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Transgenic resistance to insects has been demonstrated in plants
expressing insecticidal genes such as §-endotoxins from Bacillus
thuringiensis (Bt), protease inhibitors, enzymes, secondary plant
metabolites, and plant lectins. While transgenic plants with intro-
duced Bt genes have been deployed in several crops on a global scale,
the alternative genes have received considerably less attention. The
protease inhibitor and lectin genes largely affect insect growth
and development and, in most instances, do not result in insect
mortality. The effective concentrations of these proteins are much
greater than the Bt toxin proteins. Therefore, the potential of some
of the alternative genes can only be realized by deploying them in
combination with conventional host plant resistance and Bt genes.
Genes conferring resistance to insects can also be deployed as mul-
tilines or synthetic varieties. Initial indications from deployment
of transgenics with insect resistance in diverse cropping systems in
USA, Canada, Argentina, China, India, Australia, and South Africa
suggest that single transgene products in standard cultivar back-
grounds are not a recipe for sustainable pest management. Instead,
a much more complex approach may be needed, one which may in-
volve deployment of a combination of different transgenes in differ-
ent backgrounds. Under diverse climatic conditions and cropping
systems of tropics, the success in the utilization of transgenics for
pest management may involve decentralized national breeding pro-
grams and several small-scale seed companies. While several trans-
genic crops with insecticidal genes have been introduced in the tem-
perate regions, very little has been done to use this technology for
improving crop productivity in the harsh environments of the trop-
ics, where the need for increasing food production is most urgent.
There is a need to develop appropriate strategies for deployment of
transgenics for pest management, keeping in view the pest spectrum
involved, and the effects on nontarget organisms in the ecosystem.
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INTRODUCTION

There is a continuing need to increase food production, par-
ticularly in the developing countries of Asia, Africa, and Latin
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America. Losses due to insect pests represent one of the sin-
gle largest constraints to crop productivity, estimated at 14%
of the total agricultural production (Oerke et al., 1994). In ad-
dition, insects also act as vectors of various plant pathogens.
The annual global cost of attempting to reduce pest damage
through insecticide application is currently valued at US$10 bil-
lion. Large application of insecticides for insect control results in
toxic residues in food and food products, in addition to adverse
effects on nontarget organisms and the environment in general.
Furthermore, the cost-benefit ratio of such practices can eas-
ily become negative in marginal cropping systems, particularly
when other factors such as diseases or drought also become rate
limiting in crop production.

The losses due to insect pests can be minimized effec-
tively through host plant resistance to insects (environmentally
safe seed-based technology through conventional plant breed-
ing and/or biotechnological approaches) compared to other pri-
mary constraints to crop production such as low soil fertil-
ity and drought. The ability to isolate and manipulate single
genes through recombinant DNA technology (Watson et al.,
1987), together with the ability to insert specific genes into a
chosen variety (Chilton, 1983) has opened a new era of tar-
geted plant breeding. Significant progress has been made over
the past two decades in introducing foreign genes into plants,
and this has provided opportunities to modify crops to increase
yields, impart resistance to biotic and abiotic stresses, and im-
prove nutritional quality (Sharma et al., 2002a). Genes encod-
ing §-endotoxins from Bacillus thuringiensis (Bt) were cloned
in the early 1980s (Schnepf and Whiteley, 1981), and geneti-
cally modified plants with resultant resistance to insects were
developed by the mid-1990s (Hilder and Boulter, 1999; Sharma
et al., 2000). In this article, we focus on candidate genes con-
ferring resistance to insect pests and review the current progress
in developing transgenics with insect resistance and their lim-
itations in order to assess the future potential of this technol-
ogy, with particular reference to the genetic improvement of
crops for improving the livelihoods of poor people in developing
countries.
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GENETIC TRANSFORMATION OF CROP PLANTS

The efficiency of tissue culture and transformation proto-
cols is one of the most important components for successful
generation of transgenic crops (Sharma and Ortiz, 2000b). The
major components for the development of transgenic plants are:
(1) development of reliable tissue culture and regeneration sys-
tems, (2) preparation of gene constructs and transformation with
suitable vectors, (3) efficient techniques of transformation for
introduction of genes into the crop plants, (4) recovery and mul-
tiplication of transgenic plants, (5) molecular and genetic char-
acterization of transgenic plants for stable and efficient gene
expression, (6) transfer of genes into elite cultivars by con-
ventional breeding methods, and (7) evaluation of transgenic
plants for their effectiveness in alleviating biotic and abiotic
stresses without being an environmental hazard (Birch, 1997).
Although several approaches have been tried successfully for in-
tegrative transformation (Potrykus, 1991), only four approaches
are used widely and have enabled scientists to introduce genes
into a wide range of crop plants (Dale et al., 1993). These in-
clude (1) Agrobacterium-mediated gene transfer, (2) micropro-
jectile bombardment with DNA or biolistics, (3) microinjection
of DNA, and (4) direct DNA transfer into isolated protoplasts.
Of these techniques, the first two approaches have been used
quite successfully.

« In the particle bombardment (biolistics) method, tung-
sten or gold particle microprojectiles are coated
with the DNA to be inserted, and bombarded into
cells/tissues capable of subsequent plant regeneration.
Acceleration of heavy microprojectiles (0.5 to 5.0 um
diameter tungsten or gold particles) coated with DNA
carries genes into virtually every type of cell and tissue
(Klein et al., 1987; Sanford, 1990). The DNA-coated
particles enter the plant cells, the DNA is incorporated
in a small proportion of the treated cells, and the trans-
formed cells are selected for plant regeneration.

¢ In the protoplast transformation, the cell wall of the
target cells is removed by enzymatic treatment, and the
cells are bounded by a plasma membrane (Zhang and
Wu, 1988). The DNA can be added into cell suspension,
which can be introduced by affecting the plasma mem-
brane by polyethylene glycol or by passing an electric
current through the protoplast suspension. The DNA
gets incorporated into the genome of a few cells. A
suitable marker may be inserted to select the trans-
formed protoplasts and the cell colonies that develop
from them (Shimamoto er al., 1989). The Cry2Aa2
operon expressed in tobacco chloroplasts resulted in
Bt protein content of up to 45.3% of the total protein in

o Agrobacterium tumefaciens has been used widely for
transforming the desired genes into crop plants. It
is a soil-inhabiting bacterium that has been impli-
cated in gall formation at the wound sites in many
dicotyledonous plants. This tumor-inducing capabil-
ity is due to the presence of a large Ti (tumor-
inducing) plasmid in virulent strains of Agrobacterium.
Likewise, Ri (root-inducing) megaplasmids are found
in virulent strains of Agrobacterium rhizogenes, the
causative agent of “hairy root” disease. The 7i and
Ri plasmids, and the molecular biology of crown gall
and hairy root induction, have been studied in great
detail (Zambryski et al., 1983; Zambryski, 1992).
Agrobacterium-mediated transformation is brought
about by incorporation of genes of interest from an in-
dependently replicating 7i plasmid within the A. tume-
faciens cell, which then infects the plant cell and trans-
fers the T-DNA containing the gene of interest into the
chromosomes of the actively dividing cells of the host
plant.

Genetically engineered DNA can also be directly in-
jected into nuclei of embryogenic single cells, which
can be induced to regenerate plants in cell culture
(Neuhaus et al., 1987). This requires micromanipu-
lation of single cells or small colonies of cells under
the microscope, and precise injection of small amounts
of DNA solution with a thin glass micro pippette. In-
jected cells or clumps of cells are subsequently raised
in in vitro culture systems and regenerated into plants.

mature leaves, which resulted in 100% mortality of cot-
ton bollworm and beet armyworm (Cosa et al., 2002).

GENE EXPRESSION

Efficient genetic engineering relies on being able to gener-
ate a specific gene product at the desired level of expression,
in the appropriate tissues, at the right time. This can be ac-
complished by creating gene constructs that include promoters
and/or transcription regulation elements that control the level,
location, and timing of gene expression. A major constraint in
the development of effective transgenic products has been the
lack of promoters that can offer a high level of gene expres-
sion at this degree of specificity in the crop species of interest.
Traditionally transgene expression has been driven by strong
constitutive promoters such as caulifiower mosaic virus 35S pro-
moter (CaMV35S) (Benfey and Chua, 1989, 1990) and Actin 1
(McElory et al., 1990). Although CaMV35S has been widely
used in a number of dicotyledonous plant transformation sys-
tems, it has low activity in monocotyledonous systems (Wilmink
etal., 1995). Moreover, the pattern of CaMV35S promoter activ-
ity in different tissues of transgenic plants is difficult to predict
(Benfey and Chua, 1990). In general, it has been found that
monocot promoters are more active in monocot tissues than in
dicot tissues (Wilmink et al., 1995).

More recently, tissue-specific promoters have been success-
fully employed for driving transgene expression solely in pith tis-
sue. Phosphoenolpyruvate carboxylase (PEPC) from maize can
be used for gene expression in green tissue (Hudspeth and Grula,
1989). From a crop-yield—potential perspective, insect-resistant
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transgenes should be expressed only in those organs likely to
be attacked by the insects. Otherwise, plants may be highly
resistant, yet the metabolic cost may substantially reduce the
crop yield. This approach also reduces the probability of unex-
pected negative effects on nontarget organisms. Often, it may
not be possible to extrapolate results on gene expression lev-
els from one species to another, and each crop should be tested
with a set of promoters. Although the constitutive promoters
such as CaMV35S are effective in providing high levels of gene
expression, such expressions in some cases are not only un-
necessary, but could also have unanticipated negative conse-
quences towards nontarget organisms. On the contrary, a more
targeted expression of insecticidal genes by using tissue- and
organ-specific promoters can form an important component for
developing transgenic plants with resistance to insects (Wong
et al., 1992; Svab and Maliga, 1993; McBride et al., 1995).

Transposon-mediated repositioning of transgenes is an attrac-
tive strategy to generate plants that are free of selectable markers
and T-DNA inserts (Cotsaftis et al., 2002). By using a minimal
number of transformation events, a large number of transgene
insertions in the genome can be obtained so as to benefit from
position effects in the genome that can contribute to higher levels
of expression. CrylB gene expressed under the control of maize
ubiquitin promoter between minimal terminal inverted repeats
of the maize Ac-Ds transposon system was cloned in the 5" un-
translated sequence of a gfp gene used as an excision marker.
The results indicated that transposon-mediated relocation of the
gene of interest is a powerful method for generating T-DNA
integration site-free transgenic plants and exploiting favorable
position effects in the plant genome.

BIO-EFFICACY OF TOXIN GENES EXPRESSED IN
TRANSGENIC PLANTS AGAINST INSECT PESTS

Genes from bacteria such as Bacillus thuringiensis (Bt) and
Bacillus sphaericus, protease inhibitors, plant lectins, ribosome-
inactivating proteins, secondary plant metabolites, and small
RNA viruses have been used alone or in combination with con-
ventional host plant resistance to develop crop cultivars that
suffer less damage from insect pests (Hilder and Boulter, 1999).
Genes conferring resistance to insects have been inserted into
crop plants such as maize (Zea mays), rice (Oryza sativa), wheat
(Triticum aestivum), sorghum (Sorghum bicolor), sugarcane
(Saccharam officinarum), cotton (Gossypium hirsutum), potato
(Solanum tuberosum), tobacco (Nicotiana tabacum), broccoli
(Brassica oleracea var italica), cabbage (Brassica oleracea
var capitata), chickpea (Cicer arietinum), pigeonpea (Cajanus
cajan), cowpea (Vigna unguiculata), groundnut (Arachis hy-
pogea), tomato (Lycopersicon esculentum), brinjal (Solanum
melongena), and soybean (Glycine max) (Sharma et al., 2000).
Genetically transformed crops with Bz genes have been deployed
for cultivation in USA, Argentina, Canada, China, South Africa,
Australia, Romania, Mexico, Bulgaria, Spain, Germany, France,
Uruguay, Indonesia, Ukraine, Portugal, and India.

While several transgenic crops with insecticidal genes have
been introduced in the temperate regions, very little has been
done to use this technology for improving crop productivity in
the harsh environments of the tropics, where the need for in-
creasing food production is most urgent. Transgenic Bt cotton
and maize have largely been grown on a commercial scale un-
der high input temperate or subtropical cropping systems. The
most urgent need to use this technology is in the tropical regions,
where soil fertility, water availability, insect pests, and diseases
severely constrain crop production. For transgenic plants to be
successful in integrated insect pest management they have to
substitute, completely or partially, for the use of insecticides
in crop production, and then result in increased crop produc-
tion and environment conservation. The bioefficacy of different
toxin genes expressed in transgenic plants has been discussed
below.

6-Endotoxins from Bacillus thuringiensis

Bacillus thuringiensis was isolated from diseased larvae of
Mediterranean meal moth (Ephetia kuhniella) (Berliner, 1915).
Itis a gram-positive bacterium that produces proteinaceuos crys-
talline (Cry) inclusion bodies during sporulation. It also pro-
duces cytotoxins that synergize the activity of Cry toxins. There
are several subspecies of this bacterium that are effective against
lepidopteran, dipteran, and coleopteran insects. The identifica-
tion of the kurstaki strain, which is highly effective against the
lepidopteran insects, provided a boost for commercialization of
Bt. Since then, a vast array of Bt strains have been isolated, of
which HD 1 strain is the most important product in the mar-
ket (Dulmage, 1981). The Bt toxins were earlier classified into
four types, based on insect specificity and sequence homology
(Hofte and Whiteley, 1989). Cry-I-type genes encode proteins
of 130 kDa and are usually specific to lepidopteran larvae, type II
genes encode for 70 kDa proteins that are specific to lepidopteran
and dipteran larvae, and type III genes encode for 70 kDa pro-
teins specific to coleopteran larvae. Cry-IV—type genes are spe-
cific to the dipteran larvae. The system was further extended
to include Cry-V-type genes that encode for proteins effec-
tive against lepidopteran and coleopteran larvae (Tailor et al.,
1992). The Bt §-endotoxins are now known to constitute a fam-
ily of related proteins for which 140 genes have been described
(Crickmore et al., 1998), with specificities for Lepidoptera,
Coleoptera, and Diptera. Expression of Bt genes in tobacco and
tomato provided the first example of genetically modified plants
with resistance to insects (Barton et al., 1987; Fischhoff et al.,
1987; Vaeck et al., 1987). Progress made in developing trans-
genic plants with Bt genes has been discussed below.

Cotton

Considerable progress has been made in developing cotton
cultivars with Bt genes for resistance to bollworms, and there
is a clear advantage of growing transgenic cotton in reduc-
ing bollworm damage and increasing cottonseed yield (Hilder
and Boulter, 1999). Cotton plants with Bt genes are effective
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against pink bollworm (Pectinophora gossypiella) (Wilson et al.,
1992). Cotton cultivar Coker 312, transformed with the Cry/A(c)
gene (having 0.1% toxin protein), has shown high levels of
resistance to cabbage looper (Trichoplusia ni), tobacco cater-
pillar (Spodoptera exigua), and cotton bollworms (Helicoverpa
zea/Heliothis virescens). In transgenic cotton, cotton bollworm
damage was reduced to 2.3% in flowers and 1.1% in bolls com-
pared to 23% damage in flowers and 12% damage in bolls in
the commercial cultivar, Coker 312 (Benedict et al., 1996). The
cottonseed yield was 1050 kg ha~! in Coker 312 compared to
1460 kg in Bt cotton. In China, cotton cultivars Shiyuan 321
and Zhongmiansuo 19, 3517, and 541 (transformed with Bt
genes) have resulted in up to 96% mortality of cotton bollworm
(Helicoverpa armigera) (Guo et al., 1999). Transgenic cotton
lines S 545, S 591, S 636, and S 1001 from Simian 3 and 1109
from Zhongmiansuo 12 with Bt genes have shown adverse af-
fects on survival and development of H. armigera (Ni et al.,
1996). Cotton bollworm (H. zea and Heliothis virescens) sur-
vival has been found to be greater on squares and flower anthers
than on other floral structures in Deltapine 5415 conventional
cotton and transgenic NuCOTN 33B (Cotsaftis e al., 2002).
ELIZA tests indicated that CrylA(c) expression varied in dif-
ferent plant parts, but bollworm survival did not correlate with
the protein expression (Gore et al., 2001). Trends in Bollgard
IT were similar to Bollgard I and nontransgenic cotton. These
data support the observations under field conditions that white
flowers and small bolls of cotton suffer greater damage than the
older bolls.

First- to fourth-instar larvae of H. armigera died on trans-
genic Bt cotton, while in fifth- and sixth-instar larvae the pu-
pation decreased by 48.2 and 87.5%, and adult emergence by
66.7 and 100%, respectively. Egg laying decreased by 50.1 to
69.7%, and egg hatching by 80.6 to 87.8% (Cui and Xia, 1999).
Feeding dust of transgenic cotton to the adults decreased the
number of eggs and egg hatching by 59.8 and 72.1%, respec-
tively. CrylA(c) levels can be quantified by cotton budworm
(H. virescens) growth inhibition bioassay through concurrently
run concentration-response curves using purified Cry/A(c) pro-
tein (Greenplate, 1999). The assay is amenable to large number
of samples, uses small amounts of plant tissue, and avoids some
of the concerns associated with immuno-based quantitative as-
says. The bioassay sensitivity ranged from 0.1 to 10.0 ng per
ml. Accurate measurements of Bt toxins through immunoassay
requires the production of quality antibodies, as well as opti-
mization and validation of protein extraction from the specific
tissue. Bioassays over the crop-growing season give a better in-
dication of active toxins in the plant than the immunological
recognition of the toxins, which may be influenced by other
chemical constituents of the plant.

Maize

Bacillus thuringiensis toxins expressed in maize plants are
highly effective against the European corn borer (ECB) (Ostrinia
nubilalis) (Koziel et al., 1993; Armstrong et al., 1995; Archer
et al., 2000). Transgenic maize expressing Cry9C (from Bacil-

lus thuringiensis subsp. tolworthi) is highly effective against
ECB (Jansens et al., 1997). Maize plants transformed with Bt
genes have also been found to be effective against the spotted
stem borer (Chilo partellus) and the maize stalk borer (Busseola
fusca) in Southern Africa (Rensburg van, 1999). Spotted stem
borer is more susceptible than the maize stalk borer to trans-
genic maize with Bt genes. Maize plants with CrylA(b) gene are
also resistant to the sugarcane borers (Diatraea grandiosella
and Diatraea saccharalis) (Bergvinson et al., 1997). The Bt-
transformed plants exhibit greater resistance to D. grandiosella
than those derived from conventional host plant resistance breed-
ing. Williams et al. (1997) developed transgenic corn hybrids,
which sustained significantly less leaf feeding damage by fall
armyworm (Spodoptera frugiperda) and Southwestern corn
borer (Diabrotica undecimpuncta howardi) than the resistant
cultivars derived through conventional breeding. Resistance to
fall armyworm and near immunity to Southwestern maize borer
observed in these transgenic maize hybrids is the highest level of
resistance documented for these insect pests. Transgenic trop-
ical maize inbred lines with CrylA(b) or CrylA(c) genes with
resistance to corn earworm, fall armyworm, Southwestern corn
borer, and sugarcane borer have also been developed (Bohorova
et al., 1999). A binary insecticidal crystal protein (b/CP) from
B. thuringiensis strain PS149B1, composed of a 14-kDa protein
(Cry34Ab1) and a 44-kDa protein (Cry35Ab1), have been coex-
pressed in transgenic maize plants and provide effective control
of Western maize rootworm, (Diabrotica virgifera virgifera) un-
der field conditions (Herman et al., 2002). The 14-kDa protein is
also active alone against the southern maize rootworm (Diabrot-
ica undecimpunctata howardi), and was synergized by a 44-kDa
protein.

Bt-maize is quite effective in preventing ECB damage, and
generally produces higher grain yields than the nontransgenic
crop (Clark et al., 2000). First generation ECB damage is re-
duced or eliminated with the use of the Bt hybrids. In the ab-
sence of ECB pressure, the performance of transgenic hybrids is
similar to their nontransgenic counterparts. Yield of isoline hy-
brids is 10% lower than the standard and Bt hybrids regardless
of ECB infestation (Lauer and Wedberg, 1999), but Bt hybrids
generally yield 4 to 8% greater than the standard hybrids un-
der severe ECB pressure. Transgenic crops have also been ob-
served to have beneficial effects on nontarget pests; for example,
maize hybrids with CrylA(b) also suffer less Fusarium ear rot
than their nontransgenic counterparts (Munkvold ez al., 1999).
Novartis Sweetcorn and GH 0937 hybrids containing the B gene
are highly resistant to H. zea and S. frugiperda (Wiseman et al.,
1999; Lynch et al., 1999b).

Rice

Rice plants having 0.05% toxin of the total soluble leaf pro-
tein have shown high levels of resistance to the striped stem borer
(Chilo suppressalis) and rice leaf folder (Cnaphalocrosis medi-
nalis) (Fujimoto et al., 1993). Scented varieties of rice (Basmati
370 and M 7) have been transformed with Cry II(a) and are resis-
tant to yellow rice stem borer (Scirpophaga incertulas) and the
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rice leaf folder (Mgbool et al., 1998). Truncated CrylA(b) gene
has been introduced into several indica and japonica rice cul-
tivars by microprojectile bombardment and protoplast systems
(Datta et al., 1998). Rice lines transformed with the synthetic
CrylA(c) gene are highly resistant to yellow stem borer (Nayak
et al., 1997), and those with the Cry/A(b) gene are resistant to
the striped stem borer and the yellow stem borer (Ghareyazie
et al., 1997). CrylA(b) gene has also been inserted into the
maintainer line, R 68899B, with enhanced resistance to yel-
low stem borer (Alam et al., 1999). Khanna and Raina (2002)
developed Bi-transgenics of elite indica rice breeding lines (IR
64, Pusa Basmati 1 and Karnal Local) with synthetic Cryl/A(c)
gene. Selected Bt-lines of IR 64 and Pusa Basmati 1, having
Bt-titres of 0.1% (of total soluble protein), showed 100% mor-
tality of yellow stem borer larvae within 4 days of infestation
in cut-stems as well as at the vegetative stage in whole plant
assays. Husnain et al. (2002) expressed Cryl/A(b) in Basmati
rice under the control of three promoters (PEPC, ubiquitin, and
pollen-specific promotor derived from Bpl0 gene of Brassica
napus in pGEM 4Z). Toxin protein expression was 0.05% of
the total protein in stems under the control of PEPC promo-
tor alone or in combination with the pollen-specific promotor,
but was nearly 0.15% of the total protein under the control of
ubiquitin promotor, suggesting that a specific promotor can be
used to limit the expression on CrylA(b) gene in desired plant
parts. The GUS histochemical assay, larval mortality, leaf area
consumed, and leaf disc and whole-plant bioassays have been
found to give similar results (Ye et al., 2000). Detached leaf
assay for evaluating the resistance of transgenic rice to striped
stem borer overcomes the difficulty of maintaining fresh stems
for a long time and frequent escape of striped stem borer larvae
(Yao et al., 2002).

Sorghum

Toxins from B. thuringiensis var morrisoni have shown bi-
ological activity against the sorghum shoot fly (Atherigona
soccata). CrylA(c), CrylC, CrylE, and Cry2A are moder-
ately effective against spotted stem borer (C. partellus), while
CrylA(c) is effective against H. armigera (Sharma et al., 1999).
Sorghum plants having the CrylA(c) gene have been developed
at ICRISAT and are presently being tested for their resistance to
the spotted stem borer (Harshavardhan et al., 2002).

Sugarcane

The truncated CrylA(b) gene in sugarcane has shown signifi-
cant activity against the sugarcane borer (D. saccharalis) despite
low expression of the Bt protein (Arencibia et al., 1997).

Oilseed Crops

A codon-modified Cryl/A(c) gene has been introduced into
groundnut by using microprojectile bombardment (Singsit et al.,
1997). The immunoassay of plants selected with hygromycin has
shown the expression of CrylA(c) protein up to 0.16% of the
total soluble protein. Complete mortality or up to 66% reduction
in larval weight has been recorded in the lesser corn stalk borer

(Elasmopalpus lignosellus). There is a negative correlation be-
tween larval survival and larval weight of the lesser corn stalk
borer with the amount of Bt protein.

Grain Legumes

A tissue culture and regeneration protocol has been devel-
oped for chickpea, which has been found to be useful for genetic
transformation of this crop (Jayanand et al., 2003). Chickpea
cultivars ICCV 1 and ICCV 6, transformed with CrylA(c) gene,
have been found to inhibit the development of and feeding by
H. armigera (Kar et al., 1997). Pigeonpea plants with CrylA(b)
and soybean trypsin inhibitor (SBTI) genes developed at
ICRISAT are being tested against H. armigera.

Tobacco

Expression of Bt genes in tobacco provided the first example
of genetically modified plants with resistance to insects (Barton
et al., 1987). Synthetic Crylll genes in tobacco are effective
for the control of Colorado potato beetle (Leptinotarsa decem-
lineata) (Perlak et al., 1993). Tobacco plants containing the
Crylla5 gene are highly resistant to H. armigera (Selvapandian
etal., 1998), and the effectiveness of this toxin is comparable to
CrylA(b) or CrylA(c).

Potato

Synthetic Crylll gene has been expressed in potato plants
with resistance to Colorado potato beetle (L. decemlineata)
(Jansens et al., 1995). Transgenic potato plants containing the
CrylA(b) gene (Bt 884), and a truncated gene CrylA(b)6 re-
sulted in less damage to the leaves by the potato tuber moth
(Pthorimaea opercullela). However, the size of the leaf tunnels
increased over time in plants containing only the Bt 884 gene,
while there was no increase in tunnel length in those contain-
ing CrylA(b)6 (Arpaia et al., 2000). The latter also resulted in
100% mortality of the insects in tubers stored up to six months.
Transgenic LT 8 and Sangema tubers remained uninfested by
P. operculella for 6 months. However, no significant effects were
observed on the nontarget species such as Liriomyza huidobren-
sis, Russelliana solanicola and Myzus persicae. Damage to the
4th terminal leaf by Epitrix cucumeris was 20 to 31% lower than
in nontransgenic plants (Stoger et al., 1999). Davidson et al.
(2002) developed transgenic lines of Ilam Hardy and Iwa with
CrylAc9 gene. A transgenic line from each cultivar inhibited lar-
val growth of P. opercullela by over 40%, and the line derived
from Ilam Hardy prevented pupation of all larvae. A modified
gene of B. thuringiensis var tolworthi (CryllIB) has shown insec-
ticidal activity toward neonate larvae of Colorado potato beetle
(Arpaia et al., 1997). Picentia and the wild species, Solanum
integrifolium, have also been transformed with a wild-type (wt)
and four mutagenized versions of Bt 43 belonging to the Crylll
class (Innacone et al., 1997). Adult males feeding on high-level
Bt-expressing transgenic potatoes were able to mate and produce
mobile sperm, but the females were impaired in their reproduc-
tive ability since their ovaries were not fully developed (Stewart
etal., 1999). New Leaf Bt-transgenic potatoes provide substan-
tial ecological and economic benefits to potato growers (Hoy,
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1999). Cry5-Lemhi Russet and Cry5-Atlantic potato lines have
shown up to 100% mortality of first instar larvae of the potato
tuber moth (Mohammed et al., 2000). The insertion and ex-
pression of the CrylA(b) into potato cultivars Sangema, Cruza
148, and LT 8 has resulted in up to 100% larval mortality of
P. operculella (Canedo et al., 1999).

Vegetable Crops

Expression of Bt genes in tomato was one of the first exam-
ples of genetically modified plants with resistance to insects
(Fischhoff et al., 1987). Tomato plants expressing CrylA(b)
and CrylA(c) genes are effective against the lepidopteran in-
sects (Delannay et al., 1989; Van der Salm et al., 1994). Ex-
pression of CrylA(c) gene in tomato is highly effective against
H. armigera (Mandaokar et al., 2000). Transformed brinjal
plants have shown significant insecticidal activity against the
fruit borer (Leucinodes orbonalis) (Kumar et al., 1998). Syn-
thetic CrylC gene introduced into broccoli (Brassica oleracea
subsp. italica) provides protection not only from the susceptible
diamond back moth (Plutella xylostella) larvae, but also from
diamond back moth selected for moderate levels of resistance
to CrylC (Cao et al., 1999). Transgenic broccoli containing
CrylC is also resistant to the cabbage looper (Trichoplusia ni)
and cabbage butterfly (Pieris rapae). Brassica campestris subsp.
parachinensis transformed with CrylA(b) or CrylA(c) is resis-
tant to P. xylostella (Xiang et al., 2000).

Vegetative Insecticidal Proteins

Supernatant of vegetative Bacillus cereus culture have two
compounds, VIP I and VIP 2, which have been shown to pos-
sess toxic effects toward insects (Estruch et al., 1997). VIP 3 is
highly toxic to Agrotis and Spodoptera (Estruch et al., 1996). The
activity of these proteins is similar to §-endotoxins. The acute
toxicity of vegetative insecticidal proteins is in the same range
as that of the §-endotoxins from Bt. They induce gut paralysis,
followed by complete lysis of the gut epithelium cells, resulting
in larval mortality. Efforts are underway to use these proteins
for inducing resistance to insect pests.

Secondary Plant Metabolites

Many secondary plant metabolites such as alkaloids, steroids,
foliar phenolic esters, terpenoids, saponins, flavonoids, and non-
protein amino acids act as potent protective chemicals. Some of
the secondary plant metabolites are produced in response to in-
sect feeding (Sharma and Agarwal, 1983; Ebel, 1986; Sharma
and Norris, 1991). Systemically induced responses are modified
through synthesis and action of jasmonic acid via its lipid pre-
cursor, e.g., linoleic acid in tomato. Application of exogenous
jasmonate induces the production of proteinase inhibitors. Xu
et al. (1993) observed enhanced resistance in rice by wounding
methyl jasmonate and abscisic acid in transgenic plants. Effec-
tive manipulation of secondary metabolites by introduction (or
elimination by antisense RNA technology) of enzyme-encoding
sequences is quite difficult (Hallahan et al., 1992; McCaskill
and Croteau, 1998), and increased production of many of these

chemicals may impose a measurable cost in productivity po-
tential of crop plants (Vrieling et al., 1991). Such cost is not
involved in natural protection mechanisms based on protective
proteins (Brown, 1988). Expression of relatively large amounts
of a foreign protein such as cowpea proteinase inhibitor (CpTi)
does not impose a cost in yield in transgenic plants (Hilder and
Gatehouse, 1991).

Enzyme Inhibitors

The enzyme inhibitors act on key insect gut digestive en-
zymes such as a-amylase and proteinases. Several kinds of
«-amylase and proteinase inhibitors present in seeds and veg-
etative organs in plants influence food utilization by the phy-
tophagous insects (Ryan, 1990; Konarev, 1996; Chrispeels et al.,
1998; Gatehouse and Gatehouse, 1998). The usefulness of some
of these chemical compounds for developing insect-resistant
transgenic plants is discussed in the following sections.

Protease Inhibitors

Protease inhibitors of plants are involved in a number of func-
tions, including the control of endogenous proteolytic enzymes
(Richardson, 1977), the reserve of ammonia and sulphur amino
acids within the storage organs (Pusztai, 1972; Tan-Wilson ez al.,
1985), and the plant defense against insect and nematode attack
(Sijmons, 1993; Urwin et al., 1995; Lawrence and Koundal,
2002)). There is considerable diversity in protease inhibitors
of cultivated chickpea and its wild relatives (Patankar et al.,
1999). In tomato and tobacco plants, protease inhibitors have
been found to accumulate in response to infection by pathogenic
microorganisms (Peng and Black, 1976; Rickauer ef al., 1989).
Since protease inhibitors are primary gene products, they are ex-
cellent candidates for engineering insect resistance into plants.
Disruption of amino acid metabolism by inhibition of protein
digestion has been one of the targets for use in insect control
(Johnson et al., 1989). Genes encoding inhibitors specific for
serine-proteases are the main digestive proteases in most lep-
idopteran insects (Boulter, 1993). Deployment of protease in-
hibitors for insect control requires a detailed analysis of particu-
lar insect-plant interactions. The ability of some insect species to
compensate for protease inhibition by switching onto an alterna-
tive proteolytic activity or overproducing the existing proteases
may limit the application of protease inhibitors in such species
(Jongsma et al., 1995). Adaptive mechanisms elevate the lev-
els of other classes of proteinases to compensate for the trypsin
activity inhibited by dietary proteinase inhibitors.

Soybean Kunitz-type trypsin inhibitor (SBT]) and soybean
Bowman-Birk—type trypsin-chymotrypsin inhibitor (SBBI) re-
duced the larval weight of H. armigera, and such effects were
greater for SBTI than SBBI (Johnston et al., 1993). Larvae
feeding on diet containing 0.234 mM SBTI also reduced the
trypsin-like enzyme activity in the gut of H. armigera. Trans-
genic tobacco plants expressing cowpea trypsin inhibitor (CpTi)
have shown resistance to H. armigera (Zhang et al., 1998).
Transgenic tobacco plants expressing high levels of SBTI have
shown greater resistance than the tobacco plants expressing CpTi
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against H. virescens. The SBTI is also more effective than CpTi
in reducing the proteolytic activity of gut extracts obtained from
full-grown larvae of H. armigera. Proteolysis by gut extracts
showed 40-fold more inhibition by SBTI than CpTi (Gatehouse
et al., 1993). However, CpTi is considered to be more useful for
genetic transformation, because unlike many serine protease in-
hibitors (SPIs), it is not deleterious to mammals (Pusztai et al.,
1992). Transgenic tobacco plants expressing SBTI have shown
high levels of resistance to H. armigera (Sharma, H.C. and co-
workers, unpublished). In another study, H. armigera larvae fed
on transgenic tobacco expressing SBTI/ gene showed normal
growth and development (Nandi et al., 1999).

Transgenic tobacco plants expressing SBTI result in in-
creased insect mortality, reduced larval growth, and reduced
plant damage by H. virescens (Hilder et al., 1987), H. zea
(Hoffman et al., 1992), Spodoptera littoralis and Manduca sexta
(Yeh et al., 1997; McManus et al., 1999), and H. armigera
(Zhao et al., 1998a; Charity et al., 1999). Helicoverpa armi-
gera larvae fed on plants expressing the giant taro (Alocasia
macrorrhiza) proteinase inhibitor (GTPI) have shown growth
inhibition of 22 to 40%, but no larval mortality has been ob-
served (Wu et al., 1997b). Three soybean protease inhibitor
genes (KTi3, C-11, and PI-IV), when transformed into tobacco
and potato, showed variable expression among different plants
(Marchetti et al.,2000). The level of resistance to S. littoralis was
particularly high in tobacco, where many plants caused complete
mortality of the larvae, while in potatoes the larval mortality was
much less frequently achieved, but resulted in a reduction of lar-
val weight gain by 50%. A highly significant correlation was
observed between inhibitor content and larval weight. Larval
weight gain was found to be dependent on mid-gut proteolytic
activity. Accumulation of Kunitz-type SBTI in rice also confers
resistance to the brown plant hopper (Nilaparvata lugens) (Lee
etal., 1999).

Cowpea trypsin inhibitor (CpTi) transgenic cotton lines are
resistant to H. armigera (Li et al., 1998). The cysteine protease
inhibitor oryzacystatin is effective for controlling the Southern
maize rootworm (Diabrotica undecimpunctata) (Edmonds et al.,
1996). Expression of the potato trypsin inhibitor gene confers
resistance to insects in rice (Duan et al., 1996). Constitutive
expression of CpTi increases resistance to C. suppressalis and
Sesamia inferens in rice (Xu et al., 1996). A synthetic gene
(mwtilb) coding for a winged bean trypsin inhibitor (WTI-1B)
significantly retarded the larval growth of C. suppressalis in rice
(Mochizuki et al., 1999).

Transgenic sugarcane plants expressing potato proteinase in-
hibitor II have shown increased antibiosis to larvae of sug-
arcane grubs (Antitrogus consanguineus) (Nutt et al., 1999).
The CpTi gene in Brassica oleracea var capitata (cultivars
Yingchun and Jingfeng) has shown resistance to Pieris rapae
(Fang et al., 1997). Adults of Psylliodes chrysocephala feed
identically on leaf discs from control or transformed plants of
oilseed rape expressing constitutively the cysteine proteinase in-
hibitor, oryzacystatin I (OCI) (Girard et al., 1998a). Transgenic
potato expressing the OCI gene resulted in up to 53% mortality of

L. decemlineata (Lecardonnel et al., 1999). Feeding young fe-
male L. decemlineata beetles with foliage from “Kennebec”
potato (K 52) transformed with OCI did not affect female sur-
vival, incidence of diapause, relative growth rate, and female
reproductive fitness (Cloutier et al., 2000). However, efficiency
of conversion of ingested foliage during postemergence growth,
and adaptation of the digestive proteolytic system to the in-
hibitory effect of OCI were reduced. A significant reduction in
survival rate of the Angoumois grain moth (Sitotroga cerealella)
has been observed on transgenic wheat seeds expressing the
trypsin inhibitor from barley (Altpeter et al., 1999). However, it
did not have a significant protective effect against leaf-feeding
insects. Insects also produce serine protease inhibitors, which
can also be used against other insects by expressing them in
transgenic plants (Thomas et al., 1994, 1995a, 1995b).

Cysteine proteinase inhibitor (CPI) from potato (multi-
cystatin, PMC) has been expressed in chrysanthemum (Den-
dranthema grandiflorum) at a level of 0.13% of total protein
(Seetharam et al., 2002). No correlation between reduction in
oviposition rate by the western flower thrips (Frankliniella oc-
cidentalis) and PMC expression could be established, which
may be due to the relatively low expression level of PMC in
chrysanthemum. Modified CpTi gene (sck) has been successfully
transferred into Chinese cabbage (Brassica campestris subsp.
pekinensis (Brassica pekinensis)) cultivars (GP 11 and Zhong-
bai4) (Yang et al., 2002). The resistance of the transgenic plants
to P. rapae was observed in the laboratory and field conditions. A
trypsin inhibitor from Indian mustard, Brassica juncea (BjTi),
a precursor of a 2S seed storage protein, showed a soybean
trypsin inhibitor active site like motif (GPFRI) at the expected
processing site (Mandal et al., 2002). The BjTi is a thermo-stable
Kunitz-type trypsin inhibitor that inhibits trypsin at a molar ratio
of 1:1. The 20-kDa BjTi was purified from mid-mature seeds.
Third generation transgenics expressing BjTi at 0.28 to 0.83%
of soluble leaf protein showed remarkable resistance against the
tobacco cutworm, (Spodoptera litura). This novel trypsin in-
hibitor can be used in transforming seed crops for protection to
their vegetative parts and early seed stages, when insect damage
is maximal; as the seeds mature, the trypsin inhibitor will be
naturally processed to the inactive storage protein that is safe
for consumption.

The high level of mustard trypsin PI 2(MTI-2) expressed in
tobacco and Arabidopsis has deleterious effects on larvae of S.
littoralis, causing mortality and decreasing mean larval weight,
and was correlated with a decrease in the leaf area consumed
(De Leo et al., 1998). However, larvae fed on leaves from plants
expressing MTI-2 at the low expression level did not show in-
creased mortality but instead a net gain in weight and faster
development compared with the control larvae. These observa-
tions were correlated with the differential expression of digestive
proteases in the larval gut, overexpression of existing proteases
on low MTI-2—expression level plants, and induction of new
proteases on high MTI-2—expression level plants. Such obser-
vations emphasize the critical need for the development of a
proteinase inhibitor-based defense strategy for plants obtaining



54 H. C. SHARMA ET AL.

the appropriate proteinase inhibitor-expression level relative to
the pest’s sensitivity threshold to that proteinase inhibitor.

Prosystemin, a compound biologically active as systemin
(Ryan and Pearce, 1998), when assayed for proteinase inhibitor
induction in young tomato plants, has been found to be active in
the alkalinization response in cultured cells (Dombrowski et al.,
1999). Prosystemin and/or large fragments of prosystemin can
be active inducers of defense responses in tomato leaves. How-
ever, M. sexta larvae feeding on tomato plants, constitutively
expressing a prosystemin antisense gene, had approximately 3
times higher growth rates than the larvae feeding on nontrans-
formed control plants (Orozco-Cardenas et al., 1993). Prosys-
temin mRNA levels in antisense and control plants were corre-
lated with levels of proteinase inhibitor I and II protein levels
after 6 and 12 days of larval feeding, indicating that plant resis-
tance to insects can be modulated by genetically engineering a
gene encoding a component of the inducible systemic signaling
system regulating a plant defensive response. Despite several
reports on successful protection of plants and trees against phy-
tophagous insects, defense strategies based on protease inhibitor
expression in plants have not resulted in any commercial appli-
cations so far. This could be due to the insects’ capacity to react
to protease inhibitors, and the protease inhibitor expression lev-
els in transgenic plants.

Alpha Amylase Inhibitors

Alpha-amylase inhibitors are attractive candidates for the
control of seed weevils because they are highly dependent on
starch as an energy source. Insect o-amylases (-1, 4-glucan-
4-glucanohydrolases, EC 3.2.1.1) constitute a family of endo-
amylases that catalyze the hydrolysis of «-1, 4-glycosidic link-
ages in starch components, glycogen, and other carbohydrates.
The enzyme plays a key role in carbohydrate metabolism of mi-
croorganisms, plants, and animals. Moreover, several insects, es-
pecially those similar to weevils that feed on starchy seeds during
larval and/or adult stages, depend on their «-amylases for sur-
vival. The finding that «-amylase inhibitors from Phaseolus vul-
garis seeds are detrimental to the development of Mexican bean
weevil (Callosobruchus maculatus) (Ishimoto and Chrispeels,
1996)), stimulated their use in developing transgenic pea against
bruchid beetles (Shade et al., 1994). Amylase inhibitors from pi-
geonpea inhibit 22% amylase activity in H. armigera (Giri and
Kachole, 1998). Amylase and protease inhibitors in combina-
tion in the artificial diet increased insect mortality and showed
adverse effects on growth and development of larvae. Trans-
genic tobacco plants expressing amylase inhibitors from wheat
(WAAI) increase the mortality of the lepidopteran larvae by 30
to 40% (Carbonero et al., 1993), and those from bean (BAAI) to
Collasobruchus spp. (Shade et al., 1994; Schroeder et al., 1995).
Enhanced levels of resistance to the bruchids have also been ob-
tained in seeds of transgenic adzuki beans with alpha amylase
gene (Ishimoto et al., 1996). Alpha-amylase inhibitors (alpha Al-
1 and alpha Al-2) are effective in protecting peas from the weevil
damage under field conditions (Morton et al., 2000). Alpha Al-1
inhibits pea bruchid alpha-amylase by 80%, while alpha Al-2

inhibits the enzyme by 40%. Alpha Al-2 delays the maturation
of the larvae, while alpha Al-1 results in larval mortality.

Enzymes

Several enzymes expressed in transgenic plants have shown
resistance to lepidopteran insects (Purcell et al., 1993; Corbin
etal.,1994; Smigockiet al., 1993; Ding et al., 1998). Cholesterol
oxidase from Streptomyces is highly toxic to cotton boll weevil
(Anthonomus grandis) (Cho et al., 1995), while polyphenol ox-
idases and peroxidases increase the inhibitory effect of SCQOA
(5-caffeoyl quinic acid) and cholorogenic acid by oxidizing the
dihydroxy groups to ubiquinones that covalently bind to nu-
cleophilic (-SH2 and -NH2) groups of proteins, peptides, and
amino acids. Mechanical wounding and insect damage resulted
in transient increase in activity of polyphenol oxidase (Dhankher
and Gatehouse, 2003). However, there is no systemic induction
of this enzyme following wounding, insect damage, or applica-
tion of methyl jasmonate. Lipoxigenase from soybean has also
been shown to exhibit toxic effects towards insects (Shukle and
Murdock, 1983) and has been expressed in transgenic plants,
but resistance to insects has not been demonstrated. Use of
the bacterial isopentenyl transferase (ipf) gene, involved in cy-
tokinin biosynthesis (fused proteinase inhibitor II (PI-IIK gene))
in Nicotiana plumbaginifolia, reduces M. sexta larval feeding
by 70% (Smigocki et al., 1993) and retards the development
of peach potato aphid, M. persicae. Zeatin and zeatin-riboside
levels in leaves remaining on PI-II-ipt plants after hornworm
feeding are elevated by about 70-fold. Exogenous application of
zeatin to the PI-II-ipt leaves enhances the level of resistance to
the tobacco hornworm and completely inhibits the normal de-
velopment of the green peach aphid. Transgenic tobacco plants
expressing chitinase gene have also shown resistance to several
lepidopteran insects (Ding et al., 1998).

Plant Lectins

Plant lectins are a heterogeneous group of sugar-binding pro-
teins that have a protective function against a range of organ-
isms. Plant lectins are particularly effective against the sap suck-
ing Hemiptera (Hilder et al., 1995; Shukle and Murdock, 1983;
Czapla and Lang, 1990; Powell et al., 1993, 1995). A gene en-
coding the mannose-specific lectin from snowdrop (Galanthus
nivalis; GNA) expressed in tobacco has shown enhanced resis-
tance to peach potato aphid (M. persicae), and pea lectin in
tobacco has shown enhanced resistance to H. virescens (Boulter
et al., 1990). Greater insecticidal activity has been observed in
chitin-binding lectins and the lectin gene in wheat germ and
common bean. Larvae of cotton budworm fed on transformed
cotton with the lectin gene have a reduced weight, but there
was no effect on larval survival (Satyendra et al., 1998). Trans-
genic haploid rice shoots with GNA have shown resistance to
brown plant hopper (BPH) (Nilaparvata lugens) and the green
plant hopper (GLH) (Nephotettix virescens) (Yang et al., 1998)
and potato leathoppers (Empoasca fabae) (Habibi et al., 1992).
In plants where GNA expression is tissue-specific (phloem and
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epidermal layer) or constitutive, the green plant hopper survival
has been reduced by 23 and 53%, respectively (Foissac et al.,
2000). BPH nymphs tended to avoid plants expressing GNA, and
avoidance was less pronounced and took longer time to develop
on plants where GNA expression was tissue-specific. In contrast
to BPH, the GLH nymphs were attracted to plants expressing
GNA. Addition of transgenic sugarcane tissue with GNA into
artificial diet enhanced larval growth in D. saccharalis, result-
ing in higher larval and pupal weight compared with diet with
nontransgenic sugarcane, but this effect was not observed in the
second generation (Setamou et al., 2002). In contrast, larval sur-
vival, percentage of adult emergence, and female fecundity of
Eoreuma loftini were significantly reduced when fed a transgenic
sugarcane diet as compared with a nontransgenic sugarcane
diet.

Transgenic potatoes expressing GNA and concanavalin A
(ConA) were less susceptible to peach potato aphid, M. persi-
cae (Gatehouse et al., 1995, 1996, 1999). Larval biomass of the
tomato moth (Lacanobia oleracea) is reduced in artificial diet
containing GNA, and on excised leaves of transgenic tomato
(Fitches et al., 1997), which may result in lower fecundity of the
female moths. Transgenic maize expressing wheat agglutinin
has shown moderate activity against O. nubilalis and Diabrot-
ica sp. (Maddock et al., 1991). Wheat germ agglutinin (WGA) is
antimetabolic, antifeedant, and insecticidal to the mustard aphid
(Lipaphis erysimi) (Kanrar et al., 2002). Bioassays using leaf
discs showed that feeding on transgenics induced high mortality
and significantly reduced fecundity of aphids. However, mam-
malian toxicity of this lectin is high, and it may not be a good
candidate for use in genetic transformation. Transgenic sugar-
cane plants engineered to express GNA have shown increased an-
tibiosis to larvae of sugarcane grubs (Antitrogus consanguineus)
(Nutt et al., 1999). Snowdrop lectin at levels greater than 0.04%
decreases the fecundity but not the survival of the grain aphid,
Sitobion avenae (Stoger et al., 1999). Plant lectins have shown
biological activity against a range of insects. However, consid-
eration should be given with regard to their deployment in trans-
genic plants because of their known toxicity to mammals and
humans.

Toxins from Predators

Spiders and scorpions produce powerful neurotoxins that
have been expressed in transgenic organisms (Barton and
Miller, 1991). Genes encoding neurotoxins from predatory mites
(Tomalski and Miller, 1991), and scorpion (Stewart et al., 1991)
have been deployed in recombinant baculoviruses to increase
their biological activity. Insect-specific neurotoxin AalT from
the venom of the scorpion Androctonus australis in tobacco
has shown insecticidal activity against H. armigera larvae (up
to 100% mortality after 6 days) (Yao et al., 1996). Transgenic
plants of tobacco have been obtained containing an insecticidal
spider peptide gene, and some of these plants have shown resis-
tance to H. armigera (Jiang et al., 1996). The role of neurotoxins
from insects and spiders need to be studied in greater detail be-

fore they are deployed in other organisms and plants because of
their possible toxicity to mammals.

Neuropeptides and Peptidic Hormones

Neuropeptides and small peptidic hormones are another in-
teresting class of molecules to be used as possible insecticides
through transgenic plants (Tortiglione et al., 1999; Altstein et al.,
2000). These molecules regulate several insect physiological
processes and are active at very low concentrations. An alter-
ation of their titer in the insect could cause severe functional
modifications. There are several examples of neuropeptides en-
coded by a single gene coding for multiple copies of one or
more peptides. Backbone cyclic (BBC) neuropeptide-based an-
tagonists (NBA) has been applied to insect pyrokinin/pheromone
biosynthesis-activating neuropeptide (PBAN) family. It has led
to the discovery of potent antagonists and metabolically sta-
ble peptidomimetitic antagonists devoid of agonistic activity,
which in vivo inhibited PBAN-mediated activities in moths
(Altstein et al., 2000). There are possibilities for deploying these
molecules through transgenic plants to disrupt physiological
processes of insects.

Antibodies

Genes that are based on antibody technology can also be
exploited for genetic transformation of crop plants (Hilder and
Boulter, 1999). Single chain antibodies (ScFvs) can be used to
block the function of essential insect proteins, which serve as
control agents against nematodes, pathogens, and viruses (Rosso
etal., 1996; Van Engelen et al., 1994). This approach to control-
ling insects would offer the advantage of allowing some degree
of selection for specificity effects, so that insect pests, not the
beneficial organisms, are targeted. The development of a de-
livery system from transgenic plants to the insect haemolymph
will remove a key constraint in the transgenic approach to crop
protection.

GENE PYRAMIDING

Many of the candidate genes that have been used in genetic
transformation of crops are highly specific or are only mildly
effective against the target insect pests. In addition, crops fre-
quently suffer from a number of primary herbivores. This sug-
gests that single and multiple transgenes will need to be com-
bined in the same variety with other sources, mechanisms, and
targets of insect pest resistance in order to generate highly effec-
tive and sustainable seed-based technologies. In this context, it
is important to examine whether coexpression of multiple toxins
in the same plant will have a synergistic or antagonistic effect,
e.g., combination of CrylA(a) and CrylA(c) has a synergistic
effect, while a combination of CrylA(a) and CrylA(b) produces
an antagonistic effect against the gypsy moth (Lymantria dispar)
(Lee et al., 1996). However, in tobacco plants, a combination of
CrylA(b) and CrylA(c) genes has been shown to be effective for
controlling the lepidopteran insects (Van der Salm et al., 1994).
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The CrylA(c)-resistant pink bollworm had little or no survival
on second-generation transgenic cotton with Cry2A(b) alone or
in combination with CrylA(c) plus Cry2A(b) (Tabashnik et al.,
2002). Similarly, a mixture of CrylA(c) and CrylF decreased
the ECsg to H. armigera by 26 times (Chakrabarti et al., 1998).
The expression of CrylA(b)—CrylA(c) genes results in increased
protection against S. exigua, M. sexta, and H. virescens. In addi-
tion, a chitinase gene from Serratia marcesens has been shown
to act synergistically with Bt toxins against S. littoralis (Rigev
et al., 1996).

The activity of B genes in transgenic plants is enhanced by the
serine protease inhibitors (Maclntosh et al., 1990; Zhao et al.,
1997, 1998a) and tannic acid (Gibson et al., 1995). Protease
inhibitors engineered into cotton with high gossypol and/or tan-
nin content may achieve greater protection against H. armigera
(Wang and Qin, 1996). Loc et al. (2002) inserted CrylA(c) and
GNA into rice plants with the selectable marker (ipt). Higher
levels of accumulation of the insecticidal gene products GNA
and CrylA(c) were observed in plants resulting from minimal
gene cassette transformation. Transgenic plants expressing GNA
showed enhanced resistance to brown planthopper (N. lugens),
while the plants expressing CrylA(c) were protected against
striped stem borer (C. suppressalis). Expression of both trans-
genes gave protection against both pests but did not increase
protection against either pest significantly over the levels ob-
served in plants containing a single insecticidal transgene. Fo-
liage of five experimental transgenic lines expressing three dif-
ferent insecticidal proteins (snowdrop lectin, jackbean lectin,
and cowpea trypsin inhibitor), tissue-cultured control plants,
and standard control indicated that genetic transformation re-
sulted in a lower level of leaf glycoalkaloids than that found
in either the tissue-cultured controls or standard controls (Birch
etal.,2002). However, the distribution of glycoalkaloids was un-
affected by genetic transformation and tissue culture, with the
highest glycoalkaloid levels being observed in the top third of
the plant. From an evolutionary point of view, the development
of multiple toxin systems in transgenic plants will be expected
to decrease the probability of insect pests to overcome newly de-
ployed seed-based resistance technologies and thereby prolong
the life of such new varieties (Hadi et al., 1996; Karim et al.,
1999).

TRANSGENIC CROPS VIS-A-VIS INTEGRATED
PEST MANAGEMENT

The first transgenic crop was field tested in 1994, with
large-scale commercial cultivation starting in 1996 in the USA
(McLaren, 1998). Current global R&D expenditure in the private
and public sectors is nearly $4.4 billion, with over 95% of the
total investment being incurred in the industrial countries. China
is a leading investor in R&D in crop biotechnology in develop-
ing countries, followed by India. The area planted to transgenic
crops has increased from 1.7 million ha in 1996 to 39.5 million
ha in 1999, to over 50 million ha in 2002 (James, 2002a). The
commercial production of transgenic crops quickly advanced to

12 countries by 1997. Despite a moratorium in the European
Union, over 20 countries were growing biotechnology-based
products by 2002. The crops produced included insect-resistant
cotton and maize, herbicide-resistant soybean and canola, and
tomatoes with a longer shelf-life (Federici, 1998; Griffiths, 1998;
James 2002a). Adoption rates, based on percentage of area
planted to Bf maize, increased dramatically from 10.5% in 1996
to 40.7% in 1998 (Pilcher et al., 2002). In 2001, global area
planted to transgenic crops was 52.6 million hectares grown
in 13 countries by about 5 million farmers. Nearly one quarter
of the crop area planted to transgenics was grown in develop-
ing countries, mainly in Argentina and China, and over 75% of
the farmers were the small resource-poor farmers in developing
countries. On a global basis, 46% of the 72 million hectares of
soybean, 20% of the 34 million hectares of cotton, 11% of the
140 million hectares of maize, and 11% of the 25 million hectares
of canola were based on transgenic crops (James, 2002a). The
value of the global transgenic seed market in 2001 has been esti-
mated to be US$3.8 billion, which accounted for approximately
13% of the $30 billion global seed market.

The benefits of growing transgenic crops to growers have
been higher yield, lower input costs, and easier agronomic man-
agement. These factors are likely to have substantial impact
on the livelihoods of farmers in both industrial and developing
countries. On-farm trials carried out with Bf cotton in different
states of India have shown that the technology substantially re-
duces pest damage and increases cottonseed yield (Qaim and
Zilberman, 2003). The yield gains are much greater than those
reported for other countries where genetically modified crops
were used mostly to replace and/or enhance chemical pest con-
trol. However, there is considerable public debate on the issue,
and several claims to the contrary have also been published in the
public media. In many developing countries, small-scale farm-
ers suffer pest-related yield losses because of technical and eco-
nomic constraints. Pest-resistant genetically modified crops can
contribute to increased yields and agricultural growth in such
situations. Adopting transgenic crops offers the additional ad-
vantage of controlling insect pests that have become resistant to
commonly used insecticides (Sharma et al., 2002a). In addition
to the reduction in losses due to insect pests, the deployment of
transgenic plants with insecticidal genes will also lead to: (1) re-
duction in insecticide usage, (2) reduced exposure of farm labor
to insecticides, (3) reduction in harmful effects of insecticides on
nontarget organisms, and thereby increased abundance of natu-
ral enemies and (4) reduced amounts of insecticide residues in
food and food products. The advantages of adopting transgenic
crops are discussed in detail below.

Effect on Pest Population Dynamics
and Economic Thresholds

The effects of transgenic crops with insect resistance on in-
sect population dynamics are expected to be similar to the vari-
eties derived through conventional breeding (Sharma and Ortiz,
2002). Resistance to insect pests in the cultivated germplasm is
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low to moderate, while that from the wild relatives of crops is
frequently based on toxins and provides a high level of protec-
tion against the target pests. However, this level of resistance is
often diluted during the introgression and varietal development
process. Thus, the effects of transgenic resistance are expected
to be higher than those of conventional varieties, and such effects
would be cumulative over time. Insect populations in farmers’
fields would be reduced to below the economic threshold lev-
els with minimal use of insecticides. Continuous planting of
conventionally bred Hessian fly-resistant (Mayetiola destruc-
tor) wheat cultivars in the USA has suppressed its population to
below economic threshold levels in six years (Maxwell et al.,
1973). Models predicting the effect of insect-resistant cultivars
on insect abundance have been developed for several insect pests
(Luginbill and Knipling, 1969; Knipling, 1979; Sharma, 1993;
Sharma and Ortiz, 2002). Expression of resistance and its effect
on insect populations varies between crops and environmental
conditions, e.g., no direct relationship has been observed be-
tween the planting of Hessian fly-resistant cultivars and its pop-
ulation density in wheat (Foster et al., 1991). However, in case of
green bug (Schizaphis graminum), the breeding programs con-
tinue to struggle consistently to keep pace with the evolution of
new biotypes (Wood, 1971). Therefore, it is pertinent to know
whether the transgenic crops have characteristics that might pre-
dispose them to unusually short or long durability. In transgenic
plants, the insects are continuously exposed to the exotic genes,
and there are distinct possibilities of a different type of effect
on the population dynamics of the target and nontarget pests.
Deployment of transgenic crops will lead either to an increase
in the economic threshold level (ETL) or delay the time required
by the insects to reach the ETL, depending on the nature of re-
sistance, and the stage of the insect on which the ETL is based
(Sharma, 1993). There is a need to develop a better understand-
ing of the field performance of insect-resistant cultivars (from
conventional and transgenic breeding programs) under diverse
environmental conditions, and the long-term effects of resistant
cultivars on insect populations.

Reduction in Dosage and Frequency of Insecticide Sprays

Deployment of transgenic insect-resistant crops has been
shown to significantly reduce yield losses under severe insect
pest pressure. For rational pest management, transgenic culti-
vars have to be deployed in combination with low dosages of
insecticides (Schell, 1997). On an average, farmers spray more
than 20 times to protect the cotton and many other crops from
the ravages of insect pests. Transgenic crops can make a critical
contribution in reducing the dosage and frequency of insecti-
cide application. Kernel damage in transgenic maize is reduced
to 17 cm? with 5 applications of methomyl compared to 172 cm?
in the conventional hybrid, Silver Queen (Lynch ez al., 1999a).
Similarly, in Bt cotton, and insecticides are highly effective for
bollworm control even at lower rates of application (Brickle
et al., 1999). Susceptibility of S. exigua to alpha-cypermethrin,
methomyl, profenofos, and chlorfluazuron was 1- to 1.6-fold

lower in the larvae fed with Bt cotton than in the larvae fed
with common cotton (Xue et al., 2002). However, the activi-
ties of acetylcholinesterase and carboxylesterase were greater
in the larvae fed with Bt cotton than those fed with common
cotton.

The yield losses and the cost of controlling insect pests in cot-
ton are estimated at $5 billion annually, and the cotton-growing
farmers used nearly $1.7 billion worth of insecticides in 2001
(James, 2002b). The economic benefit of growing Bt cotton has
been estimated to be at $103 million or $50 per hectare in USA.
In China, Bt cotton increased yield on 1.5 million hectares and
reduced insecticide use by 78,000 tons (formulated product), re-
sulting in significantly fewer poisonings due to insecticides. Bt
cotton increased the annual income by $500 per hectare, which
is equivalent to a national benefit of $750 million. Diao and
Xie (1997) estimated that cropping with transgenic cotton R 93-
4 resulted in a net income of over $1 billion and also led to a
reduction in environmental pollution. On a global basis, the ben-
efits from the deployment of Bt cotton between 1998 and 2001
were estimated to be $1.7 billion (James, 2002b). Cultivation
of transgenic cotton with insect resistance reduced insecticide
use by 10.0 to 15.8 liters ha~! or 600 tons of insecticides per
year (Costa et al., 2002). Similar estimates have also been made
for genetically modified maize with resistance to corn borers.
In addition, savings were also achieved in the use of soil, water,
fertilizers, and energy per kg of cotton fiber and maize grain.

LIMITATIONS AND RISKS OF INSECT-RESISTANT
TRANSGENIC CROPS

Recent developments in plant biotechnology offer both
promises and challenges. Close proximity of transgenic crops
to the sprayed fields of nontransgenic crops may suffer from
insect migration from sprayed fields to the transgenic crops, and
the resultant increase in pest pressure may reduce the benefits of
transgenics. Bt toxins have been widely used as “natural” insec-
ticides for many years with no reports of spontaneous develop-
ment of resistance in the insect populations. However, with the
dramatic increase in the presence of Bt toxins in the ecosystem
(via transgenic crops) may significantly increase the pressure on
insect populations to evolve resistant biotypes. The evidence on
these issues is still inconclusive, and there is a need for care-
ful monitoring before the transgenic crops are deployed on a
large scale under subsistence farming conditions. One of the ap-
proaches to overcome these problems is to develop a new gen-
eration of transgenics with better genes, and use combinations
of genes to delay the development of resistance in insect pop-
ulations. The problems that limit the usefulness of transgenic
crops for insect control include: (1) performance limitations,
(2) secondary pest problems, (3) insect sensitivity, (4) develop-
ment of resistance and evolution of new biotypes, (5) environ-
mental influences on gene expression, (6) gene escape into the
environment, (7) effects on nontarget organisms, (8) biosafety of
food from transgenic crops, and (9) socioeconomic and ethical
issues.
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Performance Limitations

Bt toxins cannot produce the same dramatic effects on insect
mortality as the synthetic insecticides, and therefore farmers
need to be educated about the efficacy and mode of action of
transgenic crops. Transgenic crops may not be able to withstand
heavy insect density in some seasons, and therefore careful mon-
itoring of insect populations should be an essential component
of insect pest management involving transgenic crops. It may be
necessary for national governments to develop legislation forc-
ing commercial companies (or to fund the national programs) to
ensure that this type of monitoring is carried out systematically
across all cropping regions. The value of transgenic crops can be
best realized when deployed as a component of insect pest man-
agement (Sharma and Ortiz, 2000a). In some cases, the yield of
the transgenic cottons with resistance to H. armigera is lower
than that of the traditional varieties (Wu ez al., 1999). Therefore,
the real benefits have to be seen in relation to the reduction in
frequency and dosage of insecticide application. The value of
protection offered by Bt maize has generally been found to be
lower than the current seed premiums in Indiana, USA (Hyde
etal.,1999). Therefore, there is an urgent need for more stringent
scientific information on the performance of transgenic crops
with insect resistance within a genuine integrated insect pest
management system that quantifies their long-term performance
and precisely models their interaction with various environmen-
tal conditions. The gene promoters currently in use direct the
gene expression in green tissue, and the expression is greater in
young plants. Some insects such as bollworms, pod borers, and
stem borers enter into plant tissue with incomplete chlorophyll
formation, which may have insufficient expression of the toxin
proteins. Insufficient toxin expression may lead to development
of resistance, and therefore care should be taken that the toxins
are expressed in sufficient amounts at the site of damage/feeding
by the insects.

Secondary Insect Pest Problems

The large-scale cultivation of transgenic plants with resis-
tance to insect pests may result in secondary nontarget insects
becoming a serious constraint in crop production in the absence
of insecticide applications for the control of major pests. There-
fore, it may become necessary to resume spraying in order to
control the secondary insect pests. Chemical sprays applied for
the control of secondary pests may kill the natural enemies and
thus offset one of the advantages of transgenics. Most field crops
are attacked by several insect species, and in the absence of com-
petition from the major insect pests, the secondary insects may
assume a major pest status (Hilder and Boulter, 1999). The Bt
toxins may also be ineffective against certain insect pests, e.g.,
leaf hoppers, mirid bugs, root feeders, mites, etc. This may oft-
set some of the expected advantages of the insect-resistant trans-
genic crops. Management of stinkbugs is necessary in transgenic
cotton with resistance to bollworms (Greene et al., 1997). How-
ever, there are no differences in the susceptibility of transgenic
and nontransgenic cotton varieties to boll weevil and aphids

(Parker and Huffman, 1997). There is a need to identify genes
that could be deployed to control the insects that are not sus-
ceptible to the Bt toxins. It will be desirable to use genes having
a broad spectrum of activity, provided such genes do not in-
fluence the activity and abundance of beneficial and nontarget
organisms.

Insect Insensitivity

The first generation transgenics contain just one Bt toxin
gene, and lack of control of less sensitive species may present
additional problems in insect pest management. There is con-
siderable variation in the effectiveness of various Bt toxins
towards different insect species. Helicoverpa virescens is less
sensitive to CrylA(a), CrylC, and CrylE, while Spodoptera
littoralis is insensitive to most of the Bt toxins (Gill et al.,
1992). Spodoptera litura is less sensitive to Bt toxins than
H. armigera, Achoea janata, Plutella xylostella, and Spilo-
soma obliqua (Meenakshisundaram and Gujar, 1998). CrylB
is slightly active against H. armigera, but is inactive against
H. virescens (Hofte and Whiteley, 1989). CryIC and CrylE are
active against H. virescens (Maclntosh et al., 1991), but are in-
effective against H. armigera (Chakrabarti et al., 1998). Trans-
genic cotton with Bt genes is ineffective against some insect
species, e.g., no differences have been observed in the survival
and development of fall armyworm (S. frugiperda) larvae be-
tween the normal and CrylA(c) transformed cottons (Adamczyk
et al., 1998). Transgenic cotton and maize plants with Bt genes
developed earlier were not effective against the fall armyworm
(Bergvinson et al., 1997). Therefore, due care should be taken
when considering the deployment of various genes for resistance
to insect pests in different crops.

Development of Resistance and Evolution
of New Biotypes

Insect-resistant cultivars derived through conventional breed-
ing have not shown any direct relationship between insect re-
sistance and the evolution of new biotypes, e.g., deployment of
Hessian-fly (Myetiola destructor)—resistant cultivars has not led
to the evolution of new insect biotypes in wheat. However, in the
case of greenbug (Schizaphis graminum), the breeding programs
struggle continuously to keep pace with the evolution of new bio-
types (Daniels, 1981; Wood, 1971). In sorghum, only 3 of the
11 biotypes of greenbug have shown a correlation between the
use of resistant hybrids and the development of new biotypes.
Insect—plant interactions are quite specific, and future efforts
should focus on the use of the most effective resistant genes or
deploy multiple genes to delay the evolution of new insect bio-
types. The ability of insects to overcome host plant resistance (as
with their ability to develop resistance to insecticides) is always
an important risk. In transgenic crops, the insects are exposed to
the toxin proteins throughout the feeding cycle/season and, as
a result, the insect populations are under continuous selection
pressure. Most of the transgenic plants produced so far have
Bt genes under the control of a constitutive promoter such as
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CaMV35S, and this system may lead to development of resis-
tance in the target and the nontarget insects, as the toxins are
expressed in all parts of the plant (Harris, 1991). Toxin produc-
tion may also decrease over the crop-growing season. Low doses
of the toxins eliminate the most sensitive individuals of a pop-
ulation, leaving a population in which resistance can develop
much faster. Since most Bt toxins have a similar mode of action,
resistance developed against one toxin can also lead to devel-
opment of cross-resistance to other toxins. However, there are
reports that insects selected for resistance to one Bf toxin may
not be resistant to other Bt toxins (Hilder and Boulter, 1999;
Sharma and Ortiz, 2000a).

Different insect species react to Bt toxins differently. Re-
sistance to Bt is inherited as a recessive trait in Indian meal
moth (Plodia interpunctella) (McGaughey, 1985). Resistance
increased nearly 30-fold in two generations and 100-fold after
15 generations of selection on diet treated with Bt. However,
in O. nubilalis resistance appears to be inherited as a incom-
pletely dominant autosomal gene (Huang et al., 1999). Labo-
ratory selection with CrylA(c) in transgenic cotton produced
300-fold resistance in a field-derived strain of pink bollworm,
P. gossypiella (Tabashnik et al., 2002). Additional selection in-
creased resistance to 3100-fold. The progeny of reciprocal F;
crosses (resistant male x susceptible female and vice versa) re-
sponded alike in bioassays, indicating autosomal inheritance.
Resistance was recessive at a high concentration of CrylA(c).
Howeyver, the dominance of resistance increased as the concen-
tration of CrylA(c) decreased. Analysis of survival and growth
of progeny from backcrosses (F; x resistant strain) suggested
that resistance was controlled primarily by one or a few major
loci. The progression of resistance from 300- to 3100-fold rules
out the simplest model with one locus and two alleles. Over-
all, the patterns observed can be explained by either a single
resistance gene with three or more alleles or by more than one
resistance gene.

Resistance can develop quickly in Diatraea saccharalis,
as a considerable proportion of the larvae survive up to 8
days on transgenic maize (Bergvinson et al., 1997). However,
D. grandiosella has shown a considerably lower frequency of
surviving individuals. There is considerable genetic variation
in populations of diamondback moth in their susceptibility to
Bt formulations (Tabashnik et al., 1991). Diamond back moth
populations have developed resistance to Bt (Tang et al., 1999),
and laboratory selection for resistance to Bt has shown a rapid
response. Soybean looper collected from soybean and Bz-cotton
is less susceptible to Bt (Condor XLR) than the reference strain
(Mascarenhas et al., 1998). The probability of development of
resistance may be very low in some insect species, e.g., O. nu-
bilalis (Lang et al., 1996). After 13 generations of selection
pressure, no colony of O. nubilalis survived on transgenic Bt
maize hybrids in the greenhouse. Development of resistance to
Bt may not be a serious issue in some cases since the Bt and
the insect pests have coevolved for millions of years (Bauer,
1995; Tabashnik, 1994). However, because of limited exposure

and several toxins produced by Bt, the rate of development of
resistance under natural conditions may not be high. In trans-
genic plants, the insects are continuously exposed to the trans-
gene, and there are possibilities of development of resistance
in the target insect pests over a period of time. One of the ap-
proaches to avoid the development of resistance will be to use
two or more insecticidal genes with different modes of action
or differentially expressed genes with tissue-specific or induced
promoters. Overexpression of insecticidal toxin-coding genes in
chloroplasts would be an effective strategy to delay the emer-
gence of resistance among phytophagous insect pests. Reddy
et al. (2002) transformed tobacco chloroplasts with Crylla5,
and accumulated up to 3% of total soluble protein in leaf tis-
sue, which is 300-fold more when compared to the expres-
sion of the same protein in the nuclear-transformed plants.
Transgenic plants offered complete protection against larvae of
H. armigera. Analysis of Ty, T}, and T, generation plants revea-
led site-specific integration, maternal inheritance, and uniform
expression of transgenes without imposing any yield penalty.

The potential development of resistance poses the biggest
challenge to insect-resistant transgenic plants and the devel-
opment and implementation of Insect Resistance Management
(IRM) strategies is essential. Countries that have adopted Bf cot-
ton have successfully implemented different IRM strategies, and
no resistance to Bt cotton has been detected to date, despite the
fact that 13 million hectares of Bt cotton have been grown world-
wide since 1996; several claims from critics have been proved to
be unfounded. From a global viewpoint, any international initia-
tive to substantially extend the adoption of Bt cotton must also
anticipate and consider the implications of a significant expan-
sion in the global area of Bf cotton. An effective mechanism to
formulate, coordinate, and oversee a global strategy for deploy-
ing Bt cotton responsibly and effectively could play a seminal
role if it could be operated without onerous bureaucracy.

Environmental Influences on Gene Expression

There is considerable variation in the production of Bt tox-
ins over seasons and locations, which may be influenced by
the site of gene insertion, epistasis, somaclonal mutations, and
the environmental conditions during crop growth (Kaiser, 1996;
Wu et al., 1997a). CrylA gene expression is influenced by ge-
netic and environmental factors. Resistance to insects in cotton
crop flooded with 3 to 4 cm deep water for over 12 days is lost
as compared to the crop irrigated normally (Wu et al., 1997a).
However, the cotton plants recovered gradually after the water
logging was over, and the resistance levels increased over time.
Similar variation in gene expression has also been observed in
Bt cotton under overcast and rainy conditions. The inheritance
and expression patterns of the Cry/A(b) gene have been studied
in the progenies derived from different Bt genes, where both
Mendelian and distorted segregation ratios were observed in
some selfed and crossed F, populations. The Cry/A(b) gene,
driven by the maize ubiquitin promoter in transgenic japon-
ica rice lines, displayed certain kinds of spatial and temporal
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expression patterns under field conditions (Wu et al., 2002). The
CrylA(b) expression in different tissues of transgenic rice varied
with temperature. The highest content of Cryl/A(b) protein has
been found in roots of plants grown at 35°C and the lowest at
40°C, while in the leaf, the highest content was recorded at 25°C
and the lowest at 30°C. The content of Cry/A(b) protein in the
leaf sheath tended to decrease with an increase in temperature.

Epistatic and environmental effects may also influence the
stability, efficacy, and durability of the transgenes (Sachs et al.,
1998). There have been some failures in insect control through
the use of transgenic crops. Cotton bollworm (H. zea) destroyed
Bt cottons due to its high tolerance to CrylA(c) in Texas, USA
(Kaiser, 1996). Similarly, H. armigera, and H. punctigera de-
stroyed the cotton crop in the second half of the growing season
in Australia because of reduced production of Bt toxins (Hilder
and Boulter, 1999). Possible causes for the failure of insect con-
trol may be inadequate production of the toxin proteins, effect
of environment on expression of the transgene, locally resis-
tant insect populations, and development of resistance due to
inadequate pest management. Adamczyk and Sumerford (2002)
suggested that factors such as parental background had stronger
impact on expression of CrylA(c) than the environment. In a
set of 13 transgenic cultivars tested across locations, NuCOTN
33B and DP 458B/RR expressed more CrylA(c) than the other
11 varieties tested. These two varieties have the same parental
background of DP 5415. Similar varietal differences were also
observed in the greenhouse tests in the following season.

Production of Bt toxins in transgenic plants also varies over
the crop-growing season, and in different plant parts. Labora-
tory bioassays have indicated that there was a decline in efficacy
with plant age (Sun et al., 2002). Amounts of CrylA(c) in the
fruiting structures decline from 57.1 ug per g of dry weight at
53 days after planting to 6.7 ug per g at 116 days after planting.
Mean terminal CrylA(c) levels declined from 163.4 ug per g at
53 days after planting to 34.5 pug per g at 116 days after planting.
In general, CrylA(c) levels in the fruits and terminals of Boll-
gard cotton declined steadily as the growing season progresses.
Greatest activity has always been recorded in the terminal fo-
liage (Greenplate, 1999; Zhao et al., 1998b), and there are no
significant differences between CrylA(b) and CrylA(c) cottons
(Parker et al., 2000). There is some variation in expression of
resistance to insects in rice at the vegetative and flowering stages
of the crop. Transgenic rice line 827 is more resistant to young
larvae of S. incertulas, C. suppressalis, and C. medinalis than
the control plants at the vegetative stage, but not at the flow-
ering stage (Cohen et al., 2000). No borer infestation has been
observed in rice cultivars TR 30-1 and KMD 1, homozygous
for the Bt gene, while the commercial and GUS-negative con-
trols have shown 83.3 and 56.7% damage at the tillering stage,
respectively (Wu et al., 2000).

Gene Escape into the Environment
A major risk for large-scale deployment of transgenic plants
is the potential spread of the transgene into the related weed

community. Genes from transgenic maize, have already moved
into local landraces in Mexico (Quist and Chapela, 2001). The
introgression events are relatively common in maize, and the
transgenic DNA constructs are maintained in the population
from one generation to the next. Therefore, there is a need to
study the impact of gene flow from commercial hybrids to the
traditional landraces in the centers of origin in order to know the
period for which the integrity of transgene construct is retained
and the increase and or decrease in the abundance of the trans-
gene construct overtime. However, it appears that there are no
explicit reports of a plant becoming a weed as a result of plant
breeding (Cook, 2000). This may be because crop plants gener-
ally have very low competitive ability in natural environments.
Plant breeding efforts have tended to decrease rather than in-
crease the toxic substances. As a result, improved varieties have
become more susceptible to insect pests and are less compet-
itive than the weeds. There is a feeling that genes introduced
from outside the range of sexual compatibility might present
new risks to the environment. A study conducted by the Na-
tional Academy of Sciences, USA (NAS, 1987) concluded that
there is no evidence of hazards associated with DNA techniques.
The risks involved are related to the nature of the organism
rather than the process, and there is an urgent need for sys-
tematic large-scale stringent research to better understand and
predict these risks and thereby allow legislators and plant breed-
ers to better plan the introduction of modified organisms into the
environment.

One of the hazards in gene transfer from the transgenic plants
to wild relatives is the consequence on natural plant population
dynamics if the wild relatives are under selection pressure (bio-
logical control) from the target insect pest. Clearly, if the target
insect does not play any role in regulating the wild plant pop-
ulation, then gene transfer is unlikely to constitute a significant
hazard. Buildup of resistance in the wild relatives can also act
as a component of insect pest management to the target insect
species. Genes from unrelated sources may change the fitness
and population dynamics of the hybrids between native plants
and the wild species (Gregorius and Steiner, 1993; Serratos ez al.,
1997). However, interspecific hybridization is a common pro-
cess, but sustainable hybrids are rare, and most are sterile. For
some crops grown in some regions, there is very low chance of
gene introgression into the wild relatives (Fitter et al., 1990).
However, for others the probability is higher or as yet unquanti-
fied. Pollen dispersal from transgenic cotton is low, but increases
with an increase in the size of the source plot (Llewellyn and
Fitt, 1996).

There is a possibility of transfer of herbicide resistance genes
to closely related wild species, which could create super weeds
(Chevre et al., 1997). Studies in Norway and the United States
have shown that the gene for herbicide resistance can move from
cultivated canola to wild relatives. Genes from the convention-
ally bred Brassica napus have been moving to the wild turnip,
B. rapa (Raybould and Gray, 1993). Therefore, for deploying
crops with genes for resistance to herbicides, there is a need
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to know whether the herbicide-resistant plants can establish as
weeds, and the possibility of gene transfer into the wild relatives
of the crop plants.

Some of the genetically engineered plants also contain a gene
for antibiotic resistance as marker. Several studies have estab-
lished that there is little chance that such a transfer would occur,
but there is a continuing debate whether such a gene should be
present in the commercial varieties. Gene transfer from plants
to microorganisms is possible in laboratory studies (Gebhard
and Smalla, 1998), and possibly has happened during evolution
(Doolittle, 1999). Plasmid transfer between B. thuringiensis var
tenebrionis and B. thuringiensis var kurstaki HD 1 (resistant to
streptomycin) occurs at 1072 (Thomas et al., 1997). However,
no plasmid transfer has been observed in soil release exper-
iments and in insects on leaf discs. Methods have now been
developed for removing the selectable marker genes (Yoder and
Goldsbrough, 1994; Ebinuma et al., 1997; Dale and Ow, 1991).
There are a few alternatives to the antibiotic and herbicide mark-
ers, and systems are also available to carry out the transformation
without involving any marker genes.

Effects on Nontarget Organisms

One of the major public concerns about transgenic crops is
their effect on nontarget organisms. Most Bt toxins are specific
to insects because they are activated in the alkaline medium of
the insect gut and therefore are unlikely to have a detrimental ef-
fect on humans, other mammals, or birds. However, Bt proteins
can have harmful effects on beneficial insects, although such
effects are much less severe than those of the broad-spectrum
insecticides. Root exudates from the transgenic maize release Bt
toxins into the soil and retain insecticidal activity for 180 days
(Saxena et al., 2002a, 2002b). Bt toxins bound to clay minerals
are no longer available for uptake by microorganisms. Binding
of the Bt toxins to humic acids reduces their potential for micro-
bial biodegradation (Crecchio and Stotzky, 1998). Therefore, Bt
toxins from transgenic plants and microbes could persist, accu-
mulate, and later be released en masse to result in significant
insecticidal activity in the soil.

The issue of genetically modified corn’s toxic effects on lar-
vae of the monarch butterfly, Danaus plexippus (Losey et al.,
1999), deserves particular discussion. The initial report gener-
ated a huge amount of publicity and in turn a dramatic amount of
misinformation. There is a temporal overlap between monarch
butterfly and flowering of maize in the northern as compared to
the southern parts of USA (Oberhauser et al.,2001). Agricultural
practices such as weed control and foliar insecticide application
have a much larger impact on the monarch population than the
genetically modified crops. Wraight et al. (2000) concluded that
there was no relationship between mortality of Papilio polyxenes
and pollen deposition from transgenic maize. Although the find-
ings of Losey et al. (1999) have been systematically discredited,
the counterfindings have not been reported in the media at a level
similar to the initial report. This is a recurrent problem in this

dialogue, which is leaving the public psyche increasingly biased
by high profile misinformation and half-truths.

Some reports suggest that transgenic oilseed rape does not
appear to have harmful effects on the lifespan and behavior of
honeybees (Pham-Delegue and Jouanin, 1997), but analysis of
a wider range of transgenes suggests otherwise. The chitinase
transgene in genetically modified oilseed rape did not affect
learning performance of honeybees; beta-1,3 glucanase affected
the level of conditioned responses (the extinction process oc-
curring more rapidly as the concentration increased), and CpTi
induced marked effects in both conditioning and testing phases,
especially at high concentrations (Picard-Nizou et al., 1997).
Trypsin inhibitor, wheat germ agglutinin (WGA), serine pro-
teinase inhibitor from soybean, cysteine protease inhibitor from
rice, chicken egg white cystatin, and Bowman-Birk type SBTI
do not produce harmful effects on honeybees at the concentra-
tions expressed in transgenic plants (Pham-Delegue and Jouanin,
1997; Bottino et al., 1988; Girard et al., 1998b). However, soy-
bean trypsin inhibitor at 1% concentration is toxic to adult hon-
eybees (Malone et al., 1995). Consumption of high doses of pro-
tease inhibitors induces overproduction of proteinase (Jouanin
etal., 1998). However, what most of these studies miss is a direct
comparison with the effects of commercial insecticide alterna-
tives to transgenic crops.

Initial reports suggested that there were no major differences
in predator abundance between transgenic and nontransgenic
crops of tobacco (Hoffmann et al., 1992) and of cotton (Wang
and Xia, 1997), and between transgenic and mixed-seed potato
fields (Riddick et al., 1998). However, abundance of Labia
grandis was observed to be lower in pure and mixed crops of
transgenic potatoes than in a pure nontransgenic potato crop
(Riddick et al., 1998). Similarly, a reduction in the fitness of
the predatory chrysopid larvae has been observed when fed
on prey reared on Bt-maize (Hilbeck et al., 1998; Hoffmann
et al., 1992). There is no effect on preimaginal development or
mortality of Chrysoperla carnea when reared on Rhopalosi-
phum padi fed on Bt-maize (Lozzia et al., 1998). Similarly,
survival, aphid consumption, development, and reproduction
are not influenced in Hippodamia convergens fed on M. per-
sicae reared on potatoes expressing §-endotoxin (Dogan et al.,
1996). However, two spotted ladybird beetles (Adalia bipunc-
tata) fed on peach-potato aphids (M. persicae) colonizing trans-
genic potatoes expressing the lectin gene from Galanthus ni-
valis have shown a decrease in fecundity, egg viability, and
longevity (Birch et al., 1999). The adverse effects on ladybird
reproduction were reversed after switching the ladybirds to pea
aphids from nontransgenic bean plants. Feeding C. carnea on
Tetranychus urticae (which ingested Bt toxin from the trans-
genic plants) or R. padi (which did not ingest the Bt toxin) did
not affect survival or development of the predator (Dutton et al.,
2002). However, a significant increase in the mortality and de-
lay in development of C. carnea was observed when fed on
S. littoralis (which also ingested the Bt toxins). Clearly, the
effects of transgenic plants on the activity and abundance of
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predators vary across crops, insect species, and the transgenes
in question.

Bacillus thuringiensis toxin-mediated partial resistance is
compatible with natural enemies for the control of H. virescens.
Increased levels of parasitism by Campoletis sonorensis on He-
licoverpa have been observed on the transgenic plants com-
pared to the nontransgenic plants, which may be due to fewer
larvae on the transgenic plants (Johnson and Gould, 1992). Ac-
tivity of Cardiochiles nigriceps is not influenced by transgenic
plants (Johnson, 1997; Johnson et al., 1997). Percentage of par-
asitism by Diadegma insulare is not significantly different be-
tween the mixed and pure transgenic crops (Riggin Bucci and
Gould, 1997). Transgenic corn has no adverse effects on the
parasitization of O. nubilalis by Eriborus tenebrans and Macro-
centrus grandii (Orr and Landis, 1997). The survival of Aphidius
colemani, Trichogramma brassicae, and Cotesia glomerata was
reduced when fed on sucrose solution containing GNA (Romeis
et al., 2003). Negative effects on fecundity were observed only
in case of T. brassicae. Thus, the effects of GNA consumption
through the honeydew may depend on the species biology and
mode of egg maturation. The effects of transgenic crops on the
parasitoid activity and abundance vary across crops and the crop-
ping systems. Some of this variation may be due to differences in
insect abundance between transgenic and nontransgenic crops.
Wherever transgenic crops have shown adverse effects on natural
enemies, these effects may still be far lower than the large-scale
application of broad-spectrum insecticides (Sharma and Ortiz,
2000a).

Biosafety of Food from Transgenic Crops

Genetic engineering of a plant can also have unexpected ef-
fects on the ecosystem that cradles it. It is consumers’ grasp of
this fundamental yet unpredictable phenomenon that underlines
much of the concern over transgenic crops that is now spilling
over into more general concern about any biotechnology-based
food product. There is clearly a need for new food technolo-
gies to be tested rigorously for their potential allergenic, toxic,
and antimetabolic effects in a transparent manner, in a way sim-
ilar to modern pharmaceuticals (Gillard et al., 1999; Sharma
et al., 2002b). Most Bt toxins are specific to insects, as they are
activated in the alkaline medium of the insect gut. There are
no specific receptors for Bt protein in the gastrointestinal tract
of mammals, including humans (Kuiper and Noteborn, 1994).
The Bt proteins are rapidly degraded by stomach juices in ver-
tebrates. There are no major changes in the composition of Bt
tomatoes and potatoes. Thus, transgenic B tomatoes are con-
sidered to pose no additional risk to human and animal health
as compared to conventional tomatoes (Noteborn et al., 1996).
However, a number of aspects concerning the safety assessment
of transgenic food would require further study. The seed from
the Bt-transformed cotton lines is compositionally equivalent to
and as nutritious as the seed from the parental lines and other
commercial cotton varieties (Berberich et al., 1996). Processing

removes over 97% of the Bt proteins in transgenic cottonseed
(Sims and Berberich, 1996). CrylA(b) protein dissipates read-
ily on the surface of soil, or is cultivated into the soil (Sims and
Holden, 1996), and has not been detected in silage prepared from
transgenic plants (Fearing et al., 1997). Intact transgenes from
maize silage are unlikely to survive significantly in the sheep
rumen (Duggan et al., 2003). However, DNA released from the
diet within the mouth may retain sufficient biological activity
for the transformation of competent oral bacteria. Histopatho-
logical effects have been observed in the gut mucosa in mice
and rabbits, but no systemic adverse effects have been observed
following oral administration. There are no differences in the
survival and body weight of broilers reared on meshed or pellet-
ted diets prepared with Bt transgenic and non-transgenic maize
(Brake and Vlachos, 1998).

Several protein families that contribute to the natural defense
mechanisms in crop plants are allergens or putative allergens
and may be toxic to mammals and humans. These include o-
amylase and trypsin inhibitors, lectins, and pathogenesis-related
proteins (Franck-Oberaspach and Keller, 1997). Thus, there is a
trade off between nature’s insecticides produced by transgenic
plants, varieties from traditional breeding programs, synthetic
insecticides, mycotoxins, and other poisonous products of in-
sect pests. Rats fed on purified cowpea trypsin inhibitor in a
semisynthetic diet have shown a moderate reduction in weight
gain, despite identical food intake (Pusztai et al., 1992). Most
of the CpTi was rapidly broken down in the digestive tract, and
its inclusion in the diet led to a slight increase in the nitrogen
content of feces, but not of urine. The nutritional penalty for
increased insect-resistance after the transfer of the CpTi gene
into food plants is quite low in the short-term. The level of GNA
lectin expression that provides insecticidal protection to plants
does not reduce the growth of young rats, but shows a negli-
gible effect on weight and length of the small intestine, and a
slight hypertrophy of this tissue (Pusztai et al., 1996). Activ-
ity of brush border enzymes was affected; sucrase-isomaltase
was nearly halved, and alkaline phosphatase and aminopepti-
dase activity showed a significant increase. Agglutinins from
wheat germ (WGA), thorn apple (Datura stramonium), and net-
tle (Urtica dioica) interfere with metabolism to varying degrees
(Pusztai et al., 1993). Expression of a new gene in a crop could
also introduce new allergens normally not present in the non-
transformed plants. Biotechnology can introduce new proteins
into food crops from plants, bacteria, and viruses whose aller-
genicity is unknown. If the introduced proteins are from known
sources, then predicting and assessing the allergenicity of ge-
netically modified plants is easier. Eight commonly allergenic
and 160 less allergenic foods have been identified, and scien-
tists can certainly avoid the transfer of genes associated with
these allergenic effects (Lehrer, 2000). While there are to date
no documented serious effects of transgenics on mammals, ex-
tensive studies should still be undertaken on a case-by-case ba-
sis before a transgenic crop is released for large-scale culti-
vation by farmers (Sharma et al., 2002b). Conversely, genetic
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transformation offers the potential of eliminating the allergenic-
ity of conventional foods. For example, antisense technology
may hold promise for reducing the dramatic allergenicity of
peanuts and other nuts.

Socioeconomic and Ethical Issues

If transgenic crops are suddenly and seriously affected by the
breakdown of resistance to the target insect pests, there may be
dramatic effects on the lives of poor farmers. Under such circum-
stances, government agencies and the private companies must
compensate the farmers for crop loss. However, widespread sud-
den and severe crop losses due to insect and disease epidemics
are not uncommon in conventional crops. There is clearly an
urgent need for better prediction of these catastrophes whether
they are affecting transgenic or conventional crops. In addition,
there is a need for equity in benefit sharing between biotechnol-
ogists and the primary conservers of genetic resources and the
holders of traditional knowledge. The primary conservers have
so far remained poor, while those who use their knowledge to
manipulate the valuable genes encapsulated therein have become
rich. Unless research and development efforts on transgenics are
based on principles of bioethics, there will be serious public con-
cerns about the social, ecological, and economic consequences
of replacing local varieties with a few genetically improved crop
varieties.

Public perceptions about biotechnology are often not based
on fact, and there is a tendency of the media to overemphasize
the risks in order to gain public attention (Sharma et al., 2001,
2002b). Research in biotechnology should be integrated with ap-
propriate policies and conventional breeding. The benefits and
the risks associated with the use of biotechnology to increase
agricultural production need to be presented to the general pub-
lic in a balanced manner, and concern for moral and ethical issues
of relevance to different societies needs to be addressed. Pub-
lic trust in the application of biotechnology for increasing and
stabilizing agricultural production needs to be improved to use
modern science for the maximum benefit of subsistence farmers
in developing countries.

Patenting and application of intellectual property rights will
limit the access to germplasm, control the research process, and
lead to a focus of research effort on global commodities. There
is no difference for farmers in industrial nations between buy-
ing the seed of a transgenic cultivar or that of a hybrid variety
based on genetic or cytoplasmic male-sterility produced through
conventional technology. However, it is widely articulated that
transgenic crops may have serious implications in developing
countries where the farmers depend on seeds saved from the
previous season. The major risk of modern biotechnology is that
technological developments may bypass the poor farmers in the
developing countries because of a lack of enlightened adaptation
and an absence of focus on the problems of small farmers in the
developing countries. The private sector is unlikely to undertake
research on problems with low profits, and without a stronger
public sector role, a form of scientific apartheid may develop, in

which cutting edge science might become oriented exclusively
towards industrial countries and large-scale farming. Therefore,
there is a need for establishing a strong cooperation between
private sector and public institutions to solve the insect pest
problems confronting crop production in the developing coun-
tries. The critical issue is that every tool in crop improvement
and resource management needs to be mobilized to feed the hun-
gry, help the poor, and protect the environment. Therefore, we
must find ways of realizing the promise of biotechnology while
avoiding the pitfalls.

MANAGING THE RISK OF GENE FLOW

Many agricultural practices are in place for risk management.
The risk of gene transfer by out-crossing from a transgenic crop
to a weed, e.g., from canola to weedy mustard, can be man-
aged by spraying a herbicide with a different mode of action.
Crop rotations can also be used to control such weeds. The risk
of introducing a fertile hybrid between transgenic plants and
weedy relatives can be managed by growing the seeds under
strict certification procedures to identify crop weed hybrids in
seed production plots. Gene transfer within the same species can
be avoided by keeping a safe distance between the adjacent plots.
Such information to avoid out-crossing is available for most of
the cultivated crops. In areas where there is a greater chance of
gene transfer, e.g., in the center of origin of a crop plant, seri-
ous scientific studies should be conducted before introducing a
transgenic crop with certain genes. Varieties or crops that are
likely to be carried to next crop season or contaminate the same
crop next season can be replaced by crop varieties with less or
no carryover of seed to the next season. However, the success
of many of these actions relies on collective community action
and/or strong national legislation.

FUTURE OUTLOOK

The ideal transgenic technology should be commercially vi-
able, environmentally benign (biodegradable), easy to use in
diverse agro-ecosystems, and have a wide spectrum of activ-
ity against the target insect pests. It should also be harmless
to the natural enemies and nontarget organisms, target the sites
in insects that have developed resistance to the conventional
insecticides, be flexible enough to allow ready deployment of
alternatives (if and when the resistance is developed in insect
populations), and preferably produce acute rather than chronic
effects on the target insects. Some of the criteria can be achieved
by exploiting genes that are based on antibody technology.
Single-chain antibodies can be used to block the function of es-
sential insect proteins. The potential of plant-expressed antibod-
ies or antibody fragments to serve as insect control agents against
nematodes, pathogens, and viruses has been demonstrated. This
approach of controlling insects would offer the advantage of al-
lowing some degree of selection for specificity effects so that
insect pests, but not the beneficial organisms, are targeted. The
development of a delivery system for toxins from the transgenic
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plants to the insect haemolymph will remove a key constraint in
the transgenic approach to crop protection.

Incorporation of insecticidal genes in crop plants will have
a tremendous effect on pest management. We need to pursue
the management strategy that reflects the insect biology, insect—
plant interactions, and their influence on natural enemies to pro-
long the life span of transgenic crops. Refugia (insects emerg-
ing from nontransgenic crops) can play an important role in
resistance management and should take into account the insect
pest complex, the insect hosts, cropping system, and the envi-
ronment. Emphasis should also be placed on combining exotic
genes with conventional host plant resistance and also with traits
conferring resistance to other insect pests and diseases of im-
portance in a crop in the target region. Several genes confer-
ring resistance to insects can also be deployed as multilines or
synthetics. Walker et al. (2002) combined a QTL conditioning
corn earworm resistance in soybean PI 229358 and CrylA(c)
transgene from the recurrent parent Jack-Bt into BC,F3 plants
by marker-assisted selection. The segregating individuals were
genotyped and SSR markers linked to an antibiosis/antixenosis
QTL on linkage group M, and they were tested for the presence
of CrylA(c). Few larvae of corn earworm and soybean looper
survived on leaves expressing the CrylA(c) protein. Though not
as great as the effect of CrylA(c), the P1 229358-derived LG M
QTL also had a detrimental effect on larval weights of both the
species, and on defoliation by corn earworm, but did not reduce
defoliation by soybean looper. This work demonstrates that com-
bining transgene- and QTL-mediated resistance to lepidopteran
pests may be a viable strategy for insect control.

The vast majority of the area of transgenic crops remains con-
centrated in massive agricultural systems of Australia, Canada,
Argentina, China, and the U.S. While several crops with com-
mercial viability have been transformed in the developed world,
very little has been done to use this technology to increase food
production in the harsh environments of the tropics. There is a
need to use these tools to provide resistance to insects in ce-
reals, legumes, and oil seed crops that are a source of suste-
nance for poorer sections of the society. Equally important is
the need to follow the biosafety regulations and make this tech-
nology available to farmers, who cannot afford the high cost
of seeds and chemical pesticides. International research cen-
ters, advanced research institutions, and the national agricul-
tural research systems need to play a major role in promoting
biotechnology for food security of poor people in the developing
countries.
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