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Abstract Active compounds of biological origin and their synthetic derivatives are
in high demand for crop protection over conventional pesticides since synthetic
chemicals have reduced availability, adverse toxicological effects, and resistance
and pest resurgence issues. Insecticides of biological origin (biopesticides) are less
toxic and effective in small quantities and decompose quickly, leaving not much
burden on environment. These are mostly target-specific and do not affect nontarget
organisms much. Many of the bacteria, fungi, viruses, nematodes, protozoans, plants
or plant-derived products (botanicals), pathogen/predator systems, insect phero-
mones, and plant-incorporated protectants (PIPs) are widely used as biological
control agents for insect pest management (IPM). Among all, Bacillus
thuringiensis-based biological insecticide has been primarily developed and com-
mercialized. Biotechnological approaches such as transgenic technology and nano-
technology have recently come up that have potential to enhance expression and
delivery mechanisms of biopesticide. Though the list is huge, only a limited number
of living system-derived compounds have been used commercially, which are
amenable to mass production and affordable to the growers. This chapter addresses
the recent status of microbial control agents as biopesticides, which is used to
improve agricultural productivity by restricting pest infestation.
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19.1 Introduction

Since ancient time, agriculture has been facing devastating harm caused by weeds,
viruses, nematodes, fungi, insect pests, animals, and birds which has led to the
decline in crop production. It has been evaluated that there has been a great loss of
crop yield due to insects, diseases and weeds. To overcome this problem, various
strategies were employed. One of the most commonly used methods to get rid of the
pests is to use chemicals/synthetic pesticides (e.g. chlorinated hydrocarbons, carba-
mates, organophosphates, etc.). In spite of the success gained by the use of chemical
pesticides, there are prospective health and environmental hazards/risks related with
them. These chemical pesticides have long persistence period. Moreover,
undiscerning and continuous application of these chemical products resulted in
escalated residual problems, resistance among the pests and loss of some beneficial
species. To overcome the hazards related to chemical pesticides, there is a need to
adopt a coherent and eco-friendly approach. One such improvement in pest control
tactic is to develop biopesticides which are derived from naturally occurring material
such as plants, animals, microorganisms or their products. These are effective and
biodegradable and pose less impact on the environment. The term ‘biopesticide’ is
misleading in the sense it is not necessary that microbial agent for pest control will
completely eradicate the pest, rather it suppresses and allow the crop to adequately
develop some deleterious effect on the pest so that crop produce is not affected
(Crump et al. 1999; Hynes and Boyetchko 2006).

Now a days, pesticides of biological origins are gaining popularity because of
their low environmental impact and as a possible substitute to conventional synthetic
pesticides, and a decline in the rate of usage of synthetic insecticides, occurrence of
resistance to traditional synthetic pesticide, and increased public awareness about
impact of synthetic pesticide on environment and humans have been observed. Some
popular IPM strategies employ a combination of chemical and biological crop
protection. Use of biological product at an appropriate time can reduce the total
need for synthetic pesticides (Sara 2015). New biorational pesticides are also being
developed which comprises pest control agents, chemical analogues of biochemicals
such as pheromones, insect growth regulators, etc. These are more environment-
friendly than synthetic chemical pesticides. The use of microbial control agents
offers more realistic approach compared to chemical pesticides since it is an eco-
logically compatible IPM method (Koul and Cuperus 2007; Koul et al. 2008).

Biopesticides are broadly classified into several classes: microbial pesticides
consisting of entomopathogenic bacteria (e.g., Bacillus thuringiensis), fungi
(e.g., B. bassiana), or viruses (e.g., Baculovirus) including their metabolites,
entomopathogenic nematodes, and protozoa. The member of Bacillaceae family,
Bacillus thuringiensis, is widely used as biopesticide, since it produces a toxin
that is active against many classes of insects (Fisher and Garczynski 2012). In
addition, herbal/botanical pesticides provide coherent protection from pests and
microbial diseases and can be used as plant-incorporated protectant (i.e., geneti-
cally modified crops like transgenic Bt cotton) though their use as food items is
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debatable (Sarwar 2015). Further, in order to improve the delivery methods of
pesticide, nanomaterials have been designed as a carrier system that has potential
to reduce the concentration of pesticide to be used (De Oliveira et al. 2014).

Improvements have been made in the production and formulation technology of
microbial pesticides. But at the same time, the use of biopesticides has been
restricted due to various constraints at developmental, registration, and production
level. Although there are many developments in terms of novel discoveries of
microbial isolates and increase in the ability of genetic manipulation, but concerns
related to pest resistance, environmental issues, and human welfare still remain. In
the current chapter, we focus on the use of biocontrol agents to control pest attack in
order to improve crop production, and we attempt to provide the recent information
on it.

19.2 Microbial Pesticides

The largest group of broad-spectrum biopesticides is derived from wide range of
microorganisms such as bacteria, viruses, fungi, and nematodes. They are effective
against pests and do not have much deleterious effect on nontarget pests and are safe
for the environment. Microorganisms growing in the close proximity of plants can
be either harmful or beneficial. Plant diseases caused by harmful microorganisms
have caused serious loss to crop productivity. On the other hand, beneficial micro-
organisms increase soil fertility and help in pest control. Therefore, useful microor-
ganisms are encouraged to be utilized in agriculture. Different types of useful
microorganisms can be isolated, tested, and commercialized so that they can be
used at larger scale (Fig. 19.1). Based on their origin, microbial pesticides have been
broadly categorized as bacterial, fungal, viral and nematodal biopesticides.

19.2.1 Bacterial Biopesticides

They are the most widely used and inexpensive means of pest bioregulation (Sarwar
2015). A huge number of bacterial species have been reported with insecticidal
properties, but only few could reach the stage of commercialization (Table 19.1).

19.2.1.1 Bt as Microbial Pesticide

The most well-known example of microbial pesticide is the bacterium Bacillus
thuringiensis or Bt which is a Gram-positive, facultative, and spore-forming bacte-
rium. There are nearly 100 well-known subspecies of Btwhich have been reported to
control certain insect pests (Schnepf et al. 1998; Jurat-Fuentes and Jackson 2012).
They have wide host range, and they are active against Lepidoptera, Diptera
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Fig. 19.1 A flowchart to depict the steps that are followed for screening and development of
microbial pesticides

Table 19.1 Bacterial biopesticides developed to control pest attack on various crop plants

Name of the bacteria Target pest

Bacillus popilliae Members of Coleoptera

Paenibacillus popilliae Coleoptera: Scarabaeidae: Popillia japonica

Bacillus thuringinesis var. kurstaki Members of Lepidoptera and Coleoptera

B thuringinesis var. aizawal Lepidoptera

B thuringinesis var. galleriae Helicoverpa armigera and Plutella xylostella

B thuringinesis var. israelensis Diptera: Culicidae, Simuliidae

B. thuringiensis subspecies japonensis strain
Buibui

Coleoptera: Scarabaeidae

B. thuringiensis subspecies tenebrionis Coleoptera: Chrysomelidae, predominantly
Leptinotarsa

Lysinibacillus sphaericus Diptera: Culicidae

Serratia entomophila Costelytra zealandica

Chromobacterium subtsugae Leptinotarsa decemlineata, Hemiptera, Acarina
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(Nematocera), and Coleoptera (Chrysomelidae and Scarabaeidae) (Wei et al. 2003;
van Frankenhuyzen 2009). Bt possesses the beneficial characteristics of both chem-
ical pesticides and biopesticides, and, therefore, it is the most widely used microbial
pesticide. Similar to synthetic pesticide, it is not expensive, can be easily formulated,
acts quickly, and has an elongated shelf life; but unlike synthetic pesticides, they do
not show much hazardous effect on environment and are specific to target organisms
(Birch et al. 2011). The only disadvantage of Bt is its sensitivity toward sunlight;
therefore, frequent applications are needed. Bt pesticides are available as formulated
sprayable products of bacterial spores and endotoxin crystals and are used on broad
acre crops. High level of selectivity and safety are required, when they are sprayed
on fruits and vegetables. Bt formulations are not harmful to humans, vertebrates,
beneficial organisms, and the environment (Chandler et al. 2011). A continuous
monitoring of microbial pesticide is done so that it does not harm any nontarget
organism including humans (Gupta and Dikshit 2010). In order to check the attack
by lepidopteran insects (leaf rollers and defoliators) in orchards, two subspecies of
Bt, B. thuringiensis subsp. kurstaki (Btk, Dipel) and B. thurinigiensis subsp. have
been used (Glare et al. 2012). The above-mentioned subspecies are also utilized to
control lepidopteran pests of crucifers, cucurbits, corn, legumes, cotton, and solana-
ceous vegetables. Btk is also applied to control the insect pests (Plodia
interpunctella and P. operculella) of stored products such as grain, fruits and potato
(Kroschel and Lacey 2009). Among coleopterans, Colorado potato beetle,
Leptinotarsa decemlineata, is the main target of a subspecies of Bt,
B. thuringiensis subsp. tenebrionis (Btt) (Wraight et al. 2007, 2009).

19.2.1.2 Mode of Action

Bacillus thuringiensis produce pesticidal toxins, namely Cry family of crystalline
proteins that are encoded by the cry genes (Mazid et al. 2011). These are responsible
for feeding cessation and death of the insect (Khachatourians 2009). Cry proteins
possess three specific domains attached together by a single linker (Bravo et al.
2007). They are produced as protoxins of different length of which the longer
C-terminal protoxins are involved in crystal formation and causing toxicity
(de Maagd et al. 2001). When Cry proteins are ingested by the insects, after
solubilization, biologically active endotoxins are released that are resistant to insect
proteases (Schnepf et al. 1998; Whalon and Wingerd 2003). The C-terminal domain
of this endotoxin binds to the receptors present on the cell membrane of the bush
border of midgut after which the hydrophobic region of the toxin also gets linked to
the membrane (Rodrigo-Simón et al. 2008). This linkage causes osmotic imbalance
and formation of transmembrane pores leading to leakage of gut content and cell
lysis in the gut wall (Fig. 19.2).
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19.2.1.3 Bt-Crops

Bt-crops, a Bt product different from microbial pesticides, has been largely used in
the last two decades. Genes coding for crystal proteins and vegetative storage
proteins (VIPs) have been successfully transferred into different crop plants to
form Bt transgenic crop varieties. In spite of huge controversy, Bt crops have been
widely adopted due to its high efficacy and specificity. Moreover, they are safe for
consumers and do not pollute the environment. There is availability of diversity of
toxin genes from different strains that can be easily cloned, expressed and
transformed to produce Bt crops (Kennedy 2008). Currently, approximately 75 clas-
ses of Cry toxins and 125 different VIPs are known (Crickmore et al. 2014).
Transgenic ‘Spunta’ potato lines with the Cry1Ia1 has been a great success provid-
ing complete resistance to potato tuberworm in laboratory and field tests (Douches
et al. 2002). Another transgenic line of potato expressing Cry3Aa toxin shows
significant resistance against L. decemlineata. In the last few decades, the area
growing Bt-crops has increased at high rate. A growing interest in the use of
Bt-Brinjal, Bt-cotton and Bt-maize has caused drastic decrease in the usage of
chemical insecticides (Brookes and Barfoot 2012) as well as microbial pesticides.
Due to high cost for generating GM crops, it is not possible to have transgenic
variety for each crop. Therefore, other conventional but eco-friendly methods such
as sprayable Bt formulations still have a great potential in the coming decades.

Fig. 19.2 Effects of Bacillus thuringiensis (Bt gene and Cry protein) on insect larvae

418 A. Singh et al.



19.2.2 Fungal Biopesticides

Another class of microbial insecticides, mycoinsecticides, are products of
entomopathogenic fungi, which are natural pathogens of diverse agricultural pests
both insects and acari. There are many suitable characteristic features of fungi, which
make them suitable for use as biocontrol agents. They are pathogenic to pests but do
not harm nontarget insects such as bees and parasites and predators of pests. They
neither cause any risk on growth and development of beneficial organisms such as
earthworms and collembola. Therefore, mycopesticides are potential agent for IPM
and also useful for long-term agriculture and crop production by safeguarding
biodiversity (Goettel et al. 2008; Kim et al. 2010; Koike et al. 2011).

Fungi-based biopesticides were considered for IPM by industrial methods of
mass production and formulation for application with the use of few specific
mycopathogens (Chandler et al. 2008). IPM using fungi utilizes ecological
approaches, and appropriate environmental conditions are maintained to promote
infection and spread of the pathogen within the pest (Lacey et al. 2015). Commer-
cially available fungi-based biopesticides (Table 19.2) are mainly derived from
Beauveria spp., Metarhizium spp., Isaria fumosorosea, and Lecanicillium spp.

Specifically, Beauveria bassiana and Metarhizium anisopliae are the two asco-
mycetes that are most commonly used as commercial mycoinsecticide. They are
usually applied in the form of conidia or mycelium which sporulates after their

Table 19.2 Fungal biopesticides

Name of the fungus Target pest

Aschersonia aleyrodis Hemiptera (Aleyrodidae)

B. bassiana sensu lato Acari, Diptera, Lepidoptera, Hemiptera, Isoptera Coleoptera,
Diplopoda, Hymenoptera, Lepidoptera, Orthoptera, Siphonoptera,
Thysanoptera

B. bassiana Coleoptera, Acari, Diptera, Orthoptera, Thysanoptera, Hymenoptera,
Hemiptera.

Beauveria brongniartii Coleoptera (Scarabaeidae)

Conidiobolus
thromboides

Acari Hemiptera, Thysanoptera

Hirsutella thompsonii Acari

Isaria fumosorosea Acari, Diptera, Coleoptera, Hemiptera, Thysanoptera

Lagenidium giganteum Diptera (Culicidae)

Lecanicillium
longisporum

Hemiptera

Lecanicillium muscarium Acari, Hemiptera, Thysanoptera

Metarhizium anisopliae
sensu lato

Acari, Blattoidea, Coleoptera, Diptera, Hemiptera, Isoptera, Lepi-
doptera, Orthoptera

Metarhizium acridum Orthoptera

Nomuraea rileyi Lepidoptera

Paecliomyces
fumosoroseus

Hemiptera
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application. Insect-pathogenic fungus M. anisopliae has been reported to be used
against adult Aedes aegypti and A. albopictus mosquitoes (Driesche et Al. 2008).
Entomopathogenic fungi alone or in combined application of insecticide with fungal
entomopathogen could be a useful strategy in IPM (Sarwar 2015). Some
mycoinsecticide has been developed for control of locust and grasshopper pests in
Africa and Australia (Chandler et al. 2011). It has been observed that when
B. bassiana have been applied along with sublethal concentration of insecticide,
there is high insect mortality in potato beetle (Leptinotarsa decemlineata). A com-
bination of B. bassiana and neem (Azadirachta indica) has also been explored, and
their compatibility yielded highest mortalities of B. tabaci eggs and nymphs.

19.2.2.1 Mode of Action of Mycoinsecticides

The process of infecting pests includes gaining the access to host’s hemolymph,
producing toxins and growing up by using nutrients present in haemocoel. In some
cases, species of pathogenic fungus such as B. bassiana and M. anisopliae cause
muscardine insect disease; in which after killing the host, cadavers become mum-
mified by mycelial growth (Miranpuri and Khachatourians 1995) (Fig. 19.3).
Entomopathogenic fungi are the most effective against sucking insect pests such
as aphids, thrips, scale insects, mealy bugs, whiteflies, mosquitoes and all kind of

Fig. 19.3 Beauveria bassiana targeting coffee berry borer
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mites (Barbara and Clewes 2003; Pineda et al. 2007). Certain fungal species,
primarily Streptomycetes, are known to produce toxins against insect pest species
belonging to Lepidoptera, Homoptera, Coleoptera, Orthoptera, and mites (Cole and
Rolinson 1972). Examples of some most active toxins are actinomycin A, cyclo-
heximide and novobiocin.

19.2.3 Mycoinsecticide: A Case Study

Solenopsis invicta Buren, a Hymenopteran, is native to South America and an
aggressive ant species (Lowe et al. 2000). They are highly resistant to pathogens
due to development of defensive alkaloids (Storey 1990), necrophoric behaviors
(Qiu et al. 2014, 2015), trophallactic behavior (De Souza et al. 2008; Qiu et al.
2016), generation of volatiles (Wang et al. 2015), as oral transfer of chemical cues,
growth proteins and hormones (Leboeuf et al. 2016). As a result, most of the
biological control mediating organisms are not active against this invasive insect.
Further, a combination of two species of fungi, Metarhizium brunneum and
Beauveria bassiana, were used to manage Solenopsis invicta Buren. Results showed
51.35 and 56.68% of mortality in workers during day 1 and 2 withM. brunneum and
B. bassiana GHA treatments. However, only 9.47 and 35.96% of the mortality could
be explained by fungal infection. In B. bassiana NI8 treatment 84.48% of mortality
was observed within 4–6 days. Mortality occurring in these two treatments can be
explained. M. brunneum produces a toxin, destruxins (Strasser et al. 2000; Schrank
and Vainstein 2010), and releases certain enzymes including lipases, proteases, and
chitinases that attack the cuticle of the insects. Field study also showed positive
results, and several fire ants were killed by M. brunneum and B. bassiana (Rojas
et al. 2018).

19.2.4 Viral Biopesticides

Virus pesticides act on specific target and are mostly effective against lepidopteran
pests of cotton, rice, and vegetables and plant-chewing insects. Heliothis zea
nucleopolyhedrosis is the first viral insecticide with broad range. There are different
groups of entomopathogenic viruses: baculoviruses (BVs), nucleopolyhedrosis
viruses (NPVs), granuloviruses (GVs), acoviruses, iridoviruses, parvoviruses,
polydnaviruses, poxviruses, reoviruses, cytoplasmic polyhedrosis viruses,
nodaviruses, picorna-like viruses, and tetraviruses. Among them, baculovirus
(BV) has received maximum focus for biopesticide development at commercial
level (Moscardi et al. 2011). Non-BV (Tetraviruses, Cypovirus etc.) viruses have
also been used for crop protection but only up to a limited extent (Ramle et al. 2005;
Jackson et al. 2005). Baculovirus infects many species belonging to genera
Helicoverpa or Heliothis. HzSNPV is efficacious against pests belonging to the
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genera soybean, sorghum, maize, tomato and beans (Sarwar 2015). A type of
baculovirus namely HaSNPV has been reported from India which has been exclu-
sively used in cotton field (Srinivasa et al. 2008).

19.2.4.1 BV as Viral Biopesticides

There are many beneficial aspects of BV because of which it has been picked for
commercialization. There is significant information about pathology and ecology of
BV, which is helpful in registration and product development. BV has widespread
distribution allowing collaborative research and interaction between pesticide com-
panies. It possesses high levels of virulence against pests. Moreover, BV shows great
levels of replication, which is of commercial interest. The robust infective stage is
the occlusion body (OB), which contains rod-shaped nucleocapsids and circular and
double-stranded DNA. The OBs are made up of tough crystalline proteins making it
ideal for product formulation, application, and commercialization. There is no
requirement of keeping intervals between spray timings, and it is safe for human
and nontarget insects. Moreover, OBs are large enough to be visualized and quan-
tified by phase-contrast microscopy. The only limitation in its use is its degradation
by sunlight because of which frequent applications are needed (Lacey et al. 2015).

BVs are active against world’s most devastating agricultural pests, Helicoverpa
spp. and Spodoptera spp. (Mazid et al. 2011). Two well-known commercial formu-
lations based on Spodoptera NPV are available in the United States and Europe.
BV-based biopesticides have been widely adopted in many different places includ-
ing China, India, Thailand, Vietnam, Brazil, Mexico, and Guatemala Southeast Asia,
Australia, and South America. Virus-based products are available against cabbage
moths, corn earworms, cotton leafworms and bollworms, beet armyworms, celery
loopers, tobacco budworms and many other pests (Table 19.3). Recombination
technology has also lead to development of potential economical substitutes such
as recombinant baculovirus, vEV-Tox34, expressing the gene Tox-34 from a mite
Pyemotes tritici enhance the rate of killing of the corn earworm, Helicoverpa zea
(Tomalski and Miller 1991).

19.2.4.2 Mode of Action

Viral infection involves entry of the virus to a target cell via replication in the nuclei
or in the cytoplasm. Postinfection, virus exists in three phases: 0–6 h is designated as
early phase, 6–24 h is called as second phase, and 24–72 h is labeled as very late
phase. OBs/virions are formed during late phase of their life cycle. Infected nuclei
per cell can produce hundreds of polyhedra (example in NPVs) or thousands of
granules as in GVs. It may cause enzootics leading to the decrease in pest
populations. It has been reported in baculovirus, occlusion bodies gets inactivated
rapidly when exposed to solar ultraviolet radiations (280–320 nm) (Killick 1990).
UV inactivation can be controlled by using plastic greenhouse structures which can
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Table 19.3 Viral biopesticides

Name of virus Target pest

Nudiviruses

NPV for Anagrapha falcifera Anagrapha falcifera

NPV for A. gemmatalis Mucuna pruriens and Diatraea saccharalis

NPV for Autographa californica Autographa californica

NPV for H. zea and H. virescens Helicoverpa zea and Helicoverpa virescens

NPV for Mamestra brassicae Mamestra brassicae

NPV for Orgyia pseudotsugata Orgyia pseudotsugata

Corn earworm NPV (HezeSNPV) Helicoverpa zea, Helicoverpa armigera, and
Heliothis virescens

Cotton bollworm NPV (HearNPV) Helicoverpa armigera

NPV for Spodoptera exigua Spodoptera exigua and Paradrina clavipalpis

Unbarred Spodoptera moth NPV (SdalNPV) Spodoptera albula (sunia)

Beet armyworm NPV (SpexMNPV) Spodoptera exigua

Tobacco armyworm NPV (SpltNPV) Spodoptera exigua

Egyptian cotton leafworm NPV (SpliNPV) Spodoptera littoralis

SeMNPV Spodoptera exigua

Gypsy moth, NPV (LydiMNPV) Spodoptera exigua

Velvetbean caterpillar, NPV (AngeMNPV) Anticarsia gemmatalis

Redheaded pine sawfly NPV (NeleNPV) Neodiprion lecontei

Douglas fir tussock moth NPV (OrpsNPV) Orygia pseudotsugata

Balsam fir sawfly NPV (NeabNPV) Neodiprion abietis

Codling moth GV (CpGV) Cydia pomonella

False codling moth GV Cryptophlebia

CrleGV Leucotreta

AdorGV Adoxophyes orana

Potato tuber moth GV (PhopGV) Phthorimaea operculella

Summer fruit tortrix GV (AdorGV) Adoxophyes orana

Tea tortrix (HomaGV) Homona magnanima

Smaller tea tortrix GV (AdhoGV) Adoxophyes honmai

Alfalfa looper NPV (AucaMNPV) Autographa calofornica

Cabbage looper (TrniSNPV) Trichoplusia ni

Tea moth (BuzuNPV) Buzura suppressaria

Tea tussock moth (Eups NPV) Euproctis pseudoconspersa

Tea geomotrid EcobNPV Extropic obliqua

Teak defoliator (HypeNPV) Hyblea peura

CpGV Cydia pomonella

Imported cabbageworm (PiraGV) Artogeia (Pieris) rapae

Oriental armyworm (LeseNPV) Leucania (Mythimna) separata

Diamond back moth GV (PlxyGV) Plutella xylostella

Reoviridae

Masson pine moth cypovirus (CPV) Dendrolimus punctatus

Parvoviridae

(continued)
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reduce the intensity of incident UV-B radiations reading by >90% compared with
external readings leading to an increase in the prevalence of infection in larvae (Lasa
et al. 2007).

The use of formulations such as stilbene can increase susceptibility to NPV
infection either by disrupting the peritrophic membrane (Okuno et al. 2003) or by
inhibiting shedding or by virus-induced apoptosis of insect midgut cells (Dougherty
et al. 2006). Two genetically enhanced isolates of Autographa californica nuclear
polyhedrosis virus (AcMNPV) from the spider Diguetia canities and Tegenaria
agrestis designated vAcTaITX-1 and vAcDTX9.2 have been commercially evalu-
ated as potential biopesticide against lepidopteran insects (Hughes et al. 1997). Viral
pesticides have numerous advantages over chemical pesticides, but their large-scale
production, cost-effective methods for producing recombinants, intensive labor, and
time-consuming transinfection pose certain difficulties. They are being produced on
small scale by various IPM centers and state agricultural departments (Gupta and
Dikshit 2010; Lacey et al. 2015).

19.2.4.3 A Case Study on the Use of Oryctes nudivirus for the Control
of Invasive Coconut Palm Rhinoceros Beetle

Indigenous to Asia/West Pacific areas, Oryctes rhinoceros or coconut palm rhinoc-
eros beetle was coincidentally established into Samoa and eventually extended to
islands of southwest Pacific regions (Bedford 1980; Jackson 2009). These beetles are
key pest of palm and coconut. They minimize the produce by ingesting the vegeta-
tion mainly the crown and its destruction, leading to the death of the whole tree
(Bedford 1980). Larvae of Oryctes rhinoceros has diverse habitat such as inside
rotting palm wood, dead tops of living trees, and organic content-rich sites (Bedford
1980). Oryctes virus was intensely established in the pest-infested regions of Samoa
and other southwest Pacific islands to overcome the devastation produced by the
beetles (Bedford 1980; Hüger 2005; Jackson 2009). These viruses were originally
collected from Malaysia (Hüger 1966). Remarkable consequences were observed by
using this virus as a biological control agent. It regulated and lowered the population
of coconut palm rhinoceros beetle and their larvae. Infected adults served as reserves
for virus. In beetle populations, virus spread from infected to noninfected larvae
through feeding, mating, sites of larval breeding, etc. Larvae with severe infection
die within 9–25 days after virus consumption (Hüger 1966; Zelazny 1972). Contin-
uous reviews were conducted in the recent years, which suggest more fatal and

Table 19.3 (continued)

Name of virus Target pest

Cockroach densonucleosis virus (DNV) Periplaneta fuliginosa

Others

Oryctes virus Oryctes rhinoceros

Granulosis virus Lepidoptera
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pernicious strains of virus are required to reduce the problem of less efficacy of
Oryctes virus on some beetle-infected islands (Jackson et al. 2005; Jackson 2009).

19.2.5 Nematode Biopesticides

Entomopathogenic nematodes (EPNs) are one of the most astonishing organisms as
they repress insects in their perplexing habitats (such as soil-borne pests and stem
borers). They have become an important microbial tool for biotic control.

19.2.5.1 Steinernema and Heterorhabditis: EPNs as Biopesticides

Steinernema and Heterorhabditis are the two widely used genera as EPNs in pest
management. They are mostly present in all forest and agricultural land. They have
an aggregated distribution, which depends upon their behavior, restricted dispersal
ability, and changeability in spatial and temporal distribution of their natural enemies
(Atwa 2014). EPNs are very often used as biological control agents since they are
environment-friendly and do not harm human and nontarget organisms (Akhurst and
Smith 2002; Ehlers and Shapiro-Ilan 2005). They are suitable for mass production,
and it is easy to register and commercialize EPNs as biopesticide. They have a wide
host range including 5–6 orders of insects (Poinar 1979; Klein 1990).

There are more than 10 industries which are involved in the production of EPNs
as biocontrol agent, and approximately 15 species have reached up to the level of
commercialization (Table 19.4). The efficacy of EPNs as biopesticide depends on
environmental factors (biotic and abiotic). Biotic factors include the species of
nematode that has been selected and number of times it has been applied. Abiotic
factors include desiccation, ultraviolet light, type of habitat, and time of application.
EPNs are sensitive to desiccation and ultraviolet light, and it works better if applied
early morning or in evening.

Although the basic research on EPN involves figuring out its usage as biopesti-
cide, the recent advanced research focuses on understanding how host attraction and
infection can be improved for better efficacy. During this course, it has been
concluded that vibration and electromagnetic stimuli can improve attraction toward
the host (Torr et al. 2004; Ilan et al. 2013). These discoveries are certainly going to
improve the suitability of EPNs as biocontrol agents.

19.2.5.2 Mode of Action

EPNs infect their host via spiracles or cuticle, mouth and anus opening as infective
juveniles (IJs) (Kaya and Gaugler 1993; Koppenhöfer et al. 2003). EPNs carry
mutualistic symbiotic bacteria such as Xenorhabdus spp. and Photorhabdus spp.
for Steinernematids and Heterorhabditids, respectively (Poinar 1990). They liberate
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their bacterial symbionts into the haemocoel of the host, which are mainly respon-
sible for the death of the host within 24–48 h (Dowds and Peters 2002).
Entomopathogenic nematodes at most can have three cohorts in IJs and leave the
body to infect a new one (Kaya and Gaugler 1993) (Fig. 19.4). EPNs can be
produced under in situ or ex situ conditions in solid media or by liquid fermentation
(Grewal and Georgis 1999; Shapiro-Ilan et al. 2006). Some successfully produced
nematodes in fermenters are Steinernema carpocapsae, S. riobrave, Steinernema
glaseri, Steinernema scapterisci, and Heterorhabditis bacteriophora.

19.2.5.3 A Case Study on Steinernema scapterisci for Controlling
Invasive Mole Crickets in Florida

Scapteriscus species are key serious pest and known to cause acute destruction to
turf especially reported in Florida (Frank 2009). For regulating their growing
population several biological control methods were adopted. One such strategy
made use of EPNs and parasitoids in Florida. In 1985, nematode species from
Uruguay were introduced in Florida to manage and check the population of
encroaching mole cricket (S. scapterisci). At the beginning, they helped in regulating
the pest (Parkman et al. 1993). In Florida, Uruguay’s nematode species were
released, and they got established into S. vicinus, S. borelli, and S. abbreviatus
populations (Hudson et al. 1988; Parkman et al. 1993). Further, two parasitoids
(from South America) became established all over Florida. With the help of these
three natural adversaries, Scapteriscus populations diminished by 95% (Frank and

Table 19.4 Nematode biopesticides

Name of nematode Target pest

Heterorhabditis
bacteriophora

Lepidoptera, cutworms, corn root worms, turf and Japanese beetles, flea
beetles, soil insects, white grubs (scarabs), black vine weevils, and citrus
root weevils

H. indica Galleria mellonella, root mealybugs, grubs

H. marelata White grubs (scarabs), cutworms, black vine weevils

H. megidis Weevils

H. zealandica Scarab grubs

H. megidis Coleoptera (Scarabaeidae)

P. hermaphrodita Slugs

Steinernema glaseri Root weevils, cutworms, fleas, banana root borers and fungal gnats,
white grubs (scarabs, especially Japanese beetle, Popillia sp.)

S. kraussei Black vine weevil, Otiorhynchus sulcatus

S. carpocapsae Lepidoptera, Coleoptera, Diptera, Hymenoptera, and Hemiptera

S. feltiae Coleoptera, Lepidoptera, and others

S. longicaudum Lepidopteran and Coleopteran

S. riobrave Diaprepes spp. (citrus root weevils), Scapteriscus spp. (mole crickets)

S. scapterisci Scapteriscus spp. (mole crickets)

Deladenus siricidicola Sirex noctilio (Sirex wood wasp)
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Walker 2006). These EPNs with high successful rate are now applied at various
infestation sites in Florida (Frank 2009).

Advantages of Microbial Pesticides over Chemical Pesticides

(a) They are safe to applicators (human) and nonpathogenic to nontarget organisms.
They are not even harmful to beneficial organisms like predators and parasitoids.

(b) They are safe to be used in food supply.
(c) They do not persist in the environment.
(d) There are no/very little chances of development of resistance in the pests.
(e) They do not cause any lethal effect or risk to the environment.
(f) Most of them possess good shelf life.
(g) They are easy and inexpensive to mass produce.

Fig. 19.4 Life cycle of entomopathogenic nematodes
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(h) They are easy for application as well and do not need any specific equipment.
(i) They are adaptable for genetic modifications.
(j) They are suitable to be used in different types of habitat where use of chemical

pesticides might be restricted.

Disadvantages of Microbial Pesticides

(a) Since they target a specific group of microbes, crop plants are still at risk and
may be attacked by other pests.

(b) They show slower killing of pests as compared to chemical pesticides.
(c) They need precise timing for application so that they can attack early instars of

pests and show better efficacy.
(d) Due to less persistence, many rounds of application may be needed.
(e) Microbial pesticides are sensitive to heat, UV radiation, desiccation, etc.
(f) Some have short shelf life.
(g) There are few constrains in their mass production, formulations, registration, and

commercialization.
(h) Its cost of production may be higher except for high-value crops.

19.3 Increasing Trends in Production of Biopesticides

Outburst of secondary pests; growing pest resistance; toxicity of soil, air, water, and
food; detrimental effect on humans; and ecological imbalance are some unacceptable
effects of continuous and excessive use of chemical-based pesticides. Such emerging
issues are of great concern and have led many countries to amend their policies on
limiting the use of chemical pesticides and switch over to better biological control
methods. Application of new environmentally friendly biopesticides is a better
option than conventional chemical control techniques. Under integrated pest man-
agement, biopesticides have shown better effectuality compared to synthetic prod-
ucts (Mazid et al. 2011). Growing organic demand and residue free crop product are
some of the decisive instigator for biopesticide demand. Eventually, the need for
bioinsecticides, fungicides, and bionematicides is increasing exponentially. The US
biopesticides market has anticipated that it may rise to approximately $300 million
by 2020. In India, only 4.2% of overall pesticide market consists of biopesticide. It is
expected to show expansion with annual growth rate about 10% in the near future.
Till now, only 20–30 biopesticides have been registered under the Insecticide Act
1968. Considerable biopesticides manufactured and used in India are Bacillus
thuringiensis, neem-based pesticide, Trichoderma, and nuclear polyhedrosis virus
(Kumar 2012).
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19.4 Policy Measures

Biopesticides do not produce any risk factor; therefore, the Environmental Protec-
tion Agency (EPA), USA, promotes its growth and utilization. EPA can register any
new biopesticide within a year based on its virulence, constituents and data avail-
ability. Regular and continuous inspections are made to regulate the potency of
current biopesticide. India has also adopted IPM strategies and considered the use of
various biopesticides as its major component. Here, the Ministry of Agriculture
employs the usage of pesticides under the Pesticides Management Bill 2008. As a
substitute to regular synthetic pesticides, biopesticides do face innumerable chal-
lenges such as in their manufacturing, development and application issues.

19.5 Suggestions

Microbial pesticides have been widely used as biopesticides to check pest infestation
and improve crop production. Further, the below-mentioned recommendations can
be considered for the effective utilization of microbes to restrict pest infestation:

• Efforts should be made for advertisement and acceptance of biocontrol strategies
by all the participants in the marketing chain from producer to consumer.

• Outreach activities such as demonstration, promotion, and training programs can
be conducted in order to popularize biopesticides among the consumers.

• Further research is needed to figure out what new methods can be applied to
overcome limitations that are faced while using microbial pesticides such as their
sensitivity to UV light, desiccation, etc.

• Search for new biocontrol agents needs to be continued for future usage in
different types of habitats and climates.

• Newer methods of production, formulation, storage, and application need to be
established for better efficacy, user friendliness, and cost-effectivity.

• Transgenic plants with microbial genes can be generated for major crops.
• Further research is needed to find out ecology of pest pathogens for their

sustainable use.
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