Chapter 2

Role of Nucleopolyhedroviruses (NPV5s)
in the Management of Lepidopteran Pests
in Asia

G.V. Ranga Rao, Ch. Sridhar Kumar, K. Sireesha, and P. Lava Kumar

2.1 Introduction

The use of synthetic insecticides has been the major approach in modern agriculture
for controlling insect pests on different crops in most of the developing countries.
Chemical control is one of the effective and quicker methods in reducing pest
population, where farmer obtains spectacular results within a short period. How-
ever, overreliance and indiscriminate unscientific use of pesticides for longer
periods resulted in a series of problems, mainly risk of environmental contamina-
tion, loss of biodiversity, development of insecticide-resistant pest populations,
resurgence, outbreaks of the secondary pests, increase in inputs on chemicals and
toxicological hazards due to accumulation of pesticide residues in the food chain,
etc., ultimately contributing not only to inefficient insect control but also environ-
mental and health hazards (Armes et al. 1992; Kranthi et al. 2002). Therefore, there
is an urgent need to rationalize the use of chemical pesticides for the management
of insect pests. In recent years, the growing public concern over potential health
hazards of synthetic pesticides has led to the exploration of alternative pest man-
agement options, such as adoption of integrated pest management (IPM). IPM
combines cultural, biological, and chemical measures in the most effective, envi-
ronmentally sound, and socially acceptable way of managing pests, diseases, and
weeds. IPM aims at suppressing the pest population by combining available
methods in a harmonious way with emphasis on farm health and net returns. In
an attempt to overcome the present crisis and to find alternatives to synthetic
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insecticides, the application of “bio-pesticides” as an eco-friendly measure for pest
suppression has come up as one of the effective tools in IPM approach.
Bio-pesticides are developed from natural plant or animal origin, which can
intervene in the life cycle of insect pests in such a way that the crop damage is
minimized. The biological agents employed for this purpose include parasites,
predators, and disease-causing fungi, bacteria, nematodes, and viruses, which are
the natural enemies/pathogens of pests. More than three thousand microorganisms,
comprising viruses, bacteria, fungi, protozoa, and nematodes, have been reported as
insect pathogens. Of these, microbial pathogens gained significance for use as
bio-pesticides primarily due to ease in production, application, wider adoptability,
persistence, economic feasibility, and environmental compatibility. Many species
of insect pathogenic microorganisms have been exploited as bio-pesticides, and
some species have been developed into commercial formulations that are being
used in many countries. Though farmers in Asia are aware of the importance of [IPM
and its impact on health and environment, the adoption level was not up to the
expected levels. However, recent estimates are quite encouraging with reduction in
chemical use to $25.3 billion in 2010 compared to $26.7 billion in 2005. On the
other hand, interestingly, the bio-pesticides market is growing rapidly from $672
million in 2005 to over $1 billion in 2010 (Anon 2009). Several viruses belonging to
18 different families are known to infect invertebrates and insects (Fauquet
et al. 2004). However, bio-pesticide development is concerned almost exclusively
with members of one family, the Baculoviridae, because of their common occur-
rence in most important insect pests primarily in the order of Lepidoptera and their
action as natural regulators of pest populations (Weiser 1987; Gelernter and
Federici 1990; Caballero et al. 1992; Blissard et al. 2000). The potential of
baculoviruses to be employed as insecticides is known since more than 75 years
ago (Benz 1986). To date, over 30 different baculoviruses are used to control
several insect pests in agriculture and forestry (Moscardi 1999). The use of
baculovirus as insecticides is based on a set of useful properties, such as pathoge-
nicity, specificity, narrow host range, environmental persistence, suitability to add
to other bio-agents with synergism, and ability to induce epizootics. There are
several advantages of using insect viruses in pest management over traditional
synthetic chemical insecticides: these are highly host specific and are known to
be completely safe to humans, animals, and non-target beneficial insects such as
bees, predatory insects, and parasitoids (Groner 1986; Monobrullah and Nagata
1999; Nakai et al. 2003; Ashour et al. 2007); lack of toxic residues allowing
growers to treat their crops even shortly before harvest, with low probability to
develop stable resistance (Monobrullah 2003). These are highly compatible with
other methods of pest control and are well suited for use in IPM programs. Another
important reason for the interest in baculoviruses as potential insect control agents
is that they are relatively easy to visualize and monitor using a light microscope. In
vivo and in vitro tests with several vertebrate, invertebrate, and plant species have
not demonstrated any pathogenic, toxic, carcinogenic, or teratogenetic effects after
exposure to these viruses (Ignoffo and Rafajko 1972; Ignoffo 1973; Banowetz
et al. 1976; Lautenschlager et al. 1977; Roder and Punter 1977; Huber and Krieg
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1978). Baculoviruses are stable and can be stored as aqueous suspensions or dried
powders for long periods without any loss of activity (David and Gardiner 1967a).
They are resistant to many chemicals and persist in the soil for many years (David
and Gardiner 1967b), and their activity is not altered significantly by relative
humidity (David et al. 1971), precipitation (David and Gardiner 1966), or
prolonged exposure to normal field temperatures (Yendol and Hamlen 1973).
They can be used concurrently with most chemical insecticides and permit the
reduction of the number of applications needed to keep the insect plague under
control in crops, thus contributing to the reduction of the costs of protection.
Finally, its use in replacement of synthetic insecticides helps to reduce the overall
levels of chemical pollution (Falcon 1971; Hunter et al. 1975; Jacques and Long
1978). Baculoviruses differ significantly from chemical insecticides in that they are
components of nature. Large quantities of virus are released into the environment
during natural epizootics, which are common, widespread, and often important in
regulating insect population levels (Injac 1973; Federici 1978). There is evidence
that the amount of virus which is artificially placed into the environment as
bio-pesticide is minimal compared with the amount produced during such epizo-
otics (Thomas 1975).

2.2 Classification of Baculoviruses

Baculoviruses are occluded, double-stranded DNA (dsDNA) viruses and charac-
terized by the presence of occlusion or inclusion bodies (OBs). The nature and
significance of these OBs remained a mystery for a long time until the electron
microscope (EM) was available that the virus particle could be isolated and
identified as the infectious viral agent. Based on the size, shape, and occluded
virion phenotype, the baculoviruses are classified into two genera, nucleopolyhe-
droviruses (NPVs) and granuloviruses (GVs) (Rohrmann 1999; Winstanley and
O’Reilly 1999; Blissard et al. 2000; Fauquet et al. 2004). The EM observation of
NPVs reveals polyhedral to irregular shaped OBs with size 0.15—15 pm in diameter
(Figs. 2.1 and 2.2) composed of matrix protein (30—40 % of total viral protein)
called polyhedrin, which crystallizes around many enveloped nucleocapsids (Hooft
van Iddekinge et al. 1983). Different NPVs are characterized by their occluded
virions being present either as single (SNPV) or multiple (MNPV) nucleocapsids
within the envelope (Figs. 2.1 and 2.3). Both SNPVs and MNPVs may contain 20—
200 virions depending upon species (Rohrmann 1999). The GVs have small OBs
(0.25-0.5 pm in cross section), are ellipsoidal in shape, and normally contain a
single nucleocapsid, which is enveloped and is composed of a major matrix protein
called granulin (Funk et al. 1997; Winstanley and O’Reilly 1999). NPVs are found
mostly in the order Lepidoptera, Hymenoptera (31 species), Diptera (27 species),
and Coleoptera (5 species) as well as from the crustacean class Decapoda (shrimp),
whereas GVs are only found within the order Lepidoptera (Federici 1997; Blissard
et al. 2000). Virions consist of one or more nucleocapsids embedded in a
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Fig. 2.1 Morphological characteristics of nucleopolyhedroviruses (NPVs) and granuloviruses
(GVs)

Fig. 2.2 Scanning electron micrograph of POBs: scanning electron micrograph (SEM) images of
occlusion bodies (OBs) of baculoviruses. The purified aqueous OBs of baculoviruses isolated from
(a) H. armigera, (b) S. litura, and (c) A. albistriga were dehydrated, mounted over the stubs,
applied with a thin layer of gold metal over the sample using sputter coater, and then scanned
under EM. Magnification = 6,500 x

membranous envelope. Two morphologically distinct but genetically identical viral
forms are produced during postinfection: (a) budded virus particles (BV) which
serve for the transmission of the virus to other tissues of the infected pest and
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Fig. 2.3 Transmission electron micrographs of the cross section of poly-occlusion bodies (POBs):
Pellets of purified OBs of baculoviruses isolated from (a) H. armigera, (b) S. litura, and (c)
A. albistriga were subjected to ultrathin sections, mounted on copper grids, and stained with
saturated aqueous uranyl acetate and counterstained with 4 % lead citrate and observed under
TEM. Magnification = 25,000 x

(b) OBs which are responsible for the survival of the virus and spread of the disease.
The OB (polyhedra) of NPV contains many occlusion-derived virions (ODV)
surrounded by a matrix composed of mainly polyhedrin, a major structural protein
(Braunagel et al. 2003). Polyhedrin is produced in large quantities (around 30 % of
total protein mass at the time of host death). Polyhedra are relatively stable and
under favorable conditions virions can survive in the environment for more than
20 years. Under magnification of around 1,000 X, polyhedra resemble clear, irreg-
ular crystals of salt; so they are big enough to be seen in a light microscope. Some
common symptoms of the virus attack are sluggishness, discoloration of skin, wet
or extremely moist droppings, and regurgitation of fluids (a sign of stress).

The size and shape of occlusion bodies in NPVs varies considerably not only
between the polyhedral occlusion bodies (POBs) from different insects but often
also within the same species. For example, majority of the POBs of Helicoverpa
armigera NPV are spherical, while some of them are irregular in shape and the size
ranges from 0.6 to 2.3 pm, averaging to 1.35 pm (Fig. 2.2). The diameter of
polyhedra ranges about 0.5—-1.5 pm, depending on the insect species (Fig. 2.3).
The differentiation in the cross section of typical baculovirus (NPV and GV)
occlusion bodies (OBs) is clearly represented in Fig. 2.1. In the boundary of OB,
the protein envelope (PE) appears as an electron-dense layer made up of PE protein
or envelope protein and shown to be very sensitive to alkaline proteases (Russell
and Rohrmann 1990; Van Lent et al. 1990). The distance between envelope and
crystalline matrix (polyhedrin or granulin) is not uniform around the occlusion
body. The fine structure of occlusion body reveals crystalline lattice of the occlu-
sion body protein molecules, which are arranged in cubic system. Although there is
no true membrane covering the OB, difficulties in staining OB, the retention of their
shape, and the presence of a membrane-like coat following chemical and physical
treatment indicate that the exterior portion of OB is different from the interior
portion. On the whole, they are very stable and can persist indefinitely in the
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environment (Bergold 1982). The infectious, rod-shaped virions are randomly
occluded in OBs without any apparent disruption of the lattice; an 8-nm layer
separates virion from the protein matrix. The size of the virions is with dimensions
in the range from 4.0 to 140 x 250 to 400 nm. Alkaline-liberated virions readily
lose their envelopes to reveal nucleocapsids each made up of a capsid surrounding a
DNA core. The capsid, in turn, consists of protein subunits arranged along its long
axis. The virions contain large circular, covalently closed, dsSDNA genome with
size in range of 80-180 kbp packed in the nucleocapsid (Blissard and Rohrmann
1990; Volkman et al. 1995).

2.3 [Examples of Some Commercial Baculovirus-Based
Products Registered in Different Countries for Pest
Management

Over 20 species of baculoviruses have been developed or registered as commer-
cially available insecticides, and over 30 different products have been registered as
commercial insecticides based upon NPV or GV. Autographa californica and
Anagrapha falcifera NPVs were registered in various countries and have relatively
broad host spectrum and potentially can be used on a variety of crops infested with
pests including Spodoptera and Helicoverpa. GV is the active component of a
number of bio-pesticides used for protection of apple and pear orchards against the
codling moth, Cydia pomonella. Some of the trademarks of GV-based products are
the following: Granusal™ in Germany, Carpovirusine™ in France, Madex™ and
Granupom™ in Switzerland, and Virin-CyAP in Russia. Annually, up to
250,000 ha of orchards have been protected with Madex™ in different European
countries (Vincent et al. 2007). Another GV infecting Erinnyis ello (cassava
hornworm) was found to be very efficient in protection of cassava plantations
(Bellotti 1999). This GV has been used for spraying cassava crops in South
American countries. Two commercial preparations based on Spodoptera NPV
have been available. These are SPOD-X™ containing Spodoptera exigua NPV to
control insects on vegetable crops and Spodopterin™ containing Spodoptera
littoralis NPV which is used to protect cotton, corn, and tomatoes (Szewczyk
et al. 2006). In China, twelve baculoviruses have been authorized as commercial
insecticides (Sun and Peng 2007), including H. armigera NPV (the most widely
used virus in China for cotton, pepper, and tobacco protection), Spodoptera litura
NPV (vegetables), S. exigua NPV (vegetables), Buzura suppressaria NPV (tea),
Pieris rapae GV, and Plutella xylostella GV (vegetables). China is the largest user
of baculoviruses worldwide, with maximum number of viruses being registered for
insect control. The well-known success of employing baculovirus as a bio-pesticide
is the case of Anticarsia gemmatalis nucleopolyhedrovirus (AgMNPV) used to
control the velvetbean caterpillar in soybean (Moscardi 1999). This program was
implemented in Brazil in the early 1980s and came up to over 2,000,000 ha of
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soybean treated annually with the virus. The use of AgMNPV in Brazil brought
about many economical, ecological, and social benefits. The protection of soybean
fields in Brazil has proven that baculoviral control agents can be effectively
produced on a large scale and they may be an alternative to broad-spectrum
chemical insecticides. The forests of temperate regions are very often attacked
and defoliated by larvae of Lepidoptera (the most common pest species are
Lymantria dispar, Lymantria monacha, Orgiya pseudotsugata, and Panolis
flammea) and some hymenopteran species (mainly Neodiprion sertifer and Diprion
pini). L. dispar MNPV formulations marketed under trade names Gypchek,
Disparivirus, and Virin-ENSH and O. pseudotsugata MNPV under trade names
BioControl-1 and Virtuss (Reardon et al. 1996) are sometimes used for forest
protection. Forest ecosystems tend to be more stable than agricultural systems,
allowing for natural or applied baculoviruses to remain in the environment for long
periods of time increasing the chance of natural epizootics.

2.4 Isolation and Characterization

Among the baculoviruses, NPVs attracted more attention of plant protection scien-
tists who were looking for an alternative to pesticides because they cause a highly
infectious disease that kills the pest within 5—7 days. These viruses attack some of
the most important Lepidopteran crop pests including the species of Helicoverpa,
Spodoptera, and Amsacta. Some of the related GV species are also highly infec-
tious, e.g., Cydia pomonella (apple codling moth) GV and P. xylostella (diamond
back moth) GV. However, not all GVs are as fast acting as NPV because morpho-
logically they had single envelope with single nucleocapsid per occlusion body
(Winstanley and O’Reilly 1999) (Fig. 2.1). In general, the host range of most NPV
is restricted to one or a few species of the genus or family of the host where they
were originally isolated. However, it also addresses an important commercial
drawback, restricting the use of these products to specific pest or closely related
pest complexes, such as Helicoverpa species (Chakraborthy et al. 1999). Some of
the few exceptions having a broader host range are (1) A. californica MNPV
infecting more than 30 species from about 10 insect families, all within the order
Lepidoptera; (2) A. falcifera NPV infecting more than 31 species of Lepidoptera
from ten insect families; and (3) Mamestra brassicae MNPV which was found to
infect 32 out of 66 tested Lepidopteran species from four different families (Groner
1986; Doyle et al. 1990; Hostetter and Puttler 1991). In contrast to NPV, the host
range of GV appears to be even narrower and mostly restricted to a single species.
In India, about 35 insect viruses have been recorded from the baculovirus group, the
most important being the NPVs of H. armigera, S. litura, Spilosoma obliqua
(Walker), Achaea janata (L.), and Amsacta albistriga (Walker) and the GVs of
A. janata, S. litura, H. armigera, and Chilo spp. (Pawar and Thombre 1992).
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2.4.1 Morphological Characterization

During natural epizootic conditions, baculoviruses were isolated from larvae of
H. armigera (Hiibner) (Lepidoptera: Noctuidae), S. litura (Fabricius) (Lepidoptera:
Noctuidae), and A. albistriga (Walker) (Lepidoptera: Arctiidae) at ICRISAT farms,
and the viruses isolated from these insect pests were characterized as MNPVs by
conducting morphological and biological studies (Sridhar Kumar et al. 2011). The
diseased larvae showed the typical baculovirus infection symptoms. The infected
larvae showed pale swollen bodies and are moribund. The larvae of H. armigera
and A. albistriga crawled to the top of the twigs (negative geotropism) on which
they fed (Fig. 2.4). But the larva of S. litura did not show this feature due to its soil
inhabiting nature and nocturnal habitat. The initial signs of baculoviral infection are
gradual changes in the color and luster of the integument. Infection of the epidermis
caused the host to appear soft and in some larvae the cuticle was ruptured and
discharging of body fluid onto plant parts was observed. Earlier, these symptoms
were also reported by others (Aizawa 1963; Tanada and Kaya 1993; Federici 1997).
Observation of discharged body fluid under phase contrast microscope revealed that
it consists of OBs (Fig. 2.5). Electron microscopic studies of OBs indicated that the
viruses isolated were NPVs rather than GVs. Under scanning electron microscope,
the OBs appeared as irregular shaped structures with sizes ranging from 0.5 to
2.5 pm (HaNPV), 0.9 to 2.92 pm (SINPV), and 1.0 to 2.0 pm (AmalNPV) in
diameter (Fig. 2.2). Transmission electron microscopic (TEM) studies on cross
sections of purified POBs of these viruses showed that each occlusion body contains
2-7 (multiple) nucleocapsids packaged within a single viral envelope. The nucle-
ocapsids are elongated with parallel sides and two straight ends, measuring
277.7 x41.6 nm (HaNPV), 285.7 x 342 nm (SINPV), and 228.5 x 22.8 nm
(AmalNPV) (Fig. 2.3). Before characterization of any baculovirus from an insect
host, initially, it is necessary to conduct electron microscopic study (SEM and
TEM) to determine whether it is NPV or GV or SNPV or MNPV. Similarly, Tuan
et al. (1999) reported that the occlusion bodies of HaNPV and SINPV isolated in
Taiwan were irregular shaped with sizes ranging from 0.79 £0.22 pm (HaNPV)

Fig. 2.4 NPV-infected larvae of H. armigera and A. albistriga: NPV-infected larvae of
H. armigera on pigeon pea (a) and A. albistriga on groundnut (b)
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Fig. 2.5 Enumeration of poly-occlusion bodies (POBs) under phase-contrast microscope: POBs
of NPVs were purified by differential centrifugation and enumerated under phase-contrast micro-
scope at 1,000x magnification

and 1.61 £0.32 pm (S/INPV); both viruses were MNPVs and the nucleocapsids
were bacilliform to cylindrical tubular-shaped structures with dimensions of
319.80 £ 7.80 x 44.45 £ 4.54 nm (HaNPV) and 332.26 £ 13.55 x 47.16 = 1.42 nm
(SINPV). In another study, the polyhedra of the L. dispar MNPV-NM isolate were
irregularly shaped with an average diameter of 1.62 +0.33 pm. TEM revealed that
LdMNPV-NM had bundles of virions in the nucleocapsid, which belonged to
MNPV (Shim et al. 2003). Wolff et al. (2002) reported the morphology of an
MNPV isolated from Lonomia obliqua (Lepidoptera: Saturniidae) with size ranging
from 1 to 1.4 pm and nucleocapsid dimensions of 270 x 36 nm. Ma et al. (2006)
observed the occlusion bodies in the midgut tissues of the tea looper (Ectropis
obliqua) under TEM, the micrograph showed that the EcobSNPVs were irregular
shaped with size ranging from 0.7 to 1.7 pm in diameter, and multiple rod-shaped
virions measuring about 250 x 40 nm were embedded in each OB with a single
nucleocapsid packaged within the envelope of the virion.

2.4.2 Biological Characterization

Biological assessment studies of the MNPVs isolated at ICRISAT farms from
H. armigera, S. litura, and A. albistriga indicated (Tables 2.1 and 2.2) that they
are highly virulent strains and have good potential for use as bio-control agents
against these important pests (Sridhar Kumar et al. 2011). The efficacy of HaNPV
isolates collected from six geographical locations of India was tested by conducting
bioassay experiments at ICRISAT with the second and third instar larvae of
H. armigera, and it was found that ICRISAT HaNPV was superior amongst the
isolates tested (Sireesha 2006). Similar differences in virulence among NPV iso-
lates have been established in previous studies conducted by Shapiro and Ignoffo
(1970) on the variations in virulence of 34 isolates of HaNPV. A 56-fold difference
in the activity of the isolates was recorded, and it was opined that the difference in
activity must be due to some characteristics of the occlusion body and/or its
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occluded virions. They also did not exclude the possibility that some other factors
such as solubility of occlusions and availability of occluded virions may account for
the differences observed. Abul-Nasr and Elnagar (1980) reported the differential
biological activity of two Spodoptera littoralis isolates both at laboratory- and field-
level studies. Hughes et al. (1983) compared the time mortality response of
Heliothis zea to 14 isolates of HZNPV and identified six activity classes. Shapiro
et al. (1984) tested 19 NPV isolates of L. dispar and reported nearly 1,000-fold
difference in activity. Rabindra (1992) demonstrated the tremendous variation in
virulence among the three HaNPV isolates and recorded the lowest LCsq value of
3.467 x 10* POBs/ml for the HaNPV isolate from Nilgiris. Somasekhar
et al. (1993) on characterizing five Indian isolates of HaNPV found that the most
virulent isolate was that from Ooty in Tamil Nadu, India, with the lowest LCs,
value of 2.538 x 10° POBs/ml, followed by the isolate from Coimbatore in Tamil
Nadu, India (2.965 x 10° POBs/ml), and the Rajasthan isolate with LCsy value of
13.08 x 10® POBs/ml was the least effective. Geetha and Rabindra (1999) found
that among the 11 HaNPV isolates collected from different regions in India,
Negamam and Ooty isolates from Tamil Nadu were significantly more virulent
with LCs, values of 83.807 and 93.926 POBs/cm?, respectively. The Rajasthan
isolate was the least potent with LCsq value of 111.778 POBs/cm?.

All these studies indicate that there is a significant variation in LCs values with
overlapping fiducial limits and the use of locally produced NPV appeared to be
more useful for managing the respective insect pests than the commercially avail-
able NPV from other parts of the country. Geetha and Rabindra (1999) also reported
overlapping fiducial limits of LCsq values of eight HaNPV isolates among the
11 isolates evaluated. The variation in the activity of different isolates may be due
to different reasons. Inherent genetically controlled factors may logically be an
important reason. The other reason may be that the different isolates had different
number of passages in the host either under natural conditions or in the laboratory
(Geetha and Rabindra 1999). In Log concentration—probit mortality relationship,
the lower the slope value, the greater is the variability. Normally, the slope values
were very low in bioassay studies with insect pathogens (Burges and Thompson
1971). Battu and Ramakrishna (1987) reported the respective slope values of
0.1674, 0.4078, and 0.1215 for 6-, 9-, and 11-day-old S. obliqua larvae, respec-
tively, when inoculated with its own NPV. Arora et al. (1997) reported slope values
varying from 0.58 to 0.96 for the five HaNPV isolates evaluated against the second
instar larvae of H. armigera. The low slope of dosage—mortality curves for insect
pathogens often indicates a more stable host—pathogen relationship.

2.4.3 Comparative Analysis of Viral Proteins of Different
NPV Isolates

The crystalline matrix of the occlusion body mainly consists of a single protein,
called polyhedrin or granulin. These proteins have about 245 amino acids (29 kDa)
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Table 2.2 LTs( values of NPV isolates against the second and third instar larvae

LTsq (h) values
Virus concentration Second instar larvae Third instar larvae
(POB/ml) HaNPV |SINPV | AmalNPV | HaNPV | SINPV | AmalNPV
1.8 x 10° - - - 123.60 |132.72 |128.64
1.8 x 10’ 122.64 | 128.58 |132.52 134.25 140.4 144.0
1.8 x 10° 13128 | 133.62 | 136.64 136.42 143.0 |148.64
1.8 x 10° 14232 | 146.76 | 149.72 150.0 |156.12 |162.42
1.8 x 10* 153.30 | 158.60 |162.72 161.22 | 176.08 |182.06
1.8 x 10° 191.18 | 195.60 |199.20 216.07 |228.96 |236.16
1.8 x 10 230.68 | 234.60 |238.06 - - -

and are hyper-expressed during the very late phase of virus infection and are not
required for virus replication (Rohrmann 1986, 1992; Funk et al. 1997) and
constitute up to 18 % or more of total alkali-soluble protein late in infection
(Quant et al. 1984). It is a highly stable protein, insoluble in many solvents at
neutral pH values and physiological conditions, highly resistant against the action
of proteolytic enzymes, and at the same time it is highly sensitive to alkaline
conditions (Bergold 1947; 1948). At ICRISAT, with an aim of production of
polyclonal antibodies against poly-occlusion body protein (polyhedrin) for the
development of diagnostic and quality control tools during mass production of
NPVs, the purification protocol for polyhedrin protein was standardized (Sridhar
Kumar et al. 2007) with slight modifications to the methods suggested by Summers
and Egawa (1973), Harrap et al. (1977), and Quant et al. (1984). In 12 %
SDS-PAGE analysis, the denatured purified protein preparations of three viruses
resolved as single band (Fig. 2.6) with estimated molecular weights of 31.65 kDa
(£0.00) (HearNPV), 31.29 kDa (£0.00) (SpltNPV), and 31.67 kDa (%0.295)
(AmalNPV). This report is similar to that reported by Tuan et al. (1999) for three
lepidopteran NPVs such as HaNPV, SINPV, and SeNPV. Recently, Ashour
et al. (2007) reported the molecular weight of 32 kDa for recombinant and wild-
type A. californica NPV (AcAalT and AcMNPV). In addition to the major
polyhedrin, they are contaminated with some minor low molecular weight peptides
of about 7-27 kDa and a high molecular weight peptide of about 60—70 kDa, which
could be the degraded peptides or dimmers of the 31 kDa polyhedrin protein. This
has revealed that these three NPVs have six to eight minor polypeptides.

To characterize NPV protein structure for the purpose of providing reliable
identification methodology and developing specific and sensitive serological detec-
tion techniques, the nucleocapsids of different HaNPV isolates across India were
purified by alkali dissolution of POBs followed by 25-60 % sucrose gradient
centrifugation (Sireesha 2006). Purified samples of HaNPV from ICRISAT, Uni-
versity of Agricultural Sciences of Dharwad, Tamil Nadu Agricultural University,
Panjabrao Deshmukh Krishi Vidyapeth in Akola, Punjab Agricultural University,
and Gujarat Agricultural University (UASD, TN, AK, PAU, and GAU) were
analyzed in 12 % SDS-PAGE gels for proteins. This has revealed that all the
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Fig. 2.6 SDS-PAGE (12 %) profile of polyhedrin protein preparations of NPVs. Purified poly-
hedral protein (polyhedrin) preparations of NPVs were separated in 12 % SDS-PAGE. The
polyhedrin was appeared as single protein band in silver stained gel and the protein band at
~31 kDa was indicated with arrow mark. Lane I: Protein molecular weight marker; Lane 2:
HaNPV polyhedrin; Lane 3: SINPV polyhedrin; Lane 4: AmalNPV polyhedrin

isolates have 4 to 5 major polypeptides of 42.32 (£ 0.92) kDa, 34.74 (& 0.27) kDa,
31.77 (£ 0.44)kDa, 30.66 (+ 0.27)kDa, and 19 (£ 1.41)kDa and several minor
peptides. Three major proteins were present in all except in GAU isolate. The
molecular weights of the major proteins were nearly similar, but not identical. GAU
sample was unique in that it lacked the ca. 42 and ca. 34 kDa proteins. Several
minor proteins were also seen in the gel (indicated with arrows). GAU isolate
recorded one extra protein of 19 (£ 1.41) kDa. It was also noticed in other isolates,
but it was not as conspicuous as in the case of GAU. Summers and Smith (1978)
studied the structural polypeptides of eight insect baculoviruses which revealed a
complex but unique composition of 15-25 bands with molecular weights ranging
from 15,000 to 1,60,000 Da. A. californica MNPV capsids contained two major
polypeptides VP18.5 and VP37; Rachiplusia ou MNPV capsids contained VP16,
VP18, VP30, and VP36; A. gemmatalis MNPV contained one major capsid protein
VP29; and the major capsid proteins of H. zea SNPV were VP16, VP28, and VP63.

Kelly et al. (1980) observed a high degree of similarity between the polypeptides
of two SNPVs of H. armigera and H. zea. Monroe and McCarthy (1984) charac-
terized the structural polypeptides of H. armigera NPV from India, China, and
USSR. For Indian isolate, the molecular weights of polypeptides ranged from 14.2
to 90.0 kDa. Harrap et al. (1977) purified polyhedron proteins from three closely
related insect pest NPVs, viz., S. littoralis, Spodoptera exempta, and Spodoptera
frugiperda, after dissolution in 0.05 M sodium carbonate and separation on 7 and
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10 % SDS-PAGE. They did not observe significant differences between the sizes of
major proteins of the three viruses whose molecular weights ranged from 28 to
29 kDa. They also concluded that the smaller polypeptides of each virus preparation
represented an initial breakdown product derived by proteolytic cleavage of larger
molecule. Maskos and Miltenburger (1981) compared the polyhedral polypeptides
of L. dispar, M. brassicae, and A. californica NPVs using SDS-PAGE. They
observed eight distinct polypeptide bands with major polypeptides in the range of
28.0-30.0 kDa. They found characteristic differences between the species for minor
polypeptides having molecular weights in the range from 12.4 to 62.0 kDa. Cabal-
lero et al. (1992) observed similar mobility profiles of the occluded virion poly-
peptides and polyhedrins of four S. exigua NPV isolates originating from the United
States, Thailand, and two locations in Spain.

2.4.4 Efficacy of NPV Under Different Storage Conditions

Unlike chemical pesticides, viral pesticides often have a shorter half-life of infec-
tivity (Shieh 1978) that requires special attention for commercial operations. Viral
insecticides cannot be developed commercially until formulations of these are
physically, chemically, and environmentally stable in storage and distribution. At
ICRISAT, HaNPV storage studies were conducted over a period of time under
different set of storage conditions, and their efficacy was tested against the second
instar H. armigera larvae at the rate of 10° POB/ml at an interval of 2 months up to
10 months, and the mortality data on the 5th, 7th, and 9th days were analyzed using
two-way ANOVA. Variation in the efficacy was observed when stored under
different conditions of storage over a period of time (Table 2.3). NPV sample,
which was stored under refrigerated condition, could maintain its efficacy up to
8 months (100 %), and by the tenth month, there was a slight decline (97.50 %) but
it was not significant, whereas NPV sample stored in earthen pot and at room
temperature (both in amber-colored bottle and glass bottle) maintained its efficacy
up to 4 months and after that virulence started to decrease. This decreased efficacy
of samples stored under room temperature may be due to increased bacterial
activity. When the samples were tested for the bacterial load, it was 3.47 times
more in the samples stored at room temperatures after 6 months of storage. Gopali
and Lingappa (2001b) also recorded decreased efficacy of NPV when stored under
open house conditions, and it was opined that the change in the pH of viral
suspension stored under refrigerated condition was very slow from acidic to normal
(5-7) pH as against becoming excessively alkaline at ambient and earthen pot
conditions. It was also reported that this change was mainly brought about by the
growth of other microbes and warm conditions, which resulted in lowering of
virulence of viral bodies. Attathom et al. (1990) also reported the same.

The stability of HaNPV appears to be dependent on the resistance of the
inclusion body protein to decomposition. Many scientists (Stairs et al. 1981)
reported that the inclusion body protein is broken down by weak alkalies but it
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can withstand exposure to relatively strong acids and many other chemicals. Ebora
et al. (1990) reported that virulence was greatest around neutral pH and reduced
when subjected to high pH (12). Shapiro and Ignoffo (1969) showed that activity of
virions of HaNPV released from polyhedral cover lost about half of their activity
when stored for 60 days at 37 °C, whereas virus particles covered with polyhedral
layer retain their activity for a longer period withstanding freezing and prolonged
normal field temperature than free virions (Yendol and Hamlen 1973). Many
scientists reported that virus could be preserved for more than 10 years at 4 °C
without loss in virulence (Narayanan 1985). Gudauskas and Cannerday (1968)
found the thermal inactivation point of HaNPV to be 75-80 °C for 10 min. The
virulence of virus depends on the quality of the virus, storage conditions, and
duration of storage, temperature, and pH of the product.

2.4.5 Effect of Chemicals on the Shelf Life of NPV

Information on screening of different chemicals or disinfectants on the shelf life of
NPV products is scarce. It is known that the NPV produced in live insects may
contain bacterial contamination (Podgwaite et al. 1983; Huber 1985) presenting a
potential health hazard. Although these studies on L. dispar NPV and C. pomonella
GV failed to detect human pathogens in the product, these viruses were produced
under temperate conditions, and it might be anticipated that production in a near
tropical situation would involve greater microbiological contamination problems.
Grzywacz et al. (1997) quantified microbial contaminants level in S. litforalis NPV.
They found 10°-10° bacterial colony forming units/ml in virus suspension
containing 2.1 x 10° POBs/ml. They concluded that none of the bacterial contam-
inants found were harmful to cause potential health hazard. But some bacteria such
as Bacillus cereus might be of concern, from the point of view of standardizing the
product. Therefore, the development of production procedures, which reduce these
contaminants to a lower, more consistent level, would be valuable in promoting a
wider acceptance of viral insecticides as safe control agents. Simple centrifugation
in water does not remove many microbial contaminants, as bacterial spores, etc.,
tend to pellet with NPV OB. Grzywacz et al. (1997) suggested the use of bacteri-
ostatic agents and pH buffers to stabilize the formulations by reducing the multi-
plication of contaminants.

In our study, the HaNPV samples preserved in different chemicals over different
periods of storage varied in their efficacy and bacterial contamination levels
(Tables 2.4 and 2.5). The sample that was stored in distilled water maintained its
virulence up to 10 months as evidenced by the 5th, 7th, and 9th day mortality.
Cumulative mortality on the ninth day showed that the samples stored in 10 %
Dettol, 2 % phenyl, 10 % ethyl alcohol, and 10 % methanol recorded 100 %
mortality followed by 10 % acetone with 96.66 and 10 % ethyl acetate with 90 %
mortality after the period of 2 months. NPV sample stored in 10 % ethyl acetate
consistently reduced its efficacy as evidenced by the mortality on the 5th, 7th, and
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Table 2.5 Effect of chemicals on the bacterial contaminants in storage

Before storage After a period of 6 months
No. of bacterial CFU/ No. of bacterial CFU/
Treatment colonies ml x 10° colonies ml x 10°
NPV + 10 % acetone |20.33 1.01 19.66 0.98
NPV + 10 % ethyl 22 1.1 21.33 1.06
alcohol
NPV + 10 % ethyl 25 1.25 8 0.40
acetate
NPV + 10 % Dettol 23.33 1.16 25 1.25
NPV +2 % phenyl 18 0.9 7.33 0.35
NPV +10 % 22 1.1 24.66 1.23
methanol
NPV +distilled water | 50.66 2.53 250 12.5
SE+ 0.433 0.02 0.349 0.01
LSD 1.335 0.06 1.075 0.050
F (prob. at 5 %) <0.001 <0.001 <0.001 <0.001

9th day. The results clearly indicated that, though all the chemicals could effec-
tively reduce the bad odor problem in storage, the samples stored in acetone and
ethyl alcohol only recorded 73.33 and 70.00 % mortality, respectively, by the end of
10 months. However, NPV samples in all the treatments gave 90 % mortality after
storing for a period of 2 months (Tables 2.3 and 2.4). Ignoffo and Shapiro (1978)
suggested the use of acetone in purification of NPV POBs. Acetone, being a
potential antimicrobial agent, regulates bacterial infection and, being a lipid sol-
vent, removes the lipid (fat cells) from the larval homogenate, thereby inhibiting
bacterial lipid degradation and in turn the malodor. To address the problem of
bacterial contaminants, Rao and Meher (2004) used 10 % acetone solution. They
could clear the lipid mass and leftover contaminating bacteria in the preparation and
regulated the malodor problem. They confirmed the viability of the virus after
1 month of acetone clarification by conducting bioassay studies.

2.4.6 Molecular Characterization

Molecular-level identification, characterization, and evaluation of phylogenetic
status of a particular baculovirus are also important for the establishment of purity
of seed stock or master stock. Apart from the multiple or singly enveloped feature,
NPV or GV cannot be identified visually from either light or electron microscopic
studies. Microscopic and serological tools are unreliable for establishing the real
identity of a given isolate and are not particularly helpful in providing clues about
its host range and infectivity (Rovesti et al. 2000). Differences between viruses are
usually reflections of intrinsic differences in their viral genomes. At one extreme,
viruses may be readily distinguished by the nature of the nucleic acid (RNA or
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DNA) and its strandedness (single or double stranded), while more closely related
viruses may differ only by small regions of distinct base sequences which can be
defined only by more sophisticated techniques such as restriction endonuclease
(REN) analysis or molecular probes, or sequencing of conserved and unique gene
sequences which offers a relatively simple method for the identification and
differentiation of baculoviruses (Smith and Summers 1978).

The only nucleic acid type found within the enveloped nucleocapsids of these
viruses is a dSDNA molecule. DNA of baculoviruses is a large circular molecule.
REN analysis can provide a measure for baculovirus DNA molecular weight. It has
a more useful role in virus identification and ultimately in mapping of the viral
genome. Examination of the DNA using these techniques has shown that many
variants of a species may exist, for example, the MNPVs from A. californica,
Trichoplusia ni, S. exempta, R. ou, A. falcifera, and Galleria mellonella can be
considered to be variants of the same virus (Miller and Dawes 1978; Smith and
summers 1979; Summers et al. 1980; Brown et al. 1984; Harrison and Bonning
1999). Many of the known baculoviruses could be grouped together depending on
their degree of genetic relationship, which does not reflect the taxonomic grouping
of their host/hosts (Zanotto et al. 1993). Among the NPVs with potential as pest
control agents, the MNPVs isolated from M. brassicae (Lepidoptera: Noctuidae)
and H. armigera (Lepidoptera: Noctuidae) were shown to be similar in terms of
both biological activity and genomic homology (Smith and Summers 1982; Figuei-
redo et al. 1999; Rovesti et al. 2000). For identification of a particular NPV strain,
the bioassay studies and REN profiles of different NPV species have been studied
and compared by several investigators (Shapiro and Ignoffo 1970; Hughes
et al. 1983; William and Payne 1984; Rabindra 1992; Somasekhar et al. 1993;
Arora et al. 1997; Geetha and Rabindra 1999; Sudhakar and Mathavan 1999;
Figueiredo et al. 1999; Rovesti et al. 2000). The existence of genetic variants
with different biological activities may have important implications for develop-
ment of bio-pesticides both in the possibility to select better naturally occurring
strains and as a source material for genetic manipulation (Guo et al. 2006).

In order to establish the purity of seed stock or master stock of HaNPV used for
commercial insecticide preparations, an attempt was made at ICRISAT by molec-
ular characterization of HaNPV done by isolation, cloning, sequencing of
polyhedrin gene, and evaluation of the phylogenetic status (Sridhar Kumar 2008).
Considering the sizes of previously published polyhedrin gene sequences, most
amplification products were between 730 and 750 bp long. Gene sequencing
analysis of selected clones resulted in 744-nucleotide-long ORF with a predicted
coding capacity for a polypeptide of 247 amino acids as in the AmalNPV
(AF118850). Similarly, Rivkin et al. (1998) reported a 246 amino acid polypeptide
in a local strain of Israeli HaNPV polyhedrin, and Bansal et al. (1997) reported
same length of amino acid polypeptide in SINPV polyhedrin. The polyhedrin is the
major protein of the virus OB and is the most conserved protein of NPVs
(Rohrmann 1992). After the first report about localization of the polyhedrin gene
in AcNPV, its nucleotide sequence was determined (Vlak and Smith 1982; Hooft
van Iddekinge et al. 1983). Polyhedrin/granulin is a protein of about 245-250 amino
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acids and appears to be the most highly conserved baculovirus protein. These
characteristics lead to the use of polyhedrin or granulin sequences as the base of
baculovirus phylogenetic studies, since this is the gene from which a larger number
of different examples are available for comparison (Zanotto et al. 1993). Although
polyhedrin gene is still considered a reasonable marker for identification of an NPV
and its neighbors, Herniou et al. (2003) and Lange et al. (2004) argued that it might
not be the best baculovirus gene for phylogenetic studies because polyhedrin
phylogenies often disagree with other gene phylogenies. While other phylogenetic
analyses consistently group AcCMNPV and BmNPV together, phylogenies based on
polyhedrin have AcMNPV as a sister group to the rest of the group-I NPVs
(Herniou et al. 2003). Phylogenies based on combined sequences of shared genes
have been found to be more robust than those based on the sequences of individual
genes (Herniou et al. 2003).

PCR, when combined with the use of REN analysis, can provide considerable
resolution for use in diagnostics; it is relatively simple to use and can provide quick
results. Not surprisingly, this approach is now widely used for detection and
identification of a range of insect viruses (Kool et al. 1991; Williams 1993; De
Moraes and Maruniak 1997; Bulach et al. 1999). Christian et al. (2001) developed a
rapid method based on PCR—RFLP analysis for identification and differentiation of
HaSNPV and AcMNPV groups by using a set of redundant primers to highly
conserved region of polyhedrin gene. Based on REN analysis, Rovesti
et al. (2000) reported that the HaNPV isolate was shown to be a mixture of many
closely related genotypes but individual genotypes remained unchanged on passage
in either H. armigera or M. brassicae. Doyle et al. (1990) noted that when
MbMNPVD was passed in Orthosia cruda, there were minor changes in the
restriction enzyme profile, which was attributed to the selection of a different
variant. However, bioassay studies of Rovesti et al. (2000) showed that the two
viruses HaMNPV and MbMNPV were successfully replicated in H. armigera,
M. brassicae, and H. zea, resulting, in each case, in progeny virus which was
essentially similar to the inoculum. Therefore, a viral insecticide based on these
NPVs from H. armigera and M. brassicae would be more appropriately targeted
against both insects. Similarly, Murillo et al. (2001) have reported that REN profiles
of two SeNPV isolates (SeUZB and SeSP3) in Uzbekistan and Spain and MbNPV
(Mb-PL) in Poland were closely related to previously described Spanish isolates of
SeNPVs. At the same time, the Pst-I and Bgl-II profiles of SeUZB and Mb-PL were
identical and very similar to the REN profiles of MbMNPV strain which is the
active component of Mamestrin®, a commercial bio-insecticide in France (NPP,
Nogueres, France). In addition to SeMNPV, S. exigua is susceptible to other NPVs
such as A. californica MNPV (Smits and Vlak 1987) and MbMNPV (Wiegers and
Vlak 1984). In another case, AcCMNPV and BmNPV also show a high degree of
genomic homology and different REN fragment profiles but do not share an
overlapping host range and can be regarded as two different species. It is interesting
to note that only minor changes in the virus genome, namely, one or two amino acid
substitutions in the AcCMNPYV helicase p143, are sufficient to expand the host range
of AcMNPV to Bombyx mori larvae (Kamita and Maeda 1997; Arguad et al. 1998).
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Clearly, there are problems in naming a baculovirus simply on the basis of the
host from which it was originally isolated, and therefore, greater vigilance should
be taken in naming new (and old) viruses. For example, studies on viruses from
members of the same or different host species show similarity or variability in
morphology, virulence, and biological characteristics (Shim et al. 2003). Many of
the known baculoviruses could be grouped together depending on their degree of
genetic relatedness, which does not reflect the taxonomic grouping of their host/
hosts (Zanotto et al. 1993). Based on the above reports, one can comment like
“variants of baculoviruses with heritable similarities in virulence and variations in
host range arise spontaneously in nature.” In the earlier days of baculovirology, it
was believed that baculoviruses could only infect a single host species and that no
cross-infection occurred. This generalized the use of binomial Latin names of the
insect species hosts to describe the new viral isolates. However, this practice can
affect our understanding of baculovirus biology and can also lead to confusion upon
studying the classification and taxonomy of baculoviruses (Federici and Hice 1997)
and should be changed by more reliable methods based, for instance, on the
genotypic characteristics of the viruses. A useful means for identification or
description of baculoviruses is REN analysis of viral DNA, as firstly demonstrated
by Lee and Miller (1978). This method has proved to be very useful not only for
distinguishing distinct NPV species but also different strains of one virus or even
different genotypes within the same virus isolate (Smith and Crook 1988; Munoz
et al. 1998). In general, baculovirus wild-type populations, from different geo-
graphical isolates of the same virus and within a single isolate, where several
genotypic variants frequently coexist, show a considerable genetic heterogeneity.
This heterogeneity is due to the enormous plasticity displayed by baculoviruses
genomes which can undergo deletions (Munoz et al. 1998), insertions (Jehle
et al. 1995), point mutations, recombinations (Croizier and Ribeiro 1992), etc.
This plasticity suggests that field isolates may be adapting to host and environmen-
tal conditions and that those isolates containing heterogeneous populations may be
more valid for viral survival in the field (Possee and Rohrmann 1997). Investiga-
tions of geographic variability and the role of genotypic differences in the biology
of baculoviruses are an important area of current research. Such studies may
provide insight into the evolution of baculoviruses and their hosts and may also
aid in the development of more effective virus strains for biological control of
Insects.

2.5 Production Technologies

Historically, several entomopathogenic viruses have been produced in susceptible
host insects, because of the following reasons: (1) The insect host is an efficient
virus producer (Ignoffo and Couch 1981). (2) Automation of in vivo rearing and
in vivo production systems is feasible (Powell and Robertson 1993). Some
baculovirus species may be produced in insect cell cultures, but the associated
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costs are relatively high (Hink 1982). Therefore, all NPVs that have been developed
as commercial products thus far have been produced in host larvae.

2.5.1 1In Vivo Mass Production

In vivo virus production has several advantages like (1) Successful use of viruses
produced in the host to control insect pests (Ignoffo and Couch 1981; Bell 1991).
(2) Research is continuing in this area to produce more efficient systems, which
makes this approach an economically viable one. (3) In many areas of the world,
virus production in the host is the only approach feasible (Katagiri 1981; Moscardi
et al. 1981). In vivo mass production systems have changed little over the past
30 years. The development of semi-synthetic artificial diets by Vanderzant
et al. (1962) resulted in rearing and virus production systems for the cotton
bollworm (H. zea), the tobacco budworm (Heliothis virescens), and the cabbage
looper (T ni) by Ignoffo (1965). The initial rearing system was made more efficient
by the introduction of disposable multi-celled plastic trays (Ignoffo and Boeing
1970), automation in rearing, and automation in virus inoculation and harvesting.
Optimal virus production is the result of interrelationships of host—pathogen—
environment, and each factor in this triad must be assessed for influence on quantity
and quality of the product. Research in these areas has been summarized (Shapiro
et al. 1986; Shapiro and Bell 1981, 1982). A broader and more complete account of
some aspects on virus production and role of virus in insect pest control has been
given by Burges (1981). Subsequent development and industrialization for mass
rearing process, improvements in viral recovery procedures, and formulation of the
viral product made it possible for commercialization of HaNPV (Shieh 1978).
Further, Ignoffo and Couch (1981) improved the method of mass production of
baculovirus of Helicoverpa from the laboratory-reared Helicoverpa larvae through
which 7-9 times more active virus and 2-5 times more POBs were obtained from
dead and diseased larvae.

Field collection of diseased larvae led to contamination with adventitious agents
which would pose a major problem in terms of safety and quality control, and as
such, it was not desirable for HaNPV production (Sherman 1985). Because of the
developments in semi-synthetic diet, containerization, and automation, laboratory-
reared insects have been the hosts of choice. The advantages of these insects are
(1) Laboratory-reared insects tend to be larger than field-collected insects, because
of the selection and adaptation to the laboratory environment (diet, temperature,
humidity, and photoperiod). (2) They are normally disease free, which should result
in virus product that is free from other pathogens. (3) The growth and development
of laboratory-reared insects tend to be faster than field insects, because of selection.
(4) Virus yield among laboratory-reared insects tends to be greater than among field
insects, since virus yield is dependent on host biomass (Hedlund and Yendol 1974;
Shapiro and Bell 1981). Although laboratory-colonized insects provide several
advantages over field insects as virus producers, field insects have also been used
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successfully to produce NPV from larvae of the potato tuber moth (Phthorimaea
operculella [Zeller]) in Australia (Matthiessen et al. 1978), the velvetbean cater-
pillar (A. gemmatalis) in Brazil (Moscardi et al. 1981), and the European pine
sawfly (N. sertifer) in the United States (Rollinson et al. 1970) and CPV from the
pine caterpillar (Dipodomys spectabilis) in Japan (Katagiri 1981) on natural foliage.

Different methods of mass production of baculoviruses, according to Pawar and
Thombre (1992), are (1) large-scale rearing of insects in the laboratory, (2) field
collection of host larvae from infested crops and infecting them in the laboratory,
and (3) field collection of diseased larvae from infested fields. Large collection of
insect viruses at the rate of 20,000 host larvae have been reported from different
crops, viz., cotton, sunflower, pigeonpea, and chickpea (Ignoffo 1966a, b; Anderson
et al. 1972; Battu 1992). Battu (1992) reported relatively lower levels of POBs
obtained from field-collected, diseased, and dead insects. The number of larvae
required to produce one larval equivalent (LE) (6 x 10° POBs) of virus from field-
collected larvae was higher (2.97) than laboratory-reared ones (2.14) since field-
collected larvae were of different sizes unlike the uniform stages in the laboratory-
reared ones (Gopali and Lingappa 2001a). At ICRISAT, for effective mass multi-
plication of AmaINPV, the field-collected larvae are released into an aluminum or
polythene grid/enclosure (10 cm height) to confine the larvae inside the shaded
enclosure and feed with plants already inoculated with the virus. The field tech-
nique for rearing larvae is advantageous, particularly in avoiding the handling of
huge larval populations, rearing, and inoculation. This would also facilitate farm-
level production and access to the bio-pesticide at the village level (Rao 2006). The
laboratory-level mass production technique for Ama/NPV has been standardized by
Veenakumari et al. (2006). In situ field-level mass production of AmaINPV in a
groundnut ecosystem was developed for the first time at Project Directorate of
Biological Control (PDBC), Bangalore, India (Veenakumari et al. 2007).

The virus used for the inoculation must confirm the quality control specifications
of viral products as reported by Shieh and Bohmfalk (1980). The inoculation dose is
expressed in units of POB/ml, and the optimal dose varies with the virulent virus
and age of the host (Ignoffo and Couch 1981). Angelini and Labonne (1970)
suggested that the best method to propagate the virus was to spray a suspension
on larval diet. They could get the larval mortality after 7-8 days. Shapiro and Bell
(1981) reported that surface treatment is an efficient system that is easily automated
and requires much less virus than diet incorporation. However, Odak et al. (1984)
used soaked chickpea seeds treated with HaNPV to feed Helicoverpa larvae and
found that the method was effective for mass production of virus. Bioassays were
used to determine the activity of each batch of virus. Several modes of administra-
tion of virus were tried using different larval instars, viz., surface treatment, diet
incorporation, and direct feeding (Ignoffo 1966a). Earlier instars were highly
susceptible to the virus (Rabindra and Subramanian 1974) with LTs, shorter than
older ones. Narayanan (1979) report that the early instars recorded 100 % mortality,
whereas the late instars particularly from the fifth instars pupated and gave rise to
malformed adults with short and ruffled wings. The effect of NPV was directly
related to the age of the larvae at the time of infection (Battu 1990). Further, Battu
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(1992) reported that increasing dosages are required to kill the older larvae. The
relative resistance of 8-day-old larvae was 2,000 times more than that of 1-day-old
larvae. Further, Battu observed that the fifth and sixth instar larvae could not be
infected with the virus even at higher concentrations. Rabindra and Subramanian
(1974) inoculated the fourth instar larvae with a dose of 10° POBs/ml to harvest
maximum yield. The LCsy values for the first and third instars of H. armigera were
8.3 x 10° and 28.6 x 10° POBs per larva, respectively (Backwad 1979). Narayanan
(1979) found that the optimum dose of inoculum required for obtaining maximum
harvest of virus from the fourth instar larvae was 5 x 10* POBs/cavity/larva by the
diet surface contamination method, whereas Shieh (1978) used 5 x 10°-5 x 10°
POBs/ml inoculum in each cavity and observed that there was significant interac-
tion between the age of the larvae and dose of the virus with the recovery of POB.

Taun et al. (1989) described the pathogenicity of HaNPV to H. armigera using
three different inoculation methods. The LDsq values of the fourth instar larvae that
were fed on diet containing NPV or maize kernels soaked in virus suspension were
1.85 x 10° and 2.55 x 10° POBs per larva, respectively. The inoculum-imbibing
method was more sensitive and convenient for inoculating the pest with virus,
whereas Jayaraj and Sathiah (1993) described the three methods of inoculation,
viz., head dipping, oral feeding, and diet surface contamination, and the latter
method was the most economical and convenient for easy application. Ignoffo
(1966b) estimated that at least 6 x 10° virus polyhedra were produced per larva in
late instars of H. zea, and he defined it as “one larval equivalent.” The average yield
of virus per larva infected after 5—7 days at 30 °C was 1.5 x 10° polyhedra (Ignoffo
1973). Teakle et al. (1985) observed that the least yield of 1.18 x 107 POBs/insect
was from younger larvae of H. armigera compared to 3.6 x 10° POBs/insect from
grown-up larvae, whereas Shieh (1978) recovered 5 x 10° POBs/larva, indicating
that the yield of POBs was directly related to the age of the infected larvae. The host
insect, insect diet, insect age and virus dosage, incubation, environment, and
preservation of virus infectivity were some of the major factors that optimize the
production of HZNPV (Carter 1984). The virus yield increased exponentially with
the age of larva at dosing in the range of zero to six days, the overall increase being
approximately 100-fold (Teakle and Byrne 1989). Battu (1990) reported an average
yield of 1.81 x 10° POBs per larva of H. armigera. Similarly, Pawar and Thombre
(1992) reported that HaNPV yields per larva ranged from 0.95 x 10° to 3.5 x 10°.
Gopali and Lingappa (2001a) suggested 10° POBs/ml as the optimum dose required
for the third and fourth instar larvae to achieve quicker and higher mortality of
larvae for virus production, and among different instars of H. armigera, the fourth
instar larva was found ideal for virus production as it yielded higher quantity of
virus per larva (2.81 x 10° POBs). In vivo mass production and control efficacy
studies of S. litura NPV (SINPV) were positively correlated with larval weight from
the third instar to the fifth instar larvae; a maximum yield of 1.4 x 10° POBs/ml was
obtained with the early fifth instar larvae individually infected by diet-incorporation
of inocula of 3 x 10° POBs/ml for 7 days of incubation at 30 °C (Tuan et al. 1998).
Similarly, a maximum yield of 5.57 x 10° POBs/larva was obtained at the inoculum
dose of 1966.2 POB/mm? of S. litura NPV when exclusive harvest of cadaver was
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done (Senthil Kumar et al. 2005). Jun et al. (2007) reported that the volume of POBs
of SIMNPYV harvested on the 5th day of the postinoculation period was significantly
lower than that harvested on the 7th day of the post-incubation period which was
significantly lower than that harvested after larval death, and a similar trend was
observed in biological activity by dosing the fifth instar larvae. To study the
influence of virus inoculation method and host larval age on the productivity of
the NPV of the teak defoliator, Hyblaea puera (Cramer) was determined by
different methods of inoculation (Biji et al. 2006).

At present in India, in vivo propagation is being practiced for NPV mass
production at commercial scale and even at farmer level. Healthy larvae reared in
the laboratory or collected from the fields are fed with low dose of NPV, and the
virus produced in the insect is harvested and its concentration is estimated by
counting POBs using a light microscope fitted with a hemocytometer. Recently,
local production and utilization of NPV gained momentum in India through partic-
ipation of scientists, farmers, NGOs, and state agricultural and extension depart-
ments. In the fields, natural mortality of Helicoverpa and Spodoptera can be seen
due to infestation of disease-causing virus particles. Such larvae can be collected
and may be utilized for in vivo mass propagation and again for checking their
efficacy against pest populations. ICRISAT (Rao et al. 2007) trained several
national agricultural research and extension systems (NARES) scientists and
farmers on bio-pesticide production and established 96 village-level NPV produc-
tion units in India and Nepal to encourage their use. As the selection of virulent
strain of NPV is key to the development of effective bio-pesticides, local strains are
always preferred for sustainability, adaptability, and efficacy under a given set of
agroecosystem and hold an ample scope for their widespread multiplication and
commercial use in a particular region (Gupta et al. 2007, 2010). It is well recog-
nized that factors such as the geographic origins of both the virus and host can affect
the characteristics of the dose-response curve and the period of survival of infected
hosts (Maeda et al. 1990). For production of HaNPV and SINPV, a host insect larva
has to be multiplied on artificial or semisynthetic diet or soaked chickpea seeds.
Crude HaNPV is commercially produced at Dr. Panjabrao Deshmukh Krishi
Vidyapeeth, Krishi Nagar, Akola (Maharashtra), and at Agricultural Research
Station, Gulbarga (Karnataka), by following the procedures: host insect multipli-
cation, virus inoculation and harvest, extraction and purification of virus, and
standardization of NPV.

2.5.2 Problems Associated with Commercialization of In
Vivo-Produced NPV Products

In vivo mass production of NPVs is labor intensive and involves mass rearing and
infection of insect larvae, which account for high production costs. In addition, the
products have some quality and storage issues which severely affect the efficacy
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and quality of the products. One of the major problems involved in harvesting virus
from dead larvae was that they were often heavily contaminated with bacteria.
Purification methods based on centrifugation were found to be less effective in
removing bacteria (Sireesha 2006; Sridhar Kumar 2008). Other problems are
inconsistency in the yield and malodor during production and even in the finished
product also. Another important problem associated with the commercialization of
NPV products is the lack of proper diagnostic systems to quantify the virus titer,
microscopic counting procedure used to screen the larvae for NPV infection, and
quality control of the viral insecticide batches which has low-detection efficiency,
unknown specificity, and is laborious and requires considerable skill (Wigley
1976). Because of this, many NPV products produced in India have poor efficacy
and are found to be ineffective under field conditions. To overcome this problem
and for effective production of viral insecticides, it is necessary to have an efficient
strategy for virus production, combined with rapid and specific diagnostic and
quality control system (Shieh 1989).

Microbial pesticides including NPVs and GVs have now been brought under the
ambit of the Central Insecticide Act, 1968. Commercialization of microbial pesti-
cides is possible only after registration with the Central Insecticide Board (CIB) in
India, a body constituted under the insecticides act that regulated their manufacture
and use. Section 9(3b) of the act specifies a minimum quantity of active ingredient
in the formulation. Many of the viral products available in the markets in develop-
ing countries were classified as weak, with poor efficacy, questionable quality
control (Harris 1997), and are failing to meet acceptable standards (Kern and
Vaagt 1996). Unless this matter is addressed effectively, there is serious danger
in these countries that poor quality products with their inevitable failures will erode
the farmer’s confidence in microbial control products such as NPV and significantly
retard the promotion of this potential technology. There has been a rapid growth in
the production and use of NPV products in the last decade in India, but this has
exacerbated quality problems (Kambrekar et al. 2007). The causes of poor quality
lay in deficiencies in production technologies and poor quality control procedures.
NPVs of Helicoverpa and Spodoptera have been most extensively researched and
studied with regard to their efficacy, mass production, and compatibility with
botanicals and other insecticides and against several nontarget organisms
(Hunter-Fujita et al. 1998 and Saxene and Ahmad 2005). Pathogenicity of the
isolates varies according to localities and therefore needs to be screened. Develop-
ment of economical in vitro cell culture techniques for large-scale production of
NPVs which will go a long way has not yet been developed for agricultural use.
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2.5.3 Is In Vitro Production the Only Solution to Address
Quality Control Issues?

While several improvements in in-vivo production systems in insect larvae have
been made in the past, these could not help to overcome the problems described
above (Sireesha 2006; Sridhar Kumar 2008). Hence, it has been proposed that the
adoption of an alternative technology based on the viral propagation in insect cell
cultures could help to overcome the problems associated with in vivo technology
and enable the development of well standardized, controlled, and scalable produc-
tion processes for insecticidal baculoviruses (Szewczyk et al. 2006). In the early
part of the twentieth century, entomologists had a dream of utilizing insect cells
grown in vitro as a tool for producing entomopathogens. These early experiments
used a simple saline solution or hemolymph as the culture medium, and cultures
could rarely be kept for more than a few days. A breakthrough occurred four
decades ago when Grace (1962) successfully established long-term cultures of
insect cells. Since then, over 500 continuous cell lines have been established
from over 100 insect species (Lynn 1999). Insect pathologists have cells capable
of replicating dozens of insect-specific viruses (Granados and McKenna 1995),
while plant pathologists and vertebrate pathologists have cells capable of replicat-
ing viruses transmitted by insects (Mitsuhashi 1989). Mass production of the virus
at reasonable costs is an important factor in the development of NPVs into a
marketable product.

2.5.4 In Vitro Production

Baculoviruses can be produced in vitro in infected insect cells cultivated in bio-
reactors. In order to develop an economically feasible process to produce
baculoviruses in insect cells, low-cost culture media that satisfy the nutritional
demands of both uninfected and infected cells are needed to achieve high virus
yields. Fetal calf serum is the most widely used additive in insect cell culture media.
However, its high cost and batch-to-batch variability are the drawbacks in its
utilization to sustain baculovirus production in large-scale processes. Therefore, a
replacement for the fetal calf serum in insect cell culture media is the key step to
develop a technically and economically feasible process to produce baculoviruses
in vitro. Recent studies demonstrated that insect’s cells are able to both proliferate
permanently and replicate baculovirus in a lipid-free environment. However, in
order to obtain a useful medium for technological applications, it will be necessary
to optimize the composition of the multiple supplements and evaluate its perfor-
mance in a lipid-supplemented environment. Insect cell cultures have been exten-
sively utilized by Linda and Lua Steven Reid (2003) for means of production for
heterologous proteins and bio-pesticides. Spodoptera frugiperda (Sf9) and T. ni
(High Five™) cell lines have been widely used for the production of recombinant
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proteins; thus, metabolism of these cell lines has been investigated thoroughly over
the recent years. NPV isolated from the alfalfa looper, A. californica, was replicated
successfully and rapidly in a suspended ovarian cell line of the cabbage looper, T. ni
(Vail and Jay 1973). Polyhedra were observed in the nucleus of cells within 20 h
after inoculation. The cyto-pathological changes typical of nuclear polyhedrosis
infections were observed, and an average of 64 polyhedra/cell was produced. These
polyhedra were quantitatively as infectious to cabbage looper larvae as those
produced in vivo. In addition, they were infective to H. virescens, Pectinophora
gossypiella, S. exigua, A. californica, and A. falcifera. Bioassays have indicated that
both H. zea and H. armigera viruses produced in vitro maintain biological activity
(Suzanne 2009 and Szewczyk et al. 2006). Chakraborty et al. (1999) studied the
in vitro production of virus from H. armigera (HaSNPV) and its possible use as a
specific Helicoverpa/Heliothis larvicide. Growth kinetics of H. zea cells and virus
OB yields were compared in three SF900II-based media, namely, SFO00II (serum-
free), SFOOOII +1 % serum, or SF9OOII +10 % serum. Viable cell densities were
usually higher in the media supplemented with serum than in the serum-free
medium; however, in the serum-free medium, cell diameters were 1.7 times greater
(i.e., individual cell volumes were five times larger). Four new cell lines, designated
as NTU-LY-1 to 4, respectively, were established from the pupal tissues of
Lymantria xylina Swinhoe (Lepidoptera: Lymantriidaec) (Wu and Wang 2006).
These cell lines have been cultured approximately 80 passages during 2 years in
TNM-FH medium supplemented with 8 % fetal bovine serum, at a constant
temperature of 28 °C. Each line consists of three major morphological types:
round cells, spindle-shaped cells, and giant cells.

Sundeep et al. (2005) developed two cell lines from the larval hemocyte and
embryonic tissue of H. armigera and designated them as NIV-HA-1195 and
NIV-HA-197, respectively. The NIV-HA-197 cell lines were found highly suscep-
tible to HaSNPV, yielding a very high titer (2.88 x 10’ NPV/ml) on the 10th
postinfection day (PID). The HaSNPV OBs produced in vitro were highly virulent
to the second and third instars H. armigera larvae causing cessation of feeding on
the 2nd day and mortality in 6 days. This cell line is also found to be growing well in
goat serum (GS)-supplemented medium producing a comparable yield of OBs.
Goat serum, being cheap and locally available, will help in the large-scale produc-
tion of HaSNPV for use as a biopesticide in the future. The cell line NIV-HA-197
was found to be susceptible to the baculoviruses AcCMNPV, SIMNPV, and HaSNPV
(Sundeep et al. 2002). More than 90 % of the cells were infected by HaSNPV on the
seventh PID, and 28.8 x 10° NPV/ml was yielded on the 10th PID. The in vitro-
grown HaSNPV caused 100 % mortality, when fed to the second instar H. armigera
larvae, in 6 days. Isoenzyme profile and results of 16S rRNA heteroduplex analysis
clearly indicated the species specificity of the new cell line NIV-HA-1195
(Sundeep et al. 2002) and was also found susceptible to the baculoviruses,
AcNPV, SINPV, and the homologous HaNPV. Pant et al. (2002) reported that the
H. armigera cell line from the embryonic tissue was highly susceptible to HaNPV
(6.3 x 10° NPV/ml). These in vitro-grown HaNPVs caused 100 % mortality in the
second instar larvae. The cultures could grow as suspension culture on shakers and
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may find application for the in vitro production of wild-type/recombinant
baculoviruses as bio-insecticides.

Nakat (2004, In vitro production of nuclear polyhedrosis virus of Helicoverpa
armigera and Spodoptera litura and its field efficacy in Western Maharashtra.
Department of Entomology, Mahatma Phule Krishi Vidyapeeth, Rahuri, Maharash-
tra, unpublished) standardized the procedure for monolayer and spinner culture of
S7-9, Sf-21, and Ha-197 cells. The growth curve of different cells in spinner culture
was plotted on the basis of daily viable cell count. The cell line Sf-9 was susceptible
for both the baculoviruses AcMNPV and SINPV in monolayer. The cell line Ha-197
was found susceptible for HaNPV in monolayer. For production of HaNPV, Ha-
197 cell line with HaNPV wild-type MPKYV strain was found to be efficient, more
virulent, and infectious in both the cell lines. The procedure for the cell lysis was
standardized to extract the POBs from infected cells with the addition of 0.1 % SDS
and deep freezing at —20 °C followed by 15 min sonication resulting in good
separations of POBs from 80 to 90 % infected cells. The field demonstrations of
in vitro- and in vivo-produced SINPV and HaNPV were conducted on capsicum,
gerbera, rose, soybean, and chickpea. The effectiveness of in vitro-produced NPVs
was found to be superior, causing larval mortality in the range of 78-100 % as
compared to in vivo-produced virus which was 70-88 %.

The insect cell line, the culture medium, the bioreactor, the virus, the infection
parameters, and the culture strategy are elements of the insect cell culture technol-
ogy that must be optimized in order to develop in vitro production processes for
insecticidal baculoviruses (Claus Juan et al. 2012). The cell line Hz-AM1 has been
used widely to examine possible factors affecting the yields and the potency of
HaNPV. These factors include the medium, supplemented serum, cell density at
infection, multiplicity of infection, viral strain, and passage effect (Chakraborty
et al. 1996; Lua and Reid 2000; Ogemo et al. 2007). Increasing OB yields per cell in
culture is the main challenge to enable commercialization of in vitro production of
NPVs. Isolating clones from a heterogeneous cell population may allow develop-
ment of a high virus-producing cell clone. An automated robotic clone-picking
system to establish over 250 insect clones of an H. zea cell population to be
screened for virus production has been carried out by Nguyen et al. 2011. The
type and degree of passage effect are dependent on the cell lines and the virus
species (Krell 1996). Homologous cell lines are desirable for the production of an
NPV, whereas heterologous NPV infection of cell lines decreases the productivity
and yields less virulent progeny viruses (Tompkins et al. 1988).

Although the production of insecticidal baculoviruses in insect cell cultures has
been proposed as an alternative to overcome the limitations of the in vivo processes,
so far no in vitro process could be even implemented on an industrial scale and
baculovirus occlusion bodies are still produced in infected insect larvae (Claus Juan
etal. 2012). Some factors that 25 years ago have hindered the development of large-
scale production processes for baculoviruses in insect cell cultures, such as the
sensitivity of insect cells to the stresses linked to the mechanical agitation in stirred
tank reactors and to the bubble rupture in sparged bioreactors, have been resolved,
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and several cell lines can be cultivated today in industrial bioreactors of large
volume to produce occlusion bodies or recombinant proteins.

In vitro propagation in susceptible insect cell lines is the best option for the
commercial production of this virus. Recently, NIV (Pune) developed indigenous
cell lines from four insect species, and their susceptibility to different NPVs was
tested, and are commercially selling them to interested scientists (Pant et al. 2002).
The cultures can grow as suspension culture on shakers and are found to be
successful for in vitro production of wild-type/recombinant baculoviruses as
bio-insecticides. However, most cell lines have not been sufficiently characterized
with respect to certain issues such as (1) simplification of the composition of the
culture medium, (2) possibility to obtain high volumetric yields of viral OBs, and
(3) optimization of seed virus or budded virus or nonoccluded virus. Production
related to economic feasibilities for entrepreneurs needs to be addressed.

2.6 Diagnostic and Quality Control Tests

The reliability of the product is crucial in ensuring acceptance and sustained use by
the farmers. The issue of erratic performance of viral biocontrol agents has been
recognized as a significant factor in limited successful commercialization (Lisansky
1997). It has been widely perceived that viral agents have not achieved a level of
efficacy comparable with that of chemicals or other bio-pesticides such as Bacillus
thuringiensis (Berliner).

Mass production of NPV insecticide is simple and widely produced even at
farmer level. Although commercial production, quality, and storage were still
contentious issues, NPV is multiplied on field-collected larvae and being applied
on crops. Multiplying NPV on field-collected larvae was found to be easier and
cost-effective compared to laboratory-reared larvae, but efficacy and quality of
which may be affected due to contaminants such as bacteria and fungi.

The effectiveness of the viral insecticide is critically dependent on the concen-
tration of POB, which is expressed as LE. Generally, a standard stock preparation
consists of 1LE, i.e., 6 X 10° POBs/ml. NPV production methods have been well
established in many developing countries. Appropriate, sensitive, and reliable
serological tools (Kohler and Milstein 1975; Kelly et al. 1978; Towbin
et al. 1979; Crook and Payne 1980; Smith and Summers 1981; Zhang and Kaupp
1988; Lu et al. 1995) are not available at this stage and will go a long way in the
quality control of insect viruses in developing countries. Once developed, the tools
would be of immense value to public and private entrepreneurs, such as state
bio-pesticide production laboratories and regulatory agencies. In addition to this,
the highly standardized, accurate, and sensitive diagnostic tools for NPV detection
in field-collected larvae would be beneficial to pest management personnel, because
early detection of NPV disease could make it possible to predict the occurrence of
an imminent epizootic and thus alter the pest control tactics to be employed
(Volkman and Falcon 1982).
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As part of quality control during mass production of NPVs used for commercial
viral insecticide preparations at ICRISAT, polyclonal antibodies were raised
against purified polyhedrin (POB) protein preparations and used these antibodies
to develop ELISA and Western blotting assays to detect NPVs. The sensitivity of
the ELISA was 15 ng/ml of semi-purified viral protein or 30 ng/ml POBs from the
NPV infected larval extracts. These antibodies are useful to diagnose the early
stages of larval infection by NPV and also for the quantification of the NPVs during
production of viral insecticides for HaNPV, SINPV, and AmalNPV (Sridhar Kumar
et al. 2007). For qualitative detection of NPVs in larval homogenates, Western
immunoblotting and indirect immunofluorescence assay, and for quantitative detec-
tion direct antigen coating (DAC) and indirect competitive (IC)-ELISA tools were
developed and evaluated (Sridhar Kumar 2008). Since, polyhedrin is the major
component of NPV polyhedra, is coded by the virus, and its presence in larvae
indicates the presence of NPV or an NPV infection. Similarly, the relationship
between three NPVs isolated from the larvae of H. armigera, S. exigua, and S. litura
in Taiwan was determined by assaying the polyhedrin in DAC-ELISA with
polyhedrin polyclonal antisera specific to each polyhedrin (Tuan et al. 1999), and
similarly, a monoclonal antibody-based DAC-ELISA was developed for the iden-
tification and differentiation of OpMNPV and OpSNPYV and also for detection of
their homologous polyhedrin in larval extracts with sensitivity of 100 ng/ml in the
presence of host tissue extract, rather than 5 ng/ml in its absence (Quant et al. 1984).
However, competition between insect and viral proteins for binding to ELISA plate
surface has reduced the detection sensitivity of the DAC-ELISA, particularly when
crude insect extracts were used. Since it was found that host tissue extract interfered
with the assay, still we were able to determine its absolute sensitivity in the
presence of unknown quantities of host tissue extract. To eliminate the competition
between insect and viral proteins for binding sites in the ELISA plate surface in
DAC-ELISA, we attempted to avoid the interference phenomenon by standardizing
an IC-ELISA to estimate the polyhedrin content in insect extracts. Similarly, an
IC-ELISA was standardized to evaluate the bio-safety of recombinant and wild-
type NPV of A. californica (Ashour et al. 2007). Similarly, Crook and Payne (1980)
examined the direct, indirect, and double antibody sandwich methods of ELISA for
their ability to detect and discriminate between granulosis viruses from Pieris
brassicae, Agrotis segetum, and C. pomonella and for their specificity in the
presence of host material, and they concluded that the indirect method was the
most sensitive and capable of detecting down to about 1 ng of dissolved capsules/ml
compared with 10 ng/ml for the double antibody sandwich method and 25 ng/ml for
the direct method and the double antibody sandwich method was more specific and
showed greatest discrimination between different granulosis viruses.

Also the DAC and IC-ELISA tools were evaluated for their performance in
quantification of POBs in commercial NPV preparations. The number of POBs
present in the sample bottle was determined by extracting the total polyhedrin and
compared with the standard regression graph of polyhedrin extracted from known
number (estimated by microscopic counting) of POB standards such as 6 x 10° to
2.34 x 10" POBs/ml (1 LE to 0.0078 LE). These ELISA methods are sensitive to a
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minimum of approximately 4.6875 x 10’ POBs/ml (0.015 LE/ml), which is little bit
higher to the range (100-2,000) of previous reports (Crook and Payne 1980; Kelly
et al. 1978; Longworth and Carey 1980; Shamim et al. 1994). The ELISA methods
can be used to quantify infection, unlike other methods, and this feature may be
applied to predict the potential inoculum required for future populations. Previ-
ously, it has been shown that the ELISA method can be used to quantify
baculoviruses (Clark and Barbara 1987). Tuan et al. (1998) compared the visual
counting of POBs by microscope, bioassay, SDS-PAGE, and ELISA for quality
control of SINPV products, and ELISA has proved to be better than SDS-PAGE.
The ELISA results were comparable to light microscope counting of POBs (Sridhar
Kumar 2008). The absorbance values suggest that the ELISA method can be used to
accurately quantify virus POBs and virus infections from tissue homogenates.
Recently, Thorne et al. (2007) reported that the alkali-treated POB lysates were
assayed in IC-ELISA for estimation of total POBs in semi-purified commercial
NPV samples or in insect tissue extracts with a sensitivity of minimum of approx-
imately 850 POBs. Similarly, Parola et al. (2003) reported the estimation of
granulin in commercial GV suspensions of Epinotia aporema GV by
DAS-ELISA with a sensitivity of 0.53 ng/ml of purified OB suspensions; this
represented 2.0 x 10* OBs/ml.

These diagnostic and quality control tests are convenient for routine detection
and quantification of NPVs, and this technology will also be transferred to the
bio-products agribusiness units for commercialization of NPV production. Also the
ELISA and Western immunoblot assays can be successfully applied in bioassay
experiments during optimization of conditions for the productivity and quality of
NPVs to get the maximum virus yield as well as to reduce the development of
bacterial contamination. In addition to this application of ELISA tools at field level,
evaluation of the efficacy of NPVs is useful for ecological and epidemiological
studies of NPVs during IPM programs and also during the surveys of their persis-
tence and outbreaks of natural epizootics in the environment.

2.7 Way Forward

¢ Over the past 25 years, the research approach on NPVs has evolved toward being
more ecologically holistic with industry’s concerns.

¢ Although viral pesticides still represent a very small portion of plant protection
at present, their role was considered significant.

e Though NPVs gained prominence as environmentally friendly alternatives to
chemical insecticides, they still face a number of hurdles in their production,
marketing, and utilization.

» Importance of effective multidisciplinary research, public, private, people
partnerships.

e Need for in-depth knowledge among farmers, extension, and policy makers
about bio-pesticides.
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» Lack of effective regulations can lead to poor product quality, performance, and
loss of user confidence.

* NPVs that can perform effectively in wider environments and larger host range
have immense potential.

» Prioritize research for better integration of bio-agents into production systems,
such as in rotating these with chemical pesticides and developing these into
effective bio-models.
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