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The rapid adoption of genetically engineered (GE) plants that express insecti-
cidal Cry proteins derived from Bacillus thuringiensis (Bt) has raised concerns
about their potential impact on non-target organisms. This includes the possi-
bility that non-target herbivores develop into pests. Although studies have
now reported increased populations of non-target herbivores in Bt cotton,
the underlying mechanisms are not fully understood. We propose that
lack of herbivore-induced secondary metabolites in Bt cotton represents a
mechanism that benefits non-target herbivores. We show that, because of effec-
tive suppression of Bt-sensitive lepidopteran herbivores, Bt cotton contains
reduced levels of induced terpenoids. We also show that changes in the overall
level of these defensive secondary metabolites are associated with improved
performance of a Bt-insensitive herbivore, the cotton aphid, under glasshouse
conditions. These effects, however, were not as clearly evident under field con-
ditions as aphid populations were not correlated with the amount of
terpenoids measured in the plants. Nevertheless, increased aphid numbers
were visible in Bt cotton compared with non-Bt cotton on some sampling
dates. Identification of this mechanism increases our understanding of how
insect-resistant crops impact herbivore communities and helps underpin the
sustainable use of GE varieties.

1. Introduction

Varieties of genetically engineered (GE) cotton, Gossypium hirsutum (L.) (Malvales:
Malvaceae), that produce Cry proteins derived from Bacillus thuringiensis (Berliner)
(Bt) are highly resistant against major lepidopteran pests [1] and their widespread
planting has led to area-wide population suppression of key pest species [2,3].
The Cry toxins currently deployed in Bt cotton varieties are not known to cause
direct toxic effects to herbivorous pests other than those in the order Lepidoptera
[1]. Thus, management of non-lepidopteran pests remains a requirement for the
sustainable deployment of Bt-transgenic cotton [1,4]. Some studies have reported
increased populations of sap-feeding herbivores, such as aphids and leafthoppers,
as well as plant-feeding hemipterans such as plant bugs (Miridae) and stink
bugs (Pentatomidae), in Bt cotton [1]. In the case of plant-feeding hemipterans,
increased damage to Bt cotton has been linked to the reduced use of broad-
spectrum insecticides to control pest Lepidoptera [5-7]. However, increased
abundance of non-lepidopteran herbivores in Bt cotton was also reported from
some studies that excluded chemical insecticide treatments on both Bt and
non-Bt cotton [8,9], suggesting that reduced insecticide use alone is an insufficient
explanation for some emergent pests in cotton.

Cotton produces a range of closely related terpenoids (e.g. gossypol) that act
as anti-feedants and possess insecticidal properties [10-12]. The levels of these
defensive compounds are systemically increased by the plant damage caused
by tissue feeders, such as lepidopteran larvae [13-16]. The intensity of the
damage affects the levels of induced terpenoids [14]. This can have cascading
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effects on the performance of tissue feeders [15,17] and sap-
feeding herbivores, such as aphids [18], which by themselves
do not appear to induce this plant resistance [19,20].

We demonstrate here in a glasshouse and field study that
the reduced damage caused by larvae of Heliothis virescens
(Fabricius) (Lepidoptera: Noctuidae) on Bt cotton leads to a
reduced induction of cotton terpenoids, which enhances the
crop’s susceptibility to a non-target pest, namely the cotton
aphid Aphis gossypii (Glover) (Hemiptera: Aphididae). This
indirect, plant-mediated effect of Bt cotton on non-target
species has not been previously considered and may constitute
an additional mechanism that benefits non-target herbivores.

2. Material and methods

(a) Glasshouse experiments
(i) Plants

Two varieties of GE cotton plants, which were provided by
Monsanto Company (St. Louis, USA), were used for the exper-
iments. One variety (‘Bt cotton”), Deltapine DPL143B2 RF (event:
MON15985 x MONB88913), expresses two Bt toxins (CrylAc and
Cry2Ab, Bollgard II) and carries an herbicide-tolerance trait (tar-
geting glyphosate). The second variety (‘non-Bt cotton’),
Deltapine DPL147 RF (event: MONB88913), has a similar genetic
background but only contains the herbicide-tolerance trait. For
insect rearing, the closely related non-GE variety Deltapine
DPL491 was used. Plants were grown in 31 plastic pots containing
heat-sterilized humus-rich soil. At planting, 15 mg of the slow-
release fertilizer Osmocote (16% N, 11% P,0Os, 11% K,O; Scotts
UK Professional, Bramford, UK) was added to each plant. Sub-
sequently, the plants were fertilized weekly using 10N : 10P : 8K
at 20 ml 1! and were watered daily with water containing no fer-
tilizer. Plants were enclosed in gauze cages (height, 71 cm;
diameter, 35 cm; mesh-width, 0.264 mm) to protect them from
glasshouse pests. Bt and non-Bt cotton plants were used when
they had four fully expanded true leaves.

(i) Insects

A colony of A. gossypii was obtained from Syngenta (Stein,
Switzerland) and reared on four- to eight-week-old cotton
plants (Deltapine DPL491). The H. virescens larvae used in the
experiments were regularly obtained from Syngenta.

(iii) Experiments
The glasshouse experiments were conducted at 25°C + 5°C,
relative humidity 70 + 10% and 16 L:8 D long-day conditions.

Plants were either infested with a single H. virescens larva (3rd
instar) that was caged on the youngest fully developed leaf for
7 days in a gauze bag, or left uninfested (control). Heliothis virescens
larval weight was recorded before placing the larva on the plant
and after 7 days to calculate the weight gain. In total, 27 plants
were initially tested per treatment. Plants damaged accidentally
during the experiment or found to be infected by any glasshouse
pest were removed, resulting in n = 15-21 per treatment.

After the 7 days, 20 A. gossypii (mixed stages) were trans-
ferred to the youngest fully developed leaf of each plant (not
identical to the leaf on which the larva was released). The
aphids were enclosed in a clip-cage that was removed after
24 h. After 14 days, the aphid numbers were recorded, and all
aphids were transferred into vials with 70 per cent ethanol. Sub-
sequently, hind-tibia lengths were measured for 10 randomly
chosen adults (fewer if 10 were not available) from each plant.

After termination of the experiment, leaf damage caused by
H. virescens larvae was recorded. For this, the damaged leaf

from each plant was collected and photographed and the
damaged leaf area was measured with IMAGE] v. 1.42 software.

A separate set of Bt and non-Bt cotton was treated as
described earlier, with one group from each plant type being
infested with H. virescens while the second remained uninfes-
ted (10 plants per treatment). After 7 days, the youngest fully
developed leaf and the oldest true leaf from each plant were col-
lected, shock-frozen in liquid nitrogen, stored at —80°C, and later
freeze-dried for high-performance liquid chromatography
(HPLC) analyses (see §2c).

To test whether the Bt and non-Bt cotton plants respond simi-
larly to a known resistance inducer, plants were treated with
jasmonic acid (JA) [11]. A 100 pM JA solution was prepared by dis-
solving JA in 100 per cent ethanol. The JA—ethanol solution was
then diluted in water 4:1000 (JA-ethanol: water). Cotton plants
(fourth-full-leaf stage) were watered with 25 ml of the JA solution.
The water was applied by pouring it on the stem of the plant,
thereby allowing uptake of JA by above- and below-ground
tissue. The control plants were treated with an ethanol : water
(4:1000) solution. Each treatment included 10 plants. After 7
days, the youngest fully developed leaf and the oldest true leaf
from each plant were collected, shock-frozen in liquid nitrogen,
stored at —80°C and later freeze-dried for HPLC analyses (see §2c).

(b) Field experiment

The field experiment was conducted at the USDA-ARS Coastal
Plains Experiment Station, Tifton, GA (USA). Bt cotton (Delta-
pine DPL143B2 RF) and non-Bt cotton (Deltapine DPL147 RF)
were planted on 30 April 2009, with three plots (27 x 49 m) of
each variety distributed in a randomized complete block
design over an area of ca 3.5 ha. The rest of the field was planted
with plots of soybean (Stoneville 78-G7, Maturity Group 7),
peanut (Georgia green) and cotton. Plots were separated by
6 m of bare, tilled soil. Aldicarb (Temik) was applied to furrows
at 5.6 kg ha ' at planting to protect the plants from early season
pests. Otherwise, the crop was grown and managed according to
agronomic practices recommended by the Georgia Cooperative
Extension Service except that no insecticides were applied after
planting. Glyphosate (Roundup Ultra Max) was applied on
29 May, and the plant growth regulator Mepiquat chloride
(Compact) was applied on 25 June. Plants were fertilized with
liquid nitrogen in mid-June. The plots were irrigated as required.
Data from two plots (one Bt and one non-Bt) were not considered
for the analyses because they contained substantial numbers of
fire ants, which probably affected herbivore abundance.

When plants were four to five weeks old, 30 randomly selected
plants in each of the four plots were tagged with coloured flags
and ribbons to be able to resample the same plants. Ten of these
30 plants in each plot were artificially infested with Spodoptera
exigua (Hubner) (Lepidoptera: Noctuidae), a species that infests
cotton fields early in the season compared with other Bt-sensitive
herbivores and is well known to induce the production of cotton
terpenoids [13,16]. Each week, the same 10 plants in each plot
were infested with three 2nd instar S. exigua larvae. The larvae
were caged onto a randomly selected leaf from the middle third
of the plant. Each week plants were infested on a new leaf.

Between 1 June and 20 July, the aphid population was
counted twice each week on the youngest fully developed leaf
and on a random leaf from the middle third of each of the
120 tagged plants, i.e. 40 plants that were artificially infested
with S. exigua and 80 plants that were exposed only to natural
infestation by herbivores. Once per week, starting on 10 June,
the damage to the foliage of every plant was recorded in a non-
destructive way by photographing every damaged leaf and
measuring the area of removed tissue using IMAGE] v. 1.42 software.

For chemical analyses, the youngest fully developed leaf
of all tagged plants was collected on 20 July 2009. Samples
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were placed immediately on ice in the field and were sub-
sequently transferred to —80°C and later freeze-dried for
terpenoid quantification (see §2c).

(c) Terpenoid quantification

Samples were prepared and extracted according to the proce-
dure of Benson ef al. [21]. An 8-10 mg sample of freeze-dried
and ground leaf tissue per plant was extracted with 1 ml of a
mixture of acetonitirile (Multisolvent HPLC grade, Scharlau,
Sentmenat, Spain), water (purified by a Gradient A10, Millipore,
Billerica, USA) and 85 per cent phosphoric acid (Fluka, Buchs,
Switzerland) (80:20:0.1) for 3min in an ultra-sonicator at
room temperature. After 3 min of centrifugation (8000g), the
extract was directly transferred into glass vials for separation
and detection on an liquid chromatography system (1090 Series
II, Hewlett-Packard, Palo Alto, USA). All substances to be ana-
lysed in the plant extracts were baseline separated at 40°C on a
Varian Polaris Amide C-18 column (150 x 2.0 mm, 3 wm)
equipped with a precolumn (C18, 4 x 3.0 mm, Supelco Security
Guard System) and were detected with a single wavelength
absorbance detector at 272 nm. The following elution gradient
was applied: 0 min: 60 per cent B (40% A); 2 min: 60 per cent B;
20 min: 70 per cent B; 21 min: 100 per cent B; 25 min: 100 per
cent B; 26 min: 60 per cent B; 35 min: 60 per cent B. Eluent A con-
sisted of MilliQ-water, and eluent B consisted of acetonitrile.
Eluent A was acidified with 0.1 per cent trifluoroacetic acid (greater
than or equal to 99%, Riedel de Haén, Seelze Germany) to pH =
2.5 (based on [22]). The flow rate of the mobile phase was
0.125 mlmin~", and a 10 ul sample was injected.

Gossypol (> 95%, Sigma, St. Louis) was identified by com-
paring the retention time in the extract with the retention time
of standard solutions. The order of elution of hemigossypolone
and the heliocides 1-4 was ascertained from previously pub-
lished chromatograms [12,21] and analytically confirmed by
mass spectrometry. Terpenoid concentration was expressed in
terms of gossypol equivalents [16].

(d) Statistical analyses

All analyses were conducted using R v. 2.13.1.

(i) Glasshouse experiments

Plant damage caused by H. virescens was analysed using the
Welch f-test for non-homogeneous variances. Aphid abundance
was compared among treatments using one-way analysis of var-
iance (ANOVA). Means were subsequently separated using the
Tukey Honestly Significant Difference (HSD) test. Data were log-
transformed to meet the ANOVA assumptions when necessary.
Aphid tibia length was analysed using Kruskal-Wallis ANOVA.

(ii) Field experiment

Data obtained from plants of the same plot were pooled to adjust
for dependency. Separate analyses were conducted for naturally
infested plants and plants that were artificially infested with
S. exigua. Aphid data from the field and damage levels of
plants in the plots were analysed by repeated measures
ANOVA. Differences of aphid abundance on specific sampling
dates were separated using Fisher’s Least Significant Difference
(LSD) test. Correlations between aphid counts from a specific
date and plant damage, as well as total terpenoid concentration
of plants, were evaluated using Kendall’s T rank correlation.
For the correlation the data were not pooled by plot.

(iii) Terpenoid analyses
For analyses of cotton terpenoids in glasshouse grown plants, one-
way ANOVA was used. Means were subsequently separated using
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Figure 1. Terpenoid levels (ng mg ™" dw) and aphid numbers on Bt and non-Bt
cotton as affected by prior infestation with Heliothis virescens in a glasshouse
experiment. (a) Total terpenoid concentration (mean + s.e.) in the youngest
and oldest true leaf of Bt and non-Bt cotton plants that were uninfested (Un) or
infested (Hv) with H. virescens. (b) Numbers of Aphis gossypii per Bt and non-Bt
cotton plant (mean =+ s.e.) that was uninfested or infested with H. virescens.
Different letters above bars indicate significant differences among treatments
(p < 0.05; ANOVA followed by Tukey HSD test), (a) uppercase letters, young
leaves; lowercase letters, old leaves.

the Tukey HSD test. Separate analyses were conducted for young
and old cotton leaves. Data were log-transformed, if required.
Terpenoid concentrations in leaf samples from the field were
compared between Bt and non-Bt plots using Student’s t-test.

3. Results
(a) Glasshouse experiments

When exposed to a single H. virescens larva for 7 days, Bt
cotton plants remained nearly undamaged (average leaf
area consumed + s.e.: 0.12 + 0.02cm? n = 12) compared
with non-Bt cotton plants (31.79 + 5.66 cm?; n=13; ttest:
t=—5.37, p <0.0001). No larvae (1 = 18) were found alive
after 7 days on Bt cotton, but all larvae on the non-Bt
cotton survived and gained considerable weight (average
weight gain + s.e. per larva: 136.4 + 34.4 mg; n = 15).

The constitutive expression of foliar terpenoids did not
differ between undamaged Bt and non-Bt cotton plants in
their oldest and youngest fully developed leaves (p > 0.05)
(figure 1a). This was true for the four terpenoid classes that
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Table 1. Terpenoid levels (ngmg ™" dw) in Bt and non-Bt cotton as affected by prior infestation with H. virescens in a glasshouse experiment. (Terpenoid [ 4 |

concentration (mean =+ s.e; n = 10) in the youngest fully developed leaf of Bt and non-Bt cotton plants that were uninfested or infested with H. virescens
(3rd instar) for 7 days. HGQ, hemigossypolone; G, gossypol; H1—H4, heliocide 1—4. Means within one line followed by different letters are significantly

different (p < 0.05; Tukey HSD test).)

concentration (ng mg'1 dw + s.e.)

terpenoids Bt uninfested

HGQ 3,36 2.7 <<0.001 6939 + 5215
o 3,35 .......... s ot zeggi b
H1/H4 ................. 3,36 ........... G ot 335i699b e
o 3,35 vvvvvvvvv o e saa

we analysed: gossypol, hemigossypolone, heliocides 1 + 4
and heliocides 2 + 3 (see table 1 and electronic supplemen-
tary material, table S1). Herbivory by H. virescens induced
terpenoid synthesis by the non-Bt plants (figure 1a): terpenoid
levels were significantly increased in young leaves of herbi-
vore-challenged non-Bt plants compared with Bt cotton and
undamaged plants (F33, = 27.98, p < 0.0001). This increase
was significant for three of the four major classes of cotton ter-
penoids that were analysed (table 1). Terpenoid levels in the
oldest true leaves were unaffected by H. virescens feeding
and did not differ among treatments (F535 = 0.41, p=0.75;
figure 1a; electronic supplementary material, table S1).

The application of JA confirmed that terpenoid pro-
duction is equally inducible in Bt and non-Bt cotton plants
(F3,36 = 6.22, p < 0.001; figure 2). This increase was significant
for the four major classes of cotton terpenoids that were ana-
lysed (table 2). Terpenoid levels in the oldest true leaf were
not inducible and did not differ among treatments (F335 =
0.28, P =0.84; figure 2; electronic supplementary material,
table S2).

To investigate how the Bt-mediated differences in
induction of terpenoids by H. virescens affect Bt-insensitive
herbivores, we measured the population growth of A. gossypii
on Bt and non-Bt cotton in the glasshouse. Uninfested Bt and
non-Bt cotton plants were equally suitable as aphid hosts
(p=0.99; figure 1b). When cotton plants had previously
been exposed to H. virescens larvae, however, aphids were sig-
nificantly more abundant on the Bt cotton than on the non-Bt
cotton plants (F3 9 = 6.22; p < 0.001; figure 1b). The median
of hind-tibia length (which was used as an indicator of aphid
size) ranged from 0.28 to 0.30 mm and did not differ among
the different plant treatments (¥2=411, p = 0.66).

(b) Field experiment

Bt plants experienced significantly less damage than non-Bt
plants, when plants were artificially infested with S. exigua
(repeated measures ANOVA; plant type: F;,=997.56,
p=0.001; plant type x time interaction: Fs;9= 131.10;
p < 0.0001) (see supplementary material,
figure S1). As a consequence, the total terpenoid concentrations

the electronic

measured in leaf samples collected in late July were lower in
infested Bt plants (12149 + 260.1 ng g ™" dry weight (dw) leaf)
than in infested non-Bt plants (14949 + 5429 ngg™" dw leaf)
(t-test; t, = 4.65, p = 0.043). This difference was mainly because
of an increased gossypol concentration (table 3).

573 + 432 ab

non-Bt

uninfested Bt H. virescens non-Bt H. virescens

6764 + 429.1 b 5921 + 6612 b 15831 + 14617 a
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Figure 2. Terpenoid levels (ng mg ™" dw) in Bt and non-Bt cotton plants as
affected by treatment with JA. Total terpenoid concentration (mean + s.e.) in
the youngest and oldest true leaf of Bt and non-Bt cotton plants that were
untreated (Un) or treated with JA. Different letters above bars indicate sig-
nificant differences among treatments (p < 0.05; ANOVA followed by Tukey
HSD test); uppercase letters, young leaves; lowercase letters, old leaves.

In the case of naturally infested plants, however, the
damage between Bt and non-Bt plots did not differ signifi-
cantly (repeated measures ANOVA; plant type: F;, =1.01,
p = 0.42; plant type x time interaction: Fs 19 = 1.76; p = 0.21)
(see the electronic supplementary material, figure S1). As a
consequence, the total terpenoid concentrations measured
in leaf samples collected in late July did not differ between
plant types (Bt cotton: 8990 + 1405.6ngg™' dw leaf;
non-Bt cotton: 9815 + 19.2ng gf1 dw leaf) (t-test; t, =0.59,
p = 0.62; table 3).

Aphids began to appear in mid-June. Aphid density peaked
around mid-July, after which the population dropped (figure 3).
A quick collapse of the A. gossypii population on cotton is a typi-
cal pattern in the Southeastern USA and is caused by epizootics
of the entomopathogenic fungus Neozygites fresenii (Nowa-
kowski) (Entomophthorales: Neozygitaceae) [23]. During the
observation period, aphid populations developed differently
in plots with Bt cotton than in those with non-Bt cotton when
the plants were artificially infested with S. exigua (repeated
measures ANOVA; plant type: Fi,=23.14; p=0.22; plant
type x time interaction: Fyp04 = 4.52; p = 0.001) (figure 3) or
when naturally infested (plant type: Fi,=9.12; p=0.09;
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Table 2. Terpenoid levels (ng mg™

' dw) in Bt and non-Bt cotton plants as affected by treatment with JA in a glasshouse experiment. (Terpenoid concentration

(mean + s.e, n=10) in the youngest fully developed leaf of Bt and non-Bt cotton plants that were untreated or treated with JA. HGQ, hemigossypolone; G,
gossypol; H1—H4, heliocide 1-4. Means within one line followed by different letters are significantly different (p < 0.05; Tukey HSD test).)

concentration (ng mg'1 dw + s.e)

terpenoids Bt untreated

HGQ 33 36 <0001 4901 + 3596 b
G 33 325 <0001 2288 +2929b
s e S

H2/H3 336 165 <0.001

4655 + 5725 b

84+ 133b

non-Bt untreated Bt JA

19610 + 2041 9 a 19974 + 28459 a

234+ 4489b 17482+ 15571a 21622 + 31259 a
399 + 427 b 1029 + 11952 995 + 1318
642 + 911 b 2094+ 26112 1892 + 22682

Table 3. Terpenoid levels (ng mg ™" dw) in Bt and non-Bt cotton in the field experiment. (Terpenoid concentration (mean + s.e.; n = 2) in the youngest fully
developed leaf of Bt and non-Bt cotton plants collected in the field on 20 July 2009. HGQ, hemigossypolone; G, gossypol; H1—H4, heliocide 1-4. Spodoptera
exigua infested plants: plants that were artificially infested with S. exigua larvae. Naturally infested plants: plants that were exposed to natural infestation

by herbivores.)

treatment terpenoids
S. exigua infested plants HGQ 0.35
HUM3 0.68
total 465
naturallymfestedplants HGQ e e
H1/H4 0.41
HM3 0.26
o e

plant type x time interaction: F;54 = 2.7; p = 0.024; figure 3).
Aphids were significantly more abundant on naturally infested
Bt plants compared with non-Bt plants on 13, 16 and 20 July.
Likewise, aphids were more abundant on artificially infested
Bt plants on 13 and 20 July. Terpenoid concentrations in leaf
samples collected on 20 July were not positively correlated
with leaf damage recorded on 15 July (naturally infested
plants: 7=0.033; p=0.67, n=79; S. exigua infested plants:
7=10.082; p = 0.47, n = 39). The cumulative aphid abundance
until 20 July was negatively correlated with the plant damage
on 15 July for naturally infested (r=-0.178; P =0.020,
n=79) and S. exigua infested plants (r=—0.22; p=0.051,
n = 39). No correlation between aphid populations and terpe-
noid concentrations of the plants was detected (naturally
infested plants: 7= —0.10; p = 0.20, n = 80; S. exigua infested
plants: T =—0.09; p = 0.39, n = 40).

4. Discussion

Our results show that effective suppression of target herbi-
vores by Bt cotton translates into a decrease in the level of
induced terpenoids, leaving plants more susceptible to the

concentration (ng mg'1 dw + s.e.)

Bt non-Bt

0.75 3255 +1039.2 3799 + 1155.0
BT 5687 + 1731 SRR 7476 + w0
P 842 + w 949 + s
s e + 4481”.”” R + S
o ...12149 + 250 1. e, .....14949 s e
s 2193 + 5()59 2336 + G
S i oo e i 3540'

072 623 + 508 654 + 576

e i s e i s
........ I i14093 s i192 s

cotton aphid A. gossypii, a herbivore not targeted by the Bt
toxins. This effect was very pronounced under protected
glasshouse conditions but also visible in the field, although
to a much smaller degree.

That prior herbivory renders plants more resistant to sub-
sequent attack has been well established for a number of non-
GE systems [15,24,25] and is commonly referred to as indirect
plant-mediated competition. Some studies could link plant-
mediated competition to the well-documented induction of
plant secondary metabolites in response to herbivory [26].
Wild radish plants damaged by Pieris rapae (L.) (Lepidoptera:
Pieridae) show increased glucosinolate levels corresponding
with adverse effects on Lepidoptera, aphids and a leafminer
[27]. In cotton, a number of studies have linked secondary
metabolite induction to reduced fitness for the inducing her-
bivore [13,15,28]. Induction of terpenoids in cotton has also
been reported in relation to plant-mediated competition,
both between root- and shoot-feeding herbivores [15], and
between the spider mite Tetranychus urticae (Koch) (Acari:
Tetranychidae) and the fungal pathogen Verticillium dahliae
(Kleb.) (Ascomycetes: Hypocreales) sharing cotton as a host
plant [29]. In addition to conferring resistance against insect
herbivores, cotton terpenoids act on a broad range of other
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Figure 3. Aphid numbers on Bt (solid lines) and non-Bt (dashed lines)
cotton plants in the field experiment. Values, which are the means of two
replicate plots, differed significantly during the observation period in Bt
versus non-Bt cotton that were infested with Spodoptera exigua larvae
(plant type x time interaction: p = 0.001) and in Bt versus non-Bt
cotton that were naturally infested by herbivores (plant type x time inter-
action: p = 0.024) according to repeated measures ANOVA. Grey lines indicate
plants that were artificially infested with S. exigua larvae, while black lines
represent plants that were naturally infested by herbivores.

organisms, including pathogens and nematodes [30-32].
The reported differences in induced terpenoid levels between
Bt and non-Bt cotton are, therefore, likely to affect these
organisms as well.

Emergent pest problems in crops expressing Bt toxins
have been attributed to the reduced use of broad-spectrum
insecticides [1], reduced competition from pests targeted by
the Bt trait, or unintended transformation-related effects. In
the latter case, the transformation process may generate inad-
vertent changes in the plant, rendering it more susceptible
to non-target pests, as has been suggested for aphids on
Bt-transgenic maize [33,34]. However, we found no evidence
of such unintended transformation-related effects in our
glasshouse experiment because the increases in aphid
numbers and the size of the aphids in the absence of cater-
pillars were similar on the Bt-transgenic cotton and its
non-transformed comparator, confirming earlier studies
with other Bt cotton events [35]. Furthermore, the Bt and
non-Bt cotton plants did not differ in their constitutive
levels of terpenoid expression, and both plant types showed
equal levels and comparable patterns of terpenoid induction
in response to treatment with JA.

Indirect plant-mediated herbivore—herbivore competition
can be based on a range of herbivore-induced changes other
than induced secondary metabolites. These include changes
in plant morphology or overall resource quantity [25,36].
There is evidence that release from such exploitative (or
resource) competition in Bt cotton may also contribute to
emergent pest development. Protection from lepidopteran
damage significantly reduces damaged squares and flowers
in Bt cotton [37], which benefits stink bugs and plant bugs
that feed on these structures [38,39]. In addition, there is evi-
dence that the herbivores also profit from reduced physical
interaction with the Bt-targeted caterpillars [39].

In the field, the results from the glasshouse experiment n

could only partly be confirmed. Artificial infestation with
S. exigua larvae caused larger damage to non-Bt plants com-
pared with Bt plants and consequently led to a higher
terpenoid concentration in the non-Bt plants. This difference
in damage and terpenoid concentration, however, was not
visible for naturally infested Bt and non-Bt cotton. Neverthe-
less, the development of the aphid population differed
between Bt and non-Bt plants in both cases, for artificially
and naturally infested plants. The fact that cumulative
aphid populations were not correlated with the amount of
terpenoids measured in the cotton plants at the termina-
tion of the experiment indicates that, under field conditions,
factors other than terpenoids also impact the aphid popu-
lations. These factors include other chemical compounds or
morphological changes of the plant that affect the attractive-
ness or nutritional quality of the plant [40,41], and activity of
natural enemy species, especially coccinellid species later in
the season [23]. Additionally, a lack of correlation could
arise from terpenoid induction changes over time [16,17],
making it difficult to identify the point in time at which the
altered terpenoid levels translate into detectable changes in
aphid populations.

There was also a lack of correlation between leaf damage
and terpenoid concentration in the field, which might be
caused by the large complex of pest species that attack
cotton. Cotton plants can react very differently to herbivory
by even closely related pest species and depending on the
part of the plant on which they feed [10,40]. Therefore, the
measurement of leaf damage alone might not be sufficient
to adequately predict the degree of induced resistance in a
cotton plant.

Herbivore—herbivore interactions mediated by induced
plant compounds have not been previously considered as a
mechanism to explain the increased susceptibility of Bt-trans-
genic crops to pests that are insensitive to the Bt trait.
Interactions between introduced insecticidal Cry toxins and
inherent resistance mechanisms have only been discussed in
the context of improving the insect resistance of Bt cotton
[42,43] and reducing the risk of resistance evolution in the
target pests by increasing the fitness costs associated with
resistance to Bt [2,44]. The interaction between introduced
insecticidal Cry toxins and induced levels of secondary metab-
olites demonstrated in our study may also help explain results
from studies showing inconsistencies between levels of Cry
toxin in the plant tissues and survival of Bt-susceptible
herbivores [19,45-47].

Even though the aphids in our study performed better on
Bt-transgenic than on caterpillar-damaged non-Bt cotton
plants, aphid outbreaks are not more common in commercial
Bt cotton fields than in non-Bt cotton fields. This may be
because herbivore populations may be suppressed by enhanced
survival of natural enemies in Bt cotton as a result of reduced
use of insecticides against target Lepidoptera [1,48,49] or
because generalist predators feed more on aphids in the absence
of caterpillars. This would generate increased top-down control
of Bt-insensitive pests which could offset enhanced aphid per-
formance [50]. For mirids, stinkbugs and other herbivores that
lack effective natural enemies, this counteracting mechanism
is apparently insufficient to prevent non-target pests from
developing pest status [1,6].

In addition to being relevant to pest control with Bt crop
plants, the mechanism reported here is likely to be relevant
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to other control methods that provide a comprehensive
suppression of one group of herbivores. The common phenom-
enon that (secondary) pest levels increase following insecticide
treatments [51] could also be partly attributed to lower levels
of induced resistance resulting from the reduced herbivory
by primary pests. The plant resistance-mediated interaction
reported here probably pertains to a broad range of agricultural
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