
Chapter 6
The Present and Future Role of Insect-Resistant 
Genetically Modified Cotton in IPM

Steven E. Naranjo1,*, John R. Ruberson2, Hari C. Sharma3, Lewis Wilson4, 
and Kongming Wu5

Abstract Transgenic cottons producing Cry toxins from Bacillus thuringiensis 
(Bt) provide for control of lepidopteran pests and were first commercially grown in 
Australia, Mexico and the USA in 1996. As of 2007, a total of six additional countries 
(Argentina, Brazil, China, Colombia, India, and South Africa) now grow Bt cotton 
on a total production area of 14 million hectares. The technology primarily provides 
highly selective and effective control of bollworms, which are the most damaging 
pests of cotton worldwide. It is estimated that between 1996 and 2005 the deployment 
of Bt cotton has reduced the volume of insecticide active ingredient used for pest con-
trol in cotton by 94.5 million kilograms and increased farm income through reduced 
costs and improved yields by US$7.5 billion, with most of the benefit accrued by 
farmers in developing nations. Reductions in insecticide use have broadened oppor-
tunities for biological control of all cotton pests but most other pest management 
tactics have remained largely unchanged by the use of Bt cotton. However, several 
non-target pests have become more problematic in Bt cotton fields in some countries 
largely due to reductions in insecticide use for target pests. After 11 years of Bt cotton 
cultivation, control failures due to resistance have not been detected under field con-
ditions. This success can be largely credited to pre-emptive resistance management 
based on mandated refuges and monitoring programs as well as non-mandated refuge 
crops and natural refuges which collectively act to dilute any resistant alleles in pest 
populations. New products are in the pipeline to improve the effectiveness of geneti-
cally modified cotton cultivars for resistance to lepidopteran pests, and to address 
other pest problems in cotton. Debate over food and environmental safety, regulatory 
oversight, and farming community welfare are likely to continue as the technology 
moves forward with new crops and new adopting countries.
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6.1 Introduction

Cotton was grown in more than 75 countries with a total production of 26.6 billion 
kilograms in 2006 (National Cotton Council, http://www.cotton.org) and supplied 
almost 40% of total worldwide demand for fiber. Four species of cotton (Gossypium) 
are cultivated worldwide, including G. herbaceum and G. arboreum, which are 
mainly grown in Asia, G. barbadense or long staple cotton cultivated in Egypt, 
India, the West Indies, and parts of the western USA and South America. Gossypium 
hirsutum (upland cotton), the most common species, is cultivated throughout the 
world. Cotton is a perennial plant, but through manipulation of irrigation, defoliants 
and cultivation it is grown as an annual crop. The harvestable portions of the plant 
are found in the cotton fruit where the primary product, lint fiber, arises from the 
growth of single cells on the seed surface. Cotton seed is used as animal feed or in 
the production of oil used in some food products.

Cotton is inhabited by a large diversity of arthropods throughout the world. 
Hargreaves (1948) cataloged >1,300 herbivorous insects on cotton worldwide. 
Although very few of these are of economic importance, cotton production has a 
long history of employing insecticides for crop protection. It is estimated that 
cotton accounts for about 22.5% of total insecticide use worldwide (Anonymous, 
1995). Advances in various pest management technologies and practices in cotton 
are reducing the use and impact of insecticides (Wilson et al., 2004; Brookes and 
Barfoot, 2006; Naranjo and Luttrell, 2008); most prominent among these has been 
the use of biotechnology to enhance protection against some of the most severe 
pests of this crop.

The adoption and use of genetically-modified (GM) crops continues to grow 
rapidly worldwide. As of 2007, 23 countries were producing GM crops on a total 
of 114.3 million hectares (James, 2007). Cottons genetically modified to produce 
the selective toxin proteins of Bacillus thuringiensis (Bt; Cry1 and Cry2 proteins) 
have been grown commercially since 1996. All current commercial lines of Bt cot-
ton are cultivars of G. hirsutum, however, transgenic G. barbadense producing Bt 
toxins was approved for limited field evaluation in Australia in late 2007. The USA, 
Australia and Mexico were the first countries to permit commercial cultivation of 
Bt cotton, followed by China and South Africa in 1997, Argentina in 1998, 
Colombia and India in 2002, and Brazil in 2005 (Benedict and Ring, 2004; James, 
2007). Widespread cultivation of Bt cottons in Burkina Faso, West Africa is 
expected in the near future. Indonesia commercialized Bt cotton in 2001 but ceased 
cultivation 2 years later when regulatory permits expired. Commercial production 
is expected to resume there in the future. The adoption rate of Bt cotton in India has 
been unprecedented. Production there grew from about 50,000 ha in 2002 to 6.2 
million hectares in 2007, a 12,300% increase in 5 years (James, 2007). In 2007, 131 
hybrids were approved for planting in India compared with 4 in 2002, the initial 
year of cultivation. India now grows more Bt cotton than any other country in the 
world. Pakistan, one of the five largest producers of cotton in the world, has devel-
oped several indigenous Bt cotton varieties and wide-scale testing is on-going. 
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Table 6.1 Summary production statistics and events for Bt cotton adopting countries, 2006

 Yield      
 (million Total ha  First Bt
Country kg) (1,000s) % Bt production Events Insect toxins

China 7,729 6,000 65 1997 MON531 Cry1Ac
     GK12 Cry1Aa

     SGK321 Cry1Aa + CpTI
India 4,746 9,166 41 2002 MON531 Cry1Ac,
     MON15985 Cry1Ac + Cry2Ab2
     GFM Cry1Ab + Cry1Ac
     Event-1 Cry1Ac
USA 4,700 5,152 66 1996 MON531 Cry1Ac
     MON15985 Cry1Ac + Cry2Ab2
     MON531 × 1445b Cry1Ac
     MON15985 × 1445b Cry1Ac + Cry2Ab2
     MON15985 × 88913b Cry1Ac + Cry2Ab2
     DAS21023 × 24236 Cry1Ac + Cry1F
Brazil 1,524 1,094 11 2005 MON531 Cry1Ac
Australia 294 145c 83 1996 MON531 Cry1Ac
     MON15985 Cry 1Ac + Cry2Ab2
     MON15985 × 1445b Cry 1Ac + Cry2Ab2
     MON15985 × 88913b Cry 1Ac + Cry2Ab2
Argentina 174 400 67 1998 MON531 Cry1Ac
Mexico 141 115d 19 1996 MON531, Cry1Ac
     MON531 × 1445b Cry1Ac
Colombia 41 53 42 2002 MON531 Cry1Ac
South 
 Africa 12 16 82 1997 MON531, Cry1Ac
     MON15985 Cry1Ac + Cry2Ab2

Summarized from National Cotton Council (www.cotton.org), James (2006), and the AgBios 
Database (www.agbios.com). Countries are ranked in order of their total cotton yield. SGK321 
also produced a cowpea trypsin inhibitor (CpTI)
a This Cry1A toxins represents a fusion of Cry1Ac and Cry1Ab expressed as a single event
b MON1445 and MON88913 represent events conferring tolerance to the herbicide glyphosate
c Production in Australia was depressed in 2006 due to continued drought; the adoption rate is 
consistent with recent years
d GM cotton seed supply was disrupted in 2006 due to regulatory issues; adoption in 2005 
was >90%

Worldwide, about 10.8 and 3.2 million hectares of Bt cotton and cotton containing 
both insect resistance and tolerance to herbicides were grown commercially in 
2007, respectively (James, 2007). One commercial Bt cotton genotype in China 
also expresses the cowpea trypsin inhibitor in addition to a fusion Cry1A Bt protein, 
but it is used only on a small scale. Cotton production statistics and Bt cotton 
adoption in these nine countries is summarized in Table 6.1.

Many issues underpin the complex nature of developing robust and sustainable 
pest management strategies for the cotton system. This chapter will expand upon 
the opportunities and challenges of integrating Bt cotton into current and developing 
IPM systems throughout cotton production regions of the world.
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6.2 IPM of Target and Non-Target Pests

6.2.1 General Considerations

Modern pest control is guided by the principles of integrated pest management 
(IPM) that have been articulated by numerous authors for more than 50 years. 
Kogan (1998) defined IPM as “a decision support system for the selection and use 
of pest control tactics, singly or harmoniously coordinated into a management 
strategy, based on cost/benefit analyses that take into account the interests of and 
impacts on producers, society, and the environment.” The use of GM crops, which 
have biological activity against select insect pests, qualifies as one of the many 
tactics that can be integrated into pest management strategies for cotton (Fig. 6.1). 
Caterpillars, particularly the various species referred to as bollworms, are among 
the most damaging insect pests of cotton in most parts of the world. Within this 
context, Bt cottons are virulent and selective forms of host plant resistance that 
represent both opportunities and challenges. Aside from the obvious opportunities 
for improved caterpillar control, the interactions and synergies from a single tactic 
such as host plant resistance may provide benefits beyond its narrow range of direct 
control on a specific group of pest species. Thus, although Bt cotton directly con-
trols only lepidopteran pests, the associated reduction in insecticide use for these 
pests may facilitate or enhance the effectiveness of other tactics such as biological 
control which in turn may directly contribute to control of other pests in the system 
(e.g., Naranjo, 2001; Wu and Guo, 2003). Further, the large scale adoption of Bt 

Fig. 6.1 Conceptual diagram of IPM emphasizing the importance of the underlying foundation 
of pest avoidance through components such as insect-resistant GM varieties and biological control 
(Modified from Naranjo, 2001; with permission from Elsevier)
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cotton in many countries underpins an area-wide suppression of target pests that 
greatly reduces overall regional populations that can have positive “halo” effects in 
conventional cotton (e.g., Carrière et al., 2003; Wilson et al., 2004; Storer et al., 
chapter 10). At the same time, there are significant challenges with using Bt cotton, 
the foremost of which is the potential for the development of resistance to Bt toxins 
in populations of the target pests leading to failure of this control tactic. Other 
challenges are manifested through the wide diversity of pests affecting cotton 
worldwide. For example, Bt cotton may indirectly cause existing primary pests or 
secondary pest problems to increase (Wu et al., 2002b; Lei et al., 2003; Williams, 
2006). Still more challenges center on the continuing debate on ecological effects 
and environmental safety of Bt cotton and other GM crops (Marvier et al., 2007).

6.2.2 Target Pests

As previously noted, the Bt Cry toxins produced in all current commercialized GM 
cottons have specific activity against various lepidopteran pests (Table 6.2). In 
countries adopting Bt cottons there are roughly 30 species or groups of caterpillar 
pests of concern. The primary targets of the first generation of single gene trans-
genic cottons producing Cry1 or Cry2 were the species of the bollworm/budworm 
complex (Heliothis and Helicoverpa spp.), the pink bollworm (Pectinophora gos-
sypiella), and various spiny and spotted bollworms (Earias spp.). These cottons 
also have good activity against various other pests such as leafworms, leaf perfora-
tors, semiloopers and other bollworms. However, single gene cottons have limited 
activity against pests such as Spodoptera spp., Trichoplusia ni, Pseudoplusia inclu-
dens and cutworms (Benedict and Ring, 2004). The recently introduced pyramided 
or dual gene transgenic cottons (e.g., Bollgard II, WideStrike) produce two differ-
ent Cry toxins and have a broader spectra of activity within the Lepidoptera, includ-
ing efficacy against many of the pests not previously controlled effectively by 
single gene constructs, and improved efficacy of the initial primary targets, most 
notably H. zea and H. armigera (Fitt and Wilson, 2000; Adamczyk et al., 2001; 
Chitkowski et al., 2003; Adamczyk and Gore, 2004). Since the 2004/05 season, 
dual gene Bt cottons are now grown exclusively in place of single gene constructs 
in Australia and use of dual gene Bt cottons in the USA grew from about 14% of 
all Bt cottons in 2006 to nearly 34% in 2007 (USDA, 2006, 2007). In Australia, 
Mexico and the USA, single or double Bt gene events are now frequently stacked 
with genes conferring tolerance to certain herbicides (see Table 6.1).

6.2.3 Non-Target Pests and Changing Pest Problems

A relatively large number of pest species that are not susceptible to the Bt toxins 
expressed in transgenic cottons affect cotton production worldwide (Table 6.3). In 
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general, most of these species exhibit the same pest status and continue to be man-
aged identically in Bt and conventional cotton systems. However, the use of Bt 
cottons has led to indirect effects on some of these non-target pest species in some 
productions systems and this is generally thought to be primarily due to reduced 
insecticide use for caterpillars which previously provided collateral control. In 
Australia, the reduced use of insecticides for bollworms has allowed some pests to 
become more prominent. These include the green mirid (Creontiades dilutus) (Lei 
et al., 2003), green vegetable bug (Nezara viridula), leaf hoppers (Austroasca 
viridigrisea and Amrasca terraereginae), and thrips (Thrips tabaci, Frankliniella 
schultzei and F. occidentalis) (Wilson et al., 2006). Of these the green mirid is most 
significant and is now sprayed as many as three times per season (Doyle et al., 
2006) with broad spectrum insecticides (Khan et al., 2006). These products are 
disruptive to a wide range of natural enemies and their use has in turn been linked 
with increased risk of spider mites (Tetranychus urticae), aphids (Aphis gossypii), 
and whitefly (Bemisia tabaci B biotype) outbreaks (Wilson et al., 1998; Farrell et al., 
2006). This pattern of increased importance of sucking pests, particularly mirid 
plant bugs, in association with reduced insecticide use for caterpillar pests has 
played out in other countries. In northern China a complex of mirid plant bugs 
(Adelphocoris suturalis, A. lineolatus, A. fasciaticollis, Lygus lucorum, and L. 
pratensis) have become key insect pests in Bt cotton fields in recent years (Wu et al., 
2002b). Leafhoppers (Empoasca biguttula), cotton aphids (Aphis gossypii) and 
spider mites (Tetranychus cinnabarinus) have been observed to occur at higher 
levels in Bt cotton in Henan Province (Deng et al., 2003; Men et al., 2005). 
Likewise, mirid plant bugs (Lygus spp., Neurocolpus nubilus) and stinkbugs (e.g., 
Nezara viridula) have increased in pest status since the adoption of Bt cottons in the 
USA, particularly in the mid-southern and southeastern production areas (Williams, 
2006). Plant bugs also have become more problematic in South Africa (Gouse et al., 
2004). Finally, the reduction in insecticide sprays, especially during both the 
flowering and boll formation phases, in India has been associated with resurgence 
of some minor pests such as tobacco caterpillar (Spodoptera litura), mealy bugs 
(Pseudococcus corymbatus, Pulvinaria maxima, and Saissetia nigra), thrips 
(Thrips tabaci) and leafhoppers (Amrasca biguttula biguttula) (Sharma et al., 
2005). Many of these emergent pests are easily controlled with insecticides and 
other pest management tactics. In contrast, lepidopteran pests, particularly those 
feeding within fruiting structures, are among the most difficult to control and 
Bt cotton is a key tactic for their suppression.

The reduction of insecticide use in Bt cotton is the likely factor explaining resur-
gence in some non-target pests, but other factors may be involved as well. Reduced 
competition from target species may enable non-target pest populations to thrive. 
Negative effects of Bt cotton on natural enemy populations might also lead to 
enhanced non-target pest problems. However, the bulk of evidence to date suggest 
that Bt crops are highly selective and that negative effects, if any, are relatively 
minor in magnitude (Naranjo et al., 2005; Romeis et al., 2006; Marvier et al., 
2007). Thus, it is more likely that problematic non-target pests are not under good 
biological control even in conventional systems.
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6.2.4 Decision-Making

Sampling and use of economic thresholds for determining the need for control 
actions are fundamental components of even the most basic IPM programs. The 
decision to employ Bt cotton for caterpillar control is made at planting time before 
pest populations can be assessed. Thus, the use of Bt cotton is most often associated 
with production areas where caterpillar pests are always a threat. For example, 
cotton producers in the San Joaquin Valley of California, USA do not use Bt cotton 
because there are no significant lepidopteran pests in this region. Its use also may 
be associated with risk aversion (insurance), or the simple decision to eliminate any 
potential need for insecticidal control of caterpillars. However, the grower must 
weigh the potential benefits against the additional cost of the technology. Excepting 
greater vigilance and awareness of plant bugs and other pests that have shown a 
pattern of increasing in Bt cotton, identical decision-making protocols generally 
apply to non-target pests in both Bt and conventional production fields. However, 
mainly because Bt cottons producing only Cry1Ac toxins are not completely effec-
tive against Helicoverpa spp., growers must continue to monitor populations of 
these pests. In most Bt adopting countries there have been slight modifications to 
sampling protocols and thresholds for the major target pests in Bt cotton fields. For 
example, monitoring eggs to estimate the abundance of Helicoverpa spp., which is 
commonly employed in conventional cotton, is not useful because only the larval 
stages are susceptible to Bt toxins. In Australia, the threshold for conventional cot-
ton is 2 larvae or 1 large larvae (>8 mm)/meter-row, while in Bt-cotton the threshold 
is 2 larvae (>3 mm)/meter-row on two consecutive checks of a Bt field or 1 large 
larvae/m (Farrell et al., 2006). The ‘consecutive sample’ threshold for larvae >3 mm 
accounts for the fact that these smaller larvae will usually quickly succumb to the 
toxin. If larvae were still present on the second sampling date, usually 2–3 days 
later, this may indicate poor efficacy of the Bt-cotton, probably due to poor expres-
sion (but also potentially due to resistance) and additional control measures may be 
required. Similarly, in the USA sampling concentrates on older (2–3 days old) 
larvae and use of a lower threshold level than conventional cotton. Focus on slightly 
older larvae helps to identify populations not being effectively controlled by the 
Bt toxins but still of a size amenable to control with available insecticides (Farm 
Press, 2006). The lower thresholds in both cases reflect the fact that larger larvae, 
which are the focus of sampling, are capable of greater damage if left untreated. A 
similar strategy is employed for H. armigera in China (Wu and Guo, 2005). 
Another key target of Bt cotton, the pink bollworm, is very effectively controlled 
by the technology. Nonetheless, scouting for this pest is still recommended, for 
example, in the southwestern USA. In this instance, the standard methods of sam-
pling adults with pheromone traps and assessment of bolls for larval damage are 
modified to sampling for later instar larvae (3rd and 4th) within slightly older bolls 
(Ellsworth, 1997). It is also recommended that growers use monitoring of non-Bt 
refuge fields (see below) as indicators of if and when sampling should be conducted 
in nearby Bt fields.
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6.2.5 Biological Control

Worldwide, cotton supports large and diverse arthropod natural enemy communi-
ties (Whitcomb and Bell, 1964; Bishop and Blood, 1977; Zhao, 1984; Romeis and 
Shanower, 1996; Dippenaar-Schoeman et al., 1999) and there is ample evidence to 
suggest that these natural enemies can have a significant impact on cotton pest 
population dynamics (e.g., Eveleens et al., 1973; Bottrell and Adkisson, 1977; 
Abdelrahman and Munir, 1989; Trichilo and Wilson, 1993; Devine et al., 1998; 
Wilson et al., 1998; Sharma et al., 2007). Reduced insecticide use due to adoption 
of Bt-transgenic cotton, the growing availability and use of selective insecticides, 
and improvements in other pest management tactics, have created significant 
opportunities for biological control in the cotton system.

Classical or introductory biological control has been attempted for various exotic 
pests of cotton but impact on pest populations has been generally minimal (King 
et al., 1996). With the exception of China, which has active programs in mass pro-
duction and release of egg and larval parasitoids for control of bollworms (Wu and 
Guo, 2005), and India where limited releases of Trichogramma spp. (Hymenoptera: 
Trichogrammatidae) and Chrysoperla carnea (Neuroptera: Chrysopidae) are 
practiced (Sithanantham et al., 2005), augmentation has also seen limited success 
for control of cotton pests in other parts of the world. Conservation biological 
control, which relies on the preservation, manipulation and/or enhancement of 
existing natural enemies in the system, is the most widely practiced and successful 
form of biological pest control in cotton worldwide. For the most part, conservation 
biological control is achieved with relatively little or no overt action by growers 
other than consideration of the types of insecticides used, when necessary, to achieve 
pest control. Use of Bt cotton along with other changes in pest management practices 
have led to generally higher populations of natural enemies in cotton systems in 
many parts of the world (e.g., Sharma and Ortiz, 2000; Wilson et al., 2004; Naranjo 
et al., 2004; Wu and Guo, 2005). A reduction in natural enemies that may specialize 
on pests targeted by Bt cotton or other selective control methods is expected 
(Sisterson and Tabashnik, 2005) and this phenomenon has been exemplified for a 
specialist parasitoid in the corn system (Pilcher et al., 2005).

The tangible benefits of improved conservation of natural enemy populations in 
Bt cotton have been demonstrated in several systems. In northern China, Wu and 
Guo (2003) have shown that cotton aphids that are resistant to various insecticides 
used to control bollworms in cotton are effectively suppressed by natural enemies 
in Bt cotton fields where such sprays are unnecessary. In contrast, insecticides used 
to control bollworms in non-Bt cotton fields disrupt natural enemies leading to out-
breaks of aphids. In the western USA and Australia, whiteflies (Bemisia tabaci) can 
be suppressed long-term in cotton fields with a single initial application of selective 
insecticides in comparison with fields sprayed with broad-spectrum insecticides 
where repeated applications are necessary. Bt cotton underpins this successful 
whitefly management strategy by reducing or eliminating sprays needed to control 
caterpillar pests (Naranjo, 2001; Ellsworth and Martinez-Carrillo, 2001). In the 
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mid-southern USA, a cotton aphid threshold has been developed that incorporates 
the naturally occurring fungus Neozygites fresenii (Steinkraus et al., 1996) and 
aphid predators and parasitoids, allowing growers to actively and effectively inte-
grate natural enemies into their treatment decisions (Chappell et al., 2005). This 
threshold is feasible because of the insecticide reductions resulting from boll weevil 
eradication and adoption of Bt cotton.

6.2.6 Other Tactics

A wide variety of additional IPM tactics such as cultural control through manipula-
tion of production practices like intercropping, irrigation, fertilization, and cultivar 
and planting date selection; behavioral control utilizing semiochemicals; and 
chemical control continue to play important roles in management of pests in both 
Bt and non-Bt cotton (see Naranjo and Luttrell, 2008, for recent review). Over many 
decades, traditional host plant resistance has produced cotton traits with resistance 
to insects including crop earliness, morphological traits such as nectariless, glabrous 
or pilose leaf surface, okra-shaped leaf, frego bract, red plant color, and higher 
concentrations of plant secondary compounds such as gossypol and tannins. 
However, with the exception of okra leaf shape, for example, which provides 
moderate resistance to spider mites (Wilson, 1994), few traits have been moved into 
commercial cultivars and the development time of doing so pales in comparison to 
the modern transgenic methods that have produced Bt cotton (Jenkins and Wilson, 
1996). In any case, the widespread adoption of Bt cottons has altered some pest 
management practices. For example, the emergence of plant bugs as more problem-
atic pests in Bt cotton in various countries has placed greater emphasis on the use 
of control options for these pests that are efficacious but more selective. In 
Australia, effort has focused on reduced rates of insecticides combined with salt 
(Khan et al., 2006) or petroleum spray oils (Mensah et al., 2004) for control of 
mirids. These mixtures have shown considerable promise as they are almost as 
efficacious, more selective and less expensive than the full rate of the insecticide. 
In the USA, several new putatively selective, foliar insecticides with reduced-risk 
profiles (e.g., flonicamid, metaflumizone) are being evaluated for control of Lygus 
spp. (Ellsworth and Barkley, 2005; Cook et al., 2007) and continued efforts to 
develop area-wide IPM programs for Lygus spp. based on weed control (Snodgrass 
et al., 2006) and spatial arrangement of affected crops (Carrière et al., 2006) are 
underway. Likewise, in China increased focus on weed control and on better man-
agement of source crops such as alfalfa are being employed to better manage mirid 
plant bugs (Wu and Guo, 2005). In India, intercropping cotton with sorghum and 
pigeonpea is practiced by farmers to help reduce insect damage, and small areas use 
applications of H. armigera NPV and Bt- and neem-based insecticides for control 
of target and non-target pests (Sharma, 2005).

The use of Bt cotton may influence other pest control tactics or production issues. 
For example, in Australia the higher fruit retention of dual gene Bt cotton has led to 
earlier maturity (2–3 weeks) with similar yields to conventional crops. This has 
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allowed growers to plant later into warmer conditions that are more favorable to plant 
growth and reduce risks from disease (Anderson and Nehl, 2006) and early season 
pests such as thrips. Another example is the opportunity for more ‘site-specific’ man-
agement. Helicoverpa spp. numbers often necessitate a whole farm insecticide 
application, which decimates natural enemy populations and increases risk of 
secondary pest outbreaks in Australia. However, the reduced need for control of 
Helicoverpa spp. in Bt cotton has allowed other pests to be controlled often on smaller 
portions of the farm resulting in unsprayed fields serving as refuges for natural 
enemies that can consequently re-colonize sprayed fields. Finally, Bt cotton may be 
used to support conventional cotton crops. Mensah and Macpherson (2006) showed 
that use of the moth attractant ‘Magnet®’ applied to Bt cotton with an insecticide 
(attract and kill) can reduce insecticide costs for Helicoverpa spp. control on nearby 
conventional cotton. Overall, the use of Bt cotton has permitted growers to allot more 
time and effort into other crop production issues such as nutrition and irrigation 
optimization leading to improved yields in both Bt and conventional fields.

6.2.7 Resistance Management

Despite the high adoption rate of Bt crops in general, there have not been any 
reported cases of field failures due to resistance by insects to the Cry proteins since 
their initial commercial deployment in 1996 (Tabashnik et al., 2003; Mahon et al., 
2007; but see Matten et al., chapter 2 for a recent case of putative field resistance 
to Bt maize). Nonetheless there is broad agreement that the sustainability of 
transgenic Bt cottons is one of the most important issues facing cotton insect man-
agement and alleles for resistance, and potential resistance mechanisms have been 
identified in laboratory cultures or field-derived strains of several target pests (e.g., 
Tabashnik et al., 2003; Gunning et al., 2005; Li et al., 2007; Mahon et al., 2007; 
Tabashnik et al., 2008). The topic of resistance management is covered in detail 
by Ferré et al. (chapter 3) for all transgenic crops but some specific information 
relative to cotton will be highlighted here.

The sustained efficacy of Bt toxins against target pests in transgenic cotton can 
be partly attributed to mandated resistance management programs based around 
refuge crops and other mitigation approaches in some countries. These programs 
primarily focus on the key targets (Helicoverpa/Heliothis spp. and P. gossypiella) 
but potentially delay and mitigate development of resistance in all Bt-susceptible 
pests. The principle behind all refuge strategies is that non-Bt cottons or other 
 suitable crop or wild hosts produce susceptible target pests that can readily inter-
breed with any resistant pests that may arise from Bt fields, thereby diluting incipi-
ent resistant alleles from the population.

In most countries, growers must abide by legally binding agreements imposed 
when purchasing the Bt cotton seed. In the USA, Mexico, Colombia, and South 
Africa growers can adopt several options including planting 5% non Bt that 
generally cannot be sprayed for caterpillar pests, or 20% non-Bt that can be sprayed 
for caterpillars (but no Bt sprays can be used). These percentages are based on the 
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total amount of all cotton planted. In the USA two additional options for embed-
ding 5% non-Bt within a Bt cotton field are available where the whole field can be 
sprayed as needed for any pests (USEPA, 2007). Most requirements also call for 
the separate 5% and 20% refuge plantings to be within 0.5–1.6 linear km of the 
Bt crop. These distance requirements are based on an understanding of the dispersal 
behavior of the target pest and attempt to ensure that mating will occur between 
resistant and susceptible moths (e.g., Tabashnik et al., 1999). The 5% refuge option 
generally dominates in all these countries. Just recently, the USEPA (US 
Environmental Protection Agency) approved the use of natural refuges (weeds, 
alternate crops) hosting bollworm/budworm for growers of dual gene Bollgard II 
cotton in place of the structured refuges outlined above for single gene Bt cottons. 
This approach is much like that practiced in China (see below) and is based on the 
rationale that sufficient susceptible moths of the polyphagous Helicoverpa/Heliothis 
spp. can be generated from nearby native vegetation rather than from non-Bt cotton 
planted as a refuge. These natural refuges are allowed from Texas (excluding far-
west and northern tip of the panhandle) to the east coast (but excluding southern 
Florida), but not in excluded areas of Texas and west to California where the 
monophagous pink bollworm is the main target. In Argentina and Brazil, where 
only single gene cottons are available, only the 20% non-Bt refuge is an option and 
in Brazil this refuge must be within 0.8 km of the Bt cotton. Bt maize was provision-
ally approved in Brazil in mid-2007, but commercial production of the crop awaits 
review by the Brazilian National Biosafety Council. Further changes in refuge 
requirements may occur in Brazil if Bt maize is eventually approved for commer-
cial cultivation (CTNBio, 2005).

In Australia, the use of cottons containing a single Cry protein (Ingard) was 
highly restricted with a cap of 30% of the cotton hectarage. With the introduction 
and now exclusive use of dual gene Bollgard II, a formal plan with a variety of 
options was initiated (Farrell, 2006). Growers can choose from 100 ha of non-Bt 
that can be sprayed for bollworms (but no Bt sprays), 10 ha of non-Bt that cannot 
be sprayed for bollworms, or the use of varying amounts (5–20 ha) of other refuge 
crops that host bollworms such as pigeon pea, sorghum or maize for every 100 ha 
of Bt cotton planted. Refuge crops must be within 2 km of the Bt cotton they are 
meant to protect. The use of 5 ha of unsprayed pigeon pea for every 100 ha of Bt 
cotton is the dominant option employed by most growers as this minimizes the area 
lost to cotton production. The Australian program also calls upon four additional 
elements to lessen the risk of resistance including defined planting windows to 
reduce the period of exposure of H. armigera to Bollgard II by avoiding late planted 
crops, mandatory cultivation of crop residues to destroy diapausing H. armigera 
pupae which may carry resistance between seasons, defined spray thresholds for 
Helicoverpa spp. (see above) to control potentially resistant survivors in the crops, 
and control of volunteers of Bt cotton in conventional crops and vice versa to reduce 
the risk of in-field mosaics which increase resistance risk (Fitt and Wilson, 2000).

Resistance management programs are more difficult to implement in China and 
India because of the challenges associated with educating and monitoring the 
compliance of the millions of small hectarage cotton farmers in these countries. In 
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China, wheat is the main host of first-generation H. armigera larvae, and cotton, 
maize, peanut, vegetables and soybean are the major host plants of subsequent gen-
erations. The presence of these crops provides a refuge for susceptible bollworm 
moths over the entire cotton-growing season, and forms the basis of the recom-
mended resistance management strategy. Nonetheless, the size and type of these 
natural refuges in different provinces is highly variable and provide differing levels 
of efficacy (Wu et al., 2002a, 2004). In India, permission for environmental release 
of Bt cotton was predicated on farmers providing a “belt” of surrounding non-Bt 
cotton as a refuge. The size of the belt is 20% of the Bt crop or five rows of non-Bt 
cotton on the edge of the Bt field, whichever is larger. Adherence to these guidelines is 
generally poor. Manjunath (2005) and Dhillon and Sharma (2007) argue that, much 
like the situation in China, there are sufficient alternate bollworm hosts present 
(chickpeas, pigeon pea, sorghum, tomato) to fulfill the refuge requirement without 
active participation by growers. Likewise, the large numbers of wild alternate host 
plants for some of the key target pests in South Africa may contribute to resistance 
management in that country’s small hectarage of Bt cotton (Green et al., 2003).

In addition to use of refuge and other tactics for pre-empting resistance, several 
countries have active programs to monitor for the development of resistance in 
target pests to Bt toxins and/or have developed baseline toxicity to various Cry 
proteins (Dennehy et al., 2004; Kranthi et al., 2005; Wu et al., 2006; Ali and 
Luttrell, 2007; Blanco et al., 2007; Mahon et al., 2007; Wu, 2007a). Although 
resistance to Cry toxins has been selected for in laboratory cultures of all major 
target species, the frequency of resistant individuals or known resistance alleles 
have been mostly rare throughout the world and there have been no instances of 
control failures due to resistance to Bt cottons to date. In Australia, the estimated 
frequency for alleles conferring resistance to Cry1Ac is <0.0003 with a 95% credi-
bility interval (CI) between 0 and 0.0009. In contrast, the R frequency for alleles 
conferring resistance to Cry2Ab2 is over 10x higher at 0.0033 with a 95% CI 
between 0.0017 and 0.0055 (Mahon et al., 2007). Resistance to Cry2Ab2 appears 
to be recessive but more work is needed to define its inheritance pattern. As a result, 
the Australian system is strongly dependent on dual gene Bt cottons for resistance 
management. Likewise, the resistance recently documented in field populations of 
H. zea to Cry1Ac in parts of the USA point to the important role of dual gene Bt 
cottons and other management tactics for effective control and resistance manage-
ment of this pest (Tabashnik et al., 2008).

Remediation plans to deal with potential resistance episodes have been devel-
oped in several countries. For example, in the southwestern USA the industry and 
scientific community have developed a detailed, multi-pronged action plan for the 
pink bollworm (Arizona Bt Cotton Working Group, 2002). The first step involves 
routine monitoring by the scientific community or the grower as noted above. If a 
≥3% boll infestation with large larvae is detected the plant is then tested to verify 
it is producing Cry toxins and the larvae are bioassayed to determine if their 
susceptibility is below a baseline standard (Simmons et al., 1998). If these burdens 
are met then alternative pink bollworm control measures (e.g., insecticides) are 
implemented immediately in the target field and further actions such as crop 
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 termination, and early plow-down with shredding and discing of stalks are imple-
mented to reduce the number of insects potentially surviving to the next season. 
Surrounding fields are then monitored more carefully and if the same criteria are 
met in these fields then remedial control actions are implemented as well. The 
perimeter for remedial action expands accordingly. Only non-Bt cotton is subse-
quently allowed in the remediation zone until resistance has declined to an accept-
able level defined by the collective experience of the working group.

Similarly, in Australia reports of larvae in commercial Bt cotton fields are fol-
lowed up with collections of larvae, which are tested for resistance to both Cry1Ac 
and Cry2Ab2 proteins, and tissues from the plant of origin and from adjacent plants 
are evaluated for levels of Bt protein expression. Each year the results from the 
monitoring program are extensively reviewed by the Transgenic and Insecticides 
Management Strategies Committee (consisting of researchers and industry repre-
sentatives) along with information on refuges and Bt cotton use rates, so that the 
effectiveness of the resistance management plan can be assessed. A change in 
resistance levels would lead to a revision of the resistance management plan which 
could result in reinstatement of a cap on the proportion of Bt cotton, an increase in 
refuge requirements, or both.

6.2.8 Farm and Landscape Scale Management

Many IPM programs developed for cotton pests focus on what Kogan (1998) refers 
to as Level I, or approaches aimed at a single pest species or species complexes on 
a single crop. To some extent, this situation in cotton has been brought about by the 
need to manage one or a few key pests, often for which selective insecticides or 
other tactics were few or lacking. This makes development of practical IPM 
systems challenging. However, more recent IPM strategies are being developed and 
practiced that focus on higher levels of integration targeting multiple pests within a 
whole farm context (e.g., Ellsworth et al., 1998; Wilson et al., 2004). In countries 
like Australia and the USA the advent of more selective insecticides for control of 
the Helicoverpa/Heliothis complex has allowed development of more multi-pest 
based approaches (see above). The availability of Bt cottons has provided a further 
tool on which to build more inclusive IPM strategies by dramatically and selec-
tively reducing the need to control these primary pests.

However, as emphasized before, the use of selective insecticides or Bt cotton 
represents only a few of many tactics that can be melded into a robust IPM strategy. 
More resilient IPM systems also entail looking at farm operations and management 
on a year round basis (Wilson et al., 2004). For example, cultivation can kill 
diapausing resistant Helicoverpa spp. pupae. Cropping rotations can improve soil 
 fertility and soil structure, but also may increase risks of crop diseases and provide 
overwintering hosts for key pests. Thus, a longer-range view accounts for the 
effects of farm operations on subsequent pest risks.
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It also is important to consider the links between agronomic management and 
IPM. For instance, use of high fertilizer rates may increase yield (up to a point), but 
also may delay crop maturity, increasing the crop’s exposure to pests and thereby 
increase costs and risks. Similarly, late irrigation, beyond that required to finish 
maturation of bolls, also risks excessive late growth, making crops more attractive 
to pests and more difficult to defoliate.

Another consideration is the landscape in which Bt cotton is planted (Storer 
et al., chapter 10). For example, it is sensible to use Bt cotton in more sensitive 
areas, such as near neighbors or rivers, where the reduced need for insecticides can 
lower the risk of off-site movement. Similarly, but at the larger scale, it is important 
to consider the activities and layout of neighboring farms with regard to issues like 
spray drift that may disrupt beneficial populations or cultivation of crops that 
produce large numbers of a key cotton pests (e.g., safflower and mirids in Australia, 
alfalfa and Lygus spp. in the USA). At this scale, formation of IPM or area wide 
management groups may help growers to communicate and reduce risks from such 
challenges. At even higher scales, coordinated efforts across a region may be effec-
tive in reducing pest populations. For example, in the mixed cropping regions of the 
Darling Downs region of southern Queensland, Australia, an area-wide strategy 
was established to manage H. armigera populations (Ferguson and Miles, 2002). 
This approach provided a framework to coordinate efforts to manage the pest across 
the region by using an understanding of pest ecology to reduce their abundance. 
Within these frameworks, the deployment of Bt cotton plays a critical role by 
providing broad-scale and selective control over a wide area. Further evidence of 
the area-wide benefits of Bt cotton production is exemplified in the southwest 
growing areas of the USA where the wide scale use of Bt cotton since 1996 has 
dramatically reduced regional populations of pink bollworm, the main Bt cotton 
target in this area (Carrière et al., 2003). In contrast, several area-wide programs 
implemented for this pest over the past decades, based on pheromones and insecti-
cides, have never approached such broad and significant population reductions 
(Henneberry and Naranjo, 1998). In addition, the dramatic reductions in insecticide 
use for all pests in Arizona cotton (Ellsworth et al., 2007) is in part due to adoption 
of Bt cotton by Arizona growers. Bt cotton also is the center-piece technology of an 
on-going program to eradicate the pink bollworm from its current range in the 
western USA and northern Mexico (El-Lissy and Grefenstette, 2006).

6.3 Environmental Considerations

Various environmental issues are associated with the use of genetically modified 
crops including changing patterns of pesticide use (see Fitt, chapter 11 for more 
detail) and potential effects on animal and plant communities where these crops are 
grown. Additional detail on these latter topics is provided by Storer et al. (chapter 10) 
and Romeis et al. (chapter 4).
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6.3.1 Non-Target Arthropods

Despite the long history of safety associated with the topical use of Bt endotoxins 
(Glare and O’Callaghan, 2000; Federici, 2003), the season-long expression of these 
toxins in crop plants through genetic transformation has prompted considerable 
research to address ecological concerns such as effects on non-target organisms, par-
ticularly arthropods. Three countries (Australia, Mexico, and USA) also grow herbi-
cide-tolerant cotton either solely or in combination with Bt toxins and these occupy a 
relatively large share of the GM cotton planted in these countries. There has been rel-
atively little non-target research on herbicide-tolerant cotton and that topic will not be 
addressed here. However, the vast majority of herbicide-tolerant crops have been 
modified to be resistant to glyphosate, and there is very little evidence to indicate 
direct adverse effects of this herbicide on arthropods (Franz et al., 1997).

The effects of pesticide-incorporated crop plants on non-target arthropods have 
recently been reviewed by O’Callaghan et al. (2005) and Romeis et al. (2006), and 
the interested reader is referred there for a broader discussion. Bt cotton exerts vary-
ing effects on non-target organisms, but the results of a recent meta-analysis indicates 
that overall impacts on arthropod communities appear to be significantly less than 
those of the insecticide applications that the GM cotton has reduced (Marvier et al., 
2007). Numerous studies have examined the potential effects of Bt-transgenic crops 
on natural enemy communities (see Romeis et al., 2006). Not surprisingly, Bt-trans-
genic crops generally tend to adversely affect specialist parasitoid populations by 
reducing host abundance (a goal of all pest management tactics) and/or reducing 
individual fitness through indirect host-mediated effects within Bt susceptible hosts. 
Studies utilizing Bt-resistant hosts as a means of delivering Cry toxins to parasitoids 
indicate no direct effect of Bt on these natural enemies (Schuler et al., 2004).

Predators are much less affected by Bt-transgenic crops. Numerous long-term, 
large-scale field studies have indicated that there are no meaningful impacts of 
Bt cotton on predator populations (Naranjo et al., 2005) and detailed assessments 
of predator life histories and function underscore these population-level results, 
indicating no evidence for direct adverse effects of Bt toxin on individual predators 
(see Romeis et al., 2006). Bt toxin can be acquired by predators from Bt cotton 
through prey, but this has not been found to translate into direct negative effects 
(Torres et al., 2006; Torres and Ruberson, 2006, 2008), and this pattern holds true 
for other Bt-transgenic crops (Harwood et al., 2005; Obrist et al., 2006a, b). Thus, 
unlike specialist parasitoids, arthropod predators, most of which are generalists, 
appear to be little hindered by Bt-transgenic crops.

Few studies have examined the relative biological control capacities of Bt and 
non-Bt cotton fields. However, in no case to date has biological control capacity 
been reduced in Bt cotton fields compared to non-Bt fields, and biological control 
has been improved relative to conventionally-managed fields when these have been 
included in the comparison (Obrycki et al., 2004; Sisterson et al., 2004; Naranjo, 
2005; Head et al., 2005; Romeis et al., chapter 4).

There have been very few studies that have examined impacts of Bt cotton produc-
tion on soil communities. However, Lachnicht et al. (2004) found that decomposition 
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of Bt cotton and non-Bt cotton residues were similar, and Head et al. (2002) reported 
that Cry1Ac proteins did not accumulate in biologically active amounts in cotton 
fields after multiple years of Bt cotton production. Further, studies by Shen et al. 
(2006) indicate that microbial communities in the rhizosphere of soils amended with 
Bt and non-Bt cotton residue have the same diversity and functional activity. These 
results are largely consistent with a larger number of soil residue studies that have 
been completed for Bt maize (Sanvido et al., 2007). Overall, impacts of Bt cotton on 
non-target organisms appear to be limited or negligible, depending on the species and 
guild, and from a community perspective appear to be significantly less detrimental 
than most insecticides widely used in cotton pest management. Recent meta-analyses 
based on the extant literature suggest that these results are consistent among broad 
taxonomic groups and feeding guilds and should apply to ecologically equivalent taxa 
worldwide (Marvier et al., 2007; Wolfenbarger et al., 2008).

6.3.2 Gene Flow

An additional environmental concern with genetically modified crops is the flow of 
genes via pollen to non-transgenic counterparts or other closely related species. 
Cotton is primarily self-pollinated and the pollen is sticky, relatively heavy, and 
flowers are only open for a single day (Poehlman, 1987). Thus the opportunity for 
the spread of transgenes to other plants is thought to be limited and existing 
research seems to bear this out. Llewellyn and Fitt (1996) found that cross pollina-
tion of cotton in Eastern Australia was about 10% or less in adjacent rows 1 m apart. 
Insect vectored movement in pollen is possible and honey bees have been implicated 
in moving pollen, however this is only considered a risk if bee numbers are high 
(Llewellyn et al., 2007). In Northern Australia, movement of pollen was higher than 
in Eastern Australia, which was attributed to higher bee density. These authors 
concluded that buffers of 20 m of conventional cotton are adequate to contain cross 
pollination unless bee numbers are high. The risk of transgenes escaping into wild 
cottons is extremely low (Brubaker and Brown, 2002; Constable et al., 2007). This 
is largely because most wild Gossypium are diploid, while cultivated cotton is a 
tretraploid. Cotton volunteers can be found outside of cotton farms, however, 
Eastick and Hearnden (2006) found that Bt cotton does not have the potential to be 
weedier than conventional cotton. The risk of transgenic cotton becoming a roadside 
weed, or a weed on dairy farms where raw seed is used as feed also was found to 
be extremely low (Addison et al., 2007) because the main factors limiting establish-
ment and growth of cotton in these environments were environmental (frost, water, 
grazing) and the transgenes offered no advantage.

Autoimmunity acts as a potential gene flow barrier in several plant species, 
including the diploid G. arboreum, and the tetraploid, G. hirsutum and G. 
 barbadense cottons (Bomblies and Weigel, 2007). Thus, no interspecific hybrids 
have been observed between cultivated cottons and closely related wild relatives in 
India. Even if a small amount of gene flow occurs, there is little chance that the 
resulting interspecific hybrids will survive. Similarly, there is little risk of gene flow 
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between Bt cotton and wild cotton in China because it is not a native country of 
wild cottons (Jia, 2001). Recent studies in the USA have suggested that gene flow 
from Bt cottons may occur at low levels resulting in the production of small 
amounts of fruit in adjacent non-Bt cotton plants producing Bt toxins (Heuberger, 
2006). Patterns appear to be independent of distance from potential sources at least 
over relatively small scales, but the implications of this for resistance management 
are currently poorly understood.

6.3.3 Change in Insecticide Use

As highlighted throughout this chapter, one of the most obvious changes in produc-
tion practices with the introduction of Bt cotton has been insecticide use patterns in 
most adopting countries (also see Fitt, chapter 11 and Qaim et al., chapter 12). 
On a global scale, Brookes and Barfoot (2006) estimated that Bt cotton production 
during the period 1996–2005 has reduced the total volume of insecticide active 
ingredient use by 94.5 million kilograms. This represents a 19.4% reduction and 
was the largest reduction in pesticide use afforded by any GM crop. Moreover, if 
aspects of the environmental toxicity of the insecticides used are accounted for 
through the environmental impact quotient (EIQ; Kovach et al., 1992), there was a 
24.3% reduction in this quotient over the 10 year period indicating that not only 
was overall insecticide use reduced but so was their overall environmental impact 
by an even larger margin. The USA (23%), China (28%) and Australia (22%) real-
ized the largest reductions in EIQ, while countries like Argentina and India had 
reductions of <4% during the period 1996–2005. In developed nations such as 
Australia and the USA, changing insecticide use patterns are closely followed by 
the industry. In the USA there has been an overall reduction in insecticides used for 
all pests (Fig. 6.2), which has resulted from a combination of factors including the 
introduction of newer insecticides, the near eradication of the boll weevil (histori-
cally one of the most significant pest of cotton in the USA), better adherence to 
IPM practices, and use of Bt cotton. Even with Bt cotton, the bollworm/budworm 
complex remains dominant. Emerging pests like plant bugs and stinkbugs are 
becoming more of a focus of pest management, and while there has been a significant 
decline in insecticides for bollworm/budworm there has been a slight but correlated 
increase in insecticides for these bug pests (Fig. 6.2).

Likewise, in Australia there has been a steady decline in insecticide use since the 
introduction of Bt cotton (Ingard), and insecticide use in Bollgard II cotton is about 
75% less than in conventional cotton (Fig. 6.3). This has had obvious benefits in 
terms of risks of off-farm movement and human health. An additional benefit has 
been that levels of resistance in H. armigera, spider mites and aphids to  conventional 
insecticides in non-Bt cotton have also declined (Herron and Wilson, 2006; Rossiter 
and Kauter, 2006), presumably due to less spraying and the huge sink effect of large 
areas of Bollgard II cotton, combined with prolonged drought ensuring few alterna-
tive hosts.
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Large reductions in insecticide use have also been observed in various develop-
ing nations that have adopted Bt cotton (Raney, 2006). Based on recent data com-
piled over two to three growing seasons it is estimated that insecticide costs have 
been reduced by 47%, 67%, 41%, 77% and 58% in Argentina, China, India, Mexico 
and South Africa, respectively. These reductions in insecticide usage also have been 

Fig. 6.2 Insecticide use patterns in the USA 1986–2005 relative to all pests, major caterpillar 
pests and two Bt cotton non-target pests that have increased in importance with the production of 
Bt cotton. Arrow denotes the beginning of Bt cotton production (Compiled from data of the 
National Cotton Council, http://www.cotton.org/tech/pest/index.cfm)

Fig. 6.3 Insecticide use patterns in Australia 1995–2006 for all pests; Bt cotton production started 
in the 1996/97 season (Derived from Pyke, 2008 using data extracted from the Cotton Consultants 
Australia Market Audit Reports 1998–2006)
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accompanied by gains in yield, revenue and overall profit in these same countries 
(see below). In China, resistance in H. armigera to commonly used insecticides led 
to instances in which more than 20 applications were made per season to control 
this pest in the early 1990s. The adoption of Bt cotton shifted this pattern 
 dramatically despite a trend for increasing insecticide use for plant bug control 
(Pray et al., 2001; Wu, 2007b).

6.4 Adoption and Use

It is often noted that GM crops have been one of the most widespread and rapidly 
adopted agricultural technologies in history. However, each adopting country has 
had to struggle with fundamental issues of regulatory authority, environmental and 
food safety, intellectual property rights, societal demands and other factors govern-
ing the production and economics of such crops within their borders. These issues 
are covered in some detail in other chapters of this book. Here we briefly highlight 
some of these issues relative to Bt cotton.

6.4.1 Regulation

Each country growing GM crops has had to grapple with regulatory issues, with 
some countries adapting existing governmental organizations to serve these needs 
and others developing new organizations and authorities (see Matten et al., chapter 2). 
For example, in the USA various aspects of GM crop regulation are handled by a 
coordinated framework of three government entities, US Environmental Protection 
Agency (USEPA), United States Department of Agriculture (USDA) and the Food 
and Drug Administration (FDA), which oversee pesticide safety, food safety, and 
movement and transport of seed, respectively (Herdt, 2006). In India, the Ministry 
of Environment & Forests deals with regulatory issues but calls upon other scien-
tific and policy based entities for safety testing, approval for commercial release, 
and monitoring. In China, the Ministry of Agriculture oversees the implementation 
of regulations dealing with safety assessment, production, import, labeling, and 
processing of GM cotton. In Australia, research and commercial release of trans-
genic cotton is handled by the Office of the Gene Technology Regulator. However, 
other agencies also are involved in granting registration, most significantly Food 
Standards Australia and New Zealand and the Australian Pesticide and Veterinary 
Medicines Authority. The Brazilian National Biosafety Technical Commission 
within the Brazilian Federal Science and Technology Department oversees approval 
of GM crops in that country and the GMO Act in South Africa enabled the estab-
lishment of institutions for evaluation and approval. The fact that cotton is primarily 
a non-food crop has simplified regulatory issues in some countries.
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6.4.2 Economics

The economic costs and benefits of Bt cotton have been reported by a number of 
sources over the past decade of adoption (reviewed in Shelton et al., 2002; Brookes 
and Barfoot, 2006; Smale et al., 2006; Qaim et al., chapter 12) and, much like the 
general topic of GM crops, the subject is tangled in some controversy (e.g., 
Benbrook, 2003; Shiva and Jafri, 2003; Pschorn-Strauss, 2005). Nonetheless the 
bulk of published information shows positive economic benefits associated with the 
production of Bt cotton across a broad cross-section of the industry. A recent 
synopsis by Brookes and Barfoot (2006), which compiled data over a large number 
of country-specific, farm-scale studies, indicates that over the 10 year period from 
1996–2005, Bt cotton production has increased farm income globally by US$7.51 
billion. This represents approximately 6.7% of the value of all cotton production 
worldwide. The largest benefactors, in absolute terms, have not surprisingly been 
the nations with the greatest adoption and production capacity like China, India and 
the USA (Table 6.4). Also not surprising given this distribution, in 2005 nearly 80% 
($1.38 billion) of the income benefits were garnered by farmers in developing 
nations. Using a multi-region, equilibrium model approach, Frisvold and Reeves 
(2007) have suggested a global economic benefit of almost $1.4 billion from world 
Bt cotton production based on 2005 adoption rates despite an estimated 3% decline 
in world cotton prices due to increased production. Several studies indicate that a 
significant portion of the overall economic benefits of Bt cotton accrue to producers 
while only a relatively small portion benefits biotechnology firms and seed compa-
nies, especially in developing nations (Price et al., 2003; Gouse et al., 2004; Traxler 
and Godoy-Avila, 2004).

Raney (2006) suggests that GM crops in general, and Bt cotton in particular, 
may benefit the small, resource-poor farmer more than it does large growers 
through enhancement of yield and reductions in costs and health-related issues 
associated with insecticide use. However, such associations may not always be 
clear cut. For example, Shankar and Thirtle (2005) studied small farmers in the 
Makhathini flats of South Africa and found that the bulk of the positive gains 
through the adoption of Bt cotton has been realized through gains in yield and not 
insecticide cost saving since relatively few insecticides are used by growers in this 
region even in the face of heavy insect pest pressure. Such effects are masked in 
country-wide analyses that pool results from large and small farm operations. 
Substantial yield gains for Bt cotton in other developing countries may follow a 
similar pattern because pest control in conventional cotton is relatively poor. On the 
contrary, the relatively small gains in yield observed by adopters of Bt cotton in 
Australia, China and the USA (Table 6.4) arise because growers in these countries 
engage in aggressive and effective pest control in conventional cotton. In these 
instances, Bt cotton is simply a substitute for insecticides targeting lepidopteran 
pests. In any case, it is important to consider that not all yield effects may be tied 
to Bt cotton per se. The varieties and hybrid producing Bt toxins may be better 
adapted than non-Bt cottons grown in the same area (e.g., Qaim et al., 2006), growers 
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adopting Bt cottons may be more efficient farmers overall, and they may grow Bt 
cotton (for which a premium is paid) on their best land and under more optimal 
conditions (Kambhampati et al., 2006).

The adoption of Bt cotton in all countries is closely tied with the perceived or 
actual benefit of its production balanced against the technology costs imposed 
universally by providers of the seed and GM traits. These technology fees can vary 
widely across the world and can even vary within individual countries depending 
on the level of government involvement and/or other marketing forces (Table 6.4). 
Australian growers pay the largest fees to access Bt technology, but they also reap 
the largest rewards on a per hectare basis and have among the highest adoption rates 
in the world. On the contrary, the relatively high technology fee in Argentina has 
been credited with keeping adoption rates very low in this country (Qaim and 
DeJanvry, 2005). In China, the government has invested heavily in development of 
GM crops and this competition helps to keep technology fees low (Raney, 2006). 
A dualistic system in South Africa which provided credit to resource-poor farmers 
to acquire the technology initially led to high adoption rates, but this was not sustained 
when credit became difficult to secure due to changes in local cotton cooperatives 
(Raney, 2006). In the USA, technology fees vary widely across cotton producing 
states based on various market forces with fees generally highest in western states 
(Frisvold et al., 2006).

Additional economic and environmental benefits have been accrued via reduc-
tions in fuel costs for growers and reductions in greenhouse gas emissions because 
of less frequent use of tractors for pesticide application and other cultivation opera-
tions (Brookes and Barfoot, 2006).

6.4.3 Social Issues

Bt cotton was the first GM crop commercialized in many parts of the world and as 
of late 2007 remains the sole insect resistant transgenic crop commercially grown 
in Australia, Brazil, China, Colombia, India and Mexico (James, 2007), although 

Table 6.4 Estimated economic impacts of Bt cotton production 1996–2005

 Farm income benefits  Yield effects Technology fee  Cost savings fee
 (US$ million) (%) (US$/ha) excluding (US$/ha)

Argentina 29 24 40–86 18
Australia 150 0 138–250 151–553
China 5,168 8–10 46 261–438
India 463 45–64 62–66a 31–66a

Mexico 55 3–37 49–65a 90–121a

South Africa 14 24 53a 18a

USA 1,627 9–11 58–68 63–74

From Brookes and Barfoot (2006); ranges represent varying estimates over time. Data not cur-
rently available for Colombia and Brazil
a Values converted from local currency to US dollars based on exchange rates on 31 July 2007
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Brazil is currently considering the commercial cultivation of Bt maize. Its relatively 
ready acceptance in most countries was related to its primary use as a non-food 
crop, but its adoption has not been without controversy. There has been strong and 
vocal opposition to GM crops in general by such non-governmental organizations 
as Greenpeace, the Union of Concerned Scientists, and more localized opposition 
exemplified in countries like India which despite the capacity to produce Bt cotton 
for several years did not approve commercial production until 2002 (Jayaraman, 
2001, 2002). Critics claim that adoption of Bt cotton in India benefits multi-national 
biotechnology companies while hurting small farmers because of the additional 
investments needed to grow the new Indian Bt hybrids successfully, and the risk of 
resistance to Bt in major pest species. Proponents counter that farms of all size 
benefit from the technology and note that compliance with refuge requirements to 
thwart resistance is not critical because adoption is likely to be far from universal. 
Proponents point to the large success of Bt cotton in small-farmer dominated China, 
while critics offer the example of the short and unsuccessful experience of Bt cotton 
in Indonesia. The overall controversy has been further exacerbated by unscrupulous 
seed companies and over-eager farmers selling and growing Bt cotton before com-
mercial approval had been given in countries such as India, Pakistan and Brazil 
(Jayaraman, 2001; Ilyas, 2004; Ewing, 2005). The extent of use of so called “stealth 
seed” prior to official release of Bt cotton in India, and its current use in the country 
is very difficult to gauge, but some estimates put the figure at >50% and it could be 
higher in certain Indian states (Herring, 2007). Sales of illegal Bt cotton seeds have 
misled and confused farmers and resulted in problems with seed purity, perform-
ance, and bio-safety. Bennett et al. (2005) compared the performance of officially 
released and unofficially cultivated hybrid varieties of Bt cotton and conventional 
hybrids in Gujarat, India by 622 farmers, and observed that the officially released 
Bt varieties outperformed the unofficial varieties. However, unofficially produced 
Bt hybrids also performed better than the non-Bt hybrids, although the second gen-
eration (F

2
) Bt seed had no yield advantage over the non-Bt hybrids. F

2
 seed is 

regarded as ‘GM’ by the farmers (and is sold as such), even though its yield per-
formance is little better than the non-Bt hybrids. The issue of illegal seed is being 
aggressively addressed in India and elsewhere, but there seems little doubt that sig-
nificant debate will continue to embroil the development and adoption of many 
aspects of GM crops throughout the world.

6.5 Future Developments

Many tactics within the cotton IPM toolbox will continue to be developed, improved, 
refined, and integrated into strategies that address the interests of producers and 
society, and positively impact the environment. Host plant resistance, now more and 
more the product of biotechnological advances, will continue to be a key element in 
future IPM systems for cotton and many other crops. The promise of transgenes to 
help solve long-standing pest problems and perhaps other agronomic issues is great 



184 S.E. Naranjo et al.

and with proper forethought, and scientific, governmental and public guidance and 
scrutiny should continue to revolutionize IPM and crop production.

6.5.1 New Events

As noted, commercial insect-resistant transgenic cottons are currently limited to 
various transgenes from B. thuringiensis producing δ-endotoxins (see Table 6.1). 
VipCot cotton (Syngenta Biotech) will express the Vip3A vegetative protein from 
B. thuringiensis, probably in combination with a Cry protein, and is expected to be 
commercialized in the USA and Australia shortly (Malone et al., chapter 13). As 
with current Cry endotoxins in cotton, the range of effects of ViP3A is restricted to 
Lepidoptera and non-target effects appear minimal (Whitehouse et al., 2007). The 
dual gene cotton WideStrike (Dow AgroScience), which expresses Cry1Ac plus 
Cry1F and has been available in the USA since 2005, will likely be introduced into 
Australia in the near future. Bollgard II was commercialized in the USA in 2003, 
in Australia in 2004 and has recently been approved for use in India. In general, the 
dual gene constructs have improved efficacy against the primary targets of single 
gene events and improved efficacy against troublesome pests such as Spodoptera 
spp. among other caterpillars. Technology fees are greater but production will con-
tinue to expand so long as the farmers see a significant economic gain. In late 2007, 
Australia approved limited field evaluation of transgenic G. barbadense (long-sta-
ple cotton) that produces Cry1Ac and Cry2Ab with or without additional genes for 
herbicide tolerance. Bollgard III (Hybrid Cry1Ac and Cry1F plus Cry 2Ab) from 
Monsanto aims to further increase the spectrum of lepidopteran control and provide 
better late season control through the use of different promoters and proteins 
(Monsanto, 2007). Cottons based on this technology are in an early product devel-
opment phases and are several years away from potential commercialization.

The introduction of other insect-resistant GM crops could have important conse-
quences for the production of Bt cotton. As noted, Bt cotton is currently the only 
insect-resistant GM crop grown in many adopting nations. The potential commer-
cialization of Bt maize is under consideration in countries such as China and Brazil 
and could have important implications for resistance management. China in particular 
relies heavily on conventional maize and other crops to act as refuges for susceptible 
bollworms to ameliorate resistance in Bt cotton. The adoption of Bt corn could accel-
erate bollworm resistance in that country without further planning and oversight.

6.5.2 Increasing Pest Spectra of GM Cotton

Lepidopteran pests have been the focus of GM cotton development to date and with 
good reason given the serious nature of this pest complex worldwide. Nonetheless, 
a number of other significant pests impact cotton production globally (see Table 
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6.3) and improvements in host plant resistance through transgenic approaches may 
help to manage these pests within an overall IPM framework as well. Glare and 
O’Callaghan (2000) catalog over 170 distinct δ-endotoxins as well as many other 
toxins from B. thuringiensis that could be mined for future transgenic plant devel-
opment. Lectins and protease inhibitors are being examined in cotton and other 
crop species for sucking pests and as additional avenues for control of lepidopteran 
pests (e.g., Carlini and Grossi-de-Sa, 2002; Christou et al., 2006; Malone et al., 
chapter 13). Monsanto (2007) is in the very early stages of development of transgenic 
cottons targeting Lygus spp. based on Bt and non-Bt approaches and the publicly-
funded Center for Plant Molecular Biology in India has developed a lectin gene for 
control of sucking pests and is set to license the technology to a private Indian 
company for use in rice and cotton (Jayaraman, 2004; see also Malone et al., 
chapter 13).

Efforts are underway to improve many other characteristics of the cotton plant 
to improve production efficiency and market value. For example, the improvement 
of several agronomic issues such as tolerance to drought and the herbicide dicamba 
are in the early stages of development (Monsanto, 2007). Advances are also being 
made in reducing the concentration of the terpenoid gossypol in cotton seed 
through RNA interference technology so that the protein in this abundant by-product 
of cotton lint production may have additional food value for humans (Sunilkumar 
et al., 2006).

6.6 Summary and Conclusions

The rate and scale of adoption of Bt cotton is unprecedented relative to other 
advances in production of this crop. In 1996, its initial year of commercial 
production, approximately 1.1 million hectares were grown in three countries. By 
2007, the rate of production had increased 12.7-fold to 14 million hectares in nine 
countries, and several other countries are likely to adopt or re-adopt the technology 
in the near future. This rapid adoption by a wide cross-section of growers, large and 
small, has been largely driven by the significant economic benefits of the technol-
ogy in reducing production costs while improving yield and quality. The technol-
ogy also has had dramatic positive impacts on the environment globally through the 
reduction in insecticide usage and even reductions in fuel consumption and associ-
ated greenhouse gas emissions in farm operations in a system that has historically 
been associated with insecticide over-reliance and misuse.

Although the deployment of Bt cotton represents only one of a myriad of tactics 
that can be integrated into efficient and effective pest management strategies, its 
contribution via reduction in insecticide usage has the potential to cascade through 
the system and enhance other integrated pest management tactics such as biologi-
cal control. Numerous non-target studies both in the laboratory and the field have 
definitively shown the selective nature of this pest control technology and indicate 
that enhanced biological control should be possible. Indeed, evidence from systems 
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in China and USA has demonstrated the key role of biological control in managing 
non-target pests in Bt cotton. This high degree of selectivity may, however, have 
some drawbacks. In some systems the use of Bt cotton has been associated with 
increased pressure from other primary or secondary pests not susceptible to Bt 
toxins that may have been previously suppressed by insecticides used for target 
lepidopteran pest species. In these instances it is likely that effective biological 
control was absent initially and the selective action of Bt has not improved the situ-
ation. The adoption of Bt cotton has only minor effects on other basic pest manage-
ment practices such as sampling and use of economic thresholds. Growers may 
need to be more vigilant of non-target pest dynamics and use modified sampling and 
threshold protocols for target pests incompletely controlled by current Bt cottons. 
The deployment of Bt cotton has the potential to have suppressive area-wide 
effects on pest populations leading to reduced risk and greater predictability 
for growers.

To date, resistance to transgenic Bt cotton has not been an issue, but constant 
vigilance and stewardship by all members of the agricultural community will be 
required to maintain the sustainability of this valuable technology. The use of 
 structured refuges in most countries has been credited with delaying or mitigating 
resistance but even in countries such as China where resistance management 
depends on unstructured, natural refuges the technology has been resilient. 
Sustained pest control also will benefit from future advances in the development of 
new transgenic events that will improve control efficacy of lepidopteran pests as 
well as target other key pest species in cotton worldwide. Such advances will rely 
on continued partnerships between growers, seed and technology industries, and 
public research institutions. Debate over issues of food and environmental safety, 
regulatory oversight, and welfare of the farming community as a whole are also 
likely to continue as the technology moves forward with new crops and new adopting 
countries.
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