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1  Introduction
Genetically modified (GM) crops have often been referred to as one of the 
agricultural innovations with the fastest adoption rate by farmers worldwide. 
Indeed in 2018, about 17 million farmers in 26 countries planted 191.7 
million ha with GM crops, an increase of 1% or 1.9 million hectares from 2017 
(ISAAA, 2018). This fast pace of adoption has led in the last two decades to the 
unchallenged primacy of GM varieties on worldwide production of cotton (80% 
of the invested surface) and soybean (77%), while about one-third of cultivated 
maize and canola is currently GM. This large adoption of GM varieties, especially 
in the Americas, has created several problems in international trading (Parisi 
et al., 2016), since there are major importers of staple food and feed, for 
example the European Union, that still have a precautionary attitude towards GM 
products and, therefore, require imported GM food and feed to be specifically 
authorized and their processed products on the market, labelled. The negative 
attitude of the EU towards GM crops is even more obvious in case of cultivation 
and as a consequence the current practice of growing GM crops in Europe is 
limited to the Iberian peninsula where the ‘historical’ GM event maize MON810 
resistant to the corn borers Ostrinia nubilalis and Sesamia nonagrioides was 
grown on ca 121 000 ha in 2018. The gene conferring resistance to Lepidoptera 
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in the MON810 maize is a cry1Ab gene derived by the soil bacterium Bacillus 
thuringiensis (Bt) and which is selectively toxic to Lepidoptera. This gene can be 
considered the founder of a series of synthetically reproduced traits mimicking 
the natural array of genes codifying for insecticidal toxins present in the genome 
of different strains of B. thuringiensis, each characterized by a rather narrow 
range of target organisms (Palma et al., 2014). These genes still constitute the 
large majority of genes expressed by GM crops resistant to insects, alone or in 
combination with other traits expressed in the so-called stacked events, which 
represent to date the majority of GM crops used for cultivation. Even though 
insect-resistant traits are considered as belonging to the first generation of 
GM crops, the role of Bt-derived genes is still very relevant in the currently 
grown biotech crops worldwide. In fact, the only available commercial event 
expressing a gene to induce resistance to insects not derived from Bt is the 
MON87411 maize developed by Monsanto (authorized for cultivation by the US 
Environmental Protection Agency in 2015) which, in addition to a Cry3Bb delta-
endotoxin, encodes for a double-stranded RNA transcript containing a 240 bp 
fragment of the Diabrotica virgifera virgifera Snf7 gene to confer resistance to 
this beetle. This maize event has been then crossed to several other GM events 
and it is now included in several stacked GM maize hybrids.

2  Bacillus thuringiensis (Bt) insecticidal toxins
The list of Bt-derived genes currently contains 858 entries (http://www.
btnomenclature.info/; accessed 5 July 2019), although only less than a dozen 
are currently expressed in commercially available GM crops (http ://ww w.isa 
aa.or g/gma pprov aldat abase /gene slist /defa ult.a sp; accessed on 5 July 2019). 
The majority of the proteins produced by these genes are δ-endotoxin formed 
during the sporulating phase of the bacterium life cycle and can be grouped 
in two families: cry and cyt. The different cry toxins are specifically noxious to 
insects of the orders Lepidoptera, Coleoptera, Hymenoptera and Diptera. In 
contrast, cyt toxins are mostly found in B. thuringiensis strains active against 
Diptera, although a few exceptions of coleopteran active strains containing 
Cyt proteins have been documented (Bravo and Soberon, 2010). In addition, 
strains of B. thuringiensis active against insect orders of Hymenoptera, 
Homoptera, Orthoptera and Mallophaga and to other invertebrates such as 
nematodes and mites have also been identified (http://www.btnomenclature.
info/; accessed on 5 July 2019). Another class of toxins is synthesized by this 
bacterium during the vegetative phase of the life cycle (Vip toxins) and their 
use has been exploited recently for obtaining GM plants resistant to insects 
(e.g. MIR162 maize, Bollgard III cotton). Bt toxins are known to be quite specific, 
though some cross-order activity has been reported (Van Frankenhuyzen, 
2013). Bt-based microbial pesticides have been used for the biological control 

http://www.btnomenclature.info/;
http://www.btnomenclature.info/;
http://www.isaaa.org/gmapprovaldatabase/geneslist/default.asp;
http://www.isaaa.org/gmapprovaldatabase/geneslist/default.asp;
http://www.btnomenclature.info/;
http://www.btnomenclature.info/;
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of insect pests for more than 80 years, and are currently included in over 100 
commercial products (Glare and O’Callaghan, 2000). Bt microbial pesticides 
represent one of the main pillars of pest management for organic farmers, since 
their remarkable selectivity, their short persistence in the environment and their 
harmlessness for mammals make this class of pesticides quite innocuous for 
non-target organisms. 

Due to all the positive characteristics of these molecules, it is not surprising 
that Bt genes have been one of the first practical applications of genetic 
engineering in agriculture, when the successful transformation of crop plants 
was achieved in the 1980s. The efficiency of these GM plants in tolerating 
the attack of insect pests spurred seed companies to produce new varieties 
which reached the market in the late 1990s upon the first approval by the US 
EPA of the StarLink maize expressing the toxin Cry9C as a plant incorporating 
pesticide (http s://a rchiv e.epa .gov/ pesti cides /biop estic ides/ web/h tml/s tarli nk_ 
co rn.ht ml; accessed 23 July 2019).

There are some differences in the functioning of Bt toxins between microbial 
pesticides and GM plant-expressing Bt toxins (Arpaia et al., 2017) that trigger 
specifically targeted risk assessment in the two different cases. Some practical 
implications for the different action of Bt toxins in the two different delivery 
methods are summarized in Table 1.

The mechanism of action of cry toxins originating from B. thuringiensis 
occurring in the environment requires the cleavage of the protoxin (the natural 
form of cry proteins) upon ingestion, under favourable pH conditions in the 
midgut of target insects. This activation is not necessary in GM plants, since the 

Table 1 Practical differences between the characteristics of Bt toxins in microbial pesticides and 
in GM plants due to the different delivery method

Microbial pesticides GM plants

Release controlled by applicator: 
timing, point location, and so on

Under the regulation of constitutive promoters (e.g. 
35s) toxin is released continuously and in all plant 
parts, independently from the infestation level

Product is evenly distributed over 
whole plants

There is a different tissue-specific toxin production 
(usually highest in leaf tissues), which also varies along 
the cropping season 

Degradation begins immediately 
after application

Degradation only occurs when plant-expressed 
compounds are released in the environment (i.e. via 
root exudates and cultivation residues)

Possible dispersal by spray drift at 
the time of application

Possible dispersal by plant tissue transport during 
(e.g. with pollen) and after (e.g. via plant residues) the 
cropping season

Limited interactions with plant or 
other naturally occurring metabolites 
in the environment

Possible interactions with other plant produced 
compounds

https://archive.epa.gov/pesticides/biopesticides/web/html/starlink_
corn.html;
https://archive.epa.gov/pesticides/biopesticides/web/html/starlink_
corn.html;
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newly expressed genes codify for the shorter form, already active, toxin. The 
way the toxic effect can be enhanced in microbial pesticides or in plants is also 
sensibly different. Laboratory studies have demonstrated that when grown in 
specific media, B. thuringiensis colonies produce higher amount of chitinases, 
which act synergistically with cry toxins (Vu et al., 2009); the toxic effect under 
these conditions can be 1.5–2 times higher as demonstrated in laboratory 
experiments targeting the larvae of Aedes aegypti (Ramirez-Suero et al., 2011). 

The range of organisms and the modality of exposure to Bt toxins induced 
by the two delivery methods can also be quite different. For example, aerial 
transportation of Bt-pollen can expose non-target caterpillar larvae living on wild 
plants at some distance from the GM-cultivated areas (Perry et al., 2010; Holst 
et al., 2013), while this pathway seems more remote for microbial pesticides. 
The use of microbial pesticides against corn borers is usually recommended 
before maize flowering, thus pollen feeding organisms are normally not 
exposed to the toxins in this form. On the contrary, cry toxins are commonly 
present in pollen of GM plants, although they are less abundant compared to 
other tissues, therefore exposure of flower visiting organisms is still possible. 
Another difference, with potentially relevant biosafety implications, is due 
to the exposure pathway, which is expected to be largely bitrophic when Bt 
toxins are distributed on plant canopy with sprays since they will have a limited 
persistence. Possibilities of exposure for non-target organisms can instead 
follow several direct and indirect paths when these toxins are expressed in 
plants (Andow et al., 2006). 

3  Incorporating Bt-expressing GM plants in 
integrated pest management (IPM)

The report ‘Agriculture at a Crossroads’ (IAASTD, 2009) indicated that 
agricultural knowledge, science and technology are fundamental to meeting 
the Millennium development goals. The biggest challenge of modern 
agriculture is ensuring enough food and feed production for a fast-growing 
world population while safeguarding economic, social and environmental 
sustainability of cropping practices. This scenario is further complicated by 
the evidence that climate change is altering the distribution, incidence and 
intensity of animal and plant pests and diseases (Taylor et al., 2018; Deutsch 
et al., 2018). GM crops represent a valuable new tool to support these actions 
and their new traits have the potential to improve crop production especially 
under heavy pest, disease and weed pressure (Gomez-Barbero et al., 2008; 
Areal et al., 2013). In particular, insecticidal and virus-resistant crops could help 
to keep pests and diseases in check, to lower the chemical pesticide load in 
the environment, to support complementary IPM tactics such as the active 
use of biocontrol agents and, therefore, to increase reliance on natural pest 



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Advances in the use of Bt genes in insect-resistant crops 5

control. However, the reduction of pesticide use alone does not guarantee that 
natural pest control in the presence of GM crops is maintained or enhanced, 
and the need to assess the role that GM plants might play in different IPM 
systems was highlighted by Menozzi et al. (2017). In order to verify how likely Bt 
crops might fit well in IPM programmes, we need to consider if these varieties 
can be successfully managed in the context of the main principles of IPM (i.e. 
monitoring population density, establishing action thresholds, selection of the 
most appropriate method(s) of pest control). Particularly, it is paramount to 
investigate if the ecological functions provided by the organisms living in an 
agro-ecosystem (e.g. pollinators, natural enemies, detritivores) are maintained 
to the same extent as in ‘traditional’ non-GM-based agro-ecosystems.

GM crops resistant to insects, as well as traditionally bred insect-resistant 
plants, work independently of any action threshold established for target pests, 
since they produce a kind of preventive defense even before insects attack 
cropped plants. Monitoring population levels of the target insects will, therefore, 
not be necessary when GM varieties are being cultivated, though monitoring 
for possible onset of resistance is regularly conducted by the applicants. On 
the other hand, the monitoring of other insect pests and natural enemies (which 
remains a necessary activity in any IPM programme) is not hampered in any way 
by the presence of GM plants. Therefore, the main issue to be considered is the 
role of this germplasm in combination with other means of pest control in the 
agro-ecosystem, including the use of chemical pesticides. 

A meta-analysis conducted by Klümper and Qaim (2014) has revealed 
that on average GM technology adoption has reduced chemical pesticide use 
by 37%, and increased crop yields by 22%. The extent of these effects vary 
especially according to the modified crop traits and geographic regions, 
both yield gains and pesticide reductions are larger for insect-resistant crops 
than for other foreign traits expressed in GM plants. Not surprisingly, cotton 
– a crop on which the use of insecticides is quite heavy – scores as the agro-
ecosystem where reduction of pesticide load is highest when GM varieties 
are adopted. A reduced use of insecticides will obviously favour the activity 
of natural enemies, especially generalist predators that can find secondary 
preys among non-target herbivores in the agro-ecosystem and maintain their 
valuable contribution to ecosystem services (Arpaia et al., 2007). Even in some 
cases where particular species showed a reduced abundance in Bt stands 
compared to the untransformed control plants, the redundancy in the agro-
ecosystem allowed other species of the same guild to concur in maintaining 
the level of natural pest control, therefore guaranteeing the ecological service 
(Naranjo, 2005). However, ecological relationships regulating food webs in the 
field are most commonly not linear ones and the possible issue of secondary 
pests needs to be carefully monitored (Wang et al., 2008; Hagenbucher et al., 
2013; Catarino et al., 2016).
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Several meta-analyses have investigated comparatively the impact of 
different pest control approaches, including Bt-expressing GM crops, on natural 
enemies (e.g. Marvier et al., 2007; Naranjo, 2009). The general outcomes of 
these studies indicate that non-target invertebrates are more abundant in Bt 
cotton and Bt maize fields compared with non-transgenic fields managed with 
insecticides. However, in comparison with insecticide-free control fields, certain 
non-target taxa are less abundant in Bt fields. The organisms which experience 
a negative effect when reared on Bt-based diets are mostly specialized 
parasitoids linked to target pests, which suffer most likely for the poor quality of 
available hosts (e.g. Ramirez-Romero et al., 2007; Walker et al., 2007; Naranjo, 
2009). This is not surprising, considering the strict link with the host species 
that this group of natural enemies requires for successfully completing their life 
cycle. Even though direct toxic effects are not expected to occur, the reduced 
abundance or quality of hosts in Bt fields may hamper the efficacy of parasitoid-
based natural biological control in some agro-ecosystems.

The concepts of IPM are usually successfully realized over an extended 
spatial and temporal scale. Approaching the problem from an agro-
ecosystems angle is best to design less vulnerable cropping systems, moving 
towards longer-term prevention and suppression of key pests in the system 
over multiple fields, farms and seasons (Barzman et al., 2015). To analyse 
the effects of Bt maize adoption on European corn borer (ECB), O. nubilalis 
populations, Hutchison et al. (2010) estimated the annual per capita growth 
rates in maize-growing areas in the Midwest of the United States where 
maize constitutes the most relevant cropping system. Possible confounding 
factors, such as previous population levels in different regions, and density-
dependent mortality were accounted for in the model when time series were 
analysed. Reduction of populations of the ECB ranged from 23% to 73% 
when historical data from the pre-Bt era (i.e. 1963–1996) where compared 
with data collected from 1996 to 2009. This clearly indicates that benefits 
from the adoption of Bt maize were extended to all maize-growing farmers, 
including non-adopters of GM maize. A more recent paper (Dively et al., 
2018) addressed the issue of area-wide pest management at a regional 
scale, considering also mixed cropping systems where several crops share 
relevant surfaces in the area. The case study concerns the Mid-Atlantic 
United States where crops such as peppers, green beans and sweet corn are 
cultivated on large acreages and are all susceptible to the attack of ECB and 
Helicoverpa zea. Using data spanning from 1976 to 2016 through a regional 
network of blacklight traps in three states, Dively et al. (2018) demonstrated 
that vegetable growers benefit via decreased crop damage and insecticide 
applications due to the large decline of populations of the two pests. Their 
model also includes new features and it is able to account for different 
concurring biological phenomena linked to climate change. The number of 



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Advances in the use of Bt genes in insect-resistant crops 7

recommended insecticide sprays to control ECB in peppers, green beans and 
sweet corn, and H. zea in sweet corn, significantly decreased as a function of 
average Bt corn adoption rates. Time series regarding field damage reports 
for ECB in the area are available, and the comparisons from the pre-Bt maize 
introduction and the current surveys indicate their decline in pepper reached 
78%, and 70% in sweet corn. 

Positive examples of area-wide pest management achieved with the 
contribution of Bt crops are not limited to maize. For instance, adoption of Bt 
cotton in China suppressed pink bollworm Pectinophora gossypiella and cotton 
bollworm Helicoverpa armigera populations in non-Bt cotton as well as in other 
crops (Wu et al., 2008). Regional reductions in the pink bollworm, which is fairly 
specialized to cotton, have also been reported from the use of Bt cotton in the 
United States (Carrière et al., 2003).

Another positive aspect regarding the action of natural enemies and 
GM crops was elucidated by using population models which indicated that 
natural enemies can support the effectiveness of GM cultivations, by delaying 
the possible adaptation of target pests to Bt toxins (Gould 1994; Arpaia et al., 
1997). The possible effect is linked to the behaviour of the natural enemies 
occurring in the agro-ecosystem, namely if natural enemies prey on the pest in 
a density-dependent fashion, this could lead to faster adaptation by the pest 
to the toxin, since the difference in fitness between resistant and susceptible 
individuals will be further enhanced in favour of the former. In contrast, inverse 
density-dependent predation is expected to slow the rate of adaptation by 
imposing more fitness costs to the few expected resistant survivors.

Theoretical considerations and some experimental evidence suggest that 
Bt-expressing GM crops might profitably be included in an IPM framework 
(Lundgren et al., 2009; Romeis et al., 2019); however, Hokkanen (2015) warned 
that in reality these benefits seldom seem to be achieved, as GM crops are 
still perceived by the growers as a stand-alone technology without any real 
attempts to integrate them as a component in IPM. For example, not conducting 
field sampling for secondary pests and natural enemies may cause a failure 
in estimating predator-prey relationships in the agro-ecosystem with the 
consequence that intense insecticide use might become necessary to control 
secondary pests, which are not sensitive to Bt toxins.

4  Insecticide resistance
Insecticide resistance is a well-known phenomenon regarding almost 600 
insect species and more than 300 active ingredients (Sparks and Nauen, 2015). 
Population models indicate that the higher the selection pressure against a 
trait (i.e. susceptibility to a chemical compound), the quicker the spread of 
a resistant allele will be in the population. This principle applies equally to 
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exposed insect populations when a Bt toxin is expressed in a GM plant in the 
field. The possible build-up of resistance to Bt toxins can be mainly considered 
as an agronomic and commercial problem; however, the main regulatory 
agencies (e.g. EPA in the USA, EFSA in the EU) demand that developers of GM 
varieties also monitor in a proactive manner the risk of insurgence of resistance 
in commercial cultivations, due to its possible environmental consequences 
(e.g. spread of resistant strains that could damage one or several crop species 
and then require additional use of pesticides). That’s why insecticide resistance 
management measures have been deemed necessary from the very beginning 
of commercialization of Bt crops. 

Current insect resistance management strategies rely on the combined 
use of GM events with high expression levels of cry toxins, able to kill all 
susceptible and heterozygote individuals and implementing refuge areas (i.e. 
non-GM stands) close to GM cultivations to favour mating between susceptible 
and resistant individuals to further dilute resistance allele frequency in the 
population. Indeed, to date Bt crops have remained effective against most pest 
populations after many years of commercial cultivation (Castaňera et al., 2016; 
Tabashnik and Carrière, 2017); however, cases of field-evolved resistance with 
consequent increased crop damage to GM events have been reported in some 
populations of major target insect pests (Luttrell et al., 2004; Van Rensburg, 
2007; Tabashnik et al., 2008, 2009; Bagla, 2010; Storer et al., 2010; Dhurua 
and Gujar, 2011; Gassmann et al., 2011; Kruger et al., 2012). The main cause 
of these failures has been the non-compliance to the high expression–refuge 
strategy, but lately a few newly occurring cases of previously susceptible pests 
damaging Bt crops also when compliance to the strategy was ensured (US EPA, 
FIFRA Scientific Advisory Panel, 2018), reopened the debate on how to improve 
monitoring methods and continue to develop strategies on how to preserve 
resistant germplasm over time. 

Mathematical models have been largely used by regulatory authorities to 
establish a system of early warning to prevent the onset of resistance by the 
target pests. Though with some differences all models concur in indicating that 
increase of allele frequency over time is a natural, unavoidable, phenomenon 
that in the long run will lead to the onset of resistance. To proactively prevent 
the insurgence of resistance, common approaches suggest the possible 
introduction of novel toxins against the target pest either replacing those 
originally used or by pyramiding more toxins in a single stacked GM event. The 
latter tactic is now quite popular among biotech companies who have on the 
market GM events expressing several insect resistance and herbicide-tolerant 
genes in the same varieties (http ://ww w.isa aa.or g/gma pprov aldat abase ). 
However, the strong asynchrony in the approval of GM cultivations between 
countries renders this approach not currently feasible in some areas, especially 
in Europe.

http://www.isaaa.org/gmapprovaldatabase)
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5  Conclusion and future trends
The possible environmental impacts of GM crops and the way to assess the 
relative risks have been quite extensively debated (Arpaia, 2010). A recent 
survey indicated that biodiversity preservation has been the predominant 
sub-topic (58%) in the projects studying implications of GM crop cultivations 
in Europe (Menozzi et al., 2017). The effect on non-target organisms was 
specifically analysed in 25% of those projects. In spite of the large body of 
data accumulating on this subject, the dichotomy regarding the approval of 
commercial cultivations of GM crops between geographical regions remains 
quite obvious. In order to support the production of scientifically sound 
data during environmental risk assessment (ERA), the European Food Safety 
Authority (EFSA) has renewed its guidelines for environmental risk assessment 
of GM plants (EFSA, 2010), making clear the need for sound ecological data 
on which ERA of GM crops should be rooted. The practical application of such 
guidelines has been implemented in a EU-funded research project (Arpaia 
et al., 2014) which has collected relevant baseline ecological data regarding 
active food webs in maize and potato agro-ecosystems and the surrounding 
landscapes in different European areas. Such datasets represent an important 
benchmark against which ERA for introduction of new GM germplasm could be 
realistically built. Surveys conducted in commercial fields in the framework of 
this project also triggered the recommendation that region-specific non-target 
indicator species should be included in ERA protocols to better account for 
the relevance of the receiving environment where Bt crops are to be released 
(van Capelle et al., 2016). The rationale on which the ERA is conducted by 
several regulatory agencies involve the monitoring of cultivated land (on-crop 
area), but sometimes of the surrounding landscape (off-crop area) and their 
interactions in terms of ecological functionality. This type of monitoring 
should include possibilities to study combined effects of different stressors 
on selected focal species and the extent of ecosystem services they provide 
(e.g. pollination, natural pest control). In the context of IPM, natural enemies 
represent obviously the most relevant category of non-target organisms to 
be studied; however, developing pest control systems, which are compatible 
with the normal activities of other functional guilds and which are very relevant 
for agriculture (e.g. pollinators, detritivores), should be a primary goal for the 
sustainability of modern agriculture.

The maintenance of ecosystem services is a declared principle of ERA in 
Europe, not only in the field of GM organisms (EFSA, 2016). However, analysing 
ecosystem services is not a simple exercise since it involves the measurement 
of the contribution of service-providing species, the scale at which they operate 
and determine the possible effects of stressors on these species (Kremen and 
Ostfeld, 2005).
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GM crops expressing B. thuringiensis toxins represent a considerable part 
of the first generation of GM crops, characterized by a single newly expressed 
trait (either insect resistance or herbicide tolerance). After more than two 
decades of cultivation of GM crops worldwide, the current trend is represented 
by stacked events, containing more than one transgene. Additionally, some 
new characteristics are being introduced by seed companies into elite varieties 
(e.g. drought resistance, improved quality, etc.). Bt genes have been so far 
almost the only source of resistance to insects engineered into plant varieties 
which were brought to the market by industry; approved GM events contain 
only a handful of them: Cry1Ab, Cry1Ac, Cry1F, Cry3Bb. In spite of the progress 
made in discovering new Bt toxins in the last few years (Adang et al., 2014), only 
more recently new Bt-derived genes have been exploited for the production 
of Cry34/Cry35 binary toxins which act in combination against Coleoptera, or 
vip3A active against a broad range of lepidopteran pests and they have been 
expressed in a few GM commercialized events. 

Even within this limited group of insecticidal toxins, some aspects of their 
mode of action are not completely understood (Hernàndez-Martinez et al., 
2017). When some of these new traits were expressed in GM events aimed 
at commercial cultivation, the European Food Safety Authority argued that to 
resolve the remaining scientific uncertainty on the potential toxicity of the binary 
Cry34Ab1/Cry35Ab1 proteins on some predators, for example ladybirds, 
additional laboratory studies had to be performed prior to authorization (EFSA, 
2013). A potential drastic change of this scenario may occur when more insect-
resistant GM events expressing dsRNA will become available (Christiaens et al., 
2018), if the request for authorization of these events will increase, therefore 
the possibilities of using genetically engineered plants for insect pest control 
will become less dependent on Bt toxins.

The possible onset of resistance to insecticidal toxins expressed in plants 
might also constitute a driving force towards searching new traits or combining 
more than one trait in a single variety to conduct a successful ‘arms race’ 
against new insect populations locally. These new scenarios will also trigger 
priority to new research questions in order to assess the possible effects due 
to the interactions of more than one toxin used in combination, on non-target 
organisms. The possible effects of multiple stressors, especially in valued 
species active as service providers in agro-ecosystems, is certainly a topic which 
has received limited attention so far. Combinatorial effects of Cry toxins with 
other proteins or chemicals are actually widely recognized and reported in the 
literature (Hilbeck and Otto, 2015). In Europe, ERA requirement for stacked GM 
varieties could be less extensive than the assessment of the parental GM events 
if the latter have already been considered to be safe, additional environmental 
studies are deemed relevant on a case-by-case basis (De Schrijver et al., 2007). 
Especially stacked events combining more than one insect-resistant toxin 
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should be risk assessed on non-target organisms, since potential for additive 
interactions between different Bt toxin classes exists (Pérez et al., 2005; Sharma 
et al., 2010).

A final consideration should be given to the potentially different 
environmental impacts in different receiving environments. Non-target 
organisms are known to show quite a different sensitivity to Bt toxins even 
within the same insect order (Van Frenkenhuizen, 2009). Review of laboratory 
studies have shown that experiments aimed at evaluating activity of different 
cry toxins on natural enemies are still performed on a relatively small number of 
surrogate species mostly in America and Europe and many relevant taxonomic 
groups which are involved in providing important ecological services are 
poorly represented (Lövei et al., 2009). In the last few years, however, efforts 
are ongoing in collecting new information in countries where only recently GM 
crops have been authorized. Environmental risk assessment needs, at a certain 
stage of the process, to collect information on regional ecologically relevant 
focal species that have been judged to have an important role in providing 
ecological services in a particular agro-ecosystem. Conducting monitoring to 
develop enough information for a thorough estimate of ecological services 
may represent a massive effort, which goes well beyond the scope and 
possibilities of an ERA specifically aimed at the approval of a new variety or a 
new insecticide to be used in agriculture. Local resources and expertise should 
then be involved, also after the approval of varieties resistant to insects, in order 
to confirm that biotech products are exploiting their potential and are managed 
in a way to support the sustainability of agriculture. 
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7  Where to look for further information
Regulatory agencies provide information on the legal framework, the 
current status of GMO authorized for commercialization and details about 
the opinions given on each dossier for risk assessment of GM crops in their 
territories. 

 • United States Environmental Protection Agency – https ://ww w.epa .gov/ 
regul ation -biot echno logy- under -tsca -and- fifra /epas -regu latio n-bio techn 
ology -use- pest- manag ement. 

 • European Food Safety Authority – http: //www .efsa .euro pa.eu /en/t opics /
topi c/gmo. 

https://www.epa.gov/regulation-biotechnology-under-tsca-and-fifra/epas-regulation-biotechnology-use-pest-management.
https://www.epa.gov/regulation-biotechnology-under-tsca-and-fifra/epas-regulation-biotechnology-use-pest-management.
https://www.epa.gov/regulation-biotechnology-under-tsca-and-fifra/epas-regulation-biotechnology-use-pest-management.
http://www.efsa.europa.eu/en/topics/topic/gmo.
http://www.efsa.europa.eu/en/topics/topic/gmo.
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The ICGEB has a web-based collection of reviews on different aspects of 
biosafety of GM organisms:

 • International Centre for genetic Engineering and Biotechnology, 
Collection of Biosafety Reviews – https ://ww w.icg eb.or g/bio safet y-pub 
licat ions- colle ction s/.

The ISAAA web site publishes annual reports concerning worldwide use of GM 
crops:

 • International Service for the Acquisition of Agri-biotech Applications – 
www.isaaa.org.

The following website is a good source of teaching materials for students 
wishing to improve their knowledge on the scientific aspects and the socio-
economic implications of growing GM crops:

 • University of Reading, teaching module on GMOs – http: //www .read ing.a 
c.uk/ AMIGA /Scie nceof GM/am i-Wha tareG Mcrop s.asp x.
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