], have been sequenced. The gene content and arrangement of HearMNPV
were distinct from the other four NPVs, and those four NPV genomes shared
very high nucleotide sequence identity except for the homologous regions (hr)
and the baculovirus repeat ORFs (bro). In this study, we sequenced and
analyzed the complete genome of another HearNPV, HearNPV-Au, which
isolated from Australia.

Materials and methods

The HearNPV-Au used in this study was supplied by Tri-Delta
Chemicals Pty Ltd. (Australia) and Henan Jiyuan Baiyun Industry Co., Ltd.
(China). Polyhedra of HearNPV-Au were propagated in H. armigera larvae and
purified by washing with 1% SDS and distilled water multiple times with
centrifugation. The purified polyhedra were solubilized in 0.7 ml alkaline
solution (0.1 M Na2CO3, 0.1 M NacCl, 0.005 M EDTA, pH 8.0) at 37°C for 1 h.
The pH was adjusted to 7.0 with 0.1 M HCI, 5ul of 20 mg/ml proteinase K was

added and the sample was incubated at 55°C for 3 h. The genomic DNA was

extracted with phenol and chloroform, precipitated with 100 % ethanol, and
washed with 70 % ethanol.

A random genomic library of HearNPV-Au was constructed according to
the “partial filling-in” method as described previously with minor modifications
[16]. Viral DNA fragments ranging from 1.5 to 5.0 kbps were cloned into the
Sall site of the pUC19 vector. A total of 464 recombinant plasmids were
prepared for sequencing using a BigDye Terminator v3.1 Cycle Sequencing Kit
(ABI) on a Genetic Analyzer 3130XL (ABI). The combined sequence generated
from these clones represented sixfold genomic coverage. Additional sequences
for conformation of ambiguous regions and for filling in of gaps in the
assembled sequence were obtained from sequencing of PCR products. All of
the sequences were assembled into contigs using SegMan from the DNASTAR
7.0 software package.
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ORFs were defined using ORF Finder
(http://mvww.ncbi.nlm.nih.gov/gorf/gorf.ntml). DNA and protein comparisons
were performed using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) or Vector
NTI Advance Suite v8.0. Multiple sequences were aligned in Clustal X and
displayed in GeneDot. Promoter motifs present upstream of the putative ORFs
were screened as described previously [17].

Results and discussion

During the assembly of the genome sequence, we found some
nucleotide variability. Based on a longest assembled sequence (13.5 kb), the
rate of nucleotide variability was 0.19 %. We just picked the predominant
nucleotide when nucleotide variability occurred. This confirmed that Hear-NPV
populations exhibit genotypic variation.

The HearNPV-Au genome was 130,992 bp in size(GenBank accession
no. JN584482), similar to those of HzSNPV (130,869 bp, GenBank accession
no. AF334030) and HearSNPV-G4 (131,405 bp, GenBank accession no.
NC002654), with a G + C content of 39 mol%. There were 134 predicted ORFs
consist of more than 150 nucleotides. The HearNPV-Au genome shared 94

ORFs with the ACMNPV,
HaSNPV-G4 and SeMNPV
genomes. Homologues of
these 94 ORFs were
chosen for the
GeneParityPlot  analysis.
The comparison showed
that HearNPV-Au and
HearSNPV-G4 were
completely co-lin-ear and
identical in their gene
arrangement (Pic. 1). The
comparisons between
HearNPV-Au and
AcMNPV, SeM-NPV were
in agreement with results
reported previously [12]. A
comparison of the
locations and predicted
amino acid sequences of
the 94 ORFs between
HearNPV-Au and the other
three baculovirus
genomes (Table 1) also
indi-cated that HearNPV-
Au was most closely
related to HearSNPV-GA4.

The nucleotide
sequence identity between
HearNPV-Au and
HearSNPV-G4 genomes
was 99 %, and the major
differences were found in
the hrs and bro genes.
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Pic. 1. GeneParityPlot comparison of HearNPV-Au with

AcMNPV, HearSNPV-G4 and SeMNPV. Homologous

ORFs are plotted based on their relative location in the

genome. The horizontal and vertical axes indicate the
relative position of each ORF
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Characterized by the presence of multiple imperfect palindrome
sequences, hrs may function in gene replica-tion, transcription, recombination
and rearrangement events [11, 18-20]. Both the number and location of hrs
from the genomes of HearNPV-Au and HearSNPV-G4 were identical. Two
types of repeats, type A and type B, were found in each of the five hrs in
HearNPV-Au(supplementary material). The sequence identities of the five hrs
between HearNPV-Au and HearNPV-G4 were
95.8%,99.8%,98.9%,87.7%,99.9% respectively,which showed that hr4 was
more variable.Basides,hrl contained a 58-bp insertion and hr4 contained a
289-bp insertion compared with isolate G4, and neither insertion contained a
type A or type B repeat. This suggested that hrs were less conserved than ORF

regions in the Helicoverpa spp. NPVs.

Table 1. Putative ORFs identitied in HearNPV-Au

Homologous Amino acid
N Leng Promo ORFs sequence identity
ORF Name Position th tera AcMNPV to homologues (%)
(aa) HearSNPV-G4 | AcMNPV HearSNPV-
SeMNPV G4 SeMNPV
1 |Polyhedrin|l1 —741 246 |[E, L, e|81 1 86 100 87
2 orf1629 7381979 413 N [92 2 27 99 33
3 pk-1 19942797 267 N (103 3 40 99 55
4 Hoar 29205181 753 | E* |4 4 93 28
5 5377—5556 59 N |5 97
6 Hzorf480 |5724—6575 283| E* |6 99
7 67876942 51 N |7 98
8 i.e.-0 6930—-7787 285 N (1418 138 329935
9 p49 7804—9210 468 L (1429 137 50 99 56
10 |odv-e18 92219466 81 L (14310 136 7599 60
11 J|odv-e27 |9481—10335 284 L 144 11 135 5099 57
12 10381—10659 92 L [14512 134 48 100 58
13 1068611297 203 N (146 13 133 30 100 32
14 Jie.-1 11339—13306 655 | E*, e 147 14 132 3499 30
15 |odv-e56 1335914423 354 L (14815 6 51 100 50
16 |me53 14584—15663 359 | E* L |139 16-17 |7 2499 33
17 15666—15833 55 L 18 100
18 1588616167 93 E* 19 96
19 |p74 16188—18254 688 N 13820 |131 53 99 55
20 |[p10 1830818571 87 L 13721 |130 18 100 51
21 |p26 1865419457 267 | E,L | 13622 |129 359943
22 19570—19773 67 E* 2923 128 32100 48
23 |lef-6 1984920412 187 N 2824 |127 329950
24 |Dbp 2042621397 323 E 2525 126 32100 50
25 21617522018 133 N 2626 |125 42 100 36
hrl 22019—24339
26 2434025107 255 | E* 3427 [124 379951
27 |ubiquitin |24947—25198 83 L 3528 [123 7510078
28 25262—25768 168 | E* 29 100
29 |Lese25-like|25788—26360 190 L 30 98
protein

30 [39k/pp31l [2641927354 311 N 3631 [120 40 100 33
31 |lef-11 2732027703 127 N 3732 119 3910051
32 2767228388 238 N 3833 |118 52 100 63
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33 28620—29699 359 | E* 34 99

34 |p47 2976731005 412 | e 4035 |115 54 99 61
35 31078—31749 223 | E* 41 36 32100
36 31835—32077 80 L 4337 |113 30 100 31
37 |lef-8 3207434779 901| N 5038 [112 62 99 67
38 34832—35410 192 L 5139 [111 3199 36
39 3555135703 50 L 40 96

40 |Chitinase [3571137480 589 | N 126 41 |19 66 98 62
41 3752438066 180 | E* 5242 |109 26 100 27
42 3818438594 136 | E, L 5343 |108 43 100 56
43 3860139737 378 | e, L 44 107 99 35
44 3974539972 75 | EX L 45 100
45 |lef-10 3993240147 71 N 53a 46 |106 38 100 56
46 |vpl054 40020—41075 351 | E, e 5447 |105 4199 49
47 4119541401 68 N 5548 [104 35100 50
48 41402—41596 64 L 5649 |[103 37 98 53
49 41875—42390 171 | E, L 5750 |[102 4299 43
50 4244142923 160 N 5951 |101 46 100 63
51 4293543201 88 L 6052 [100 42 100 56
52 |Fp 4341344066 217 L 6153 |98 63 98 70
53 44238—44423 61 E 54 98

54 |lef-9 44545—46104 519| E 6255 |97 64 99 72
55 |Cathepsin 4618847291 367 N 12756 |16 46 98 47
56 4733247919 195 L 57 99

57 |gp37 4799048829 279 L 64 58 |25 60 99 63

hr2 48830 —49979
58 |Bro 49980—51629 549| N 60 96
hr3 51630 — 52384

59 |he65 52385—53095 236 | E* 105 61 34 100
60 [iap-2 5317253924 250 | E, L 7162 |88 3199 36
61 5397254796 274| N 69 63 |89 4199 48
62 5476555166 133] N 68 64 |90 47 99 62
63 |lef-3 55186—56325 379 N 6765 |91 2599 32
64 5643358790 785 L 66 66 |92 2999 61
65 |DNA pol [58821—61883 |1020| e 6567 |93 46 99 59
66 6196062418 152 | E, L 74 68 26 100
67 |HzORF384|62484—62867 127 | E, L 7569 |94 23 100 39
68 6287363130 85 L 7670 |95 40 100 64
69 |vif-1 6317164415 414 | L 7771 |82 74 99 67
70 6442864760 110 L 7872 |81 42 100 43
71 |gp4l 6482965797 322 |EXL| 8073 1|80 59 100 59
72 6572766452 241| N 8174 |79 52 100 66
73 6632567002 225| e 8275 |78 34 99 45
74 |vp9lcapsid|66932—69382 816 L 8376 |77 4099 45
75 [cg30 6951070361 283 | EXL| 8877 |76 27100 33
76 |vp39capsid|70450—71331 293| N 8978 |75 43 100 53
77 |lef-4 71330—72715 461 | N 9079 |74 44 99 50
78 7276873532 254 | N 9280 |73 53 100 59
79 73534—74022 162| N 9381 |72 55 100 63
80 |odv-e25 |74068—74760 230 | e, L 9482 |71 42 100 63
81 7479275289 165 L 83 68 98 31
82 |Helicase |75308<—79069 |[1253| e, L 9584 |70 42 99 47
83 79026—79547 173] N 9685 |69 48 99 63
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84 7960680571 321| N 9886 |67 4599 53
85 |lef-5 80467—81414 315| N 99 87 |66 43100 51
86 |p6.9 8140881737 109 | E,L | 10088 |65 43 100 67
87 8180282911 369 L 10189 |64 40 100 51
88 8295783325 122 | E,L | 10290 |63 29 100 39
89 8332584458 377 L 10391 |62 50 99 60
90 |vp80capsid|84553—86370 605 L 104 92 |61 2799 29
91 86367—86543 58 N 11093 |60 32 100 64
92 86558—87643 361 N 10994 |59 52 100 57
93 87688—87972 94 N 108 95 |58 47 100 51
94 |odv-e66 8803990057 672 L 46 96 |57/114] 4399 42/33
95 9007890908 276 L 97 56 99 60
hr4 90909 — 93506
96 93508—94107 199 E,L | 11598 |50 43 100 46
97 9411194467 118 N 99 98
98 |Parg 94563—96095 510 | E, L 100 |52 99 27
99 96174—96935 253 L | 106/107 101 |53 47/34 99 57
100 96950—97282 110 N 102 100
101 |iap-3 9734098146 268 | E* L 103 110 99 35
102 9814398298 51 N 104 100
103 |Bro 9840999914 501 L 105 99
104 |Sod 100082—100561 | 159 L 31106 |48 7598 69
105 100568—101941 457 | e, L 107 99
106 101994102572 | 192 | E, e 108 99
107 102742—103098 | 118 | E* 109 100
108 103109—103375 | 88 L 117110 |47 33 100 37
109 103443—-105029 |528 | E 119111 |36 4799 44
110 105026—105262 | 78 L 112 100
111 |Fof 105285106190 | 301 | E* 32113 |38 27100 33
112 |alk-exo  |106318—107604 | 428 | E 133114 |41 419941
113 107624108013 | 129 L 19115 |42 30 100 31
hr5 108013 — 110818
114 109693110619 | 308 | E* 115a 100
115 110820—111035 | 71 E* | 111116 36 100
116 |lef-2 111151111867 | 238 | E* 6117 |12 40 98 45
117 |p24capsid [112229—112975 | 248 L 129118 |10 3299 55
118 |[gpl6 113037—113327 | 96 L 130119 |9 26 100 31
119 |Calyx/pep |113379—114401 | 340 | e, L | 131120 |46 279943
120 114480—114944 | 154 | E* 63 121 26 100
121 115075—115665 | 196 | E* L 122 98
122 |38.7kd 115709116878 | 389 | N 13123 |13 319933
123 |lef-1 116880117617 |[245| N 14124 |14 38 99 47
124 117592118020 | 142 | E, L 125 92
125 |Egt 118165—-119712 | 515 |E, e, L| 15126 |27 44 99 52
126 1199125120490 [192 | N 127 100
127 1204415121241 (266 | E,L | 17128 |29 3399 30
128 121322124165 | 947 L 129 30 99 28
129 |pkip-1 124571—-125080 [169| N 24130 |32 24 97 39
130 |arif-1 125147125944 |265| N 21131 |34 3199 30
131 126205—127356 | 383 L 22132 |35 61 99 66
132 127397129430 | 677 | E*, L | 23133 |8 26 99 39
133 129572130117 | 181 | E* 134 99
134 130299—130886 |195| E* 135 96
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Typically with multiple copies per genome, bro genes may function in
nucleic acid binding, nucleosome associa-tion, and nucleocytoplasmic shuttling
activity; may influ-ence baculovirus genome diversity; and are involved in
recombination between baculovirus genomes [21-25]. HearNPV-Au encodes
two bro genes, named bro-a (ORF58) and bro-b (ORF103) based on their gene
order. HearSNPV-G4 encodes three bro genes, named bro-a (ORF59), bro-b
(ORF60), bro-c (ORF105). HearNPV-Au bro-a, consisting of 1650 bp, shared
94.7% nucleotide sequence identity (96% amino acid identity) with HearSNPV-
G4 bro-b and contained a 66-bp insertion compared with HearSNPV-G4 bro-b.
HearNPV-Au bro-b, consisting of 1506 bp, shared 99.7% nucleotide sequence
identity (99% amino acid identity) with HearSNPV-G4 bro-c. All 134 ORFs
identified in HearNPV-Au were also found in HearSNPV-G4, and HearNPV-Au
lacked only the homologue of another bro gene, ORF59, in HearSNPV-G4,
which was the major reason for the size difference between these two
genomes. This might have been caused by genetic variation in recombina-tion,
suggesting that bro genes might play a role in gene exchange and evolution in
different geographic locations.

Conclusions

HearNPV-Au shared 99% sequence identity with HearNPV-G4, lacking
only ORF59 (bro). The sequence data strongly suggest that HearNPV-Au and
HearSNPV-G4 belong to the same virus species, Helicoverpa armigera
nucleopolyhedrovirus. Whether these minor differences in the genome affect
pathogenicity and host range needs to be determined.
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Clemens, 1863) , 3HM&EE: IXELYFR A HiME S S o E YA K.

FRIEFEE S P (Meshkova,

2002), CZERYIETTIES it B RATRESAS  EEE. F arE du ) hE 3
HHFENG BB, FAU Gt KE e, XN EI e ARk BEdut
TEARIR AR, F R T Hod &0/ H S S,

BY HER T ER, HRRE S RA MBI RS RTEALPARE . B
MR EERAL AR IR BRRGZECERIT) AR Aol ot %
BRI MR B A SRR DA G

ARG A2t R 100 5 O AR AR XMUA AR X, AR AR A%
AE TR A B -

TR T ARSI A RS ARt T ARG R A B 5 e R DA
TR RS G PR 2052, AR I ARG V2 AE VP R AR AR 1k

FEBR: AR WFEE, A SO AR R AR X (1 (i

PE3UCTEHTHOCTb U TOJIEPAHTHOCTD JIECHBIX HACAXK/IEHUH
K HACEKOMBIM C TOYKHU 3PEHUA ITPEAIIOYTEHUA
KOPMOBOT'O PACTEHUA U JIECHOI'O YYACTKA
Bbuotnyeckne pakTopbl BO3OEWCTBMS Ha OMHAMUKY  MNONYNSAUUNA
BpeamTenen neca BKIOYAT He TONbKO SHTOMOMAroB 1 3HTOMOMNAaTOreHoB, HO

M B3aMMOAENCTBME C KOPMOBbIMM MNOpodamMu U MpeanoyMTaemocTb
onpeaeneHHbIX J1IeCOPacTUTENbHbLIX YCIOBUIA U CTPYKTYPbI HACaXKAEHWA.
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P. MNManHTepom BbliAENeHO YeTbipe Tuna B3aUMOOENCTBUS Mexay
dutodaramm M KOPMOBBIMA  pPacTEHUSIMW:  AHTMKCEHO3;  aHTMOMO3;
TONEpPaHTHOCTb U "yckonb3aHue" (NCeBAOPE3NCTEHTHOCTb, (beHorornyeckas
PE3NCTEHTHOCTD).

Llenblto paHHOM cTaTbl ABASETCA onpeneneHne BO3MOXHOCTEN
Nony4YeHnsa N NCNofb30BaHNS B TECHOM XO3SNCTBE 3HAHWUM O PE3UCTEHTHOCTU K
HacekoMbiM KOPMOBbIX MNOPO4 M Yy4acTKOB Jleca W TOMEepaHTHOCTU K
HACEKOMbIM.

Kaxabin BM HaceKkomoro nveet onpeaeneHHbIn Habop
npegnoYnTaemblX KOPMOBbLIX pPacTEHMW, KOTOpbIA 3aBUCUT OT pEervoHa,
NOroAaHbIX YCIOBUW, @ B O4arax MacCOBOro pPa3MHOXEHUsI HAaCeKOMbIX — OT
asbl BCMbIWKN. Tak OoApbILHMKOBAA NUCTOBEPTKA OTAAET NpeanodyTeHune
ayoy paHHen dopmbl (Quercus robur), No mepe pocTa YMCIEHHOCTN 3acensieT
NPaKkTUYEeCKM BCE MNOPOAbl, @ K KOHLY BCMbILWKA COXPAHSETCA TOSIbKO Ha
npeanoyYnTaeMon nopoae.

Mo aaHHbIM O pacnpocTpaHeHun Mmonen-muHepos (Phyllonorycter issikii
Kumata, 1963; Cameraria ohridella Deschka et Dimic, 1986; Parectopa
robiniella Clemens, 1863; Macrosaccus robiniella Clemens, 1859) Ha BocToke
YKkpauHbl 1 B lNpnaHecTpoBbe caenaH BbiBOA 00 YCNOBHOW PEe3VCTEHTHOCTU
3TUX BUAOOB K onpedeneHHbIM KOPMOBbIM Nopodam.

OTMeueHa BaxHas ponb PEeHONOrM4YeCcKon Pe3aNCTEHTHOCTU B AMHAMUKE
nonynauun  XBOEMUCTOrPbI3YLWINX  HacekomblX. B cootBetcTBUM  C
deHonorn4eckon Teopmen amHamukn nonynauum (Mewkosa, 2002), maccoBble
pa3MHOXeHUs Hanbonee 4acTo BO3HUKAOT B rogbl C CUHXPOHM3aUMeEN nepmoaa
nuTaHnsa cutodara ¢ HanMunem noaxogsLero Kopma, nepuoga akTUBHOCTU
SHTOMOMAroB — C  HanMunMem  BOCMPUUMMYMBOM  CTaguM  XO35MHA,
HebnaronpuATHbIX Ans dwuTtodara NOrogHbIX YCrOBUA — C NepuogoM ero
npeobbiBaHUS B Hanboree 3aluLLIEHHON CTaauu.

OnpegeneHbl Ansi OCHOBHbIX BWOOB XBOEMUCTOMPbI3YLUMX HACEKOMbIX
YKpauHbl 3KOMOrMYeckne YCroBuMs W y4yacTKu, rae umeeTca Haubornbluas
BEPOSATHOCTb  pPasBUTUA O4aroB MacCCOBOIO Pa3MHOXEHUHA, C Y4eToM
necopactuTenbHbIX YCrOBMK, BO3pacta, MOMHOTbl, COCTaBa HacaXxdeHwun,
pa3MeLLeHnss y4yacTKOB B NeCHbIX MaccuBax. [lpeanoxeH anroputm
MCNONb30BaHUsl GannbHOM  OLEHKM TakMx yCrnoBuA U 0Ga3  [aHHbIX
NlecoyCTpOWCTBa AN1s onpeaeneHns nepeyvHs 1 nrowanmn y4acTkoB ¢ Hanbornee
BEPOSATHbIM BO3HMKHOBEHMEM BCNblweK. [lpvBedeH npuMep MOCTPOEHMUS
NporHo3a M3MeHeHUs1 Yrpo3bl BCMbILWEK XBOErPbI3YLUMX HACEKOMbIX C YY4ETOM
N3MEHEHUS BO3PACTHOIO COCTaBa HaCaXKaAeHWM.

lMpoaHanuanpoBaHa TOMNEPAHTHOCTb HACaXOEHWW K MOBPEXOEHWUIO
pbiknMm cocHoBbiM NununbLunkomM (Neodiprion sertifer Geoffr.), ee 3aBucumocTb
OT JlecopacTUTENbHbIX YCMOBMK, BO3pacTa HacaXgeHun, HayanbHOro
CaHWTapHOIrO COCTOSIHMS W YPOBHA gedonuaumm B TeYEHWe BCMbILIKK
MacCoBOro pasMHOXeHusi. [lpuBedeH pacyeT BepoOATHOCTU U3MEHEHUS
CaHNTapHOro COCTOSIHUA AepeBbeB COCHbI (Pinus sylvestris L.) B 3aBUCUMOCTH
OT MX HayanbHOrO0 CaHUTAPHOro COCTOSHUSA W MNPUBMEKaTENbHOCTU JIECHbIX
NOPOA 1 Y4aCTKOB A1 HACEKOMbIX-hMUTOharoB.

KntoyeBble cnoBa: fieCHble HaCEKOMbIE, PE3UCTEHTHOCTb, TONIEPAHTHOCTb,

ABSTRACT: Biotic factors of insect population dynamics include not
only natural enemies but also interaction with host trees and site preferences.
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R. Painter (1953) distinguished four types of interaction between
phytophag and plant: antixenosis; antibiosis; tolerance and avoidance
(pseudoresistance, phenological resistance).

The aim of this paper is to show the possibilities to obtain and use the
knowledge about host tree and forest plot resistance and tolerance to insects
for insect management.

Every phytophagous insect species is adopted to feed on foliage of one
or several plant species, but the range of host plants depends on region,
weather and phase of mass propagation of insects. Thus Archips crataegana
Hb. prefers early form of oak (Quercus robur), during culmination of outbreak
consumes almost all tree species, and at the end of outbreak preserves only
on preferred tree species.

By data on food preferences of miner moths (Phyllonorycter issikii
Kumata, 1963; Cameraria ohridella Deschka et Dimic, 1986; Parectopa
robiniella Clemens, 1863; Macrosaccus robiniella Clemens, 1859) in the East
Ukraine and in Transdniestria, conclusion is made about conditional resistance
of these species to certain host plants.

Important role of phenological resistance in population dynamics of
foliage browsing insects was proved. According to phenological theory of
population dynamics (Meshkova, 2002), outbreaks are the most often in
conditions of synchronization of feeding period for phytophags with the
presence of suitable foliage, period of activity of entomophags — with the
presence of the susceptible stage of host, and unfavorable for insects weather
conditions must coincide with period of their stay in the most protected stage.

For the most spread foliage browsing insects, ecological conditions and
plots with the highest probability of foci forming are determined taking into
account forest site conditions, stand age, crown closure, the part of preferable
tree species (pine for needle browsers and oak for leaves browsers),
understory density, origin of the stand (vegetative or generative), plots location
in the forest.

Algorhythm was developed for use of forest inventory data for
determination of boundaries and area of potential foci of foliage browsing
insects. Example of correction of prediction is shown taking into account the
change of stand age.

Tolerance of stands to Neodiprion sertifer Geoffr., its dependence on
forest site conditions, stand age, initial sanitary condition and defoliation during
outbreak was analyzed. Probability of change of sanitary condition of pine
(Pinus sylvestris L.) depending on initial sanitary condition was evaluated.

Key words: forest insects, tolerance, attractiveness of forest species
and plots to phytophagous insects.

Introduction. Biotic factors of insect population dynamics include not
only natural enemies but also interaction with host trees and site preferences.

Unlike pathogens, insects actively choose the trees for feeding or
colonization. Their colonization is successful, if tree resistance is low. The last
one can be passive or active and be conditioned by genetic or ecological
causes.

R. Painter (1953) distinguished four types of interaction between
phytophag and plant: antixenosis (non-preference) — rejection of resistant
plants by insects for colonization, feeding, oviposition and development;
antibiosis (true resistance) — direct influence of plant on insect viability after
colonization the plant; tolerance — capability of plant to compensate the
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damage, to minimize negative consequences for tree; avoidance
(pseudoresistance, phenological resistance) — the host plant escapes
infestation by not being at a susceptible stage when the insect pest population
is at its peak. The last type prevents colonization and damage, but does not
reveal itself under certain weather conditions or some management actions.

The aim of this paper is to show the possibilities to obtain and use the
knowledge about host tree and forest plot resistance and tolerance to insects
for insect management.

Materials and methods. Almost 40 year experience of author and
publications on forest protection are the base of analysis.

Results. Every phytophagous insect species is adopted to feed on
foliage of one or several plant species. Monophags have advantages in the
rate of growth and productivity, but polyphags have a good chance to survive
without the most preferable host plant.

At the same time, the range of host plants varies for different
populations of the same pest or in different years.

Small-leaved linden (Tilia cordata) was infested in Kharkov region by
Japanese linden midget moth (Phyllonorycter issikii Kumata, 1963). Limes
T. americana, T. tomentosa, T. europaea and T. sibirica were relatively resistant
to Phyllonorycter issikii, and T. amurensis and T. japonica were resistant in the
years of our investigations (Meshkova et al., 2013).

In Kharkov region (East Ukraine) common horse chestnut (Aesculus
hippocastanum) is damaged by the chestnut miner (Cameraria ohridella
Deschka et Dimic, 1986). Horse chestnut A. carnea and A. glabra are relatively
resistant to C. ohridella, and A. parviflora is absolutely resistant (Meshkova et
al., 2013). In A. carnea in Kharkov larvae developed only to the 11" instar, and
in Transdniestria (Antuhova, Meshkova, 2011) larvae survived to the IV" instar.
Low vitality of horse chestnut miner on A. carnea can be explained by high
density of its epidermis cells, which reveals in more dark coloring and rigidity in
comparison with A. hippocastanum.

False acacia midget moth (Parectopa robiniella Clemens, 1863) and
false acacia miner (Macrosaccus robiniella Clemens, 1859) are monophags in
Transdniestria (Antuhova, Meshkova, 2011). In Kharkov region locusts Robinia
pseudoacacia and R.viscosa were colonized by these moths, but
R. pseudoacacia was more resistant to the both species (Meshkova et al.,
2013).

Thus, recommendations on mass replacement of susceptible tree
species with resistant ones are early, because adaptation of leafminers to them
is possible in the next years.

Phenological resistance plays the most important role in population
dynamics of forest pests. It can explain the differences in host species ranges
in particular regions and years. Thus green oak leafroller, Tortrix viridana L.
(Tortricidae) consumes mainly the foliage of early form of Quercus robur in the
plain part of Ukraine (Meshkova, 2009). In Slovakia (Patocka et al., 1999) and
Crimea (lvashov, 2001) it consumes also foliage of Q. petraea and
Q. pubescens. Lymantria dispar L. (Lymantriidae) consumes in Ural mainly
Betula sp. and Pinus sylvestris (Ponomarev et al., 2012), in Volga region
Quercus robur (Lyamtsev, 1986), and in Kherson region also Robinia
pseudoacacia and Populus sp. (Kireeva, 1983).

Host preferences for phytophags can change during outbreak. Thus, in
Kharkov region at the beginning of outbreak the larvae of Archips crataegana
Hbn. (Tortricidae) consumed foliage of early form of oak (Quercus robur). Late
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form of oak (Quercus robur) was damaged less than other tree species
because of late flushing. In the year of outbreak culmination larvae consumed
all tree species in the plot, and even defoliation of late oak came up to 40 —
50% (averagely 27.1%). The next year after culmination defoliation of all tree
species decreased except oak of early form. During development of outbreak
larvae consumed the foliage of more preferable and less preferable species.
Feeding on Acer sp. and Ulmus sp. brought to low viability and fecundity of
larvae in comparison with feeding on oak and Tilia cordata. Therefore to
collapse of outbreak the most part of individuals was found in "preferable”
trees, that is, their distribution became more aggregated (Meshkova, 2009).

Biochemical composition of foliage alters during vegetation period.
Content of nitrogen and water decreases, the content of carbohydrates, tannins
and phenolic compounds increases (Feeny, 1970; Haukioja, 2005). In
accordance to it, every phytophag is adopted to the foliage of such composition
which corresponds to certain period of foliage development. Thus, the larvae of
Tortrix viridana and Operophthera brumata are adapted to feeding on young
foliage. Larvae of Lymantria dispar in early instars consume young foliage, and
from the 3" instar consume old foliage. Larvae of Euproctis chrysorrhoea, on
the contrary, in early instars consume old foliage (in August), and in old instars
(after hibernation) consume young one. The larvae of Notodonta anceps
Goeze (Notodontidae), Calliteara = Dasychira pudibunda L. (Notodontidae)
and Phalera bucephala L. (Notodontidae) consume only old foliage (Meshkova,
2009).

Larvae of Neodiprion sertifer Geoffr. (Diprionidae) consume pine foliage
of previous year (Kolomiets et al., 1972). Larvae of Dendrolimus pini L.
(Lasiocampidae) consume the foliage of previous year, and young larvae
(hatched in summer) eat the foliage of current year (Jerusalimov, 2004). Larvae
of Diprion pini L. of spring generation consume the needles of previous year,
and larvae of autumn generation eat the needles of current year (Meshkova,
2009).

According to phenological theory of population dynamics (Meshkova,
2002), the success of insect survival is provided only in conditions of
synchronization of feeding period for phytophags with the presence of suitable
foliage, period of activity of entomophags — with the presence of the
susceptible stage of host, and unfavorable for insects weather conditions must
coincide with period of their stay in the most protected stage.

The dates of larvae appearance for species hibernating as egg are
influenced mainly by the course of air temperature after overcoming certain
threshold. At the same time, the dates of spring development of the buds of
tree species depend considerably on the dates of beginning of water suction by
roots, and the last one begins only after soil thawing in the zone of the main
mass of roots distribution.

Differences in the dates of buds development in the different points
considerably depend on differences in the dates of soil thawing in different
regions, relief, soil type, and its humidity before freezing.

At minimal time interval between budburst and larvae hatch, feeding of
larvae by the youngest foliage with high protein and water contents as well as
the most weakening of trees is provided, because the shoots are damaged in
the buds before beginning of photosynthetic activity of leaves. Such situation is
formed in such locations and in such years when budburst is detained in result
of slow soil thawing and later beginning of water suction by roots.
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Critical periods were determined in development of foliage browsing
insects. Coincidence of the beginning of outbreaks for certain species and
certain weather conditions in the critical periods of development were proved
statistically.

On example of insects with different types of seasonal development it
was shown, that population dynamics of many years (probability, severity,
duration of outbreaks and intervals between them) is determined by
peculiarities of seasonal development of insect in certain weather conditions of
the region (Meshkova, 2009).

For planning of timetable and expenses on survey and control of foliage
browsing insects, it is necessary to know the boundaries and area of potential
foci of mass propagation, as well as to have a pictorial view of foci location in
the stands, particularly thematic maps.

Variability of population dynamics in different forest site conditions was
demonstrated on examples of Archips crataegana, Neodiprion sertifer and
Dendrolimus pini (Meshkova, 2004). It was proved, that different viability and
fertility of Archips crataegana in different forest plots is connected with tree
composition, namely, the part of Quercus robur in the stand. Hatching began
earlier in the most lighted plots and developed quicker. Undergrowth and
blooming herbs were absent in such plots, and forest litter was rather thin
there, which was unfavorable for feeding and hibernating of entomophags.

Outbreak of Neodiprion sertifer in pine stands of 35-40 years old was
the most intensive and long in the dry bor (A;). Viability of all stages of pine
sawfly was the highest in this plot as compared with fresh bor (A;) and fresh
subour (B,) (using typology of Alerseev-Pogrebnyak (Pogrebnyak, 1955)).

Population density of N. sertifer decreased mainly in result of virus
epizooty, which developed more intensively in shaded plots with dense
understory (B,), whereas viral polyhedra on needle surface inactivated by
ultraviolet radiation in well illuminated plots (without understory and deciduous
plants) in A; and A,.

Development of larvae of sawfly completed earlier in the most lighted
and heated plots, so the first cocoons appeared in A;, A, and B, on May16, 20
and 23, whereas swarming of the most spread entomophag (Pleolophus
(=Aptesis) basizonus Grav.: Ichneumonidae) started since May 13, and the last
had to pass maturating feeding before attacking just formed cocoons. It took
more time in Ay, than in B,, which reflected in low level of parasitism in the first
forest conditions (Meshkova, 2004).

In the years of the highest density of sawfly population the interval
between Icheumonid swarming and sawfly cocoons forming made up 10-11
days.

In the plot in B, the densest forest litter was favorable not only for
hibernation of entomophags but also for their survival in hot summer. In the plot
in A; and A, we found the cocoons of sawfly with dead larvae of parasitoid
inside, which was connected with high soil temperature (up to 40 °C).

Population dynamic of Dendrolimus pini was also studied in A;, A, and
B, forest site conditions but in the stands of higher age (40 — 50 years old). The
highest intensity and duration of outbreak were registered in A;, and the lowest
ones in B,.

After culmination of outbreak of this pest the tachinid fly Panseria
(Ernestia) rudis Fall. dominated among entomophags. It attacked the larvae of
Dendrolimus pini in the 4™ instar and completed development in its pupae. This
fly began swarming in 1994, 1995, 1996, 1997 and 1998 on June 3, May 13, 5,
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13 and 12 respectively and spent several days on maturating feeding. So in
1994 the fly completed hibernation 10 days before pupation of D. pini and had
to look for another host. The slower development of D. pini larvae in B, plot
was the cause of their highest infestation by tachinid fly.

Analysis of population indices of foliage browsing insects allows pointing
the ecological conditions and the plots with the highest threat of outbreak for
these pests.

Forest site condition, stand age, crown closure, the part of preferable
tree species (pine for needle browsers and oak for leaves browsers),
understory density, origin of the stand (vegetative or generative), plots location
in the forest were taken into account. The most of these characteristics are
contained in the forest inventory databases and can be used for prediction the
area of potential forest pest outbreaks as well as for thematic maps creation on
the contours of stands, which are digitized for considerable part of forests of
Ukraine (Meshkova, 2009).

For evaluation of plots preferences for foliage browsing insects, indices
of electivity and selectivity were evaluated concerning forest site conditions,
stand age and density, part of elected host plant, understory and herbage,
origin of stands as well as plot location in the stand.

Electivity and selectivity indices, which show the extent of tree or plot
"preference", were calculated taking into account "availability" and "utilization"
of trees or plots.

"Availability" of trees of every species was evaluated as the ratio of sum
of cross-sections on breast height for trees of given species and all tree
species in the plot. "Availability" of plots with certain forest site conditions (age,
density) was evaluated as the part of area for plots with such forest site
conditions (age, density) from the whole area of surveyed plots.

"Utilization" of trees was evaluated for polyphags as the ratio of insect
population density in the trees of given species to the average insect
population density for all tree species or respective crown defoliation levels.

"Utilization" of some plots in the stands with given forest site conditions
(age, density) was evaluated as the ratio of average insect population density
in the plots with such forest site conditions (age, density) and average insect
population density in all surveyed plots, or the ratio of number of plots with
presence of given species in given forest site conditions (age, density) and the
number of "nonzero" plots from all surveyed plots.

For complex evaluation of forest plots preferences for foliage browsing
insects, electivity index was ranged by numerical score of 5 marks.

For example (Table 1), for pine defoliators according to forest site
conditions mark 1 characterizes the plots, where insect can get occasionally,
but do not survive. The stands in B3, C; — C, (mark 2) are mainly mixed and
only migratory foci can develop there. In the plots in A; and B, (mark 3)
outbreaks begin later than in primary foci and fast extinguished. Intensity and
duration of outbreaks of needle eating insects are higher in A, and B; (mark 4),
and the highest in A; (mark 5).

The highest is the threat of outbreaks of oak defoliators in D; and D,. It
decreases in C, (mark 3). Mark 2 characterizes the plots in C4, C3, D3, and in
other forest site conditions outbreaks of oak defoliators are not registered at
all.\

Plot preference by the age of the stands differs for oak and pine
defoliators as well as for every species. The most of oak defoliators prefer the
stands over 30 years old. Neodiprion sertifer colonizes the stands from the first
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years of their growing, but develop the most dangerous outbreaks in the stands
of 20-50 years old. Dendrolimus pini and Bupalus piniarius prefer older stands.

Table 1. Rating of plot preference for foliage browsing insects depending
on forest site conditions (Meshkova, 2009)

Pests of pine Pests of oak
Mark Forest site conditions Mark Forest site conditions
0 As, B, — Bs, C3— Cs, D; — Dg 0 A;—As, B, —Bs, C4,— Cs, Dy — D5
1 As 1 B; —B;
2 B;, C,—C, 2 C1, C3, D3
3 Az, B, 3 C,
4 A, B, 4 D,
5 Aq 5 D,

The most of foliage browsing insects prefer the plots with good
lightening and heating. Therefore the foci often form in the edges and in forest
shelter belts. Since high biodiversity brings to higher resistance of stands, the
probability of foci of all foliage browsing insects increases in monocultures. For
pine defoliators the plots lose attractiveness when part of pine in the stand
composition is less 70%, just when the foci of the most oak defoliators spread
in the stands with even 60% oak.

All foliage browsing insects prefer the stands with low density of
understory, as well as the plots adjacent to unclosed forest plantations and
burnt area (Pic. 1). Such plots are well illuminated, quick heated and ecological
conditions there are favorable for defoliators and unfavorable for hibernation
and maturation feeding of parasitoids. Deciduous plants at the edges of pine
stands are not favorable for pine defoliators, but favorable for their
entomophags and prevent the spread of fire.

* ¢ A AR A A AA ARER A
B A A A
*AA AAAAAAAAAAR

B A A AA AA AA A HA

B A A A A AA A A AR A AAA A
O O O 0O OO0 OAA A A A OA AA
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AOAAOOOAOAASAOAAAAOAAOOAAOAQO
O O O O A O

0<25% A126-50% €51-75% B=>75%

Pic. 1. Map of focus of Neodiprion sertifer (Lugansk region, 2008). Trees with the highest
defoliation (black squares) are located mainly near gaps in the forest
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Attractiveness the oak stands of vegetative origin is higher for
defoliators as compared with the stands of seed origin.

For example, suitability of forest plot for Tortrix viridana by forest site
conditions was evaluated as: mark 0 — A;—As, B4—Bs, C4—Cs, D4—Ds; mark 1 —
B;—B3; mark 2 — D3; mark 3 — C;—Cg3; mark 5 — D; — D,. By stand age: mark 0 —
up to 20 years old; mark 2 — 21-30 and over 80 years; mark 3 — 31-40 years;
mark 5 — 41-80 years. By crown closure: mark 0 — not less than 80%; mark 4 —
70%; mark 5 — 60% and less. By the share of oak in the stand composition:
mark 1 — 20% and less; mark 2 — 30-50%; mark 3 — 60%, mark 4 — 70-80%;
mark 5 — 90% and more. By understory density: mark 1 — high; mark 2 —
middle; mark 3 — low; mark 5 — absence. By forest origin: mark 3 — seed, mark
5 — vegetative. By location of sub-compartment in the forest: mark 1 —
surrounded by forest, mark 2 — forest edge with shrubs, mark 4 —near vista or
road, mark 5 — near unclosed plantations.

Forest sub-compartment suitability for Operophthera brumata by forest
site conditions is: mark 0 — A;—As, B4,—Bs, C4—Cs, D4—Ds; mark 1 — B;—B3; mark
2 - Cy, C3, D3; mark 3 — C,; mark 5 — D; — D,. By stand age: mark 0 — up to 20
years old; mark 1 — 21-30; mark 2 — 31-40 and over 80 years; mark 3 — 41-50
years; mark 4 — 51-60 71-80 years; mark 5 — 61-70 years. By crown closure:
mark O — not less than 80%; mark 2 — 60—70%; mark 4 — 50%; mark 5 — 40%
and less. By the share of oak in the stand composition: mark 2 — 20-60%;
mark 3 — over 70%. By understory density: mark O — high; mark 2 — middle;
mark 3 — low. By forest origin: mark 3 — seed, mark 5 — vegetative. By location
of sub-compartment in the forest: mark 1 — surrounded by forest, mark 2 — near
vista or road; 3 — forest edge with shrubs, mark 5 — near unclosed plantations.

Forest sub-compartment suitability for Lymantria dispar by forest site
conditions is: mark 0 — A1-As, B4,—Bs, C4—C5, D,—Ds; mark 1 — B,—Bs3, Dj; mark
3 — C1—C3; mark 4 — Dy; mark 5 — D;. By stand age: mark 0 — up to 20 years
old; mark 1 — 21-30 and over 80 years old; mark 2 — 31-40 and 71-80 years;
mark 4 — 41-70 years. By crown closure: mark 0 — not less than 80%; mark 3 —
70%; mark 4 — 50-60%; mark 5 — 40% and less. By the share of oak in the
stand composition: mark 1 — 20%; mark 2 — 30-60%; mark 3 — 70-80%; mark
5 — 90% and more. By understory density: mark 1 — high; mark 2 — middle;
mark 3 — low; mark 5 — absence. By forest origin: mark 1 — seed, mark 5 —
vegetative. By location of sub-compartment in the forest: mark 1 — surrounded
by forest, mark 2 — forest edge with shrubs, mark 3 — near vista or road, mark 4
— near unclosed plantations.

For complex evaluation of sub-compartments susceptibility for foliage
browsing insects we calculated the sum of marks for every sub-compartment
and then ranged it by 5-mark scale. The step was estimated as the difference
between maximum and minimum dividing on 5.

For example, the maximally possible sum of marks by 7 site and stand
characteristics is 35. Then the sub-compartments with sum up to 7 can be
classified as the least susceptible to given insect (threat class 1), the sub-
compartments with the sums of marks 8-14, 15-21, 22—-28 and 29-35 can be
classified as Il, Ill, IV and V class of threat.

For example, the plot in D, with oak stands (80% of oak) of vegetative
origin of 50 years old, with crown closure 50%, low density of understory,
neighboring unclosed plantations has the total mark 27 by susceptibility for
gypsy moth and 28 for winter moth, which means IV class of threat of outbreak.
Another plot is surrounded by forest, is located in Cj, the age of oak is 30
years, it is of vegetative origin, the part of oak is 40%, crown closure is 70%,
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understory is middle. The total mark of susceptibility for gypsy moth is 17, and
for winter moth it is 15, which means Il class of threat of outbreak.

As forest inventory database contains the most of analyzed
characteristics (except understory density and location in the forest massif), we
have automatized calculations and completed additional fields in the database
with the classes of threat for the main foliage browsing insects.

Algorhythm was developed for use of forest inventory data for
determination of boundaries and area of potential foci of foliage browsing
insects. Adequacy level for prediction dissemination of foliage browsing
insects, comparing to ground survey, was determined accounting real and
predicted numbers of plots preferred by certain insects as well as number of
plots determined by the both methods.

Suggested approach was recommended for determination the list of
plots, area and boundaries of potential foci of foliage browsing insects using
forest inventory data and for creation of respective thematic maps. It gives the
possibility to plan forest survey actions and to determine the plots where
control measures are necessary.

Taking into account possible changes in stand structure, density, age
and other characteristics, such evaluation must be repeated every 5-10 years.

Such evaluation was carried out for Doslidne Forestry of Steppe Branch
(Kherson region) of Ukrainian Research Institute of Forestry & Forest
Melioration taking into account the change of age of pine stands (Meshkova,
Nazarenko, 2011). It was predicted, that the threat for the stands from
Neodiprion sertifer and Diprion pini in 2015 would decrease as compared with
2005 from 3.9 to 3.7 and from 3.7 to 3.0 marks respectively. It would stay
without change for Dendrolimus pini (4.4 marks), and increase for Panolis
flammea from 3.1 to 3.3 marks. Respective change of foci area was evaluated
(Table 2).

Table 2. Distribution of area of pine stands by threat of outbreaks of pine
defoliators evaluated by stand age for 2005 (numerator) and 2015
(denominator) (Doslidne Forestry)

Distribution of area, %
Species 0 -threat | 1-very | 2-1low |3 -middle [4-high| 5-very
is absent |low threat| threat threat threat [high threat
Neodiprion 8.8 6.6 19 4.2 27.5 51.0
sertifer 9.3 1.7 1.2 7.0 59.9 20.9
o - 0.0 19.6 8.0 1.3 20.1 51.0
Diprion pini 3.5 14.5 5.8 48.8 6.4 20.9
Dendrolimus 0.0 4.2 0.0 6.1 35.5 54.2
pini 3.5 35 0.0 4.7 17.4 70.9
Panolis 0.0 12.9 12.7 22.0 52.3 0.0
flammea 3.5 12.8 6.4 7.6 69.8 0.0

Tolerance of stands to insect damage becomes apparent as the change
in sanitary condition, growth intensity and mortality. These indices depend on
the dates of defoliation, its level, weather, forest site conditions, stand structure
and initial characteristics of sanitary condition and growth of trees. For
example, height increment after defoliation can decrease 26—63% (Kulman,
1971), radial increment — 20—-84%, and stem volume — 33-50% (Austara et al.,
1987).
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Deciduous plants (Rubtsov, Utkina, 2008) and Larix sp. (Pleshanov,
1982) at once after defoliation begin to restore foliage, if crown was damaged
before completion of shoot growth or formation of tree ring. Therefore such
species sustain repeated defoliation. Conifers usually sustain total defoliation
caused by Neodiprion sertifer, which damages in spring the needles of
previous year before completion the growth of current year needles. The trees
sustain also defoliation caused by Panolis flammea up to 60%, which occurs in
period of shoot growth. Needle damage by Diprion pini in August brings to
greater losses of increment and often to tree mortality (Meshkova, 2013).

Sanitary condition of any living tree during lifespan can get better or
worse. In the years with more favorable weather conditions and in the plots
with favorable forest site the probability of improvement of sanitary condition
increases. Such probability was evaluated for forest plots in Lugansk region in
the foci of Neodiprion pini in the pine (Pinus sylvestris L.) stands. Forest site
condition, age of stand, initially sanitary condition of tree, and defoliation level
were taken into account (Meshkova, Kolenkina, 2014).

Table 3 shows an example of probabilities for pine trees to change
sanitary condition for 2007—2012 in the focus of Neodiprion pini in dry bor (Ay).

We can see that 13.3 and 6.7% of trees (0.13 and 0.07) changed their
sanitary condition from | (healthy) to V (recently died) and VI (died last year).
Therefore predicted mortality of trees, which had | category in 2007, is
calculated as product of initial part of trees of the | category (9.8%) and
probability of their death (0.13+0.07=0.2) that is 9.8 * 0.2 = 1.96%. Similarly we
calculate mortality of trees, which had Il, lll and IV sanitary condition in 2007.
They are 5.23; 6.55 and 1.3%, and predicted mortality in the stand with such
initial distribution of trees make up 1.96 + 5.23 + 6.55 + 1.3 = 15.04% (see
Table 3).

Table 3. Distribution of pine trees by sanitary condition in 2012 depending
on their sanitary condition in 2007 (Lugansk region, dry bor A,, 50 years old)

Distribution of trees by sanitary condition classes, %
. 2012 **
2007 I Il 1] v \Y VI
I 9.8 0.0 0.0 40.0 40.0 13.3 6.7
Il 66.0 0.0 4.0 48.5 39.6 1.0 6.9
11 19.0 0.0 0.0 34.5 31.0 0.0 34.5
v 1.3 0.0 0.0 0.0 0.0 0.0 100.0
V 0.7 0.0 0.0 0.0 0.0 0.0 100.0
VI 3.3 0.0 0.0 0.0 0.0 0.0 100.0
Total 100.0 0.0 2.6 42.5 35.9 2.0 17.0

Notes: * — part of trees from total in 2007; * — parts of trees from total in 2012.

Conclusions

Every phytophagous insect species is adopted to feed on foliage of one
or several plant species, but the range of host plants depends on region,
weather and phase of mass propagation of insects.

Important role of phenological resistance in population dynamics of
foliage browsing insects was proved. Outbreaks are the most often in
conditions of synchronization of feeding period for phytophags with the
presence of suitable foliage, period of activity of entomophags — with the
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presence of the susceptible stage of host, and unfavorable for insects weather
conditions must coincide with period of their stay in the most protected stage.
Algorhythm was developed for use of forest inventory data for
determination of boundaries and area of potential foci of foliage browsing
insects. Tolerance of stands to foliage browsing insects depend on forest site
conditions, stand age, initial sanitary condition and defoliation during outbreak.
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CIIOCOB OYMCTKHU I10JIM3/IPOB BUPYCA /JEPHOTO
MOJIN3/IPO3A PBI?)KET'O COCHOBOTI'O [TUJIUJIBILIMKA OT
TKAHEW HACEKOMOT'O

OnucaH paspaboTaHHbIi aBTopamMy  CNoco6  OYUCTKM  BMPYCHOW
Bromacchl pbKEro COCHOBOIO NMUMUIbLLMKA OT XXUpa M APpYrMX OCTAaTKOB TKaHeN
HacekoMblx. OnucaHa cxemMa MpPOBEAEHUs TpPOLEeayp OYUCTKM U ee
MeToZosorusi.

KnroueBbl cnoBa: BUpPYC SiAEPHOrO MONM34P0O3a PbPKErO COCHOBOTO
NAMWMbLLMKE, OYNCTKA.

Summary. Authors suggested method cleans viral polyhedra of
Neodiprion sertifer nucleopolyhedrovirus from DNA, fat and other insect tissue
residues what guarantees obtaining of virus preparation with purity necessary
for conduction of molecular genetic studies. The developed scheme for
purification of viral biomass is fast and reliable and can be used in the
production of various baculovirus preparations and for laboratory studies.

Introduction

In the production process of baculovirus preparations, it is very
important to purify virus polyhedra from various impurities, including DNA and
fat from the insect host. Absence of DNA in baculovirus preparation is
especially important for conduction of molecular genetic studies.

Practically all registered viral preparations used for plant protection are
based on baculovirus polyhedra (Yang et al., 2012). Baculovirus polyhedra
consist of virions immersed in the crystalline matrix of polyhedrin protein, which
has high resistance to various environmental factors (Chiu et al., 2012).

Baculovirus preparations are used against a wide range of insect pests
(Bakhvalov et al.,, 2001), including red pine sawfly Neodiprion sertifer
(Hymenoptera, Diprionidae), which is one of the most common and dangerous
pests of young pine plantations in Russia. Against its larvae VIRIN-Diprion
based on Neodiprion sertifer nucleopolyhedrovirus was used in Russia earlier,
but now it is not produced.

In the absence of a viral preparation, chemical insecticides are used to
protect plants against this pest. Chemical insecticides lack selectivity in action
(Aktar et al., 2009) and have a long period of half-life that can last for years
depending on environmental conditions (temperature, pH, illumination,
microbial composition of soil) (Krupke et al., 2012). In addition, artificial young
pine plantations have a reduced level of biological diversity and
correspondingly are less resistant to unfavorable conditions than natural pine
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forests. This is why application of pesticides, and especially repeated
treatments, is undesirable. Currently, a new baculovirus preparation against
red pine sawfly larvae is being elaborated (Sergeeva, Dolmonego, 2012).

Neodiprion sertifer nucleopolyhedrovirus primarily infects intestine while
fat body and other tissues of infected larvae stay intact and the virus-containing
biomass derived from the dead larvae is largely enriched with insect tissue
remains. Fat particles predominate among the remains of insect tissues and
their resulting mass fraction can reach up to 50%. These fat particles constitute
unnecessary part of baculovirus preparation and require removal.

In addition, high purity of virus material is important for identification of
virus strains. Manufacturing scheme requires a high-efficiency reference strain
of the virus and its use for each cycle of production process. Thus, a constant
molecular genetic control and highly purified virus preparations are necessary
for successful production process.

It is known how to purify polyhedra of the cottonworm virus, namely,
distilled water is added to a biomass of perished caterpillars and then is
homogenized. The resulting homogenate is filtered through two layers of
capron fabric with 0.1 mm cells, then filtrate is centrifuged and the precipitate is
lyophilized. As a filler, zeolite or silicic acid is used (Kolosov et al., 2009).
However, this method of purification does not provide reliable removal of
impurities of insect tissues from viral preparations. We did not find any scheme
used for purification of baculovirus preparations that could solve this problem.

Thus, it is not impossible to clean polyhedra of Neodiprion sertifer
nucleopolyhedrovirus from the remains of insect tissues with existing
techniques. That is why we have developed a method for cleaning of the virus
polyhedra of Neodiprion sertifer nucleopolyhedrovirus, providing a viral
preparation with required level of purity for molecular genetic studies.

Materials and methods

The work was carried out with the viral biomass of intestinal
nucleopolyhedrovirus isolated from dead larvae of red pine sawfly. Red sawfly
larvae were collected in the natural centers of their mass propagation and
under laboratory conditions viral biomass was obtained from them.

Results and discussion

To obtain viral preparations with the maximum degree of purity we
developed a scheme for cleaning of viral polyhedra which includes
homogenization of biomass of the dead larvae, centrifugation of homogenized
biomass and purification of virus polyhedra from insect tissues, including DNA.

Initially, centrifugation is carried out at a speed of 13,000 rpm for 10-15
seconds in 1.5 ml eppendorf tube before the appearance of a white fraction of
polyhedra over the sediment of insect tissues (centrifuge radius is 4 cm). The
supernatant is removed to a new tube and a solution of 3-molar guanidine
thiocyanate (100 pl of solution per 30-40 ul of precipitate) is added. Then
centrifugation is carried out at a speed of 12,000 rpm for 1 minute. Distilled
water is added and precipitate is gently resuspended with vortex mixing. After
this step the polyhedra remain attached to the walls of the polypropylene test
tube, and the remains of the insect tissues pass into an easily removable
supernatant. Then the polyhedra are washed out again with water and the
supernatant is removed.

Further, viral polyhedra are purified from DNA of the insect, which has a
high affinity for them. To do this, TE buffer is added to the polyhedra sediment
in a ratio of 1:50 (sediment:buffer) by volume and polyhedra are resuspended
in buffer. (TE buffer is a solution consisting of a 1-molar Tris-HCI (pH 8.0) and
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0.5-molar solution of ethylenediaminetetraacetic acid). The resulting solution at
a temperature of +25 °C is held for 3 minutes and after is centrifuged at 5,000
rpm for 1 minute. To obtain a higher degree of purification of viral polyhedra,
this procedure is performed two more times.

The absence of an insect DNA in the resulting material is checked by
electrophoresis in a 0.9% agarose gel with ethidium bromide by a standard
procedure used to detect DNA amplification products (Sambrook et al., 1989).
If necessary, procedure for purification of the polyhedra from DNA is repeated
once again.

Conclusion

The suggested method cleans viral polyhedra of Neodiprion sertifer
nucleopolyhedrovirus from DNA, fat and other insect tissue residues what
guarantees obtaining of virus preparation with purity necessary for conduction
of molecular genetic studies. The developed scheme for purification of viral
biomass is fast and reliable and can be used in the production of various
baculovirus preparations and for laboratory studies.
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Key words: Baculovirus, Helicoverpa armigera, Multinucleocapsid
nucleopolyhedrovirus, Genome sequence comparison

HOBBIM MYJIETUHYKJ/IEKATICU/] BUPYCA AJIEPHOTO
[TOJIM3IPO3A I'YCEHHUL HELICOVERPA ARMIGERA

M3yyeH CrOXHbIN MHOFOKMETOMHBIN BUPYC SOEPHOro  Nonuagposa
Helicoverpa armigera (HearMNPV). TUP-aHann3 B peanbHOM BpeMeEHU
nokasan, 4to pennukauua JHK HearMNPV B npouecce pa3sutus 6onesHmn y
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ryceHuy, BKNoyana 4JeTbipe CTaauu: akTUBM3aums BUpyca, CKpbITbi nepuop
pa3BuTus 6onesHun, beicTpoe pasBuTne GonesHn u ctabnnusaunsa. HearMNPV-
reHom coctouT M3 154196 nap ocHoBaHwun, cogepxaHme G + C 40,07%. B
reHome HearMNPV umeetcs 162 npusHaHHbIX OTKPLITLIX Kagpa CYMTbIBAHUS,
yto coctaensier 90,16% reHoma. OctanbHble 9,84% cocTaBnAlT 4YeTbipe
rOMOIOTMYHBIX perMoHa u Apyrme Hekogupylowme obnactn. CpaBHuBad
reHombl HearMNPV n MacoNPV-B, mbl npegnonaraem, 4to HearMNPV He
cogepxuT pparmeHTa 5,4 k6, cogepxalleroca B MNSATUM OTKPbITbIX Kagpax
cuntbiBaHus. Kpome Ttoro, reHbl HearMNPVorf66, bro u hrs otnuyatotcs ot
COOTBETCTBYIOLKNX canToB reHomMa MacoNPV-B.

KnroueBble cnoBa: BUpyC saepHOro nonuaapo3sa Helicoverpa armigera,
MUP-ananus, reHom.

Background

Members of the family Baculoviridae are rod-shaped viruses with circular,
covalently closed, double-stranded DNA genomes [1]. This family includes four
genera: Alphabaculovirus (lepidopteran-specific nucleopolyhedroviruses(NPVs)),
Betabaculovirus  (lepidopteran-specific  granuloviruses), = Gammabaculovirus
(hymenopteran-specific NPVs) and Deltabaculovirus (dipteran-specific NPVs)
[2. To date, 54 Dbaculovirus genomes have been sequenced
(http:/Mmww.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi? taxid=10442),
including 37 from Alphabaculovirus, 13 from Betabaculovirus, three from
Gammabaculovirus and one from Deltabaculovirus. Nucleopolyhedrovirus (
NPV ) and granulovirus (GV) are distinguished from each other by their
occlusion body morphology. The NPVs produce large, polyhedron-shaped
occlusion bodies, called polyhedra, which contain many virions, whereas the
GVs have smaller occlusion bodies, called granules, which normally contain a
single virion. The NPVs are further designated as single-nucleocapsid (S) or
multinucleocapsid (M), depending on the potential number of nucleocapsids
packaged in an envelope of the virion.

The cotton bollworm, H. armigera, is a serious pest that causes
economic losses to over 60 vegetable and field crops throughout the world [3].
H. armigera larvae are significantly resistant to chemical insecticides; therefore,
baculovirus pesticides have been recognized as one of the most promising
agents to control such pests [4]. HZSNPV was registered as one of the first
commercial baculovirus pesticides (Virion-H, Biocontrol-VHZ, Elcar) in the
1970s, and has been used extensively to control the cotton bollworm in the
USA [5]. HearSNPV was also the first commercial baculovirus pesticide used to
control H. armigera in China, and has been extensively used for the control of
the pests in vegetable crops [6].

The DNA genomes of HearSNPV-G4 [7], HearSNPVC1 [8], HearNPV-
NNgl [9], and HzSNPV [10] have been sequenced. Among them, the
HearSNPV-G4  and HearSNPV-C1 were isolated from China,
HearNPVNNglwas isolated from Kenya, and HzSNPV was isolated from the
United States. Comparative genomic analyses showed that overall gene
content and arrangement in these four viruses were highly conserved, and they
are considered variants of the same NPV species [9]. In addition, the
nucleotide sequence of the HearGV DNA genome was reported [11].
Multinucleocapsid NPVs isolated from H. armigera(HearMNPV) producing
ODV virions with multiple nucleocapsids per envelope have been identified
[12,13]. The genes of other 18 HearMNPV isolates from H. armigera which
included lef-8, lef-9, polyhedrin have been reported [14].
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In this study, a new nucleopolyhedrovirus isolated from H. armigera was
observed by electron microscope (EM), suggesting it was multinucleocapsid
NPV. Experimental infection of insect larvae indicated that host range of
HearMNPV was different from that of HearSNPV and that the cytopathological
effect of HearMNPV differed from that of HearSNPV. This report describes the
sequence and organization of the HearMNPV genome and compares it with
sequence data from other baculoviruses, such as HearSNPV and MacoNPV-B.

Methods

Viruses and insects

HearMNPV was originally isolated from a naturally infected H. armigera
in the Shanghai city, China in the 1970s. The virus was propagated in
laboratory stocks of healthy third instar H. armigera larvae by per os infection.
A laboratory stock of eastern armyworm, cotton leaf worm and beet armyworm
were reared at 26°C with a 16:8 h light:dark cycle on a semi-synthetic diet.

Virus purification, DNA extraction, and construction of genomic
DNA libraries

To generate a large number of polyhedra, healthy third instar H. armigera
larvae were inoculated and the hemolymph was collected from the H. armigera
larvae were collected on ice and centrifuged for 10 min at 4 °C. The precipitate
was washed several times with distilled water and re-suspended in 0.1% SDS
for 30 min at room temperature. After centrifugation, the clean polyhedra were
re-suspended in 200 ul TE buffer (10 mM Tris—-HCI, pH 8.0, 1 mM EDTA) [15].

The genomic DNA of HearMNPV was purified according to the following
protocol: about 5 x 10° polyhedra were dissolved in 0.1 M Na,CO3, 0.15 M NaCl,
pH10.4 on ice for 10 minutes, SDS was then added to a final concentration of
0.5%, and the solution was kept on the ice for another 10 minutes. The genomic
DNA was extracted twice in an equal volume phenol ( pH 8.0) and once in
chloroform. The DNA was precipitated with two volumes ethanol, washed with
70% ethanol, and dissolved in 0.1 x TE buffer (pH8.0) [16]. The quantity and
quality of the isolated DNA were determined by spectrophotometrically and by
electrophoresis on 0.7% agarose.

A random genomic library of HearMNPV was constructed according to
the “partial filling-in” method and contained 2.0 to 5.0 kbp fragment in vector
pUC19 [15,16] DNA fragments for sequencing were prepared from 527
recombinant plasmids. The recombinant plasmids were sequenced with
plasmid specific primers and 'primer nesting' from both strands, using BigDye
Terminator v3.1 (ABI) on a 3130XL Genetic analyzer (ABI). The combined
sequence was generated from these clones represented a six-fold genomic
coverage. The gaps were filled by PCR.

The insect cell lines and infection

The Hz-AM1 cell line and HaBacHZ8-GFP were gifts from Dr. Fei Deng
of Wuhan Institute of Virology, Chinese Academy of Sciences. HaBacHZ8 is a
bacmid of HearNPV that lacks the polyhedrin gene. An enhanced GFP gene
was introduced to HaBacHZ8 by using the HearSNPV bac-to-bac system
[17,18] and this generated the bacmid HaBacHZ8-GFP [19]. The QB-Ha-E-5
cell line, which was a gift from Dr. Guiling Zheng of Shandong Agricultural
University, was established from the embryonic tissue of H. armigera
(Lepidoptera: Noctuidae). The cell line had been subcultured over 60 passages
in TNM-FH medium supplemented with 10% fetal bovine serum. The cell line
could be infected by H. arigera single nucleopolyhedrovirus (HaSNPV) [20].
The HzAM1 cells and QB-Ha-E-5 cells were cultured at 27°C in TNM-FH insect
medium (Sigma, USA) supplemented with 10% (v/v) heat-inactivated fetal
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bovine serum (Gibco-BRL, Gaithersburg, USA). Hz-AM1cells and QBHa-E-5
cells were infected with HearMNPV at a multiplicity of infection (MOI) of 5. For
coinfection, QB-Ha-E-5 cells were infected simultaneously with HearMNPV and
HaBacHZ8-GFP at an MOI of 5 for each virus. The cells were examined using
Nikon-Ts100 and Leica TCS SP5 Il microscopes.

Scanning electron microscopy

Polyhedra were fixed in 2.5% glutaraldehyde at 4°C for 2 h. The fixed
sample was dehydrated through a serial ethanol gradient, and then embedded
in Epon-Araldite resin. A diamond knife was used to cut ultrathin sections on a
Reichert OMU3 Ultramicrotome. The sections were stained with 2% aqueous
uranyl acetate, followed by lead citrate. Micrographs of the Polyhedra were
taken with a Hitachi S3400N transmission electron microscope at 80 kV.

Transmission electron microscopy

Polyhedra were fixed in 2.5% glutaraldehyde in 0.05 cacodylate buffer at
4°C for 2 h and post-fixed in 1% osmium tetroxide in the same buffer for 2 h at
room temperature. Fixed samples were dehydrated through a graded series of
ethanol solutions and embedded in Spurr’s resin. Sections were cut, stained
with uranyl acetate and lead citrate, and examined under a JEM-1230
transmission electron microscope (TEM) at an accelerating voltage of 80 kV.

Quantitative PCR (gPCR)

Third-instar larvae were starved for 12 h at 26°C before being
inoculated, and H. armigera test larvae were allowed to ingest a diet soaked in
a 10 ul drop, containing an estimated 10’ OBs. Control larvae ingested a diet
soaked in a 10 pl drop with no OBs. The diet soaked OBs or ddH,O were
replaced by fresh diet with no OBs after 2 hours adsorption period at 26°C.
Time zero of the infection was defined as the time when the diet soaked OBs or
ddH,O was removed from the culture boxes. Larvae used in this experiment
were sacrificed at various time points ranging from 4 to 96 h postinoculation
(p.i.). A powder was prepared from ten larvae using a mortar and pestle after
each collection under liquid nitrogen. 0.1MNa,COs3, 0.15 M NaCl, 1 %NP -40
was added to the powders to a total volume of 700 ul. Total DNA was then
extracted by the addition of an equal volume of phenol (pH8.0) (twice) and
chloroform (once). The DNA was precipitated with two volumes of ethanol,
washed with 70% ethanol, and dissolved in ddH,O. The quantity and quality of
the isolated DNAs were determined spectrophotometrically.

HearMNPV DNA copy number was determined by real-time qPCR with
primers specific to the rr2b gene. The viral copy number was then normalized
against host-genome copy number by gPCR with primers specific to the host
actin gene [21]. The rr2b and actin genes were amplified by PCR and cloned
into pGEM-T. Recombinant plasmid DNA concentrations were quantified using
a spectrophotometer and dilution standards were generated. For each
standard dilution, three independent gPCRs were performed using rr2b or actin
specific primers, and standard curves were generated. For each larval DNA
extract, three independent gPCRs were performed using rr2b and actin specific
primers. The mean of the HearMNPV DNA copy numbers were determined and
the number of rr2b amplicons was normalized against the number of host actin
genes to derive the mean number of viral copies per mean host actin gene
copy number. The specific primers were as follows:

actin-F 5' CTCTTCCAGCCCTCATTCTTG 3

actin -R 5' TTCTGCATACGGTCAGCGATA 3

rr2b-F 5' AGCAACAAGACTTAATACTCAACGC 3

rr2b-R 5' AATATGGCTGCAAAGCTACCG 3
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DNA sequence analysis

Restriction fragments from recombinant plasmids were sequenced and
assembled into contigs using SegMan5.0 from the DNASTAR software
package. PCR was used to generate gap-spanning fragments and low quality data
regions after preliminary assembly. Open reading frames (ORFs) were identified
using ORF Finder http://www. ncbi.nlm.nih.gov/gorf/gorf.html [22]. The criterion
for defining an ORF was a size of at least 150 nt (50 aa) with minimal overlap.
Promoter motifs present upstream of the putative ORFs were screened as
described previously [23]. Homology searches were done through the National
Centre for Biotechnology Information ( NCBI ) website using BLAST [24].
Multiple alignments and percentage identities were performed using the Clustal
W. The Tandem Repeats Finder http://tandem.bu.edu/ trf/trf.html was used to
locate and analyze the homologous regions (hrs) [25]. GeneParityPlot analysis
was performed as described previously [26]. A phylogenetic tree was inferred
from amino acid sequences by NJ and MP analyses using MEGA, version 5.0
[27]. Bootstrap analyses were performed to evaluate the robustness of the
phylogenies using 1000 replicates for both NJ and MP analyses.

Results and discussion

Electron microscopy observation

Scanning electron microscopy revealed that the purified occlusion
bodies (OBs) of NPV originating from infected cotton bollworm have irregular
shapes, with diameters of about 2 £ 0.3 um (Pic. 1A). Transmission electron
microscopy showed multiple rod-shaped nucleocapsids of about 230 nm in
length and 50 nm in width embedded in each OB, with multiple nucleocapsids
packaged within the envelope of the virion (Pic. 1B). These results indicated
that the virus is a typical multinucleocapsid NPV. However, transmission
electron microscopy indicated that HearSNPV have single nucleocapsids
packaged in their virion (Pic. 1C). Therefore, the isolate was termed H.
armigera multinucleocapsid nucleopolyh edrovirus (HearMNPV).

B C

Pic. 1. Electron micrographs of polyhedra from HearMNPV and HearSNPV. A. Scanning
electron micrograph of HearMNPV (12,000x) B.Transmission electron micrograph of
HearMNPV (80, OO0O*) C Transmission electron micrograph ofHearSNPV (20,000%).

HearMNPV infected insect larvae and cells

Experimental infection of insect larvae showed that HearMNPV can
infect the eastern armyworm (Pseudaletia separate), but cannot infect either
the cotton leaf worm (Spodoptera litura) or the beet armyworm (Spodoptera
exigua). By contrast, HearSNPV cannot infect P. separate. These results indicate
that the host range of HearMNPV differs from that of HearSNPV. Moreover,
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HearMNPV-infected Hz-AM1 cells produced no polyhedra and showed no
typical cytopathic effects (CPE), even at 96 h post-infection (pi) (Pic. 2A).
However, HearMNPV-infected QB-Ha-E-5 cells produced polyhedra (Pic. 2B).
It was previously reported that Hz-AM1 cells were permissive to HearSNPV-G4
[8,17,18]. When QBHa-E-5 cells were infected by HaBacHZ8-GFP [18,19] ,
which was constructed from HearSNPV, green fluorescence was observed under
fluorescence microscopy (Pic. 2C). These results indicate that the host range
and cells infected by HearMNPV differ from those infected by HearSNPV.

A) Hz-AM1 Cells C)QB-Ha-5cellls
HearMNPV HearMNPV+HaBacHZ8-GFP

Uninfected

Light

B) QB-Ha-5 cells Fluorescence

Uninfected

HearMNPV
c p :

Pic. 2. Cytopathic effects in infected cells. Panel A: Hz-AMtellsuninfected (A) and
infected with HearMNPV (MOI5)at 72 hpi (B) Panel QB-Ha-E-5 cells uninfected (Q and
infected with HearMNPV (MOI:5) at 72hpi (D) Panel C QB-Ha-E-5cells co-infected with
HearMNPV and HaBacHZ8-GFP (MOI5) at72hpi.Cells wereviewed using confocal laser
fluorescence microscopy. Arrowsl and 2 indicate polyhedra-containing fluorescent cells,

arrow3 indicates polyhedra-containing cells, andarrow 4 indicates fluorescent cells.
Magnification: *400.

Coinfection of QB-Ha-E-5 cells with HaBacHZ8-GFP and HearMNPV
showed that certain cells possessed green fluorescence (under fluorescence
microscopy), some cells produced polyhedra, and some cells possessed both
green fluorescence and polyhedra (Pic. 2C). The results indicate in cells
coinfected with two distinct viruses, the viruses are able to coexist, replicate,
and package themselves independently. Cydia pomonella granulovirus (CpGV)
is one of the most successful commercial baculovirus insecticides; however,
resistance of the codling moth (C. pomonella) to commercially applied CpGV in
orchards located in Germany and France has occurred [28]. Therefore,
alternating virus treatment or using a mix of HearMNPV and HearSNPV could
delay the development of resistance in H. armigera, helping to improve both
the prevention and control of H. armigera in the field.

HearMNPV virus DNA replication in vivo

HearMNPV is a potentially new isolate infectious for H. armigera based
on the analysis of host range and morphology. Thus gPCR was used to
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determine the replication efficiency of HearMNPV infectious for H. armigera in
vivo. Pic. 3 shows the quantity of HearMNPV viral DNA in infected larvae, in
the decreasing phase (0—4 hr), latent phase (4-12 h), exponential phase (12—
48 h), and stationary phase (48-96 h). Initially, the number of viral DNA (VDNA)
copies appeared to decrease between 0 h post infection (p.i.) and 4 h p.i.
before increasing by 6.97 times between 4 h p.i. and 12 h p.i. The number of
vDNA dramaticallg/ increased between 12 h p.i. and 48 h p.i., from 452/10° actin
to 2.02 x 10™/10° actin, an increase of 4.46 x 108 fold. These results indicated
that the viral DNA replicated about 29 times, taking about 1.24 h to generate
another vDNA copy. This trend continued into the stationary phase, to a lesser
degree: vDNA increased 4.82 times between 48 h p.i. and 96 h p.i, and there
were about1.17 x 10 copies per 10° actin at 96 h. These results suggested
that H. armigera could be infected by HearMNPV efficiently and 15,170 bp,
which represented 90.16% and 9.84% of the genome, respectively. The four
hrs were distributed along the genome, with sizes ranging from 724 to 1,766
bp, and their total sequence was 4,749 bp, and the replication kinetics
conformed what has previously been described for other baculoviruses [29].

101
1012
101
1010
10°
108
107
108
10°
10¢

10°

102

10 |-

1 1 1

0 12 24 36 48 60 72 84 96

Hour p.i.

105<HearMNPV DNA copies per actin gene

Pic. 3. Quantification of HearMNPV DNA copy number in infected H. armigera larvae. gPCR
was used to determine Ihe number of rr2b gene copies relative to lhe actin gene at various
times Ib Howling infection. The plotted points indicate Ihe averages of the number rr2b gene
copies relative to actin gene (performed in triplicate). Error bars represent standard
deviations.

Nucleotide sequence of the HearMNPV genome

The HearMNPV genome consists of 154,196 bp (GenBank accession
no. NC_011615), which is similar to the genomes of MacoNPV-A (155,060 bp)
and MacoNPV-B (158,482 bp). The HearMNPV genome has a G + C content
of 40.07%, which is within the 58% (LAMNPV) and 32.7% (ChocGV) range for
baculovirus genomes, and is similar to MacoNPV-B (40%), ACMNPV (40.7%) ,
BmNPV (40.4%), and EppoNPV (40.7%). According to the adopted convention,
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the adenine residue at the translation initiation codon of the polyhedrin gene
represented the zero point on the HearMNPV physical map, and the polyhedrin
gene was designated as ORF 1 (Table 1). A total of 162 putative ORFs and
four homologous regions (hrs) were detected in the HearMNPV genome, using
computer-assisted analysis to select ORFs starting from a methionine-initiated
codon (ATG) and including at least 50 amino acids (aa) and having a minimal
overlap with other ORFs [30,31]. All 162 ORFs are shown in Table 1 by
location, orientation, size, and potential baculovirus homologs.

Table 1. List of ORFs in HearMNPV and their Homologous ORFs in the
MacoNPV-B, MacoNPV-A, HearSNPV(G4), AcMNPV, AgSeNPV and
HearGV

ORF Name Position® Prm” length Homologous ORFs[ORF number,amino acid
identity(%0)]

MacoNPV-B MacoNPV-A HearSNPV(G4) AcMNPV AgSeNPV HearGV

1 Jpoh |1 > (741 L 246 [1 [100 [1 980 [1 [87.4l8 [89.3[1 [89.8 |1 [55.1
2 1629 790 |< (2358 |L 522 |2 [958 2 [723 |2 (2669 2792 1330 [2 [16.7
3 |kt [2357 |> (3175 272 13 [096 3 875 |3 485110 (38.7/3 |586 |3 |34.6
4 |hoar |3250 |< 5478 |E |742 |4 |97.1 |4 |743 |4 |202 4 217

5 5067 |> (6533 |E |188 |5 |96.8 |5 |67.2

6 |odv-e56 |6626 |> 7747 |L |373 |6 100 |6 |89.3 [15 |526/148/49.2/6 |59.5 |14 |42.1
7 |mes3  [7892 |< [8956 354 |7 [09.7 7 1862 |16 [30.9139]24.6|7 [47.4 [178 [22.1
8 |Fprotein|9563 |> 11599 |L |678 |8 |99.9 |9 [90.9 [133 |36.9)23 [22.1/8 |44 |26 |29.8
9 11719 |< [12678 |E 319 |9 [99.1 |10 |91.2 9 |46.1

10 |gp16 12729 |< 13016 |L |95 |10 100 |11 |97.9 119 |30.8130/35.5/10 |65.6

11 [p24 113029 |< [13718 |L [229 11 100 |12 |92.5 [118 |50.4{12037.4|11 |63.8 |78 |25.7
12 13784 > [14095 |L 103 |12 100 |13 |91.3 |117a|34.6 12 |44.4

13 |lef2 114049 > [14696 | (215 13 |99.1 |14 [82.0 [117 4796 |40.6]13 |56.6 |33 |26.8
14 |xe 14792 |> [15175 [E [127 [14 (99.2 |15 85,5 21 [220

hr1 15251 | |16435
15 |endonucl|16436 |< 16732 [L (98 |15 99.0 [17 |93.4 79 |44.7 69 |405
ease

16 16798 |> [17397 | 199 [16 |98.5 |18 |87.9 70 123925 [27.0

17 17550 |> [18260 |E,L|236 |117(41.2 19 |80.6 151/33.0103/38.9

18 |chitinase |18318 |< 20006 |L |562 [19 [99.3 [22 |97.0 |41 |63.31126/67.2|23 (826 |105 |60.3
19 |bro-a 20197 |> 21192 | [331 [20 |83 |24 |77.7 |60 |53.92 |23.3]50 |332 |101 |64.3
20 21257 |> 21682 |E 141 |21 |99.3 [25 |86.5 131 |38.9
21 21786 |> [22595 [E (269 |22 [98.1 |26 |78.1 52 408
2 22706 |< [23347 | 213 23 [95.8 [27 |91.1 |57 |25.8 49 214 |81 [349
23 23525 |> 23839 |L |104 |24 99.0 [29 |64.4

24 23960 |< (24595 |E (211 25 |97.6 30 |69.2

25 |hel2  |25012 |< [26379 |E |455 |26 |98.9 147 |57.7
26 |he65 26512 |< 28266 | |584 [27 (985 |32 |91.7 |61 |28.6/105/37.1/20 [53.3 |62 |53.4
27 |cathepsin|28331 |> 29356 | [341 [28 |100 |33 |97.1 |56 |46.7/127/56.9 |19 81.3

28 29353 |< 20700 |L 115 |29 [100 |34 |90.6 125 |29.0 18 |72.0

29 [left  |29728 |> [30375 | |215 (30 |99.1 |35 |95.8 |124 |48.2/14 |40.0|17 [64.2 |80 |36.6
30 [38.7k |30375 |> 31424 |L |349 |31 |99.7 |36 |92.6 |123 |34.113 [29.5|16 [60.3 [102 |23.4
31 |gp37  |31476 |> 32264 |L |262 [32 |99.6 |37 [95.0 |58 |62.8/64 |58.6/26 |72.4 109 |43.1
32 lptp2 32221 |< [32760 |L 179 33 98.9 |38 92.7 27 1510

33 legt  |32828 |> 34414 |E |528 (34 |99.4 |39 |94.4 [126 |50.7/15 |48.028 |73.1
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34 34583 |> [35119 |E [178 |35 |98.9 |40 |94.9 |127 |22.3 29 |53.3

35 35119 |> |35766 215 |36 |98.1 |41 |90.7 |128 |28.1/17 |30.4|30 [45.9

36 35802 |< |38357 851 |37 [99.4 |42 |88.5 [129 |26.5 31 1454

37 |chtB2 38415 |> |38855 |L |146 |38 |98.6 |43 |64.6 |83 |31.7/146/43.8 |148/34.0 |107 |46.2
38 38886 |> 39413 |L |175 |39 |99.4 |44 |82.8 4 126732 |36.8

39 |pkip 39434 |> (39943 |L (169 |40 |100 |45 |91.6 |130 |36.2]24 |23.5|33 |55.6

40 39965 |< [40306 113 |41 100 |46 |196.5 34 |52.7

41 |arif1 40312 |< 41184 290 |42 [98.6 |47 |92.0 131 [29.2]21 |22.7|35 |43.3

42 |pif2 40940 |> 142199 419 |43 |99.3 |48 |95.0 |132 |69.0/22 [59.5|36 |74.6 |42 |51.1
43 |pif1 42214 |> 143803 529 |44 199.6 |49 [93.6 111 |43.0/119/48.6|37 |61.2 |82 |36.2
44 43800 |> 144045 81 |45 [100 |50 |96.3 [112 |32.9 38 |44.3

45 |fgf 44080 |< 145174 364 |46 199.2 |51 [72.9 113 |32.0[32 |27.5|39 |41.7 |176 |34.0
46 45210 |> 146115 301 |47 199.7 |53 [89.5 40 45.7

47 |alk-exo |46157 |< 47344 |L |395 |48 [99.8 |54 |90.1 |114 |41.4/133/38.8|41 |48.6 |146 |39.4
48 47582 |< 147920 |L [112 |49 [100 |55 |93.6 |115 |27.0/19 |26.7 |44 |65.1

49 47919 |> 149082 |L [387 |50 [99.7 |56 [94.6 18 [25.8 |45 |62.3

50 49121 |< 149522 133 |51 199.3 |57 |94.7 122 |22.5[132/21.9 |46 |50.0

51 |2 49594 |> 150535 313 |52 199.7 |58 [94.3 47 |72.2

52 50544 < [51593 349 |53 [100 |59 |73.1 103|55.3

53 |calyx/pep 51620 |< 52597 325 |61 [100 |60 [97.5 120 |41.6/131]32.3]49 |65.7 |18 |21.0
54 52871 |< |53209 112 |62 100 |62 |84.1 |110 |40.2/117|34.2 |51 |66.0

55 53161 |< [53523 |E {120 |63 |100 |63 |90.8 |109 |35.8 52 |53.2

56 53687 |< |54301 |E,L|204 |64 |98.5 |65 |86.8

57 |sod 54366 |< [54821 151 |65 100 |66 |96.7 |106 |75.3|31 |73.2|54 |85.2 |63 |53.7
58 54878 |> |55243 121 |66 100 |67 |86.8 55 |47.3

59 |pif3 556269 |> [55880 |L |203 |67 |98.0 |68 192.6 |98 |51.8[115[47.1/56 |70.0 |30 |44.5
60 55846 |> |56316 156 |68 |98.1 |69 87.7 |99 |22.7 57 |57.5

61 |pagr 56365 |> 57819 |L [484 |69 99.4 |70 |87.4 |100 |23.5 58 |38.0

62 57842 |> [58483 |L |213 |70 |100 |71 |96.8 |101 |57.1/106/53.2|59 |78.2 |45 |44.1
63 |nrk1 58518 |< [59627 |E |369 |71 |99.4 |72 |95.0 33 [30.1/60 |58.4

hr2 59758 | 61523

64 61569 |> 62045 |L [158 |72 |93.7 |73 |87.3 4 1256(32 |20.2

65 |dutpase 62105 |> (62449 E |114 |73 |91.2 |74 |92.2 62 |66.7

66 62531 |> [64309 |E,L|592 |18 |99 53 [51.0
67 |bro-b 64565 |> 65572 335 |74 |77.5 |75 [79.6 |60 |47.52 |23.0|50 [32.0 |101 |54.8
68 |p13 65621 |> [66457 |L |278 |75 |99.6 |76 |95.3 |97 |58.4 64 1685 40 [474
69 |sprT 66512 |> |67036 174 |76 198.9 |77 |89.7 21 |30.7
70 |odv-e66a 67148 |> (69166 |E,L|672 |77 [99.7 |78 |97.2 |96 |58.1|46 |39.7|12535.9 [150 |56.3
" 69163 |< [69474 |L [103 |78 ]99.0 |79 |96.1 |95 |44.7/108/32.8 |65 |59.6

72 |odv-ec43 69484 |< [70554 |[L |356 |79 |[100 |80 |95.2 |94 |50.4/109/41.6/66 |77.3 |48 [31.9
73 70538 |< [70717 59 |80 [100 |81 [98.3 193 |50.0/11036.0|67 |73.7 |46 |50.0
74 |vp80 70714 |< {72360 548 |81 [99.3 |82 |83.1 |92 [24.0/104/22.9 |68 |37.2

75 |p45 72388 |> |73521 |E,L|377 |82 [99.7 |83 |97.9 |91 |58.7|103/51.1/69 |80.7 |90 [39.5
76 |p12 73508 |> |73816 |[L |102 |83 |100 |84 [89.2 |90 |42.1]102/32.6 70 |51.9

77 |p40 73842 |> |74936 |L |364 |84 [100 |85 |92.6 |89 |53.1|101|43.4|71 69.6 (92 |21.6
78 |p6.9 74995 |> |75228 |[L |77 |85 [100 |86 |83.3 |88 |58.9/100/62.0|72 |64.2 (93 |16.7
79 |lefb 75225 |< [76046 273 |86 |99.6 |87 [96.3 |87 |50.3/99 |57.4|73 |[77.6 |94 |43.0
80 |38k 75945 |> |76847 |[L |300 |87 |99.7 |88 |96.0 |86 |53.7/98 |44.6|74 |73.0 |95 |40.5
81 |vef 76886 |> [79432 |[L (848 |88 199.3 |89 |81.3 76 139.5 [151 |28.4
82 |bro-c  |79437 |< 180507 356 (89 [98.3 |90 [84.4 105 |28.92 |50.177 |63.7 |117 |25
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83 80591 |< [81019 142 190 199.3 191 |195.8 78 |72.5

84 |odv-e28 81052 |< 181570 172 191 |98.84/92 97.7 |85 |62.996 |50.6|79 |80.2 |96 |40.5
85 |helicase 81527 |> |85156 |L |1209/92 |99.83/93 |96.5 |84 |46.8/95 |41.8|80 |78.7 |97 [27.8
86 |odv-e25 85256 |< 85906 L |216 |93 |100 |94 |94.9 |82 |64.594 |45.1|81 [83.9 |98 [48.0
87 85903 |< [86388 |L |161 |94 |100 |95 |98.8 |81 |69.793 |51.0|82 |88.4 |99 [32.9
88 86387 |> |87145 252 195 [99.6 |96 [94.8 |80 |57.592 [51.4/83 |82.5 [100 [37.9
89 87255 |> [87770 |E.L[171 |96 |97.7 197 |91.2 |77 |33.9/142/34.7 |84 [31.7

90 |lef4 87802 |< [89166 454 197 199.6 |98 91.9 |79 |48.490 |44.5/85 |66.3 112 |35.3
91 vp39 89165 |> 190154 |L |329 |98 |98.5 |99 |79.6 |78 |50.989 |42.1(86 |55.2 |113 [31.9
92 |cg30 90237 |> 91061 |[E |274 |99 |97.8 |100/80.8 |77 |21.2188 |21.7 |87 |28.6

93 91k 91117 |< [93555 |L [812 [100/99.3 |101/92.9 |76 |44.483 |41.5/88 [58.4 |121 |28.3
94 tlp-20 193524 |> 194111 |L |195 |10198.0 |102/91.9 |75 |41.482 |31.4|89 |63.7 |122 |41.2
95 93936 |> [94658 |L |240 |102|99.2 |103/82.8 |74 |62.381 |49.5|90 |68.3 |123 |51.5
96 |gp41 94627 |> [95628 |L |333 [103 100 |104/97.9 |73 |55.7)80 |57.1|91 [80.4 |124 [36.0
97 95508 |> [95963 151 [104 |100 |105/92.2 |72 |41.578 |35.9 92 |58.3

98 |vif-1 95965 |> 97107 |L |380 [105|100 |106/97.4 |71 |62.8]77 |64.0|/93 [90.5 |126 |27.6
99 Ictl 97104 |< 97256 |L |50 [106 /98 |107/94.0 3 |49.0 130 |65.3
100 97329 |< [98423 |E [364 |107|98.1 |108/82.7 |34 |22.7 127|22.5

101 |p26 98524 |< (99258 |E |244 [108 |100 |109/97.1 |22 |27.9/136/31.6 |94 |66.0

102jiap-2 199307 |< [100063]  |248 |109]99.2 [110[87.8 |62 |43.171 [32.8/95 |57.6 |139 |27.6
103 100010< 100825/ |271 [110(98.9 |111|92.6 |63 |48.569 |45.4/96 |67.1

104 100809 < [101174] |121 |111]100 |112(95.9 |64 |55.1/68 |47.9|97 |75.6 |137 |40.4
105]lef3 101173> [102354] 393 |112]99.5 [113(82.2 |65 [30.567 |27.0 /98 |54.3

106 dtzsmopl 102414 < |104675] |753 [113]99.2 |114{79.9 66 |24.966 |22.3 /99 |29.9 |135 (38.2

akin

107|DNA pol |104674> [107676/ |1000{114|99.9 {115{94.3 |67 |59.365 |45.5/100/72.5 |134 |38.3
108 107710< [108099]L |129 [115]100 |116{99.2 |69 |40.575 |26.4/101/84.5

109 108110< [108367|L |85 [116]100 |117{100.0/70 |70.676 [41.9/102)87.1 [128 |32.9
110 108459> [109199] |246 [117]97.2 |118(86.0 151/61.5/10339.0 (10 [32.9
111 109191/< [109736]  |181 |118]98.9 [119/87.9 |57 |31.8 49 1236 |81 |295
112 109771> [110232] 153 |119]98.7 [120]96.1

113 110287> |110934]L |215 [120]96.7 |121]88.8 104{46.6 |167 [30.4
114/bro-d  |[110975< [112033] 352 |121|89.6 [122/83.6 |105 |23.42 [45.1|123]39.3 [117 |27.9
115/bro-e  |112087|< [112776] |229 |122|97.4 |123|76.5 |59 |25.02 [34.4|77 |28.4 |133 |34.3
116/lef9 112859 < [114352|L |497 |123]99.6 |124{96.4 |55 |70.262 |64.5|105/85.9 (140 [53.5
117 |fp25 114430> [115017]L |195 124100 |125(99.0 |53 |71.261 |62.8/106/88.7 |141 |33.6
118 |p9%4 115094 > [117598] 834 [125]99.4 |126|82.5 134417 20 [35.8
119|bro-f 117622> |118161]L |179 |126|98.8 [127/95.0 |60 |42.3 107|64.0 |158 [50.9
120/chaB2  |118194> [118469|L |91 |127|100 [128/96.7 |52 |55.260 [48.8/108/67.4 |103 |38.6
121/chaB1  |118447> |118956] |169 128 94.4 [129/87.4 |51 |39.059 |49.1/109/53.8

122 118949 < [119428/E |159 |129]98.7 |130[95.0 |50 |40.357 |37.4/110/59.4

123 119678< [119947]L |89 [130(100 |131/92.1 |49 |55.656 |42.9111/60.0

124 119889 < (120098 |69 [131]100 |132(95.8 |48 |49.355 |42.0112|71.6
125\vp1054 |120224/< [121234|E,L|336 |132|100 [133{93.2 |47 |53.254 |40.3113)67.3 |173 |35.0
126lef10 121095< [121322]L |75 |133]98.7 [134{93.3 |46 |47.253a/50.7 |114/62.7

127 121282> [121509]L |75 |134|100 [135[93.3 |45 |36.0 115[50.8

128 121523> [122509]L |328 |135|97.3 [136]75.0 |44 |29.0 116[34.0

129 122514/< [122987|L |157 |136|100 |137|94.3 |43 |57.453 [51.2|117/66.9 [169 |28.8
130 122986> [123489] |167 |137[100 |138/88.6 |42 |26.552 |20.8118/49.1

hr3 123528 124601
131|lap3 124860> [125717|L |285 [138]99.3 |139[82.5 |103 |33.227 |28.0|119143.9 (139 |25.5
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132 bjdp 125756 < |126910] 384 |139|98.7 |140(88.0 |39 |31.551 |19.5/120/36.6

133 lef8 126931> [129567| 878 |140]99.9 |141|97.3 |38 68.050 |60.5/121)78.9 [149 |50.3
134 129595< 1300569  |154 |141]98.7 |142/82.2 12229.7

135 130103 < [130303] |66 |142[100 |143|95.4 |37 |25.443 |32.3|124/58.6

136 | odv-e66b |130351|< [132342|L |663 |143|98.6 [144(88.8 |96 |33.846 |[27.9/12550.2 [150 |35.4
137 |p47 132390> 133583  |397 |144199.8 |145(97.2 |35 |61.840 |55.2|126|75.6 |74 |46.6
138 133594/< |134643] 349 [145]99.1 |146/85.6 127|34.0

hr4 134722 135445
139 135447/< |135710|E |87
140 135947> |136519/E |190 |146|98.4 |147|81.9 129[30.8

141 bv-e31  |136581> |137285|E,L|234 147|100 [148/94.9 |33 66.538 [63.3/130/85.0 |77 |42.4

142]lef11 137210> [137584/L 124 |14899.2 |149/90.2 |32 |49.037 |39.1|131/64.6 |51 |38.1

14339 k 137553 > [138407|L |284 |149]99.3 |150[92.0 |31 |30.336 |33.8/132/49.8 |50 |[30.2

144 138476< [138673] |65 [150(98.5 |151(86.2 134(37.1
145 ubiquitin |138600< [138902|L |100 151|100 [152(93.9 |28 |77.635 [77.9/135/94.7 |47 |76.6
146 138958 > [139503|L |181 |152]98.9 [153|93.4 |27 |50.334 |35.5136/63.8
147 139854 < [140210]L |118 |153]99.2 |154/94.9 26 [36.626 |32.4138/61.1
148|dbp-2 140299 > [141279|E |326 |154|99.1 [155(95.4 |25 |42.825 [24.2|139/59.9 (87 |24.0
149|lef6 141285> [141710/L |141 |155|98.6 [156/93.7 |24 |45.7/28 |25.5|140/47 1

150 141751)< [141996) |81 [156 (100 |157|97.5 29 |41.4 141|753

151|p26 142112> |142912]L |266 |157(98.9 |158/96.6 |22 |44.9136/33.1142/67.1

152|p10 142951> |143202]L |83 [158|100 |159(92.9 |21 |47.1]13735.1/143)70.4 |5 |43.4

153 |p74 143289

L
L

145262|L 657 159 99.4 [160/94.7 |20 |55.3138/52.5|144/65.9 |72 |39.3
E

154 145343 > |145594/E,L|83 |160]98.8 [161/91.8 |19 32.1 145(53.0

155]ie1 145631|< [147436) 601 |161]99.3 [162/91.1 |14 |41.5147|29.4 |146/47 .4

156/ep23  |147478> |148053|L |191 162|100 [163]95.3 |13 31.4146/33.5|147/63.9 |9 [30.9

157|chtB1 148114 < [148392|]L |92 [163 (100 |164/92.4 |12 |55.414544.2/148/70.7 |10 |40.7

158 |odv-e27 |148395< [149231|L |278 |164 {100 |165/97.5 |11 |59.8144/51.7[149/90.7 |114 |27.7

159 odv-e18 149270

160 |p49 149529 < [150914|L |461 |166|100 |167|97.4 |9 |57.4142/49.2|151|78.0 (12 |35.9

N[NNI AN|AN|VIANIVIAN|IV|IVIA|V|IVIAIV|IA|AN|V|VIV|VIA

L
L
L
149527|L |85 |165|100 [166|88.4 |10 54.114356.3 |150/62.1 (11 |61.1
L
L

161]ie0 150932< [151636]L |234 |167[99.6 |168(95.7 |8  42.7141/30.8 |152/64.5

162]rr1 151802 < [154087/E |761 |168 |99.5 |169/93.3 153]62.3

N

Note. *Column 3 indicates ORF location and transcriptional direction on the HearMNPV
genome. ®Column 4 indicates the presence of early (E) and/or late ( L ) promoters located
upstream of the start codon of each ORF. E indicates a TATA sequence followed by a CAGT
or CATT mRNA start site sequence 20—40 nucleotides downstream, within 180 bp upstream
of the start codon. L indicates the presence of a (A/T/G) TAAG up to 180 bp upstream of the
initiation codon.

HearMNPV ORFs had an average length of 870 bp, with ORF85
(helicase) being the largest (3,627 bp) and ORF99 (ctl, conotoxin-like protein)
being the smallest (150 bp). The 162 predicted ORFs encode 46,677 aa. The
total coding sequence and intergenic regions were 139,026 and 15,170 bp,
which represented 90.16% and 9.84% of the genome, respectively. The four
hrs were distributed along the genome, with sizes ranging from 724 to 1,766bp,
and their total sequence was 4,749bp, accounting for 3.08% of the genome.
Thirty-eight ORFs overlapped with adjacent ORFs by between 1 and 244 bp,
with a total of 1485 bp.

Of the 162 ORFs identified in HearMNPV, 21 possessed a consensus
early promoter motif (a TATA box followed by a CAGT or CATT motif 20 to 40
bp downstream, and up to 180 bp upstream, of the initiation codon). Seventy-
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one ORFs only contained a late promoter motif ((A/T/G) TAAG up to 180 bp
upstream of the initiation codon), and nine had both early and late promoter
motifs, which might allow transcription during both the early and late stages of
infection. Sixty-one ORFs lacked any recognizable consensus early or late
promoter motifs up to 180 bp upstream of the ATG. Eighty-six ORFs (46%)
were oriented in a clockwise direction and 76 ORFs (54%) were in a counter
clockwise direction, according to the transcription orientation of the polyhedron
gene.

Comparison of HearMNPV ORFs to other baculoviruses

The overall gene arrangement and the homology between genes of the
HearMNPV and other baculoviruses genomes were compared using Identity-
GeneParity analysis [26]. The gene content and organization of HearMNPV were
compared with a group | NPV (AcMNPV [32]), Group Il NPVs (MacoNPV-B [33]
MacoNPV-A [34], HearSNPVG4 [7] and AgseNPV [35]), and GV (HearGV [11].
HearMNPV shares 117 ORFs with ACMNPV, 161 ORFs with MacoNPV-B, 159
ORFs with MacoNPV-A, 123 with HearSNPV-G4, 147 with AgseNPV, and 89 with
HearGV. The average amino acid sequence identities between HearMNPV and
AcCMNPV, MacoNPV-B, MacoNPV-A, HearSNPV-G4, AgseNPV and HearGV were
44.7%, 98.5%, 90.2%, 41.0%, 58.5%, and 38.6%, respectively.

Comparison of the gene order between HearMNPV and MacoNPV-B
revealed a significantly gap between orf 52 to orf 53 in the HearMNPV
genome. The gap corresponds to a region of MacoNPV-B comprising orf54, 55,
56, 57, 58, 59, and 60. In addition, the orf66 and orfl7 of HearMNPV are
homologous to the orfl8 and orf117 of MacoNPV-B with 99, 41.2% aa identity,
respectively (Table 1). However, the locations of these homologues are not
conserved. Relative to each other HearMNPV (x-axis) and MacoNPV-B (y-axis)
contain 1 and 8 unique genes, respectively. However, HearMNPV and MacoNPVB
maintain perfect co-linearity in gene content and arrangement (Pic. 4A).

The gene arrangement of HearMNPV was also completely collinear with
that of MacoNPV-A. The result of the Identity-GeneParity analysis showed that
relative to each other HearMNPV (x-axis) and MacoNPV-A (y-axis) contain 2
and 10 unique genes, respectively. There was also high collinearity between
HearMNPV and MacoNPV-A (Pic. 4B).

In terms of gene content, arrangement, and homology level, HearMNPV
is significantly distant from HearSNPVG4, although they infect the same host,
H. armigera. Relative to each other HearMNPV (x-axis) and HearSNPV-G4 (y-
axis) contain 38 and 18 unigue genes, respectively, and these genes are
distributed throughout the genomes (Pic. 4C). The ‘left’ part of the HearMNPV
genome (ORF5-69) displayed a high degree of gene scrambling in the gene
parity plot analysis. The homologous ORFs from HearMNPV 70 to 160 are
approximately collinear with the HearSNPV-G4 ORFs 8 to 96; however, the
direction of the diagonal indicates these regions are inverted, relative to each
other, except for HearMNPV ORF102-107 (corresponding to HearSNPV-G4
ORF62-67) (Pic. 4 C).

Relative to each other HearMNPV/(x-axis) and AgseNPV (y-axis) contain
15 and 1lunique genes, respectively. The collinearity between HearMNPV and
AgseNPV was higher than that between HearMNPV and HearSNPV-G4, and
lower than that between HearMNPV and MacoNPV-B or MacoNPV-A. (Pic. 4 E)

The collinearity between HearMNPV and AcMNPV from Group | was
lower than those between HearMNPV and NPVs from group Il (Pic. 4D); the
parity analysis of HearMNPV and HearGV ORFs displayed a much more
dispersed pattern (Pic. 4 F ).
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Pic. 4. Identity-Gene Parity Plotsof HearMNPV withMacoNPV-B(A),MacoNPV-
A(B),HearSNPV-G4(C),AcMNPV(D), AgseNPV(E), andHearGV(F).Aminoacid identity (%) of
individual homologousORFs of HearMNPV compared to other baculoviruses are shown in
various colors. ORFs uniqueto each virus are placed on the x-axis and y-axis, respectively

(black diamonds)

Phylogenetic analysis
Based on 29 concatenated, conserved genes [36], a phylogenetic tree

results reflected the current

systematic assignment of the viruses (Pic. 5), indicating that HearMNPV and
MacoNPV-B are grouped together and are distinct from HearSNPV-G4
HearSNPV-C1 and HearSNPV-NNg1. In addition, the phylogenetic analysis of
three highly conserved genes (lef-8, lef-9, and polh) indicated that the
HearMNPV sequences were separated from the other eighteen HearMNPV
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isolates [14]. These results imply that HearMNPV is a new isolate that differs

from HearSNPV.

Genomic Comparison between HearMNPV and MacoNPV-B: HearMNPV lacks
a 5.4-kb fragment that contains five ORFs
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Pic. 5. Phylogenetic analysis of concatenatedamino acid sequencealignments,showing
bootstrap values >50% for NJ and MPtrees at each node (NJ/MF).Thelocationof HearMNPV
shownin bold. TheGenBankaccessionnumbersof eachvirusarelistedafterthenames.
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Compared with the MacoNPV-B genome, the HearMNPV genome does
not have a 5.4-kb fragment that contains ORF54, 55, 56, 57, and 58 (Pic. 6).
The nucleotide identities between HearMNPV orf52 1-633 bp, 639-896 bp,
and 853-1050 bp and MacoNPV-B orf 53, orf 59, orf 60 are 98%, 98%, and
95%, respectively. Amino acids 147-349 of the protein encoded by HearMNPV
orf52 are 100% identical to those of the protein encodedMacoNPV-B orf 53 and
amino acids (aa) 1-65 of the protein encoded by HearMNPV orf52 are 86%
identical to the amino acid sequence of MacoNPV-B orf 60 (Figure 6, indicated
by the gray parts in the circles and arrows). However, there was no aa
sequence identity between the proteins encoded by HearMNPV orf52 and
MacoNPV-B orf 59 (Pic. 6, indicated by the black parts in the circles and
arrows). The MacoNPV-A genome also lacked the 5.4-kb fragment, suggesting
that an insertion in the genome might have lead to the division of ORF59 in
MacoNPV-A[33].

MacoNPV—BM M-’jw

|/
6] b2 374 145hr4[46 168

/1 38

Hear MNPV Q“.D_w ] | 'Cl:>‘ R:

polh citboa oy ddpwe b ml

Pic. 6. Comparison of the genome structure of HearMNPV and MacoNPV-B. The left and
right arrows represent ORFs in HearMNPVand MacoNPV-Bgenomes, respectively. The
numbers above the arrows represent the names of the ORFs in HearMNPVand MacoNPV-
Bgenomes. The lines between the names of the ORFs represent homologies between the
HearMNPVand MacoNPV-Bgenomes. The black region of arrows in the circle or box
represent the nucleotide sequences homologies and the gray region of arrows in the circle
or box represent the amino acid sequence homologies. The down arrow indicates the sites
where the 5.4-k b fragment is inserted.The letter A indicates that the ORF of HearMNPVhas
no homolog in the corresponding position of MacoNPV-B.The letter B representsthe ORF
unique to HearMNPV.Double Vertical Lines represent ORFs that are not in the
HearMNPVand MacoNPV-Bgenomes.

According to the sequence analysis of 54 whole genomes of
baculoviruses, the 5.4-kb fragment present in MacoNPV-B but not in
HearMNPV shared homologous sequences with XecnGV [30] and HearGV
[11], by reverse alignment (Table 2). However, this phenomenon was not
observed in other genomes. Combined with the phylogenetic analysis (Pic. 5),
the results suggest that the 5.4-kb fragment was gained during evolution of
MacoNPV-B genome, suggesting that these lineages were capable of infecting
the same host species at some point during their history [33]. HearMNPV and
HearGV could infect the same host cotton bollworm, H. armigera, which
provides the opportunity for the natural recombination between two viruses.
However, HearMNPV did not gain the 5.4-kb fragment from HearGV by
recombination.
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Table 2. Comparison of ORFs aa identity from 5.4-kb fragment of
MacoNPV-B, XecnGV and HearGV

Homologoues (% aa id entity)

MacoNPVB ~"ORF54  ORF55  ORFS6  ORFS7 ORF58

XecnGV ORF65(98) ORF64(98) ORF62(93) ORF61(98) ORF131(84) ORF60(60)

HearGV ORF60(94) ORF59(94) ORF58(55) ORF57(94) ORF133(89) ORF54(50)

HearMNPV ORF66

The nucleotide sequence of ORF66 has high nucleotide sequence
similarity to MacoNPV-B's ORF17 and ORF18. Presumably, a mutation gave rise
to the division of HearMNPV ORF66 into two open read frames in MacoNPV-B.

HearMNPV ORF66, located between ORF65 (dutpase) and ORF67 (bro-
b), is 1779 bp long and encodes a protein 592aa. The aa sequence identity is 99%
between the first 301aa of HearMNPV ORF66’s (874-1779 bp) and MacoNPV-B
ORF18 (301aa). However, the genome sequence of HearMNPV ORF66 and
MacoNPV-B ORF18 are not collinear (Pic. 4A, Pic. 6).

Nucleotides 676-968 of HearMNPV ORF66 are 95% identical to
MacoNPV-B ORF17; however, the amino acids encoded by this nucleotide
sequence did not share amino acid identity with the protein encoded by
MacoNPV-B ORF17 because of frameshifts and other mutations of a few
nucleotides. There is also no sequence similarity between the N-terminal
region (1-675 bp) of HearMNPV ORF66 and MacoNPV-B, either at the
nucleotide or amino acid level (shown in the boxes of Pic. 6).

The HearMNPV ORF66 protein is 92% identical to the five homologous hr1,
hr2, hr3, hr4, and hr5, each of approximately 608aa in size, of Heliothis virescens
ascovirus -3e (HVAV-3e) [37], and 85% identical to the proteins encoded by orf34
(564aa) and orf77 (606aa) of Spodoptera frugiperda ascovirus-la (SfAV-1a) [38].
The comparison showed that these homologous ORFs have four conserved
cysteine domains, suggestive of a zincbinding domain, hypothesized to be a DNA
binding domain. This putative domain is found at the C terminus of a large number
of transposase proteins, indicated that this might be related to gene duplication in
the genome.

Interestingly, we have found an element in the right and left flanking DNA
sequences of HearMNPV orf66 had two perfect inverted terminal repeats (ITRs) of
13 nucleotides. Moreover, the tetranucleotide5-TTAA-3, which is very common in
transposition of the TTAA framily, is duplicated upon this element[39,40] (Pic.
7). This indicated that this element could insert exclusively at this insertion site
(TTAA). However, the ORF66 has no amino acid identity with piggyBac
transposase [41] by blastp analysis. Sequence analysis showed that the right
and left flanking DNA sequences of HvAV-3e hrl, hr2, hr3, hr4, and hr5 also
have two perfect ITRs of 13 nucleotides. However, the left flanking DNA
sequences of MacoNPVB orfl8 lacked the sequence CCTCCTAAGACCC.
These results indicated homologous of HearMNPV orf66 in MacoNPVB was
split into MacoNPVB orf18 and orf17 during evolution.

Searching for homologs of HearMNPV ORF66 among the baculoviruses
revealed that only HearMNPV ORF66 (592aa), MacoNPV-B ORF18 (30laa),
HearGV ORF53 (572aa), ORF157 (572aa), ORF157 (576aa), and PsunGV
ORF39 (571aa) are homologous ORFs. The phylogenetic analysis indicated
that HearGV ORF53, ORF157, and PsunGV ORF39 belong to the same
phylogenetic branch, while HearMNPV ORF66, MacoNPV-B ORF18, HVAV-3e
hri-hr5, and SfAV-la ORF34 and 37 belong to the same phylogenetic clade
(Pic. 8). HearMNPV and HvAV-3e are both isolated from cotton bollworms,
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HearMNPV ORF66 and HvAV-3e hrl-hr5 share a flank structure, and have the
highest amino acid identity among the homologous genes in baculovirus and
ascoviridae to date (excluding unreleased relevant data). This data indicated
that these genes might have been exchanged among species and genera.

CTCCTAAGACCC GGGTCTTAGGAGG

l}- TTAA—

< I >
ITR HeaMNPV ORF66 ITR

Pic. 7. Diagram of the region with two DNA sequences flanking a putative Transposase ORF
(HearMNPV °rf® ) of 1 779 bp encoding a protein with 592 amino acids. The
tetranucleotide TTAA duplicated is characteristicof a transpositionevent by a transposable
element. ITR representthe inverted terminalrepeats

HvAV-3e w5
V69 | HyaV-3e hrd
HvaV-3e hr3
869 Hvav-3e 2
72/49| L HvaAV-3e hr?
HearM NPV ORF66
oops; MECONPV-B ORF 18
~ SfAV-1a ORF77
99197 L— SfAV-1a ORF34
——— PsunGV ORF39
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82t HearGV ORF157

—
0.05

Pic. 8. Phylogenetic analysis of the HearMNPV ORF66 amino acid sequence. The
phylogenetic tree shows bootstrap values >50 % for NJ and MP trees at each node (NJ/MP).
The location of HearMNPVORF66 is shown in bold. The sequences used are from
Mamestraconfigurata NPV-96B (ORF18), Helicoverpaarmigera GV(HearGV( ORF53 and
ORF157), Pseudaletiaunipuncta GV(ORF39),Heliothisvirescensascovirus 3e (HVAV-3e hrl
hr5), and Spodopterafrugiperdaascovirus la (SfAV-1la ORF34 and ORF77).

The genomic differences between HearMNPV and MacoNPV-B are
mainly located between hrl and hr2, including the deletion of the 5.4 kb
fragment in HearMNPV and the changes in ORF66, both of which were close
to a bro gene (Pic. 6).

HearMNPV ORF17

The locations of the HearMNPV ORF17 and its homologue in the
MacoNPV-B genome are not conserved. HearMNPV ORF17 only has 41.2%
aa identity to MacoNPV-B ORF117(e = 6e™°, with 98% query coverage), while
HearMNPV ORF110 was collinear at an aa identity of 97.2% with MacoNPV-B
ORF117, indicating that HearMNPV ORF17 has no significant collinearity with
the homologous ORF of MacoNPV-B.
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HearMNPV unigue ORF

HearMNPV ORF139 is 264 bp long and encodes a protein of 87 aa.
There is an early promoter CATT motif in the 180 bp region upstream of the
start codon. Using both BLASTX and BLASTP searching, no homologous
protein was found among baculoviruses.

Bro genes

The occurrence of the baculovirus repeat ORF (bro) gene family is a
striking feature in many baculovirus genomes[42]. bro genes are associated
with regions of viral genome rearrangement [43]. BmNPV BRO proteins have
nucleic acid binding activity that influences host DNA replication and
transcription [44]. BRO proteins function as nucleocytoplasmic shuttling
proteins that utilize the CRM1mediated nuclear export pathway [45]. We
identified six bro genes dispersed among the genome of HearMNPV and
named them bro-a to bro-f, according to the order of their appearance on the
linearized genome. There are eight and seven bro genes in MacoNPV-A and
MacoNPVB, respectively. The bro genes are classified into four groups, based
on the similarity of the 4l1-amimo acid core domain sequences used for
LAMNPV BRO protein classification [46]. HearMNPV bro-c, bro-d, and bro-e
belong to group | bro genes, bro-a and bro-b belong to group Il bro genes, bro-f
belongs to group IV There is no bro gene corresponding to MacoNPV-B bro-b,
which belongs to group Ill. The HearMNPV genome also lacks homologs of the
MacoNPV-A bro-a (group I) and bro-c (grouplll) genes.

The HearMNPV bro-a, -b, -c, -d, -e, - f genes showed aa identities of
83%, 77.5%, 98.3%, 89.6%, 97.4%, and 98.8% to MacoNPV-B bro-a, -c, -d, -e,
-f, -g, respectively. MacoNPV-B bro-b is located in the region of 5.4 kb fragment
of MacoNPV-B, which is lack in the HearMNPV genome.

The HearMNPV bro-a gene had an N-terminal region from aa 1 to aa
134 with aa identities of 63% and 95% to MacoNPV-B bro-a and MacoNPV-A
bro-b, respectively. The C-terminal region, from aa 135 to aa 331, has aa
identities of 98% and 93% to MacoNPv-B bro-a and MacoNPV-A bro-b,
respectively. This suggested that bro-a C-terminal regions are the highly
conserved portions in these three virus genomes.

HearMNPV bro-f shows high homology to a hypothetical protein P20
[47] from Leucania separata NPV (LeseNPV) and MacoNPV-A bro-h, which
both encode 179 aa proteins with amino acid identities of 95% and 98%,
respectively. HearMNPV bro-f shows the highest homology to MacoNPV-B bro-
g, with an amino acid identity of 98.8%. However, amino acids 1-17 of
HearMNPV bro-f are not found in MacoNPV-B bro-g.

When comparing the bro genes of HearMNPV with MacoNPV-B, the
lowest aa identity is between HearMNPV bro-b and MacoNPV-B bro-c, at
77.5%. The HearMNPV ORF66 gene is adjacent to HearMNPV bro-b and has
changed much comparing with ORF17 and ORF18, which are closest to
MacoNPV-B bro-c.

The differences between HearMNPV bro-c, d, and e and their homologs
in MacoNPV-B represent minor nucleotide insertions, deletions, and substitutions.

The bro genes of HearMNPV differed from those of MacoNPV-B in both
sequence and number, which indicated that the bro gene region is one of the
most important in genomic variation of baculoviruses. The differences between
HearMNPV and MacoNPV-B (the 5.4 kb fragment and the location of ORF66)
were found in the vicinity of a bro gene. These differences indicated that bro
gene might play a role in gene exchange, and, consequently, viral virulence and
host range.
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Hrs

Variable numbers of hr sequences, composed of direct repeats
containing a “core” imperfect palindrome and dispersed unevenly among the
genome in AT rich intergenic regions, have been identified in most baculovirus
genomes [48]. The baculovirus hrs act as enhancers of RNA polymerase II-
mediated transcription of baculovirus early promoters [49], as well as
functioning as origins of DNA replication in transient replication assays [50,51].
They are also sites of frequent recombinant and rearrangement in baculovirus
genomes [52,53]. Four hrs were identified in the HearMNPV genome, with the
sizes of 1185 bp (hrl), 1766 bp (hr2), 1074 bp (hr3) and 724 bp (hrd),
respectively. The hrs are distributed throughout the HearMNPV genome:
between orfl4 and orfl5, orf63 and orf64, orf130 and orf131, and orf138 and
orf139 for hr 1, 2, 3, and 4, respectively. Sequence analysis confirmed that the
four hrs comprise two apparent domains with perfect or near-perfect 40 bp
palindromes (designated type A) and 31 bp flanking repeats (designated type
B) at the head/end of one or both sides of the palindromes (Pic. 9A). Each hr
repeat sequence comprises two apparent domains (type A and type B) that is
similar to that described for MacoNPV-A and MacoNPV-B [33,34]. However, the
repeat unit numbers in each hr of HearMNPV was different from MacoNPVA
and MacoNPV-B.

A Domain A
iV A T o7 TTGCTTTEMYARAACA : . 40
hr2 : KT!ITTGCTTT RAAAAACATGTTT @GECAAATCEAACET I
hr3 : *'*.T&TTGCTTT AAAAAACAT 'WECCAAATCEAACET RHEEY]
VI AT T TTGCTTTARARAACA : AAATCWAACET B

Domain B

hrl TGTTACTAAST T AATCEIEH)
he2 : TGTTACTAAGTITAAT CERRRHI
hyd s : TETGTTACTAAGT i ;31
bk : : TGTTACTAAGT ST AATCLSERNCH

gACgTa gTTg TtTGTTACTAAGT TAATC

B 52bp 430p 147bp  deletion of MacoNPV- B
al a2 a3 ad a5 a6 a7 a2 30410711 al2al3aldalS\al6al?
hrl 1185bp
bl b2 b3 b4 b5 b6 b7 bE b9 bl0bl1b12 b13b14 blS
e
20%0p Slbp deletion of MacoNPV-g
al a2 a3 ada’\ a6 a7 29 al0all al2 al3lal4fl5 al6 al7 al8 al9a20 a21
2 1766%p
bl b2 b3 b4 b5 b6 b7 b LILIObLI1H12bI3 bl4blSbl6 bl17 bIELIL20 b21
e
429%p 136bp

= Insertion of MacoNFPV-g

N Ala2 a3 ad a5 a6 a7 a8 a9 al0 a11\j12a13sl4
w3 1074bp
bl b2 b3 b4 b5 b6 b7 b b9 bl0 bllbl213bld
-

69bp mnsertion of MacoNPV-g

al a2v/a3 ad a5 af a7 a3 a0
4 724 4p
bl b2 b3 b4 bS5 b6 b7 bE
R
Pic. 9. Comparison the™ regionsbetweeHearMNPVndMacoNPV-B'aneA: a
deducedonsensuequencef domainA andB fromeachh regionwasusedFort
hisalignmenConserveiequencesr indicatew ithdiffereretiading: | ackndicatel0(% conservatio
n, gray>70% conservatioandno shading 70% conservaticPianeB: arfowsepresertti
edirectioandpositionsftherepeat-Andrepeat-B regions, | ack®oxes'epreserty peA
repeatandblanib oxes'epreserty peB repeats
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The four hrs of HearMNPV are located at similar positions in the
genome as those of MacoNPV-B and MacoNPV-A. Sequence alignment
between HearMNPV and MacoNPV-B hrs indicated that these four
homologous regions had some insertions/deletions of different sizes, giving
rise to identities of 92.0%, 92.3%, 86.6%, 81.9%, respectively. hrl has three
insertions, two of 52 bp and 43 bp that contained only a type A repeat, and one
of 147 bp that contained type A and type B repeats. hr2 has two insertions (209
bp and 81 bp) that contained both type A and type B repeats. hr3 has the
biggest deletion (489 bp) and another large deletion of 136 bp, which also
contained both type A and type B repeats. hr4 has a small deletion of 69 bp
that also contains both type A and type B repeats (Pic. 9B). The HearMNPV
hr4 (724 bp) is shorter than the MacoNPVB hr4 (1178 bp) occurrence, probably
caused by the presence of HearMNPV ORF139, which is adjacent to
HearMNPV hr4. HearNPV NNgl contains five hrs (hrl-hr5), similar to
HearNPV C1, G4, and HzNPV. The arrangement of these hrs on the genome is
almost the same in HearNPV C1, G4 and HzNPV, and it is possible that
variability in the hr sequences affect not only progeny virus production, but also
the insecticidal activity of the Helicoverpa spp. NPVs [9]. The homologous
regions are also suggested to be responsible for the difference in virulence
between two Mamestra configurata NPV-A variants, v90/4 and v90/2 [54],
indicating that the difference in the organization of the homologous regions of
HearMNPV and MacoNPV-B are possibly associated with mechanisms of
recombination.

Conclusion

HearMNPV differs significantly from HearSNPV not only in biological
properties and morphology, but also in gene content, arrangement, and
homology level based on genome sequence comparison, which considered to
be different viruses, and not variants of the same virus. Although the average
amino acid sequence identity between HearMNPV and MacoNPV-B is 98.5%,
but their effective host range are different. Moreover, a 5.4-kb segment of the
MacoNPV-B genome which is the apparent result of recombination with an
ancestor of XecnGV is absent in the HearMNPV genome, suggesting that the
recombination event responsible for the occurrence of this 5.4 kb segment
occurred after the divergence of MacoNPV-B and HearMNPV. The location and
length of HearMNPV orf66 and MacoNPV-B orfl8 are different in their
respective genomes. Phylogenetic analysis indicated that these events may
occur after MacoNPV-B and MacoNPV-A separated from their ancestor. These
distinct differences between HearMNPV and MacoNPV-B may account for their
different host range.
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JKCIIEPUMEHTAJIbHOE IPUMEHEHHUE 3Y/IO®UJA CHOUIOIA
CUNEA U1 3AILUTEI JIECA

Oynodma Chouioia cunea Yang, 1989 sBnaeTtcs BbICOKO 3pEKTUBHBIM
KYKOMOYHbIM MapasnutomaoM, CrnocobHbIM HaxoAMTb W YCMELHO 3apaxaTb
KYKOMOK MHOMMX BWOOB BpeauTenen neca u3 otpsga Yewwyekpbinbix, vnu
Lepidoptera.

B Poccun Hauatbl paboTbl MO pa3paboTke TEXHOMNOrnn pas3BeneHus u
NPUMEHEHUs 3TOro napasutTouaa Ans 3awuTbl neca oT psga spegutenen. B
cTaTbe OnucaH NepBbIA ONbIT NPUMEHEHUS 3TOro napasuTouga B oyare
MacCOBOro pasMHOXEHUs MOHalleHkM Lymantria monacha Linneaus, 1758 B
MockoBckown obnacTtu. [NepBbIvi ONbIT BbiNycKa Nokasan, 4to aynodua cnocbeH
HaxoOWTb N YCNELIHO YHNYTOXaTb KYKONoK MoHaweHku. Cneayowum atanam B
paspaboTke TexHONMOorMM ero MPUMEHEHUs CTaHyT WCCNEeLOBaHWUs Mo
YCT@HOBMEHUIO ONTUMAarbHbLIX HOPM BbIMyCKa napasuTonaa.

KntoueBble cnoBa: aynocua Chouioia cunea, Lwenkonpsia-MoHalleHKa,
3awmTa neca.

ABSTRACT: The possibility of infection parasitoid pupae Chouioia
cunea Lymantria monacha in the centers of mass breeding in Moscow and
Vladimir regions. It is shown that in natural conditions parasitoid can find and
infect the pupae of this pest. Development of this parasitoid rearing and
application technology to protect forests against a number of pests have
commenced in Russia. This paper highlights this parasitoid 1* application
experience in nun moth Lymantria monacha Linneaus, 1758 mass outbreak in
Moscow region. Next step in its application technology development will be
studies of this parasitoid optimal release rates.

91



Key words: eulofid Chouioia cunea, nun moth, the protection of forests.

One of the key areas in biological forest protection is application of so
called biological procedure opportunity that is parasite or predatory
entomophage application. This area has a long background however in our
country its application was limited by low scale experiments.

One of forest protection agents can be a pupae parasitoin Chouioia
cunea Yang, 1989 (Hymenoptera: Eulophidae) that is an efficient entomophage
of a number of scale-winged insects.

Many countries developed
eulophide mass rearing and
application technologies for plant
protection based on laboratory
rearing on various host insects
[1-4]. Thus in China Chinese oak
silkworm (pic.1) is used more
often. In Ukraine — big bee moth,
in Iran — American white moth.

In development of
domestic small scale production
technology we used big bee

moth Galleria mellonella  pic_ 1. chinese oak silkworm papa infected by
Linnaeus, 1758 (Lepidoptera:  eulophide (bright ellow mass — small eulophide
Pyralidae) and Samia cynthia larvae in pupa cavitv).

ricini Boisduval, 1854

(Lepidoptera, Saturniidae) pupae. It enabled production of eulophide species
sufficient quantity and start its testing in natural conditions.

It is essential that lab-reared entomophage after release in mass outbreaks
can successfully find and infect pupae. Experimental entomoparasitoid release
was done in 2013-2014 to check man-made eulophide species ability in nun
moth Lymantria monacha Linneus, 1758 (Lepidoptera, Erebidae) mass
outbreaks in forests of Moscow (hic. 2) and Vladimirskaya regions (table 1).

- FTXPh % YR N I ; Py
~ oy ‘\:«i&‘= ? N ‘ e 8 ‘4/ ‘?: o

Pic. 2. Larch damage in nun moth outbreak in the Paretskoe forest sub-district,
Moscow region.
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Table 1. Entomophage release locations.

. Forest Outbreak brief Release.d

Release year and location L L parasitoid
characteristics | characteristics
guantaty

2013, Moscow region, Plantations of 70-100% damage |32.0 thousand
Paretskoe forest sub- 1871, composition |of key canopy, pcs.
district, rcompartment 83, [10Jlu+C, spruce |and 80-100% -
stratum 8 in undergrowth.  |undergrowth

2014 Vladimirskaya region, |10C, aged around |30-60% damage |30.0 thousand
Gorokhovetskoe forest sub- {100 years, pine in |of key canopy, 40-|pcs.
district compartment 56. undergrowth 70% -undergrowth

Before eulophide release in nun moth outbreak in the Paretskoe forest
sub-district the pupae were collected to assess pest infection rate by local
entomophages and efficiency of nun moth pupae lab infection. Eulophide
imago were planted on them and its condition was surveyed in 2 weeks (table
2).

Table 2. results of nun moth pupae collected in nature infection with
Ch. cunea

3apaxeHHOCTb napa3utovaamu, %

Pupae Emerged Disease . Chouioia cunea
number, pcs| moths, % | affected, % Diptera| Hymenoptera (successful evolution/
order order N
dead pupae?*)

135 11,9 15 8,9 59 4,4167,4

* — dead nun moth pupae after Ch. cunea infection.

Thus in lab conditions the
eulophide is able to kill most nun
moth pupae without any impact on
its infection level by local
entomophages (pic.3).

Lab eulophide infection of nun
moth pupae results in eulophide
complete evolution and its imago
emergence only in 4,4% of cases,
most part of Ch. cunea infected
pupae (67,4%) died but the
eulophide couldn’t evolve in it
completely. Nun moth eulophide pic. 3. Lab Ch. cunea infected nun moth pupa
infection had no impact on local
parasite insect evolution in it with total mortality 14,8%. There was nun moth
emergence since phytophage collection moment its pupae were at various
morthogeny stages and Ch. cunea infection ahdn’t affected moth evolution in
pupae where moths had already shaped. Disease-related mortality (fungus
entomophatogenes) was 1,5%.

In 2013 experiment nun moth pupae were collected in release locations
and 100 m from it for lab analysis of infection rate by entomoparasitoid introduced
in forest community. Collection was random on lower undergrowth spruce
branches, totally 774 phytophage pupae were picked (table 3).
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Table 3. Results of nun moth prepupae (PP) and pupae (P) lab analysis
after entomophage release in 2013.

-‘_'i 5 Number in sampling, pcs . Emeraed Disease | PP and P mortality | Pupae mortality
£E=Z MPeAKYKONOK | KyKomok | o Sgl o/ affectedu, due to local due to Chouioia
& =| Beero (NK) (k) |monsw % entomophaged,% cunea, %

1 | 120 30 31 48,3 0 51,7 0

2 | 111 37 18 50,5 0 49,5 0

3 | 140 40 33 47,9 0,7 47,1 4,3

4 60 29 9 36,7 1,7 61,6 0

5 | 126 41 17 54,0 0,8 43,7 1,5

6 87 18 11 66,7 0 31,0 2,3

7 | 130 16 27 66,9 0 28,5 4,6

The findings showed that in natural environment eulophide is able to find
and infect nun moth pupae (pic. 3) that proves a principal opportunity of its
application to kil nun moth pupae. Infected pupae die while in natural
conditions there was no successful evolution of Ch. cunea and imago
emergence. Dea eulophide larvae were found in dead nun moth pupae.

In 2013 and 2014 nun moth pupae were collected in release location 14
days after release. Collection was done at random on spruce undergrowth
totally 573 pupae were picked (table 4).

Table 4. Results of nun moth pupae lab analysis after entomophage
release in the VI;adimirskaya region

Number in Emerged Disease | mortality due to local | Pupae mortality due
sampling, pcs |mothsu, % |affectedu, %| entomophaged,% |to Chouioia cunea, %

573 48,3 0 51,7 3,67

Parasitic 2-winged prevailed in entomophage package, local parasitoid
species identification was not done. Infected pupae die while eulophide
successful evolution til imago stage was not found.

Results in 2014 proved 2013 ones and showed principal opportunity of
entomophage application to kill nun moth pupae. Infected pupae die while
eulophide successful evolution til imago stage was not found.

Thus eulophide release will not result in its accumulation in forest and its
population growth. Entomophage release in nun moth outbreaks may be
applied as a proactive preventive treatment. Thus Ch. cunea application is
feasible at low phytophage population level when outbreak development is
forecast in 1-2 years. In these conditions single or double application can
prevent outbreak development and remove forest damage risk.
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ASSESSMENT OF RED PINE SAWFLY NUCLEAR
POLYHEDROSIS VIRUS STRAIN EFFICIENCY

Yu. A. Sergeeva, S. 0. Dolmanego

Russian Research Institute for Silviculture and Mechanization of Forestry,
Pushkino, Moscow region, Russia

FA B A% T 22 A A0 25 BE R O B8R VA

WE: A% (Nedoprion sertifer Geoffroy)
RS2 AN G FH BN R, KRR S TR R MA AR R A RIS
Fo IR Il virin-diprion
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OLEHKA 3®PEKTHBHOCTHU LITAMMOB BUPYCA AZJEPHOI'O
[TOJIN34PO3A PBI’KEI'O COCHOBOTI'O ITUJ/IMJIBIIIMKA

Pokun cocHoBbii nununblumk Nedoprion sertifer Geoffroy ssnsetcs
OOHUM n3 Haubonee LWIMPOKO pPacnpoCTPaHEHHbIX M ONacHbIX BpeauTenew
COCHbl, 0CODEHHO WMCKYCCTBEHHbIX COCHOBbIX MOMOAHsKOB, B Poccun. PaHee
ANg 3aWnTbl OT €ro MMYNHOK YacTo MCMOoNb30Banu BUPYCHbIN Npenapart BUPWH-
OVMPUOH, KOTOPLIN, odHako, yxxe Gonee 10 neT He npomussogutcd. [Noatomy
BO3HUKNA HeobXoaMMOoCTb pa3paboTku HOBOrO COBPEMEHHOIO CpeacTsa
3alWunThl Nneca OT 3TOro BpeauTerns Ha OCHOBE BMpyca Nonmagposa KULWEYHOro
TMna. OnucaHbl pe3ynbTaTbl NPOBEAEHHOro nomcka adEKTUBHBIX LITAMMOB,
X OLEHKM M NEepBUYHbLIX UCNbITaHUW. B pesynbrate npoBedeHHbIX paboT
BblOpaH LITaMM, KOTOpPLIA 3adenoHnpoBaH B [OCydapCTBEHHOW KoOmnekuun
BUPYCOB M Ha €ero COHOBE HayaTO MarioTOHHaXHOe MpPOM3BOACTBO HOBOMO
BUPYCHOro G1onorm4eckoro cpeacTaa.

KnioyeBble crnoBa: pbbKWMA COCHOBM MUNUMbLUMK, BMPYC MONUIAPO3a,
3awmTa neca.

ABSTRACT: Red pine sawfly Nedoprion sertifer Geoffroy is one of the
most wide spread and hazardous pine tests particularly in young pine
plantations in Russia. Earlier virus preparation virin-diprion was often applied in
protection against its larvae however it is out of production already over 10
years. Thus there was a need to develop an updated forest protection agent
against this pest based on intestinal polyhedrosis virus. Efficient strain search
findings, its primary trial evaluations are highlighted. It resulted in selection of
the strain that was deposited at the Government virus collection and it served
as a basis for new virus biological agent small tonnage production

Key words: red pine sawfly, polyhedrosis virus, forest protection.
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Introduction

Red pine sawfly (RPS) Nedoprion sertifer Geoffroy is one of the most
wide spread and hazardous pine tests in particular young pine plantations in
Russia (Gurjanova et al, 2009). Earlier virus preparation virin-diprion was often
applied in protection against its larvae however it is out of production already
over 10 years (Golosova, Gninenko, 2009).

Searh of efficient nuclear polyhedrosis virus isolates in this pest mass
outbreaks in some regions of our country has been done for development of a
new preparation against this sawfly. Strain selection was based on previous
collections of the pathological material stored at the VNIILM collection and
further on virus isolates extracted from live populations.

Totally 9 virus isolates were picked for testing (table 1).

Primarily 5 virus isolates were tested (Sergeevga et all., 2010). It was
found that it is reasonable to use 3 strains — NsrO98, NsrR11, NsrUSS85 in the
follow-up work. Next step of studies is aimed at these starins maintenance and
activity testing in the following passages as well as bio-testing of new
preparations produced from native populations in other regions of the country.

Table 1. Virus isolate origin for bio-testing

Strain working

NoNe Pathological material origin
name

Dry RPS dead bodies killed by virus infection from the
1 |phytophage mass outbreak in the Sholokhovskoe forest SnsrR11
district, Rostovaskay region (collection of 2011)

Dry RPS dead bodies killed by virus infection from the
phytophage mass outbreak in the Ust-Donetskoe and
Serafimovich forest districts< Volgogradskay region
(collection of 2011)

SnerVi11

Virus isolate suspension extracted from 3 collections of
3 |RPS dead bodies (collection of 2009 in the Volgogradskay SnsrV109
region)

Virus isolate suspension extracted from 3 collections of
4 |RPS dead bodies (E.Orlovskaya collection stored since Snsr098
1998)

Neochek-S (powder) — US produced preparation
5 |developed against RPS (stored since 1985 in Orlovskay SnsrUS85
collection)

RPS dead bodies killed by virus infection in lab conditions,
6 |picked in the phytophage mass outbreak in the SnerR12
Antipovskoe forest district, Rostovskay region

RPS dead bodies killed by virus infection in lab conditions,
7 |picked in the phytophage mass outbreak in the SnsrSt12
Izobilnenskoe forest district, Stavropolsky territory

RPS dead bodies killed by virus infection in lab conditions,
8 |picked in the phytophage mass outbreak in the Pravdinsky SnsrMos12
forest district, Moscow region

RPS dead bodies killed by virus infection in lab conditions,
9 |picked in the phytophage mass outbreak in the llovlevskoe SnsrVI12
forest district, Volgogradskay region
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Materials and procedures

RPS larvae were collected in the phytophage outbreaks in the
Volgogradskay and Moscow regions for lab work. The larvae brought to lab
were nursed.

Test insect larvae infestation for assessment of selected isolate and
strain activity was done twice. 1% infestation of the Volgogradskay population
larvae was done with the strains Sy,,098, Sy US85 and the isolates SygSt12 n
SneR12. 2" infestation was conducted on the Moscow population larvae with
the strains Sy 098, SneeR11/12, Sps/US85, SpnSt12P and the isolates
SnsfM0s12, SyeVI12. Before infestation working suspensions were prepared:
polyhedrosis concentrations were counted under microscope, centrifugation
cycle was done if needed to produce bio-testing results applicable for
comparison. As a result suspension titers were aligned according to
plohedrosis content with regard to available biomass volume for each strain.

Small forest site experiments were conducted on growing pine trees.
Branches with feeding larvae were treated. Treatments were done at 6 a.m.
and 18 p.m. in dry windless weather.

Results and discussion

Findings of virus testing on the Volggogradskaya population larvae
showed (table 2) the most efficient in larvae mortality rate was the isolate
SnerSt12, after its treatment mortality completed on the 7™ day but efficiency in
maximum concentration was 89,4%, fast larvae feeding termination (4" day)
and its early cocoon development were observed; with virus suspension
twofold dilution cocoon number doubled while with fourfold dilution feeding
intensity was higher and mortality was 95,7%.

Table 2. Results of selected strain testing on the Volgogradskaya
population larvae

Ef{;}cec%etngg on Mortality Share of
Strain/isolate | Concentration after y period (day) | cocooned
start/end species, %
treatment,%
0,5x10° 42,36 3/11 9,9
Sns098 0,24 x10° 28,21 3/11 12,5
0,13 x10° 4,33 3/11 26,9
0,3 x10° 45,70 3/8 0
SneR12 0,15 x10° 31,05 4/9 0
0,06 x10° 4,79 3/9 3,3
0,28 x10° 12,82 3/11 17,5
SnsUS85P 0,13 x10° 4,79 4/11 20,5
0,06 x10° 0,94 4/11 11,1
0,4 x10° 68,97 37 10,1
SnerSt12 0,19 x10° 59,83 37 20,8
0,09 x10° 68,64 37 4,1

After treatment with the strains Sy 098 1 Sy, US85 larvae mortality was
the longest — 11 days. Efficiency fourfold dilution of the strain Sys098
suspension was only 67,3%, cocoon development of almost 1\3 larvae was
observed, 2,5% of species continued its evolution, at maximum concentration
mortality was 89%, at twofold dilution — 86,1%, al survived species evolved in
cocoon stage.
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The Volgogradskay population larvae mortality dynamics after treatment
with the tested viruses with different concentrations varied (pic. 1,2 and 3).
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Pic. 1. Volgogradskaya population 4™ age RSP larvae mortality after spraying with virus
strains at maximum concentrations.
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Pic. 2. Volgogradskaya population 4" age RSP larvae mortality after spraying with virus
strains with suspension twofold dilution.
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Pic. 3. Volgogradskaya population 4™ age RSP larvae mortality after spraying with virus
strains with suspension fourfold dilution.

The most efficient in this lot was the isolate SysR12: early cocoon
development was observed at minimum concentration (4,6% of species); at
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twofold dilution and maximum concentration infestation resulted in 100%
species mortality on 9™ and 8" days respectively. In control early cocoon
development was observed just in 1 case. Mortality rate of larvae treated with
Snsf098 n SpeR12 varied notably depending on titer nut final species mortality
was registered on the same day both for minimum and maximum
concentrations proving that the induced infection process development doesn’t
depend on concentration. Applied concentrations of the isolate SysUS85
equally affect infection process evolution. Concentration levels of the Sy St12
working solution didn’t affect species mortality intensity. Larvae mortality was
rather prolonged in time since work was done on larvae of various ages.

This testing stage resulted in association of SysR11 and SysR12 in one
strain named Syg[R11/12.

Next passaging was tested on the Moscow population larvae with the
strains Spg 098P, SngR11/12P, SpsUS85P, SpeSt12P and the isolates
SnsfM0s12, Sy VI12 (table 3). Larvae mortality was less prolonged in time
compared to virus testing data on the Volgogradskaya population larvae that is
linked to larvae younger age. Larvae mortality due to treatment with strains
alredy after one passage was more intensive.

Table 3. Selected strains 2" passage results on the Moscow population

larvae.
Efficiency on the Mortality Share of
Strain Concentration 5th day after period (days)| cocooned
treatment, % start\end species, %

0,27x10° 51,87 3/6 0
Sns098 0,13 x10° 48,94 3/8 0
0,05 x10° 29,11 3/8 0
0,35 x10° 82,42 3/6 0
SneR11/12 0,17 x10° 61,18 3/6 0
0,08 x10° 41,77 3/7 0
0,29 x10° 64,85 3/6 0
SneUS85 0,15 x10° 42,62 3/8 0
0,08 x10° 8,95 3/9 0

0,26 x10° 75,33 3/6 0,8

SnerSt12 0,12 x10° 43,46 3/7 2,5
0,056 x10° 24,89 3/8 0
0,34x10° 66,24 3/7 0

SneM0s12 0,17 x10° 54,43 3/8 1,7
0,07 x10° 40,93 3/8 0
0,26 x10° 84,81 3/7 0

SneVI12 0,12 x10” 23,21 3/8 2,5

0,06 x10° 14,77 3/9 1,7

As in the previous experiment the most efficient in larvae mortality rate
was the strain SygR11/12, after minimum concentration treatment mortality
ended on the 7™ day, efficiency of all concentrations was 100%, larvae feeding
termination was observed on the 9" day and all larvae died without cocoon
development.

The longest larvae mortality was after treatment with the strains
Sns'US85 and Sy VI12 at fourfold dilution larvae main share mortality ended on
the 9" day. At minimum concentration of the strain SysVI12 with fourfold
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dilution cocooning of 1.7% of species was observed, with twofold dilution of this
strain suspension 2.5% of species passed into cocoon stage.

As well cocooning was observed after treatments with the isolates
SnsfM0s12 and SyeSt12 in options with dissolved concentrations.

After treatment with the suspension Sy098 at all concentrations there was
survival of sawfly larvae that continued feeding. Survived larvae were observed in
options with minimum concentrations of the strain SysUS85 and SyeStl2
suspensions. In control early larvae cocooning was observed just in one case.

The Moscow population larvae mortality dynamics after treatments with
the tested strains at various concentrations showed available general regularity
(pic. 4, 5 and 6) — in all options mortality increased with growth of virus particle
concentration in working suspension. Variations in larvae response to gradually
falling suspension concentrations were sharper with fourfold dilution. In all
options at maximum concentration mortality was more intensive that with
twofold and fourfold dilution that indicates high virulence of the tested strains.
Prolonged larvae mortality with rather high final efficiency in options with lower
concentrations shows infection process evolution in test insect species. With
minimum virus particle content in suspensions larvae mortality intensity
decreased. In control larvae mortality didn't exceed 2,5% over the whole
observation period that proves high survival of the Moscow population,
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Pic. 4. The Moscow population RPS 3-4 age larvae mortality after spraying
with the virus strains at maximum concentration.
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Pic. 5. The Moscow population RPS 3-4 age larvae mortality after spraying
with the virus strains with twofold dilution.
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Pic. 6. The Moscow population RPS 3-4 age larvae mortality after spraying
with the virus strains with fourfold dilution.

Comparison of the selected virus strain application efficiency was done
in relation to average weighted efficiency calculated for each working
suspension concentration. For that sum of each strain final efficiencies was
divided by tested strain number. Deviation from average efficiency was derived
as a difference between larvae mortality in option and average efficiency in
concentration. Thus «-» sign shows that strain efficiency is lower than average
weighted one and «+» sign respectively higher (table 4).

Table 4. Deviation of strain isolate efficiency from average one.

. . Deviation from average efficiency
Strain isolate Concentration C
of nuclear polyhedrosis virus
Snsr098 fourfold dilution -9,12
twofold dilution - 2,17
maximum -1,13
SneR11/12 fourfold dilution + 2,85
twofold dilution +2,14
maximum + 0,56
Sns'US85 fourfold dilution +1,13
twofold dilution +2,14
maximum + 0,56
SnerSt12 fourfold dilution +1,14
twofold dilution -2,13
maximum - 0,28
SnsMos12 fourfold dilution + 2,85
twofold dilution +0,43
maximum - 7,88
SnsrVI112 fourfold dilution +1,14
twofold dilution -0,42
maximum - 0,29

The findings processing based on probit analysis has been done for final
conclusions on selection of the most efficient strains. For “dose-impact’
dependence graphing transformed data was produced. It resulted in regression
equations for “dose-impact” dependence for each strain and standard errors
(pic. 7 - 12).
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Based on the derived equations expected mortality probits and expected
mortality percentage values have been calculated for each strain. Actual x*
values have been calculated for each strain and on this basis the strains with
inaccurate bio-testing were rejected.

Calculations of LCsy and LCgs values for the tested isolates and strains
were based on the derived regressive equations.

It was found that LCsg value for all tested strains was similar. Meanwhile
calculation showed that for the strains Sy, O98P and SysMos12 isolates LCgys
value sufficiently exceeds this indicator in other options. Therefore Sy O98P
and SysMos12 virulence is way below.

As a result in final selection of the tested isolates and strains for follow-up
field trials they were compared taking into consideration test result parameters,
isolate efficiency with regard to each concentration, larvae mortality period in
an option (infection process evolution period in option with minimum
concentration was accepted), early cocooning after larvae infestation, value of
lethal concentration that induce 95% mortality, x. Criteria accuracy. The tested
isolate was rejected if two or more parameters gave unacceptable result (table 5).

Table 5. Comparison of the selected isolates and strains.

. Deviation . Bio- . .
_Stram from mean Mort_allty CO.COO LCgs testing F'eld.”."."“s
isolate . period | ning feasibility

efficiency accuracy
Snsf098  |Below average 8 no |LCes= 6,4x10° yes no
S R11/12 | Above 7 no |LCe=0,9x10°|  yes yes
average
Above — 9
Sns'US85 average 9 no | LCys=0,7x10 yes yes
SneSt12  Below average 8 yes |LCg= 0,8x1 0° yes no
SyseM0s12 |Below average 8 yes |LCgs=7,1x10° yes no
Above _ 9
SnerVI12 average 9 yes |LCgs=0,4x10 no no

This data shows that the strain Sys098 shouldn’t undergo field trials
since its efficiency is below average weighted one and LCgs is high. It is
unreasonable to use the strain Sy St12 since its efficiency is below average
weighted one and part of infected species transformed into a cocoon stage.
However since other parameters of the strain SysSt12 gave good results the
decision to test its efficiency once again in biomass production process was
made. The isolate SysyM0s12 was rejected since its efficiency is below average
there was early cocooning and LCgs is high. The isolate SysVI12 was rejected
because prolonged larvae mortality period, observed early cocooning and bio-
testing is inaccurate. The strain Sy,US85 gave only prolonged larvae mortality
so it was selected for field operations. The strain SysR11/12P should be used
as well since all parameters in this option are acceptable.

Cultivation of the most virulent strains in old age RPS larvae has been
done to buildup virus material volume. Simultaneously the selected strain
efficiency was assessed.

The strain SyeSt12 showed low efficiency. Mortality dynamics of larvae
infected with it is extended in time and a great number of species transformed
into cocoon stage was observed. The strain was rejected.

Polyhedra were counted in dead bodies of 3-4 age larvae treated with all
tested strains irrespective of its follow-up rejection (table 6).
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Table 6. Virus mass output (larvae equivalent “LE”) after infestation of the
Moscow population 3-4 age larvae.

Ne . Mortalit Larva average Larvae

Ne | Strain period, dayys mass, g. ’ equivalent LCos

1 Snsf098 8 0,0430 0,09x10° LCos= 6,4x10’
2 | SyeR11/12 7 0,0352 0,09x10’ LCgs= 0,9x10°
3 | SnsUS85 9 0,0445 0,11x10° LCo5=0,7x10"
4 | SpeSt12 8 0,0649 0,15x10’ LCgs= 0,8x10°
5 | SngM0s12 8 0,0573 0,13x10° LCos= 7,1x10’
6 SnsrVI12 9 0,0538 0,1x10’ LCos= 0,4x10’

The findings showed that polyhedra output after treatments with all
tested strains is comparable in quantity and directly depends on larvae size.
Therefore this indicator essential in general in selection of strains for industrial
applications isn’t defining in our case. The findings prove validity of lab
selection of the strains SysR11/12 and Sy US85 — they have the lowest LCgys
values and sufficient LE.

Testing of the strains Sy US85 and SysR11/12 showed its high
efficiency even on late age larvae. After treatment with SygR11/12 in most
cases mortality started on the 3th day after treatment while larvae stopped
feeding a day before dying. As a rule mortality ended on the 7™ day after
treatment Insect mortality in infestations with the strain SNS,U885 started only
on the 4™ day main part of dead bodies was collected on the 7" day.

Thus high biological activity of the strains Sys,US85 and SysR11/12 has
been proved and virus biomass for field trials prepared.

Small site field experiments were conducted in the Rostovskaya,
Orenburgskaya and Moscow regions.

The findings show that growth of dead larvae share practically in all
experiment treatments depended on applied virus suspension concentration. So
application of suspensions with spore content 1x10°, 0,5x10° 0,25x10° triggered
larvae mortality on the 4™ day after treatment respectively:

In SnsrR11/12 option

—the Orenburgskaya region: 66,7%; 62,87%; 57,19%;

— the Rostovskaya region: 19,05%; 15,71%; 14,65%;

— the Moscow region: 53,65%; 43,67%; 40,64%.

In Sns!US85 option

— the Orenburgskaya region: 60,6%; 48,97%; 44,58%;

— the Rostovskaya region: 8,66%; 9,61%; 1,71%;

— the Moscow region: 95,08%; 84,19%; 72,28%.

Larvae mortality rate depended on treated larvae age in experiment.

In the Orenburgskaya region 2-3 age larvae mortality individually started
on the 3" day. Complete mortality came on the 5" day. After treatment with the
strain SneR11/12 complete termination of feeding was noted on the 4™ day and
in SnsUS85 option 30% of speC|es continued feeding. After application of
SnsrfR11/12 suspension at minimum tested concentration mortality on the 4t
day was 57,19%; for SnsUS85 — 44,58%.

In the Rostovskaya region treatment of 4 age larvae resulted in 100%
mortality on the 6™ day. Here larvae stopped feeding jUSt partially on the 4"
day, its main part dropped needle consumption on the 5™ day. On the 4" day
mortality was for SygR11/12 — 14,65%; and SygUS85 — 1,71%.

In the Moscow region treatment was done when larvae were in 1-2 age. Here
its mass mortality started on the 3 day and after treatment with the strain
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SneR11/12 ended on the 4th day after spraying and in Sy,US85 option total
mortality came on the 5" day. Note that there were 1 age larvae individually on
treated branches in all tested strain concentrations. Total mortality of such species
came on the 3" day independent of experiment option.

Early cocooning wasn’t observed in any experiment.

Different age larvae mortality dynamics in tested concentrations varied
sufficiently (pic. 13-22).
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Pic. 13. RPS 2-3 age larvae mortality in the Orenburgaskaya
region after virus strain spraying in concentration 1x10°
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Pic. 14. RPS 2-3 age larvae mortality in the Orenburgaskagla
region after virus strain spraying in concentration 0,5x10
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Pic. 15. RPS 2-3 age larvae mortality in the Orenburgaskaya
region after virus strain spraying in concentration 0,25x10°
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Pic. 16. RPS 4 age larvae mortality in the Orenburgaskagya
region after virus strain spraying in concentration 1x10
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Pic. 17. RPS 4 age larvae mortality in the Orenburgaskaya
region after virus strain spraying in concentration 0,5x10°
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Pic. 18. RPS 4 age larvae mortality in the Orenburgaskaya
region after virus strain spraying in concentration 0,25x10°
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Pic. 21. RPS 1-2 age larvae mortality in the Moscow region after virus

strain spraying in concentration 0,25x10°
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Pic. 22. RPS 2-3 age larvae mortality in the Moscow region after
virus strain spraying in concentration SnsrR11/12 with various application rates.

The findings showed that the strain SNsrR11/12 has the greatest
virulence with its treatment mortality of main species part starts a day earlier
then with SNsrUS85 but final larvae mortality at all concentrations of the two
tested strains was simultaneous. Thus the strains selected for small site field

experiments showed high efficiency.

Sufficient variation larvae mortality intensity for each strain was found
due to suspension concentrations in all options. However total mortality comes

on the same day both for minimum and
maximum concentrations of the tested
strains which points out evolution of virus
induced infection process irrespective of
concentration. Similar conclusions were
based on the results of lab work in the
previous research stage.

Comparison of strains at maximum
concentrations, 100 times higher than
applied earlier by the Virin Diprion
developers, of application rate per ha
showed that the strain SNsrR11/12 has
greater efficiency. It is reasonable to
apply the strain SNsrR11/12 in industrial
treatments.

The findings imply that treatments
of 1-2 age larvae enable fast forest
protection effect. Spraying of older age
larvae extends its mortality period
prolongs needle eating so preparation
application rate growth is needed to
achieve treatment efficiency.

Experimental treatment results of
RPS 2-3 age larvae with the strain
SNsrR11/12 showed that larvae mortality
started on the 4th day after treatment. At
minimum application rate mortality was
individual and it increased sufficiently
with higher concentrations (pic. 23).
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There was no mortality in control. On the 5th day after treatment the
larvae in control molted into 4 age. There was no any molt in all experimental
treatment concentrations, complete feeding termination at maximum
concentration was observed on the 4th day after virus introduction, at minimum
—on the 5th.

Species dying intensity is higher at maximum application rate in early
periods after treatment however final mortality comes simultaneously. Total
mortality of all larvae happened on the 7th day. Data statistical processing
showed accuracy of variation between the tested strains.

Thus preparation application rate growth surely enables fast treatment
efficiency but it is unreasonable to raise active matter consumption rate over 50
ml/ha.

The findings in red pine sawfly mass outbreaks in various outbreak
stages show that RSP sensitivity both in population growth and decline was
similar and depended more on larvae age.

In the process of lab and field operations the strains SNsrR11/12
(produced from native virus infection from the larvae collected in the
Rostovskaya region) and SNsrUS85 (produced from the US produced
preparation stored in lab for 27 years) were close both in efficiency and
productivity. Such long virus storage period without any special conditions as
well as the fact that primary passaging of this strain was done on the
Rostovskaya population larvae could result in emergence of a native virus in
this strain bio-material induced a need to compare these strains at genetic
level.

Polymerase chain reaction was conducted and electrophorerogram of the
abovementioned strain DNA amplification products produced to define accuracy
of deviations between strains. This work was done by V.Oberemkom
researcher of the Tavrichesky University (Simferopol, Crimea).

Polymerase chain reaction (PCR) design was as follows. The reaction
mixture with the volume 29 mcl comprised of: 5XPCR-buffer — 5 mcl; MgS04,
50 MM — 1,5 mcl; H20 MilliQ — 3 ncl; gHT®-mix, 2 MM — 2,5 mcl; Tag-
polymerase, 5 ea/mcl — 0,5 mcl; mineral oil — 10,5 mcl; primer olig 25 (100
pmol/mcl) — 1 mkn; TE-buffer with the tested DNA — 5 mcl. PCR mode was as
follows: 940C denaturation — 1 min., 400C annealing — 1 min., 720C synthesis
— 1 min. — 5 cycles; 940C denaturation — 0,5 min., 400C annealing — 0,5 min.,
720C synthesis — 0,5 min. — 40cycles. Sybthesis terminal stage was conducted
at 720C — 3 min.

DNA amplification products were separated in 1,8% agar gel and after
treatment with ethidium bromide exposed to ultraviolet light (Pic. 26).

The conducted studies resulted in finding of the most RPS larvae
nuclear polyhedrosis efficient strain. The strain SysR11/12 was deposited at
the State virus collection of the Ivanovsky Virology Research Institute under the
Russian Health Ministry. The Certificate of September 20, 2013 has been
received, assigned number is 2763.

The selected strain testing enabled its recommendation as a new virus
bio-preparation producer against RPS.
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WE: FRRI R C BT iR N AP AN SR/ 2R B SCrpiE R fE
Kkt bR iE A REZ R 2 AR E (ApciNPV) FigJ LT ik, A
SR R ARG BA AYEVER LT g . = 248454 S ApciNP
VIUT il A 5 LT BURYI4SS & NG 2 815 1(PKD1) 45 #4380 18 5 I p K
fB A 1Y alB TIM R X I BgE TR B, ApciNPV
JUT il A BA WIEASNE LT BRI . & MBS, ApciNPV
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WA Ry IR iR SR AR A

XAPAKTEPUCTUKA XUTUHA3bI BUPYCA AJIEPHOI'O
[TI0JIN34PO3A APOCHEIMA CINERARIUS

BakynoBupycbl ABRASIOTCA BaXKHbIMU areHTaMu OMOMNorm4yeckon 3alumTbl
pacTeHun OT BpedHbIX HacekoMbix. B gaHHOM wuccnegoBaHuM m3ydveHa
XUTWHa3a Bupyca saepHoro nonmagpo3a Apocheima cinerarius. Eé
aKcnpeccupoBanu OO0 BbICOkMX YypoBHen B Escherichia coli n ounwann
addpuHHOM xpomaTorpadment. [MporHosmMpoBaHne TpPEXMEPHOW CTPYKTYpbl
xutnHasbl ApciNPV nokasano, 4to 6enok mmeeT N-KOHUEBYHO MOSMKUCTO3HYHO
nouky 1 (PKD1) pgomeH pnansi nogaBneHuss XUTUHOBOTO cybeTpata u
Katanutudeckun gomeH a / B TIM bar, xapakTepHbn gna rnvkorngpasb
cemenctea 18. AHanuM3 akTUMBHOCTW (PEepMEHTOB rMokasasn, 4YTo XuTuHasa
ApciNPV obrnagaer kak 9HAO-, TaK UM 9K30XMTMHA3HOW aKTMBHOCTbLIO.
WHTepecHo, 4TO xmTuMHasa ApCiNPV nposBuna CUMbHYH WHCEKTULIMOHYH
aKTMBHOCTb npoTuB Apocheima cinerarius, Spodoptera exigua, Hyphantria
cunea, Helicoverpa armigera n Lymantria dispar. Pe3ynsratbl NOka3biBatoT, UTO
xuTuHasa ApciNPV  gaBnsietca  xopowum  GenkoM-kaHaugatom — Ans
3HaAYMTENBLHOrO BKraga B 6opb0Oy ¢ Bpeantenamm.

112



KnioyeBble cnoBa: BUpYyC siaepHoro nonmagpo3a Apocheima cinerarius,
XWUTWUHa3a, PEKOMOVHAHTHbIN BENOK, MHCEKTULMAHAA aKTUBHOCTD.

ABSTRACT:

Baculoviruses are important biological control agents against insect
pests. In this work, a chitinase from Apocheima cinerarius
nucleopolyhedrovirus (ApciNPV) was expressed to high levels in Escherichia
coli and purified by affinity chromatography. The three-dimensional structure
prediction of ApciNPV chitinase indicated the protein has an N-terminal
polycystic kidney 1(PKD1) domain for chitin-substrate feeding and ao/f TIM
barrel catalytic domain characteristic of a family 18 glycohydrolase. Enzyme
activity analysis showed that ApciNPV chitinase had both endo- and exo-
chitinase activities. Interestingly, the ApciNPV chitinase displayed a strong
insecticidal activity against Apocheima cinerarius, Spodoptera exigua,
Hyphantria cunea, Helicoverpa armigera and Lymantria dispar. The results
suggest that ApciNPV chitinase is a good candidate protein for significantly
contributing to pest control.

Key words: Apocheima cinerarius nucleopolyhedrovirus; Chitinase;
Recombinant protein; Insecticidal activity

Introduction

In insects, chitin is the major polysaccharide present in the insect
cuticle, gut lining or peritrophic matrix, salivary gland, trachea, eggshells and
muscle attachment points [1]. Chitinases catalyze the degradation of chitin,
usually through hydrolysis of the B-1,4-linkage of the N-acetylglucosamine
polymer of chitin to disrupt cuticle and gut physiology in many insect species
[2]. Moreover, chitinases also play important roles in morphogenesis and cell
division of organisms and inhibiting the growth of fungal mycelium in plants [3].
Chitinases, bioinsecticides and being paid close attention to their exploitation,
are thought to be more environment-friendly than chemical pesticide in
transgenic plants and biological control agents. Therefore, many chitinases
have been isolated from natural sources such as animals, plants and bacteria
[4]. Based on their different amino acid sequences, molecular structures and
hydrolytic mechanisms, chitinases are classified into two categories: family 18
using the mechanism of substrate-assisted catalysis and family 19
demonstrating acid catalysis [3, 5]. Most of the prokaryotic and eukaryotic
chitinases belong to family 18 whereas chitinases of higher plants and some
Gram positive bacteria are grouped in family 19 [2]. These two families contain
three primary mechanisms in degrading the chitin chain. Endochitinases cleave
chitin randomly at internal sites [6], exochitinases cleave off chitobiose
(GIcNACc), or chitotriose (GIcNAc); from the reducing or non-reducing end of
the chitin microfibril [7] and N-acetylglucosaminidases, the third class of
chitinolytic enzymes release monomers of GIcNAc [8-10].

Many baculovirus chitinases belong to glycosyl hydrolase family 18 [11].
The enzymes retain high endo- and exo-chitinase activities between pH 3.0
and 10.0 and even higher alkaline conditions [12, 13]. Baculovirus chitinases
are localized within the endoplasmic reticulum (ER) of infected cells because of
the presence of the carboxy-terminal ER retention motif [14-16]. The motif is
probably involved in hindering the secretory pathway of chitinase and
redistribution of chitinase within the cell during virus infection [12]. Deletion and
mutation of the Autographa californica multicapsid nucleopolyhedrovirus
(AcMNPV) chitinase KDEL motif resulted in the extracellular release of
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chitinase and promoting the liquefaction of these insect larvae [15, 16]. The
new recombinant ACMNPV with KDEL-deficient chitinase enhanced the
insecticidal activity against Trichoplusia ni larvae and reduced the lethal dose
and lethal time associated with infection [16].

Baculovirus chitinases are considered responsible for the final
liquefaction of infected host larvae [12, 13] and are used as a new tool for
insect control. For example, the ChiA protein from AcCMNPV indicated 100%
mortality for Bombyx mori larvae and resulted in a significant increase of
perforations on the peritrophic membrane (PM) in number and in size [17]. The
deletion of chiA from B. mori nucleopolyhedrovirus (BmNPV) could delay the
cell lysis and decrease the haemolymph turbidity and the degradation of the
body in silkworm larvae [18]. Furthermore, chitinase and V-cathepsin, a
cysteine protease for the degradation of the proteinaceous components of
cadavers could together promote the liquefaction of the host after death [19,
20]. Deletions of the chiA and cathepsin genes of ACMNPV abrogated the
liquefaction process [13, 21].

Apocheima cinerarius nucleopolyhedrovirus (ApciNPV) was first
discovered and identified by the Institute of Forest Ecology and Environment
Conservation, Chinese Academy of Forestry in 1979 [22, 23], belonging to the
Baculoviridae family, Alphabaculovirus genus. The virus exhibited high
virulence against the larvae of A. cinerarius [24]. Although the ApciNPV has
become an important biological insecticide which is now commercially available
in China [24], the insecticidal genes from the ApciNPV genome have huge
potential in biocontrol and transgenic engineering against other insects.

In this paper, we report the characterization of an insecticidal protein-
chitinase from ApciNPV. We also showed the expression of the chitinase in
Escherichia coli and demonstrated insecticidal activity against A. cinerarius,
Spodoptera exigua, Hyphantria cunea, Helicoverpa armigera and Lymantria
dispar. The results suggest that the ApciNPV chitinase can significantly
contribute to its potential use as a new tool for pest control.

Materials and Methods

Viruses

The ApciNPV was provided by the Research Centre of Forest Insect
Virus, Chinese Academy of Forestry. Virus occlusion bodies (OBs) were
purified by centrifugation in a sucrose gradient of 40-60% (w/w) at 10,000 xg
for 30 min at room temperature. The bands containing the virus were collected
and washed with sterile water, then centrifuged at 13,200 xg for 30 min at 4°C.

Purification of viral DNA

Purified ApciNPV was suspended in buffer consisting of 0.1 M Na,COs,
0.15 M NaCl and 0.05 M EDTA, pH10.8, and incubated at 37°C for 1 h to
dissolve the polyhedron matrix. The pH of the suspension was adjusted to 7.0
with 0.1 M HCI, and then the SDS and proteinase K (100 mg/mL) were added
to final concentrations of 0.5% and 50 pg/mL repectivity at 55°C for 3 h. The
solution was extracted with phenol-chloroform-isoamyl alcohol (25:24:1) and
chloroform, respectively. DNA was precipitated with two volumes ethanol at -
20°C for 2 h, pelleted by centrifugation at 13,200 xg for 10 min. The precipitate
was dissolved in TE buffer (pH 8.0) and stored at -20°C.

Construction of bacterial expression plasmids

A truncated sequence of orf38 chitinase gene lacking its C-terminal ER
retention motif (HTEL) was amplified from ApciNPV genome (GenBank
accession number: FJ914221) using primers P1 (5 -
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AAAAggATCCatgcattggtgcgtcaaccgcga-3’ and P2 5-
CCCCCTgCAQTTTTATATTAGATTTATAATGT -3). BamH I and Pst I restriction
sites (underlined) were added at the 5end of the P1 and P2 primer,
respectively. The P1 primer anneals at position 43794 and P2 at position
42224 of the viral genome and they amplify a 1569 bp product. The PCR
solution included 40 ng DNA, 0.1 pymol forward and reverse primers, 0.4 mM
dNTP, 5U of Expand High Fidelity Taqg polymerase (Roche), 1xpolymerase
buffer (containing MgCl,) and final volume of 50 uL. The reaction of PCR
started at 94°C for 5 min, and the following cycle was repeated 33 times: 94°C
for 30 s, 60°C for 45 s, 72°C for 1 min, and final extension went on at 72°C for
10 min. The resulting DNA fragment was sub-cloned into the pQE30 vector
(Novagen) with 6xhis-tag gene under the control of the T5 promoter.

Over-expression and purification of the recombinant protein

The ApciNPV chitinase was over-expressed as a fusion protein with the
6xhis-tag in E. coli strain M15 (Novagen). Small-scale (3 mL) cells were cultured
with a rotary shaker at 37°C until OD 600=0.6 and the recombinant protein was
induced with 0.2 mM IPTG at 16°C for 15 h. The cells were harvested by
centrifugation, kept at -20°C for 30 min, and then suspended in FastBreak "
Cell lysis Reagent (Promega). The amount of soluble and insoluble
recombinant protein was determined by MagneHis™ Protein Purification
System according to the manufacturer’s instructions (Promega) and checked
by separation on sodium dodecyl sulfate (SDS) 12% polyacrylamide gels.
Large-scale recombinant protein was obtained by adding 0.2 mM IPTG to 1 L
E. coli log-phase culture (OD 600=0.6). After induction of 15 h at 16°C, the cells
were harvested and lysed in 80 mL buffer A (20 mM Tris-HCI, 150 mM NacCl, 10
mM Imidazole, pH 7.5), and then sonicated on ice with Sonifier (300W, 3s/2s).
After centrifugation, the soluble fraction was applied to Ni Sepharose 6 Fast
Flow (GE healthcare) column. The column was equilibrated with buffer A and
initially eluted with buffer B (20 mM Tris-HCI, 150 mM NacCl, 20 mM Imidazole,
pH 7.5). Adsorbed protein was eluted with buffer C (20 mM Tris-HCI, 150 mM
NaCl, 200 mM Imidazole, pH 7.5) and buffer D (20 mM Tris-HCI, 150 mM NacCl,
500 mM Imidazole, pH 7.5), sequentially. The identification and purity of the
samples were confirmed by SDS-PAGE (12% gel).

Enzymatic activity of ApciNPV chitinase produced in E. coli

Enzyme activity of the recombinant ApciNPV chitinase was quantified as
previously described [6, 17] wusing 4-methylumbelliferyl B-D-N,N’
diacetilchitobioside [4MU-(GIUNAC),] and 4- methylumbelliferyl B-D-N, N',N”
triacetilchitotrioside [4MU-(GIUNAC);] substrates to estimate exo-chitinase and
endo-chitinase activities, respectively. For each standard assay, 20 pL
Mcllvaine’s buffer (0.1 M citric acid, 0.2 M dibasic sodium phosphate, pH 5.0)
and 5 pL appropriate substrates were mixed and then different amounts of
protein were added into each tube. After incubating at 30°C for 30 min, the
reaction was terminated by adding 120 uL of 1 M glycine/NaOH buffer, pH10.6
for 5 min. Fluorescence was detected using a Fluoroskan fluorimeter (Thermo)
with an excitation at 360 nm and an emission at 460 nm. All experiments were
repeated three times.

Insect bioassays

A. cinerarius, S. exigua, H. cunea, H. armigera and L. dispar were
provided by the Research Centre of Forest Insect Virus, Chinese Academy of
Forestry. Larvae were fed on artificial diet and reared at 26+1°C, 60-70%
relative humidity and 14:10 h light:dark photoperiod. The insecticidal activity
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assay in vivo and determination of 50% lethal concentration (LCso) was
performed as previously described [25] and partly modified. Briefly, 100 uL
volume of each of five appropriate doses (1, 2.5, 4, 5.5 and 7ng/uL) of
ApciNPV chitinase solution (concentration in ng) dissolved in elution buffer
were applied to the surface of artificial diet in each 2-cm? well (Sterilin plates).
Control diet was added with elution buffer D only. After the plates dried, the
third instar larvae were divided into groups of 20 larvae (3 per well) and used in
the experiments. Mortality was monitored daily after 5 days and LCsy values
were estimated by Probit analysis [26].

Structural modeling of chitinase from ApciNPV

The three-dimensional structure of ApciNPV chitinase was carried out by
the SWISS-MODEL server (http://swissmodel.expasy.org/), and structure
template was chitinase of S. marcescens whose PDB code is 1CTN [27].

Results

Analysis of chitinase gene of ApciNPV

The 1581bp orf38 gene from ApciNPV encoded a putative chitinase with
72% amino acid identity to Ectropis obliqua nucleopolyhedrovirus (EcobNPV),
69% identity to Hyphantria cunea nucleopolyhedrovirus (HycuNPV), 65%
identity to ACMNPV and 62% identity to S. marcescens. Phylogenetic analyses
of baculovirus chitinases consisted of two main branches (Pic. 1), in which
ApciNPV chitinase belonged to Alphabaculovirus genus with EcobNPV
(YP_874243), Orgyia leucostigma  nucleopolyhedrovirus  (OrleNPV,
YP_001650934), Lymantria dispar multiple nucleopolyhedrovirus (LdMNPV,
NP_047707), AcMNPV (NP_054156), BmNPV (NP_047523), Epiphyas
postvittana  nucleopolyhedrovirus  (EppoNPV, NP_203279) HycuNPV

10— AcMNPV
53_ L BmNPV
100 EppoNPV
92
HycuNPV
50 DekiNPV
SeMNPV
LdMNPV
59 QrleNPV
30 4| ApciNPV (FJ914221)
| EcobNPV
HaGV
ClanGV
100
eul CpGV
—
0.05

Pic. 1 Phylogenetic tree of chitinases from baculovirus. The tree was constructed by the
neighbor-joining method and bootstrap values are indicated at the branches. Amino acid
sequences of chitinases come from ApciNPV (FJ914221), AcCMNPV (NP_054156), BmNPV
(NP_047523), EppoNPV (NP_203279), HycuNPV (YP_473218), DekiNPV (AFP66961),
SeMNPV (NP_046280), LAMNPV (NP_047707), OrleNPV (YP_001650934), EcobNPV
(YP_874243), HaGV (YP_001649087), ClanGV (YP_004376217) and CpGV (YP_148794).

116



(YP_473218), Dendrolimus kikuchii  nucleopolyhedrovirus  (DekiNPV,
AFP66961) and Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV,
NP_046280). This suggested that they may have similar features and
functions. Furthermore, the ApciNPV chitinase contained a predicted polycystic
kidney (PKD1) domain at 13-93 aa and a characteristic endoplasmic reticulum
targeting sequence, HTEL at C-terminus. The analysis of ApciNPV chitinase
functional motif revealed a conserved family 18 glycohydrolase motif
(SIGGWT) and the consensus Prosite motif (FDGVDIDWE) containing the
critical glutamate residue which may act as a proton donor in the catalytic
domain [28, 29].

Expression and purification of native ApciNPV chitinase

A truncated form of the ApciNVP chitinase gene, encoding for 523
residues protein with a theoretical molecular mass of 58.2 kDa, was cloned
from the genome of ApciNPV by PCR. The sequence was amplified according
to the primers from the ApciNPV genome (GenBank accession number:
FJ914221). The PCR product was cloned into the pQE30 vector and then over-
expressed in E. coli with the N-terminal 6xHis-tag. The recombinant protein
was found in the cellular soluble fraction by a feasible condition with 0.2 mM
IPTG at 16°C (Pic. 2a, Lane 2). The recombinant His-tagged chitinase was
purified using Ni*— affinity chromatography and assessed by SDS-PAGE
analysis from a large-scale expression cultures (Pic. 2b, Lane 1 and 2).

(a) 1 2 M 3 4 (b) M 1 2
' 94 kDa—

66 kDa

43 kDa

31 kDa

20 kDa

Pic. 2. SDS-PAGE analysis for expression and Ni**-affinity chromatography of the ApciNPV
chitinase. (a) Expression of the recombinant ApciNPV chitinase from small-scale by IPTG
induced bacterial cultures. Lane 1, the insoluble fraction of induced cells after sonication;

Lane 2, the soluble fraction of induced cells after sonication; Lane M, molecular mass
markers (from top to down 94.0, 66.2, 43.0, 31.0, and 20.0 kDa); Lane 4, culture pellet

(uninduced); Lane 5, culture pellet (induced with 0.2 mM IPTG at 16°C). (b) Purification by
affinity chromatography under native condition of soluble proteins from large-scale IPTG-
induced bacterial cultures. 10 yL samples containing 3 pg of protein were loaded to each

lane. Lane 1 indicates the fractions eluted by 20 mM Tris, 150 mM NacCl, 200 mM Imidazole,

pH 7.5. Lane 2 displays the fractions eluted by 500 mM Imidazole.

Enzyme activity analysis of ApciNPV chitinase
In order to test chitinases exo- and endo-chitinase activities, we
performed the enzyme activity using 4-MU-(GIcNAC), and 4-MU-(GIcNAC);
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substrates, respectively. As shown in pic. 3, both exo- and endo-chitinase
activities increased linearly with the ApciNPV chitinase concentration up to 4.3
fold and 5.2 fold respectively, over their lowest levels. These data indicated that
ApciNPV chitinase produced in E. coli was active and exhibited its native exo-
and endo-chitinolytic activities.
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Pic. 3. Enzymatic assay of the ApciNPV chitinases from E. coli cells. Increasing amounts of
the the recombinant chitinase were incubated either with 4-MU-(GIcNAc); to detect exo-
chitinase activity (a) with 4-MU-(GIcNACc)s to detect endo-chitinase activity (b). Results are
expressed as means+SE (n=3).

In vivo assays on larvae

The ApciNPV chitinase showed an obvious insecticidal activity against
A. cinerarius, S. exigua, H. cunea, H. armigera and L. dispar. The LCs, (50%
lethal concentration) values of the larvae were 175.6, 178.5, 279.1, 325.4 and
382.7 ng/cm?, respectively (Table 1).

Table 1. Insecticidal activities of ApciNPV chitinase

Insect species LCxo (ng/cmz)" FI 95min-max” Slope
Apocheima cinerarius 175.6 73.5-543.2 2.4
Spodoptera exigua 178.5 64.2-574.5 1.8
Hyphantria cunea 279.1 87.5-628.4 31
Helicoverp armigera 3254 84.3-419.7 2.8
Lymantria dispar 382.7 97.5-643.6 15

a LCso, 50% lethal concentration.
b FI 95min-max, 95% confidence limit.

Analysis of the predicted three-dimensional structure of ApciNPVchitinase

To understand the mechanism of ApciNPV chitinase insecticidal activity, we
predicted the three-dimensional structure by computer modeling (Pic. 4).
The model was built using the SmChiA from S. marcescens which had 62%
sequence identity with chitinase from ApciNPV by SWISS-MODEL server. The
ApciNPV chitinase model had three structural domains (Pic. 4a), domain I was
built a polycystic kidney 1(PKD1) domain formed an immunoglobulin-like fold;
domainI formed an eight-stranded a/f TIM barrel, comprising residues 94-
404 and 474-517 and domainIl was composed of five antiparallel B-strands,
one of which was interrupted. Furthermore, the conserved aromatic residues of
ApciNPV chitinase in the chitin-feeding mechanism and substrate binding were
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deduced on the surface of the protein in positions similar to SmChiA from S.
marcescens and other chitinases [28, 29]. These aromatic residues included
W28 and W31 along the immunoglobulin-like fold, W192, W205 and Y130
leading into the catalytic cleft and W127, W498, W235, Y379 and W357
forming the catalytic binding site (Pic. 4b). It suggests that the predicted
aromatic residues from ApciNPV chitinase may be an essential feature for the
observed insecticidal activity.

Discussion

Pic. 4. Predicted three-dimensional structure of ApciNPV chitinase. (a) A ribbon diagram of
ApciNPV chitinase showing the three domains in magenta ( I ), blue (II') and green (II). (b)
Representation of the molecular surface of ApciNPV chitinase. The conserved aromatic
residues of immunoglobulin-like fold are shown red. The catalytic cleft is colored magenta.
The catalytic binding-site is displayed in blue.

In this paper, the chitinase from Apocheima cinerarius
nucleopolyhedrovirus was characterized. The ApciNPV chitinase showed high
levels of sequences identity to the chitinase of AcCMNPV, CpGV and S.
marcescens (Pic. S1). They revealed a conserved family 18 glycohydrolase
motif (SIGGWT) and the consensus Prosite motif (FDGVDIDWE). It proved to
be a canonical baculovirus chitinases with almost all properties being
essentially similar to those of the ACMNPV, and suggested that the ApciNPV
chitinase is closely related to the chitinase of S. marcescens. The ApciNPV
chitinase contained a C-terminal ER-retention sequence (HTEL) that is
probably involved in retaining the enzyme inside the cell. ER-retention
sequences have also been identified in the chitinases of B. mori NPV [30],
AcMNPV [15, 16] and HaSNPV [11]. Because of the ER retention motif
(KDEL), chitinase of AcMNPV was localized in the ER during infection, and
deletion of KDEL motif resulted in earlier secretion into the media from infected
cells [15, 16]. Furthermore, modeling of the ApciNPV chitinase against the
known structure of SmchiA [31] identified two major domains: a PKD1 domain
and a catalytic domain indicative of the family 18 glycohydrolase (Pic. 4) . The
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PKD1 domain formed an immunoglobulin-like fold was involved in
carbohydrate splitting and guiding the substrate into the catalytic groove [32,
33]. The catalytic domain produced a deep substrate-binding cleft [28, 29]. In
addition, conserved tryptophan residues along the PKD1 fold and other
aromatic residues in the catalytic domain were found on the surface of SmChiA
and other chitinases [28, 29]. The conserved residues of SmChiA, included
W69 and W33 in the N-terminal domain and W245 in the catalytic domain,
which play a vital role in the chitin binding, and F-232 guides the chitin chain
into the catalytic cleft [28]. Young et al. reported ORF110 from Epiphyas
postvittana nucleopolyhedrovirus (EppoNPV) has conserved residues W223,
W236 and Y161 leading into the catalytic cleft and W158, W529, W266, Y410
and W388 forming the catalytic binding site [29]. Analogously, ApciNPV
chitinase has W28 and W31 in the corresponding position along the
immunoglobulin-like fold, and W192, W205 and Y130 may also aid in feeding
the insoluble chitin chain into the catalytic pocket and thus to the active site,
and W127, Y498, W235, Y379 and W357 probably form hydrophobic
interactions with hydrophobic faces of the alternating glucosamine units of
chitin, thus producing the binding sites.

To obtain the biological activity, the truncated ApciNPV chitinase gene
lacking the C-terminal ER-retention sequence (HTEL) was expressed in E. coli.
The recombinant ApciNPV chitinase stored as a small amount of inclusion bodies
and large amount of soluble cytosolic components (Pic. 2a). In order to avoid the
multi-step renaturing processes to recover the enzyme activities, the recombinant
protein was efficiently purified in its native form and further identified by SDS-
PAGE (Pic. 2b). The ApciNPV chitinase showed both exo- and endo-chitinase
activities using either 4-MU-(GIcNAc), or 4-MU-(GIcNAc); substrate, respectively
(Pic. 3). It was consistent with previous reports stating that baculovirus chitinases
had both exo- and endo-chitinases activities [12, 13, 17]. Compared to
chitinase from DekiNPV [34] and AcCMNPV [17], the ApciNPV chitinase were
higher exo- and endo-chitinase activities than the DekiNPV chitinase, yet lower
exo-chitinase activity than the AcCMNPV chitinase. In addition, the chitinase of
ApciNPV displayed an obvious insecticidal activity agianst A. cinerarius, S.
exigua, H. cunea, H. armigera and L. dispar (Table 1). Compared to chitinase
from DekiNPV [34], the LCsq values of ApciNPV chitinase were lower than S.
exigua, H. cunea, H. armigera and L. dispar. It indicated that ApciNPV
chitinase had a great potential in pest control. Previous studies had also shown
the role of baculovirus chitinase. Rao et al. (2004) reported that ChiA of
AcCMNPV resulted in the decrease of larval body weight (LW) of B. mori at a
dose of 0.56 ug/g LW and 100% mortality at a dose of 1ug/g LW [17]. ChiA
from BmNPV could aid in degrading the chitinous PM lining the B. mori larval
midgut [18]. Whether the insecticidal mechanism of ApciNPV chitinase is due
to the damage of PM needs to be investigated further.

In summary, these results presented in this work identified a new
chitinase from ApciNPV chitinase as a candidate protein capable of protecting
crops and forests against insect pests.
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XAPAKTEPUCTUKA HOBOY XUTUHA3bI BUPYCA A/IEPHOTO
[TIOJIN34PO3A KOKOHOITPAZAA DENDROLIMUS KIKUCHII

Bupyc spgepHoro nonuagpo3a kokoHonpsiga Dendrolimus kikuchii
Matsumura (DKNPV) npencraesnseT cobown HOBbIN
HYKNeononmagupoBUPYCHbIA  LUITaMM,  KOTOpbIA  obnagaeTr  BbICOKMM
noTeHuUMarnom B Ka4yecTBe areHTa buonormdeckon 6opbbbl npoTme D. kikuchii. B
aTon pabote reHom DKChi 1755 n.o. ¢ romornorven nocrenoBaTenibHOCTU C
reHOM XWUTMHa3bl KNoHuposanu ua reHomHon OHK DKNPV ¢ ucnonb3oBaHnem
oubnunotekn dpparmeHToB OHK. MeH DkChi, koanpytowmin 558 octatkos 6enka ¢
npegckasaHHon maccom 61,6 k[la, akcnpeccMpoBann Ha BbICOKMX YPOBHSX B
Escherichia coli n ounwann adpduHHOM xpomaTtorpadmen. Pesynsrathbl
METOAOM  MacC-CNeKTPOMETPUN MNOATBEPAMNM, YTO MOMyYeHHbIn ©enok
npegctaensan cobon 6enok DKChi. AHann3 akTMBHOCTM (bepMeEHTOB nokasan,
yto DKChi obnapgaet Kak 9HOO-, TaKk W 9K30-XUTUHA3HOW aKTUBHOCTbIO.
WHTepecHo, uto 6enok DKChi nposiBMn CUMbHYH WHCEKTULMAOHYK aKTUBHOCTb
npotme Spodoptera exigua, Hyphantria cunea, Helicoverpa armigera u
Lymantria dispar. PesynbraTtel nokaseiatot, 4to DKChi gBnserca xopolumm
Senkom-kaHanaaTom A8 3Ha4YUTENBHOrO BKNaaa B 60pbby ¢ BpegmTensmu.
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KnioueBble cnoBa: Bupyc saepHoro nonuagposa Dendrolimus kikuchii,
XUTUHa3a, peKOMOMHaHTLIN 6enok, GuonHcekTUUMabI.

ABSTRACT:

Dendrolimus kikuchii Matsumura nucleopolyhedrovirus (DKNPV) is a
novel nucleopolyhedrovirus strain that has exhibited high potential as biological
control agent against D. kikuchii. In this work, a 1755-bp DkChi gene with
sequence homology to chitinase gene was cloned from the genomic DNA of
DKNPV using a DNA fragment library. The DkChi gene encoding 558 residues
protein with a predicted mass of 61.6 kDa was expressed at high levels in
Escherichia coli and purified by affinity chromatography. We confirmed that the
prepared protein was the DKChi protein by mass spectrometry analysis.
Enzyme activity analysis showed that DkChi had both endo- and exo-chitinase
activities. Interestingly, the DkChi protein displayed a strong insecticidal activity
against Spodoptera exigua, Hyphantria cunea, Helicoverpa armigera and
Lymantria dispar. The results suggest that DkChi is a good candidate protein for
significantly contributing to pest control.

Key words: Dendrolimus kikuchii nucleopolyhedrovirus; Chitinase;
Recombinant protein; Bioinsecticides

Introduction

In insects, chitin is the major polysaccharide present in the insect cuticle,
gut lining or peritrophic matrix, salivary gland, trachea, eggshells and muscle
attachment points [1]. Chitinases catalyze the degradation of chitin, usually
through hydrolysis of the B-1,4-linkage of the N-acetylglucosamine polymer of
chitin to disrupt cuticle and gut physiology in many insect species [2]. Moreover,
chitinases also play important roles in morphogenesis and cell division of
organisms and inhibiting the growth of fungal mycelium in plants [3]. Chitinases,
being bioinsecticides paid close attention on their exploitation, are thought to be
more environment-friendly than chemical pesticide in transgenic plants and
biological control agents. Therefore, many chitinases have been isolated from
natural sources such as animals, plants and bacteria. Based on their different
amino acid sequences, molecular structures and hydrolytic mechanisms,
chitinases are classified into two categories: family 18 using the mechanism of
substrate-assisted catalysis and family 19 demonstrating acid catalysis [3, 4]. Most
of the prokaryotic and eukaryotic chitinases belong to family 18 whereas chitinases
of higher plants and some Gram positive bacteria are grouped in family 19 [2].
These two families contain three primary mechanisms in degrading the chitin
chain. Endochitinases cleave chitin randomly at internal sites [5], exochitinases
cleave off chitobiose (GICNAC), or chitotriose (GIcNAc); from the reducing or non-
reducing end of the chitin microfibril [6] and N-acetylglucosaminidases, the third
class of chitinolytic enzymes release monomers of GICNAc [7-9].

Many baculovirus chitinases belong to glycosyl hydrolase family 18 [10].
The enzymes retain high endo- and exo-chitinase activities between pH 3.0
and 10.0 and even higher alkaline conditions [11, 12]. Chitinases in
baculoviridae are localized within the endoplasmic reticulum (ER) of infected
cells because of the presence of the carboxy-terminal ER retention motif [13-
15]. The motif probably involved in hindering the secretory pathway of chitinase
and redistribution of chitinase within the cell during virus infection [11]. Deletion
and mutation of the Autographa californica multicapsid nucleopolyhedrovirus
(AcMNPV) chitinase KDEL motif, resulted in the releasing of chitinase into
extracellular and promoting the liquefaction of insect [14, 15]. The new
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recombinant ACMNPV with KDEL-deficient chitinase enhanced the insecticidal
activity against Trichoplusia ni larvae and reduced the lethal dose and lethal
time associated with infection [15].

Baculovirus chitinases are considered responsible for the final
liquefaction of infected host larvae [11, 12] and are used as a new tool for
insect control. For example, the ChiA protein from ACMNPV indicated 100%
mortality for Bombyx mori larvae and resulted into a significant increase of
perforations on the peritrophic membrane (PM) in number and in size [16]. The
deletion of chiA from B. mori nucleopolyhedrovirus (BmNPV) could evidently
delay the cell lysis and clear haemolymph and less degradation of the body in
silkworm larvae [17]. Furthermore, chitinase and V-cathepsin, a cysteine
protease for the degradation of the proteinaceous components of cadavers
could together promote the liquefaction of the host after death [18, 19]. Such
as, the chiA gene or cathepsin of ACMNPV was deleted, which abrogated the
liquefaction process [12, 20].

Dendrolimus kikuchii Matsumura nucleopolyhedrovirus (DKNPV) is a
new virus strain recently isolated from dead D. kikuchii larvae in Mile county,
Yunnan province, China [21]. The virus exhibited higher virulence against the
larvae of D. kikuchii than D. Kikuchii Matsumura Nuclear Polyhedrosis Virus
(DKMNPV) previously isolated by Yang [21, 22]. Although the DKNPV showed
only insecticidal activity against D. kikuchii, the insecticidal genes from the
DKNPV genome have huge potential in biocontrol and transgenic engineering
against other insects.

In this paper, we report the isolation and characterization of an
insecticidal protein-DkChi from DKNPV. We also show the expression of DkChi
gene in Escherichia coli performed insecticidal activity against Spodoptera
exigua, Hyphantria cunea, Helicoverpa armigera and Lymantria dispar. The
results suggest that the DkChi can significantly contribute to its potential use as
a new tool for pest control.

Materials and Methods

Viruses

The DKNPV was provided by the Research Centre of Forest Insect
Virus, Chinese Academy of Forestry. Virus occlusion bodies (OBs) were
purified by centrifugation in the sucrose gradient of 40-60% (w/w) at 10,000 g
for 30 min at room temperature. The bands containing the virus were collected
and washed with sterile water, then centrifuged at 12000 rpm for 30 min at 4°C
with three replications.

Purification of viral DNA

Purified DKNPV was suspended in the buffer with 0.1 M Na,CO3, 0.15 M
NaCl and 0.05 M EDTA, pH 10.8, and incubated at 37°C for 1 h to dissolve the
polyhedron matrix. The pH of the suspension was adjusted to 7.0 with 0.1 M
HCI, and then 0.5% (w/v) SDS and proteinase K (50 mg/L) were added
successively at 55°C for 3 h. The solution was extracted with phenol-
chloroform-isoamyl alcohol (25:24:1) and chloroform, respectively. DNA was
precipitated with two volumes ethanol at -20°C for 2 h, pelleted by
centrifugation at 12000 rpm for 10 min. The precipitate was dissolved in TE
buffer (pH 8.0) and stored at -20°C.

Preparation of a DNA library

A DNA fragment library of DKNPV was constructed using shotgun.
Purified genomic DNA was sheared by ultrasonication into fragments with an
average size of 1200 bp. The ends of each random fragment were repaired
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using T4 DNA polymerase (Klenow). According to the manufacturer's protocols,
viral DNA fragments were then cloned into pUC19. Ligation products were
transformed into E. coli XL1-Blue competent cells (Stratagene). Recombinants
were picked randomly. DNA templates for sequencing were further prepared
using Qiaprep Turbo kits (Qiagen) on Qiagen BioRobot 9600. Positive clones
were sequenced at the Beijing Genomics Institute in China.

Sequence and phylogenetic analysis

The detected amino acid sequence was carried out using DNAMAN tool.
Sequence features, such as signal peptide, pl and molecular mass were
evaluated using protein analysis tools (http://expasy.org/tools). The conserved
domains and motifs were deduced in PredictProtein. Chitinase sequences
were selected from NCBI. The mature protein sequences were aligned with
Cluster X version 2.0 and gaps were removed from the alignments. The
phylogenetic tree of those alignments was calculated by the neighbor-joining
method using MEGA 4 program, and bootstrap values from 1000 replicates
indicated at the branches.

Construction of bacterial expression plasmids

A truncated sequence of DkChi was amplified by PCR, using primers (5’
5-AAAAGGATCCTTGCCGGGGACGCCACAAATCGA-3’ and 5-
AAAAGAGCTCAACGCGCAACACGACCTCAGA-3) to generate BamHI and
Sac I restriction sites (underlined) at the 5’end and 3’end. The PCR solution
included 40 ng DNA, 0.1 umol forward and reverse primers, 0.4 mM dNTP, 5U
of Expand High Fidelity Taq polymerase (Roche), 1xpolymerase buffer
(containing MgCl,) and final volume of 50 pL. The reaction of PCR started at
94°C for 5 min, and following cycle was repeated 33 times: 94°C for 30 s, 60°C
for 45 s, 72°C for 1 min, and final extension went on at 72°C for 10 min. The
resulting DNA fragment was sub-cloned into the pQE30 vector (Novagen) with
6xhis-tag gene under the control of the T5 promoter.

Over-expression and purification of the recombinant protein

The DKChi protein was over-expressed as a fusion protein with the
6xhis-tag in E. coli strain M15 (Novagen). 1L cells were cultured with a rotary
shaker at 37°C until OD 600=0.6 and the recombinant DkChi was induced with
0.2 mM IPTG at 16°C for 15 h. The cells were harvested by centrifugation and
homogenized in 80 mL buffer A (20 mM Tris-HCI, 150 mM NaCl, 10 mM
Imidazole, pH 7.5), and then sonicated on ice with Sonifier (300W, 3s/2s). After
centrifugation, the soluble fraction was applied to Ni Sepharose 6 Fast Flow
(GE healthcare) column. The column was equilibrated with buffer A and initially
eluted with buffer B (20 mM Tris-HCI, 150 mM NacCl, 20 mM Imidazole, pH 7.5
). Adsorbed protein was eluted with buffer C (20 mM Tris-HCI, 150 mM NacCl,
200 mM Imidazole, pH 7.5) and buffer D(20 mM Tris-HCI, 150 mM NacCl, 500
mM Imidazole, pH 7.5), sequentially. The adsorbed protein fractions were
pooled and dialysed against buffer E (20 mM Tris-HCI pH 7.5) using 10-kDa
Centricon concentrator (Millipore). The dialyzed solution was condensed by
freeze drying and loaded onto AKTA FPLC Resource S column (GE
Healthcare, NJ, USA). The chromatography was equilibrated with buffer E and
adsorbed protein was eluted in linear gradient using NaCl from 0 to 0.2 M in
buffer E. Finally, the protein was further purified on AKTA FPLC Superdex 75
HR10/30 (GE Healthcare, NJ, USA) in buffer F (10 mM Tris-HCI, 150 mM
NaCl, 2 mM DTT, pH 7.5). The identification and purity of the samples were
confirmed by SDS-PAGE (12% gel).

Mass spectrometry analysis
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The protein strip was removed from the SDS-PAGE gel with a scalpel,
crushed, and destained by washing with 25mM ammonium bicarbonate
containing 50% acetonitrile for 1 h. Then, the gel pieces were shrunk to 100%
acetonitrile and completely dried before tryptic digestion. The protein was
digested with 25 mM NH4HCO; containing 0.01% sequence-grade trypsin
(Promega, Madison, WI. USA) at 30°C for overnight, and then the mixture was
sonicated for 10 min and centrifuged. The supernatant was removed and then
the peptide fragments were extracted twice with saturated matrix solution (a-
cyano-4-hydroxycinnamic acid in 60% acetonitrile and 0.1% trifluoroacetic
acid). Sample was spotted onto the MALDI target plate and air-dried before
mass spectrometric analysis.

The peptide was identified with MALDI-TOF MS (ReFlex I, Bruker USA)
and mass fingerprint spectra was acquired and analysed by the National Center of
Biomedical Analysis, Academy of Military medical Sciences, Beijing, China.

Protein identification was performed by Mascot search engine (Matrix
science) in the NCBI non-redundant database, and the monoisotopic, mass
accuracy, 0.2 Da and missed cleavages, 1 were set.

Enzymatic activity of DkChi produced in E. coli

Enzyme activity of the recombinant DKChi protein was quantified as
previously described [5, 16] using 4-methylumbelliferyl B-D-N,N’
diacetilchitobioside [4MU-(GIUNAC),] and 4-methylumbelliferyl B-D-N, N',N”
triacetilchitotrioside [4MU-(GIUNAC);] substrates for the estimating of exo-
chitinase and endo-chitinase activities, respectively. For each standard assay,
20 uL Mcllvaine’s buffer (0.1 M citric acid, 0.2 M dibasic sodium phosphate, pH
5.0) and 5 uL appropriate substrates were mixed and then different amounts of
protein were added into each tube. After incubating at 30°C for 30 min, the
reaction was terminated by adding 120 uL of 1M glycine/NaOH buffer, pH10.6
for 5 min. Fluorescence was detected using a Fluoroskan fluorimeter (Thermo)
with an excitation at 360 nm and an emission at 460 nm. All experiments were
repeated three times.

Insect bioassays

S. exigua, H. cunea, H. armigera and L. dispar were provided by the
Research Centre of Forest Insect Virus, Chinese Academy of Forestry. Larvae
were fed on artificial diet and reared at 26+1°C, 60-70% relative humidity and
14:10 h light:dark photoperiod. The insecticidal activity assay in vivo and
determination of 50% lethal concentration (LCso) was performed as previously
described [23] and partly modified. Briefly, 100 uL volume of each of five
appropriate doses of DkChi protein solution (concentration in ng) dissolved in
elution buffer were applied to the surface of artificial diet in each 2-cm? well
(Sterilin plates). Control diet was added with elution buffer F only. After the
plates dried, the third instar larvae were divided into groups of 20 larvae (3 per
well) and used in the experiments. Mortality was monitored daily after 5 days
and LCsgp values were estimated by Probit analysis [24].

Results

Characterization of DkChi

The target DNA was obtained in the DNA fragment library of DKNPV,
named DkChi, logged JN680874 on Genebank, shown in Pic. 1.
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1 agctatggignet tantangecat L LacaATGTTGCACTCTTTCCTTTTTETAGCCGOG
ML WS LV A A 10
(3] TGEGOGGTTACGATTTGTCGCGOGRT TGECGGOGACGLCACAAATCOAG T GGGGCGAGUGE
g A VvV T I C R A&ALPFPFGTUPG I EW G E R 30
121 AACTACGCCCTGGTCAAAG TOGACGGUGAGGGAACGTCG TACGAGAATC TGATCACGG TG
N ¥ AL VY K VY DGEUGTS Y ENILTITV B0
181  CACCOGAGCGTGUACATACCOCTGCAGTGGAACG TG TACAACGOOCGUAGCGGCGATTTG
HF S8 ¥VHIVPFILGWNUYYNUGHERSTGDIL 7O
241 GECTACGTGTTCTTTGACGA TOGGCAGG TG TGOAAGGGGGACGC TGUCGCCAAGAAGROT
AY ¥V F F DD R QY W K G D A A A KK A B
301 GTEATCCCGTTCOATCGCAGCGOGCATTTCAGOGCGAC GG TGAAGC TG TGCGACGACGAC
¥ I FP F D RS GHFSATVYEKILTGCDDD 110
d61 GGGTGCAGTCGGAGCGACGOGG TGAGAATCAAAG TCGLCGACACAGACGGCGGOCATT TG
G € 8 RS DAY R 1 KVY A DTDG G H L 130
421  GACCOOCTGCCCTACGAGTOOOCCGAGAACAACAAGGCGANCATCADGUGUGCGOACAAA
PDPLFPFY EWAENDNKIEKARNTIRRADIEK I50
A1 ACGGTOOGOCGOT TACT TTOG TCOAGTGLGGAG TG TACGGUCGUAACT T TCCCGTHAA DG
T ¥ A AY F ¥V E W% & V Y G R NFP Y N R 170
B4l  GTGEOOCTGCCCAACCTOTOOCACCTGE TG TACGGATTCGTGCCCATATGUGGCGOAGAG
¥y P LPHNILGSEGHLILYGFYU/PIOCOGUGE 1890
601 GGEATCAACGATGOGCTGAAAACGAT TOCGGGUAGCT TTGACGCT T TGCAGCGG TOG TGE
G I N D ALKTTIPGSF D ALGR S C 210
G681 AAGCGOOGCGCGOACT TCAAMG TGGCATTACACGACATCTOOGOCCUGU TGCAAMAGOCG
K G KE A DFRKY ALMNDTIWAWALZILGIEK P 230
721  CAAAAGAGCGTGTCCGUGTGGAGCGAGOOG TACAAGGGCANC TTCGGCCAGE TANTOGUC
@ K 58 ¥V 5 AW S EP Y K GNFG G L M A 250
781 CCAMMCTOGCCAATCCACACC TAAAAGTTTTACCCTCCATOGGUGGC TGRACCC TG TIOR
A K L ANPWLEKVYLPFS 1 6 G W T L S5 270
B4l  GACCOGTTCTTTTTTATGCACGACGCAACGAAGCGOGCCACG T TCG TCGAGTOGH TOOGE
0 FP F F F WMWHHDATI KU R ATV FUVYEZSGVY R 200
801 GAGTTTTTGCAGGTGTGGAAGTTTTTCGACGGAGTCOACGTOGACTGGGAGT TTCCCGGE
E F L @ v w K FIEDGY DY DWEF PG 310
1 GGCAAGOGCGCCAACCOGCTOC TOGGUGACGOCACCCGUGAT TOOC TGACGTACG TG TOG
G K G ANPLLGDATURIDSILTY V 5 330
1021 TTEATGOGCGAGCTACGUGUCA TGO TOGAUGAGC TGEAGAUGUGUATCCAATAGAACG TAC
L MR ELRAMMILUDEILGQQTRTMNERT ¥ 350
1081 GAACTCACGAGCGCCATCAGOGCCGGCTACGATAAAATCAACGOOG TCGACTACACGACT
E LTS AI S AGYDEKIHNAVYDYTT 370
1141 GEGEACGOCTTTTTGGACAAAATATTCCTCATGACCTACGAT TT TAAGGGEGCGTGHTOC
A H A F L DK I F LM TUYDVFEKGAW S 360
1201 AACACCGACCTGGGCCACCAGACGCCGATC TACGUGCCCGOC TGOAATCCCAACGAGE TG
NT D L GHG TP I Y AP AWNIPNE L 410
1261 TACAUCGCCGACGTGGOGGTAAMGGAGC TG T TCAAGCAGCGGOTOCCG TORCACAAANTC
Y T A DB YV AV KEULVFEKOG§RVY P S5 HIEK I 430
1321 ATCCTCGETOCTCGOGATC TACGGOCGOGGCTGERACCOGOGOGTEECGRCCCOGGOCGETTOG
I L G ¥V A M Y ¢ R G W TGV A A P A G 5 4B0
1381 AGCCCACCGTTOTTOOGGETCGGOCACGGLTCCOG TCAAAGGUACCTGOOAGAACGGAGTC
S FPF LGS ATOGPVY KGTWENG VY 470
1441 GTCGACTATCGECAGATOGCCGGOGACATGUCACANMTACAAGTATACG TTOGACACAGETC
vV B YR @ T A G D MMHIEKYEKY TV FDT A 48
1501 GOCGAGGOGGCCTATOTGTACGACGOGGG TGCAGGLGATCTGATCACG TTOGACAGCGTG
A°E A A Y VY D AGAMGSGDILTITVF DS ¥V 5O
1661 GACTCGOTGTCCGOCAAGGTOAAGTATATGOACGAACACAATTTOGRCGGOGTGTTCGET
D 8 ¥V 58 A K Y K Y M D EWHNILGTGV F A B30
16821 TOGGAAATAGACGCAGACAACGGAGATTTGCTCAACGCCATGAATACGAAATCTGAGGTC
W E I DA DNGDILILNKNAMMNTKGSE V G
1681 GTOTTGCGCGTTOOTGAGGAGTTGTAA LA tanE B Ee L ELE L Lenlengenge e
¥V LR YVEETEIL = AAH

Pic. 1. Nucleotide sequence of DkChi and putative amino acid sequence. Capital letters and
small letters are denoted as coding region and non-coding region, respectively. Nucleotides
are numbered on the left and amino acids are right.* means the termination codon. The
signal peptide is underlined. The typical chitinase 18 glycohydrolase motif is marked by
double underline. The consensus Prosite motif is displayed with shadow and bold. An
endoplasmic reticulum targeting sequence is shown with bold. The putative motif of late
transcription initiation is displayed with shadow.
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The CkChnl34 gene was 1755 bp, contained an open reading frame (ORF)
with1674 bp, encoding 558 residues protein with a theoretical molecular mass
of 61.68 kDa, pl 5.7. The deduced protein has a typical feature of signal
peptide at 1-18aa. A consensus baculovirus late transcription initiation motif,
ATAAG, was found at 16 bp upstream from the putative translation start codon
ATG. The typical poly (A) signal, AATAAA was not present downstream of the
chitinase ORF. The enzyme contained a predicted polycystic kidney (PKD1)
domain at 45-125aa and a characteristic endoplasmic reticulum targeting
sequence, REEL at C-terminus. The analysis of DkChi functional motif
revealed a conserved family 18 glycohydrolase motif (SIGGWT) and the
consensus Prosite motif (FDGIDIDWE) containing the critical glutamate
residue which act as a proton donor in the catalytic domain. Furthermore, the
conserved aromatic residues of DKChi in the chitin-feeding mechanism and
substrate binding were located on the surface of the protein in positions similar
to SmChiA from S. marcescens and other chitinase [25, 26]. These aromatic
residues included Trp-27 and Trp-60 along the immunoglobulin-like fold,
Trp224, Trp237 and Tyrl62 leading into the catalytic cleft and Trp159, Typ531,
Trp277, Tyr411 and Trp389 forming the catalytic binding site. Additionally, after
analyzing deduced amino acid sequence of DKChi by BLAST in NCBI, we
found the DkChi shared high identity with the family 18 chitinases H. cunea
NPV (70%), Orgyia pseudotsugata MNPV (70%) and A. californica NPV (69%).
Phylogenetic analyses of baculovirus chitinases showed DkChi was grouped
with HCNPV, OpMNPV, BmNPV and AcMNPV (Pic. S1). It suggested that they
may have similar features and functions.

Expression and purification of the DkChi protein

In order to analysis the biological activity of DKChi, the protein was
expressed in E. coli with a N-terminal 6xHis-tag. The recombinant protein of
major soluble fraction was obtained by a feasible condition at 16°C with 0.2 mM
IPTG (Pic. 2, Lane 2). The recombinant His-tagged DkChi was purified using
Ni*— affinity chromatography (Pic. 2, Lane 5). Subsequently, the eluted
fractions was collected and further fractionated on a cation exchange
chromatography column (Pic. 3a). Finally, the partially purified concentrate
protein was further purified through gel filtration chromatography (Pic. 3b).

1 2 M 3 4 5
s s |

—— : o
.

Pic. 2. SDS-PAGE analysis for expression and Ni2+-affinity chromatography of the DkChi
protein. Lane 1, the insoluble fraction of induced cells after sonication; Lane 2, the soluble
fraction of induced cells after sonication; Lane M, molecular mass markers (from top to down
94.0, 66.2, 43.0, 31.0, and 20.0 KDa); Lane 4, culture pellet (uninduced); Lane 5, culture

pellet (induced with 0.2 mM IPTG at 16°C). Lane 6, purified DkChi protein eluted by 20 mM
Tris, 150mM NacCl, 500mM Imidazole, pH 7.5.
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Pic. 3. Purification of the DkChi protein from E. coli. a The DkChi protein was purified by
cation exchange chromatography on FPLC-Resource S column. b The DKChi protein was
purification by gel filtration chromatography on FPLC-Superdex 75 HR10/30 column. The

purity was checked by SDS-PAGE analysis after each purification procedure.

MALDI-TOF mass spectrometry analysis of the DkChi protein

The purified protein was identified by MALDI-TOF-MS on the basis of
peptide mass fingerprinting, following in-gel digestion with trypsin. The peptide
mass fingerprinting datas were matched with the theoretical peptide masses of
all proteins from the viruses of the NCBI database in Mascot. The
representative spectrum of the trypsin digestion of protein was showed in pic. 4
and only JN680874 protein from DKNPV was obtained as a result with a score
of 123. It demonstrated the purified DkChi protein is the IN680874 protein from
DkNPV.
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Pic. 4. Identification of the purified DkChi protein using MALDI-TOF peptide mass fingerprint
(PMF). The PMF analysis was made from fragments of DKChi protein derived through
trypsin digestion. The sequence coverage of these fragments was shown in bold red.

Enzyme activity analysis of DKChi

In order to test the DKChi exo- and endo-chitinase activities, we
performed the enzyme activity of DkChi using 4-MU-(GICNAC), and 4-MU-
(GIcNAC); substrates, respectively. As shown in pic. 5, both exo- and endo-
chitinase activities increased with the DkChi protein concentration and reached
4.7 fold and 3.7 fold over their lowest levels, respectively. These data indicated
that DkChi enzyme produced in E. coli was active and exhibited its native exo-
and endo-chitinolytic activities.
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Pic. 5. Enzymatic assay of DkChi purified from E. coli cells. Increasing amounts of the
recombinant ChiA were incubated either with 4-MU-(GIcNACc), to detect exo-chitinase activity
(a) with 4-MU-(GIcNAc)s to detect endo-chitinase activity (b). Results are expressed as

means+SE (n=3).

In vivo assays on larvae

The DKChi protein showed a strong insecticidal activity against S.

exigua, H. cunea, H. armigera and L. dispar. The

respectively (Table 1).

ICso (50% lethal
concentration) values of the larvae were 192.4, 305.3, 378.9 and 431.7ng/cm2,

Insect species LCso (ng/cm?)* FI 95min-max® Slope
Spodoptera exigua 192.4 68.3-587.7 25
Hyphantria cunea 305.3 98.6-578.8 2.3
Helicoverp armigera 378.9 74.1-543.2 3.4
Lymantria dispar 431.7 114.2-846.5 1.9

LCso, 50% lethal concentration

FI 95min-max, 95% confidence limit
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Discussion

In this paper, DkChi (JN680874) from Dendrolimus kikuchii
nucleopolyhedrovirus was characterized. Based on the alignment with HCNPV
and other NPVs, several functional consensus motifs identified in baculovirus
chitinase genes were found in the deduced DKChi full-length sequence. It
contained an N-terminal secretion signal that was cleaved upon translation and
a C-terminal ER-retention sequence (Pic. 1) that probably involved in retaining
the enzyme inside the cell. ER-retention sequences have also been identified
in the chitinases of B. mori NPV [27], AcCNPV [14, 15] and HaSNPV [10].
Because of ER retention motif (KDEL), chitinase of ACMNPV was localized in
the ER during infection, and deletion of KDEL motif resulted in earlier secretion
into the media from infected cells [14, 15]. Furthermore, the two major
domains: a PKD1 domain and a catalytic domain indicative of the family 18
glycohydrolase deduced on DKChi are likely to the known structure of SmchiA
[28]. The PKD1 domain formed an immunoglobulin-like fold is involved in
carbohydrate splitting and guiding the substrate into the catalytic groove [29,
30]. The catalytic domain formed a deep substrate-binding cleft [25, 26]. In
addition, conserved tryptophan residues along the PKD1 fold and other
aromatic residues in the catalytic domain were found on the surface of SmChiA
and other chitinases [25, 26]. The conserved residues of SmChiA included
Trp69 and Trp33 in the N-terminal domain and Trp245 in the catalytic domain
playing vital role in the chitin binding and Phe-232 guiding the chitin chain into
the catalytic cleft [25]. Young et al. reported ORF110 from Epiphyas postvittana
nucleopolyhedrovirus (EppoNPV) had conserved residues Trp223, Trp236 and
Tyrl61 leading into the catalytic cleft and Trpl158, Trp529, Trp266, Tyr410 and
Trp388 forming the catalytic binding site [26]. Analogously, DkChi had the
relative position of Trp-27 and Trp-60 along the immunoglobulin-like fold,
Trp224, Trp237 and Tyrl62 may also aid in feeding the insoluble chitin chain
into catalytic pocket and thus to the active site and Trpl159, Typ531, Trp277,
Tyr411 and Trp389 probably forming hydrophobic interactions with hydrophobic
faces of the alternating glucosamine units of chitin, thus producing the binding
sites.

To obtain the biological activities, the truncated DkChi gene lacking the
N-terminal signal peptide sequence and C-terminal ER-retention sequence
(REEL) was expressed in E. coli. The recombinant DKChi protein stored as a
small amount of inclusion bodies and large amount of soluble cytosolic
components (Pic. 2). In order to avoid the multi-step renaturing processes to
recover the enzyme activities, the recombinant protein was efficiently purified in
its native form and further identified by SDS-PAGE and MALDI-TOF MS (Pic. 3
and Pic. 4). The DkChi protein showed both exo- and endo-chitinase activities
using either 4-MU-(GIcNAc), or 4-MU-(GIcNAc); substrate, respectively (Pic.
5). It was consistent with the previous reports stating that baculovirus
chitinases had both exo- and endo-chitinases activities [11, 12, 16].

The DKChi of DKNPV displayed an obvious insecticidal activity agianst
S. exigua, H. cunea, H. armigera and L. dispar (Table 1). It indicated that DkChi
had a huge potential in pest control. Previous studies had also showed the role
of baculovirus chitinase. Rao et al. (2004) reported that ChiA of AcCMNPV
resulted in the decrease of larval body weight (LW) of B. mori at a dose of 0.56
Mg/g LW and 100% mortality at a dose of 1ug/g LW [16]. ChiA from BmNPV
could aid in degrading the chitinous PM lining the B. mori larval midgut [17].
Whether the insecticidal mechanism of DkChi is due to the damage of PM, it
need to be further investigated.
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In summary, these results presented in this work identified a new
chitinase from DKNPV as candidate protein capable of protecting crops and
forests against insect pests.
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BE B ER SO0 SRR AR TN- R E-NHE-N-
TWHEM ( MNNG ) & BEY 7 —FfELSHM R, HIPEMBEA3.0ug/mMNNGAEZE3
REFERERMRE REFTIRETTERMNNG
MRI60R |, HELIEFRI0N. MEYWARIZEME NIOZCAS-
Spex12 , H@EHBRE. #EMMERITREMAT, MEEEEETRKEETL)
R EAE KB B, PCRY EDNAE B H TR ZARR KB ARER BT HERE
. AREMRZARANHEREXE S ARHEERR. FRERIL RZARRATH
REENY AREREZANRESHE , NS REREZARRERMERE , X
BRBANEXEEZESARFETHR,. HRERKH , NAMNNG
REBHAR AT AR B AELIBTEME RN , A AREF RS EERMIIRM T A8,
Kt BRINEARR , REZAMKKEE , MNNG

HOBAA KJIETOYHAA JIMHUA 3AYATKOB AUYHUKOB Y KYKOJIOK
SPODOPTERA EXIGUA TIYTEM CTUMYJIALHWHU C IIOMOIIBIO N-
METHWJI-N-HUTPO-N-HUTPO30 I'YAJUHUHA

HenpepbIBHYIO KIETOYHYIO NNHUIO, NOMYyYEHHY U3 ANLEBOAOB KYKOSKU
Spodoptera exigua, yctaHaBnuBanu nytem obpaboTkM nepBUYHbIX KneTok N-
metun-N'-HnTpo-N-HuTposoryaHunauHom (MNNG). Yepes Tpu pgHA nocne
o6paboTtku knetok 3,0 mkr / mn MNNG kneTku oGpa3oBbiBany MOHOCIION U
nepBoHayanbHO ObINK CyOKyNbTMBUPOBaHLI Yepe3 60 OHen, nocre yaaneHus
MNNG c nocneaywowmmMm cybkynstuBnpoBaHmem B TedeHne 30 MOBTOPHOCTEN.
YcTaHOBNEHHasn KnetovHas nuHus, obosHadeHHas I0OZCAS-Spex 12, cocTtosina
M3 CMecu Tpex TUMOB KNETOK, BKNioYasd cdepudeckme, BepeTeHOBUAHbIE U
oBarbHble KNeTkW. bbino ob6HapyxeHo, YTo BpeMs yOBOEHUS NONyNsLMn NMHUA
KNEeToK BO BpeMs dhasbl ero norapudmMmyeckoro pocrta coctaenseT 71 vac.
AHann3z  uenHon  peakumm  [OHK-amnnmnduvkaumm  OHK-amnnmnduvkaumen
noaTBepaun, YTo HOBas KNeTovHasi NMMHUS BO3HWKIA M3 S. exigua. ViccnegosaHa
BOCMPUMMYMBOCTE  Knetok I0ZCAS-Spex 12 K WH(EeKUMM HeKoTopbiMU
HyKreononuagpo-supycamn. PesynetaTbl nokasanu, 4YTO KNeTodHas nuHuS
Oblna O4YeHb BOCMPUUMYUMBA K 3apaKeHWU0 HYKeornonuvaapoB BUMPYCOM S.
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exigua U MHOXEeCTBEHHbIM Hykneonuaopesupycom Autographa californica,
cnerka BOCMPUMMYMBBLIM K 3apaXKeHUIO  HYKNeonoroxuTernem  Bupyca
Spopoptera litura, 1 He NoaBep)KeHa 3apaXkeHWo HyKreononuapmnposmMTamm
Helicoverpa armigera wunu Hyphantria cunea nucleopolyhedroviruses.
Pesynbratbl 3TOro MccnegoBaHUsa MokasbiBatoT, 4To riedeHne MNNG moxet
npeofoneTb CyLWECTBYIOWME OrpaHUYEHUs Ha MOofMyyYeHUe HenpepbiBHO
nponudepupyoLnX  KNeToK U MOXET  OTKPbITb  BO3MOXHOCTM  ANg
yBEKOBEYEHNS N30NMMPOBaHHbIX KIMETOK HACEKOMbIX.

KnioueBble  cnosa: KnetoyHas  NUHUSA KNeTok  SAWYHKKA,
Hykneononuagpos, MNNG

ABSTRACT: A continuous cell line derived from the pupal ovary of
Spodoptera exigua was established by treating primary cells with N-methyl-N'-
nitro-N- nitrosoguanidine (MNNG). Three days after treating cells with 3.0
pa/ml of MNNG, the cells formed a monolayer and were initially subcultured 60
d after the MNNG was removed, followed by subculturing for 30 passages. The
established cell line, designated IOZCAS-Spex 12, consisted of a mixture of
three types of cells, including spherical, spindle-shaped, and oval cells. The
population doubling time of the cell line during its logarithmic growth phase was
found to be 71 h. DNA amplification fingerprinting polymerase chain reaction
analysis confirmed that the new cell line originated from S. exigua.
Susceptibility of [0ZCAS-Spex 12 cells to infection by certain
nucleopolyhedroviruses was investigated. The results showed that the cell line
was highly susceptible to infection by S. exigua nucleopolyhedrovirus and
Autographa californica multiple nucleopolyhedrovirus, slightly susceptible to infection
by Spodoptera litura nucleopolyhedrovirus, and not susceptible to infection by
Helicoverpa armigera nucleopolyhedroviruses or Hyphantria cunea
nucleopolyhedroviruses. The results of this study suggest that MNNG
treatment may overcome existing limitations to obtaining continually
proliferating cells and may open up the possibilities for immortalizing isolated
insect cells.

Key words: Insect ovary cell line, Nucleopolyhedrovirus, MNNG

The use of insect cell lines is becoming more common in the fields of
agriculture and biotechnology (Aucoin et al. 2010). Since the first insect cell
line was established in the 1960 s, more than 500 insect cell lines have been
developed from approximate 120 different insect species (Gaw et al. 1959;
Grace 1962; Yeh et al. 2007). However, compared to mammalian cell lines,
methods for establishing insect cell lines are still in their infancy (Simcox et al.
2008). Methods of in vitro chemical transformation in various mammalian cells
are well established. For instance, N-methyl-N’-nitro-Nnitrosoguanidine
(MNNG), a monofunctional alkylating agent that causes chromosomal DNA
damage, has been used in in vitro cell culture systems to transform various
types of normal or healthy cells into tumor cells ( Gichner and Veleminsky
1982; Schar 2001). Carcinogenesis and the mechanisms of MNNG
transformation have been extensively investigated through both in vitro and in
vivo studies (Du et al. 1984; Su et al. 1995; Bunton and Wolfe 1996; Schar
2001; Izyumov and Talikina 2007).

However, few similar studies have examined the use of MNNG to
establish insect cell lines. Although insect cells treated with carcinogens can
survive for a certain time period, cell multiplication has not been observed, and
attempts to establish a continuous insect cell line have failed (Mitsuhashi
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2002). However, progress in gene technology has enabled the immortalization
of cells by the introduction of oncogenes into other invertebrates. Tapay et al.
(1995) obtained a continuous cell line from shrimp by transforming primary
cultured lymphoid cells with simian virus (SV)-40 (T) antigen. It has been
established that its development and progress are associated with the
deregulation of many genes, as well as the mutation of oncogenes and loss of
function of tumor suppressor genes (Early et al. 2008). However, the detailed
molecular mechanism of establishing a cell line is not fully understood. Many
important  biological processes are involved in transformation and
tumorigenesis, including cell cycle control, DNA damage repair, cell apoptosis,
and signal transduction (Zhang et al. 2009a). The present study created a new
insect  cell line from primary  cultured insect  tissueusing
MNNGtransformationand potentially describes a new method for establishing
insect cell lines.

Successful cultures were
initiated in June 2010. Initiation
and maintenance of the cell
lines were the same as
previously described (Zhang et
al. 2012). Cell migration
occurred within 2 d of initiation
of the cell culture. The migrated
cells were either fibroblasts or
hemocyte-like  cells.  They
initially distributed themselves
densely around tissue explants,
gradually moved to the
surrounding areas, and finally
distributed over most of the flask
after 30 d of culturing (Pic. 1A).

When the cells
approached confluence, they
were treated with MNNG at a
concentration of 1.0, 3.0, or 5.0
po/ml for 3 d. After incubation
with  MNNG, the cells were
thoroughly washed three times : ) >
with fresh medium and cultured & e = SEaEEimes SumRs ASEREIER
in growth medium at 27°C (Ming Pic. 1. (A) Cell migration that occurred within
et al. 2006). The cultures were 2 d of cell culturing. The scale bar is 100 um.
fed with one-half volume of (B) Cell monolayer of IOZCAS-Spex 12. The
fresh medium every 7 d. In the scale bar is 400 um.
cultures treated with 3.0 pyg/ml MNNG, most cells survived to day 30, although
a few cells detached and degenerated. The surviving cells, most of which were
polygonal or round, remained healthy, and some cells grew in volume by day
60. Dividing cells were continuously present, and cell survival time was
significantly increased by the stimulation of MNNG. The first subculture was
carried out 60 d after MNNG treatment and after the cells had reached
confluence. The contents of the culture flask were then transferred to a new
flask containing 2.0 ml fresh growth medium. The interval of time between the
initial subculture to the tenth passage ranged from 10 to 15 d, depending on
the growth rate of the cells. After the 11th passage, the cells proliferated more
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rapidly, and thereafter, the interval of time between passages was 5 to 7 d
using a ratio of cell suspension to fresh medium of 1:4 to 1:5 (Pic. 1B). The
resulting cell line was designated I0OZCAS-Spex 12.

By acting directly on nucleic acids, MNNG is a strong mutagen that
causes chromosomal DNA damage and can successfully induce in vitro cell
transformation in several cell lines (Gichner and Veleminsky 1982; Du et al.
1984; Milo et al. 1992; Malik et al. 1997; Ming et al. 2006). Therefore, we used
MNNG in our study to induce the division and transformation of cells cultured
from the pupal ovary of Spodoptera exigua. In the presence of MNNG, the
cultured cells grew well, and cells survived more than 30 passages. Both the
concentration and timing of MNNG treatment were found to be important
factors in determining the rates of proliferation and survival of the cultured
cells. Cell division and the number of proliferating cells increased over time
when the concentration of MNNG was 3.0 pg/ml. In the groups treated with 1.0
pa/ml MNNG, cells detached from the flasks by 30 d after MNNG treatment.
Small rounded cells, but no dividing cells, were observed at day 60, and most
cells in these cultures degenerated and eventually died at day 150. When the
concentration of MNNG was 5.0 ug/ml or higher, most of the cells detached
and degenerated by 3 d after treatment, showing that high concentrations of
MNNG had a toxic effect on cells ( Ming et al. 2006). In addition, the timing of
stimulation seemed to be important. The most appropriate length of time for
MNNG treatment in our study was 3 d after isolation. We found that MNNG
treatment might overcome previously described limitations to obtaining
continually proliferating insect cells and may open up the possibility of
immortalizing isolated cells.

The morphology of the different cell types in the IOZCAS cultures was
observed under phase contrast microscopy. The growth curve of the cell line
was determined as previously described (Zhang et al. 2006a), and the cell
population doubling time during the logarithmic growth phase was found to be
71 h (Pic. 2) (McIntosh and Ignoffo 1989). The cell line was found to have

18
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TW/51190:01

0 2 4 6 8 10 12 14 Day
Pic. 2. The growth curves of the new cell line, IOZCAS-Spex 12.
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originated from S. exigua by utilizing the DNA fingerprinting-PCR(DAF-PCR)
method and comparing the band profiles of the cell line with its host, using the
aldolase sequence as a primer (Mcintosh et al. 1996; Liu et al. 2003). The PCR
reaction conditions used in this study have been previously described (Zhang
et al. 2006a). Three major bands at approximately 350, 450, and 700 bp of
identity were shared (Pic. 3) between the new S. exigua cell line, another cell
line from the same host (I0OZCAS-Spex II-A), a cell clone from larval fat bodies
of S. exigua Zhang et al. 2009b), and the homologous host (S. exigua pupa). A
distinctive profile was seen compared to other cell lines maintained in the
laboratory (Sf9, a cell line from Spodoptera frugiperda, Vaughn et al. 1977;
BCIRL-Hz-AM1, a cell lines from Helicoverpa zea, McIntosh and Ignoffo 1983).

endixa exaydopodg jo edng
V-11%8dg-8y0701
63s
LNY-ZH-14108
Z1x0dg-5y0701
FENPL

Pic. 3. DAF-PCR profiles of IOZCAS-Spex 12 cell lines and other cell lines in our
laboratory, including Sf9, BCRIL-HzAM1, and I0ZCAS-Spex II-A. The major bands
identified are shared between the cell lines and their host, while the other cell lines show
different profiles from IOZCAS-Spex 12 cells.

For determining the susceptibility of the cell line to nucleopolyhedroviruses,
the viral inocula and inoculating process were as previously described (Zhang et
al. 2006a, b). The viruses tested in this study include S. exigua
nucleopolyhedrovirus (SeNPV), Autographa californica multiple
nucleopolyhedrovirus  (AcMNPV), Spodoptera litura nucleopolyhedrovirus
(SpINPV), Helicoverpa armigera nucleopolyhedrovirus (HaNPV), and Hyphantria
cunea nucleopolyhedrovirus (HCNPV). Typical cytopathogenic phenomena, such
as enlarged nuclei with numerous occlusion bodies formed in the nuclei at the late
stage of infection, were observed in the cultures inoculated with SeNPV, AcCMNPV,
and SpltNPV (Pic. 4 A-C). Susceptibility of the cell line to infection by these three
viruses was further confirmed using a bioassay. The I0ZCASSpex 12 cells were
not susceptible to infection by HaNPV or HCNPV.
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Pic. 4. The majority of cells are infected with SeNPV (A) AcMNPV (B), and SpltNPV (C).
The scale bar is 200 pm.
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