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Abstract

Transgenic crops genetically engineered for enhanced insect resistance should be compatible with other compo-
nents of IPM for the pest resistance to be durable and effective. An experimental potato line was genetically
engineered to express an anti-aphid plant protein (snowdrop lectin, GNA), and assessed for possible interactions
of the insect resistance gene with a beneficial pest predator. These extended laboratory studies are the first to
demonstrate adverse tri-trophic interactions involving a lectin-expressing transgenic crop, a target pest aphid and a
beneficial aphidophagous predator. When adult 2-spot ladybirds (Adalia bipunctata[L.]) were fed for 12 days on
peach-potato aphids (Myzus persicaeSulzer) colonising transgenic potatoes expressing GNA in leaves, ladybird
fecundity, egg viability and longevity significantly decreased over the following 2–3 weeks. No acute toxicity due
to the transgenic plants was observed, although female ladybird longevity was reduced by up to 51%. Adverse
effects on ladybird reproduction, caused by eating peach-potato aphids from transgenic potatoes, were reversed
after switching ladybirds to feeding on pea aphids from non-transgenic bean plants. These results demonstrate that
expression of a lectin gene for insect resistance in a transgenic potato line can cause adverse effects to a predatory
ladybird via aphids in its food chain. The significance of these potential ecological risks under field conditions need
to be further evaluated.

Abbreviations: Bt, Bacillus thuringiensis; CaMV, cauliflower mosaic virus; ‘control’ aphid diet,M. persicaeaphids
reared on non-transgenic potatoes; GNA,Galanthus nivalisagglutinin; ‘GNA’ aphid diet,M. persicaereared on
GNA-expressing transgenic potatoes; ‘optimal’ aphid diet,Acyrthosiphon pisumreared on non-transgenic beans;
IPM, integrated pest management; MP1,Myzus persicaelaboratory clone 1; SE, standard error; SCRI, Scottish
Crop Research Institute; GM, genetically modified

Introduction

Plant-derived defence genes have particular potential
in transgenic pest control of target insect species or
groups for whichBacillus thuringiensistoxin genes
are currently unavailable, such as sap-sucking Ho-
moptera including aphids. However, many currently
available plant gene products are less acutely toxic
and have a broader spectrum of anti-insect activities,

compared with insecticidal Bt toxins. Plant lectins are
considered to play a role in broad spectrum plant de-
fence against pests and pathogens [1, 12]. Some plant
lectins have been shown to be toxic towards insects,
including sap-sucking hemipteran species [13, 14, 15].
The snowdrop lectin,Galanthus nivalisagglutinin
(GNA), is a mannose-binding lectin which is effec-
tive against several aphid species bothin vitro [3, 17]
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and when expressed in transgenic tobacco [9, 18] and
potato [3, 6], reducing aphid fecundity and retarding
development. This type of partial resistance will im-
pact on direct aphid feeding damage and on secondary
spread of some aphid-borne viruses, but is unlikely
to be sufficient on its own to reduce primary virus
spread in potatoes. GNA also affects lepidopteran [5]
and coleopteran [7] larvae when fed in artificial diet or
delivered via a transgenic plant. Thus GNA expressed
in transgenic potato as a means of aphid resistance
can also provide some protection against lepidopteran
tomato moth larvae [5]. Lectins are therefore con-
sidered a possible target for genetic engineering into
crops for broader pest resistance. However, this broad-
range protection may also have potential drawbacks.
The GNA lectin is not strongly aphicidal nor does
it prevent aphid feeding at levels expressed in leaves
of currently tested transgenic plants. Rather, GNA
retards the rate of aphid development and reproduc-
tion in subsequent aphid generations [3, 6]. Lectins
are also known to bind to insect gut cells, including
those of aphids [1, 12] and GNA can be present in
aphids after feeding on GNA-expressing transgenic
plants [16, 18]. Thus, an anti-pest lectin expressed in
leaves of a transgenic plant could enter the food chain
of aphidophagous insects, such as ladybirds, raising
the potential for adverse effects on non-target benefi-
cial insects if they are sensitive to the lectin. To test
this possibility, experiments were set up to compare
the performance of ladybirds fed peach-potato aphids
reared on transgenic potato plants expressing GNA, to
ladybirds fed peach-potato aphids reared on control
(non-transgenic) potato plants and to a third control
group, reared on pea aphids from non-transgenicVicia
fababeans.

Materials and methods

Transgenic plant material, gene construct and
expression, insect cultures

GNA-expressing transgenic potato (Solanum tubero-
sumL., cv. Désirée) lines were produced as previously
described [5], for experimental purposes only. Plants
contained a gene construct where the GNA coding
sequence from clone LECGNA2 [20] was expressed
using the CaMV 35S promoter. The transgenic potato
line GNA2#28 was selected in preliminary experi-
ments at University of Durham and SCRI for the
highest levels of resistance to several insect pests,

including the peach-potato aphid,M. persicae. Ex-
pression levels of GNA were estimated as 0.4–0.6%
of total protein in leaves of transformed potato plants
grown from tissue culture then under glasshouse con-
ditions [5]. Tissue-cultured control (non-transgenic)
and GNA-expressing potato plants were grown to
produce tubers for field tunnel (controlled release)
planting. Assay of tuber-grown plants for the lady-
bird feeding experiments showed lower leaf GNA
expression levels, in the range 0.02–0.1% of total leaf
protein. The transgenic plants exhibited partial aphid
resistance, reducing aphid numbers by 50% compared
with control potato lines grown under identical con-
ditions, as previously demonstrated [6]. 180 each of
control and GNA tubers were planted in a randomised
block design in four 12 m long tunnels covered in
Nicofence aphid-proof mesh. Plants were fertilised
and irrigated according to standard regimes. After 8
weeks growth, individually netted potato plants were
infested with 100 virus-free adultM. persicae(clone
MP1 [22], previously cultured on control plants of
potato cv. Désirée). These adult aphids were allowed
to reproduce and their nymphs to develop for a further
14 days on the test potato plants, prior to daily sam-
pling for feeding to laboratory-reared ladybirds during
phase 1 of the ladybird feeding trial.

Progeny from twelve singly mated isofemale F1 2-
spot ladybirds,Adalia bipunctata(L.), collected from
Glasgow, UK, were reared under controlled laboratory
conditions. Eight males of progeny from each of six
families and eight virgin female progeny from each
of the other six families were fed separately, on one
of three test diets (see below) in phase 1 (12 days)
of the feeding trial and then used for replicated mat-
ings in six reciprocal crosses. After the first successful
mating (>45 min of observed coupling) the individual
females were then monitored in phase 2 for a further
28 days, or until natural death. Aphids were sampled
daily from the netted control and GNA potatoes in
the field tunnels, counted and weighed. Sibling la-
dybird groups were fed one of three different aphid
diets (each offered to excess daily and consumption
monitored) during phase 1 of the feeding trial (12
days).

Ladybird diet regimes during feeding trial phase 1

Diet 1: M. persicaefrom control potatoes (‘control’
aphid diet)
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Diet 2: M. persicae from GNA potatoes (‘GNA’
aphid diet)

Diet 3: Acyrthosiphon pisum(Harris) from non-
transgenicV. faba bean plants (‘optimal’ aphid
diet, also used to feed all groups of ladybirds in
phase 2, after diet switch).

Ladybird sibling groups fed with diets 1 and 2 in phase
1 were each given 140 mg aliquots (excess to daily
requirement) of liveM. persicaeper day and aphid
consumption was monitored daily for each ladybird
group throughout phase 1. Ladybirds on diet 3 were
fed A. pisumduring phase 1, again offered in excess
and changed daily. In phase 2 (day 13 of feeding
trial until natural adult death) all ladybirds (regardless
of their diet during phase 1) were fed on ‘optimal’
aphid diet (diet 3), offered in excess to daily require-
ment. This was done to simulate the change of diet
likely to be experienced by actively flying and for-
aging ladybirds under field (choice) conditions, and
also to measure the duration of any transient effect(s)
caused by eating aphids from GNA-expressing trans-
genic potatoes during phase 1 (first 12 days) of the
ladybird feeding trial.

Experimental design for ladybird reciprocal crosses

After phase 1, individual males and female ladybirds
from each sibling group, previously fed on one of
the three tested aphid diets, were mated in a full-sib
reciprocal cross design. The following crossing regime
and codings were used to partition out effects due to
inter-family genetic variance, diet and ladybird sex on
several ladybird fitness parameters (see below).
‘GNA’ diet male× ‘optimal’ diet female (cross type
1) and reciprocal cross (cross type 2)
‘GNA’ diet male× ‘control’ diet female (cross type
3) and reciprocal cross (cross type 4)
‘Control’ diet male× ‘optimal’ diet female (cross
type 5) and reciprocal cross (cross type 6).
(Replication: cross types 1–4,n=24/cross; cross types
5–6,n=12/cross).

Two of 120 total ladybird matings failed, due to
a high prevalence of early death in one isofemale
line. These matings were excluded from the analysis.
Each of the successfully (>45 min observed coupling)
mated 118 female ladybirds were monitored daily un-
til natural death. Males were mated with individual
females then removed after each mating session. Mat-
ings using individual females were repeated every 7

days for 28 days to ensure maximal egg fertilisation,
using males from the same sibling/diet group each
time.

Assessment of impact on ladybirds using ecological
fitness indicators

Several fitness parameters were monitored for each
mated ladybird, to assess the impact of the aphid diet
consumed during phase 1 on subsequent adult ladybird
ecological fitness in phase 2 (when all ladybirds were
switched to optimal diet).
Aphid consumptionduring phase 1 on initial test diets
(monitored daily and analysed as total consumption
after 12 days on phase 1 diets).
Egg production/femaleduring phase 2 on ‘optimal’
diet (monitored daily for 28 days, analysed in weekly
blocks for a time-course assessment of any transient
effects).
Egg viability/female(fertility and hatch) during phase
2 on ‘optimal’ diet (monitored daily for 28 days,
analysed in weekly blocks for a time-course assess-
ment).
Adult longevityduring phases 1 and 2 and until natural
death (monitored and recorded daily).

Statistical methods and analysis

Matings producing only 0 or 1 hatched or fertilised
eggs in total were ignored, as these were rare (ca. 3%
of total matings) and always generated large residuals.
Generalised linear models (‘glms’, Genstat) were used
to estimate the effects of the six diet/sex combinations
on all ladybird fitness parameters listed above except
for aphid consumption (ANOVA, Genstat), consider-
ing crosses as complete replications. Egg totals were
analysed as normally distributed with identity link,
and the numbers of eggs hatched and fertilised as bi-
nomially distributed with logit link. Egg production,
egg fertility and egg hatch were analysed in weekly
blocks over 28 days in phase 2, so that any effects
of diet switch (aphids ex GNA potato to pea aphid
optimal diet) could be estimated over time, in terms
of persistence of any GNA lectin effect in the food
chain of ladybirds. The complete change in ladybirds’
response pattern to ‘GNA’ aphid diet detected in phase
2, after two weeks on ‘optimal’ diet, made it advisable
to analyse each week’s data separately. Because of the
observed change in ladybirds’ responses to phase 1
diets over time (in phase 2), the total eggs laid in the
28 day assessment period did not give a meaningful
reflection of the impact of ‘GNA’ aphids consumed
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during phase 1, so was not included as a fitness pa-
rameter for analysis. Longevity of male and female
ladybirds (days to natural death) was analysed using
a generalised linear model with log link and Poisson
error (glm, Genstat).

Pairwise comparisons between diets were byt-
tests. The main diet comparisons of interest, selected
a priori, were those keeping one ladybird sex constant
(i.e. on ‘optimal’ diet), crossed with a partner of the
opposite sex fed either the ‘control’ or ‘GNA’ aphid
diets (i.e. cross 1 compared with cross 5 for effect of
‘GNA’ diet on males; cross 2 compared with cross 6,
for ‘GNA’ diet effect on females). As the number of
ladybird crosses made was small (n = 6), compar-
isons were carried out on the basis of least significant
differences (on transformed data), rather than using
multiple comparison tests.

Results

Aphid consumption

The weights of aphids eaten by each male or female
ladybird dietary group (fed to excess each day) was
recorded daily over 12 days, in order to assess whether
aphids feeding on GNA-expressing transgenic pota-
toes were less palatable to ladybirds and so affected
food intake during phase 1 of feeding trial. Under
the ‘no choice’ conditions tested, there was no sig-
nificant difference (ANOVA) between the cumulative
weight of aphids eaten during 12 days by ladybirds
fed the ‘control’ aphid diet and those fed ‘GNA’ aphid
diet (diets 1 and 2, Materials and methods). Because
aphids reared on GNA potatoes are smaller and less
heavy than those on control potatoes [3, 17], more
‘GNA’ diet aphids (numbers of aphids eaten/adult
ladybird) were consumed/ladybird than of ‘control’
aphids, although the total aphid biomasses of control
and GNA aphids consumed did not differ significantly.

Total ladybird eggs laid

After phase 1 (aphids offered excess food daily, of one
of the three diet treatments), individual ladybirds were
mated with a sibling of the opposite sex, using the
reciprocal cross design outlined (Materials and meth-
ods). Egg production of individual, mated females
from each of the six crosses was monitored daily for a
further 28 days during phase 2, fed on excess ‘optimal’
aphid diet(Figure 1). By the second week of phase 2
there was a significant effect of the initial (phase 1)

aphid diet on ladybird fecundity (where diet designa-
tion refers to that consumed during phase 1 of the ex-
periment). For example, (means with standard errors
for all 6 crosses are shown in Figure 1 for complete
comparisons), in week 2 female ladybirds fed ‘GNA’
diet (cross type 2) produced a mean of 85.9 eggs/week,
compared with 104.8 eggs/week for ‘control’ diet fed
females from cross type 6 (P<0.05), when both female
sets were crossed with ‘optimal’ diet males. Greater
aphid diet effects were seen on female ladybirds in
week 3, where ‘GNA’ aphid diet fed females (cross
type 2) produced a mean of 64.1 eggs/week, com-
pared with 100.8 eggs/week for ‘control’ aphid diet
fed females from cross type 6 (P<0.001). The effect
of GNA aphid diet on male ladybirds was also detri-
mental to mating (assessed by female fecundity) over
the first 2 weeks and in week 4 (Figure 1, crosses 1
and 5). However, in week 3 the effect of ‘GNA’ aphid
diet on male ladybirds used in crosses with ‘optimal
diet’ females was less pronounced and not significant.
By week 4 the diet effect on female ladybird fecun-
dity was not statistically significant across the 6 cross
types, although the overall trend was similar to that
observed in weeks 2 and 3.

Ladybird egg fertility

The fertility of ladybird eggs laid by females from the
6 cross types was also recorded for 28 days in phase 2.
For all cross types involving either the male or female
ladybird fed on ‘GNA’ aphid diets in phase 1 (crosses
1–4), mean egg fertility (eggs showing embryonic
development, as a percentage of total eggs) was sig-
nificantly reduced, compared with crosses (types 5–6)
involving ladybirds fed ‘control’ or ‘optimal’ aphid
diets(Figure 2). The effect of ‘GNA’ aphid diet was
most evident during the first week of egg production.
Egg fertility was reduced from 95% in crosses involv-
ing ‘control’- and ‘optimal’ diet-fed insects (types 5
and 6), to 71–85% for crosses involving insects fed
on ‘GNA’ aphid diet (crosses 1–4). This effect of the
‘GNA’ diet was significant for both females (P<0.001)
and males (P<0.001) used in crosses. The ‘GNA’ diet
effect on decreased egg fertility was also detected in
the second week of phase 2, for both male (P<0.001)
and female (P<0.005) ladybirds fed ‘GNA’ aphid diet
and crossed with ‘optimal’ aphid diet partners (crosses
1–2), compared with crosses 5 and 6. However, by the
third and fourth weeks of phase 2 the effect of ‘GNA’
diet on egg fertility of crosses 1–4 was not signifi-
cantly different to that of crosses 5 and 6. This showed
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Figure 1. Effect of initial aphid diets (phase 1) on egg production by female ladybirds from the 6 cross types. Cross types 1–4 involve either
male or female ladybirds fed initially on GNA aphid diet; crosses 5–6 were fed ‘control’ or ‘optimal’ aphid diets. Comparison of crosses 2 and
6 shows the effect on ladybird females of eating aphids from GNA potato (‘GNA’ diet), when mated with ‘optimal’ diet males. Comparison of
crosses 1 and 5 shows the effect of ‘GNA’ diet on males when mated with ‘optimal’ diet females. Columns show mean values for each ladybird
cross type, with standard error (SE) bars attached.

a transient effect of initial (phase 1) ‘GNA’ aphid diet
on ladybird egg fertility, which was later reversed after
switching to the ‘optimal’ aphid diet during phase 2.

Ladybird egg hatch

After egg fertilisation, the hatch rate of ladybird eggs
from the 6 ladybird cross types was observed. Over the
first 2 weeks of phase 2, all crosses involving a lady-
bird of either sex fed ‘GNA’ aphid diet produced eggs
with significantly lower mean hatch rates than ‘con-
trol’ × ‘optimal’ diet crosses 5 and 6(Figure 3). In
the first week, mean % hatch for females initially fed
‘GNA’ aphid diet (cross 2) was reduced to 69%, com-
pared with 87% for the ‘control’ aphid diet females
of cross 6 (P < 0.001). Males were also affected
by the initial ‘GNA’ aphid diet, but to a lesser extent
(74% hatch for cross 1, compared with 86% hatch for
‘control’ aphid diet males of cross 5,P<0.001). In
the second week, the phase 1 ‘GNA’ aphid diet effect
was similar but less marked for both males (75% hatch
after ‘GNA’ diet compared with 89% after ‘control’
diet, P<0.001) and females (79% hatch after ‘GNA’
diet, 88% after ‘control’ diet,P<0.005). After 2 weeks
feeding on ‘optimal’ aphid diet during phase 2, the
effect of the initial ‘GNA’ aphid diet on either sex
was not significant when compared with ‘control’ diet-
fed insects. This indicated that the switch to ‘optimal’
diet during phase 2 reversed the adverse effects on
egg hatch of the ‘GNA’ aphid diet eaten by ladybirds
during the initial 12 days (phase 1).

Ladybird adult longevity

The effect of aphid diet on adult ladybird survival was
determined by monitoring the longevity of each mated
ladybird pair. Female ladybirds fed on ‘GNA’ aphid
diet during phase 1 died significantly sooner (mean
female longevities for cross types 2 and 4 were 36 and
39 days respectively) than females fed on ‘control’ or
‘optimal’ aphid diets (mean longevities of cross type
5 and 6 females were 55 and 74 days respectively),
despite all six ladybird cross types switching to the
‘optimal’ aphid diet in phase 2. This difference in fe-
male longevities was most marked (P<0.001) when
comparing females fed ‘GNA’ aphid diet (cross 2)
with those fed ‘control’ aphid diet (cross 6), result-
ing in a 51% reduction in longevity. The ‘GNA’ and
‘control’ aphid diet females compared using crosses 2
and 6 were mated with ‘optimal’ diet males in both
cases. The effect of ‘GNA’ aphid diet on male lady-
bird longevity was less marked, but also significant;
‘GNA’ diet males (cross 1) lived for an average of
46 days, compared with an average lifespan of 51
days for ‘control’ diet fed males of cross 5 (10% re-
duction in lifespan;P<0.05). Both types of males in
these comparisons were mated with ‘optimal’ aphid
diet females, again to simplify the examination of the
‘GNA’ diet effect to one sex at a time. Time-mortality
curves were not considered to be useful in represent-
ing survival responses to the ‘GNA’ aphid diet in a
meaningful way; the experimental design incorporated
a switch in diets to ‘optimal’ aphid diet in phase 2,
after the initial 12 days of feeding on the three test
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Figure 2. Effect of initial aphid diets eaten (phase 1) on the percent of total ladybird eggs laid in phase 2 which were fertile. The negative effect
of the ‘GNA’ diet eaten in phase 1 on egg fertility of crosses 1–4 diminished after the first 2 weeks on ‘optimal’ diet (phase 2) and was not
significant thereafter.

Figure 3. Effect of initial aphid diets eaten (phase 1) on the percent of ladybird eggs which successfully hatched in phase 2. Reduction in egg
hatch for crosses 1–4 due, to feeding on the ‘GNA’ aphid diet in phase 1, was significant only during the first 2 weeks in phase 2, after switching
to the ‘optimal’ diet.

diets. It was evident from our results that there was
a time lag involved in the impact of the ‘GNA’ aphid
diet consumed (phase 1), which was later expressed
as premature female ladybird death in phase 2 of the
experiment, even after consuming the ‘optimal’ aphid
diet for several days after the diet switch.

Discussion

Our results from ladybird feeding trials under con-
trolled environment laboratory conditions show that
transgenic potatoes genetically engineered to express
the anti-aphid lectin GNA can adversely affect the
longevity and reproductive biology of an important
natural enemy, via aphids in its food chain. GNA lectin

has been shown to be taken up from transgenic to-
bacco plants by plant-feeding aphids, being detected
in the honeydew ofM. persicaeby immunological as-
say [18]. Plant lectins have also been shown to bind
to insect gut cellsin vivo [1, 12] including those
of aphids [16]. It is therefore likely that lectins are
taken up and accumulate in aphid gut tissues and are
thus efficiently delivered in increased concentration
to the predatory ladybird. This food chain phenom-
enon involving ladybirds, aphids and their host plants
has previously been observed in non-cultivated (non-
transgenic) plants producing several other types of
plant defence chemicals. Several types of natural plant
defence chemicals in uncultivated plants can be se-
questered or metabolised by aphids, making them
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toxic or distasteful to predatory ladybirds via similar
host plant food chain effects [10].

It is still to be established whether GNA is hav-
ing a direct (sub-lethal toxicity) effect on ladybirds or
if the effect of the transgenic host plant is indirect,
via decreased nutritional value of the aphids reared
on GNA-expressing plants, or a combination of direct
and indirect effects. The decreased longevity of female
ladybird adults fed aphids from transgenic plants (up
to 51% reduction, compared with ‘control’ diet fe-
males in comparable crosses) suggests the observed
decrease in longevity is due to more than just low-
ered nutritional quality of aphids consumed from the
transgenic potatoes (equal aphid biomass consumed as
from control plants). It is not yet known what the im-
pact of reduced female ladybird longevity will be on
the population dynamics of the ladybirds and aphids
under agricultural conditions. Two-spot ladybirds may
lay up to 2000 eggs over a period of 9–12 weeks after
mating, as long as suitable aphid populations are avail-
able nearby. Reduced female ladybird longevity will
reduce total fecundity, even if premature death occurs
after the normal peak of egg laying. The reduced la-
dybird longevity detected in our experiments is also
likely to impact via reduced total aphid consumption
over a shorter ladybird’s lifespan. A single ladybird
can consume 5000–6000 aphids in its normal lifespan,
so a 50% reduction in female ladybird longevity is
likely to significantly impact on the predator’s effec-
tiveness as a biological control agent. Female 2-spot
ladybirds consume 10–15 aphids/day, so over an adult
ladybird’s lifespan this consumption will impact on
the reproductive capacity of the pest aphid population.

In contrast to our study, a recent risk assess-
ment study using Bt endotoxin-expressing potatoes,
genetically-engineered for resistance to Colorado bee-
tles, found no adverse effects on the aphidophagous
ladybirdHippodamia convergens(Guérin-Ménéville)
after feeding onM. persicaefrom transgenic potato
plants expressing Bt [2], although in that case the
plants were not protected from aphid attack by the
Bt toxin expressed. However, a further study, on Bt-
expressing corn genetically engineered for resistance
to a target lepidopteran pest (European cornborer), has
shown the potential for Bt toxicity to affect preda-
tory lacewing larvae via prey (lepidopteran larvae) in
its food chain [8]. Our results on ladybirds, together
with those on lacewings [8], suggest that tri-trophic
effects of anti-pest transgenes on non-target predators
may be more widespread than previously assumed.
Such effects should be carefully tested using toxin-

expressing transgenic plants (not just the purified toxin
in vitro) prior to commercial release of insect-resistant
GM crops. Ideally, the transgenic crops genetically
engineered for pest resistance should also be moni-
tored closely after commercial release, to check for
possible longer term, sublethal impacts on the agro-
environment.

Our experiments involved a change in ladybirds’
diet after 12 days, fromMyzus persicaeaphids
colonising transgenic or control potato plants (phase
1) to optimally nutritiousA. pisumfrom normal faba
bean plants (phase 2). After the switch from ‘GNA’
aphid diet to ‘optimal’ aphid diet, adult ladybird
fitness parameters involving egg fertility and hatch
improved, particularly after feeding on the ‘optimal’
aphid diet for 14 days. The reversible nature of the
adverse effects of a lectin-expressing transgenic crop
on ladybird reproduction observed in our extended
laboratory tests suggests that under field conditions
(as yet untested), it may be possible to reduce po-
tentially harmful effects of lectin-expressing crops on
aphid predators. This could be achieved by grow-
ing non-transgenic (susceptible host plants) ‘refuges’
(e.g. plantings of aphid-susceptible non-transgenic
and aphid-resistant transgenic plants in a structured
spatial arrangement), providing unaffected aphid pop-
ulations within adult ladybirds’ feeding range. Simi-
lar field management strategies using pest-susceptible
‘refuges’ are currently being implemented with insect-
resistant transgenic crops, to reduce the rate of se-
lection of resistance-breaking pest populations [4].
More field research is needed to optimise the struc-
ture and management of both the transgenic crop and
non-transgenic ‘refuges’. Natural enemies (reproduc-
ing adults) could be encouraged to move between the
transgenic crop (i.e. exposed to the toxin) and the
‘refuge’ (i.e. not exposed to toxin), thus feeding on
alternative food sources, and to have the opportu-
nity to inter-breed between populations from the two
locations.

The experimental design we have used should not
be considered a transgenic crop ‘worst case scenario’
for three reasons. Firstly, the transgenic potato line
used was selected as being low expressing for the
GNA lectin in foliar tissue. This contrasts with a cur-
rent strategy for high toxin (Bt) expression, widely
used in current transgenic crops to combat the devel-
opment of Bt resistance in populations of the target
pest. Secondly, ladybirds were only exposed to the
‘GNA’ aphid diet for 12 days, then all ladybirds
were switched to ‘optimal’ aphid diet. In a large-scale
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field monoculture situation (lacking suitable refuges
or alternative non-transgenic host plants for aphids)
ladybirds could be exposed to aphids from toxin-
containing plants for much longer periods of time.
Thirdly, due to size limitations on our experimental
design, we were unable to make crosses between male
and female ladybirds which had both been fed on the
‘GNA’ aphid diet. Since we show that females and,
to a lesser extent, males are affected by the ‘GNA’
aphid diet it is possible that the effects of GNA on
both ladybird parents could then be compounded in
such a cross. Again, this may reflect the situation in
a large monoculture lacking non-transgenic refuges or
alternative host plants for the pest and natural enemy,
but requires testing under field conditions.

The combined effect of partial resistance (trans-
genic and/or natural) with pest-regulating natural ene-
mies (predators, parasitoids) potentially offers a more
diversified and potentially durable approach to crop
protection through IPM [21]. Such an integrated ap-
proach is particularly important for pest resistance
based on a single gene (vertical resistance), where
selection pressure on the target pest can lead to the
breakdown of the plants’ genetic resistance. This phe-
nomenon has already been observed following the
widespread use of Bt toxin sprays on non-transgenic
crops, which were attacked by Bt resistance-breaking
populations of the diamondback moth,Plutella xy-
lostella [L.] in several countries [19]. Further investi-
gations under field or simulated conditions are needed
to determine whether interactions between pests’ sub-
lethal exposure to plant-produced toxins (as in a re-
sistant transgenic plant expressing GNA) and natural
enemies are additive, synergistic or antagonistic, but
some initial studies using Bt-expressing crops appear
promising [11].

Further studies using artificial diets to feed known
concentrations of labelled lectins to the aphids (i.e.
food chain intake) compared with feeding lectins di-
rectly to the ladybirds are now in progress, to elucidate
the mechanism(s) involved. Field trials will also need
to be carried out, to assess the possible impact of such
tri-trophic effects detected under laboratory conditions
and ‘no-choice’ feeding regimes to those under differ-
ent agricultural conditions. Studies are also needed to
assess whether the impact of anti-pest gene products
on natural enemies (via their food chain) are more
harmful than effects caused by currently used insecti-
cides for controlling aphids. For such comparisons to
be most useful as a benchmark for future ecologically
sensitive IPM, each new transgenic plant/insecticidal

gene product will need to be compared in individ-
ual ‘case-by-case’ studies with the latest generation
of insecticides, now developed for minimal impact
on non-target organisms including beneficial natural
enemies.

The careful choice of anti-pest genes, the use of
targeted gene expression systems and the inclusion
of tri-trophic interaction studies (involving transgenic
plants, target pests and natural enemies under both
laboratory and field conditions) will be important to
the development of safe and durable pest-resistant
transgenic crops for IPM.
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