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Abstract

One of the first successes of plant biotechnology has been the creation and commercialisation of transgenic
crops exhibiting resistance to major insect pests. First generation products encompassed plants with single
insecticidal Bt genes with resistance against major pests of corn and cotton. Modelling studies predicted
that usefulness of these resistant plants would be short-lived, as a result of the ability of insects to develop
resistance against single insecticidal gene products. However, despite such dire predictions no such collapse
has taken place and the acreage of transgenic insect resistance crops has been increasing at a steady rate
over the 9 years since the deployment of the first transgenic insect resistant plant. However, in order to
assure durability and sustainability of resistance, novel strategies have been contemplated and are being
developed. This perspective addresses a number of potentially useful strategies to assure the longevity of
second and third generation insect resistant plants.

Introduction

Crop losses due to insect pests, estimated at
10–20% for major crops, are a significant factor in
limiting food production. Engineering crop plants
for enhanced resistance to insect pests has been
one of the real successes of transgenic technology.
Currently >22 million hectares are planted glob-
ally to crops expressing Bacillus thuringiensis (Bt)
d-endotoxins (James, 2004). To date no insect
pests have developed field resistance to transgenic
Bt crops despite dire predictions to the contrary.
This may be due in part, to successful insect

resistance management strategies (Bates et al.,
2005). As adoption rates of insect resistant crops
rise globally, selection pressure for the develop-
ment of insect pests resistant to transgenic insec-
ticidal gene products will increase.

It is increasingly clear that complementary
durable pest control strategies are necessary, to
assure we do not compromise the benefit(s) pro-
vided by transgenic-based insect pest control
strategies. The next generation of insect-resistant
transgenic crops has the potential to achieve this
goal. However, these should not be viewed as a
panacea to insect resistance problems but as an
opportunity to integrate management strategies
(Integrated Pest Management, IPM and Inte-
grated Resistance Management, IRM) with the
new technologies and thus achieve more sustain-
able agricultural systems.
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Alternative strategies

Expressing insecticidal proteins from sources other
than Bacillus thuringiensis in crop plants either
alone or in conjunction with Bt genes should
reduce the likelihood for development of resistance
to these toxins within insect pest populations.
Thus toxins from other insect pathogens are also
opening up new routes to transgenic pest control.
Photorhabdus and Xenorhabdus spp. are bacterial
symbionts of entomopathogenic nematodes and in
contrast to endotoxins from Bt that are specific to
certain group of insects, Photorhabdus toxins are
lethal to a wide range of insects (Chattopadhyay
et al., 2005) and thus may confer a broader
spectrum of insect resistance than that provided
by Bt alone. Other strategies currently being
developed include those based on the expression
of insecticidal proteins produced by foreign genes
from plants (enzyme inhibitors, lectins) (Tinjuang-
jun et al., 2000; Loc et al., 2002; Rahbe et al.,
2003; Abdeen. et al., 2005) and animals, including
insects (e.g., biotin-binding proteins (Burgess
et al., 2002), neurohormones (Fitches et al.,
2002), enzyme inhibitors (Christeller et al., 2002).
However, total pest control at the same level as is
routinely provided by Bt toxins, is rarely achieved
and phytophagous pests have been shown to be
able to adapt to plant proteins, especially plant
proteinase inhibitors (De Leo et al., 2001).

Such strategies are dependent on the identifi-
cation of novel genes encoding insecticidal prod-
ucts with suitable characteristics for use in
transgenic crops. Interesting recent developments
include the use of novel proteins from insect
biological control agents and insect hormones to
generate transgenic crops. A teratocyte secretory
protein from a hymenopteran endoparasitoid (a
parasitic wasp often used in biocontrol programs)
has been expressed in transgenic tobacco and
shown to increase resistance to lepidopteran pests
(Maiti et al., 2003). Similar protection has also
been achieved with insect peptide hormones (Tor-
tiglione et al., 2003). Interestingly they replaced
the systemin peptide region of prosystemin with
the insect peptide and showed that this resulted in
the delivery of short biologically active peptides.

Reliance on the expression of a single gene
product for pest control is a relatively short-term
strategy that parallels the use of exogenously
applied chemical pesticides. Thus pyramiding

(stacking) of genes encoding different Bt toxins
has been developed as a method for preventing
development of pest resistance, and for conferring
greater levels of pest control (Boulter et al., 1990;
Maqbool et al., 2001; Zhao et al., 2003). For
example, corn lines have recently been developed
(Moellenbeck et al., 2001; Ostlie, 2001) co-expressing
two d-endotoxins from Bt for resistance to corn
rootworm. Hybrid proteins have also been devel-
oped to enhance and extend the activity of Bt toxins.
The use of a single Bt toxin in a crop is limited in
that many insects attack a single crop and toxins
generally show very high specificity towards a single
pest species. Therefore toxins have been engineered
to modify their receptor recognition and pore
formation. Each toxin consists of three domains.
Domain I is involved in membrane insertion and
pore formation. Domains II and III are both
involved in receptor recognition and binding. Addi-
tionally, a role for domain III in pore function has
been found. This approach has proved successful in
both enhancing activity (Karlova et al., 2005) and
extending host range (Singh et al., 2004).

Such hybrid/fusion proteins offer an alterna-
tive/complementary strategy to address potential
limitations in conventional transgenic insect pest
control.

Fusion proteins

Recognition of binding sites in the insect gut is an
important factor determining the toxicity of
Bt. Enhancing toxin binding capabilities should
extend host range and delay resistance. In our
most recent work we devised a strategy where Bt
was covalently fused to the non-toxic B-chain of
ricin (RB) Mehlo et al. (2005). Bt is believed to
bind primarily to aminopeptidase N or cadherin
membrane proteins. The generation of a fusion
protein with RB extends binding to include specific
glycoproteins. Bioassays with transgenic plants
expressing the BtRB show that the addition of the
RB binding domain provided a wider repertoire of
receptor sites within target species and significantly
enhances the toxicity of Bt. For example survival
of the stem borer Chilo suppressalis feeding on
transgenic maize expressing the fusion was reduced
by greater than 50% in comparison to Bt Cry1Ac
alone. Expression of the fusion in rice showed
similar levels of protection with both transgenic
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lines dramatically reducing insect growth, with
corresponding reductions in the level of tissue
damage. Bioassays against Bt tolerant Spodoptera
littoralis confirmed the insensitivity of the insect to
the Bt toxin when expressed individually but show
that fusion of the toxin to the ricin domain
extended the range of toxicity of Cry1Ac to
include this species. Furthermore, we showed that
Bt toxins with additional binding domains can
generate unique insecticidal activity giving protec-
tion against attack from the Homopteran leafhop-
per Cicadulina mbila.

This strategy has shown great potential beyond
just extending the toxicity of Bt. Zhu-Salzman
et al. (2003) have generated fusion proteins with
anchor regions to tether insecticidal proteins to the
insect gut epithelium. Using the legume lectin
rGSII they proposed a system to combat the
ability of certain insect species to activate protease
inhibitor insensitive proteolytic enzymes. The soy-
bean cysteine protease inhibitor soyacystatin N
(scN) was covalently linked to the GlcNAc specific
legume lectin using a naturally occurring linker
region from the potato multicystatin. In this
instance the fusion protein not only has a novel
binding ability that is proposed to initiate a
concentration effect by localising the inhibitor at
the anterior of the gut, but the fused lectin moiety
additionally offers a degree of protection to the
insecticidal moiety by blocking the access of scN-
insensitive proteases, therefore preventing proteo-
lytic destruction of the cystatin.

Targeting of fusion proteins using snowdrop lectin

The targeting of toxic proteins becomes more of a
challenge to developing pest control strategies
when the target receptor is separated from the
primary delivery site by cellular membranes. Pest
management strategies based on neuropeptides
potentially offer a high degree of biological activ-
ity, target specificity and environmental compati-
bility that are lacking in conventional neurotoxic
insecticides. However, insect neuropeptides are
unlikely to be rapidly absorbed through the insect
cuticle, and are prone to proteolysis and rapid
degradation both in the environment and within
the insect gut, thus limiting their usefulness as
topically applied insecticidal sprays. The discovery
that following ingestion the snowdrop lectin

(GNA) remains stable and active within the insect
gut and is able to cross the gut epithelium offers
the possibility for its use as a ‘carrier molecule’ to
deliver other peptides to the circulatory system of
target insect species. This strategy has been
employed by Fitches et al. (2002) to deliver the
insect neuropeptide hormone allatostatin to the
haemolymph of the lepidopteran Lacanobia oler-
acea. The protective role of this strategy was
demonstrated by bioassays of L. oleracea with the
fusion protein in potato leaf based artificial diet,
where the results show a consistent and significant
reduction in mean larval weight when compared to
the controls. Using this delivery system Fitches
et al. (2004) also demonstrate that GNA can be
used to deliver an insecticidal peptide isolated
from the venom of the spider Segestria florentina
(SFI1) to the haemolymph of L. oleracea. In
feeding studies neither the GNA nor the SFI1
moieties alone showed acute toxicity, however
feeding SFI1/GNA fusion at 2.5% of dietary
proteins was insecticidal to first stage larvae,
causing 100% mortality after 6 days. This spider
venom neurotoxin is believed to irreversibly block
the pre-synaptic neuromuscular junctures. Such
venom toxins show high degrees of specificity and
thus lend themselves to environmentally benign
pest management strategies.

Manipulation of endogenous defense

Ecologists have long understood that plants
exhibit multi-mechanistic resistance towards her-
bivores but the molecular mechanisms underpin-
ning these complicated responses have remained
elusive (Baldwin et al., 2001). However, recent
studies investigating the plant’s herbivore-induced
transcriptome, using microarrays and differential
display technologies, have provided novel insights
into plant–insect interactions. The jasmonic acid
cascade plays a central role in transcript accumu-
lation in plants exposed to herbivory (Hermsmeier
et al., 2002; Bailey et al., 2005). A single micro-
array based study revealed that the model plant
Arabidopsis undergoes changes in levels of over
700 mRNAs during the defence response (Schenk
et al., 2000). In contrast only 100 mRNAs were
up-regulated by spider mite (Tetranicus urticae)
infestation in lima bean (Phaseolus lunatus),
although a further 200 mRNAs were up-regulated
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in an indirect response mediated by feeding-
induced volatile signal molecules (Arimura et al.,
2000). The insect herbivore has an additional effect
on the plant’s response over that caused by mechan-
ical tissue damage (Stout et al., 1999). Analysis of
timing, dynamics, and regulation of the expression of
150 genes in leaves of Arabidopsis showed that many
genes strongly induced by mechanical damage were
induced less, or not at all, when the plant was
attacked by the lepidopteran pest Pieris rapae.

Whereas most phytophagous insects cause
extensive damage to plant tissues when feeding,
many insects of the order Homoptera feed from
the contents of vascular tissues by inserting a stylet
between overlying cells, thus limiting cell damage
and minimising induction of a wound response.
Moran and Thompson (2001) demonstrated that
phloem-feeding by the aphid Myzus persicae
induced expression of genes associated with sali-
cylic acid responses to pathogens as well as a gene
involved in the jasmonic acid mediated response
pathway. More recently Zhang et al. (2004) dem-
onstrate that upon attack by the piercing–sucking
insect, brown planthopper, BPH (Nilaparvata
lugens), rice genes that were strongly regulated
were grouped in the categories of signalling
pathways, oxidative stress/apoptosis, wound-re-
sponse, drought-inducible and pathogen-related
proteins. Those related to the flavenoid pathway,
aromatic amino acid metabolism and the octa-
decanoid acid pathway were either unchanged or
down-regulated. Thus BPH induces plant re-
sponses which would take part in a jasmonic acid
independent pathway and crosstalk with those
related to abiotic stress, pathogen invasion and
phytohormone signalling pathways. Recently Di-
vol et al. (2005) demonstrated that 126 different
genes were up-regulated in response to aphid
feeding. The model system used was Myzus
persicae feeding on celery (a plant from which
phloem is easily separated from the surrounding
tissues); they found that the phloem is actively
involved in multiple adjustments away from the
feeding site and that specific mechanisms are
displayed that are not induced in other tissues.
The genes affected belonged to various functional
categories and were induced systemically in the
phloem following aphid infestation. Cell wall
modification, water transport, vitamin biosynthe-
sis, photosynthesis, carbon assimilation and nitro-
gen and carbon mobilisation were all up-regulated.

Furthermore, analysis of phloem and xylem
responses indicated that a component of the
response was more developed in the phloem,
however, it was different from responses driven
by pathogen infection.

Signalling

The studies of Baldwin and his group on the
interaction between insect herbivores and tobacco
(Nicotiana attenuata) have provided new insights
into the molecular bases of plant defence. They
estimate that approximately 500 mRNAs consti-
tute the insect-responsive transcriptome in tobacco
(Hermsmeier et al., 2001). However, many of these
genes are of unknown function, and many changes
in gene expression do not represent induction of
defence-related proteins. Photosynthetic genes, for
example, are down-regulated in tobacco plants
in response to insect attack. Further microarray
analysis (Hui et al., 2003) has demonstrated
putative up-regulation of defence-associated and
down-regulation of growth-associated transcripts.
This analysis provided evidence for the simulta-
neous activation of salicylic acid, ethylene, cyto-
kinin and jasmonic acid-regulated pathways
during herbivore attack. Similar co-activation of
numerous signalling cascades in response to var-
ious stresses has been found in Arabidopsis (Chen
et al., 2002) and supports the idea of a network of
interacting signal cascades. Microarray analysis
also identified direct defensive responses in dra-
matic increases in PI transcripts, and increases in
transcripts encoding putrescine N-methyl transfer-
ase (which catalyses the first committed step in the
biosynthesis of nicotine), as well as metabolic
commitment to terpenoid based indirect defences.

Deciphering of the signals regulating herbivore-
responsive gene expression will afford many
opportunities to manipulate the response. Signal-
ling molecules such as salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET) do not activate
defences independently by linear cascades, rather
establish complex interactions that determine spe-
cific responses. Knowledge of these interactions
can be exploited in the rational design of trans-
genic plants with increased disease/insect resis-
tance (Rojo et al., 2003).

It is, however, only recently that Mewis et al.,
(2005) linked these interacting signalling systems
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directly with insect attack. The glucosinolate
profile of mutant and transgenic Arabidopsis
compromised in the three major signalling path-
ways was characterised in response to chewing and
phloem feeding pests. Glucosinolate (GS) concen-
trations were reduced in blocked JA and enhanced
SA mutants. Blocking SA increased them. No
impact on glucosinolate concentration was found
in ET blocked signalling. Glucosinolate accumu-
lation was shown to increase in response to insect
feeding and insect performance was negatively
related to GS levels. These major pathways mod-
ulate Arabidopsis GS accumulation in response to
both phloem feeding and chewing insects, often
antagonistically. However, engineering natural
pathways for plant improvement is limited by a
lack of understanding of their biochemistry, and
by the need for co-ordinate regulation of multiple
gene activities (Dixon, 2005).

Regulation

The manipulation of plant traits in agricultural
biotechnology would be greatly facilitated if
endogenous genes of interest could be turned on
or off in a controlled or selective manner (Segal
et al., 2003). Manipulation of gene regulation may
be achieved utilising natural and artificial tran-
scription factors. In nature the expression of
eukaryotic genes is tightly regulated at both the
transcriptional and translational level, much of
this control is achieved through DNA-binding
transcription factors. Due to whole genome
sequencing projects numerous putative plant tran-
scription factors have been identified. Although
characterisation is still at a very early stage, this
strategy has significant potential. A transgenic line
of Arabidopsis expressing a MYB transcription
factor of phenylpropanoid biosynthesis signifi-
cantly increased resistance to lepidopteran leaf
feeding (Johnson & Dowd, 2004). While these
results indicate that a single gene regulator can
activate a defensive pathway sufficient to produce
increased disease resistance, a significant cost in
plant productivity was observed. Similarly zinc-
finger-based artificial transcription factors (the
zinc finger domain is the most common DNA-
binding motif in nature) are providing a promising
new method for manipulation of gene regulation
(Segal et al., 2003). While it is not yet possible to

use them broadly as gene-specific tools to regulate
endogenous gene expression some regulatory fac-
tors are already being explored for agricultural
biotechnology applications.

Conclusions

Pest control in modern agriculture has undergone
a true revolution, and is increasingly moving away
from reliance on exogenous pesticides towards
more sustainable and environmentally benign
practices. Whilst exploitation of plant endogenous
defense systems and resistant germplasm is an
intergral component of IPM-based strategies, this
is not without its drawbacks. Pest control is often
partial and resistance is only effective against
specific pest biotypes. However, the introduction
of foreign genes conferring insect resistance to
crop plants has been a major success in terms of
levels of protection afforded by expression of Bt
toxins. It is imperative to assure that transgenic
insect pest control is not compromised by the
development of resistance in pest populations. The
next generation of insect-resistant transgenic
plants must be designed to delay/prevent the onset
of resistance and thus provide more durable levels
of crop protection. The goal of achieving multi-
mechanistic resistance in crops is increasingly
achievable with agricultural biotechnology. Such
a goal may be realised using hybrid/fusion pro-
teins, which extend the efficacy of single toxins, or
via exploitation of induced responses, However, if
endogenous defense systems are to be fully
exploited, a much greater level of knowledge of
the regulation of complex pathways is required.

Field evaluation of transgenic plants contain-
ing insecticidal genes, as exemplifed by Eizaguirre
et al. (2006, this issue of Transgenic Research), is
vital as a component of the overall process of
creating and deploying insect resistant transgenic
plants that are useful and sustainable.
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