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Abstract
Insect predation problem in agriculture and forestry has challenged researchers worldwide to identify newer eco-friendly
insecticides. Among them Bacillus thuringiensis δ-endotoxin (Bt) has been the most widely used commercial insecticide till
date. The advantages of Bt as a “green” insecticide are its high specificity to target insects (it is nontoxic to mammals, birds
and even to most beneficial insects) and the slow rate of development of resistance against it by insects. This toxin used either
in the form of bio formulations or through its expression in crop plants, is found to be sensitive against insect pests belonging
to the family Lepidoptera, Coleoptera and Diptera. However, the sap sucking homopteran group of insects generally remain
insensitive to Bt toxin and show susceptibility to various plant lectins when fed with artificial diet or through expression in
transgenic plants. This review demonstrates the insecticidal potential of some candidate proteins and their possible mode
of action by identifying their target molecules in insects’ tissue. We also provide an overview of the applicability of these
proteins in crop protection.
Keywords Bacillus thuringiensis · Homopteran insects · Plant lectins · Crop protection

Introduction
Crop production affected by insect predation is a worldwide
concern as it causes global losses around US$ 17.7 billion
every year [76]. The major groups of insects that damage
various economically important crop plants are Lepidoptera (yellow stem borer of rice, pod borer of chickpea and
pigeon pea, cotton boll worm etc.), Coleoptera (rice weevil,
bruchids of different pulse grains), Diptera (Fruit flies) and
Homoptera (mustard aphid, chickpea aphid, green leafhopper and brown planthopper of rice, cotton aphid, whitefly
etc.). Controlling these pests through chemical insecticides
is costly and environmentally hazardous, which demands for
naturally occurring cheaper and more eco-friendly biopesticides. Biopesticides encompass a broad array of microbial
pesticides, biochemicals derived from micro-organisms as
well as other natural resources. Incorporation of efficient
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biomolecules into crop plants through upcoming genetic
engineering technology made it easier for conferring protection against pest damage. Effective use of biopesticides also
requires precise knowledge of the biology, feeding habit and
life cycle of the pest and mode of action of the biopesticides
used. That enables to determine the exact time and stage of
application so that efficacy of the molecule is better.
For over 50 years, Bacillus thuringiensis strains and their
insecticidal crystalline proteins (ICPs)/Bt proteins account
for 90–95% of the bio-insecticides used throughout the
world [36]. There are reported to be over 180 Bt products
registered in the U.S. Environmental Protection Agency [32,
33] and approximately 276 Bt microbial formulations registered in China [53]. Other commercially available biological
insecticides are based on Serratia entomophila and Bacillus
sphaericus, which produce Sep and Bin insecticidal toxins,
respectively [14, 54]. Additionally, the bacteria Xenorhabdus and Photorhabdus spp. belonging to the family Enterobacteriaceae associated with entomopathogenic nematodes
also produce potent insecticidal toxins that could represent
additional alternatives for insect control [37]. Because of
the efficacy, safety to humans and non target organisms, and
favourable environmental persistence profile of Bt microbial
formulations, the active protein coding gene(s) have been
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isolated and optimized for expression in plants to make
genetically modified (GM) crops that are resistant to target
insects. Brookes and Barfoot [11] reported the cost effectiveness of GM technology over conventional approaches
through increased farm income, decreased pesticide use, and
decreased release of greenhouse gasses (GHG). The greatest
gain was for insect-resistant crops where the pesticide application rates were reduced. There were 48 and 26% reductions in insecticidal active ingredients used on insect resistant maize and cotton, respectively in both developed and
developing countries. Adaption of no-till practices resulted
in reduced GHG. Even though no-till is not necessarily associated with Bt crops. Use of Bt crops is expected to result
in reduced fuel consumption due to fewer passes in the field
for application of pesticides. In total decrease in input costs
and increase in crop yields lead to improved farm income.
Income in 2012 was increased by $6.7 billion and $5.5
billion for insect-resistant maize and cotton, respectively.
For cotton, more than 75% of the increased income was in
developing countries. Various other insecticidal components
have subsequently been identified and reported, such as plant
lectins, protease and amylase inhibitors. The homopteran
class of insects on the other hand, do cause much damage on
many crop species by feeding on the phloem sap of the host
plants and transmitting disease causing viruses from one
plant to the other while feeding. Unfortunately, these insects
are not affected by Bt toxins. Due to the typical feeding habit
of sucking away the free sugars and amino acids from the
plant sap, they also do not depend on the protease or amylase
type of digestive enzymes. On the other hand, plant lectin
proteins that recognise and bind to the carbohydrate moieties
have come up as an effective group of insecticidal proteins

against the homopteran group of sucking insects. These lectins bind to glycosylated receptors of midgut brush border
membrane vesicles (BBMVs) of target insects [6, 88]. This
article aims to review the present state of knowledge in the
field of two-insecticidal proteins in crop protection. Introduction of newer bioinsecticides and genetically modified
crops for pest management also requires addressing regulatory, economic and social challenges.

Crop losses due to insect pests
Insects are the most diverse group of organisms living on
earth. Less than 0.5% of the known insect species are considered pests as they cause injury to plants either directly
or indirectly in their attempts to secure food. Almost all the
portions, viz. roots, stem, bark shoots, leaves, buds, flowers
and fruits of plants are attacked and damaged by various
group of insects following different mode of infestations
(Table 1).
One-fifth of the world’s crop production gets destroyed
annually by more than 10,000 species of insects. Thus,
assessment of yield losses by different group of insects is
prerequisite to develop management strategies by farmers as
well as government agencies. Generation of quantitative data
of yield losses due to ravages by insect pests is difficult as it
varies upon type of cultivar, density of pest population, time
of pest attack in relation to crop phenology and cultural practices followed. Extensive study made by researchers revealed
that in spite of the wide spread use of synthetic pesticides
the losses due to insect pests increased in post green revolution era than in pre-green revolution era (Table 2) in global

Table 1  Feeding behavior of different insects implicating crop damage
Class

Mode of action

They possess strong mandible and maxillae (mouthparts) which enable
Lepidoptera [e.g. Helicoverpa armigera (fruit borer), Scirpophaga
them to bite into and chew the soft parts of the leaves, stems, buds,
incertulas (Rice stem borer), Cnaphalocrocis medinalis (Rice leaf
flowers and even the roots of plants [64]
folder)]
These group of insects feed on chewing different parts of plant viz.
Coleoptera [e.g. Dicladispa armigera (Rice hispa or Spiny beetle),
leaves, stems and roots. Various species of weevil adults bore into
Cosmopolites sordidus (Banana Rhizome weevil), Rhynchophorus
ferrugineus (Red Palm weevil), Callosobruchus chinensis (Bruchids)] trunks, stems, and seeds. Some bruchids and weevils chew up the
seeds/grains of different plants while kept in storage [93]
Diptera [e.g. Bactrocera cucurbitae (Fruit flies)]
This group of insects infest young, green, soft-skinned fruits and
insert the eggs 2–4 mm deep in the fruit tissues by their advanced
ovipositor. The larval feeding inside the fruit causes softness and fruit
dropping. Furthermore, oviposition wounds caused by fruits provide
a suitable environment for secondary infections [27]
Homopteran insects have specialised mouth parts with stylets. While
Homoptera [e.g. Lipaphis erysimi (Mustard aphid), Aphis craccivora
(Bean aphids)]
feeding they penetrate the stylet into the terminal tissues of plants and
probe until they contact the phloem vessel. They damage the crops by
extracting phloem sap rich in amino acids and sugars, causing blockage of phloem vessels and transmit different disease causing viruses
namely, luteovirus, begomovirus, leaf curl virus from infected plants
to healthy plants [47, 103]
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Table 2  Worldwide crop losses
due to insect pests during preand post-green revolution era

Crop

Barley
Cotton
Maize
Potatoes
Rice
Soybean
Wheat
Average

Losses (%)
Pre-green revolution

Post-green revolution

Cramer [16]

Oerke
Oerke and
et al. [75] Dehne [74]

Oerke [73]

Savary et al. [94] (due to
microorganisms and animal
pests)

3.9
16.0
13.0
5.9
27.5
4.4
5.1
10.8

8.8
15.4
14.5
16.1
20.7
10.4
9.3
13.6

–
12.3
9.6
10.9
15.1
8.8
7.9
10.8

–
–
22.5
17.2
30
21.4
21.5
–

context. In Indian agriculture the losses increased from 7.2%
in early 1960s to 23.3% in early 2000s (Table 3). The highest
losses were reported in cotton (50%), followed by sorghum
and millets (30%), and rice, maize and oilseeds (each 25%)
[25]. With the development of various biopesticide based
strategies specially Bt, losses due to insect pests in several
agricultural crops have shown a declining trend. The global
losses have declined from 13.8% in post green revolution era
to 10.8% towards the beginning of this century. Presently in
India crop losses due to insect pests have been valued for
US$36 billion. Helicoverpa armigera, known as one of the
most serious and widespread lepidopteran pests in the world,
infests cotton, pigeonpea, chickpea, pea, cowpea, tobacco,
sunflower, and tomato. It destroys pulses and cotton worth
over US$ 530 million per annum in India and worldwide.
Yield loss of chickpea by this pest has been estimated at over
US$ 330 million annually [55]. Among the coleopteran pests
Dicladispa armigera is a major pest of rice in South Asia
and Australia, more particularly in Bangladesh, India and
Nepal [79]. Yield loss caused due to D. armigera attack has
Table 3  Crop losses due to
insect pests in India during preand post-green revolution era

Crop

Cotton
Groundnut
Other oilseeds
Pulses
Rice
Maize
Sorghum and millets
Wheat
Sugarcane
Average

7.0
37.0
15.0
18.0
24.0
11.0
9.0
17.3

been estimated as 28 per cent in India [72], 20–30% in Nepal
[24] and up to 52% in deepwater rice in Bangladesh [60].
In the past few years it has also gained major pest status in
India, particularly in states of Assam, Bihar, Uttar Pradesh,
Himachal Pradesh and Odisha causing considerable economic loss to the farmers. Diptera pests generally prefer cherries, peaches, strawberries, and grapes as host and are widely
distributed in temperate, tropical, and sub-tropical regions
of the world. The melon fruit fly, Bactrocera cucurbitae has
been reported to damage 81 host plants and is a major pest
of cucurbitaceous vegetables, particularly the bitter gourd
(Momordica charantia), muskmelon (Cucumis melo), snap
melon (C. melo var. momordica), and snake gourd (Trichosanthes anguina). The extent of losses by this group of insect
pest varies between 30 and 100%, depending on the cucurbit
species and the season [27]. A well known homopteran pest
Lipaphis erysimi (mustard aphid) causes significant yield loss
of Brassica juncea (Indian mustard) which is one of the most
important sources of edible oil and accounts for 12% of the
total edible oil throughout the world. In India this pest causes

Losses (%)
Pre-green revolution

Post-green revolution

Pradhan [82]

Dhaliwal and
Arora [23]

Dhaliwal et al.
[25]

Dhaliwal
et al. [26]

18.0
5.0
5.0
5.0
10.0
5.0
3.5
3.0
10.0
7.2

50.0
15.0
35.0
30.0
25.0
25.0
35.0
5.0
20.0
26.7

50.0
15.0
25.0
15.0
25.0
25.0
30.0
5.0
20.0
23.3

30.0
15.0
20.0
15.0
25.0
18.0
8.0
5.0
20.0
17.3
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10–90% yield loss of mustard occurs depending upon the
severity of infestation and stage of the plant at which aphid
attacks [85]. Additional yield loss is caused by pathogenic
viruses transmitted by aphid during feeding.

Homopteran insects and their detrimental effects
on plant
The homopterans (order-Homoptera) have piercing/sucking
mouthparts and feed by extracting sap from vascular plants.
Members of the Homoptera fall into one of the two large
groups; Auchenorrhyncha, which consists of the Membracoidea (treehoppers), Cicadelloidea (leafhoppers), Cercopoidea (spittle bugs), Cicadoidea (cicadas) and Fulgoroidea
(planthoppers); and Sternorrhyncha, which includes Psylloidea (psyllids), Aleyrodoidea (whiteflies), Coccoidea
(mealy bugs) and Aphidoidea (aphids) [40]. These insects
exhibit considerable variability in size and undergo complex life cycles. Most of the homopterans have incomplete
metamorphosis with egg, nymph, and adult stages. Cicadas are the largest members of Homoptera, 8 cm long with
wingspreads of 20 cm. They spend their early days of life
underground and feed on the roots of trees and shrubs. Some
species complete their development in as little as 4 years,
but others have a 13–17-years life cycle. In contrast, the
aphids are tiny (only 0.5 mm in length), soft-bodied insects,
often alternating between winged and wingless generations
and between perennial and annual host plants. They reproduce either by parthenogenesis, zygogenesis, or pedogenesis
[12]. The scale insects remain immobile during much of
their life time, living beneath an impervious cover of wax
or cuticle that they secrete over themselves. They often lose
legs and antennae after the first molt. Only newly hatched
nymphs and adult males bear resemblance to other insects.
Female individuals grow to sexual maturity, mate, produce
offspring, and die without ever leaving their protective cover.
These homopteran insects, by sucking phloem sap, results
in curling and twisting of tender shoots and general devitalisation of plants of agricultural as well as horticultural
importance. Young seedlings die after being attacked by
these pests. The inflorescence fails to open fully, fruits fail
to develop normally and various malformations, like twisting of pods, impaired developments of seeds, etc. are seen
when the plant is heavily infested. Some gall-making aphids
cause direct injury by making different types of leaf and stem
galls which subsequently serve as temporary habitats for
those aphids. Subaerial infestations by aphids cause yellowing of foliage and stunted growth of economically important
crops [98]. Apart from affecting the growth and productivity
of crop plants by extracting plant nutrients, many of these
pests also act as vectors of various plant pathogens. Aphids
and leafhoppers are the most important carriers of viral and
bacterial plant diseases. Dysdercus koenigii/cingulatus these
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days has become a serious pest of cotton crop. The adults
and the older nymphs feed gregariously on the leaves and
the emerging green bolls. The affected bolls do not open
properly; as a result, the quality of the lint is reduced, the
oil content of the seed decreases, and the germination of the
seeds is affected. During feeding this homopteran insect also
transmits the cotton staining fungi, Nematospora gossypii
that develops on the immature lint and seed [44, 68, 108].
Lipaphis erysimi (mustard aphid) and Aphis craccivora (cowpea aphid) affects the growth of the most important oil seed
crop, the Indian mustard, and the leguminous crops, namely,
chickpea and pigeon pea. While feeding on plant sap, they
transmit viruses such as barley yellow dwarf virus, potato
leaf roll virus, and bean leaf roll virus, commonly known as
luteoviruses to the host plant in a non-replicating and circulative manner [47]. The fungal pathogen Neofabraea perennans which is known to cause perennial canker of apple is
transmitted by the woolly apple aphid [2]. There are more
than 100 species of leafhoppers that cause damage to host
plant through stylet probing while feeding, also they act as
vectors for viral diseases. Some important viral diseases of
plant caused by leafhoppers are aster yellows (transmitted
by Macrosteles fascifrons); potato yellow dwarf (caused by
several species of Aceratagallia and Agallopsis); and phony
peach disease and Pierce’s disease of grape (causing agents
are Cuerna, Homalodisca, and Oncometopia). Species of
spittlebug, membracid, fulgorids, whitefly and mealybugs
also act as vectors of viruses that cause diseases like peach
yellows, pseudocurly top of tomato and tobacco, viral disease
of rice, tobacco leaf curl and pineapple wilt respectively. Fire
blight disease on pear, apple, and quince trees are caused
by bacteria transmitted by leafhoppers. In American continent the causative agent of an important maize (Zea mays L.)
stunting disease is Maize bushy stunt phytoplasma (MBSP),
which is transmitted by the corn leafhopper, Dalbulus maidis
in a persistent-propagative manner [4, 59]. During feeding
on plant sap, the surplus (comprising of water, sugars and
certain amino acids) is excreted from the tip of the abdomen
of homopteran insects as sweet droplets known as honeydew.
Many species of ants are attracted by the honeydew and they
provide care and protection for the homopterans in exchange
for the honeydew they excrete. Various species of leafhoppers
and scale insects produce honeydew which allows the growth
of sooty mold on whatever it falls. If the insect is feeding on
apple foliage and honeydew falls on apples, a sooty fungus
(sooty mold) grows in each droplet. The apples become black
spotted and are no longer marketable.

Luteovirus interactions with aphid vector cellular
components
Plant luteoviruses are single-stranded; positive-sense RNA
viruses that belong to the family Luteoviridae. These viruses
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for their transmission depend on molecular chaperones
encoded by the mutualistic endosymbiotic bacteria residing
within aphid hemocoel. The major chaperonin protein found
within most aphid groups except Phylloxeridae is known as
Symbionin (SymL), which is synthesized by the gram positive endosymbiotic bacteria Buchnera aphidicola [34, 38,
107, 117]. This bacterium is harboured by the specialized
bacteriocyte cells [58, 59] of the aphid host and supplies
them several essential amino acids which are not present
in plant sap [17]. This SymL is known to bind to the readthrough domain (RTD) exposed on the virion capsid. The
bound virion-SymL complex passes through the midgut
epithelial membrane into the aphid hemocoel and enters
the accessory salivary gland of the aphid. The virion gets
accumulated in the accessory salivary gland of the host until
it is released into the phloem of a healthy plant during the
next infestation cycle of the aphid [106, 107, 117] (Fig. 1).
SymL has also been identified as a candidate ligand of a
garlic mannose binding lectin that is effective against aphids.
The bioinformatics approach further indicated that the above
binding might have elicited changes in surface accessibility
of symbionin leading to its inactivation of the luteovirus
RTD binding ability thus reducing the incidence of viral
transmission from one plant to another [7]. The transmission of luteoviruses by aphids is remarkably specific: a single, or relatively few, aphid species transmit each strain of
plant luteovirus. Genetic analysis of Barley yellow dwarf
virus (BYDV) suggests that the viral coat protein and its
readthrough product (formed by translational readthrough
into the adjacent open reading frame) are the primary viral
determinants regulating transmission. The coat protein

appears to determine the differences in transmission specificity between strains of BYDV, whereas the readthrough
domain (RTD) determines the general ability of all luteoviruses to be aphid transmissible [117].
The symbionin is evolutionarily related to (sequence
homology varies in the range of 80–92% from aphid to
aphid) the E. coli GroEL chaperonin. Both of them also
share identity in terms of quaternary association [70]. In
E. coli, GroEL, along with its GroES cofactor, assists the
refolding and assembly of newly translated proteins in an
ATP-dependent manner [50]. The functional form of GroEL
is a tetradecamer made of two rings of seven subunits, each
ring forming a cavity that is stacked back to back with the
opposing ring. The In silico analysis suggests that each
monomer of SymL like GroEL is divided into three major
domains: equatorial (residues 5–132 and 408–522), apical
(residues 190–375) and intermediate (residues 133–189 and
376–407) domain. Hogenhout et al. [52] mapped the binding
site of the potato leaf roll luteovirus (PLRV) where amino
acid residues 1–121 and 409–474 in the SymL monomer
come together to form a single potato leaf roll virus-RTD
binding site., where as the apical and intermediate domains,
on the other hand, remain partially or fully buried into the
bucket-like quaternary structure of the protein. The interaction study between the potato leaf roll luteovirus (PLRV)
and symbionin from its aphid vector Myzus persicae suggested that virions do not persist in aposymbiotic aphids
with repressed SymL synthesis, similarly virions devoid of
the RTD get proteolytically degraded in aphid hemolymph
[106].

Insecticidal proteins
To date, a large number of proteins with insecticidal potential have been identified. Among them, Cry proteins and
plant lectins, have shown promising results against wide
range of insect pests and for generation of transgenic plants
with insecticidal properties. Here we discuss about the insecticidal properties along with mechanism of action of Cry
proteins and plant lectins on target insects and the possibility of development of new generation of toxins viz., fusion
proteins.

BT protein and its mode of action
Fig. 1  Schematic representation of virus transmission by insect vector. The integrated luteovirus enters the food canal (FC), moves
through the foregut (FG) and accumulates in the midgut (MG) or
hindgut (HG). Virus is then transmitted into the hemocoel and
remains viable for weeks. Transmissible virus (black hexagons) then
takes the hemolymph route to reach the accessory salivary gland
(AG), but does not associate with the principal salivary gland (PG).
During feeding on phloem sap the virus is injected into the plant
through salivary duct (SD) (adopted from Ref. [47])

Bacillus thuringiensisis, a gram positive soil bacterium, produces proteinateous insecticidal δ-endotoxins during sporulation [95]. Two multigenic families, cry and cyt belong to
these δ-endotoxins [21]. Cry proteins have been found to be
toxic to Lepidoptera, Coleoptera, Hymenoptera and Diptera
orders of insects. Whereas, Cyt toxins are mostly found in Bt
strains active against Diptera, although few exceptions of Cyt
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proteins exhibiting activity against Coleopteran larvae have
been documented [49]. Presently more than 74 Cry groups
and 3 Cyt with more than 700 members have been characterized and classified [18]. The Cry proteins are organized
into three main groups based on structure and function: the
3d-Cry toxins, the Mtx-like Cry toxins and Bin-like Cry toxins. 3d-Cry toxins are the largest group and the majority of
the Cry toxin genes used to transform plants to impart insect
resistance belong to this group. The 3d- cry toxin group is
further divided into more than 40 different types (Cry1 to
Cry55) with many different subgroups (Cry1Aa, Cry1Ab,
Cry1Bb, Cry2Aa, etc.; [17]). The 3d-Cry toxins are globular
molecules containing three distinct domains connected by
single linkers. Domain I of the Cry protein is responsible
for pore formation and the other two domains determine the
re4ceptor binding and insect specificity of the toxin.
Upon ingestion by susceptible larvae the Cry protoxin is
solubilised under the alkaline conditions (pH > 9.5) in insect
midgut and activated by trypsin like [65] or chymotrypsin
like [63] proteases generating a toxic fragment of approximately 60 kDa, giving rise to the three-domain structure.
The activated form then interacts with the specific receptors present on the midgut cells in a complex process. The
monomeric 3d- cry toxin binds to aminopeptidase N (APN)
and alkaline phosphatase (ALP), which are highly abundant
proteins anchored to the membrane by glycosyl phosphatidylinositol anchor [104] in a low-afiinity interaction. This
interaction concentrates the activated toxin in microvilli
membrane of the midgut cells where the monomeric 3d- cry
toxin binds to the CAD (Cadherin) receptor in a high affinity
interaction. This interaction induces proteolytic cleavage of
the N-terminal end of the toxin and the cleaved Cry toxin is
then able to oligomerize in a toxin prepore oligomer. The
oligomeric structure binds to ALP and APN receptors with
high affinity and the prepore inserts into the membrane causing pore formation [77] (Fig. 2). An alternative model of
the mode of action of Cry toxin was given by Zhang et al.
[119]. In this model it was proposed that binding to cadherin
triggers an intracellular pathway that results in activation of
a G protein with subsequent activation of adenylyl cyclase,
raising cAMP levels and activating a protein kinase A that
in turn leads to cell death without involvement of oligomer
formation, toxin pore formation or participation of other
receptors such as GPI-anchored proteins.
Though spores and crystalline insecticidal proteins produced by B. thuringiensis often applied as liquid sprays
to control insect pests, the most significant advancement
in the use of Bt as a bioinsecticide takes place through its
expression in agricultural crops [61]. Many crops, like cotton, maize, tobacco, tomato, potato, rice, brinjal and crucifer vegetables, have been genetically transformed with cry
toxin genes. In transgenic plants, the Cry protein is produced
continuously inside the cells; the toxin is protected from

13

UV inactivation and is highly effective against chewing
insects that eat plants and boring insects that make holes
through the plant tissue. Several reports on the field performance of GM crops have been published. Field trail results
of Bt tobacco [51] and cotton [115] expressing truncated
δ-endotoxin genes were encouraging. Bt potatoes were first
commercially produced in the USA in 1995 but issues with
consumer acceptance led to their retraction from the market after 5 years. Till date Bt cotton and Bt maize are the
most accepted commercially available GM crops growing
on more than 58 million hectares worldwide [61]. Bt cotton
expressing the Cry1Ac gene provides a fairly high degree of
resistance to the American bollworm (Helicoverpa armigera), the spotted bollworm (Earias vittella), and the pink
bollworm (Pectinophora gossypiella), and also benefits by
means of increasing cotton yield (80–87% increase), lowering (70% reduction) insecticide applications in fields in
India, and generating savings of up to US$30 ha −1 [83].
However, the primary threat to the long-term efficacy of Bt
toxins is the evolution of resistance by pests. Field resistance
to commercial Bt crops have been documented in several
areas, such as resistance of fall armyworm, Spodoptera frugiperda, to Cry1F corn in Puerto Rico [101], resistance of
an African stem borer, Busseola fusca, to Cry1Ab corn in
South Africa [109] and the resistance of P. gossypiella to
Cry1Ac cotton in India [28]. Recent studies have shown that
such resistance is genetically linked to mutant alleles of an
ATPbinding cassette transporter (ABC transporter) subfamily C, member 2 (ABCC2 [8, 45]). To deal with this obstacle researchers nowadays prefer developing transgenic plant
expressing more than one toxin, each with unique mode of
action. Siddiqui et al. [97] have developed a double gene
cotton line containing Cry1Ac and Cry2Ab (pGA482-12R)
which showed 93% resistance against army worm (Spodoptera litura).
Additionally, some B. thuringiensisis and B. cereus
strains produce a third group of insecticidal proteins called
Vip [9, 35, 118]. Similar to Cry proteins, Vip kills insects
by binding to the midgut, but the mechanism of action is
different. This type of proteins includes Vip1, Vip2, and
Vip3. Vip1 and Vip2 are binary toxins that have coleopteran
specificity, whereas Vip3 toxins have lepidopteran specificity [35]. Vip induces insect gut paralysis and complete lysis
of gut epithelium. Vip proteins are synthesized during the
vegetative growth-phase of the bacterium and secreted into
the medium. Among different Vips the well characterized
Vip3A induces lethal toxicity toward larvae of Agrotis ipsilon and Spodoptera frugiperda [118] and Vip3Aa14 toward
larvae of Spodoptera litura and Plutella xylostella [9]. The
VIP 1A gene encodes a 100 kDa protein which is processed
from its N-terminus. This processing produces an 80 kDa
product, which has been shown to be toxic to western corn
root warp larvae [95].

Nucleus

Fig. 2  Molecular mechanism of action of Cry toxins on Lepidopteran
insect. (1) The Cry protoxin, after ingestion by insect larvae gets solubilized in the midgut due to high pH and reducing conditions and
activated by gut proteases, generating the toxin fragment. (2) The
activated monomeric Cry toxin then binds to ALP and APN receptors in a low-affinity interaction. (3) The monomeric Cry toxin binds
to the CAD receptor in a high-affinity interaction and this interac-

tion induces proteolytic cleavage of the N-terminal end of the toxin,
including helix a-1 of domain I. (4) The cleaved Cry toxin is then
able to oligomerize in a toxin prepore oligomer. (5) The oligomeric
3d-Cry structure binds to ALP and APN receptors with high affinity.
(6) The prepore inserts into the membrane causing pore formation
(adopted and modified from Ref. [77])

Insecticidal properties of plant lectins

to different orders, including Lepidoptera, Coleoptera, and
Hemiptera when fed with artificial diet or through expression in transgenic plants [111]. Lectins interact with different glycoproteins or glycan structures in insects, which
in turn interfere with a number of physiological processes
in these organisms. Lectins possess at least one carbohydrate-binding domain with variable sugar specificities, and
various glycan structures are found in the bodies of insects,
thus possible targets for lectin binding are numerous [110,
112]. Therefore, it is difficult to predict the exact mode of
action of each lectin and even more difficult to understand
the variability in insect toxicity upon exposure to different
plant lectins. Regardless of their specificity most lectins have
similar effects on general parameters like fecundity, growth,
or development [90, 96].
In recent years, efforts have been focused on finding
more efficient ways to control sap-sucking homopteran pests
which show insensitivity to Cry toxins isolated from Bacillus
thuringiensis. These insects cause striking negative impact

Lectins are a class of proteins of non-immune origin which
possess at least one non-catalytic domain that can reversibly bind to specific carbohydrates, either simple monosaccharides or more complex glycans [78, 113]. These protein
molecules are widely distributed in nature and have been
isolated so far from plants, viruses, bacteria, invertebrates
and vertebrates, including mammals. The classical plant lectins are found at high concentrations in certain tissues like
seeds, bark and bulbs. Seeds of the Leguminoseae group
of plants are rich sources of lectins. Over 230 three-dimensional structures of lectins have been currently deposited in
the 3D Lectin databank (www.cermav .cnrs.fr/databa nk/lecti
ne), 40% of which are from legume seeds. Typical lectins
from different plant sources exhibit a considerable degree
of structural similarity, despite their differences in carbohydrate-binding specificities [13, 41, 87]. A range of plant lectins have shown to reduce performance in insects belonging
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on economically important crop plants, as they are able to
build up a huge population within a short span of time [46].
Several mannose-binding lectins from monocotyledonous
plants have gained huge importance as potential insecticides,
effective against these sap-sucking homopterans. A comparative analysis of BT toxins and plant lectins is described in
Table 4. The snowdrop lectin (Galanthus nivalis agglutinin
or GNA), fed through artificial diet, resulted in a systemic
toxic effect to rice brown planthoppers (Nilaparvata lugens).
In addition to binding to gut membrane some GNA crossed
the midgut epithelial barrier by an unknown mechanism.
Along with altered midgut morphology, ingested GNA was
detected in fat body, ovarioles, and hemolymph in N. lugens
and could potentially affect multiple physiological processes
at these sites [81]. A depression in N. lugens feeding, as
measured by honeydew production, was also found when
insects were fed on transgenic rice plants expressing GNA
(2.0% of total soluble protein). Moreover, this insect had a
decreased survival and overall fecundity, besides presenting
a retarded development [86]. Powell et al. [80] reported antimetabolic effect of Allium sativum agglutinin (ASA) from
garlic bulb towards Nilaparvata lugens. Although serologically identical to one another [19], GNA, and ASA differ
in their molecular structures. ASA is a mixture composed
of two lectins, ASAI (a heterodimer composed of two different subunits of 11.5 kDa and 12.5 kDa) and ASAII (a
homodimer composed of two identical subunits of 12.5 kD)
[105]. Roy et al. [88] assessed the efficacy of ASA, Colocasia esculenta agglutinin (CEA), and Dieffenbachia sequina
agglutinin (DEA) on the growth, developmental pattern,
survival rate, and fecundity of red cotton bug (Dysdercus
koenigii/cingulatus) where ASA scored highest mortality
at a comparatively lower dose and with a shorter period of
incubation. Subsequently, another mannose binding 25-kDa

homodimeric lectin, ASAL, isolated from leaves of garlic
(A. sativum) having high degree of sequence similarity with
GNA, [6, 30, 31, 67, 91, 92] has been found to be a potent
control agent for sucking pests [6, 30, 31]. Smeets et al. [99]
by agglutinin assay using rabbit erythrocytes have established that ASAL is 500 times more active than ASA.
These results led researchers to investigate the possible mechanism of action of mannose binding lectins on
insect gut (Fig. 3a). From earlier reports, it has been postulated that binding of the plant lectins either to the epithelial membrane of the insect gut [78] or the peritrophic
membrane [114] or sugar moiety of any of the glycosylated
digestive enzymes such as α-amylase [1, 66, 71], α- and
β-glucosidases [100] and trypsin-like enzymes [1, 15, 71]
could be the predetermining factors for insecticidal activity. Homopteran insects, on the other hand do not possess
peritrophic membrane, which rules out the possibility of
binding of the lectins to the above-mentioned membrane.
Due to their feeding habit of sucking away the phloem sap
full of free amino acids and sugars, they do not care for
the digestive enzymes, which again eliminates the chances
of binding of the lectins to any of such glycosylated digestive enzymes. Bandyopadhyay et al. [6] has demonstrated
the actual site of action of ASAL in the affected insect gut
through immunohistochemical analysis (Fig. 3b). Moreover ligand blot analysis revealed that ASAL binds to the
carbohydrate residue of the 55 and 45 kDa brush border
membrane vesicle (BBMV) receptor proteins, in case of
Lypaphis erysimi (mustard aphid) and Dysdercus cingulatus
(red cotton bug) respectively while fed through artificial diet.
Moreover, an extensive study by Banerjee et al. [7] demonstrated that ASAL binds to Symbionin (SymL) receptor, a
homolog of GroEL chaperonin protein of E. coli, forming
a complex in mustard aphid. This significantly reduces the

Table 4  Comparative analysis of Bt toxins and Lectins
Bt toxins

Lectins

Active against a wide range of agriculturally important pests belonging to the groups of Lepidoptera, Coleoptera and Diptera with a
high degree of specificity but fail to show significant toxicity against
Homoptera
Proteolytic activation by serine proteases (trypsin or chymotrypsin)
at relatively alkaline condition in insect gut allowing the removal of
27–29 N-terminal amino acids and 500–600 C-terminal amino acids
of the δ-endotoxins is essential for its toxicity
Bt toxins form ionic pores in the membrane of midgut epithelial cells
that cause osmotic shock, bursting of the midgut cells leading to
death of the target insect. This toxin also triggers the activation of a
cascade signalling pathway after interacting with a specific receptor
in the gut membrane
Feeding by chewing the leaves and other plant parts make the Lepidoptera, Coleoptera and Diptera group of insects more susceptible to
Bt toxins

Along with insecticidal activity against Coleoptera and Lepidoptera
groups of insects, plant lectins specifically mannose binding monocot
lectins are highly toxic to Homopterans
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Binding of non-catalytic domains of the plant lectins reversibly to specific glycoprotein receptors on the insect gut epithelium is a prerequisite for its efficacy
Plant lectins affect multiple insect physiological processes such as
fecundity, growth and development. Interference with iron metabolism
and amino acid metabolism, altered feeding behaviour has also been
noticed
Homoptera, which pierce into the leaves, rather than feeding on the leaf
surface make them less susceptible to Bt or other spray formulation
but more susceptible to plant lectins
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Fig. 3  a Possible mechanism of action of plant lectins within homopteran insect gut (adopted and modified from Refs. [7, 89]). b Immunohistolocalisation of bound ASAL on the gut section of Dysdercus

sp. (i) Insect reared on artificial diet without ASAL; (ii) Insect reared
on artificial diet supplemented with 2 nanomol ASAL (adopted from
Ref. [6])
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Fig. 4  Schematic representation of Regulatory framework for release of GMO in India (adopted and modified from Ref. [3])

surface accessibility of the complex molecule compared to
that of the free SymL receptor, resulting in reduction of the
symbionin virion recognition, which is a prerequisite for
virus transmission. These findings opened up a possibility
of using this lectin as an important component in crop management. Saha et al. [92] has undertaken a programme to
express ASAL in elite Indian rice cultivars for resistance
against brown planthopper (Nilaparvata lugens; BPH) and
green leafhopper (Nephotettix virescens; GLH). Molecular
analyses confirmed the fact about integration of the gene
and expression of the gene in the transformed rice lines.
Survival and fecundity of brown planthopper and green leafhopper were found to be reduced to 36% (P < 0.01), 32%
(P < 0.05) and 40.5, 29.5% (P < 0.001), respectively, when
tested on transgenic plants in comparison to control plants.
Specific binding of expressed ASAL to receptor proteins of
insect gut was also documented. Moreover, several other
studies confirmed the binding of these lectins to important
midgut receptors such as ferritin and NADH oxidoreductase
of Nilaparvata lugens, sucrase, and aminopeptidase N of
Acyrthosiphon pisum [5, 29, 39].

Fused insecticidal proteins
Recent studies have focussed on the expression of two different proteins as a fused protein (translated together) under
the control of a single promoter for the control of insect
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pests [62, 84, 116]. Most of the fusion proteins consists of
δ-endotoxins from B. thuringiensis (Bt) and/or other plant
defence-related proteins [102]. Recently, two protein toxins, Hvt (ω-atracotoxin from Hadronyche versuta, Blue
Mountains funnel web spider) and onion leaf lectin, were
translationally fused to analyze their effect on Phenacoccus
solenopsis (mealybug), a phloem-feeding insect pest [62].
ω -Atracotoxin binds to insect calcium channels and blocks
nerve impulses leading to paralysis and death of the insect
[10]. Results from the study showed that the fused protein
enhanced the insecticidal activity relative to each protein
used individually and could be expressed in transgenic plants
for management of sucking pests [62].

Government regulations in release of GM
crops
Biosafety assessment of GM crops is an important consideration before acceptance/commercialization to minimize
the potential risks to the environment and human health.
The detection and quantification of alien gene content in
GM crops and associated labelling were first introduced by
the European Union [Regulation (European Commission)
258/97] which is now the mandatory requirements in many
countries (Australia, Brazil, Chile, China, India, Indonesia,
Israel, Japan, Philippines, Russia, South Korea, Taiwan, and
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Thailand), whereas in Argentina, Canada, and USA they are
voluntary (Directive: EC/1829/2003; [22]). Data on molecular characterization, data analysis of an inserted gene of
interest, and location in the genome are regarded as important requirements by regulatory authorities. The precautionary measures deployed in accordance with the Cartagena
Protocol on Biosafety and Convention on Biological Diversity [42, 43, 48] ensure adequate levels of protection during the transfer, handling, and proper labeling of GM crops.
In India, genetically modified organisms (GMOs) and the
products are regulated under the “Rules for the manufacture,
use, import, export & storage of hazardous microorganisms,
genetically engineered organisms or cells, 1989” (referred
to as Rules, 1989) notified under the Environment (Protection) Act, 1986. The Rules, 1989 are supported by series of
guidelines on contained research, biologics, confined field
trials, food safety assessment, environmental risk assessment
etc. Six Competent Authorities and their composition have
been notified under these Rules that includes:
1.
2.
3.
4.
5.
6.

rDNA Advisory Committee (RDAC)
Institutional Biosafety Committee (IBSC)
Review Committee on Genetic Manipulation(RCGM)
Genetic Engineering Appraisal Committee (GEAC)
State Biotechnology Coordination committee (SBCC)
District Level Committee

An example of functioning of regulatory system for confined field trials and environmental release of a GE plant
is illustrated in Fig. 4. As the active research in transgenic
plants was initiated in nineties in India, guidelines were
issued in 1998 by Department of Biotechnology (DBT) to
provide guidance for recombinant DNA research on plants.
The guidelines also provide for design of a greenhouse and
safeguards to be followed in field trials [56]. Guidelines and
Standard Operating Procedures for conduct of confined field
trials of regulated GE Plants were issued by DBT and Ministry of Environment, Forest and Climate Change (MoEFCC) in 2008 [20]. Guidelines for the Safety Assessment
of Foods Derived from Genetically Engineered (GE) Plants
were prepared by the Indian Council of Medical Research
and adopted by RCGM and GEAC in 2008 [57]. These
guidelines provide guidance on principles and steps on food
safety assessment of GE plants and are based on guidelines
and principles of Codex Alimentarius Commission, 2003.
MoEFCC in association with the DBT has recently adopted
a set of three documents to strengthen the environmental
risk assessment of GE plants in India. These include Guidelines for the Environmental Risk Assessment of Genetically
Engineered Plants, 2016; Environmental Risk Assessment
of Genetically Engineered Plants: A Guide for Stakeholders and Risk Analysis Framework, 2016 [69]. Guidelines
for Environmental Risk Assessment of GE plants have been

prepared in consonance with Annex III to the Cartagena
Protocol on Biosafety, to which India is a signatory.

Conclusion
Over the years, Bacillus thuringiensis derived Bt toxins have
been established as valuable tools for controlling certain
class of insects, as sprays or expressed in transgenic plants.
Likewise, mannose binding monocot plant lectins have
been worked out efficiently in management of sap-sucking
insects. Ongoing studies on new molecules of biological origin, enhancing efficiency of known molecules along with
application of genetic engineering technology are expected
to provide more efficient bioinsecticide which will throw
new insight to future pest management programme. Development of well characterized fusion proteins will also allow
production of next generation bioinsecticides. Furthermore,
combining these efforts with integrated pest management
will contribute to improve their market acceptability and
effective implications.
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