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Abstract

With 20% of the world’s population but just 7% of the arable land, China
has invested heavily in crop biotechnology to increase agricultural pro-
ductivity. We examine research on insect-resistant genetically engineered
(IRGE) crops in China, including strategies to promote their sustainable
use. IRGE cotton, rice, and corn lines have been developed and proven ef-
ficacious for controlling lepidopteran crop pests. Ecological impact studies
have demonstrated conservation of natural enemies of crop pests and halo
suppression of crop-pest populations on a local scale. Economic, social, and
human health effects are largely positive and, in the case of Bt cotton, have
proven sustainable over 20 years of commercial production.Wider adoption
of IRGE crops in China is constrained by relatively limited innovation
capacity, public misperception, and regulatory inaction, suggesting the
need for further financial investment in innovation and greater scientific
engagement with the public. The Chinese experience with Bt cotton might
inform adoption of other Bt crops in China and other developing countries.
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INTRODUCTION

China has more than 20% of the world’s population but less than 7% of the arable land. Rapid
urbanization and excessive application of pesticides and fertilizers have led to loss of arable land
(69). China is dependent upon food imports and, in 2017, imported 130.6 million tons of various
crops (http://www.agrogene.cn/info-4673.shtml). Against this background, China’s central
government made the strategic decision to develop and apply agricultural biotechnology to
increase agricultural productivity and to promote national food security and green agricultural
development (65). Since the 1980s, research and development of genetically engineered (GE)
crops have received steadily increasing financial support. The Chinese government initiated the
National GMVariety Development Special Program (NGSP) in 2008 with the intent of investing
$3.5 billion to identify additional functional genes and to develop newGE varieties, improving the
level of research and industrialization of agricultural GE organisms (69). Great progress has been
made in the development of insect-resistant GE (IRGE) crops, especially cotton, rice, and corn.

We examine the current status of research and application of IRGE crops in China, analyze the
prospects and challenges, and discuss strategies to promote the development and application ofGE
crop technology in China. The Chinese experience with Bt cotton (i.e., cotton plants modified to
produce one or more endotoxins derived from the bacterium Bacillus thuringiensis) should provide
valuable lessons in sustainable use of a wide range of Bt crops for other countries, in particular
developing countries with agricultural situations similar to China’s.

DEVELOPMENT OF INSECT-RESISTANT GENETICALLY
ENGINEERED CROPS IN CHINA

In China, cotton is an important cash crop, and rice and corn are important cereal crops (59,
61, 66). Cotton is now mainly planted in Xinjiang Province, while rice and corn are grown in
most provinces. All of these crops suffer severe damage from many insect pests, with lepidopteran
species being themost damaging (16, 33, 59, 124).Management of these pests once relied primarily
on chemical insecticides, resulting in environmental and human health problems (16, 18, 25, 38).

Insect-Resistant Genetically Engineered Cotton

Over 300 herbivorous insect species have been recorded in Chinese cotton fields (124), including
the lepidopterans cotton bollworm (Helicoverpa armigera), pink bollworm (Pectinophora gossypiella),
corn borer (Ostrinia furnacalis), beet armyworm (Spodoptera exigua), common cutworm (Spodoptera
litura), spiny bollworm (Earias cupreoviridis), and cotton looper (Anomis flava). Outbreaks of cotton
bollworm alone have caused huge economic losses and resulted in overuse and misuse of chemical
insecticides (18, 38).

Research on IRGE cotton in China started in the early 1990s. The first IRGE cotton event,
produced in 1994 for experimental use, expressed a cry1Ac/cry1Ab fusion gene and exhibited cotton
bollworm control efficacy of over 80% (138). Subsequently, stacked cotton events (i.e., plant lines
resulting from an insertion of a transgene into a specific genomic location) expressing Bt and
CpTI (cowpea trypsin inhibitor) orGNA (Galanthus nivalis agglutinin) were developed for delaying
Bt resistance among target pests or for controlling additional insect pests such as aphids (67)
(Supplemental Table 1). In recent years, new types of IRGE cotton events have been obtained
using RNA interference (RNAi) technology or RNAi pyramided with Bt genes (76, 77, 88, 127)
(Supplemental Table 1).Ni et al. (88) reported that pyramided cotton expressing a Bt protein and
dsRNA not only provided excellent control of target pests, but also substantially delayed resistance
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relative to using Bt alone. Among IRGE crops, only Bt cotton is in commercial production in
China today.

Insect-Resistant Genetically Engineered Rice

In Chinese rice ecosystems, there are three major lepidopteran pests, the rice striped stem borer
(Chilo suppressalis), yellow stem borer (Scirpophaga incertulas), and rice leaf roller (Cnaphalocrocis
medinalis) (16), which cause severe yield losses (59). Rice stem borers are especially damaging,
annually causing losses of about 11.5 billion renminbi (RMB) ($1.8 billion) (107).

The majority of Bt rice events developed in China were designed for controlling lepidopteran
pests by expressing cry1, cry2, or cry9 genes (66). Some IRGE rice lines express fusion genes such
as cry1Ab/cry1Ac, cry1Ab/vip3H, or cry1Ac/cry1-like, and others express pyramided cry1Ac and CpTI
genes (Supplemental Table 1). RNAi technology also has been used in the development of IRGE
rice. Some rice lines express microRNAs such as Csu-novel-miR15 to confer resistance to the rice
stem borer (48).

Insect-Resistant Genetically Engineered Corn

Among multiple insect pests on corn, the lepidopteran pests O. furnacalis, H. armigera, and
Mythimna separata are the most serious, causing approximately 10% yield loss in spring corn,
20–30% in summer corn, and over 30% with heavy infestations, resulting in huge economic
losses in China (66).

Current Bt corn lines in China mainly express cry1Ab, cry1Ac, cry1Ie, cry1Ah, cry1C, or cry2
genes, with some expressing genes that are modified from cry1Ab and cry1Ia1 (cryFLIa) or cry1Ac
(mCry1Ac and cry1AcM). There have also been some IRGE corn lines that express fusion genes
such as cry1Ab/2Aj, cry1Ab/vip3DA, and cry1Ah/cry1Ie (Supplemental Table 1).

INSECT-RESISTANT GENETICALLY ENGINEERED CROPS
IN COMMERCIAL USE IN CHINA: Bt COTTON

History of Commercial Cultivation

Bt cotton was approved for commercialization inChina in 1997. In the first year,<0.1million ha of
Bt cotton was planted. Since then, the area planted has expanded rapidly, especially in the Yellow
River region and the Changjiang River region (CRR) (124). Planting reached 3.9 million ha in
2007 and remained relatively stable at approximately 4.0 million ha through 2015 (61). The area
planted to cotton in China decreased to 2.9 million ha in 2016 and 2017 due to change of policy
affecting the structure of the sector (46). The Bt cotton lines that are currently being planted in
China express cry1Ac, cry1Ab/Ac, or cry1A+CpTI genes targeting lepidopteran pests (61).

Regional Suppression of Target Pests

Themajor target pest of Bt cotton is cotton bollworm (H. armigera), a polyphagous species feeding
on over 200 species of host plants, including cotton, corn, soybean, peanut, and vegetable crops
in China (126). Large-scale, long-term field monitoring shows that, with increasing adoption of
Bt cotton, cotton bollworm populations have been effectively suppressed not only on cotton, but
also on non-Bt host crops, including corn, soybean, peanut, and vegetables in areas near plantings
of Bt cotton (126). In China, wheat is the main host crop for first-generation H. armigera larvae,
and cotton is usually the main host for egg deposition by moths of the first generation, acting
as the source of subsequent generations on other crops (126). With wide adoption of Bt cotton,
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Figure 1

Suppression of populations of Helicoverpa armigera andMythimna separata not only on Bt crops, but also on non-Bt host crops with wide
adoption of Bt cotton and Bt corn.

most offspring of first-generation H. armigera are killed in cotton fields, significantly reducing
the production of subsequent generations on other host crops; Bt cotton thereby controls cotton
bollworm populations across wide planting areas (Figure 1) (106). Pink bollworm (P. gossypiella),
is another major insect pest on cotton, mainly in the CRR (115). Because cotton is the sole host
plant for this species, analysis of 16 years of field-survey data indicated that increased cultivation of
Bt cotton significantly decreased the population density of pink bollworm not only on Bt cotton,
but also on non-Bt cotton in the CRR (43, 114). Modeling analyses have suggested that as the
percentage of Bt cotton increases, it contributes progressively less to decrease of pink bollworm
density (43).Nonetheless, the ecological benefits of Bt cotton accrue not only to Bt cotton farmers,
but also to growers of other target pest host crops (61, 96). Such an effect was also reported recently
for Bt corn in the United States, where widespread adoption suppresses pests regionally, resulting
in marked decreases in insecticide application and damage to vegetable crops (23).

Different lepidopteran species exhibit significantly different susceptibility to the Cry proteins
produced by Bt cotton (85). For example, Bt cotton planted in China has limited activity against
the beet armyworm (S. exigua) (141) and common cutworm (S. litura) (116, 132), and these insects
may becomemajor pests in Bt cotton fields; thus, an alternative strategy is required for controlling
these pests (116). Cotton lines expressing both Cry1Ac and Cry2Ab seem to be promising options
(3).
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Ecological Issues Associated with Planting of Bt Cotton

Evolution of resistance in target pests.Over 20 years of experience planting IRGE crops sug-
gests that evolution of resistance by target pests is the major threat to sustainable use (11, 30, 58,
86, 112, 113). Since the appearance of IRGE crops, resistance to Bt has elicited concern in the
scientific community and the public, and multiple strategies have been developed to prevent or
delay development of Bt-resistant insect populations (28, 30, 89). The most effective strategy has
proven to be the combination of high expression of Bt proteins and deployment of refuges (28, 89).
The refuge approach permits a fraction of the population to escape selection by Bt proteins; these
surviving susceptible insects are expected to mate with any resistant ones that survived exposure to
Bt proteins to produce Bt-susceptible, heterozygous offspring, presuming that the resistance trait
has a recessive mode of phenotypic expression (28, 58, 112). The high dose of Bt protein produced
by the Bt plants is assumed to kill all or nearly all heterozygous target insects (37, 58).

The high-dose and refuge strategy has been applied worldwide to delay insect pest resistance
to Bt crops (112). The refuges are generally structured, i.e., the farmers are mandated to plant
a specified proportion of a non-Bt variety as a refuge for susceptible target pests adjacent to
the Bt-expressing IRGE crop (37, 58). The strategy is well deployed in the United States and
Australia and has proven successful in substantially delaying pest resistance to Bt crops (37, 112).
However, the structured refuge is difficult to implement in countries with small-scale farms and
millions of individual growers, such as China, India, and many other Asian and African countries,
because of the challenges associated with educating and monitoring so many farmers (60, 122).
For example, the Indian government required farmers to plant a non-Bt cotton hybrid or pigeon
pea as a refuge around Bt cotton fields (37).However, field resistance of the target pest P. gossypiella
emerged just seven years after commercialization of Bt cotton in India, which was attributed to
use of illegal Bt cotton seeds with low doses of Bt protein and noncompliance with the refuge
strategy (37).

Because of the small-scale farming system, the structured refuge has not been required for Bt
cotton in China (51). However, the frequency of resistance to Cry1Ac in H. armigera is still low,
and Bt cotton producing Cry1Ac has maintained substantial control of this pest in China (51).
This success relies on the presence of many other host crops—such as corn, soybean, peanut, and
vegetables—serving as natural refuges to produce susceptible cotton bollworm individuals (51, 58,
122, 123, 125), althoughmodeling predictions suggest that they are not as effective as an equivalent
area of non-Bt cotton refuge (51). The success of the natural refuge strategy in China is attributed
to H. armigera being (a) a polyphagous pest infesting multiple host crop species that overlap in
space and time in China and (b) a highly mobile pest, with high gene flow among populations from
different host crops (51, 58, 122, 124, 126).

As noted, the refuge strategy is premised on a recessive mode of expression of resistance in
the target pest (58). However, field populations of H. armigera in China have also shown non-
recessive resistance, and the percentage of individuals with non-recessive expression of resistance
has increased rapidly (51, 137).This may suggest that the natural refuge strategy will gradually lose
its efficacy in delaying resistance ofH. armigera to Bt cotton.Development of Bt cotton producing
two or more Bt proteins with limited or no cross-resistance has been suggested for slowing further
increase in Bt resistance in cotton bollworm (51).

In contrast to H. armigera, pink bollworm (P. gossypiella) is an oligophagous insect, feeding
almost exclusively on cotton in China (114). The natural refuge strategy therefore is not appli-
cable (58). Thus, with increasing adoption of Bt cotton, pink bollworm would quickly lose its
non-Bt refuge. Based on resistance monitoring, Wan et al. (114) predicted that resistance of pink
bollworms to Cry1Ac cotton would rapidly increase after 2010, with further decrease of non-Bt
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cotton production. This phenomenon has not emerged, and it was unexpectedly found that the
percentage of field populations with one or more larvae surviving at the diagnostic concentration
declined from 56% in 2008–2010 to 0% in 2011–2015 (117).The unexpected decline of resistance
was attributed to the cotton seeds planted since 2010 being F2 hybrids (117). Production of F1 hy-
brid seeds needs costly hand-pollination; to reduce costs, seed producers had crossed Bt cotton
with non-Bt cotton to create F1 hybrids. Self-pollination of F1 hybrids produced F2 hybrid seeds,
resulting in sale of seed lots consisting of 25% Bt homozygotes, 50% Bt hemizygotes, and 25%
non-Bt homozygotes expressing no Cry protein (117). The resulting Bt and non-Bt seed mixture
boosted the percentage of non-Bt cotton plants in the CRR of China serving as refuges for pink
bollworms, and development of resistance to Bt cotton was reversed (117).

Outbreaks of nontarget secondary pests.The currently used Cry proteins are highly specific
to target pests; thus, nontarget secondary insect pest populations may increase because they are
not susceptible to Bt proteins. Such insects would have been controlled by broad-spectrum chem-
ical insecticides applied before the introduction of Bt crops (14, 75, 86, 94). In China, mirid bugs
(Heteroptera: Miridae) were first recorded on cotton during the early 1930s and were regarded as
secondary pests (73).With wide-scale adoption of Bt cotton, mirid bug populations have progres-
sively increased and acquired pest status in cotton and other host crops (75, 140). Lu et al.’s (75)
analyses showed that mirid population increase was associated with reduced insecticide applica-
tion in this crop after introduction of Bt cotton; that is, mirids had been controlled by insecticide
used mainly for controlling cotton bollworms.

Despite the increase of mirid populations, a summary assessment suggested that the effects of
secondary insect pests on Bt cotton were minor in comparison to the effect of a decrease in major
insect pests and insecticide use, suggesting that the benefit of Bt cotton cultivation is sustainable in
China (94, 96). The effects of secondary insect pests associated with Bt crops have been discussed
globally; in general, authors conclude that the issue of secondary insect pests is not sufficient to
undermine the use of Bt crops but should be attended to, and that necessary measures should be
taken to sustain use of this technology (14, 73). In China, scientists have been developing and
applying various measures, such as cultural control, biological control, trap-cropping, chemical
control, and other approaches, to manage mirid bugs in Bt cotton; thus, mirid bugs may not prove
sufficiently problematic to affect sustainable use of Bt cotton in China (71, 72).

Ecological Benefits Associated with Planting of Bt Cotton

Cotton supports large and diverse communities of natural enemies of arthropods, which play an
important role in suppression of cotton insect pests (85). Therefore, potential effects of IRGE
crops on natural enemies and other beneficial species have drawn much attention worldwide (26,
27, 90, 99–101). Extensive studies showed that Cry proteins produced by commercialized Bt crops
are highly specific and have no direct toxicity to nontarget organisms, including arthropod natural
enemies (62, 86). Instead, cultivation of Bt cotton can significantly reduce the application of in-
secticides and has therefore created significant opportunities for conservation of natural enemies,
enhancing biological control in the cotton agroecosystem (74, 84, 85). Long-term monitoring
of the ecological effects in China suggests that reduced insecticide spraying due to adoption of
Bt cotton has favored a marked increase of the generalist natural enemies and promoted their
biocontrol services—in particular, suppressing the abundance of aphid pests (74, 140). Moreover,
generalist predators usually have strong dispersal ability, such that increasing predator abundance
on Bt cotton ultimately promoted predator-meditated biocontrol services across the agroecosys-
tem of China (74).
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Social and Economic Effects of Planting Bt Cotton

Because IRGE crops were developed to kill agricultural pests, their impacts go beyond ecological
considerations to include economic and social impacts. A growing literature shows that Chinese
smallholder farmers have benefited economically from production of Bt cotton. Farm budget data
from 300–400 farmers in five provinces from 1999 to 2001 showed complex changes in crop yields
and pesticide use (41, 91); for example, yields were 9% higher and insecticide applications 71%
lower in Shandong Province. Farmers realized positive net income from adoption of Bt cotton,
mainly through reduced input and labor costs (38). Qiao (94) showed that the economic benefit of
Bt cotton was maintained from 1997 to 2012; farmers saved 4.12 billion RMB on pesticide use and
8.70 billion RMB on labor.The benefit from the increase in yield was even higher.Widespread use
of Bt cotton in China suppressed the density of the pest population regionally, yielding benefits to
both adopters and non-adopters (96, 97, 126). The average yield gain of Bt cotton in China was
10%, and the aggregate income benefit was more than $19.6 billion from 1997 to 2016 (9).

In addition to direct economic benefits, indirect benefits of increased employment, household
income, and reduced poverty have been shown in other countries (98), although the socioeconomic
impacts vary with local farming practices (105, 110).

A survey of cotton farmers in northern China in 1999–2001 showed that reduced pesticide
use following adoption of Bt cotton adoption led to decreased incidence of acute poisoning (35).
Positive impacts of Bt cotton on the health of farmers also have been observed in Pakistan (2) and
India (52).

INSECT-RESISTANT GENETICALLY ENGINEERED CROPS
IN THE PIPELINE

Two Bt rice lines, Bt Shanyou 63 and Huahui No. 1, were awarded biosafety certificates in China
in 2009, andHuahui No. 1 has been approved for consumption by the US Food and Drug Admin-
istration, but the lines have not yet been approved for agricultural production in China. This may
be attributable to a low level of understanding and acceptance of GE crops by Chinese consumers
(59). The thirteenth Five-Year Plan for Science and Technology Development, issued in 2016 by
the State Council of China, aimed to accelerate development and application of GE crops, with
priority placed on commercializing corn, cotton, and soybean (60). Bt corn may soon be approved
for commercialization (129). In this section, we analyze potential advantages and safety concerns
and discuss the prospects for improving agricultural productivity and social and economic effects
with adoption of Bt rice and corn in China.

Potential Advantages

High efficiency in regional target pest control. Extensive studies have been conducted to eval-
uate the efficacy of Bt rice and corn lines against target pests in China, including C. suppressalis,
S. incertulas, and C. medinalis on rice and O. furnacalis, H. armigera, and M. separata on corn. Liu
et al. (66) showed that several Bt rice and corn lines exhibit efficient control of major target lepi-
dopteran pests. For example, the Bt rice lines mfb-MH86 (producing Cry1Ab), T1C-19 (Cry1C),
and Huahui No. 1 (Cry1Ab/1Ac) exhibit high and relatively consistent pest resistance through-
out the growing season (66). The Shuangkang 12–5 corn line expressing cry1Ab/2Aj can provide
almost 100% control of C. medinalis (66).

As discussed above, widespread adoption of Bt crops can regionally suppress target pest popu-
lations, benefiting not only the Bt crop, but also non-Bt crops (23, 44, 126). The target species for
Bt corn, O. furnacalis and M. separata, are similar to H. armigera in terms of feeding not only on
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corn, but also on other crop species, including millet, sorghum, soybean, and many vegetables in
China (135). Thus, area-wide planting of Bt corn may benefit not only corn producers, but also
other crop producers by regional suppression of the target pest populations, as was observed with
Bt cotton in China (126) (Figure 1) and Bt corn in the United States (23). Especially since wheat
is the host for first-generation H. armigera andM. separata, suppression of their populations by Bt
cotton and Bt corn will minimize damage from these pests to wheat, a staple crop in north-central
China (Figure 1). Compared to O. furnacalis, H. armigera, and M. separata, the target pests of Bt
rice have relatively few host crops, mainly feeding on rice. While C. suppressalis can also feed on
corn, wild rice shoots, sugarcane, and other graminaceous crops (64), widespread adoption of Bt
rice may protect these crops against this pest. Interestingly, a recent study showed that Bt rice
could act as a dead-end trap crop for C. suppressalis, and thereby protect neighboring non-Bt rice
plants, because C. suppressalis females prefer to lay eggs on relatively healthy Bt rice plants rather
than on non-Bt rice plants that are heavily damaged by larvae of this species (50).

BothM. separata and C. medinalis are long-distance migratory pests in Asia. Commercial culti-
vation of Bt corn and rice may suppress populations of these two species not only in China, but also
in neighboring countries. Outbreaks ofM. separata in Korea and Japan are initiated mainly by im-
migrants from the Shandong, Hebei, Liaoning, and Jilin Provinces of China (34, 53) (Figure 2).
Because both corn and rice are main host crops of M. separata (49), wide adoption of Bt corn
and rice in China might be expected to significantly reduce migration of this species to Japan
and Korea (Figure 2). C. medinalis has weak tolerance of cold temperatures and cannot over-
winter successfully north of 30oN latitude (142). Very low densities of C. medinalis overwinter
in southern China; most C. medinalis migrate from Southeast Asia in March and April (93, 118,
142) (Figure 2). Thus, if Bt rice is commercially grown in Yunnan, Guangxi, Guangdong and
Hainan Provinces,C. medinalis populations would be expected to decrease not only there, but also
in other rice-growing areas in China. Meanwhile, because of decreased southward migration in
fall, overwintering populations may decrease in Southeast Asian countries (Figure 2). In addition,
fall armyworm (Spodoptera frugiperda) first invaded China in early 2019 and spread rapidly. Because
of its resistance to multiple pesticides, it is challenging to control this corn pest (55). The planting
of Bt corn in China may prove an important strategy for controlling the pest and may prevent its
spread to Japan and Korea.

Ecological benefits.The potential for adverse effects on valued nontarget organisms has been
a key concern associated with the production of IRGE crops (63, 99). Reviews of results from
numerous studies suggest that the insecticidal proteins produced by Bt corn and cotton have a
very narrow spectrum of activity, and that planting Bt crops poses a negligible risk to nontarget
species (27, 45, 62, 78, 87, 100, 121). The Bt corn and rice lines developed in China express the
same or modestly modified insecticidal proteins as those produced by widely commercialized Bt
maize and cotton lines, and extensive studies have been conducted in China that further confirm
no risk to nontarget species (16, 22, 56, 59, 133).

Instead, adoption of Bt crops will reduce the application of synthetic insecticides and in turn
provide a clear ecological benefit through reduction of unintended effects on valued nontarget
species, such as natural enemies, caused by these synthetic insecticides (59, 74, 78, 121). It was
estimated that commercialization of Bt rice in China might lead to an over 60% reduction in
chemical insecticide application (39, 40, 95). By systematic analysis of the existing data, the US
National Academies of Sciences, Engineering, and Medicine (NASEM) (86) reached the general
conclusion that growing Bt crops tends to result in higher arthropod biodiversity than growing
corresponding non-Bt crops treated with synthetic insecticides.
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Annual population migrations of Cnaphalocrocis medinalis andMythimna separata, showing how adoption of Bt rice and corn in China
could serve as a barrier for immigration and suppress the populations of these two major crop pests in China and neighboring
countries. Figure based on data and figures from Zhang et al. (142), Wang et al. (118), Qi et al. (93), Lee & Uhm (53) and Hirai (34).

Quality improvement for food and feed. Pest damage directly causes crop yield losses and also
indirectly decreases the quality of cereals as food and feed (82, 120). For example, fungal diseases,
such as Fusarium spp., often enter the corn plant and cause ear rot through the feeding wounds
caused by insects (108). Infestation by Fusarium spp., such as Fusarium verticillioides and Fusarium
proliferatum, can result in corn grain contamination by mycotoxins such as fumonisins and zear-
alenone that are produced by the fungi,which can lead to acute and chronic toxicity to humans and
livestock (1, 82). Adoption of Bt corn can significantly reduce the damage by lepidopteran target
pests and thereby reduce the opportunities for ear-rot infestation. Bt corn showed concentrations
of fumonisins and zearalenone that were decreased by 90% and 50%, respectively, compared to
unsprayed conventional corn in France (29).O. furnacalis andH.armigera damage of corn kernels is
the major cause of corn ear rot in China (109, 120, 128). Therefore, Bt corn production in China
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would undoubtedly improve the food and feed safety by reducing mycotoxin contamination of
corn grains.

Another major issue affecting food and feed quality is pesticide residues, posing hazards to
humans via direct consumption of foods with toxic residues (5, 6, 57) or indirect consumption of
meat or milk products of animals that consumed feeds with such residues (83). In conventional
crop systems, pesticides are major inputs for increasing the agricultural productivity of crops. On
a global scale, from 1996 to 2015, commercial production of Bt corn and cotton led to reductions
of 53.3% and 29.1%, respectively, in the use of insecticidal active ingredients (8).

Ecological Concerns Associated with Growing Bt Rice and Bt Corn

Based on the experience of over 20 years of commercial production of Bt crops, the associated
ecological concerns mainly comprise three aspects: evolution of Bt resistance in target pests, sec-
ondary insect pest outbreak, and gene flow.

Evolution of Bt resistance. Fundamental research has been conducted in China to develop
sound strategies for managing insect resistance to Bt corn and rice (32). First, the baseline suscep-
tibilities of major target pests of Bt corn and rice to different Bt proteins have been investigated
(32). The results showed that different populations of O. furnacalis, C. suppressalis, and C. medinalis
exhibited wide variation in susceptibility to Cry1Ab or Cry1Ac toxins, suggesting that the genetic
diversity necessary for evolution of insect resistance does exist (32). Second, Bt-resistant strains
of O. furnacalis and C. suppressalis, two major target pests, have been established by laboratory
artificial selection (54, 130, 139). O. furnacalis strains with resistance to Cry1Ab or Cry1Ac have
high cross-resistance to Cry1Ah, minor cross-resistance to Cry1Fa, and no cross-resistance to
Cry1Ie (130, 139, 143). Cry1Ac-resistant C. suppressalis exhibits cross-resistance to Cry1Ab, but
not to Cry1Ca and Cry2Aa (32). These findings suggest that cry1Ie (for control of O. furnacalis)
and both cry1Ca and cry2A (for control of C. suppressalis) are ideal candidate genes for stacking
with cry1A genes for development of pyramided Bt corn or rice, which may be an optimal strategy
for delaying Bt resistance of the two species (32).

Since O. furnacalis and M. separata are polyphagous species as H. armigera, the natural refuge
strategy may work well for delaying the development of resistance to Bt corn in these species after
commercialization, especially forM. separata, a species with high mobility, based on the experience
withH. armigera on Bt cotton (58).C. suppressalis and S. incertulas have relatively high specialization
in host use, although wild rice shoots are also optimal host plants for C. suppressalis. Research has
indicated that individuals of each of the two pests from the two crop species have partial barriers
in reproduction (134), and that the area of occurrence of wild rice shoots is very limited relative
to that for cultivated rice; thus, wild rice shoots are unlikely to serve as effective refuges for C.
suppressalis. Refuge in the bag, i.e., creating a mixture of Bt plants and non-Bt plants growing side
by side within fields, has delayed evolution of resistance to Bt corn in the United States since
2010 (79). Since this strategy has the advantage of reducing problems with farmers’ noncompli-
ance with structured refuge requirements (12, 131), it seems a promising approach for delaying
Bt resistance evolution of C. suppressalis and S. incertulas with cultivation of Bt rice, but studies
are needed focusing on larval movement between Bt and non-Bt plants, the key factor affecting
the efficacy of this strategy (12). C. medinalis is also an oligotrophic pest, and since the majority
of individuals occurring in China originally migrate from Southeast Asian countries (Figure 2),
development of resistance of this species to Bt rice may not prove problematic if Bt rice is not
adopted by neighboring countries.

Secondary insect pest outbreaks. Because corn has a narrower pest spectrum than cotton, and
insecticide input in conventional corn is generally lower than in cotton, secondary pest problems
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related to the production of Bt corn seem less serious than those for Bt cotton (80).Themost prob-
lematic secondary pest associated with Bt corn production is the western bean cutworm (Striacosta
albicosta), which causes significant economic damage in the United States due to nonlethal Bt pro-
teins produced by Bt corn (24, 81). So far, no study has investigated the potential for secondary
insect pest outbreak should Bt corn be commercially grown in China. However, since rice has a
wide pest spectrum, and a large amount of insecticide is applied to conventional rice for insect pest
control (16), secondary pest outbreak may be a serious problem should Bt rice be commercialized
in China (20, 119). Much attention has been paid to nontarget pests—i.e., rice planthoppers such
asNilaparvata lugens and Sogatella furcifera—since they are serious pests on rice and have exhibited
frequent outbreaks in China following the adoption of hybrid rice cultivars in the 1980s (16, 119).
Field surveys, however, indicated that planthoppers unexpectedly migrated from Bt rice fields to
adjacent non-Bt rice fields, resulting in low densities in Bt rice fields (17, 20). One mechanism
underlying this phenomenon is, as indicated by a study by Wang et al. (119), that low caterpillar
damage in Bt rice fields retained low numbers of planthoppers; N. lugens exhibits a strong pref-
erence for caterpillar-damaged plants, which facilitates planthopper movement from undamaged
Bt rice to caterpillar-damaged non-Bt rice (119). However, much more research is required to as-
sess whether rice planthopper populations will increase or decrease after introduction of Bt rice,
since population dynamics of arthropods is affected by multiple biotic and abiotic factors (119).
Once Bt corn or rice is commercialized in China, large-scale, long-term field surveys should be
conducted to monitor the population dynamics of key nontarget insect pests, so that practical and
economically viable risk-control strategies can be developed in a timely fashion.

Gene flow and ecological consequences.Gene flow via pollen from GE crops to other sexually
compatible species has been debated since the introduction of GE crops. The major concerns are
that gene flow might increase the weediness of related species or impact genetic resources when
a GE crop is released in an area with related native species (86). Since China is not the center of
origin for corn, and there are no closely related species, only a few studies have been conducted to
investigate gene flow from GE to non-GE corn cultivars (36). The maximum threshold distances
with gene-flow frequencies of 1% and 0.1% were 49 m and 125 m, respectively, in the spring
corn-growing region of northeast China (36); these results suggest that a requirement of 300 m
separation between GE and non-GE corn is sufficient for minimizing adventitious contamination
of conventional corn products by GE traits (36).

Since China has centers of origin for rice, and since weedy rice (Oryza sativa f. spontanea) and
common wild rice (Oryza rufipogon) are widely distributed in rice-producing regions (47), many
studies have investigated gene flow from GE rice to conventional rice (59). As rice is primarily
self-pollinating, gene-flow frequencies from GE rice to conventional cultivars are expected to be
low (70); the maximum average frequency reported was 0.875%, and was 0% when the distance
reached 7 m (102–104, 136). However, gene flow from cultivars to common wild rice was very
high, with the highest recorded frequency being 11.24% in Sanya (Hainan Province) and 18% in
Guangzhou (Guangdong Province) (47). The maximum distances (and frequencies) of transgene
flow fromGE rice to wild rice were 50 m (0.076%) and 250 m (0.008%) in Guangzhou and Sanya,
respectively (47). Although there was a high frequency of gene flow between cultivated rice and
common wild rice, a 12-year study indicated that the F1 hybrids of GE rice and common wild
rice would gradually disappear within 3–5 years, and it was inferred that the common wild rice
O. rufipogon may have a strong reproductive isolation mechanism (47). The gene-flow frequency
from GE rice to weedy rice ranged from 0.011% to 0.046% (15). Based on these findings, it
was concluded that introgression and persistence of transgenes in common wild rice populations
are unlikely, the ecological risk of exogenous gene flow from GE rice to wild and weedy rice
populations seems to be limited, and gene flow can be controlled by separation in space and time of
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flowering (47, 59). Any future commercialization of Bt rice should include large-scale monitoring
of gene flow into cultivated rice relatives.

Prospects for Improving Agricultural Productivity and Social
and Economic Benefits

Eight IRGE crops, including corn, cotton, eggplant, potato, rice, soybean, sugarcane, and tomato,
collectively 289 events, have been approved for cultivation by regulatory authorities in 37 coun-
tries and the European Union (http://www.isaaa.org/gmapprovaldatabase/default.asp). The
direct benefit of these IRGE crops is improvement of yield and farm profitability. Carpenter (10)
summarized 49 peer-reviewed reports addressing yield or other indicators of the economic per-
formance of GE crops, including IRGE crops.While there was variation among years, countries,
and lines, increases in yield were greatest for farmers in developing countries, ranging from 16%
for IRGE corn to 30% for IRGE cotton. In China and South Africa, small, resource-poor farmers
benefited most. Increases in yield were smaller in developed countries.

Positive impacts on yield from production of IRGE crops have been realized in all user coun-
tries except for IRGE cotton in Australia (9). The average increase in yield across the total area
planted to these traits between 1996 and 2014 was+11.7% for corn and+17% for cotton (7).The
greatest improvement in yields occurred in developing countries, where conventional methods of
pest control typically have been least effective (9). In developed countries, benefits accrued to cost
savings associated with reduced insecticide use (8). These effects led to farm income gains. At the
aggregate level, cumulatively from 1996 to 2016, the global farm income gains from using IRGE
crops were $50.6 billion for IRGE corn and $54 billion for IRGE cotton (9). It was estimated that
commercialization of IRGE corn in China would result in an annual increase in corn production
ranging from 2.4% to 7.7% by 2025 if no corn tariff rate quota is imposed (129). An analysis of the
data collected from farm households shows that adoption of IRGE rice would lead to an increase
in yield of 5% and the total benefit could be as high as $6.3 billion per year (95).

Within the context of a favorable regulatory framework, IRGE crops can contribute to global
food security and poverty reduction (92). The magnitude of socioeconomic benefits from IRGE
crops will depend on local farming practices (98). NASEM (86) concluded that the questions of
what the benefits of genetic engineering are and how they relate to the size of farmer land holding
need to be examined in more detail.

By reducing the number of pesticide applications, adoption of IRGE crops has led to im-
provement of farmer health. As mentioned above, reduced use of insecticide on IRGE cotton
in China resulted in fewer cases of pesticide toxicity (35, 41, 91). In farm-level production
trials, Chinese farm households adopting IRGE rice lines reported no adverse health effects,
compared to 3.0–10.9% reporting adverse health effects among similar households planting
non-IRGE rice lines and using higher input of pesticides (40). Adoption of IRGE crops will
not only lead to decreased incidence of acute poisoning (35), but also reduce adverse impacts
on farmers’ neurological, hematological, and electrolyte systems (39). NASEM (86) provides a
thorough review of socioeconomic impacts of GE crops. Our interpretation of the body of work
on economic, social, and health impacts collectively is that the benefits explain the rapid adoption
of IRGE crop technology in countries where such lines have been approved.

BOTTLENECKS LIMITING ADOPTION IN CHINA
AND DEVELOPING COUNTRIES

The mostly positive ecological, economic, and social effects of IRGE crops raise the question
of why they have not been accepted more broadly in China and developing countries. Technical
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capacity, industry structure, public policy, and socioeconomic and international trade issues explain
the lag in acceptance.

Technical Capacity

After over 20 years of effort, China has formed an integrated system of research and development
from gene cloning to plant breeding to industrialization (59). However, the original innovation
capacity of China in genetic engineering is still weak compared to that in developed countries
such as the United States. By virtue of technological superiority, developed countries have led
innovation in the development of core GE technology and utilization of functional genes (111).
Within this context, fears have been raised that, with commercialization of GE crops, China may
fall into a foreign patent trap, threating China’s food security, food prices, farmers’ livelihoods,
and sovereignty (65).

Industrial Structure

Investment flows in research and development in developed countries come from both govern-
ment competitive grant programs, especially for upstream, conceptual research, and the private
sector, especially for development of production lines, regulatory compliance, scale-up for com-
mercial sales, and promotion. In China and most developing countries, innovations in biotechnol-
ogy are mainly realized in government-funded universities or agricultural research institutes; such
entities lack access to the venture capital, regulatory compliance support, and marketing infras-
tructure of large multinational life sciences companies (13). The lack of close integration between
universities or research institutes and biotech companies results in a commercialization lag for GE
crops that further discourages companies’ initiative in development and application of GE crops.
This situation seriously affects the national competitiveness of the domestic GE crop industry and
limits the access of developing countries to the benefits of GE technology.

Policy and Regulatory Capacity

Sustainable use of GE crops will require adoption of risk management practices to avoid or limit
the potential adverse effects on the environment and human health. Such risk management is
overseen by national regulatory authorities. The establishment of functional regulatory systems
with the necessary scientific capacity is problematic in many developing countries (4, 98), hinder-
ing wider adoption of GE crops. Regulatory costs limit the number of GE crops that progress
to adoption in particular countries, and the delay in the introduction of such crops may result in
large opportunity costs (13, 92, 98).

Societal Acceptance

Largely due to low public acceptance, the pace of commercialization of GE crops has been slow,
both in China (19) and globally. Low public acceptance often results frommisinformation, leading
to excessive and sometimes irrational concern over the safety of GE food (21, 42, 59) (Supple-
mental Sidebar). Results of a survey by Cui & Shoemaker (21) showed low understanding on the
part of the Chinese public of GE technology, with only 11.9% of respondents having a positive
view of GE food. With a history of food safety issues, the Chinese public may be more resistant
to novel foodstuffs than other publics, but unfamiliarity with and suspicion of GE products char-
acterize publics of many countries.More effective science and risk communication will be needed
to promote public acceptance of IRGE crops and other products of agricultural biotechnology
(31, 59).
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International Trade

The high level of international trade in commodity crops raises issues of GE content, given
that IRGE crops are shipped to the wider world from countries where they are approved. For
example, China, India, and Korea have rejected shipments of corn originating in the United
States because they contained material from GE lines that these countries had not approved (68).
Although the Bt63 rice line has not been commercialized in China, a small amount entered mar-
keting channels, resulting in low-level presence of Bt63 content in food products shipped to
Europe (https://ec.europa.eu/food/safety/rasff_en). Full realization of the ecological and so-
cioeconomic benefits of IRGE crops is thus impacted by lack of harmonization among the biotech-
nology policies of trading nations (60).

OUTLOOK

Given recent economic development and a rising standard of living, promoting ecological sus-
tainability has become a major issue for China. Agricultural biotechnology may provide an op-
portunity for a green revolution for China’s agriculture. To accelerate commercialization of GE
crops, based on the issues discussed above, China may need to (a) strengthen policy guidance and
implement long-term programs for scientific and technological development, promoting inno-
vation capacity in agro-biotechnological research and development; (b) promote confidence in
development and application of GE crops, attracting business investment and fostering leading
enterprises in this industry; (c) strengthen the development of the GE plant biosafety regulatory
system and expedite GE crop regulatory process; and (d) develop and implement a well-targeted
biotechnology public outreach program to counter negative messaging from anti-biotechnology
groups. These measures are also likely to be appropriate for some other developing countries.
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