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Single and fused transgenic Bacillus
thuringiensis rice alter the species-specific
responses of non-target planthoppers
to elevated carbon dioxide and temperature
Guijun Wan,a Zhihao Dang,a Gang Wu,b Megha N Parajulee,c Feng Ged and
Fajun Chena∗

Abstract

BACKGROUND: The approval of transgenic Bacillus thuringiensis (Bt) rice by China was momentous for biotech crops, although
it has yet to be approved for commercial production. Non-target pest problems in rice paddies, such as the three ecologically
similar species of planthoppers Nilaparvata lugens, Laodelphax striatellus and Sogatella furcifera, could become increasingly
serious under global climate change. Fused (Cry1Ab/Cry1Ac) and single (Cry1Ab) transgenic Bt rice were evaluated for effects
on species-specific responses of planthoppers to elevated carbon dioxide (CO2) and temperature.

RESULTS: Transgenic Bt rice lines significantly modified species-specific responses of the planthoppers to elevated CO2 and
temperature. High temperature appears to favour outbreaks of S. furcifera relative to N. lugens and L. striatellus when feeding
upon fused transgenic Bt rice, especially at elevated CO2. Elevated CO2 at high temperature appears to be a factor reducing
S. furcifera occurrence when feeding upon single transgenic Bt rice.

CONCLUSION: Different types of transgenic Bt rice alter the species-specific responses of non-target planthoppers to elevated
CO2 and temperature. Compared with their non-transgenic parental lines, the single transgenic Bt rice shows better performance
in controlling the non-target planthopper S. furcifera by comparison with the fused transgenic Bt rice under elevated CO2 and
temperature. It is suggested that multitypes of transgenic Bt rice be used in the field simultaneously in order to take advantage
of high transgenic diversity for optimal performance against all pests in paddy fields.
c© 2013 Society of Chemical Industry
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1 INTRODUCTION
Carbon dioxide (CO2) and temperature levels have increased
by 31% and 0.7 ◦C, respectively, since the mid-1800 s, and air
temperature is predicted to increase by 2–4 ◦C, with doubling of
the current CO2 concentration by the 2100 s.1,2 This projected
atmospheric warming, combined with projected atmospheric
CO2 level increases, may have marked ecological effects on
the vegetative growth responses of forest and agricultural
plants, and there is an emerging consensus that elevated CO2

and temperature levels are stimulatory (positive) and inhibitory
(negative) respectively.3 As elevated CO2 and temperature also
alter plant quality (nutritional and defensive characteristics) and
quantity, these effects may, in turn, cascade through food chains
and affect higher trophic levels, such as insect herbivores.4,5

Transgenic Bacillus thuringiensis (Bt) crops have been
commercially adopted worldwide and have provided excellent
performance against target lepidopteran pests (mainly chewing
insects) in diverse cropping systems, and they simultaneously play

a great potential role in integrated pest management (IPM).6–8

On 27 November 2009, China’s Ministry of Agriculture (MOA)

granted biosafety certificates issued for a rice restorer line (cv. Bt
Huahui-1) and a hybrid rice line (cv. Bt Shanyou-63), both of which
expressed fused Cry1Ab/Cry1Ac genes.9 It is estimated that 75% of
all rice in China is commonly infested with rice stem borer (Chilo
suppressalis), a target pest for which Bt rice provides control.24,25

Bt rice offers the potential to generate economic benefits
of around $US 4 billion annually, associated with an average
yield increase of up to 8% and an 80% decrease in insecticide
use in China.9,10 Following the early 2000s, the sucking
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Figure 1. The dynamics of CO2 levels (A) and temperature
levels (B) of the four CO2 × temperature level treatments from
29 May to 2 November 2010 (Ambient–High T = treatment with
ambient CO2 and high temperature; Ambient–Low T = treatment
with ambient CO2 and low temperature; Elevated–High T =
treatment with elevated CO2 and high temperature; Elevated–Low
T = treatment with elevated CO2 and low temperature).

insects – brown planthopper Nilaparvata lugens, small brown
planthopper Laodelphax striatellus and white-backed planthopper
Sogatella furcifera, none of which is controlled by Bt rice – caused
serious annual yield losses and became secondary pests in high-
yielding agricultural systems. Planthopper outbreaks may have
been partially triggered by climate change, especially global
warming.11,12

In fact, warmer temperatures are likely to accompany future
ambient CO2 concentration increases. Some potentially significant
consequences of higher future CO2 and temperature levels have

been elucidated in both target and non-target Bt cotton insect

pests.13–20 Temperature–CO2 interactions have been studied in
plants,21,22 but few studies have investigated such interactions in
herbivorous insects, even though such investigations are critically
needed.23

In the present experiment, the species-specific population
abundance responses of N. lugens, L. striatellus and S. furcifera
to elevated CO2 and temperature levels were studied in open-
top chambers in order to ascertain non-target resistance against
planthoppers and their population patterns in Bt rice. In
simultaneous experiments, the effectiveness of single transgenic
Bt rice (cv. Bt Kemingdao-2 expressing the Cry1Ab gene)24 and of
double-stacked fused transgenic Bt rice (cv. Bt Huahui-1 expressing
Cry1Ab/Cry1Ac)25 was compared with that of their respective
parental lines to ascertain biotech crop resistance features against
serious non-target insect pests under realistic environmental
conditions as predicted by global climate change scenarios.

2 MATERIALS AND METHODS
2.1 Open-top chambers
This experiment was conducted in 12 open-top chambers (OTCs),
each 2.5 m in height × 3.2 m in diameter, in Ningjin County,
Shandong Province, China (37◦ 38′ 30.7′′ N, 116◦ 51′ 11.0′′ E).
Two CO2 levels, ambient (375 µL L−1) and elevated (650 µL L−1),
and two temperature levels, low (ambient) and high (ambient +
0.6 ◦C, to simulate predicted future atmospheric warming based
on data for the last 100 years), were applied continuously from
23 May to 2 November in 2010. Three OTCs were used for each
CO2 × temperature treatment, and the CO2 concentrations in
each OTC were monitored continuously and adjusted using an
infrared CO2 analyser (Ventostat 8102; Telaire Company, Goleta,
CA). Temperature levels in each OTC were maintained via an air-
exchange-system (eight fans for low temperature and four fans
for high temperature) frequency adjustment, and were monitored
continuously using an automatic temperature analysis system
(U23-001, HOBO Pro V2 Temp/RH Data Logger; MicroDAQ.com,

Table 1. Statistical analysis of the differences in CO2 level dynamics among four CO2 × temperature level treatments by comparison using the
paired t-test (t/P values, df = 157)a

Ambient CO2 (µL L−1)

High temperature Low temperature Group-paired t-test

Elevated CO2 (µL L−1) High temperature 263.45/<0.0001*** 296.11/<0.0001***

0.40/0.6903
Low temperature 233.03/<0.0001*** 258.47/<0.0001***

Group-paired t-test 0.44/0.6628

a *P < 0.05; **P < 0.01; ***P < 0.001.

Table 2. Statistical analysis of the differences in temperature level dynamics among four CO2 × temperature level treatments by comparison using
the paired t-test (t/P values, df = 157)a

Low temperature (◦C)

Elevated CO2 Ambient CO2 Group-paired t-test

High temperature (◦C) Elevated CO2 3.68/0.0003*** 2.34/0.021*

0.31/0.7632
Ambient CO2 3.32/0.0011** 3.67/0.0003***

Group-paired t-test 0.40/0.6910

a *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. The dynamics (dotted line) and mean values (solid line) of
the temperature level difference between high temperature and low
temperature under elevated CO2 (A) and ambient CO2 (B) from 29 May to
2 November 2010 (paired t-test: t = 0.99, P = 0.33 > 0.05).

Ltd, Contoocook, NH). The accuracy of temperature was defined
as ±0.02 ◦C from 0 to 50 ◦C.

Each OTC was divided into four similar units using plastic netting
(mesh size 0.15 mm × 0.15 mm), and the open tops of these OTCs
were also covered with the same mesh size of plastic netting to
prevent insects escaping and mixing. The OTCs were specifically
designed and improved on the basis of previously installed OTCs.26

For the entire OTC field experiments, the dynamics of climate data,
including daily mean CO2 (µL L−1) and temperature (◦C) from 29
May to 2 November, is shown in Fig 1. The daily mean CO2 and
temperature were 353–399 µL L−1/16.43–33.20 ◦C (mean = 381
µL L−1/26.19 ◦C) in ambient CO2 and at high temperature, 365–396
µL L−1/15.33–32.56 ◦C (mean = 383 µL L−1/25.60 ◦C) in ambient
CO2 and at low temperature, 637–674 µL L−1/16.06–32.96 ◦C
(mean = 656 µL L−1/26.10 ◦C) in elevated CO2 and at high
temperature, and 654–683 µL L−1/15.95–32.29 ◦C (mean = 658
µL L−1/25.55 ◦C) in elevated CO2 and at low temperature. The
differences in daily mean temperature level were 0.50–0.64 ◦C
between the treatments of high temperature and low temperature
at ambient CO2 or elevated CO2, which is enough to simulate
the atmospheric warming (+0.7 ◦C) based on data for the last
100 years.1,2 The paired t-test (SAS PROC TTEST, 2002; SAS Institute
Inc., Cary, NC) indicated no significant differences in the CO2

level dynamics between the treatments of high temperature and
low temperature at ambient or elevated CO2 (P > 0.05) (Table 1),
and no significant differences in the temperature level dynamics
between the treatments of elevated CO2 and ambient CO2 at
high or low temperature (P > 0.05) (Table 2), while significant
differences were shown between elevated CO2 and ambient CO2

(P < 0.0001) (Table 1) and between high temperature and low
temperature (P < 0.05, 0.01 and 0.001) (Table 2). The dynamics of
temperature level difference over time between high temperature

Table 3. P-values derived from four-way repeated-measures ANOVA
on species-specific responses of brown planthopper, Nilaparvata
lugens, small brown planthopper, Laodelphax striatellus, and white-
backed planthopper, Sogatella furcifera, to elevated CO2 and
temperature levels, as fed on Bt rice relative to non-transgenic ricea

Variables

Single transgeneb

(cv. KMD versus

cv. XSD)

Fused transgenesc

(cv. HH1 versus cv.

MH63)

CO2
d 0.061* 0.50

Temperaturee 0.60 0.048**

Transgenicf 0.12 0.000***

Speciesg 0.000*** 0.000***

CO2 × temperature 0.70 0.84

CO2 × transgenic 0.60 0.95

CO2 × species 0.21 0.58

Temperature × transgenic 0.85 0.37

Temperature × species 0.99 0.71

Transgenic × species 0.70 0.93

CO2 × temperature ×
transgenic

0.53 0.43

CO2 × temperature × species 0.31 0.80

CO2 × transgenic × species 1.00 0.93

Temperature × transgenic ×
species

0.99 0.94

CO2 × temperature ×
transgenic × species

0.58 0.84

a *P < 0.10; **P < 0.05; ***P < 0.01.
b Single Bt transgene Cry1Ab.
c Fused Bt transgenes Cry1Ab + Cry1Ac.
d CO2 level (382 µL L−1 versus 657 µL L−1).
e Temperature level (low temperature at 25.6 ◦C versus high
temperature at 26.1 ◦C).
f Transgenic treatment (Bt rice versus non-transgenic rice).
g Planthopper species (N. lugens, L. striatellus and S. furcifera).

and low temperature at elevated and ambient CO2 is shown
in Fig. 2. The temperature level difference range between high
temperature and low temperature was 0.31–1.30 ◦C with a mean
of 0.62 ◦C at elevated CO2 (Fig. 2A) and 0.20–1.19 ◦C with a
mean of 0.59 ◦C at ambient CO2 (Fig. 2B) respectively, and no
significant difference of high temperature and low temperature
was found between the treatments of elevated and ambient CO2

(paired t-test: t = 0.99, P = 0.33 > 0.05). Analysis of the dynamics
demonstrates that differences between high and low temperature
treatments were consistently maintained over time and were
similar in both CO2 treatment groups in spite of daily variation.

2.2 Transgenic Bt rice cultivars
Two types of transgenic Bt rice expressing transgenes from Bacillus
thuringiensis kurstaki (Bt) Berliner, one expressing the single Bt
transgene Cry1Ab (cv. KMD and its parental line cv. XSD), provided
by the Institute of Atomic Energy Research of Zhejiang University,
and another expressing fused Bt transgenes Cry1Ab/Cry1Ac (cv.
HH1 and its parental line cv. MH63), provided by the College of
Plant Science and Technology of Huazhong Agricultural University,
were used in this study. Seeds were sowed in white plastic pots
(45 cm in height × 35 cm in diameter) filled with an 8:2 (by
volume) loam:manure mixture on 23 May 2010. The soil was then
sampled and triturated for analysis of its chemical composition
(Institute of Soil Science and Chinese Academy of Sciences, 1978).
Soil pH was 7.3, organic matter 12.3%, available N 215.2 mg kg−1

wileyonlinelibrary.com/journal/ps c© 2013 Society of Chemical Industry Pest Manag Sci 2014; 70: 734–742
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Table 4. P-values of three-way repeated-measures ANOVA on species-specific responses of N. lugens, L. striatellus and S. furcifera to elevated CO2
and temperature levels, as fed on the same cultivar of Bt rice and non-transgenic ricea

Single transgene (Cry1Ab) Fused transgenes (Cry1Ab + Cry1Ac)

Variables Bt rice (cv. KMD) Non-Bt rice (cv. XSD) Bt rice (cv. HH1) Non-Bt rice (cv. MH63)

CO2 0.084* 0.35 0.67 0.61

Temperature 0.81 0.63 0.048** 0.44

Species 0.001*** 0.001*** 0.000*** 0.000***

CO2 × temperature 0.86 0.49 0.49 0.68

CO2 × species 0.44 0.48 0.69 0.79

Temperature × species 0.98 1.00 0.78 0.85

CO2 × temperature × species 0.35 0.51 0.74 0.92

a *P < 0.10; **P < 0.05; ***P < 0.01.

Table 5. P-values of three-way repeated-measures ANOVA on species-specific responses of N. lugens, L. striatellus and S. furcifera to global warming
and elevated CO2, as fed on transgenic Bt rice relative to non-transgenic ricea

Single transgene (cv. KMD versus XSD) Fused transgenes (cv. HH1 versus MH63)

Variables N. lugens L. striatellus S. furcifera N. lugens L. striatellus S. furcifera

CO2 0.79 0.093* 0.012** 0.92 0.98 0.14

Temperature 0.74 0.85 0.65 0.18 0.67 0.065*

Transgenic 0.28 0.28 0.71 0.011** 0.031** 0.001***

CO2 × temperature 0.91 0.15 0.36 0.70 0.84 0.53

CO2 × transgenic 0.81 0.72 0.70 0.76 0.87 0.97

Temperature × transgenic 0.99 0.89 0.77 0.44 0.73 0.67

CO2 × temperature × transgenic 0.75 0.67 0.13 0.75 0.92 0.26

a *P < 0.10; **P < 0.05; ***P < 0.01.

(hydrolic N, 1 M NaOH hydrolysis), available P 145.8 mg kg−1

(0.5 M NaHCO3 extraction), and available K 105.9 mg kg−1 (1 M
CH3COONH4 extraction). The two partitions in each OTC were
used for KMD/HH1 and its parental line, and five pots per rice
cultivar were placed randomly and rerandomised in the same
part of the OTC every other day to minimise positional effects.
Fifty tillers were maintained in each pot after 30 days of planting.
Throughout the growing season, single CO2 mixed with ambient air
was continuously supplied to the OTCs to maintain the desired CO2

level. Pots were watered regularly to ensure sufficient moisture,
and no pesticide was used throughout the experiment.

2.3 Insect stocks
Three species of rice planthopper, brown planthopper (Nilaparvata
lugens), small brown planthopper (Laodelphax striatellus) and
white-backed planthopper (Sogatella furciferai), were collected
from the Jiangpu paddy field in Nanjing, Jiangsu Province, in
September 2009, and were continuously reared on the susceptible
rice cultivar TN1 (provided by the International Rice Research
Institute, Philippines) in greenhouses until they were used for
inoculation treatments on 24 July 2010.

2.4 Insect inoculation and abundance sampling
On 24 July 2010, five pairs of brachypterous females and males
within 24 h of adult emergence were randomly collected from
available insect stocks for inoculation in each pot of transgenic
Bt rice (cv. KMD and cv. HH1) and non-transgenic rice (cv. XSD
and cv. MH63) in the OTCs of four CO2 × temperature treatments

respectively. After 1 month of continuous rearing, two pots of each
rice cultivar were randomly selected from each chamber, and all
planthopper nymphs and adults were counted every 7 days from
25 August to 5 October. Population abundances were converted
to the number of planthoppers per 100 plants.

2.5 Data analysis
All data were analysed with SPSS 16.0 (2008; SPSS Institute,
Chicago, IL). In order to highlight the subtle but marked effects
of CO2 and temperature levels on planthopper population
abundances, significance levels of P < 0.10, 0.05 and 0.01 were used
in subsequent repeated-measures analysis of variance (ANOVA)
to indicate significant effects of CO2 and temperature levels and
their interactions (Tables 3 to 6); significance levels of P < 0.05,
0.01 and 0.001 were used in the paired t-test for comparison of
differences in CO2 levels and temperature levels (Tables 1 and 2,
Fig. 2). Four-way repeated-measures ANOVA was used to examine
the species-specific responses of N. lugens, L. striatellus and
S. furcifera to elevated CO2 and temperature levels, as fed on
Bt rice with single or fused transgenes (versus their parental lines
respectively), with CO2 and temperature levels and transgenic
treatments as the main factors, planthopper species as a subfactor
and sampling dates as repeated measures (Table 3). Because no
significant interactions were found among CO2 and temperature
levels, transgenic treatments or planthopper species (P > 0.10)
(Table 3), three-way repeated ANOVA was used to analyse the
effects of CO2 and temperature levels on planthopper species as
fed on Bt rice or non-transgenic rice (Table 4). Simultaneously,
three-way repeated ANOVA was used to analyse further the

Pest Manag Sci 2014; 70: 734–742 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Table 6. P-values of two-way repeated-measures ANOVA on the
effects of CO2 and temperature levels on the population dynamics of
S. furcifera fed on single and fused transgenic Bt rice, and of L. striatellus
fed on single transgenic Bt ricea

Single transgene

(Cry1Ab)

Fused transgenes

(Cry1Ab + Cry1Ac)

Variables S. furcifera L. striatellus S. furcifera

CO2 0.042** 0.033** 0.33

Temperature 0.92 0.95 0.046**

CO2 × temperature 0.11 0.24 0.27

a *P < 0.10; **P < 0.05; ***P < 0.01.

impacts of CO2 levels, temperature levels and transgenic fused
or single treatments (versus their parental lines respectively) on
the population dynamics of each tested rice planthopper species
(Table 5). Because the effect (P = 0.065 < 0.10) of temperature
level on S. furcifera population abundance in fused transgenic
Bt rice (versus its parental line) and the effects (P = 0.093 < 0.10
and P = 0.012 < 0.05) of CO2 level on L. striatellus and S. furcifera
population abundances in single transgenic Bt rice (versus its
parental line) were significant (Table 5), two-way repeated ANOVA
was also used to analyse them further (Table 6). Moreover, the
pairwise differences between treatments were separated by LSD
tests at a significance level of P < 0.05 (Figs 6 to 8). Abundance
data were log transformed to normalise them prior to analysis.

3 RESULTS
3.1 Effects of different transgenes on the responses of rice
planthoppers to CO2 and temperature levels
When N. lugens (Fig. 3), L. striatellus (Fig. 4) and S. furcifera
(Fig. 5) were allowed to feed on transgenic Bt rice with different
transgenes, the population abundances of the three ecologically
similar planthopper species responded differently to various CO2

levels (Table 3). CO2 level effects were significant in the single-
transgene treatment (P = 0.061 < 0.10), while temperature level
(P = 0.048 < 0.05) and transgene (P = 0.000) were significant in
the fused-transgene treatment (Table 3). CO2 and temperature
levels affected planthopper responses significantly when fed on
Bt rice with single Cry1Ab (CO2 levels: P = 0.084 < 0.10) (Table 4)

and fused Cry1Ab/Cry1Ac (temperature levels: P = 0.048 < 0.05)
(Table 4). In addition, species-specific responses were indicated
for both Bt transgene treatments owing to the significant effects
of planthopper species (P = 0.000 or 0.001) (Tables 3 and 4).

3.2 Species-specific planthopper responses to temperature
and CO2 levels, as fed on fused and single transgenic Bt rice
The species-specific responses of N. lugens, L. striatellus and
S. furcifera to elevated CO2 and temperature levels, when allowed
to feed upon transgenic Bt rice versus non-transgenic rice, were
analysed by three-way repeated-measures ANOVA (Table 5). The
results indicated that fused transgenic Bt rice significantly reduced
the population abundances of these three planthopper species
(P = 0.031 < 0.05) compared with feeding on the non-transgenic
parental line, and high temperature only significantly enhanced
S. furcifera abundance (P = 0.065 < 0.10) (Fig. 5 and Table 5).
CO2 level significantly reduced S. furcifera population abundance
(P = 0.012 < 0.05) (Fig. 5 and Table 5) and markedly reduced
L. striatellus population abundance (P = 0.093 < 0.10) (Fig. 5 and
Table 5).

3.3 Effects of elevated CO2 and temperature levels on
S. furcifera and L. striatellus population dynamics when fed
on transgenic Bt rice
Temperature levels significantly affected S. furcifera population
dynamics when feeding on transgenic Bt rice (fused Cry1Ab/Cry1Ac
cv. HH1) (P = 0.046 < 0.05) (Table 6). Compared with low
temperature, high temperature only significantly increased the
population abundances of S. furcifera at elevated CO2 (P < 0.05)
(Fig. 6). On the other hand, CO2 level significantly influenced
the population dynamics of S. furcifera (P = 0.042 < 0.05) and L.
striatellus (P = 0.033 < 0.05) when feeding on transgenic Bt rice
with single Cry1Ab cv. KMD (Table 6). Compared with ambient
CO2, elevated CO2 only significantly reduced the population
abundances of S. furcifera at high temperature (P < 0.05) (Fig. 7)
and L. striatellus at low temperature (P < 0.05) (Fig. 8).

4 DISCUSSION
In the modern sustainable agroecosystem, transgenic plants
are being used to develop environmentally benign, yet
profitable, practices to aid in minimising pest resistance and
reducing insecticide use.6,9 Since 1996, transgenic Bt crops have

Figure 3. Population dynamics of the brown planthopper, Nilaparvata lugens, fed on transgenic Bt rice (cv. KMD expressing single Cry1Ab, and cv. HH1
expressing fused Cry1Ab/Cry1Ac) and non-transgenic rice (parental line cv. XSD and cv. MH63) grown in open-top chambers under elevated CO2 at high
(A) and low (B) temperature and under ambient CO2 at high (C) and low (D) temperature from 24 August to 5 October 2010.

wileyonlinelibrary.com/journal/ps c© 2013 Society of Chemical Industry Pest Manag Sci 2014; 70: 734–742
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Figure 4. Population dynamics of the small brown planthopper, Laodelphax striatellus, fed on transgenic Bt rice (cv. KMD expressing single Cry1Ab, and
cv. HH1 expressing fused Cry1Ab/Cry1Ac) and non-transgenic rice (parental line cv. XSD and cv. MH63) grown in open-top chambers under elevated CO2
at high (A) and low (B) temperature and under ambient CO2 at high (C) and low (D) temperature from 24 August to 5 October 2010.

Figure 5. Population dynamics of the white-backed planthopper, Sogatella furcifera, fed on transgenic Bt rice (cv. KMD expressing single Cry1Ab, and cv.
HH1 expressing fused Cry1Ab/Cry1Ac) and non-transgenic rice (parental line cv. XSD and cv. MH63) grown in open-top chambers under elevated CO2 at
high (A) and low (B) temperature and under ambient CO2 at high (C) and low (D) temperature from 24 August to 5 October 2010.

been used to provide excellent control performance against
target lepidopteran pests in diverse cropping systems.6,9 Soon,
transgenic Bt rice may become commercially available in China,27

as Bt rice Huahui-1 and Bt Shanyou-63 are under preparation for
commercialisation.9,28

While the potential adverse consequences of global climate
change for Bt crops have received increasing attention in recent
years, general decreases in exogenous-toxin (Bt) and foliar nitrogen
and marked increases in foliar carbon and C:N ratio have
been found in Bt cotton under elevated CO2

13,15–18 and high
temperature,14,20 and the same findings have been obtained for
Bt rice under elevated CO2.18 It has also been shown that exposure
to high temperature during cotton boll development results in
a reduction in glutamic-pyruvic transaminase (GPT) activity, a
significant decrease in soluble protein content and significant
increases in protease activity.14 Owing to the general decrease
in exogenous-toxin content in Bt crops at elevated CO2 and
temperature levels, it is hypothesised that Bt crops will face a new
ecological risk of reduced effectiveness against target-insect pests
under climate change.14,18 At the same time, changes in plant tissue
nutritional composition and defensive characteristics may cascade
through food chains and ultimately affect both target and non-
target insect herbivores.29,30 However, many insects, including the
plant-sucking hemipterans such as aphids, vary in their responses
to plants grown at elevated CO2 and temperature levels.4,31

In the present study, rice planthoppers, which are hemipteran
sucking insects, showed species-specific responses in population
abundance to elevated CO2 and temperature levels relative to
their non-transgenic parental lines when feeding on single and
fused transgenic Bt rice. Elevated CO2 and transgenic treatments
both had adverse effects, while high temperature only affected rice
planthopper abundance. Moreover, high temperature (positive)
and fused Bt transgenes (negative) significantly affected the
population dynamics of the three rice planthopper species relative
to the non-transgenic parental lines, while no significant effects
were found for CO2 level, temperature level or single Bt transgene,
nor for their interactions. Fused Cry1Ab/Cry1Ac transgenic Bt rice
significantly reduced the population abundances of the three
rice planthopper species relative to the non-transgenic parental
line.12 High temperature only significantly increased white-backed
planthopper abundances when fed on transgenic Bt rice grown
under elevated CO2. With single Cry1Ab Bt rice, elevated CO2

only significantly reduced white-backed planthopper and small
brown planthopper abundances at high temperature relative to
the non-transgenic parental line.

The present results suggest that, under the predicted global
climate changes of elevated CO2 and temperature levels,
transgenic Bt rice can significantly modify the population
patterns of rice planthoppers. Predicted global change conditions,
especially elevated CO2, appear to be a potential factor

Pest Manag Sci 2014; 70: 734–742 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Figure 6. Effects of temperature levels on the population dynamics of the
white-backed planthopper, S. furcifera, fed on transgenic Bt rice (cv. HH1
expressing fused Cry1Ab/Cry1Ac) grown under elevated and ambient CO2
from 24 August to 5 October 2010 (different lower-case letters indicate
a significant difference between the treatments of high temperature and
low temperature by the LSD test, P < 0.05; one-way repeated ANOVA with
df = 20).

Figure 7. Effects of CO2 levels on the population dynamics of the white-
backed planthopper, S. furcifera, fed on transgenic Bt rice (cv. KMD
expressing single Cry1Ab) grown at high temperature and low temperature
from 24 August to 5 October 2010 (different lower-case letters indicate a
significant difference between the treatments of elevated CO2 and ambient
CO2 by the LSD test, at P < 0.05; one-way repeated ANOVA with df = 20).

that could accelerate outbreaks of white-backed planthopper,
S. furcifera, relative to brown planthopper, N. lugens, and small
brown planthopper, L. striatellus, when fed on fused transgenic
Bt rice with double-stacked traits relative to the non-transgenic
parental line. In addition, elevated CO2 appears to be a factor
that could reduce the abundance of white-backed planthopper,
S. furcifera, and small brown planthopper, L. striatellus, relative to
brown planthopper, N. lugens, when fed on single transgenic Bt
rice with single traits relative to the non-transgenic parental
line. The different responses of the different species of rice
planthopper imply that the effects of transgene insertion, which
can consist of changes in composition and content of nutrients and
antinutrients (e.g. secondary metabolites, inhibitors, metabolic

enzymes and endosymbiotes),32–37 may affect the planthoppers

differently37–40 because of different biology and physiology of
the three species of planthoppers, leading to different population
abundances of the three species of planthopper. Furthermore,

Figure 8. Effects of CO2 levels on the population dynamics of the small
brown planthopper, L. striatellus, fed on transgenic Bt rice (cv. KMD
expressing single Cry1Ab) grown at high temperature and low temperature
from 24 August to 5 October 2010 (different lower-case letters indicate a
significant difference between the treatments of elevated CO2 and ambient
CO2 by the LSD test, P < 0.05; one-way repeated ANOVA with df = 20).

it has also been reported that the CO2 concentration and
temperature level could also affect the composition and content

of nutrients and secondary chemicals,16,41–43 as well as the
different Bt expression patterns,14,17 in transgenic plants, leading
to different insect responses. More work is necessary to determine
the precise mechanisms underlying the species-specific responses
observed here.

Regarding the different responses of planthopper species to
single-gene versus fused transgenic Bt rice, the objective of the
present experiment was not directly to compare insect responses
to Cry1Ab versus Cry1Ab/Cry1Ac transgenes. The observed effects
of transgenic treatments were based on comparisons of the
transgenic lines with their respective non-Bt parental lines. Any
differences in response to single gene (Cry1Ab) and fused gene
(Cry1Ab/Cry1Ac) could be due to differences other than the specific
transgenes, including parental genetic background or different
pleiotropic effects of the transgenic events on the genome.25

Given these potential sources of variation, the present results
suggest that the single Cry1Ab transgenic Bt line (i.e. cv. KMD
versus the parental line cv. XSD) may be a superior option for
minimising non-target planthopper abundances to the effects of
fused Cry1Ab/Cry1Ac transgenic Bt lines (i.e. cv. HH1 versus the
parental line cv. MH63) under elevated CO2 and temperature.

5 CONCLUSIONS
Transgenic Bt rice offers the potential to generate economic
benefits through yield increase and decrease in insecticide
use in China. Since the early 2000s, the sucking planthoppers
N. lugens, L. striatellus and S. furcifera, none of which is controlled
by Bt rice, have become significant secondary pests in high-
yielding agricultural systems. Planthopper outbreaks may have
been partially triggered by climate change, especially global
warming.11,43,44 As such, it is necessary to test the effectiveness
of different types of transgenic Bt line (single Cry1Ab and fused
Cry1Ab/Cry1Ac) for biotech crop resistance against serious non-
target planthoppers. The present study has shown that different
types of transgenic Bt rice can alter the species-specific responses
of non-target planthoppers to elevated CO2 and temperature.
Compared with non-transgenic parental lines, the present results
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indicate that the single transgenic Bt line is better at reducing
the abundance of S. furcifera than the fused Bt variety under
elevated CO2 and temperature. It is suggested that multiple types
of transgenic Bt rice might be used simultaneously in paddy fields
to take advantage of the high transgenic diversity for optimal
performance against not only target lepidopterans24,25 but also
non-target planthoppers.
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of Nilaparvata lugens (Stål) associated with global warming? Environ
Entomol 39(6):1705–1714 (2010).

wileyonlinelibrary.com/journal/ps c© 2013 Society of Chemical Industry Pest Manag Sci 2014; 70: 734–742


