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a b s t r a c t

Field-OTC experiments were conducted with the goals of ascertaining if increased biomass in Bt

transgenic cotton and rice grown under elevated CO2 results in diminished exogenous-Bt toxin, and

assessing the effectiveness of Bt transgenes against lepidopteran pests. Bt cotton responded differently,

in terms of Bt-toxin quantity, than Bt rice, and both indicated differences among developmental stages.

Dramatic biomass increase significantly diluted Bt-toxin content in 45-DAS (‘‘days after seedling’’)

petioles and shoots and 90-DAS Bt cotton squares, and in the 50-DAS tissues and 100-DAS leaf sheaths

of Bt rice. Moreover, the dilution effect was partially responsible for decreased Bt-toxin in these tissues,

but not responsible for significant decreases in Bt-toxin in 90-DAS Bt cotton leaves and bolls.

Furthermore, elevated CO2 significantly affected the fitness and performance of Chilo suppressalis, and

the susceptible and resistant colonies of Helicoverpa armigera, although adversely affected Bt-gene

expression for the transgenic cotton and rice.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

In the modern agroecosystem, in which sustainability is
emphasized, transgenic plants are being used to develop envir-
onmentally benign, yet profitable practices to aid in preserving
natural resources and minimizing pest resistance (Huang, 2006;
Wolt and Peterson, 2010). Transgenic Bacillus thuringiensis (‘‘Bt’’)
crops have been adopted commercially worldwide, and have
performed excellently against target lepidopteran pests in diverse
cropping systems (Dale et al., 2002; James, 2005; Douville et al.,
2007). In China, cotton bollworm, Helicoverpa armigera (Hübner),
damage has been reduced in recent years due, in part, to
transgenic Bt cotton adoption (Wu et al., 2008). Transgenic Bt
rice, cultivar KMD expressing pure Cry1Ab, and some cultivars
expressing dual proteins, Cry1Ab and Cry1Ac, are expected to soon
become commercially available in China (Han et al., 2006; Huang,
2006). While the potential for increased atmospheric CO2 con-
centrations and consequences for transgenic Bt cotton (Coviella
et al., 2000, 2002; Chen et al., 2005b; Wu et al., 2007) and Bt rice
ll rights reserved.
(Chen et al., 2007a) has received attention in recent years, significant
decreases in Bt-toxin content and marked increases in inherent
secondary chemicals (e.g., proanthocyanidins, gossypol, and terpe-
noid aldehydes) were found in transgenic Bt crops grown under
elevated CO2 versus ambient CO2, and The effects can also cascade
through food-chains, potentially influencing arthropods at higher
trophic levels (Percy et al., 2002; Chen et al., 2005c, 2007b, 2009).

Owing to the general decrease in exogenous-toxin content in
transgenic Bt cotton and rice grown under elevated CO2, it is
hypothesized that transgenic crops will face a new ecological risk
of reduced effectiveness against target-insect pests under ele-
vated CO2. Such a risk raises concerns regarding the sustainability
of transgenic crops as an effective pest management tool. Thus, it
is difficult to distinguish exogenous-toxin effectiveness from that
of innate secondary compounds for transgenic Bt crops. Recently,
apparent correlations between the quantities of cadherin-like
proteins in Lepidopteran insect midguts and Bt-toxin tolerance
was reported in pink bollworm, Pectinophora gossypiella (Morin
et al., 2003) and cotton bollworm, Helicoverpa armigera (Gahan
et al., 2001). In this scenario, cotton bollworm mutants expressing
the disruptive cadherin gene described by Xu et al. (2005) can be
used to assess the effectiveness of innate secondary compounds
ensuing from growth under elevated CO2, regardless of the
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exogenous-toxicity of transgenic Bt crops. Moreover, the prepon-
derance of available research implicates a size-dependent phe-
nomenon, rather than changes in nitrogen use efficiency, under
elevated CO2, wherein the marked increase in accumulated
carbohydrates causes a reduction in measured plant nitrogen
content (Coleman et al., 1993; Stitt and Krapp, 1999; Coviella
et al., 2000, 2002). However, the effect of elevated CO2, if any, on
exogenous-protein content in transgenic Bt crops is unknown.

In this study, a series of comprehensive experiments were
conducted in open-top chambers. Transgenic Bt cotton (cultivar
33B expressing pure Cry1Ac) and transgenic Bt rice (cultivar KMD
expressing pure Cry1Ab) were grown in these chambers to
ascertain whether measured exogenous-toxin content is reduced
due to increased plant biomass under elevated CO2 (i.e., the
dilution effect), and simultaneously to assess the effectiveness
of Bt transgenes against H. armigera in cotton and Chilo suppres-

salis (Walker) in rice under elevated CO2.
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Fig. 1. The data of climate, including (A) daily mean temperature (1C) and

sunshine duration (h), and (B) daily raining (mm) and mean relative humidity

(RH, %) in the OTC field station, from May 10 to August 31 in 2006.
2. Materials and methods

2.1. Open-top chambers

The experiment was conducted in six open-top chambers (‘‘OTC’’), measuring

2.5 m in height�4.2 m in diameter. Two atmospheric carbon dioxide concentra-

tion treatments, ‘‘ambient’’ (375 ml/L) and ‘‘elevated’’ (750 ml/L; representing

the predicted level in about 100 years), were maintained continuously via an

automatic control system. Chambers were covered with plastic netting

(mesh size: 0.15 mm�0.15 mm) to prevent insect escape or entry. The automatic

control system and OTCs are detailed in Chen and Ge (2004) and Chen et al.

(2005a).
2.2. Transgenic Bt crop cultivars

Transgenic Bt cotton cultivar 33B, expressing pure Cry1Ac genes from Bacillus

thuringiensis kurstaki (Bt) Berliner, and transgenic Bt rice cultivar KMD, expressing

pure Cry1Ab, were used in this study. Seeds from both cultivars were sowed in

white plastic pots (45 cm in height�35 cm in diameter) filled with an 8:2 (by

volume) loam:manure mixture. And the soil was then sampled and triturated to

analyze its chemical composition (Institute of Soil Science and Chinese

Academy of Science, 1978). Soil pH was 7.2, organic matter 15.8%, available N

243.7 mg/kg (hydrolic N, 1 n NaOH hydrolysis), available P 157.6 mg/kg (0.5 m

NaHCO3 extraction), available K 123.5 mg/kg (1 n CH3COONH4 extraction). Thirty-

six pots of transgenic Bt cotton and twenty-six pots of transgenic Bt rice were

placed randomly in each OTC and re-randomized every other day to minimize

positional effects. Two cotton plants or thirty tillers of rice were maintained in

each for thirty days following planting. Both crops were planted in pots on 10 May

2006 and pure CO2 mixed with ambient air was continuously supplied to these

OTCs thereafter. Pots were watered regularly to ensure consistent, sufficient

moisture.

Through the whole OTC-field experiments, the climate data, including daily

mean temperature (1C), sunshine duration (defined as the sum (h) of that sub-

period for which the direct solar irradiance exceeds 120 W/m2), daily raining

(mm) and relative humidity (RH, %) etc were monitored from May 10 to

September 31 in 2006, using a weather station (WatchDog2000, Spectrum, USA)

located in the OTC-field station. The mean daily temperature was 12.1–31.1 1C

(mean¼24.9 1C) and daily sunshine duration was 0–11.8 h (mean¼4.8 h)

(Fig. 1A); the relative humidity (RH) was 35–93% (mean¼75%) and daily raining

was 0–137.2 mm (total¼433.8 mm) (Fig. 1B).
2.3. Target Lepidopteran pests

In this study, cotton bollworm H. armigera and rice stem borer C. suppressalis

egg masses were both obtained from homozygous susceptible colonies (hereafter

‘‘SSP’’ refers to susceptible colony insects) reared without exposure to Bt Cry1A

toxins by the Insect Physiology Laboratory, Nanjing Agricultural University. Egg

masses were maintained in growth chambers (RXZ-380; Jiangnan Life Apparatus,

Ningbo, China) for bioassay tests. Resistant colony (‘‘RST’’) H. armigera (CADR

mutants described by Xu et al. 2005) egg masses were maintained in the same

growth chamber. Relative humidity was maintained at 60% daytime and 70% at

night. Temperature was maintained at 2871 1C daytime and 2471 1C at night,

with a photoperiod of L14:D10 at 9000 lux, supplied by twelve fluorescent lamps

(rated output: 60 W).
2.4. Effects of elevated CO2 on biomass and exogenous-toxin content of transgenic Bt

crops

Biomass index was used to indicate plant growth for transgenic Bt cotton

(grams dry mass per plant) and transgenic Bt rice (grams dry mass per stem). On

24 June and 29 June, eight random cotton and rice pots were sampled for each CO2

treatment. Root, shoot, leaf, and petiole tissues of 45-DAS Bt cotton and root and

aboveground tissues of 50-DAS Bt rice were collected, separated, and oven-dried

at 80 1C for 72 h for dry weight measurement. On 8 and 18 August, another eight

pots from the remaining twenty-eight pots of 90-DAS Bt cotton and the remaining

eighteen pots of 100-DAS Bt rice in each OTC were also randomly sampled for each

CO2 treatment. For August dates, the same sampling protocols and tissue analysis

treatments were used as on 24 and 29 June. After plant biomass measurement,

sampling tissues were ground separately using a mortar and pestle, and then

further homogenized for 3 min using a Mini-BeadBeater-8 high-energy cell

disrupter unit (Catalog Number: 639EUR; Bio Spec Products, Inc., USA). Because

differential expression of Cry1A occurs among different plant tissues of transgenic

Bt crops (Greenplate, 1999; Adamczyk et al., 2001), sampling tissues in this study

were also selected separately for quantification. In this case, exogenous-toxin

content was measured using a commercial quantification plate kit (i.e., a

‘‘sandwich’’ enzyme-linked immunosorbent assay (‘‘ELISA’’), EnviroLogix Quali-

Plate Kit for Cry1Ab/Cry1Ac (EnviroLogix Inc., Portland, ME, USA), following the

method outlined by Adamczyk and Sumerford (2001). For all sampling, unknowns

were plotted against a standard curve using calibrators supplied with the kit.

Finally, total exogenous toxin (ng) per plant for transgenic Bt cotton and per stem

for transgenic Bt rice was calculated using tissue biomass (g), multiplying the

respective exogenous-toxin content (ng/mg dry tissue).
2.5. Dilution effect test

The hypothesized ‘‘dilution effect’’ is an presumed causality, wherein elevated

(versus ‘‘normal’’ ambient) atmospheric or surrounding carbon dioxide concen-

tration affects an increase in plant growth, and specifically, in which the percent

biomass increase exceeds the percent plant Bt-toxin concentration increase, and

the magnitude of the difference exceeds that observed under ambient or normal

carbon dioxide concentration. It is assumed that percent exogenous-toxin content

will be lower under elevated carbon dioxide versus ambient, but if the dilution

effect is observed, the change with respect to growth under ambient carbon

dioxide may not be significant. For example, if both a significant percent plant

biomass increase and a significant percent exogenous-toxin content decrease are

observed under elevated CO2, the dilution effect is responsible for only the latter.

The same would apply, should both changes be only marginal. If a significant

decrease in Bt-toxin concentration is observed in conjunction with an insignificant

change in biomass, it is likely that elevated CO2 adversely affected Bt-gene

expression, thus, the dilution effect was not a factor (Wu et al., 2001; Xia et al.,

2005).



Table 1
Speculation on the significant decreases in exogenous-toxin content of transgenic

Bt cotton grown in ambient and elevated CO2, for 45 and 90 days after seedling in

open-top chambers.

Measured parametersa Significance
levelb

Dilution
effectc

Bt toxin
(ng/mg)

Biomass (g per
plant)

Bt toxin (mg per
plant)

45 days after seedling
Leaf � (nnn) + (nn) � (n) 4 (nn) d

Petiole �(nnn) +(nn) � (ns) 4 (nnn) e

Shoot � (n) + (nn) + (n) 4 (n) e

Root � (nnn) + (ns) � (ns) 4 (ns) d

Total
plant

� (nn) + (nnn) � (n) 4 (nn) d

90 days after seedling
Leaf � (nnn) + (ns) � (n) o (nnn) f

Petiole � (nn) + (ns) � (ns) o (nnn) d

Square � (n) + (ns) + (ns) 4 (nn) e

Boll � (n) + (ns) � (n) o (nnn) f

Shoot � (ns) + (n) + (ns) 4 (nn)
Root � (nnn) + (ns) � (ns) o (ns) d

Total
plant

� (nn) + (nn) � (nn) o (nnn) d

(ns): no significant difference.

a One-way ANOVAs of CO2 effects on the measured plant parameters with

df¼1,4. (n), (nn), (nnn) Po0.05, 0.01, 0.001; +:increase for elevated CO2 treatment

vs. ambient CO2 treatment; �: decrease for elevated CO2 treatment vs. ambient

CO2 treatment.
b PROC TTEST on the difference between the biomass increase (%) and the Bt-

toxin amount change (%) for elevated CO2 treatment vs. ambient CO2 treatment

with df¼4, (n), (nn), (nnn) Po0.05, 0.01, 0.001; 4: indicates biomass increase (%)

4Bt-toxin amount change (%); o: shows biomass increase (%) oBt-toxin amount

change (%).
c The increase in biomass dilute the Bt-toxin content for transgenic Bt cotton

grown in elevated CO2 (i.e., the dilution effect).
d Significant decrease in Bt-toxin content is partially resulted by the dilution

effect of elevated CO2.
e Significant decrease in Bt-toxin content is mainly resulted by the dilution

effect of elevated CO2.
f Significant decrease in Bt-toxin content is not resulted by the dilution effect,
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2.6. Effectiveness of transgenic Bt genes against H. armigera and C. suppressalis under

elevated CO2

On 8 August, ten pots were randomly selected from the remaining twenty

transgenic Bt cotton pots in each OTC, and plants were inoculated with newly

eclosed first instars obtained from H. armigera SSP at a rate of five larvae per

plant, with ten per pot. Larval survival and mortality were recorded daily until

pupation. Pupal weight was measured two days after pupation. Also on 8 August,

the remaining ten pots of transgenic Bt cotton in each OTC were inoculated

using RST H. armigera CADR mutant insects, as is described in Xu et al. (2005). The

test protocol for the CADR mutants was same for SSP. An identical test protocol

was executed on 18 August, at which point transgenic Bt rice was inoculated

with C. suppressalis, this time using the remaining ten transgenic Bt rice pots, at a

rate ten larvae per rice pot and one-hundred individuals per OTC per CO2

treatment.

2.7. Data analysis

Data were analyzed using a general linear modeling procedure (SAS PROC

GLM; SAS Institute inc., 2002). Two-way analysis of variances (ANOVAs), using

CO2 level and OTC as factors, were used to demonstrate the effects of CO2 and OTC

on measured plant parameters (df¼5, 42), SSP and RST H. armigera insect indices

(df¼5, 54), and test stocks of C. suppressalis, (df¼5, 54). No significant primary

effects of OTC (P40.23; df¼2) or CO2�OTC interactions (P40.16; df¼2) were

observed. Thus, the effects of CO2 level on measured plant parameters and insect

indices are independent of OTC treatment placement.

For both transgenic Bt cotton and rice, there were three replications per CO2

treatment. A replication consisted of eight randomly selected pots and one-

hundred H. armigera of C. suppressalis insect individuals per OTC. One-way

ANOVAs were used to analyze the effect of elevated CO2 on measured plant

parameters of transgenic Bt cotton and rice and C. suppressalis larval survival and

pupal weight. Means of different treatments were separated using least significant

difference (LSD) at Po0.05. PROC TTEST was used to analyze the effect of elevated

CO2 on the difference between the percent increase in biomass and the percent

change in exogenous-toxin in transgenic Bt cotton and rice. H. armigera larval

survival and pupal weight were analyzed using two-way ANOVAs using CO2 level

(‘‘elevated’’ versus ‘‘ambient’’) and bollworm colony (SSP versus RST) as sources of

variability, CO2 level as a main factor, and bollworm colony as a sub-factor. Means

of different treatments were separated using the LSD at Po0.05. Prior to analysis,

all percent data were arcsine-square transformed to satisfy assumptions of

normality.
it may be caused by the adverse effects of elevated CO2 on the Bt-gene expression,

needing further study on this
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Fig. 2. The plant tissues’ biomass of transgenic Bt cotton (gram dry weight per plant)

grown for 45 (A) and 90 (B) days after seedling (DAS), and of the 50-DAS (C) and 100-

DAS (D) Bt rice (gram dry weight per stem) under ambient and elevated CO2 in open-

top chambers (different lowercase letters indicate significant difference between

ambient CO2 treatment and elevated CO2 treatment by LSD-test at Po0.05; df¼1, 4).
3. Results

3.1. Effects of elevated CO2 on transgenic Bt cotton and rice biomass

production

CO2 level significantly affected leaf, petiole, shoot (Po0.01),
and total plant (Po0.001) biomass production of 45-DAS Bt
cotton (Table 1). It also significantly affected shoot (Po0.05) and
total plant (Po0.01) biomass production of 90-DAS Bt cotton
(Table 1). Significant increases in biomass occurred in these tissues
under elevated CO2 versus ambient CO2 (Po0.05; Fig. 2A and B).
Moreover, CO2 level markedly affected the biomass of root, above-
ground, and total stem (Po0.01) tissues of 50-DAS Bt rice, and root
(Po0.05) tissues of 100-DAS Bt rice (Table 2). Under elevated CO2,
increases in biomass in said were significantly higher than in
ambient CO2 treatments (Po0.05; Fig. 2C and D).

3.2. Impacts of elevated CO2 on transgenic Bt cotton and rice

exogenous-toxin concentrations

Elevated CO2 notably reduced exogenous-toxin contents in all
measured tissues in transgenic Bt cotton (Fig. 3A and B) and
transgenic Bt rice (Fig. 3C and D). CO2 level affected leaf
(Po0.0001), petiole (Po0.0001 and 0.01), root (Po0.001 and
0.0001), and total plant (P¼0.01) tissues of 45- and 90-DAS Bt
cotton, as well as shoot (Po0.05) tissues from 45-DAS Bt cotton,
and squares and bolls (Po0.05) of 90-DAS Bt cotton (Table 1).
Moreover, CO2 level significantly affected exogenous-toxin con-
tents of root, aboveground, and total stem tissues of 50-DAS Bt



Table 2
Speculation on the significant decreases in exogenous-toxin content of transgenic

Bt rice grown in ambient and elevated CO2, for 50 and 100 days after seedling in

open-top chambers.

Measured parametersa Significance

levelb

Dilution

effectc

Bt toxin

(ng/mg)

Biomass (g

per plant)

Bt toxin

(mg per

plant)

50 days after seedling

Root � (nn) + (nn) + (n) 4 (nnn) e

Aboveground

tissues

� (nn) + (nn) + (nn) 4 (n) e

Total stem � (nn) + (nn) + (nn) 4 (nn) e

100 days after seedling

Flag leaf � (nn) + (ns) � (ns) 4 (nnn) d

Flag-leaf

sheath

� (ns) + (ns) + (ns) 4 (ns)

Leaf � (n) + (ns) � (ns) 4 (nnn) d

Leaf sheath � (nn) + (ns) + (ns) 4 (nnn) e

Shoot � (nnn) + (ns) � (ns) 4 (nnn) d

Root � (ns) + (n) + (n) 4 (n)

Total stem � (nn) + (ns) � (ns) 4 (nn) d

(ns): no significant difference.

a One-way ANOVAs of CO2 effects on the measured plant parameters with

df¼1,4, (n), (nn), (nnn) Po0.05, 0.01, 0.001; +: increase for elevated CO2 treatment

vs. ambient CO2 treatment; �: decrease for elevated CO2 treatment vs. ambient

CO2 treatment.
b PROC TTEST on the difference between the biomass increase (%) and the Bt-

toxin amount change (%) for elevated CO2 treatment vs. ambient CO2 treatment

with df¼4, (n), (nn), (nnn) Po0.05, 0.01, 0.001; 4: indicates biomass increase (%)

4Bt-toxin amount change (%); o: shows biomass increase (%) oBt-toxin amount

change (%).
c The increase in biomass dilute the Bt-toxin content for transgenic Bt cotton

grown in elevated CO2 (i.e., the dilution effect).
d Significant decrease in Bt-toxin content is partially resulted by the dilution

effect of elevated CO2.
e Significant decrease in Bt-toxin content is mainly resulted by the dilution

effect of elevated CO2.
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rice (Po0.01), as well as flag leaf, leaf sheath, total stem
(Po0.01), leaf (Po0.05), and shoot (Po0.001) tissues of 100-
DAS Bt rice (Table 2).

3.3. Influences of elevated CO2 on transgenic Bt cotton and rice

exogenous-toxin quantity

The effect of CO2 level on exogenous-toxin amount varied
between crops and the plant tissues of each (Tables 1 and 2).
Elevated CO2 significantly reduced exogenous-toxin amount per
plant in 45-DAS (Po0.05) and 90-DAS (Po0.01) transgenic Bt
cotton (Fig. 4A and B), while it significantly enhanced exogenous-
toxin amount per stem in 50-DAS transgenic Bt rice (Po0.01),
relative to ambient CO2 (Fig. 4C). Moreover, decreases were
observed in exogenous-toxin amounts in leaf (Po0.05), petiole,
and root tissues of 45- and 90-DAS transgenic Bt cotton, and in
bolls of 90-DAS Bt cotton (Po0.05). Increases in Bt-toxin content
under elevated CO2 were observed in shoot (Po0.05 and P¼0.58)
tissues of 45- and 90-DAS Bt cotton, versus under ambient CO2

(Fig. 4A and B). Furthermore, elevated CO2 significantly enhanced
exogenous-toxin contents of root (Po0.05) and aboveground
(Po0.01) tissues of 50-DAS Bt rice, and in root tissues of 100-
DAS Bt rice (Po0.05) compared with that seen under ambient
CO2 (Fig. 4C and D). Additionally, decreases in exogenous-toxin
contents of flag leaf, leaf, shoot, and total stem tissues, along with
marginal increases in flag-leaf sheath leaf sheath tissues were
observed in 100-DAS Bt rice under elevated CO2 (Fig. 4C and D).

3.4. Percents biomass increase and percents change in exogenous-

toxin content under elevated and ambient carbon dioxide

Percent biomass increase was significantly higher than percent
change in exogenous-toxin content, in elevated CO2 versus ambient,
in shoot tissues of 45-DAS Bt cotton (Po0.05) and squares of 90-
DAS (Po0.01) Bt cotton (Table 1), root (Po0.001), aboveground
(Po0.05), and total stem (Po0.01) tissues of 50-DAS Bt rice, and
leaf sheath (Po0.001) and root (Po0.05) tissues of 100-DAS Bt rice
(Table 2). Percent biomass increase (Po0.05; Fig. 1A) was
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significantly higher than the percent decrease (P40.05; Fig. 4A) in
exogenous-toxin content in 45-DAS Bt cotton petioles (Po0.001;
Table 1). It is presumed that elevated carbon dioxide did not
adversely affect exogenous-toxin expression in these tissues, and
that the dilution effect, resulting from plant growth under elevated
carbon dioxide concentration, is responsible for decreased exogen-
ous-toxin content in said tissues (Tables 1 and 2).

Significant biomass increases and exogenous-toxin content
decreases were observed in leaf tissues of 45-DAS Bt cotton and
total plant tissues of 45- and 90-DAS Bt cotton under elevated CO2

treatment (Po0.05; Figs. 2 and 4). Non-significant biomass
increases and exogenous-toxin content decreases were found in
root tissues of 45- and 90-DAS Bt cotton and petioles of 90-DAS Bt
cotton (P40.05; Fig. 2A and B), and in flag leaf, leaf, shoot, and
total stem tissues of 100-DAS Bt rice (P40.05; Fig. 4C). It is
proposed that the aforementioned significant decreases in exo-
genous-toxin contents in the above tissues partially result from the
dilution effect occurring under elevated CO2. Furthermore, signifi-
cant decreases in exogenous-toxin content (Po0.05; Fig. 4B) and
insignificant biomass increases (P40.05; Fig. 1B) were observed in
leaves and bolls of 90-DAS Bt cotton, and the exogenous-toxin
percent decrease was significantly higher than percent biomass
increase in the two tissues under elevated CO2 (Po0.001; Table 1).
It is ascertained that the significant decrease in Bt-toxin content
resulted not from the dilution effect, but likely from adverse effects
upon Bt-gene expression caused by elevated CO2.

3.5. Effects of elevated CO2 on H. armigera and C. suppressalis fitness

and performance

CO2 level and bollworm colony both significantly affected
H. armigera larval survival rate (Po0.05 and 0.0001) and pupal
weight (both Po0.05). Significant decreases in larval survival rate
and pupal weight were observed in RST H. armigera under
elevated CO2 (Po0.05; Fig. 5). Moreover, RST larval survival rate
was significantly higher than that of SSP for the same CO2 level
treatment (Po0.05; Fig. 5A), while significant decreases were
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also shown RST pupal weight, relative to that of SSP under in
elevated CO2 (Po0.05; Fig. 5B). CO2 level significantly affected
C. suppressalis larval survival rate and pupal weight (Po0.05;
Fig. 6). Significant decreases in both larval survival rate
(Po0.05; Fig. 6A) and pupal weight (Po0.05; Fig. 6B) were found
in elevated-CO2-grown transgenic Bt rice.
4. Discussion

In general, plants, especially those that use C3 pathway carbon
fixation, respond to elevated CO2 by increasing photosynthesis and
growth rates (Luo et al., 1999). For example, in cotton, an elevation
of surrounding CO2 concentration from 330 to 660 ppmv led to a
95% yield increase, a rather large increase when compared with the
31% average yield increase observed in many other plant species
(Kimball, 1986). As cotton and rice plants grow, an increasing
portion of the biomass is committed to shoots or roots, older roots,
and other support structures (Stitt and Krapp, 1999). In this study,
biomass increases were observed in transgenic Bt cotton or rice
under elevated CO2. Significant portions of said increases were
committed to shoots of 90-DAS Bt cotton and 100-DAS Bt rice.
Moreover, under elevated CO2, significant decreases in Bt content
were observed in plant tissues, excepting shoots, of 90-DAS Bt
cotton and flag-leaf sheaths and roots 100-DAS Bt rice.

Results also indicate significantly decreased total exogenous-
toxin amount per plant in 45- and 90-DAS Bt cotton under
elevated CO2, but significantly increased total exogenous-toxin
amount per stem in 45-DAS Bt rice. So, the response of transgenic
Bt cotton to elevated CO2 in exogenous-toxin expression is
different from that of the transgenic Bt rice. Additionally, obvious
differences in exogenous-toxin amount between various plant
tissues and between different developmental stages were indi-
cated. Analysis of percents biomass increase and percents change
in exogenous-toxin content in elevated CO2 treatments versus
ambient revealed an apparent dilution effect in petiole and shoot
tissues of 45-DAS Bt cotton and squares of 90-DAS Bt cotton, as
well as in root, aboveground, and total stem tissues of 50-DAS Bt
rice and leaf sheaths of 100-DAS Bt rice. These findings are
consistent previously elucidated plant nitrogen use efficiency
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responses under elevated CO2 (Coleman et al., 1993; Stitt and Krapp,
1999; Coviella et al., 2000, 2002), that is, increased plant carbohy-
drate accumulation significantly diluted Bt protein content in these
plant tissues, demonstrating a size-dependent phenomenon invol-
ving accelerated transgenic Bt cotton or rice plant growth under
elevated CO2.

It is likely that the dilution effect is only partially responsible
for significant decreases in exogenous-toxin contents of 45-DAS
Bt cotton leaves, total plant tissues of 45-DAS and 90-DAS Bt
cotton, and significant biomass increases and exogenous-toxin
content decreases in root tissues of 45-DAS and 90-DAS Bt cotton,
petiole tissues of 90-DAS Bt cotton, and flag leaf, leaf, shoot, and
total stem tissues of 100-DAS Bt rice. Moreover, for 90-DAS Bt
cotton, the significant decrease in Bt-toxin content is likely not an
example of the dilution effect, and instead, may be a result of
adverse effects upon Bt-gene expression under elevated CO2

combined with significant decreases in exogenous-toxin content
in conjunction with insignificant biomass increases. This further
supports the previous assertion that the response of transgenic Bt
cotton to elevated CO2 in Bt-protein expression is different from
that of the transgenic Bt rice.

Peñuelas and Estiarte (1998) indicated that elevated CO2 can
heavily affect plant secondary metabolism, for example, increas-
ing the concentrations of carbon-based plant secondary com-
pounds, resulting in extensive implications for herbivores (Bryant
et al., 1983). This is consistent with transgenic Bt cotton responses
under elevated CO2, specifically with regard to plant carbohydrate
allocation for production of exogenous-toxin and inherent second-
ary chemicals. Examples include significant decreases in exogenous-
toxin (Bt) content and obvious increases in proanthocyanidins,
gossypol, and terpenoid aldehydes (Coviella et al., 2000, 2002;
Chen et al., 2005b). Such effects may be accompanied by decreases
in the efficiency of this type of transgene against target lepidopter-
ans. Also, differential expression of exogenous-toxin content among
plant structures in transgenic Bt cotton can affect the distribution
pattern of lepidopteran pests such as cotton bollworms and fall
armyworms (Adamczyk et al., 2001). In this study, most H. armigera

larvae preferred feeding upon transgenic Bt cotton squares and bolls,
and most C. suppressalis larvae fed upon trangenic Bt rice leaf
sheaths. Obviously, these preferences stemmed from decreases in
exogenous-toxin contents of the respective plant tissues, regardless
of CO2 level. Significant decreases in larval survival rate and pupal
weight were also found when C. suppressalis and RST H. armigera fed
upon transgenic Bt rice and transgenic Bt cotton under elevated CO2.
In addition, decreases in larval survival and pupal weight were
insignificant for SSP H. armigera insects under elevated CO2. As such,
the transgenic Bt cotton or rice used in conducting this study do not
face a new ecological risk of reducing their efficiency against the
target insect pests, H. armigera and C. suppressalis, under elevated
CO2, because in just such an environment, significant decreases in
exogenous-toxin content were observed. It is presumed that the
higher efficiency of transgenic Bt cotton or rice against target
lepidopterans under elevated CO2 may be attributed to overall
marked increases in inherent secondary defense compounds under
such conditions (Chen et al., 2005b), and future research may yet
reveal significant adverse consequences higher potential future CO2

levels of this type of Bt technology.
5. Conclusions

Elevated CO2 may have adversely affected Bt-gene expression
while the efficiency of transgenic Bt crops against target Lepi-
dopterans is still higher under elevated CO2 versus ambient,
although significant decreases in Bt-toxin content were observed
for both transgenic Bt cotton and Bt rice under elevated CO2.
Maintenance of Bt-resistance efficacy at a reduced level of actual
Bt-toxin is not due to Bt transgene expression, but may be
attributed to discernible increases, inherent to plant growth
under elevated CO2, in allocation of energy for secondary
defenses. Therefore, necessary practices and technologies should
be taken, especially under elevated CO2, to improve Bt-gene
expression during field production.
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