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Interactions of elevated carbon dioxide and temperature
with aphid feeding on transgenic oilseed rape: Are
Bacillus thuringiensis (Bt) plants more susceptible to
nontarget herbivores in future climate?
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Abstract
Climate change factors such as elevated carbon dioxide (CO2) and temperature typically
affect carbon (C) and nitrogen (N) dynamics of crop plants and the performance of insect
herbivores. Insect-resistant transgenic plants invest some nutrients to the production of
specific toxic proteins [i.e. endotoxins from Bacillus thuringiensis (Bt)], which could alter
the C–N balance of these plants, especially under changed abiotic conditions. Aphids are
nonsusceptible to Lepidoptera-targeted Bt Cry1Ac toxin and they typically show
response to abiotic conditions, and here we sought to discover whether they might
perform differently on compositionally changed Bt oilseed rape. Bt oilseed rape had
increased N content in the leaves coupled with reduced total C compared with its
nontransgenic counterpart, but in general the C : N responses of both plant types to
elevated CO2 and temperature were similar. Elevated CO2 decreased N content and
increased C : N ratio of both plant types. Elevated temperature increased C and N
contents, total chlorophyll and carotenoid concentrations under ambient CO2, but
decreased these under elevated CO2. In addition, soluble sugars were increased and
starch decreased by elevated temperature under ambient but not under elevated CO2,
whereas photosynthesis was decreased in plants grown under elevated temperature in
both CO2 levels. Myzus persicae, a generalist aphid species, responded directly to
elevated temperature with reduced developmental time and decreased adult and progeny
weights, whereas the development of the Brassica specialist Brevicoryne brassicae was
less affected. Feeding by M. persicae resulted in an increase in the N content of oilseed
rape leaves under ambient CO2, indicating the potential of herbivore feeding itself to
cause allocation changes. The aphids performed equally well on both plant types despite
the differences between C–N ratios of Bt and non-Bt oilseed rape, revealing the absence
of plant composition-related effects on these pests under elevated CO2, elevated
temperature or combined elevated CO2 and temperature conditions.
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Correspondence: Sari Himanen, tel. 1 358 17 163177, fax 1 358 17
163191, e-mail: sari.himanen@uku.fi

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd

(Bt) crystalline (Cry) endotoxins with specific activity
towards certain herbivores are currently grown in over
30 million hectares (James, 2006). Bt plants have been
successful in limiting damage by many important insect
pests, such as the cotton bollworm (Helicoverpa zea),
European corn borer (Ostrinia nubilalis) and tobacco
budworm (Heliothis virescens). One of their benefits is
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the reduced need for insecticide applications for pest
control (Romeis et al., 2006). However, possible unintended pleiotropic effects of genetic modification and
the potential for the evolution of resistance in target
pests are of regulatory concern (Poppy & Wilkinson,
2005).
In the future, global agriculture will, inevitably, face
challenges caused by climate change, which might lead
to both global and local alterations in agriculture (IPCC,
2007). Elevated CO2, temperature and drought can have
various effects on different trophic levels in ecosystems
(plants, herbivores, predators and parasitoids) (IPCC,
2007). Under these circumstances, transgenic plants
may become even more important to sustainable agriculture. However, the performance of transgenic plants,
the stability of the transgenic traits and their ecological
interactions have been rarely studied under atmospheres with elevated CO2 and temperature or both
factors in combination (Coviella et al., 2000, 2002; Chen
et al., 2005).
Carbon dioxide (CO2), as the primary determinant of
the photosynthetic rate in plants, affects both the physiology and the composition [carbon (C) : nitrogen (N)
ratio, allocation of resources] of crop plants (Poorter
et al., 1997; Long et al., 2004). Elevated temperature
interacting with elevated CO2 concentration can influence C–N dynamics of plants by decreasing vegetative
developmental periods and enhancing the efficiency of
photosynthesis (Morison & Lawlor, 1999). Bt plants,
which are modified to produce relatively high levels
(up to 1%) of a specific protein constitutively throughout their life cycle and in all parts of the plant, might
have altered C and N ratios leading to interactions
between the use of N for growth and structural proteins
vs. production of Bt toxin (Coviella et al., 2000, 2002).
Moreover, if C-enriched atmospheres lead to lower N
availability and competition for N in the plant (Bryant
et al., 1983), then reduced allocation could lead to
decreased concentrations of active Bt toxin in the plants
(Coviella et al., 2000, 2002). This would be undesirable
with regards to delivering a high dose of Bt toxin for
efficacy and minimizing risks for resistance management in target herbivores (Bates et al., 2005). Reduced
Bt toxin concentration under elevated CO2 has been
reported in Bt cotton (Coviella et al., 2000, 2002; Chen
et al., 2005); however, the biological significance of this
change has yet to be determined.
Cruciferous plants (Brassica genus) are agriculturally
important, as they include numerous crops and vegetables such as cabbage, broccoli and oilseeds. In addition, all these produce C- and N-containing secondary
compounds, glucosinolates, as part of their secondary
metabolism (reviewed by Halkier & Gershenzon, 2006).
Thereby, it can be hypothesized that their N demand is

even more pronounced, and they are excellent model
species for studying the effects of enhanced CO2 on
C–N metabolism. Bt oilseed rape (Brassica napus) was
produced by Halfhill et al. (2001) principally for the
purpose of studying ecological risks of transgene dispersal, as Brassica plants have many wild weedy relatives compatible for hybridization (Halfhill et al., 2005).
In this study, we assessed whether there are differences
in the physiology and C–N dynamics between Bt-transgenic and nontransgenic oilseed rape, when both are
grown under elevated CO2, elevated temperature or
under both factors in combination. It can be hypothesized that as the synthesis of the Bt toxin protein
requires additional N inputs, this could result in competition for the nutrient, because enhanced growth at
C excess (in elevated CO2) also increases N demand
(Bryant et al., 1983).
Brassicas are hosts for many herbivorous aphid species and the generalist aphid Myzus persicae is one of the
most serious pests of oilseed rape (Desneux et al., 2006).
For autumn-sown winter oilseed rape, the pest population can cause significant damage (Buntin & Raymer,
1994). The specialist Brevicoryne brassicae is the other
dominant aphid species attacking Brassica plants (Desneux et al., 2006). Aphids are among the sap-feeding
insects that have responded, either positively or negatively, to elevated CO2-induced changes in plants (Bezemer et al., 1998, 1999; Hughes & Bazzaz, 2001;
Holopainen, 2002; Newman et al., 2003; Flynn et al.,
2006). Aphids are not directly affected by Bt Cry1Ac
toxin as they lack the specific gut receptors, and Bt toxin
is also largely absent in phloem sap (Raps et al., 2001).
Temperature can affect the development and population biology of aphids directly by increasing their
metabolism and leading to increased abundance by
decreased developmental times (Bale et al., 2002). Interactions between elevated CO2 and temperature affecting herbivory have been reported (Bezemer et al., 1998;
Veteli et al., 2002; Newman, 2003; Hoover & Newman,
2004; Flynn et al., 2006), although there is variability
among different plant species in their responses to these
factors singly or in combination (Zvereva & Kozlov,
2006). It could be predicted that aphids will have an
even greater impact as pest herbivores on agricultural
plants in future atmospheres, which is why we chose
aphids for screening the performance of potentially
important non-Bt-susceptible pests on Bt-transgenic
vs. nontransgenic oilseed rape. Our goal was to assess
whether future elevated CO2 and temperature could
lead to better adaptation of these pests and to discover
the role of Bt toxin production in this. Would these
render Bt plants even more susceptible to nontarget
pests not directly affected by Bt toxin but that would
respond to changes in the plant composition brought by
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Bt production? If so, higher pesticide inputs might be
necessary for nontarget pest control.
In this study, we addressed whether elevated CO2,
temperature or both factors in combination: (1) change
the photosynthetic rate, C and N contents or amounts
of C-based (starch and soluble sugars) compounds
of Bt-transgenic vs. nontransgenic oilseed rape; (2)
change the production of Bt Cry1Ac toxin in Bt oilseed
rape; (3) affect the onset of reproduction, number
and weight of progeny produced and mean relative
growth rate (MRGR) of the non-Bt-susceptible generalist (M. persicae) and specialist (B. brassicae) aphid species
in Bt-transgenic vs. nontransgenic oilseed rape;
and finally (4) does aphid feeding itself alter the
C–N dynamics of Bt-transgenic and nontransgenic
oilseed rape?

Materials and methods

Plant material and growth conditions
B. napus ssp. oleifera (oilseed rape) cultivar Westar has
been previously transformed to contain a synthetic Bt
cry1Ac gene and green fluorescent protein (GFP)
mGFP5er marker gene regulated by independent cauliflower mosaic virus 35S promoters (Halfhill et al., 2001).
Line GT1 used here showed stable expression of both
genes in single insert with no obvious phenotypic
effects. Nontransgenic cv. Westar parent line served as
a control to the transgenic line.
F4 seeds of Bt-transgenic and nontransgenic plants
were sown in 0.66 L pots in 2 : 1 : 1 fertilized soil (Kekkilä, Finland, NPK: 100, 30, 200 mg L1) : B2 sphagnum
peat (Kekkilä, Finland, NPK: 110, 40, 220 mg L1) : sand
(0.5–1.2 mm) mixture. Plants were grown in four computer-controlled growth chambers (2.6 m3; Bioklim
2600 T, Kryo-Service Oy, Helsinki, Finland). The limited
number of growth chambers available simultaneously
(one chamber per treatment) did not allow us to use
chambers as replicates to ideally exclude pseudoreplication (Hurlbert, 1984). Therefore, we conducted two
consecutive experiments with similar treatments in
order to limit the problem of pseudoreplication (measuring responses of the same variables and using replication in time as a random factor in the statistical
analysis). Owing to limited space in the chambers and
available resources, all variables could not be included
in both experiments [i.e. different aphid species were
studied in different experiments (M. persicae in Experiment 1 and B. brassicae in Experiment 2)]. In all analyses,
individual plants served as replicates.
CO2 and temperature treatments used were following: (1) ambient CO2, control temperature (20/16 1C); (2)
elevated CO2 (720 ppm CO2), control temperature (20/
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16 1C); (3) ambient CO2, elevated temperature (24/
20 1C, 1 4 1C increase to control temperature); and (4)
elevated CO2 (720 ppm), elevated temperature (24/
20 1C). Ambient CO2 was the corresponding background level of air entering the growth chamber facilities and elevated CO2 was supplied from gas tanks.
CO2 and temperature conditions of the chambers were
continuously monitored, and the mean CO2 and temperature ( SD) values of the treatments, calculated
from hourly means, were the following: (1) Experiment
1: 390  23 ppm CO2, 18.5 1C and Experiment 2: 385 
25 ppm CO2, 18.2 1C; (2) Experiment 1: 716  22 ppm
CO2, 18.2 1C and Experiment 2: 717  28 ppm CO2,
18.2 1C; (3) Experiment 1: 391  23 ppm CO2, 22.4 1C
and Experiment 2: 385  27 ppm CO2, 22.4 1C; and (4)
Experiment 1: 715  31 ppm CO2, 22.4 1C and Experiment 2: 718  28 ppm CO2, 22.2 1C. All treatments
had a 16 : 8 h photoperiod and light adjusted to photosynthetically active radiation (PAR) of approximately
250 mmol m2 s2. The light level used was optimal for
the growth of the plants in these type of controlled
conditions, but it should be noted that the light intensity
is not as high as in field conditions. To avoid any effects
of chamber-specific growth conditions, the plants inside
the chambers and the treatments among the four chambers used were rotated weekly.
In both experiments, the net photosynthesis, total C
and N content and C : N ratio of Bt-transgenic and
nontransgenic oilseed rape plants was compared. We
also assessed the effects of aphid feeding on the C–N
dynamics of these plants. In addition, in Experiment 1,
the Bt toxin concentration, chlorophyll pigment concentrations and the reproduction parameters and MRGR of
M. persicae were measured, whereas in Experiment 2,
the concentrations of starch and soluble sugars were
determined and similar population growth measurements were conducted with B. brassicae. Experiment 1
was started in August and it lasted for a total of 30 days
and Experiment 2 (in October) was continued for an
additional 3 days (33 days in total) due to the later start
of offspring production by B. brassicae compared with
M. persicae. This enabled evaluation of the progeny
production of aphids during their exponential population growth close to peak reproduction but not after
that, as the experiment had to be limited to the vegetative stage of the plants due to prevailing GM plant
biosafety regulations. The details of the two experiments are described below.

Experiment 1: M. persicae
Total leaf biomass, total C and total N. Total leaf biomass
from six Bt-transgenic and six nontransgenic plants per
CO2/temperature treatment and six corresponding
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plants subjected to M. persicae feeding as described
below (two aphids and their following progeny on the
plant) from 13th day from sowing until the end of the
experiment was separately collected at 30 days age and
oven dried (60 1C, 72 h). Biomass gain was determined
from the intact plants. Total C and N content of the
dried samples was measured with a CN analyser (Leco
CN-2000, St Joseph, MI, USA) and the C : N ratio was
calculated.
Total soluble protein and Bt toxin concentration. The third
true leaf from six Bt-transgenic plants (30 days of age)
per treatment was separately collected, deep-frozen in
liquid N and stored at 80 1C before analysis. Total
soluble protein was determined with the Bradford
method (Bradford, 1976), and Bt toxin concentration
was analysed with an ELISA test (Cry1Ac PathoScreen
Kit, Agdia, Elkhart, IN, USA) according to the
manufacturer protocol and with Cry1Ac standards for
quantitative determination.
Net photosynthetic rate. Net photosynthesis was measured
from the third true leaf of six 29–30-day-old Bt-transgenic
and nontransgenic plants from each CO2/temperature
treatment with a CI-510 Portable Photosynthesis System
(Cid Inc., Vancouver, WA, USA) under saturating light
intensity of 1800 PAR. CO2 level in the cuvette during
measurements was adjusted to either 360  3 or
720  2 ppm (supplied from gas tanks).
Chlorophyll pigment concentrations. Chlorophyll (chl) a, b
and total carotenoid concentrations were analysed from the
total leaf biomass collected separately from six
30-day-old Bt-transgenic and nontransgenic plants from
each CO2/temperature treatment (same plants as used
for measuring net photosynthesis) deep-frozen prior
analysis. Chlorophyll was extracted from 0.1 g ground
leaf material with 7 mL DMSO by incubating at 65 1C for
1 h and diluting to a 25 mL total volume. The absorbance
was read spectrophotometrically (UV-1201 UV–VIS
Spectrophotometer, Shimadzu Corporation, Koyoto,
Japan) at 665, 648 and 470 nm and results were calculated
with the equations proposed by Barnes et al. (1992).
M. persicae reproduction and relative growth rate. M.
persicae (Sulzer) (Homoptera:Aphididae) originated
from the laboratory colony at the University of
Kuopio and was reared on Brassica rapa cv. Valo at
12 : 12 L : D at approximately 25 1C temperature and
50% RH. Two M. persicae adults were transferred to
cotyledons or the first or second true leaves of six Bttransgenic and nontransgenic plants (13 days old) per
treatment to produce progeny. After 24 h, the adults
were removed and two nymphs per plant were left. If

the adult had not produced any progeny at all, a nymph
produced by the other adult on the same plant was
used, or in a few cases, a nymph produced by an adult
on another plant of the same treatment was selected.
This resulted in two nymphs per plant. The nymphs
were checked at 1-day age and daily from days 5 to 16
to determine the start of reproduction and to calculate
the number of progeny produced per aphid. These
nymphs produced by the aphids were removed and
weighed daily and the mean progeny weight was
calculated. If the aphid-infested leaf was mechanically
damaged or approached senescence, the herbivore was
transferred to the next (younger) intact leaf. On day 16,
when the experiment was completed, the adults were
weighed and deep-frozen for Bt toxin analysis. Bt toxin
was analysed as described earlier after mechanical
grinding of the aphids in liquid N.
The MRGR of M. persicae in the different treatments
was determined by enclosing two individually weighed
nymphs (produced by the aphids in the reproduction
assay), o24-h old, into clip-cages on the same plants
that were used for the reproduction assay described
above (26-day old), but on different leaves (leaves 2–5
depending on the previous location of the aphids). The
clip-cages were made of 2 mL eppendorf tubes cut at
approximately 1 cm height and covered with a fine
mesh from the upper side. The tubes were attached to
a wire, which formed a loop on the underside of the
leaf, and the loop was surrounded with plastic foam to
prevent damage of the leaf while also allowing photosynthesis. After 4 days, the aphids were individually
weighed again and their MRGR was calculated with the
equation: (ln W2ln W1)/time, where W1 is the initial
aphid weight, W2 is the final aphid weight and time is
the duration of the experiment (days) (van Emden, 1969).

Experiment 2: B. brassicae
Total leaf biomass, total C and total N. Total leaf biomass
from six Bt-transgenic and six nontransgenic plants per
CO2/temperature treatment and from six corresponding B. brassicae-infested plants were collected separately
at 33 days of age and oven dried (60 1C, 72 h). Total
biomass gain, total C, total N content and C : N ratio
was determined as in Experiment 1.
Net photosynthetic rate. Net photosynthesis was
measured from six 22-day-old Bt-transgenic and
nontransgenic plants as in Experiment 1, but under
360 ppm CO2 only.
Soluble sugars and starch. Total leaf biomass from six
30-day-old Bt-transgenic and nontransgenic plants per
treatment was separately collected, deep-frozen in
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B. brassicae reproduction and relative growth rate. B. brassicae
(L.) (Homoptera:Aphididae) was obtained from
Rothamsted Research, Hertfordshire, UK, and was
maintained on Brassica pekiniensis cv. Yamiko at 12 : 12
L : D, 25 1C temperature and 50% RH in University of
Kuopio. The aphid reproduction measurements were
performed as in Experiment 1 for M. persicae, but B.
brassicae aphids were enclosed into clip-cages from the
start of the experiment to avoid moving of the aphids on
the plant to form colonies (to enable separation of
individual aphids). The MRGR measurements of B.
brassicae were performed on 29-day-old plants.

Statistical analysis
Aphid reproduction and MRGR results were aggregated per plant in both experiments. All data were
checked for normality and equality of residual error
variances and appropriately transformed (log or
square-root) if needed to satisfy the assumptions of
analysis of variance. Mixed-model ANOVA was used for
analysis of biomass gain and C–N results with the plant
type, CO2 level and temperature as fixed effects and
experiment as a random effect. Absolute values were
transformed to fold-change values in relation to the
control treatment for biomass gain and aphid-induced
changes in C and N content results. A separate ANOVA
model including plant type, aphid feeding and their
interaction was created to study the effects of aphid
induction on C–N dynamics under each CO2/temperature treatment separately. Photosynthesis, Bt toxin and
chlorophyll pigment concentrations and aphid performance parameters were tested with ANOVA for the main
effects of plant type, CO2 level and temperature and
their interactions. The cumulative reproduction of
aphids was analysed with repeated measures ANOVA.
Owing to the experimental set-up using individual
plants as replicates, the statistical power of the analysis
can be higher compared with a set-up using chambers
as replicates. The data were analysed with SPSS for
WINDOWS 14.0 statistical package.

Results

Biomass gain and net photosynthesis
Elevated CO2 increased leaf biomass in nontransgenic
as well as Bt-transgenic oilseed rape plants (main effect

2
1.8
1.6
1.4

Fold change

liquid N and stored at 80 1C before analysing. Starch,
glucose, fructose and sucrose concentrations were
analysed enzymatically according to kit manufacturer instructions (Glucose/D-Glucose/D-Fructose
kit and Starch kit, Boehringer Mannheim/RBiopharm, Darmstadt, Germany).
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W es tar
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Fig. 1 Biomass gain  1 SEM in Westar and Bt-transgenic (Bt)
oilseed rape plants grown under ambient or elevated (720 ppm)
CO2 level and under control (CT, 20/16 1C) or elevated (ET, 24/
20 1C) temperature indicated as fold change to nontransgenic
(Westar) plants grown under ambient CO2 level and control
temperature (n 5 12). Statistically significant (Po0.05) mixedmodel ANOVA results for main effects of plant type, CO2 level
and temperature are shown. Bt, Bacillus thuringiensis.

of CO2 level, F1, 86 5 46.87, Po0.001), whereas Bt plants
had lower biomass gain during their early vegetative
growth compared with the nontransgenic plants (main
effect of plant type, F1, 86 5 7.65, P 5 0.007) (Fig. 1).
Elevated temperature had no significant effect on biomass gain in ambient or elevated CO2.
Elevated temperature greatly reduced net photosynthesis in leaves of both plant types (Fig. 2, main
effect of temperature: F1, 40 5 59.02, Po0.001; F1, 40 5
161.65, Po0.001; F1, 40 5 61.62, Po0.001 in Experiment
1 under control and elevated CO2 and Experiment 2
control CO2 levels, respectively). The net photosynthetic
rates measured under elevated CO2 were higher than
the rates under control CO2 (main effect of measurement CO2 level, F1, 80 5 139.30, Po0.001). In general,
photosynthesis responded to the elevation of CO2 level
and temperature similarly in nontransgenic and Bttransgenic plants (no significant main effects for plant
type). Plants grown under ambient and elevated CO2
had an equal photosynthetic rate at 22-day age, when
measured at ambient CO2 (Experiment 2) and this was
also true for 30-day-old plants, when photosynthesis
was measured under 720 ppm CO2 (Experiment 1).
However, when the net photosynthesis was measured
under 360 ppm CO2 at 29-day age, it was reduced for
the plants that had been grown under elevated CO2
compared with plants grown under the control CO2
level (main effect of CO2 level, F1, 40 5 4.11, P 5 0.049).
There was also a marginally significant interaction
between temperature and CO2 level (F1, 40 5 3.74,
P 5 0.060), which points to the fact that the reduction in the photosynthetic rate in plants grown under
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22 day W

22 day Bt

29 day W

29 day Bt

Measured at 360 ppm CO2
------ Experiment 2-------

30 day W

30 day Bt

Measured at 720 ppm CO2

------------------------ Experiment 1-------------------------

Fig. 2 Net photosynthesis (Pn) in Bt-transgenic (Bt) and nontransgenic (W, Westar) oilseed rape plants grown under ambient or
elevated (720 ppm) CO2 level and under control (CT, 20/16 1C) or elevated (ET, 24/20 1C) temperature. Measurements were made in two
separate experiments: in Experiment 1 at time points of 29 days (measured at control CO2) and 30 days (measured at elevated CO2), and
in Experiment 2 at 22 days (n 5 6). Statistically significant (Po0.05) ANOVA results for main effects of plant type, CO2 level and
temperature are shown. Bt, Bacillus thuringiensis.

enhanced CO2 was higher under elevated temperature
(plants growing faster and being at a later growth stage).

Total C, total N and C : N ratio
Plant N levels were slightly higher in Experiment 2 than
in Experiment 1 in overall. The CO2 and temperature
treatments were applied similarly, so this difference was
predicted to be caused by some internal regulation of
plant growth (Sharma et al., 2005) [reproductive growth
pursuing over vegetative growth at the end of summer
(Experiment 1), with no similar effect later in the
autumn (Experiment 2)]. Therefore, for statistical analysis of aphid-induced changes within each experiment,
C and N content and C : N ratio levels of control Westar
plants were scaled to 1 for both experiments and the
treatment effects compared with these set levels.
In the elevated temperature treatment, there was
increased C content of intact plants under control CO2
and decreased C under elevated CO2 (interaction
CO2  temperature, Po0.001) (Table 1). The C content
was lower in Bt-transgenic compared with nontransgenic plants (main effect of plant type, P 5 0.006) and
elevated temperature led to a marginally significantly
higher C in Bt-transgenic plants under ambient CO2
(interaction plant type  temperature, P 5 0.056).

In the elevated CO2 treatment, there was highly
decreased N content of both plant types (main effect
of CO2 level, Po0.001). Elevated temperature increased
N content under ambient CO2 but decreased it under
elevated CO2 (interaction CO2  temperature, P 5 0.006).
In addition, the N content was higher in Bt-transgenic
than in the nontransgenic plants (main effect of plant
type, P 5 0.045) and showed a marginally significant
trend for a higher decrease by elevated CO2 in Bttransgenic than in the nontransgenic plants (interaction
plant type  CO2, P 5 0.054).
The C : N ratio of both plant types was increased by
elevated CO2 (main effect of CO2 level, Po0.001).
Interestingly, elevated temperature decreased the C : N
ratio of plants under control CO2 level but in contrast
increased it under elevated CO2 (CO2  temperature
interaction, P 5 0.025). Bt-transgenic plants had a reduced C : N ratio compared with nontransgenic plants
(main effect of plant type, P 5 0.036).
In response to M. persicae and B. brassicae feeding, the
C content of both plant types typically decreased,
although this was not statistically significant in all
treatments (Fig. 3, main effects of aphid feeding). As
an exception to this, under elevated CO2 and temperature, B. brassicae feeding resulted in an increase in C
content (F1, 20 5 4.64, P 5 0.044).
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8.40
4.27
4.68

F1, 40

Plant type

0.006
0.045
0.036

P
1.27
107.54
107.09

F1, 40

CO2

0.266
o0.001
o0.001

P
0.51
2.49
1.10

F1, 40

0.35
3.93
3.29

F1, 40

41.18  0.12
1.03  0.03
40.22  1.07

Bt

3.88
1.47
0.46

F1, 40

0.056
0.233
0.500

P

Plant
type 
temperature

41.67  0.14
1.06  0.06
40.41  1.87

0.555
0.054
0.077

P

Plant
type  CO2

41.65  0.19
1.77  0.23
28.72  3.64

0.479
0.122
0.300

P

Temperature

41.70  0.19
1.38  0.15
34.13  3.29

40.22  0.13
1.45  0.10
29.17  1.99

41.31  0.11
1.30  0.16
36.12  3.30

Statistically significant effects (Po0.05) are marked in bold.
Bt, Bacillus thuringiensis; CO2, carbon dioxide.

C
N
C : N ratio

C (%)
N (%)
C : N ratio

Westar

Bt

Westar

Westar

20/16 1C

24/20 1C

20/16 1C
Bt

Elevated CO2

Ambient CO2

38.45
8.35
5.42

F1, 40

F1,40
3.08
3.56
2.15

o0.001
0.006
0.025

0.087
0.066
0.150

P

Plant
type  CO2 
temperature

40.95  0.30
0.91  0.05
46.37  2.40

Bt

P

CO2 
temperature

41.22  0.15
0.88  0.07
49.45  3.32

Westar

24/20 1C

Table 1 Total carbon (%), total nitrogen (%) and C : N ratio (mean  1 SEM) in intact nontransgenic (Westar) and Bt-transgenic (Bt) oilseed rape plants grown in ambient or
elevated (720 ppm) CO2 level under 20/16 1C (control) or 24/20 1C (elevated) temperature (n 5 12) and mixed-model ANOVA results for effects of plant type (Bt-transgenic vs.
nontransgenic), CO2 level and temperature and their interactions
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Fig. 3 Carbon (C), nitrogen (N) and C : N ratio in aphid (Myzus persicae or Brevicoryne brassicae)-infested nontransgenic (Westar) and Bt-transgenic (Bt) oilseed rape plants grown under
ambient or elevated (720 ppm) CO2 level and under control (CT, 20/16 1C) or elevated (ET, 24/20 1C) temperature indicated as fold change to nontransgenic (Westar) plants grown under
ambient CO2 level and control temperature (n 5 6). Statistically significant (Po0.05) ANOVA effects of aphid feeding and interactions of plant type and aphid feeding within each CO2 and
temperature treatment are shown. Bt, Bacillus thuringiensis.
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When plants were exposed to M. persicae feeding,
there was increased N content in nontransgenic and
Bt-transgenic plants under control CO2 level but not
under elevated CO2 (Fig. 3). M. persicae feeding induced
a differential response in the N content of the two plant
types under elevated CO2 and control temperature: in
nontransgenic plants, the N content was slightly decreased, but in Bt plants it was rather increased (interaction plant type  aphid feeding, F1, 20 5 5.39,
P 5 0.031). B. brassicae feeding increased the N content
of both plant types under elevated CO2 and control
temperature (F1, 20 5 9.08, P 5 0.007), whereas in other
growth conditions, no statistically significant changes
were observed in the N dynamics after cabbage aphid
feeding.
The C : N ratio was decreased in M. persicae-fed plants
compared with intact plants grown under ambient CO2,
whereas B. brassicae feeding decreased the ratio only
under elevated CO2 and control temperature (Fig. 3).
Corresponding to the differential response of the N
contents of the two plant types under elevated CO2
and control temperature, a similar interaction for plant
type  aphid feeding (F1, 20 5 6.20, P 5 0.022) was detected in C : N ratio.

9

cant interaction between CO2 level and temperature for
fructose (F1, 40 5 5.75, P 5 0.021) and a similar marginally significant one for glucose (F1, 40 5 4.03, P 5 0.053).
This result indicated that elevated temperature had no
such increasing effect on the concentrations of the
sugars under elevated CO2 as appeared under control
CO2 conditions. Sucrose concentrations were not significantly affected by elevated CO2 or temperature. The
main effect of plant type approached statistical significance (F1, 40 5 3.96, P 5 0.055), since the sucrose levels
were slightly decreased in Bt-transgenic plants compared with the nontransgenic plants in all treatments.
Glucose and fructose concentrations were similar in
Bt-transgenic and nontransgenic plants.
Starch concentration was strongly decreased by elevated temperature treatment under control CO2 level
(F1, 40 5 13.21, P 5 0.001), whereas it was unaffected by
temperature under elevated CO2 (interaction CO2
level  temperature, F1, 40 5 7.87, P 5 0.008) (Fig. 4).
Elevated CO2 increased the starch concentration
under both temperature regimes (main effect CO2,
F1, 40 5 63.69, Po0.001). Bt-transgenic and nontransgenic plants had equivalent starch concentrations, and
the starch responses of the plant types to elevated CO2
and temperature were similar.

Chlorophyll pigments
Chl a concentrations had a trend to increase in elevated
CO2 under control temperature and also to increase at
elevated temperature under control CO2 level (Table 2).
In contrast, in the elevated CO2 and temperature treatment, the concentration was reduced compared with
plants from either single elevation treatments (significant CO2  temperature interaction, P 5 0.002). Chl b,
total chlorophyll and total carotenoid concentrations
showed a similar response (CO2  temperature interactions: P 5 0.033, 0.003 and 0.026, respectively). Chl a/b
ratio was reduced by elevated temperature under both
CO2 levels (main effect of temperature, P 5 0.024).
Carotenoid concentrations were lower in Bt-transgenic
plants compared with nontransgenic plants (main effect
of plant type, P 5 0.025), but otherwise the pigment
concentrations were equal in both plant types
and showed similar responses to elevated CO2 and
temperature.

Bt toxin concentration
Bt-transgenic oilseed rape grown under control CO2
and temperature in Experiment 1 contained 1.89 
0.18 mg Bt Cry1Ac g1 leaf fresh weight, measured from
the third true leaf. Elevated CO2 or temperature did not
significantly alter the Cry1Ac concentration (P40.05);
Bt concentrations of leaves were 1.97  0.12 mg (ambient
CO2, elevated temperature), 1.74  0.13 mg (elevated
CO2, control temperature) and 1.63  0.24 mg (elevated
CO2 and elevated temperature) toxin. The proportions
of Cry1Ac of total soluble protein ranged from 0.016%
to 0.03% (results not shown), and these were not significantly affected by the treatments either. M. persicae
and B. brassicae aphids feeding on Bt oilseed rape did
not contain a quantifiable concentration of Bt Cry1Ac in
any of the CO2 and temperature treatments.

Starch and soluble sugars

M. persicae and B. brassicae reproduction and relative
growth rate

Glucose concentrations in Bt-transgenic and nontransgenic oilseed rape leaves at the end of vegetative stage
were increased by elevated temperature (F1, 40 5 5.90,
P 5 0.021), particularly under control CO2 level (Fig. 4).
In contrast, elevated CO2 decreased the glucose concentration (F1, 40 5 5.45, P 5 0.026). There was a signifi-

Elevated temperature shortened the developmental
time of M. persicae aphids by approximately 3 days on
both plant types (Fig. 5). The developmental time of the
specialist B. brassicae was 10–11 days in all treatments
and not affected by plant type, elevated CO2 or temperature (Fig. 5, Tables 3 and 4).

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2008.01574.x

3.89
0.78
3.20
5.41
2.27

0.056
0.383
0.081
0.025
0.140

P

49.25
11.13
60.38
1.42
4.49

4.77
1.26
6.00
0.06
0.15

0.44
0.97
0.56
0.03
0.65

F1, 40

CO2







0.509
0.331
0.459
0.871
0.424

P

48.77 
11.19 
59.96 
1.36 
4.39 

Statistically significant effects (Po0.05) are marked in bold.
Bt, Bacillus thuringiensis; FW, final weight; CO2, carbon dioxide.

Chl a
Chl b
Total chlorophyll
Carotenoids
Chl a/b

F1, 40

Plant type

Chl a (mg/100 g FW)
Chl b (mg/100 g FW)
Total chlorophyll (mg/100 g FW)
Carotenoids (mg/100 g FW)
Chl a/b ratio
57.84
13.00
70.84
1.53
4.45







0.01
1.51
0.05
0.01
5.53

F1, 40

3.49
0.75
4.22
0.05
0.08

0.961
0.227
0.828
0.972
0.024

P

Temperature

2.88
0.47
3.10
0.07
0.27






2.05
0.82
2.82
0.04
0.12

2.47
2.34
2.57
0.56
0.07

F1, 40

0.124
0.134
0.117
0.458
0.792

P

Plant
type  CO2

56.32
13.79
70.11
1.45
4.12

 5.27
 1.38
 6.63
 0.07
 0.10

1.57
0.64
1.42
0.09
0.46

F1, 40

51.01
12.11
63.12
1.40
4.26

Bt

0.217
0.427
0.241
0.763
0.501

P

Plant type 
temperature

66.75
14.36
81.11
1.57
4.69

Westar

Westar

Westar

Bt

20/16 1C

24/20 1C

20/16 1C
Bt

Elevated CO2

Ambient CO2







51.61 
13.04 
64.65 
1.43 
3.98 

10.62
4.88
9.70
5.34
1.23

F1, 40

0.002
0.033
0.003
0.026
0.274

P

CO2 
temperature

1.93
0.53
2.03
0.05
0.24

Westar
4.46
1.06
5.41
0.06
0.20

24/20 1C







1.54
0.67
2.06
0.08
0.14

2.13
0.06
1.54
0.24
2.63

F1, 40

0.152
0.811
0.223
0.625
0.113

P

Plant
type  CO2 
temperature

49.52
12.15
61.67
1.33
4.11

Bt

Table 2 Chlorophyll pigment concentrations and chl a/b ratio (mean  1 SEM) in leaves of Bt-transgenic and nontransgenic (Westar) oilseed rape plants grown in ambient or
elevated (720 ppm) CO2 level under control (20/16 1C) or elevated (24/20 1C) temperature (n 5 6) and ANOVA results for effects of plant type (Bt-transgenic vs. nontransgenic), CO2
level and temperature and their interactions
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0

Westar
Bt
Westar
Bt
----Sucrose----- ----Glucose----

Westar
Bt
----Fructose----

Westar
Bt
----Starch----

Fig. 4 Concentration of soluble sugars (left axis) and starch (right axis) in 30-day-old Bt-transgenic (Bt) and nontransgenic (W, Westar)
oilseed rape plants grown under ambient or elevated (720 ppm) CO2 level and under control (CT, 20/16 1C) or elevated (ET, 24/20 1C)
temperature (n 5 6). Statistically significant (Po0.05) ANOVA results for main effects of plant type, CO2 level and temperature and their
interactions are shown. Bt, Bacillus thuringiensis.

Final weight of adult M. persicae was not affected by
the plant type, but it was significantly reduced in
elevated growth temperature compared with control
temperature (main effect of temperature, Po0.001) (Tables 3 and 4). Elevated CO2 also significantly lowered
the M. persicae adult weight compared with aphids on
plants grown in control CO2 level (P 5 0.041, Table 4).
Mean weight of o24-h old M. persicae nymphs was
reduced on plants grown in elevated temperature
(P 5 0.007), but elevated CO2 or plant type had no
significant effect on progeny weight. Performance parameters of B. brassicae (developmental time, total number
of progeny and final weights of adults) were not
affected by plant type, elevated CO2 or elevated temperature (Table 3, statistical results not shown). Mean
progeny weights of B. brassicae were marginally significantly increased by elevated CO2 (P 5 0.088), and reduced by elevated temperature (P 5 0.055).
The cumulative fecundity of M. persicae was increased
by elevated temperature (repeated-measures ANOVA,
F1, 39 5 142.1, Po0.001) and reduced by elevated CO2
(repeated-measures ANOVA, F1, 39 5 4.73, P 5 0.036) (Fig.
5a,b). The total number of progeny produced by M.
persicae was highest in plants grown under control CO2
and elevated temperature, followed by elevated CO2
combined with elevated temperature, thereafter in the
control CO2 and control temperature and finally lowest
in plants grown in elevated CO2 under control tem-

perature. M. persicae showed an equal rate of reproduction in Bt-transgenic and nontransgenic plants. The
cumulative fecundity of B. brassicae was not affected
by plant type, elevated CO2 or elevated temperature
(Fig. 5c,d; statistical results not shown). The MRGR of
M. persicae and B. brassicae nymphs was similar in Bttransgenic and nontransgenic plants and this was not
affected by elevated CO2 or temperature (Tables 3
and 4).
Finally, Table 5 represents a summary showing the
direction (increase or decrease) of the statistically significant effects of the treatments (main effects of plant
type, elevated CO2 and elevated temperature) and the
presence of elevated CO2  temperature interactions for
all the measured parameters.

Discussion
We found significant changes in the C–N dynamics of
Bt-transgenic oilseed rape and its nontransgenic parent
line at the end of their vegetative growth. Presumably,
the extra input requirement for producing Bt toxin
could have led to the observed increase in N and the
reduction in C content. The Bt toxin proportion from
total soluble proteins in this plant line under the growth
conditions was relatively low, and still, even this low Bt
toxin production resulted in changes in the C : N ratio.
Bt Cry1Ac concentrations in Bt oilseed rape show
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Fig. 5 Cumulative reproduction  1 SEM of Myzus persicae (a and b) and Brevicoryne brassicae (c and d) on nontransgenic (Westar) and
Bt-transgenic (Bt) oilseed rape plants grown under ambient or elevated (720 ppm) CO2 level and under control (CT, 20/16 1C) or elevated
(ET, 24/20 1C) temperature. Bt, Bacillus thuringiensis.

variation by growth conditions, leaf position and
growth stage both in the field (Zhu et al., 2004) and also
in greenhouse conditions (Wei et al., 2005). Therefore,
C : N pattern changes in more natural field conditions
would be beneficial to assay to reveal whether the
change in C : N relations is constitutive or rather specific
for growth stage or growth condition. Here, Bt oilseed
rape plants in their vegetative stage seemed to have a
higher capacity of N uptake or allocation of N to leaves
than their nontransgenic parent line in equal chronological age. It could be speculated that the observed
difference in N and C could solely be based on the
adding to the sum by the incorporated production of
the new proteins: Bt toxin, GFP marker protein and
nptII selectable marker protein in the leaves (Halfhill
et al., 2001). However, the relatively low concentration
of Bt toxin observed in these growth conditions in this
line would likely not be totally responsible to cause the
observed difference in C–N contents, but would also
require additional changes in N allocation in the basic

metabolism. The observed differences could also be due
to altered growth, because genetic transformation may
lead to some additional pleiotropic effects (i.e. reduced
growth leading to higher protein content; Rothe et al.,
2004). In fact, also these ‘GT1’ Bt-transgenic oilseed rape
plants had a slightly lower biomass at the end of their
vegetative stage than the nontransgenic plants, which
was particularly evident under elevated CO2 in this
work and also showing a similar trend in our earlier
study (Himanen et al., 2008).
An important factor to consider is that the C : N ratio
was evaluated during the vegetative growth only and
future work should address the overall profile of C : N
changes during both vegetative and reproductive stages
to reveal, if this difference is more pronounced at either
stage. This would enable assessing whether differences
in C : N dynamics could affect the reproductive fitness
of Bt plants, which is highly important for both their
agronomic performance and their persistence in agricultural environments after the growing season being
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0.8
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597.7 
42.86 
2.09 
0.9
68.2
1.13
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2.11
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4.47
4.50
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Statistically significant effects (Po0.05) are marked in bold.
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0.56
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0.457
0.857

F1, 40

P

F1, 40
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0.245
0.041
0.041
0.224
0.152

P

202.9
56.74
132.8
8.24
o0.01

F1, 40
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o0.001
o0.001
0.007
0.986

P
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0.37
0.02
1.08
0.08
0.01

F1, 40

0.546
0.888
0.306
0.783
0.938

P

Plant
type  CO2

2.94
0.22
0.34
0.54
0.40

F1, 40

1.0
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0.85
0.31

0.2
21.3
0.86
0.11

0.094
0.645
0.566
0.467
0.529

P

Plant
type 
temperature

results for effects of plant type, CO2 level and temperature and their interactions on Myzus persicae performance

Experiment 1: M. persicae
Development time (days)
Total progeny
Adult weight
Progeny weight
Mean relative growth rate

Table 4

Bt, Bacillus thuringiensis; CO2, carbon dioxide.

Experiment 1: Myzus persicae
Development time (days)
10.2
Adult aphid weight (mg)
835.8
Progeny weight (mg)
43.95
Mean relative growth rate
2.15
Experiment 2: Brevicoryne brassicae
Development time (days)
11.6
Adult aphid weight (mg)
532.0
Progeny weight (mg)
32.12
Mean relative growth rate
2.65

Westar

Westar

Westar

Bt

20/16 1C

24/20 1C

20/16 1C
Bt

Elevated CO2

Ambient CO2

 0.9
 83.7
 1.64
 0.26

 0.2
 37.2
 1.30
 0.09

1.22
0.39
0.05
1.11
0.04

F1, 40

0.276
0.536
0.824
0.299
0.841

P

CO2 
temperature

10.8
629.2
34.58
2.37

6.9
526.3
39.51
2.22

Westar

24/20 1C

0.3
45.8
1.12
0.14
0.8
116.4
2.88
0.38










0.02
0.02
0.10
0.07
0.02

F1, 40

0.88
0.877
0.751
0.796
0.879

P

Plant
type  CO2 
temperature

11.0
509.0
33.53
1.85

7.3
544.2
40.19
2.28

Bt

Table 3 Performance parameters (mean  1 SEM) of Myzus persicae and Brevicoryne brassicae aphids on Bt-transgenic and nontransgenic (Westar) oilseed rape plants grown in
ambient or elevated (720 ppm) CO2 level under control (20/16 1C) or elevated (24/20 1C) temperature (n 5 6)
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Table 5

Summary of the treatment effects on the measured parameters
Treatment

Parameter studied

Bt transgene

Elevated CO2

Elevated temperature

Elevated CO2 
temperature

Vegetative biomass
Photosynthesis
Carbon
Nitrogen
C : N ratio
Bt toxin
Soluble carbohydrates
Glucose
Fructose
Sucrose
Starch
Chlorophyll pigments
Chl a
Chl b
Chl a/b ratio
Total chlorophyll
Carotenoids
Aphid performance
Developmental time
Adult weight
Progeny weight
Cumulative reproduction
Mean relative growth rate

# **
ns
# **
"*
#*
na

" ***
ns
ns
# ***
" ***
ns

ns
# ***
ns
ns
ns
ns

ns
ns
IA***
IA**
IA*
ns

ns
ns
ns
ns

#*
ns
ns
" ***

"*
ns
ns
# **

ns
IA*
ns
IA**

ns
ns
ns
ns
#*

ns
ns
ns
ns
ns

ns
ns
#*
ns
ns

IA**
IA*
ns
IA**
IA*

ns (M) ns (B)
# * (M) ns (B)
ns (M) ns (B)
# * (M) ns (B)
ns (M) ns (B)

# *** (M) ns (B)
# *** (M) ns (B)
# ** (M) ns (B)
" *** (M) ns (B)
ns (M) ns (B)

ns
ns
ns
ns
ns

ns
ns
ns
ns
ns

(M)
(M)
(M)
(M)
(M)

ns
ns
ns
ns
ns

(B)
(B)
(B)
(B)
(B)

(M)
(M)
(M)
(M)
(M)

ns
ns
ns
ns
ns

(B)
(B)
(B)
(B)
(B)

Increase ("), decrease (#) or no effect (ns) is based on statistically significant (*Po0.05, **Po0.01, ***Po0.001) main effects of plant
type, CO2 level, temperature and CO2 level  temperature interaction.
IA, interaction; na, not applicable; (M), Myzus persicae; (B), Brevicoryne brassicae.

related to the risks of gene flow into the environment
(Halfhill et al., 2005). Between the two experiments
conducted, differences in the overall status of N levels
of plants were observed, which was predicted to be
caused by seasonal differences, because the growth
conditions were otherwise very similar. The factors
leading to seasonal variation are mostly unknown, but
it might be caused by internal regulation of plant
growth (induction signals for vegetative vs. reproductive growth at different times of year, circannual and
circadian rhythms) (Sharma et al., 2005). The occurrence
of this and other types of seasonal variation even in
controlled growth conditions (Ritala et al., 2001; Sharma
et al., 2005), as often found in the greenhouse, is important considering whether there are certain times of year
leading to higher incidence of changes in agronomic
yield due to uncontrollable intrinsically regulated factors. However, in both experiments, the general patterns
(i.e. plant type main effect and interacting CO2 
temperature effect on C and N contents) were similar.
In general, the responses of biomass gain and photosynthetic rate to elevated CO2 and temperature were

similar in Bt-transgenic and nontransgenic oilseed rape.
Elevated CO2 increased biomass gain and net photosynthesis, total C was increased and total N decreased,
which all are highly typical responses to enhanced CO2
with increased C (Long et al., 2004). As oilseed rape has
no obvious C storage structures, the positive effect of
CO2 on biomass gain typically decreases later in the
development (Reekie et al., 1998). Under elevated CO2
level, carboxylation of ribulose bisphosphate predominates over oxygenation by the Rubisco enzyme,
whereas elevated temperature can increase photorespiration (Morison & Lawlor, 1999). Net photosynthesis
of oilseed rape leaves was reduced under elevated
growth temperature in our study, which was mostly
an effect of differences in leaf development (i.e. phenology). The plants grown under elevated temperature
were clearly physiologically older due to accelerated
vegetative growth under elevated temperature, even
though the temporal age of all plants was identical.
The reduction in photosynthesis and biomass gain in
oilseed rape plants under elevated temperature thereby
was affected mostly by reduced leaf duration and
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approaching senescence. Also, a decrease in total chlorophyll by elevated CO2, which is the most typical
response of chlorophyll pigments to enhanced CO2
(Osborne et al., 1997; Sallas et al., 2003), was apparent
in oilseed rape only under elevated temperature, in
accordance with a more reduced net photosynthesis
under elevated than control temperature with elevated
CO2 level. Elevated temperature alone increased the
amount of chlorophyll pigments in oilseed rape leaves.
Direct effects of elevated CO2 atmospheres include
decreases in the stomatal conductance and stomatal
sensitivity in plants as an acclimation to elevated CO2
(Lodge et al., 2001). Rubisco enzyme activity and content can also show adaptation to higher CO2 concentration, the magnitude of this depending on e.g. leaf age
and temperature (Morison & Lawlor, 1999; Pérez et al.,
2007). Indications of photosynthetic acclimation to elevated CO2 level (Martı́nez-Carrasco et al., 2005) were
found in transgenic and nontransgenic oilseed rape as
well (i.e. lowered photosynthesis in elevated CO2grown plants compared with control CO2-grown
plants). The concentrations of soluble sugars and starch
in Bt-transgenic vs. nontransgenic plant leaves responded similarly to elevated CO2 and temperature.
Nonstructural carbohydrates typically increase under
elevated CO2 and the response can be mitigated (a
decreasing effect) by elevated temperature (Poorter
et al., 1997; Zvereva & Kozlov, 2006). We found increased starch concentration in oilseed rape under
elevated CO2 under both of our temperature regimes,
similarly as Sallas et al. (2003), who studied the responses of Scots pine seedlings. The other clear effect
observed, the reduction in starch and the increase in
soluble sugars under ambient CO2 with elevated temperature, could be related to a higher assimilate targeting to other parts of the plant at the late vegetative stage
(i.e. leaves were starting to senescence, a phenological
effect). In the elevated CO2 treatment, the leaves were
still active and functioning as sources of C with higher
photosynthesis, as seen from the photosynthetic rate
measurements, and such allocation from the leaves had
not started yet.
Aphid feeding seemed to increase N content of oilseed rape leaves under ambient CO2, indicating that
aphid damage enhances allocation of N to leaves or its
uptake by the plant. M. persicae has previously been
shown to be able to activate multiple genes involved in
C assimilation, photosynthesis and N and C mobilization (Divol et al., 2005), to alter biomass allocation of
plants at elevated CO2 (Hughes & Bazzaz, 2001) and to
increase the concentration of glucosinolates (Mewis
et al., 2006). In our study, however, under elevated
CO2, aphids did not increase the N content of oilseed
rape leaves, which could be a result of reaching the limit
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for N uptake from maximal plant growth. The feeding
of the generalist aphid M. persicae had a greater effect in
changing the N dynamics than that of the specialist
aphid B. brassicae, although both species are piercing
herbivores (i.e. they cause rather similar feeding
damage). M. persicae adult weight was higher than that
of B. brassicae aphids, so the intake of nutrients by
M. persicae could be assumed to be also higher and
could this way lead to more pronounced effects on these
plants. Another thing is that M. persicae was able to
move freely on the plants, whereas B. brassicae was
enclosed into clip-cages to prevent its colonization
behaviour. Therefore, it might also be that for effectively
activating N allocation in the plant, the actual place
where the feeding is occurring is important.
The response of both aphid species to elevated CO2
and temperature was highly similar in Bt-transgenic
and nontransgenic plants, even though there were
differences in C–N ratios between the plant types. Bt
Cry1Ac toxin should not affect aphids directly: firstly
because aphids feed on phloem sap, which does not
contain significant amounts of Bt toxin (Raps et al., 2001;
Burgio et al., 2007), and secondly, because they lack
specific receptors for Cry1 toxin binding. We also
screened aphids for traces of Bt toxin, but the amounts
were undetectable. Schuler et al. (2001) also found no
indications of pleiotropic effects of Bt B. napus on M.
persicae. Previously, major factors affecting aphid performance have been reported to be, e.g., the nutrient
level of the plant, the C : N ratio, the composition of
amino acids, the amount of soluble carbohydrates and
proteins, the presence of tannins or other carbohydratebased insoluble compounds and the concentrations of
secondary compounds (Cole, 1997). Therefore, the differences in C–N ratios between Bt-transgenic and nontransgenic plants alone may be negligible with regards
to aphid effects. There are also aphid species-specific N
requirements (Newman et al., 2003), which limits making generalizations on their responses.
Of the two aphid species studied, the generalist M.
persicae was more responsive to both temperature and
CO2 on oilseed rape than the specialist B. brassicae and it
had nearly 50% higher progeny production than B.
brassicae. However, on Brassica oleracea, Stacey & Fellowes (2002) found B. brassicae aphids to be larger with
greater fat gain under elevated CO2, whereas individually reared M. persicae had higher fecundity under
elevated CO2. Differences in irradiance (greenhouse
vs. growth chamber) and total soil fertility (Newman,
2003; Newman et al., 2003) have been associated with
variable CO2 effects on aphids. In addition, variation in
amino acid compositions among Brassica species (Cole,
1997) could be reasons for differential performance of
these aphids on Brassica plants. Temperature was the
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dominant determinant of M. persicae fecundity on oilseed rape, whereas elevated CO2 counteracted its effect
by affecting the reproduction negatively, a phenomenon
previously modelled by Newman (2003), which predicted there would be no final change with these interacting factors. The decrease in aphid weights and the
increase in total progeny produced under elevated
temperature are presumably related and a similar response was reported by Flynn et al. (2006) on another
aphid species. The role of temperature in accelerating
population growth of herbivores by shortening development times has been previously described with numerous species (e.g. Bale et al., 2002; Johns & Hughes,
2002; Williams et al., 2003), but there are interaction
effects between elevated CO2 and various abiotic factors
including temperature (Newman, 2003, 2006). Our results describing the exponential reproduction phase of
the aphids do not differentiate between direct effects of
CO2 and temperature on aphid physiology and indirect
plant-mediated effects on aphid performance. However,
previous studies with aphids indicate that temperature
is acting both directly, and through plants, on aphid
performance (Bale et al., 2002; Newman, 2003), whereas
the effects of elevated CO2 are caused mainly by alterations in plant material as food for herbivores (Agrell
et al., 2000). In nature, population interactions between
different aphid species and also multitrophic interactions with higher trophic levels are involved (Bezemer
et al., 1998; Awmack et al., 2004; Hoover & Newman,
2004), which makes predicting aphid performance in
future climate even more challenging (Newman, 2006).
Risk analysis of Bt plants towards nontarget herbivores has focused mainly on screening the potential
direct toxic effects of purified and plant-expressed Bt
toxin (e.g. Howald et al., 2003; Vojtech et al., 2005).
Because it is well known that herbivores are affected
by plant food quality, we might expect certain lines of
insect resistance transgenic plants to sometimes indirectly perturb food webs (Schuler et al., 1999; Pons et al.,
2005; Sisterson et al., 2007), although this has not been
observed in field studies (e.g. Head et al., 2005). Even
more, the evaluation of nontarget herbivore performance on transgenic plants under altered environmental conditions (elevated CO2 and temperature) is still
not well understood (Coviella et al., 2000, 2002; Chen
et al., 2005). There is no doubt that in future, with the
ever-expanding use of GM plants, it will be increasingly
important to understand how they respond to climate
change in terms of performance and pest susceptibility.

Conclusions
We found changes in C–N ratios in transgenic oilseed
rape compared with the nontransgenic parental type,

but there was no evidence of effects caused by these
changes on Bt Cry1Ac nonsusceptible aphid performance, which could have raised concerns about increased susceptibility of transgenic oilseed rape to
nontarget herbivory in future climates. The increased
N content observed in Bt plants, however, warrants
further research to reveal whether this effect is growth
stage-specific, limited to plants in their early vegetative
growth, or whether this also occurs or becomes even
more profound during the reproductive growth stage,
when it could further affect plant fitness, invasion
potential or herbivore dynamics. Nevertheless, studies
on herbivore pest species responding to the state of N
content are encouraged to be continued on Bt plants.
Although Bt oilseed rape had an overall lower biomass
gain during their early vegetative growth than the
nontransgenic plants in this study, the photosynthetic
and carbohydrate responses to elevated CO2 and temperature, singly and in combination, were highly similar in both plant types, revealing equal performance
and abilities to resource allocation under these altered
abiotic conditions. Most importantly, our study emphasizes the need for further investigations, i.e. assessing
the changes occurring in interactions of elevated CO2
and temperature on Bt plants over the entire growing
season with sufficient replication and a natural light
environment in field conditions.
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