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Efficacy of Bt cotton plants and causes of variation in performance

Aims

This project had tree principal objectives:-
I. Study the effects of environmental factors on the pertbnnance of transgenic Bt cotton

plants under controlled, insecticide-free conditions.
2. Testthe efficiency of the Bt ELISA technique to predictfield efficacy ofBt cotton

plants.
3. To detennine whether changes in efficacy of transgenic Bt cotton mresponse to

developmental age or environmental stressis associated with a change intrie levelof
CrylAc transcripts.

Background

The efficacy ofBt cottonplants againstfield populations of Hencove, :po grinigero has not
been consistent overthe growing season. A repeatable late-season reduction in efficacy has
been observed and variation in efficacy has also been recorded early in the season (Fitt at o1.
1998). The early season problems are particularly worrying because the cause is unclear,
althouglihypottieses abound.

The variation in efficacy observed could reflect changes at the levelofthe genome. The
unexpected inactivation of transgenes leading to the loss of anewly introduced trait has been
welldocumented (reviewed in Stain eta1. , 1997). Transgene silencing mresponse to
environmental stresses, such as high lightintensity or elevated temperatures, has been
reported both for plants growing in the field and in experimental plants growing in controlled
environments (Meyer erg1. , 1992; Walter eta!., 1992). hamiderstanding of the molecular
basis for both the developmental(late season) and early season decline in efficacy ofBt
transgenic cottonwillprovide abasis formaldng decisions concerrxing the management of the
current Bt cotton lines and the development of new lines with insertions of the Bttransgene.

The apparentinstability of efficacy has consequences forthe management of henothine pests.
On occasions, Bt cotton fields have unexpectedly required applications of insecticide for
henothine control in late spring or early summer in addition to the late season applications
recommended as part of the resistance managementstrategy. Forthennore, reductionsin
efficacy could impact on the rate of evolution of resistance to Bt in H ormigera (Daly, 1994).

Evidence to date suggeststhatmore than one factorisinvolved in the seasonal change; for
example Btlevels are expected to decline as protein content of the leaves decreases (G.
Constable, pers. coinm. ). in addition, we have learned from glasshouse experiments that the
growth stage plants have reached when efficacy is examined is important(01sen and Daly,
2000) and that as the plant matures, Bt concentrations decline relative to the total protein in
the plant(H. Holt, 1998).

The role of environmental conditionsis less clear. A number of researchers at ACRl and in

CSIRO Canberrahave examined the impact of one environmental stress, namely
waterlogging, on efficacy ofBt plants, withinixed success. Our preliminary experiments on
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plantstress conducted under controlled conditions indicated that waterlogging, insect damage,
low Iiglitintensity or litgliUV radiation are all capable of inducing significant changes in the
efficacy ofBt cotton (see Progi'ess report, February 97). The impact of stress on Bt efficacy is
nottotally unexpected, at leastin hindsight, as it is knownthat secondary products (phenolics
and orthoquinones - Dixon and Paiva, 1995) are induced or increase in concentration during
periods of physiological stress orphysical damage. Such secondary products have been
implicated as affecting the efficacy ofBt against noctuid larvae (Arteel and Lindroth, 1992;
Sivamaiii at a!. 1992; Navone at a1. , 1993; Gibson at o1. , 1995), with orthoquinones possibly
acting on Btitself(Ludlum at o1. , 1991).

It is difficult, ifnotimpossible, in the field or even a glasshouse, to isolate and testindividual
stress parameters, because other factors such as lightintensity, water and nitrogen availability
orinsect, wind and haildamage calmot be controlled. Thus, experimentsto testthe
interaction between efficacy and the environment must be carried out under controlled
conditions such as a phytotron or growth room, where conditions to support nonnalplant
growth can be provided and parameters (light, temperature etc) altered as required. This
proposal focused on the impact of environmental stress on the efficacy ofBtplantsto control
H armigero under controlled conditions. The work was perfonned in collaboration with Dr
Greg Constable who assisted with the plainitng of initial experiments to ensure that they were
relevantto field conditions and current Bt cotton varieties.

Efficacy of Bt cotton plants and causes of variation in performance

This project combined the areas of expertise of two groups, plant efficacy assays and Bt
analysis at Entomology corDaly and DrMahon) and plant inRNA studies at Plantlndustry
cor Finnegan), to provide amiique understanding of the variations that occurin Bt cotton
plants in response to environmental stress. In addition, inRNA levels were also investigated
in relation to plant stage. The effect of plant stage on efficacy was previously investigated by
DrDaly/DrMahon's group (CRDC Project CSE 53C).

Summary of Achievements against objectives

I. Investigate stress factors individually on one Bt cultivar.
Three environmental factors were investigated. Temperature was found to affiect efficacy,
whether plants were grown or germinated at differenttemperatures or exposed to achange in
temperature for a limited time. Damage caused by chewing insects produced a dramatic
increase in the efficacy of presquare Bt cotton. InterestingIy, plants did notrespond in a
similar fashion to sucking (aphid)insect damage. A reduction in lightintensity did not
influence efficacy. Importantly, where plants responded to any of the varioustreatrnents, the
change in efficacy appeared to be mediated through the physiological background of the plan
rather than changes in the concentration ofBttoxin.
2. Investigate combinations of differentstress factors and sequential periods of stress.
Experiments to investigate the effect of sequential damage in presquare Btplants were begun
however this aspect of the projectwassoon abandoned, as the period required forthe
treatrnents wassuchttiatthe plants beganto square, and this change induced amarked
reduction in efficacy that masked any impact of the treatinents.
3. Quainti^, inter-plant variation in efficacy in response to stress.
In allexperiments, plants and leaves were assayed separately. There was no significant
difference between plantsthat could be attributed to environmental stress. Likewise, intra-
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plant differences were found to be a function of plant stage rather than treatrnent of the plants.
Plantsshowareduction in efficacy whenthey startto produce squares, with the youngest leaf
having the lowest efficacy.
4. Test variations jin efficacy in response to stress between commercially available Bt

cultivars.

Combinations offive commercially available Bt cotton varieties were used in the
experiments. They included the 757 and 531'Events' and bothnonnaland okraleaf
varieties. Allvarieties responded similarly when exposed to environmental stress.
5. Establish ifperformamce is related to expression by measuring manA levelsin the

leaves.

The decline in efficacy of transgenic Bt cotton that occurs after the onset of squaring is
associated with a dramatic decrease in the level of Coll/IC transcripts. This decline seemsto
be due to reduced transcription from the 35S promoter in cotton plantsthat have initiated
flowering as other transgenes under the control of the 35S promoter show a similar decrease
in expression at this stage in development. In contrast, although amarked change in efficacy
mresponse to temperature stress andto insect damage was observed, this was not correlated
with a change in the level of Cryl/IC expression in transgenic Bt cotton. These observations
suggest that the change in efficacy is probably due to an alteration in other metabolites that
affectthe efficacy of the Bttoxin, orto plantsecondary compounds that affect the nonnal
mammal?linsecticidalproperties of the plant

Relevance to the Corporations three outputs

Efficacy of Bt cotton plants and causes of variation in performance

Our research has contributed in a similar way to two of the corporation's outputs,
"sustainability of natural resources" and "profitability and competitiveness". Througli
identifying and understanding the causes of variation in the efficacy ofBt cotton plants,
particularly the role of plant background and changes intrie levels ofBttoxin and inRNA,
improvements can be made in any newBt varieties to make them more "efficient". This will
resultin reduced dependence on pesticides, leading to both an economic and environmental
advantage. The infonnation on the effect of insect damage and temperature on the efficacy of
presquare Bt cotton plants, has significance in the prediction of potential resistance problems
and therefore will assist to fine-tulle resistance managementstrategies, resulting in amore
selective and reduced use of pesticides.

Methodology

Insects. Neonate larvae ofH grinigera were used in allbioassays. The general laboratory
strain used (GR) is susceptible to CrylAc protein toxin. Susceptibility was monitored
regularly by an egg treatrnent method, described in the Final Report for CanC ProjectNCQ
IC, 1995
Plants. Experiments were conducted in conditions appropriate for cotton plants within plant
growth rooms, or in the Phytotron at CSRO Plantlndushy. ingrowth rooms, plants were
gr'own in 15 cm pots with a 50:50 mixtore of sand andpotting mix. Fourweeks after planting
and subsequently at fortnightly intervals, plants received a solution of I g/litre of soluble plant
fertiliser containing 27% total nitrogen, at a rate ofca. 500 inIPerpot. Up to three presquare,
or two fruiting plants were growlin a single pot.
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Efficacy of Bt cotton plants and causes of variation in performance

Two plant"stages" were used in bioassays:'presquare' - fourto eight weeks after planting
and before the appearance of squares, and 'fruiting'- six to twelve weeks after planting when
squares, flowers, or bons were present. Six to ten plants were used pertreatrnent/variety at
each sampling date. At leasttwo leaves were sampled perplant. Nodes were counted from
the base of the plant, starting at the first true leaves.
Bioassays. Two bioassay methods were used, 'leafdisc' and 'dietincorporation. ' The
methods have been described intrie Final Report ofCRDC ProjectNCQ IC, December 1995
and in 01sen and Daly, 2000. The leafdisc assay was used routinely in allexperiments with
individual leaves being fed to eight neonates. Dietincorporation assays were perfonned on a
portion of the plantmaterialto generate LC50s. Between six and eightplants were assayed
pertreaiment.
Bt ELISA. Kits from Agdia Incorporated (USA) were used to measure Bttoxin levels.
Protein levels were measured using a standard protein assay (Biorad).
RNA extraction and Northern analysis.
RNAwasisolated from individual leaves according to Iacobsen-Lyon etc1. ,(1995) with the
modifications of Townsend and Llewellyn (in press). RNA gelblot assays for Comic, At?!//
and GUSexpressionwere done using 10 11g total RNA as described in SheIdon eta1. ,(1999).
After washing to remove unhybridized probe, the filters were exposed for I - 2 hours on a
Phospor-imagerscreen and then scarmed using the imagequantsoftware. Filters were washed
again in 2 x SSC (3 x 10 minutes) then treated with ribonuclease A (211g/inI)in 2 x SSC for
15 minutes at room temperature. The filters were then washed in 0.1 x SSC, 0.1% SDS at
65'C for 15 minutes and exposed to aPhosphor-imagerscreen for 24- 72 hours,
Data analysis. LC50 estimates and F values were calculated forthe response of larvae to Bt
toxin in the leaves ofBt cotton plants, using the logit analysis ofGLIM version 3.77 (Payiie
1985).

Results

a) Temperature.
Three responses to temperature were explored. Plants were grown or gemiinated at different
temperatures or were exposed to a change of temperature for a limited period.

I. Plants grown at differenttemperatures.
Two Bt varieties were used, SiokraV-15iand SiCot 289i. Two experiments were conducted
in growth rooms that provided two temperature ranges: '110t' 22-32'C and 'cold' 14-24'C.
Plants were sampled at the six-node stage (early presquare). Leaves were sampled attiree
nodes intrie firstexperiment and two in the second experiment.

When assayed using the leafdisc method, plants grown at the warmer temperature regime
induced significantly more mortality (F1,135 = 54.73, P<0,001) (Figure I). This was true for all
tree nodes sampled. Total protein assays and ELISA found that neither protein nor Bt
concentrations in plants from the two treatrnents differed significantly (F1,10= 1.77, P>0.05

individual environmental stress foetors.



1/11/11
CSIRO

and F1,10 = 0.4, P>0.05 respectively). When assays were perfonned using the diet
incorporation technique, the LDsos for leafmaterial were indistinguishable, with L050s of
0.17% (% ofBtleafin diet) with 95%CIS of 0.14, 0.2%.

The most interesting outcome from these experiments was that while efficacy varied when
plants were grown under differenttemperature regimes, Btlevels did not change. Thus it is
proposed that achange intrie physiological backgi. ound of the plants wasinduced when
grown at differenttemperatures and tints was detectable in leafdisc assays. It is further
proposed that the failure of the dietincorporation assay technique to detect these changes was
brought about by the treaimentrequired to prepare the material for assay, (freezing and
grinding of the leafmaterial) which nullify the changes in the physiological background.

Efficacy of Bt cotton plants and causes of variation in performance

Figure I: Differences in the efficacy of
leaves from Bt cotton plants grown at
high or low temperatures.
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Figure 23 Differences jin the efficacy of
leaves from Bt cotton plants germinated
at high or low temperatures.
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2. Plants germinated at differenttemperatures.
Two Bt varieties, Siokra V-15iarid SiCot 289i, were used in a single germination experiment
perforrned in growth rooms. Plants were gemiinated at either a high (22-32'C), orlow
temperature range (14-24'C) untilthe two node stage, then all plants were moved to medium
temperature range (18-28'C). Plants were sampled at the six-node stage (early presquare).
Plants genninated at the warmer temperature regime induced significantly more mortality at
the lowest node sampled (node 3)(F1,37= 8.22, P<0.01)(Figure 2) but not other nodes.

20% 40% 60% 80% 100%

Efficacy (neonate mortality)

Low

,
o

a.
=
"
co
co
@
>
"

node 4

3

3 Plants exposed to change of temperature for seven days.
In preliminary experiments, it was observed that the growth-stage that plants had reached
determined the response to short periods of temperature stress. Therefore two sets of
experiments were perfonned, one on early presquare plants, the other on late presquare plants.
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i) Early presquare plants: Only one Btvariety or-15i) was examined. The first experiment
was mm in the Phytotron in collaboration with Dr Greg Constable. There were tritee
temperature regimes: high (22-36 'C), medium (16-28'C) and low (10-20'C). Plants were
gr'own at the medium temperature range then exposed to the higher orlowertemperatures for
seven days. Plants were sampled before and immediately aftertreatrnent.

A similar experiment was conducted in growth rooms set at three temperature ranges: high
(22-32'C), medium (18-28'C) and low (14-24'C). Plants were grown at the medium
temperature range then exposed to the higher orlowertemperatures for seven days. Plants
were sampled before and immediately aftertreatrnent Leafdisc assays detected significant
changes in efficacy in response to the changed temperature in the sampling period
immediately after treatment, (F1,167= 40.92, P>0,001)(Figure 3) with warm conditions
enhancing and coolconditions decreasing levels of mortality. This was true at annodes
sampled. ELISA and protein analyses showed no difference in protein orBtlevels between
treaiments, (protein- F1,10= 4.39, P>0.05; Bt - F1,10= 4, P>0.05).

Figure 4: Changes in the efficacy of late
presquare Bt cotton plants, exposed to
high or low temperatures for seven days.

Efficacy of Bt cotton plants and causes of variation in performance

Figure 3: Changes in the efficacy of early
presquare Bt cotton plants, exposed to
high or low temperatures for seven days.
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ii) Late presquare plants: These experiments employed two Btvarieties, SiokraV-15iand
NUCOTN. Two experiments were conducted in growth rooms that provided two temperature
ranges: high (22-32'C) and low (14-24'C) and plants were sampled before and immediately
after treatrnent. These plants were close to squaring and responded differently to early
presquare plants, however an effect of the change in temperature regime on efficacy was still
significant, (F1,234= 18.36, P<0,001)(Figure 4) and again warm conditions enhanced and cool
conditions decreased the level of mortality. Unlike the less mature plants, the effect was not
observed at annodes. Changes were observed at the lower nodes while the younger leaves
(nodes 516) did not exhibit significant changes.

Diet incorporation bioassays perfonned on material from plants exposed to a change in
temperature did not detectsigiiificant changes in the LCso for leaves from eithertreatrnent,
(F1,1/1= 1.3, P>0.05). This suggests that temperature differences induced a change in the
physiological background of the plantrather than in the level ofBttoxin. As discussed above,
it is assumed that these background effects could not be detected using his bioassay
technique.
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Efficacy of Bt cotton plants and causes of variation in performance

bj Insectdamage.
The effect of chewing insects(H grinigero larvae) and sucking insects (Aphisgossypii) on
the efficacy ofBtplants was investigated. Both presquare and fruiting plants were challenged
withH @rinigera larvae andpresquare plants were challenged with aphids.

I. Chewing insects (H. annigera larvae).
i) Presquare plants: Two experiments were conducted, the firstwith SiokraV-15ialone,

and the second with three varieties, Siokra V-16i, SiCot 289i and NUPearl. Plants were
infested with larvae for seven days. The leaves were then harvested and used in leafdisc or
dietincorporation assays. Leafdisc assays showed a highly significantincrease in efficacy of
damaged compared to undamaged leaves(F1,1/8= 361.24, P<0,001)(Figure 5). ELISA and
whole protein analyses of the leaves detected significant changes in protein levels after larval
feeding, a decrease intotaiprotein (F1,22= 33.09, P<0,001) and an increase in Bttoxin as % of
protein (F1,22= 13.45, P<0.01). Despite these changes, the actual concentration ofBttoxin did
not change significantly (F1,22= 2.89, P>0.05). Dietincorporation bioassays perfonned on the
same material, did not detect changes in the LC50 for leaves from either treatrnent(F1,61'
1.14, P>0.05).

Figure 5: Changes in the efficacy of
fourvarieties of presquare Bt cotton
after damage by, !,; armjg, er@ larvae.
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ii) Fruiting plants: Two experiments were conducted whenplants had reached
squaring/flowering stage. Siokra V-15i wastested in the first experiment and both SiCot 289i
and SiokraV-15iinthe other. As with the experiments on younger plants, damaged plants
exhibited significantly enhanced efficacy when assayed using the leafdisc assay (F1,49=
87.55, P<0,001) (Figure 6).

interestingIy, chewing damage on conventional varieties also affected the growth rate ofH
grinigero larvae. When controls forthe chewing insect damage experiments, (conventional
cottonplants) were fed to Hormigero larvae in leafdisc assays, larvae fed damaged leaves
were markedIy smaller(meanweight1.2 ing, se 0.25)than those fed undamaged leaves
(mean 14.8 ing, se 3.27). These results suggest that changed (enhanced) efficacy observed in

Figure 63 Changes in the efficacy of two
varieties offruitimg Bt cotton after
damage by, ;,; "rinjger" larvae.
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Btplants 'stressed'through chewing insect damage, ismduced by a similar mechanism to
that observed fortemperature stresses, and is not mediated through changes in the amount of
Bt present, but rather are due to physiological changes within the plant.

Efficacy of Bt cotton plants and causes of variation in performance

2. Sucking insects (Aphis 90ssypify.
For these experiments, three varieties ofBt plants were infested with aphids forten days with
controland infested plants maintained in separate growth rooms. The experiment was
repeated, but on his occasion the controland infested plants were housed in the alternative
growth room. In these experiments, despite high infestation rates, aphid damage failed to
induce detectable changes in efficacy (Figure 7).

Figure 7: The response of three varieties ofBt cotton to damage by aphids.
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cj Shade.
A single experiment was conducted in the Phytotron in collaboration with Dr Greg
Constable, using SiokraV-15i. A "shade"treatment wasinduced by a 60% reduction in
photosynthetically active radiation. Plants were sampled before treatrnent, immediately after
and aimttier 5 times, at 10 day intervals. Shade appeared to induce no meuserable change in
efficacy in the sample period immediately after treatment, (F1,75 = 0.21, P>0.05). Efficacy
could not be evaluated in later samples as the plants appeared to be affected by handling
they had already received.

2. Combination/sequential factors.
anattempt was made to investigate the effect of sequential damage/stress on presquare Bt
plants, however his approachwassoon abandoned as at the end of two periods oftreaiment,
plants had initiated squaring, and as mentioned above, that change signals amarked decline
in efficacy. Ally effectofthe treatrnents was overwhelmed by the change associated with
squanng.
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3. Inter-andintra-plantdifferencesrelatedtostress.
mall experiments, leaves from individual plants were sampled and assayed separately in
order to enable an assessment of inter- and intra-plant variability in response to
environmental stress. Significant differences in efficacy were consistently observed between
nodes of the same plant when approaching squaring. ingeneral, allleavestested at nodes
existing at the time the treaimenttookplace, responded in the same way. The one exception
to tins situation was for the youngest leafinthe experiment where late presquare plants were
exposed to a change of temperature. Plantsshow areduction in efficacy whenthey startto
produce squares, with the youngest leafhaving the lowest efficacy. Late presquare plants
exposed to litgliertemperatures initiated squaring during the experiment, so the efficacy of
the youngest leafdrops markedIy mresponse to this development of the plant, overriding the
effect of the treatrnent. While in leafdisc assays, leaves from the lower portion of plants
tended to be more efficacious than younger leaves, in dietincorporation assays the trend was
not as clear and on some occasions the sittiation was reversed.

Efficacy of Bt cotton plants and causes of variation in performance

In general, little inter-plant variability in the response to treaiments was detected. mimee out
of the five groups of plants exposed to higher temperatures for a limited period, a significant
difference in efficacy between plants was observed buttlxis is again probably related to small
differences in the developmental stage as the plants approached squaring.

4. Variation in response between commercialBtc"ItIvars.
The Bt expressing variety SiokraV-15iwas adopted as the standard variety and it was
employed in all experiments investigating single environmental factors. V-15icontains the
757 Event. Experimentsinvestigating the effect of temperature and insect damage also
included at least one of the commercially available varieties containing the 531 Event,
NUCOTN, SiokraV-16i, SiCot 289iandNUPearl. Varieties with nonnaland okraleaves were
also employed. As expected, the overallefficacy of the varieties differed. The experiments
where the differences were significant were those which evaluated the effect of gennination
temperature;the effect of late presquare plants when exposed to a change in temperature, and
experiments examining the effect of chewing larvae on fruiting plants. The differences
observed were both in the initial level of efficacy and the magnitude of response by the
variety. However, where a significantresponse to treatrnent was observed, it was consistent
for all varieties tested in that experiment.

5. The relationship between performance andexpression.
a The developmental decrease in ^, 6'icacyof!ransge, ,icBicotto, zis OSsociatedwith a
reduction in Cryl/IC transcripts triplo"tsgrown under both/teldo"dco?zirol!ede, Iviroizme, 21
conditions.

Preliminary datausing RNA isolated from leaves harvested from a pool of plants grown in
the field demonstrated that the reduction in efficacy seen at the time of squaring was
correlated with a decrease in the level of Comic transcripts(Filmegan, unpublished). We
have now extended this analysis by measuring CoilAc transcriptsin leaves harvested from
individual plants gr'own under controlled conditions. We found that plants from five cultivars
or-15i, V-16i, SiCot 289i, NUCOTN and NUPearl) demonstrate a similar decline in efficacy
after the onset of squaring, under these conditions. In general, this decrease in efficacy was



^1111/1
CSIRO

associated with a decline in the leveloftranscripts of the 35S::Cryl/IC transgene, suggesting
that the loss of efficacy can be attributed to changes in CrylAc expression. The decline in
transcripts post squaring was not unique to Coll, 4c asthe level of transcripts from the linked
35S::A^, tllselectable marker also declined in many plants at this same stage in development
(Figure 8a).

(b)
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(a)
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These observations suggest that the expression of transgenes under the control of the 35S
promoter decreases in post-squaring cotton. This is supported by data from an independent
transgenic line containing a35S::GUS transgene whose expression also declined after the
onset of squaring (Figure 8 b).

b. Cry1,40 transcr;pilevels ore notq^"ectedby the temperature orwhichpla, zts ore grown.
Leafmaterial forths analysis was the same asthat used in experiments in section 1.0. I. The
level of Cryl/IC transcripts was compared in RNA isolated from the equivalentleaves on
plants gr. own at each temperature. The efficacy of these plants varied, but we found no
correlation between the level of CrylAc transcripts and efficacy (Figure 9).

F

V, 5i

P

Figure 8 Developmental dedine in tarscriptlevets o13 independent
transgenes each under the control of the CaulMgyuer mosaic virus 35S
promoter. (P = presquaring; S = squaring; F= fi unng)

F

+Qy?/13

+Anti/

I:^^

35S::GUS

P S

+cos

+Alpen

Cold

e g d

Medium H of

g e ahbchi

The temperature at whichplants were grown did not affectthe expression of the Comic
transgene. Similarly, expression of the 35S::Nptl/transgene was unaffected by the growth
temperature.
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c. Cryl/IC transcript!evels ore not 4/7"ected by o short iemperatt, re stress.
Leafmaterial fortliis analysis wasthe same as that used in experiments in section 1.3. RNA
was isolated from individual leaves and the level of CrylAc transcripts measured.
hitially, we compared the levelofC, yl/IC transcript in leaves that expanded under the new
growth conditions with that in leaves that had developed priorto the change internperature.
We found no difference in expression of Cryl/IC following the change in growth temperature
(Figure 10).

Efficacy of Bt cotton plants and causes of variation in performance

Ingard \fj5i-g
34562

We nextcompared the levelofC, ylAc expression in plants that had experienced achange in
growth conditions and that showed variable efficacy. As forthe plants gr. own continuously at
differenttemperatures, we found no correlation between efficacy and the levelofCiylAc
transcripts.

Takentogether, these data suggest that the changes in efficacy associated with environmental
stresses, such astemperature extremes, are not caused by a change in CrylAc expression. It
is concluded that environmental conditions influence the production of other metabolitesthat
affect efficacy either by interacting directly with the CrylAc toxin, or by directly affecting
caterpillar viabinty. The production of these metabolites could be the major cause of
alterations in efficacy ofBttransgenic cotton that has been subjected to environmental
stresses.
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d. Insect darnoge does not o1terthe expression of the Comic transgeize
Northern analyses of RNA isolated from insect damaged leaves taken from cultivars V-15i
V-16iorNUPearlhas shown that there is no change in the level of Cry1,4c transcripts in
response to aphid damage (Figure 11) which was expected given the absence in changes
whensuch leaves were used in leafdisc assays.

Efficacy of Bt cotton plants and causes of variation in performance

Ingard V15i Nupearl
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Figurell Cry, Ace>:pression is riot areofed by damage due to
sudting insects. CryfA Gin individual leaves harrested
torn plantsthal nete damaged by aphids q>)or undamaged
controls (U)

In sections I. B we have shounithattransgenic Bt cottonplantsthat have been damaged by a
chewing insectpest(but not by a sucking insect) show enhanced efficacy in the fully
expanded, but undamaged leaves. Our data on the response of plantsto damage by
caterpillars is less clear as we were unable to isolate good quality RNA from these plants.
However, the available data suggest that there is no change in CrylAc expression in response
to this challenge.

Conclusion and discussion

This study examined the impact of environmental factors on the efficacy ofBtplants. Such
effects were clearly shown. Temperature at gennination, growth at high orlow temperature
orshortperiods at high orlowtemperatures allinfluenced the survival ofH grinigero larvae
on Btplants. It is clear that under certain environmental conditions, eg cool gennination and
coolerowing season, the efficacy ofBtplants can be markedIy reduced. The ELISA and
RNA analyses provide evidence that the titre ofBt and the expression of the CrylAc
transgene are not changed, thus we must look for different mechanismsto explain the
changes in efficacy.

Plants produce an array of chemicals, some of which appear to be specifically targeted to
limitinsect or herbivore damage. Plants are also capable of responding to stressthrouglithe
production of additional quantities of these secondary compounds orperhaps auntque set of
such compounds. Oursindies have demonstrated that cottonplantsrespond to environmental
conditions by modifying their metabolism, (presumably through the modifying the
production of secondary compounds, however, interaction of metabolites with Btis also
possible) andthatthese compounds could impact on the survival of Hencovei:p@ grinigero.
Whatwas unknown priorto fusstudy was the linkage between environmentally induced
impacts on insectsurvivaland the impacts on survival throughthe toxic effects of the Bt
toxin produced by Bt plants. Did a stress response stimulate (orreduce) Bttoxin production

^ 0:9^iAS
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as wellas the production of chemicals that brought aboutthe response, orwasthe stress
response independent of the production ofBttoxin? Our data conclusiveIy supportthe latter
of these alternatives. Whenever we were able to stimulate a response that was detectable
through enhanced orreduced mortality inH grinigero, (egtemperature change or damage by
chewing larvae) the ELISA analyses showed that titre ofBttoxin in the leaves remained
unchanged, andthemRNA analyses showed that inRNAproductionalso wasunaffected.
Thus, Btproduction did not appearto be altered by environmental factors orstress, and the
overwhelming feature of the Bttoxin production profile is a decline post-squaring. At the
inRNA level, other inRNA products under the influence of the 35S promoter also decline at
this stage.

animportant outcome of this work is the appreciation of the importance of the promoter in
postsquaring cotton and his basinitiated efforts to seek new promoters that will induce a
more consistent production ofBtthroughoutthe life of the cottonplant. A second important
outcome relates to the value of ELISA tests on Bt varieties to predict plant efficacy againstH.
grinigera. ingeneral, the testis predictive of efficacy, as it detects the major change in Bt
titre associated with plant stage (Holt, 1998). However, it failed to detect the quite marked
changes in efficacy that we have discussed above that were associated with the plantresponse
to environmental stress. Similarly, CrylAc transcriptlevels do not predict changes in
efficiacy in response to environmental or physical stresses.

filthe studies reported here, we have concentrated on evaluating the interaction of stress and
mortality induced while Btlevels are high. It is known that field-grown cotton is generally
less favourable forH armigero survival than glasshouse-grownplants. We have shownthat
quite mild "stresses" on what are otherwise cosseted plants, are capable of inducing a
response from cotton that causes marked impacts on insect survival. Plants in the field are
exposed to far greater temperature range and environmental assaults(eg wind and hail
damage; waterlogging, nutritional stresses, insect damage and root damage) and that such
plants are perhaps in a continualstate of stress. We predict, on the basis of our work on
plants grown under controlled conditions, that under some conditions(for example high
temps and insect damage) there will be an additive effect, between Bttoxin and the plant
metabolites on Harmigero survival. Importantly, this additive effect will probably sustain
efficacy for a period after Bttoxin levels begin to decline. As our study did not deal with
field grown Btplants, we are unable to assess the duration of the period where Bt alone is not
toxic to H armigero, butBtlevelssupplemented with the effect of the plantresponses
rendersthe crop toxic. Whatever the duration of the additive effect of the two mechanisms, it
is likely to play a role in reducing the period that insects survive in Bt crops. This hastyo
consequences. Firstly, it will reduce the duration of the season that synthetic insecticides are
required and, secondly, it will delay the period daring which individuals carrying resistant
alleles(to Bt) might be advantaged and thus increase in frequency. It would be of
considerable interest to evaluate the impact of these non-Btresponses of plantsto strains of
H grinigera that are resistant to Bt as it may be that trough enhancing the existing defensive
mechanisms possessed by plants, existing strategies designed to slow the rate of evolution of
resistance to Bttoxins could be supplemented.

This collaborative work is being prepared for publication in an international journal.

Efficacy of Bt cotton plants and causes of variation in performance
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Dissemination of results

September 1998, Dr Daly presented amIk "Efficacy ofBt cotton plants in Australia-whatis
going on?" at the 2'' World Cotton Conference, Athens, Greece.
July 1999, DrDalypresented aposter on "Seasonal Changes in the Efficacy of Transgenic Bt
Cotton" at the XIVth International Plant Protection Congress in Jerusalem, Israel and also at
the Australian Entomological Society Conference in Canberra in September 1999.
April2000, DrDaly presented a talk on the "Bioefficacy ofBt Cotton" at Rothamsted
Agricultural Station, UK and also at CAB International, Silwood Park, UK.
August, 2000 Dr Daly presented a poster "Bt Cotton: Relationship Between Bioefficacy,
Gene Expression And Protein" at the International Congress of Entomology in Brazil and at
the ACGRA Cotton Conference in Brisbane.

November 2001, Ms 01sen presented a poster"Bt Cotton, The Efftsct of Two Environmental
Factors, Temperature and InsectDamage, on the Efficacy of Presquare Plants" at the 4
Pacific Rim Conference on the Biotechnology of Bacillusthuringiensis and its Environmental
impact, in Canberra.
in June 2001, DrMahon discussed the workperfonned in this and other projects(CSE 89C)
in apresentationto Cotton consultants AGM.
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Summary

The efficacy ofBt cottonplants againstfield populations of Hencovei:po armiger@has not
been consistent overthe growing season. Ally reduction in efficacy has detrimentaleffects,
because it increases both the use of synthetic insecticides and the opportunities offered to H
grinigero to evolve resistance to Bt. Changes in efficacy could be due to changes at the level
of the genome orinthe physiological makeup of the plant and may be induced by
environmental conditions. This project aimed to provide an understanding of the effect of
environmental stress on early season cotton, by simultaneously monitoring efficacy, Bt
concentration and Comic inRNA production of plants grown under controlled environmental
conditions.

Three environmental factors were investigated. Temperature was found to affect efficacy,
whether plants were grown or genninated at differenttemperatures or exposed to a change in
temperature for a shortperiod. Damage caused by chewing insects produced adramatic
increase in the efficacy of presquare Bt cotton. Sucking (aphid)insect damage did notinduce
changes in efficacy nor did a reduction in lightintensity. Commercially available Bt varieties
responded similarly when exposed to environmental stress.

importantly, where plantsresponded to a treatrnent, change in efficacy appeared to be
mediated tlirouglimodification of the physiological background of the plantratherthan
changes in the levelofC?yl/IC expression orin the concentration ofBttoxin. These
observations are evidence that the change in efficacy is due to an alteration in other
components of the plant, perhaps metabolitesthat interact with Bttoxin directly, or plant
secondary compoundsthat affectthe normal insecticidalproperties of the plant. Secondary
plantproducts are induced orincrease in concentration during periods of physiological stress
or physical damage. Such secondary products have been implicated as affecting the efficacy
ofBt against noctuid larvae.

In contrastto the changes in efficacy mresponse to the environmental challenges we
employed, the decline in efficacy of transgenic Bt cotton that occurs after the onset of
squaring is associated with a dramatic decrease in the level of Comic transcripts. This
decline seemsto be due to reduced transcription from the 35S promoter in cotton plantsthat
have initiated flowering as other transgenes under the controlofthe 35S promotershow a
similar decrease in expression at this stage in development. The ELISA technique detects
this change in Bttitre, however the quite marked changes in efficacy we have ascribed to the
response of the plants, are superimposed on the efficacy due to Bt alone.

This study examined the impact of environmental factors on the efficacy ofBtplants. Such
effects were clearly shown. It would be of considerable interest to evaluate the impact of the
non-Btresponses of plants to strains ofH griniger@that are resistant to Bt asit may bethat
through enhancing the existing defensive mechanisms possessed by plants, existing strategies
designed to slow the rate of evolution of resistance to Bttoxins could be supplemented. The
infonnation from this study could also assist with the prediction of potential resistance
problems and therefore will assist in fine-tulle resistance management strategies.
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