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Part 3.3 — Final Report

1. Background to the project

[0 the 1996/97 scason the Australian industry adopted an inscct-resistant varicty of cotton
(Ingard") that is specific to the group of inscets including the target Helicoverpa spp. but
excluding predators and parasitoids ol this pest. To prolong the efficacy of transgenic cotton
against Helicoverpa spp., a resistance management plan (RMP) was implemented. This strategy
was targely based on information from studics of the ceology and population genctics of
Flelicoverpa spp., and the outputs of computer simulation models that used biclogical
information to predict the likelihood of resistance under different scenarios.

The industry adopted a necessarily conservative RMP for Ingard™ due to the critical
importance ot preserving the CrylAc gene present in this variety until more robust two-gene
transgenic cotton was available. A key component was to limit planting [ngard® to a maximum
of 30% of the total arca, Growers were also required to plant conventional crops alongside
transgenic ficlds—these “refuges™ harbouwr susceptible moths that should mate with potentially
resistant individuals from the Ingard”, thereby difuting resistance in the population.

[ the 2004/3 scason Boligard 1" replaced Ingard™ as the transgenic varicty of cotton
available to Australian growers. It improves on Ingard”™ by incorporating an additional
insecticide protein (Cry2ZAb) to combat Helicoverpa. Due to the pereeived difficulty for
Helicoverpa spp. to simultancously cvolve resistance to both proteins within Boligard 1%, the
RMP for transgenic cotton was relaxed to allow growers to plant up to 95% of the total arca to
this product if appropriate refuge was also grown. Bollgard [ was well adopted, with an
average of 70% planted arca throughout the industry. Given the inereased opportunity for moths
to adapt to transgenic cotton, the mandatory RMP will be rigotousty tested for the first time.

The cotton industry has sought to acquire early warnings of changes in sensitivity of
mscct populations to toxins that may signal the presence of resistance to transgenic varicties of
cottonr. The sensitivity of ficld-collected populations of Helicoverpa spp. to Bt products was
assayed before and subsequent to the widespread deployment of Ingard ™ cotton expressing
Cry lAc in the mid-19907s. During the current project, bascline levels of susceptibility to
Cry2Ab were established in preparation for replacement in the 2004/05 scason of Ingard” with
Bollgard I1", Preserving the efficacy of Cryl Ac and Cry2Ab is critical for the future of the
industry, not only for the cfficacy of Bollgard [1" varictics, but also for the long-term Fature of
varicties expressing Cry LAc or Cry2Ab in combination with other effective toxins, In addition, if
fietd resistance to Bollgard 1™ occurs, it will not only be more difficult to market new transgenic
products for cotton, but other mdustries, growers and public pereeptions could be atfecied.

CSIRO Entemology has worked on resistance by H. armigera Lo transgenic cotton tor
many years, and prescutly maintains strains that are resistant to CrytAc or Cry2Ab. [n both cases
the forms of genes (alleles) that conler resistance have been isolated from ficld populations (see
report Tor CSE104C and below). Our work shows that resistant alleles in the ficld are rarce for
Cryt Ac but surprisingly common for Cry2ZAb. L armigera has an impressive track-record at
evolving resistance to conventional insecticides. Therefore, while the combination of two genes
in Botlgard 11 should dramatically slow the evolution of resistance by a target pest, it is not an
impossible task for AL armigera to adapt to this technology.



This project is an extension of the monitoring for Bt resistance in Helicoverpa spp.
conducted since the mid 19907s by the New Scuth Wales Departiment of Agriculture (now
Primary Industries). The work completed during the first two years of this three-year program
was performed at the CSIRO Black Mountain Laboratories in Canberra. The final year of the
program was performed at the Australian Cotton Research fnstitute (ACRI) in Narrabri.

2 & 3. Methods and findings
Aim one; Optimise the monitoring program by enhancing the sensitivity of the bioassays

This objective was achicved (o full, From 1994/95 until 2002/03. a Bt spray (MVPUT) that
comtamed formudation ingredients additional to CrylLdc was wsed in the screens to detect the
presence of resistance to Bt The progiam alse incorporated a Bt spray (DiPel ) with
insecticidal proteins additional 1o Crylde to test for resistance to combinations of Cry foxins.
The program used only Fy screens however this method cannot detect individuals that are
heterozvgous for a recessive form of resistance.

During this project we developed screens using a pure CrvilAc sporefcrvstal mix as our
source of toxin, I anticipation of Bollgard ¥ replacing Ingard” in' 2004/03, we developed
nicthods to screen for vesistance to Crv2Ab. In addition to performing Fy screens to detect major
changes in gene freqguencies, we incorporated an [y sereen to detect and ‘capture " any rave
resistance alleles in natural populations. This method alloved us (o simultaneousty screen for
resistance 10 CrviAc and Crv2Ab, hence making the screens with DiPel” redundant.

Pre-amble

The standard method for Bt resistance monitoring tests the Fy generation of inscets collected
directty Trom the fickd. Duc to the recessive nature of most previous instances of resistance to Bt
in Lepidoptera, these sereens are hikely to detect only individuals that have two resistance alieles
{RR, homozygous resistant), I the carly stages of the evolution of resistance such RR
individuals arc likely to be extremely rare. Fi screens test the “grandchildren™ of single patrs of
inscets collected from the field and can identify individuals that have one resistance ailele and
one susceptible allele (SR, heterozygotes).

From 1994/95 until 2002/03, the Bt formutations MVPH® and DiPel™ were used in Fo
screens for the presence of resistant individuals of Helicoverpa spp. to Cry toxins found within
ingard™ cotton. MV P and DiPel® were a readily available and cost-cffective source of test
material. However, both contain formulation ingredients as weil as Cryl Ac, and DiPel™ contains
a varicty of insecticidal proteins additional to CrylAc (ie., CrylAa, CrylAb, Cry2Aa). DiPel”
was used to screen for a theorctical form of resistance that provided protection to combinations of
Cry toxins.

The presence of additional products in the formulated MV P rendered it imperfect for use
wr assays designed to monitor resistance to Cryl Ac. We theretore reviewed this protocol and
developed sensitive resistance monitoring techniques based on discrimmating doses of pure
CrytAc. The pure toxin was obtained from a bacterial strain (HD73) that was originally cultured at
CSIRO Entomology. With the greater demands associated with the monitoring program, toxin
production was outscurced 1o a large fermentation facility that produced a culture designated
GHD73. The product was similar to the parent culture in its toxicity to M. arpigera. During the
sccond year of this project we stmultancously employed Fyscreens with the single CrylAc protein
and MVPI™ to “calibrate’ the method. During the third year of the project, we ceased using
MVPI ™ and the spore/erystal preparation was used in the Fy sereening program.

fed



The introduction of Bollgard [1* cotton in the 2003/04 season demanded that our techniques
incorporated monitoring for resistance to Cry2Ab {the protein stacked with CrylAc in Boligard
7). During 2003/04, we developed Fg sereens with a Cry2Ab spore/crystal preparation. This toxin
was produced at CSIRO Entomelogy from a recombinant strain of Bt obtained from the
Biotechnology Rescarch institute, Canada. This material was difficult to produce and required
facilitics that were not available at ACRI Therefore, during the third year of the program, when the
project moved from the CS{RO Black Mountain Laberatories to the ACRY, ground corn-stem
material (supphed by Mounsanto Australia) that contains Cry2Ab toxin was used in the Fg screens,

During CSET04C, Dr Rod Mahon and his team developed Fr assays to deteet and
‘capture” any rare resistance alicles in natural populations of Helicoverpa specics. During
2002/03 homogenised leal extract from cotton plants producing only Cry2Ab was employed. in
2003/04, Monsanto Australia made avaitable ground corn-stem material grown in USA that
contains Cry2Ab toxin, After calibration against the cotton leaf extract to ensure a simiular dose
of Cry2Ab was presented to the larvae, the corn material was used in alf subsequent Fo assays,
including those performed during year 3 of this project.

[n most cases with Fa screens, large numbers of individuals from the same fanmily are
cl\dtldblL for testing against both Cryl Ac and Cry2Ab. Therefore, in the third year of the project,
¢ did not include screens for DiPel” because our Fy screens using botl: toxins would identify

emy resistance 10 a combination of Cryi Ac and CryZAb toxins.

Developing resistance monitoring assays

Unless otherwise stated, all bioassays for developing diseriminating doses were sct up in 24-weil
trays containing treated dict to which newly moulted larvae were added, one farva per well,
Assays were performed on three occasions for cach strain using different cohorts, Candidate
doses for ficld screening were tested using 72 larvae for cach dose. At the chosen discriminating
doses, some (presumably homozygous) susceptible survivors will be expected.

Foy screens

Using early 3% instars in the Fy screening program s favoured because it is difficult to identify
(non-destructively) larval Helicoverpa spp. before the tate 2 2™ instar. However, it is not
logisticatly possible to adopt this method whn,n the toxin is difficult to produce and/or a relatively
high dosc of the toxmn is required to kit 3 Cinstars. When this was the case, w ¢ developed a
bioassay for neonates, and estimated the refative proportions of cach species tested based on
knowledge of the host preferences of the different species (ie., H. armigera favour maize and
predominate on late scason cotton, whereas /. punctigera prec dominate on carly season cotion).
Farther, during the tinal year of the study we estimated the relative proportions of cach species
uscd in neonatal assays based on the relative proportions of cach species reared for the Fs scereens
in a sub-samplc of the same cotlection.

(i) CrylAc sporc/erystal preparation (used 2003/04-2004/05):

Previous screening assays {using MVPITY used mortality criteria Tor asscssing
susceptibtlity of 3% instars. However, for 3" instar larvac exposed to single Cry toxins the slope
of the dose response line for development assays 1s greater than those for mortality assays and a
steeper slope is favoured. Therefore, calibration of the GHD73 culture agatnst Helicoverpa spp.
was conducted using dict incorporation to assess development of early 3™ to 4" instar larvac over
seven days. By incorporating GHD73 i diet at various concentrations we determined the dose at
which 98% of larvac from field strains of Felicoverpa were unable to develop from the 3% to 4"
instar over a period of 7 days.



Fourteen field-derived strains of M. armigera and 13 field-derived strains ol H. punctigera
were tested against GHD73 (Table 1). From these data discriminating doses of GHID73 for 1.
armigera and H. punctigera were set at 80ug/mi of diet and 120ung/ml of diet, respectively.

TABLE . Bioassav of GHDT3 (Crvlde) spore/ervstal mix and calibration of discriminating doses on H.
armigera and H. punctigera rested as 3" instars on diet incorporated Bt asid assessed for development to the
A" instar at day 7. The laboratory strain vwas comprised of presumably homozygous susceptible individuals.
Ppec = pigeon pea.,

Site Flost 95% (I Slope % failure o reach 4™ instar at 7 d by

"TJWCY upper dose (gl diet)

Helicoverpa armigera 20 40 50
Bregza NSW (F,) “03 maize 2.0 4.3 2.0 {00 100 100
Goondiwindt QLD (¥)) 04 cotlon 3.1 6.4 2.0 100 100 100
Burren Junction NSW (F} cotton 28 7.2 2.0 938 97.9 160
Wee Waa NSW (1) cotton 5.5 7.6 3.1 957 V8.6 100
Goondiwindi QLD (FY 03 cotlon 5.3 8.8 2.2 87.5 96.8 100
Moree NSW (F)) naize (.3 8.3 2.7 87.3 97.2 [0G
Wee Waa NSW (F)) sorghum 0.4 8.9 2.7 84.7 98.6 160
Hillston NSW () ppea 6.2 $0.0 23 75.0 97.9 97.9
Piliga NSW (F)) cotton 5.8 10.9 2.8 92.6 100 ]
Boggabri NSW (F) cotton 6.3 I 2.0 0438 94 4 LOO
Moree NSW ()] *04 coltton 8.1 0.0 2.8 ’4.7 93,1 100
Warren NSW {F)) cotton 5.6 13.4 [.8 72.2 87.0 97.0
Breeyza NSW (F, “04 maize 7.4 2.8 32 95.8 100 08.9
St George QLD (F2) cotton 8.6 (5.1 2.0 70.8 81.9 97.2
Laboraiory strain (ANGR) - 2.4 3.3 1.9 04,4 100 -

H. punctigera 80 120 160
Croondiwindi QLD (F) colton 0.6 9.6 2.3 08.0 99.0 100
Wee Waa NSW (Fy) cotlon 6.0 12.4 2.8 96.9 99.3 100
Breeza NSW (F,) 04 cotton 8.4 12.6 24 93.1 100 LOG
Moree NSW (F)) colton 94 12.2 3.3 160 100 100
Myall Vale NSW (F;) cotton 8.8 12.2 2.8 08.6 08.6 100
St George QLD (F5) cotton 9.4 5.1 2.3 96.4 07.5 100
Dalby QLD (Fy cotton 0.8 14.6 3.8 160 98.5 100
Emerald QLD (Fy) ppea 2 154 2.4 94.4 99.3 100
Burren Junction NSW (F)) cotton [ 6.1 2.8 97.2 100 100
Maules Creck NSW (F)) cotton tho 156 2.5 98.6 98.9 100
Maunles Creck NSW (1)) ppea 120 157 2.9 98.6 693 100
Kingaroy QLD (F)) cotton 1.8 18.0 2.2 97.2 98.6 97.2
Warren NSW (F} cotton 16,6 253 2.5 04 4 - 100
Laboratory sivain (LHp) - 3.8 7.1 2.6 100 100 100




(ii) Cry2Ab sporc/erystal preparation {used 2003/04):

The difficulty of production, combined with a need for relatively high doses to kill 3%
instar . armigera, vesulied i the adoption of a development-based Fg assay for Cry2 Ab with
nconates. By incorporating Cry2Ab into dict at various concentrations, we determined the dose at
which 98% of presumptive homozygous recessive Helicoverpa were prevented from developing
from unfed nconates to the 3 instar in 7 days.

A total of 13 ficld-derived strains of /. armigera and 12 ficld-derived strains of /.
punciigera were tested against the Cry2Ab spore/erystal preparation (Table 2). These data were
used o determine the diseniminating dose of Cry2 Al at 5.92ug/ml of diet for both F1 armigera
and H. punctigera, During the 2003/04 season approximately 1500 additionat H. armigera from 7
fleld-derived strains were tested against Cry2Ab at each of the doses considered as candidates Tor
the field screening, While not included herein, these data confirmed the discriminating dose of
Cry2Ab at 5.92ug/ml of diet (Lisa Bird, personal communication).

(i) Cry2Ab milicd corn powder (used 2004/05):

We used a discriminating dose of 1 Lagi’cnf of Cry2Ab corn powder in the Fy screens for
both A armigera and M. punctigera. During CSE104C this dose was determined to prevent 90%
of presumptive homozygous recessive Helicoverpa from developing from unfed neonates to the
3 nstar in 7 days. The toxin was applicd as 2 surface treatment and larvae were scored for both
mortality and growth.

> screens

Since the species of larvae used i the Fs sereens 1s known, the use of neonates 1s favoured for
these assays. Fower resources are required to rear msects to the neonate stage, and less of the
toxin is required to kill them compared to that required o kill 3% instar larvac. [n addition, it
could be argued that using neconates in a feeding bioassay 1s a more realistic approximation of

. . ard
what happens in nature compared to using 3" instar larvac.

() Cryl Ac spore/crystal preparation (used 2004/05):

Mortality criteria gave the best dose response curves for assessing susceptibility of
neonatal larvac to pure Cryl Ac. Therefore, for the Fy screens, calibration of the pure Cry LAc
against Helicoverpa spp. was conducted using a surface treatment test to assess mortality of
nconate larvac alter seven days, By overlaying the toxin on dict at varicus concentrations we
determined the dose at which 98% of nconate farvace from ficld strains were killed.

A total of 12 ficld-derived strains of AL punctigera were tested against the CrylAc
sporc/erystal preparation (Table 3). From these data a diseriminating dose of HD73 for /.
punctigera was set at 0.50ug fem”.

We used a discriminating dosc 0f 0.25 ,ng/cm?' of CrytAc (GHID73) tn the Fy screens for
H.oarmigera, During CSE104C this dose was determined to kill 98% of presumptive homozygous
recessive {1 ammigera neonates after 7 days when applied as a surface treatment. This dose kitls
50% of heterozygotes, and 10-20% of homozygotes of a Cry L Ac resistant laboratory strain (BX).

{i1) CryZAb milled corn powder

See details for “Fg sereens, (1) Cry2Ab milied corn powder” above.
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TABLE 2. Bioassay of Cry24b spore/ervstal mix and calibration of discriminating doses on . avmigera aned
. punctigera fested as neonates on diet incorporated Bt and assessed for development to the 3 instar ar
day 7. The laboratory strain was comprised of presumably homozygous susceptible individuals. Ppea =
pigeon ped.

Site tlost 95% Cl Slope 9% failure o reach 4™ instar at
7 by dose (pg/ml diet)
lower  upper 148 2.96 5.92

Helicoverpa armigera
Wee Waa (F)) sorghum 0.07 0.22 0.2 94 .4 912 100
Moree NSW ([} ‘04 cotton 0.14 (.26 1.6 87.5 94.4 100
Goondiwindi QLD (F;) *04 cotton 0,18 0.28 2.2 94 .4 100 100
Katherine NT (F3) cotton .19 0.28 I3 D0 099.6 100
Fillston NSW (F)) ppea .21 0.32 1.7 100 98.8 0994
Grilhith NSW () maize (.24 0.38 1.6 Q4. | 95.7 160
Breeza NSW (F ) 04 maze (.28 0.39 2.7 97.2 [O0 100
Goondiwindi QLI (F2) cotton 0.27 0.42 L9 98.5 96,1 100
Wee Wan NSW (F) cotton 0.28 £.42 L6 109 98.5 (00
St George QLD (Fy) cotton 0.12 0.61 1.6 833 100 100
Warren NSW (F)) cofton 0.30 (.54 2.1 04.3 93.0 98.6
Emerald QLD (Fy) cotton 0.42 .69 2.6 08.6 99.0 992
Moree NSW (F)) maize 0.47 0.79 2.8 98.6 99,1 100
Laboratory stain (ANGR) - .24 0.38 1.8 99.6 100 100
H. punctigera
Dratby QLD (¥ cotton 0.10 0.16 32 LO0 00 100
Myall Vale NSW (I')) cotton 0.18 0.32 2.3 93.0 L0O0 100
CGoondiwindi QLD (Fy) colton G.18 0.27 2.0 95.7 100 100
Breeza NSW (F) cotton 0.23 0.32 30 96.9 100 100
Wee Waa NSW (Fp) cotton (.22 0.335 2.4 09t.7 100 160
St George QLD (F) cotton G138 0.59 2.0 83.9 98.6 160
Burren Junction NSW {F2) cotton (.24 0.52 2.3 93.0 C100 16O
Mautes Creek NSW (FFy) cotton (.29 (.31 34 08.6 100 100
Kingaroy QLD (F colton 0.28 (.63 2.G 01.6 Gt3 100
Moree NSW (Fy) cotlon 0.41 0.70 2.4 88.7 95.8 98.0
Emerald QLD (F) ppea (.55 0.92 2.3 90.1 90,3 95.6
Warren NSW (Fy) cotton 0.62 1.02 2.3 74.6 92.6 100




TABLE 3. Bioassav of Crvldh sparefcevstal mix (HDT3) and calibiation of discriminating doses o 12
strainy of VL punctigera tested as neonales on o diel surface treated with B and assessed for mortalite at day
7. Ppea = pigeon pec.

Site Host 93% Ct Stope % mortality at 7 d by dose (pg fem?)
lower upper 8,125 0.250 L3500
Emerald ppea 286 68.5 2.3 913 93.0 H00.0
Dalby cotton 182 28.3 2.1 90.1 98.0 100.0
Goondiwindi cotton 28.2 67.6 2.8 86.5 100.0 100.0
Moree cotlen 29.9 IR [.7 70.8 78.9 957
Maules Creck cotton 31O 55.3 Lo 80, | %9.3 100.0
Warren colton 27.0 66.3 2.0 87.0 88.0 98.6
Burren Juct cotton 10.6 33.7 e 84.7 97.1 100.0
Breeza cotton 338 03.6 1.9 722 04 4 97.2
Myall Vale cotton 12,7 27.8 1.9 086 086 9% 6
Wee Waa cotton 19.9 3.2 2.3 98.0 98.6 100.0
St Cieorge cotton j2.4 59.8 1.9 77.7 919 9%.6
Kimzm'o.v cotlon 28.8 619 1.9 $3.3 91.4 98.5

Aim tweo: Monitor the sensitivity of ficld-coliected populations of Helicoverpu species

This obicctive was achieved in full. During cach year of the project we monitored the sensitivity
of fietd populations of Helicoverpa spp. to Crvide and Cry2Ab. Variation in the numbers of
insects tesied among seasons during the program primarily veflects natural variation in insect
abundance. The following account includes data abtained from 5 screens of field-collected
populations of Helicoverpa spp. obtained during CSEL04C.

g sampling and allocation to Fo and Fy screcns

Durtng the 2002/03 and 2003/04 scason we reecived at the CSIRO Black Mountain laboratorics
ficid-collected Helicoverpa cggs on artificial diet from collaborators sampling the Namaoi,
Gwydir, Emerald, Darling Downs and Macityre Valleys, During the 2004/05 scason we
collected eggs in the Namoi and Gwydir Valleys, and received at ACRI field-collected
Helicoverpa cggs on fcaves from collaborators sampling the Darling Downs, Emerald,
Macquarie, Macintyre, and St George Valleys.

Eggs were collected from cotton plus all other crops present ina region that are hosts to
Helicoverpa. Where possible at a site, eggs were taken from both conventional and transgenic
collon crops. Most colleetions were focated after alerts from growers or consultants of the
presence of high cgg pressure, rather than by random sampling throughout a region. Variation in
abundances of . armigera and H. punctigera dictated the relative proportions and numbers of
cach speeies sampled at any point in time throughout the scason. The number of cggs submitied
to the Bt resistance monitaring program from each valley is summarised for each scason in Table
4. We achicved better numbers of eggs for testing during 2004/05 when the program was
conducted at ACRIL
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TABLE 4: The number of eugs allocared to the Bt resistance monitoring program during each year of the
project. Coliections were from cotton, sorghum. pigeon pea, maize, and mumg beans. These values include
egos that successfully fatched and those that were non-viable.

Valley 2002/03 2003/64 2004/05

Namoi 10584 s103 23730
Gwydir 4795 13657 62065
Lmerald 3081 FURS 148

Darling Downs 1024 2560 36306
Macintyre 3372 4766 6012
Macquarie - - 2340
St George - - 1269
TOTAL 22850 3100 43400

Any cggs received on leaves were transterred onto artificial diet. The cggs on diet were
placed under standard lacval rearing conditions until they reached the required stage for testing.
To maximize the numbers of inscets avaiiable for testing during normal working bours we {1)
cheeked material twice daily during the week and daily on weekends and (2) cooled moulting 2

instars and black cggs overnight to slow development.

in the first two seasons of the program, virtually alf of the larvae were allocated to the Fy
sereens. During 20047035 we aliocated around half of the larvae sampled per collection from each
valley, up to 50 larvac for large samples, to the Fz screens. The upper Limit to the number of ¥1's
was determined by the workload necessary to conduct Fa sereens. Approximately 30% of
altocated larvae successfully completed the F testing regime. Our aim was to sample around (50
single mated pairs of moths (600 alleles) of cach spectes. [n all years, 11 {arvae initially destined
for Fo Lests developed past the carly 3™ instar {overnight or during the day on the weekends), we
allocated them to the F; screening program {2002/03 and 2003/04: CSE104C; 2004/05: this
project).

For both types of sereen, larvae at the appropriate stage of development were placed into
24d-well trays containing Bt treated diet. These trays were kept under standard larval rearing
conditions unti! assessment. Bach week throughout the season, a susceptible taboratory strain
(ANGR Tor H. crmigera and LHP for [l punctigera) was screened with all toxins to provide a
control for the screening assays.

Fuscreens
Methods

Tabic 5 outlines the products and associated bioassay methods used in the Fy program during
cach year of the project. For MVPIL® and DiPel™ we assessed survivorship of carly 3 mstars.
The MVPIHT sereen was assessed after 10 days (after Dang & Gunning 2001) while the DiPel®
assay was assessed after 7 days (after Forrester 1995), For GHID73 we assessed development of
carly 3 instars to 4" instars after 7 days. For the Cry2ZAb spore/erystal preparation and the
Cry2 Ab milled corn powder we assessed development of neonates to 3" instars after 7 days.



TABLE 5: Protocols adopted for Fy sereens, Note thal for GHID73 the diseriminating dose is different for
H. armigera and H. punctigera. Development assavs score larvae that fail to develop to a required stage
plus dead apimaly. Dict = diet incorporated, Surface = surface treatmen,

Year  Product  Toxins and material Driscriminating dose Type  Stage  Criteria Days
Hoarmizera T punctigera
02:03  MVPIH CrytAcin dead 3ul/ml 3pdiml dict 3 kil 7
Pseudomeonas cells
Dipel CryiAg, CryiAb, 2mg/mi Jmgiwl clict 3 kill 10
CrylAc, Crev2Aa, spores
0304 MVPH  CrviAcin dead Juliml Iuml dict 3 kil 7
: b !
Prevdomonay cells
DibPel CrytAa Cry LAD, 2mg/mi 2mg/ml cict 3 kill 1
CryIAc, CrylAa, spores
GHIDT3 Cry LA spoves + crystals Bug/ml 1 20pg/m ciet 3 develop 7
Crv2Ab  Cry2Ab spores + crystals 5.92rg/ml 3.92ue/mli dlict [ develop 7
b 3 ! b HE HE {
0405 GHDT3  CrylAc spores + crystals Sfug/ml 1 200/ mi diet 3 develop 7
i i } D) sty l
Cry2Ab  Crv2Ab corn powder Lugfem” luglem” surface 1 develop 7

Screcning results

During 2002/03, in all sampled valleys, . armivera comprised at least 80% ol the cggs availabic
for testing from December until the end of the season. The 2003/04 and 2004/05 scasons were
unusual in terms of the relative nuwsbers of ML armigera versus H. punctigera available for
testing. Unlike most years, M. punctigera were not only common carly in the season but also
dominated well into January. Conscquently, we collected somewhat less data on /. armigera
than normal, but good samples of H. punctigera were available.

[n asscssing the data, we were most interested in three features that would atlow us to
detect the development of resistance: (1) shifts in the survival of Helicoverpa among scasons; (2)
shifts in the survival of Helicoverpa within seasons; and (3) shifts in the survival of Helicoverpa
between the end of one scasen and the start of the next scason. The analyses on possible shifts
were restricted to data from the Namoi/Gwydir region because it was only from this area that we
have good samples of inscets. The analyses were conducted on the results from each source of
toxin that spancd consecutive years and/or were processed at regular intervals throughout the
scason.

Shifts in survivorship of Helicoverpa among seasons

Data spanning 1999/00 until 2001702 (Dr Ho Dang, NSW Department of Agriculture) and
2002/03 and 2003/04 (this project) is available for sereens against MVPIT and DiPel®. During
the course of the project we collected data over two consceutive seasons for pure Cryl Ac and
Cry2Ab. We separated results Tor cacl sereening product and divided the total number of
individuals surviving screens by the total number of individuals tested. We plotted these “season
totals” along with those collected in previeus scasons.

- 10 -



(1) Findings:

DiPel” screens were employed to detect possible “super-resistance™ to a suite of Cry
toxins. Survivors from the DiPel™ sereen were rare during the 2003/04 scason and this trend is
consistent with data obtained since 1999/00 (Figure 1), This result is similar for both species of
Helicoverpa.

Survivors from the MVPH™ screen were relatively common during the 2003/04 scason
but this overali level was around 2% lower than that obtained in the previous season (Figure 2).
This trend is similar for both species of Helicoverpa and represents a continuing decline in scason
totals since 2001/02.

There was no marked variation in the proportion of insects surviving screens with the pure
CryTAc sercens in 2003/04 versus 2004/05 (Figure 3). This trend was similar for both species.

In 2003/04 we used a pure Cry2Ab toxin obtained from Bt, whercas in 2004/05 we used a
source of Cry2Ab from milled corn. Nevertheless, we compated these data because in both cases
we used the same criteria for assessing the bioassay and determining the discriminating dosces.
For H. armigera and H, punctigera survivers from botl types of Cry2ZAb screens were relatively
rarc and there was no indication of an mcrease in survivorship between the two years {Figurc 4),

(i) Conclusions:

Our comparisons of survivership across scasons provide no evidence that /7. armigera or
. . . - - H § :
H. punctigera are evolving resistance to cither DiPel”™ or MVPIL,

1.5 H. armigera

H. punctigera

% survival

DiPel

1999/00 2004/05

58as0n

.

FIGURE [ The percentage of individuals that survived the DiPel screen for seasons
1999/00 to 2003/04. Data are presented separately for Yo armigera (black dots) and H.
punctigera (bluc/srev dots). Error bars are 93% confidence intervals.
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FIGURLE 2: The perceniage of individuals that survived the MVPI screen for seasons
199900 10 2003/04. Data are presented separately for H, armigera (black dots) and H.
nunctigera (blue/erey dots). Ervor bars are 95% confidence intervals.

H. armigera
H. punctigera

% survival
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FIGURE 3: The percentage of individuals that survived the pure CrylAc screen for
secsons 2003704 and 2004705, Data are presented separatelv for H. anmgera (black dots)
and Fl.punctigera (hlue/grey dots). Brror bars are 95% confidence intervals.
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FIGURE 4: The percentage of individuals that survived the pure Cry2ab sereei for
seasons 2003/04 and 2004703, Data are presented separately for Harmigera (black
dots) and H. punctigera (bluederey dots). Error bars are 95% confidence intervals.

Shitts in survivorship of Helicoverpa within scasons

Within the Namoi/Gwydir data, we analysed trends only for sereens with MYPTE (2002/03 and
2003/04), pure Cry LA¢ (2003/04 and 2004/05), and Cry2Ab corn powder (2004/05). We did not
examine trends for screens with DiPel™ because low survivorship for both species during the two
years that this product was tested (2002/03 and 2003/04) prevents meaningful statistical analysis.
We did not examine trends for screens with pure Cry2Ab (2003/04) because sample sizes for this
product were small for both species,

Summary data for all regions and all toxins sampled during this project are presented for
cach scason in Table 6. The number of individuals tested in each categoery should be considered
when examining these data.

20{02/03 season
(1) Findings:

When data from all crops were constdered together, the frequency of /. armigera
surviving MVPIL" sereens did not increase significantly shroughout the scason (Fpy gy = 0.02; P>
0.05; Figurce 5). Avound 37% of the 3769 #. armigera tested against MVPITY during 2002/03
were from maize or pigeon pea, and 97 of these *non-cotton™ larvae survived the screens
representing 3% survival There s no evidence of changes during the scason in survival rates off
H. armigera from non-cotton crops tested against MVPIL™ (Fig = 0.01; P = 0.93),



TABLE 6: The number of larvae scored during the Iy screens as positive expressed as a perceniage of the
number of individuals tested (the laiter value is in parentheses to the right of survivorship). Data are
provided separately for different vegions, and for Helicoverpa armigera and H, punctigera, The avaifable
detta have been divided into an “carly season” sample (Dec-Jan) and “mid-late season” sanmple (Feb-
April), as well as being swnmed across the entive season (Total), Discriminating doses for each foxin can
be found in TABLE 5. NT = none tested. Dire = Divranbandi.

% Individuals surviving discriminating dosc {number tested)

CrylAc

Cry2Ab

Namoi/Crvyeir
Meintyre
Emerald
Darling Downs
NamovGwydir
NMelntyre
Eimerald
Darling Downs
Namoi/Gwydir
Melntyre

Emerald

Helicoverpa arnrigera Helicoverpa punctigera
Year  Toxin Valley Dec-Jan Feb-April Total Dee-fan Feh-April Fotal
2:03 MVE Namoi/Gwydir | 3.6 840y | 90 (2029) | 83 {3709) 7.4 {244 G.0 (332) 1 85 (3T
Malntyre 68 (370) | 86 (396) | 77 (766) | 6.0 (148) | NT () |60 (14%)
Emerald S0 {18 ] 54 1038y | 3.2 {1200) ¢ ‘ (i NT ) b (i
Darling Downs | L1 {176y | 2.0 (30 1.3 {226 NT {m NT {n NT - (i
DiPel NameiGwydir | 0 {7300 ] 0.2 (1010 [ 0.1 {1741 | NT (M 0 {2331 0 (233
Mclntyre 0 9N ]an (%9) 0T 28n i {75) NT () ] (73)
Emerald NT { ¢ {273) 0 {273 NT ) NT {h NT {th
Darling Downs | NT {0y | NT i) NT {n NT {0 NT () | NT {n
0304  MVPH Darling Downs | 14 (339) | 0.0 {29) B3 {388 | 44 (9 P35 (29 |42 (HW
NamotGwydic | 0.9 (226 | 59 (1073) | 5.0 {1299) ] 5.1 (2355) | 94 (733 | 6.8 (3288
Meintyre GO () |46 (194 {40 @228 1 74 @S LT (ain ] e3 (379
Emerald 33 60y | NT {0 336 8.0 (23) 87 (iody | 85 (129)
[Pl Darling Downs | NT () | NT {0 NT {0} NT {n NT (0 1 NT (1}

00 (92) |04 @254) |03 46y T 00 GHoy {00 @0y Fon (350
NT ) | NT 40y INT ) 300 (9T INT {0y [o0 (7
NTOO0) | NT 0y |[NT @ | NT O INT @) | NT
04 (24001 0.0 &) L0424y 126 78 |00 @) |23 (8T
08 (230 ] Be (1288 | L (1S4 09 Q6L | 1S (583 ] Lo (3197
24 (42 | 0.5 o9y |08 (24 | L2 608y | 00 (140) | 0.9 (748)
00 (2R NT @ loo g2 L Q26 [ 00 (1200 08 380
NT (03 INT {0y [ NT ) 0 NT )y [ NTO (O | NT W
139 oo soN | oz S8 ] NT O |00 D | en eh

NT 0y | NT (0} NT (0 NT (M NT 0y | NT {h

NT {0) NT m NT (G) NT (" NT NT {h
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TABLE 6 contined. ...

%% [ndividuals surviving diserininating dose (number tested)

Year  Toxin
4405 CrylAc
Cry2Ab

Valiey

Darling Downs
Namoi/Gwydir
Melntyre
Ferald
Macquarie
Riverina

St Geaorge/Dur
Darling Downs
Namoi/Crwydir
Meintyre
Lmerald
Macquaric
Riverina

St George/Diry

Helicoverpa armigera Helicoverpa punctigera -
Dee-Jan Feb-Aprii Total Dee-fan Feb-April Total

NT 4} 3.2 {312y 320 3 | 42 420 1.6 (306 {08 (735
NT {0y LG (1se0y | LG (1560) | 6.3 {4256y | 07 (32703 1 0.3 (9320
NT {n 07 {13y 10T {13 o 792y 09 (752) 1 05 (13
NT ) 0.0 {9 0. {4 NT (0 0.0 (23y 00 2»H
NT M 0.0 {h 0.0 {4} au o (820 1.2 83y ol (903
NT {0 NT i NT {0} NT (0 0.0 (T} .o (7
NT (5] 9.3 (21) 9.5 (20 3 (373 | 00 (49y 102 (42
NT (@) | 04 (140) + 04 (1401 | 0.0 (74 0.0 (92} 0 (160}
0.0 (382 ¢ NT (0 00 382y | 00 (1304) | NT (8] 0.0 (1304)
[CXU O 5 (42) 13 (33 000 (2363 | 0.0 (225) | R0 (46D
NT 0y | NT (5] NT (ty Nt {0 NT () NT {0
0.0 (43 NT ()] 0.0 (4} e {13 NT {0 0.0 (13
0.0 (16) [ NT Q)] 0.6 ey 9.0 (16 NT () 08 (o)
NT (Y | NT {0 NT {h 0.0 {72} NT ] 0.0 (72
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FIGURLE 5: The percentage of H. avmigera coflected from all crops that survived MYPII
challenges throughout 2002703, Ervor bars ave 93% confidence intervals.




In contrast, there is cvidence of an increase in survival during the scason from the 12
samples from cotton (Figure 0). An analysis of these data indicated there is a significant
relationship between the date of collection and the proportion of larvac that survived the screcn
(Firgo, = 13,45 P =0.004), Wealso partitioned the cotton samples into carly and mid to late
scason: those taken during the early part of the scason differ from those collected later, although

the ditference is barcly significant at the 0.05 level (o) = 4.976: P = 0.049).

When data from ali crops were considered together, the frequency of L punctigera
surviving MVPH™ screens did not increase significantly throughout the scason (Fyy gy = 091, P =
0.37). Around 21% of the 570 H. punctigera tested against MVPI™ during 2002/63 were from
maize or pigeon pea, and 104 of these “non-cotton™ larvae survived the screens. This represented
18% survival. There is no evidence of changes during the scason in survival rates of £

statistically analyse trends in other subsets of the data dac to small sample sizes but a visual
inspection indicates no marked changes in the proportion of survivors over time in non-cotton
crops, conventional cotton crops, or transgenic cotion crops,

(i) Conclusions:

There is evidence that H. armigera collected from cotton have increased survival against
MVPI™ as the scason progresses. This phenomenon was first identified by Dr Ho Dang when he
conducted the Bt monitoring program. The cause of this change is not understood. An obvious
cxplanation is that selection for individuats resistant to CryTAc has occurred on Ingard™ crops
and 1s reflected in a valley-wide increase in resistant phenotypes. This hypothesis is not favoured
as survivorship of samples from Ingard™ was not particularly high. If significant levels of
selection to Cry LAe oceurred on ingard”, to elevate the proportion of survivors of the whole .
armigera population in the valley, populations in the neighbourhood of an Ingard™ crop should be
markedly enviched with resistant phenotypes. There s no evidence of such earichment. However
this argument would not apply if H. armigera from cotton dispersed widely between generations.

3
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FIGURE 6: The percentage of H.armigera collected from cotion that survived MVPH
challenges throughour 2002/03. Eges collected on conventional cotion are in light grev,
Ingaidd are bluck and Bollgard Il are blue/grey, Error bars are 93% confidence
intervals.
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2003/04 season

An importcmt finding in 2002/03 was that the proportion of /1. armigera survivors from
the MVPIT™ screen increased over the cotton season. These analyses included larvac from a
varicty of host types, with relatively few samples from transgenic cotton varictics being tested.
The trend was interpreted as meaning that the incidence of tolerance to Cryl Ac among
geperations increased throughout the scason. However, this explanation was teatative, as other
interpretations were possible.

A major objective during 2003/04 was to re-examine seasonal changes, and compare
these trends with those ebtained during screens with the single Cry FAc toxin, By sampling cggs
from several varictics of cotton, we were able to perform acalyses that considered seasonal
changes among conventional versus transgenic crops. We were able to examine these trends in
both /. armigera and H. punctigera. To perform analyses we sumimed data from properties that
were sapled at the same time to reach test sizes of at least 40 individuals per time period
throughout the scason.

(i) Findings:

Less than 13% of the 1299 . armigera tested against MVPITY during 2003/04 were from
non-cotton crops. and nenc of these “non-cotton™ farvae survived the screens. However, the
- - . I i .. .
frequency of H. armigera surviving MVPIT screens across all cotton varieties inereased
thmwhout Hu season (I (0 71) =478 P s 0 047) For coave ntional cotton thcrc 'c; no trcnd in thc

7). In contrast, for tl‘ansgcnic varietics 1hu cisa posmv- mlcmonsth bumwn tlm plopmnon of
larvae surviving MVPIT™ and date of collection (Feyny = 8.38; P = 0.018). Within the two
trzmwc,nic varictics there is a significant tercase throughout the ‘;Ccl‘w‘()ll i survival of larvae from
Ingard™ (Fi;5=29.01; P = 0.002; Figure 8) but not from Boligard i (Fin =266 =0.16).

Less than 10% of the 1542 H. armigera tested against GHD73 (Cry TAc) during 2003/04
were [rom non-cotton crops, and only one of these “non-cotton™ la;wu survived the screens. [n
contrast to the situation where insects were chalienged with MVPIY, there is no indication that
the frequencey of A, armigera surviving GHD73 screens inercased (lunno the season. This result
holds true when considering data for all cotton varieties (Fy; p) = 0.47; P = 0.500), conventional
colton ([ = 0405 P=0.774: Figure 9), transgenic cotton (Fizy = 113; P=0.312), and
Ingard” (l (g = 2,01 P =0.200; Figure 10). The data for Bollgard [[" were not statistically
analysed due to small sample sizes but a visual inspection indicates no marked change in the
propottion of survivors over timc,

Less than 8% of the 3219 H. punctigera tested against MVPH™ during 2003/04 were from
non-cotron crops, and 18 of these 245 “non-cotton™ larvae survived the screens, This represents
7% survival, which is stightly fower than the season average. The frequency of . punctigera
surviving M \"P{I”“ screcns across ali cotton varietics did not significantly inercase throughout the
scason (Frgy =3 ‘%8‘ P = ().057), ami 1hc SaMe l"inding hol(is for conventional cotton {F“_l(\) =

0[ lcll\'cll‘. surviving MVPIY and date of w%lcwon (t” vy = 577, P = 0.028}. However, this trend
reflects the survival of 10 of 89 tested larvae from Bollgard [ during early March, The data for
Bollgard 11 were not statistically analysed because of small sample sizes but a visual inspection
indicates no trends i the pz'oporlion of survivors over tine. There is no marked scasonal trend in
survivorship of larvae from Ingard™ (Fp 4= 1.34: P = 0.268).
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FIGURE 7: The percentage of H. aromgera colfected from conventional cotton that
survived MVPIT challenges throughout 2003/04. We summed data from properties
sampled at the same tine (o reach test sizes of ar least 40 individuals per time period.
Ervor bars are 93% confidence intervals.
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FIGURE 8: The percentage of M. armigera collected from Ingard cotton that survived
MVPI challenges throughout 2003/04. We summed data from properties sampled at
the scune time 1o reach test sizes of at least 40 individuals per time period. Evror bars
are 95% confidence intervals.
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FIGURE 9: The percentage of H. armigera collected from conventional cotion that
survived GHIDT73 challenges throughout 2003/04. We summed data from properties

sampled at the same time to reach test sizes of at least 40 individuals per time period.
Lrror bars are 95% Cl's,

% survival

Cry1Ac

Days from first sample

FIGURE 10: The percentage of H. armigera collected from Ingard that survived GHD73

challenges during 2003/04. We summed data from properties sampled at the same tine to

reach test sizes of at {east 40 individuals/period. Error bars are 93% confidence intervals



Loss than 6% of the 3197 H. punctigera tested against GHD73 during 2003/04 were from
non-cotton crops, and only onc of these “non-cotton’ farvac survived the screens, There is no
indication that the frequency of M. puncticera surviving GHD73 screens increased throughout the
scason. This result holds true when considering data for all cotton varieties (Fyy 2= 1.50; P =
(.232), conventional cotton (Fgy sy = 0.13; P = 0.724), transgenic cotton (Fr s = 2.70: P =0.122),
and ingard™ (F = 3.85; P = 0.076). The data for Bollgard II” were not statistically analysed
because of small sample sizes but vistal inspection indicates no marked seasonal trend m the
proportion of survivors.

{i1) Conclusions

Our data do not suggest any significant change during the scason in frequency of 77,
punctigera surviving MVPI sereens or GHD73 (Cry LAc) screens.

As observed in 2002/03, the frequency of H. armigera surviving MVPIY screens across
all cotton varictics increased throughout the scason. An important insight from data collected
during 2003/04 is that this trend primarily reficets an increase in survivorship during the scason
of I, armigera collected from Ingard” cotton and not from conventional varictics and Boligard
[1" Importantly, across all crops there was no indication of a seasonal increase in survivorship of
H. armigera sereened against the single CrylAc toxin, This result dismisses the possibility that
the increased survivorship during the scason is due to the BX form of resistance to Cry LAc that
has been detected in . armigera. We therefore interpret the trend for MVPIT® as reflecting an
increase during the season in tolerance to a non-Cry LAc compenent of this formulation.

[mproved survivership of larvac from Ingard™ as the scason progresses may be of little
consequence to resistance management since this variety was completely replaced with Bollgard
H from 2004/05 onwards. However, it is worth noting that this finding indircctly suggests that
Helicoverpa may be rather sedentary within a particular crop, and if so, this would reduce the
ctfficacy of refuges.

2004/05 scason
(1) Findings

Around 34% of the 1360 H. armigera tested against pure Cry lAc during 2004/05 were
from non-cotton crops, and four of these “non-cotton™ larvae survived the screens. The frequency
ol H. armigera surviving Cry LAc screens did not increase significantly throughout the season
when data for alt crops combined was considered (Fyy oy = 0,40, P = 0.85). The same trend holds
tric when the data are divided mnte samples from all cotton combined (Foy .y = 0.32; P =0.58),
conventional crops (Fyy0, = 4.40; P = 0.07), Bollgard 11" crops (Fyy 7y = 0.05; P = 0.83), or non-

All of the 1382 H. armigera tested agatnst Cry2 Ab during 2004/05 were from cotton
crops. The frequency of H. armigera surviving Cry2Ab screens did not increase significantly
throughout the scason when data for all crops combined was constdered (Fiy 7= 0.41; P > 0.50).
The same trend holds true when the data from Bollgard IT" samples are considered alone (Forg=
0.23: P > 0.50). Too few samples were collected from conventional cotton to explore whether
there was a trend in survival throughout the scason of insects from these crops.



Only 8% of the 9526 H. punctigera tested against pure Cry L Ac during 2004/05 were from
non-cotton crops, and cight of these “non-cotton™ larvac survived the sereens. The frequency of
H. punctigera surviving Cry LAc screens did not inercase significantly throughout the scason
when data for all crops was constdered together (Fyaay = 0.26; P = 0.62). The same trend holds
truce when the data are divided into samples from all cotton combined (¥4, = 0.87; ' = 0.36) or
conventional cotton (Fyy y5, = 0.01; P = 0.96). Too few samples were collected from non-cotton
crops and Bollgard [ to statistically analysc trends but visual inspection indicates no changes in
survival over time.

All of the 1304 H. punctigera tested against Cry2Ab during 2004/05 were from cotion
crops. The frequency of M. punctigera surviving Cry2 Ab sereens did not increase significantly

The same trend hotds true when the data from Botlgard [ samples are considered alone (Fiy 4, =
0.24: P> 0.50). Too few samples were collected from conventional cotton to explore whether
there was a trend in survival throughout the scason of insects from these crops.

{1} Conclusions

Our data do not suggest that a significant change occurred during the season in the
frequency of L armigera ov H. punctigera surviving screens with either pure Cey LAC or Cry2ZAb
coimn p(‘l\\"dCl’.

Does end of season survivorship “reset” before the following season?

Given that, for at least two years, the proportion of . armigera larvae that survived screens
against MYPH" increased throughout the cotton season, it is important to determine whether
survivership “resets” between subscquent seasons. Figure tl shows the proportion of larvae
surviving MVPIT" screens during the final month of one season and the first month of the
subsequent scason. Note that this analysis necessarily contains data frony all crops, since different
varieties were sampled to different degrees among seasons. Small sample sizes of cggs from
transgenic cotton prior to the 2003/04 season prevent us from examining trends specific to
Ingard ™ or Botlgard 17,

(1) Findings

During 2000 and 2001, there was a relatively small increase in survivorship against
MVPIT™ between subsequent seasons. However, for the past two scasons there has been a
considerable deciine o the proportion of survivors at the end of one scason and the start of the
next season.

(i) Conclusion
There is no evidence that the levels ot survival of M. armigera at the beginning of the 2002/03
and 2003/04 scason incrcased relative o frequencies in the carly part of previous years. This is

of considerable significance, as whatever phenomenon brought about seasonal changes they
appear to “re-set’” during the non-cotton growing season,
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FIGURE [1: The propartion of Helicoverpa armigera surviving MVP screens during the
Sinal month of one season (grey dots) and the beginning month of the subsequent season
(hicck dots). All screens were diet incorporated mortality assavs on earty 37 instars using
a diseriminating dose of 3Jpdiml of diet. Arvows indicate the direction of change in
survivorship,

Fo screens

Methocls

This method assayed the “grandchildren™ of single pairs of insects collected from the field to
identity individuats that have one resistance allele and one susceptible atlele (SR, heterozygotes).
In most lines, > females laid enough eggs to enable screening against both Cry lAc and Cry2Ab,
thereby enabling the detection of resistance for cither toxins o be determined by challenging
ditferent batches of larvae., At the time cach Fy family was tested, we set aside a subsct of insects
that were reared on regular diet. [f our assessments indicated that a “resistant gene” was present
in the family, we attempted to “capture” that gene by rearing the relevant subset of insects through
t0 the next generation for further testing by colleagues at the CSIRO Entomelogy site at Black
Mountaix.

For the pure Cry Ac sereen we assessed the mortality ol neonatal larvace after 7 days
using dict covered with GHID73 at a dose of 0.25 wgfem® for H. armigera and HD73 at a dose of
0.50 ,ugfcml for H. punctigera. For the Cry2Ab milled corn powder we assessed mortality and
development of larvae from neonates 1o 3™ instars after 7 days using dict covered with toxin at a
dosc of 1.0 ;lgj’cmz fov H. armigera and H. punctigera.



Table 6 summarizes the data from the Fa sereens for 20047035 according to species and Bt
toxin. Also included in this table are data collected as part of CSE104C during 2002/03 and
2003704, Each F» fanuly tested cliectively sereens tor 4 alleles, two cach from the male and
female that comprised the single pair mating that gencrated the fine.

Findings

Of the 780 atleles ol £ armigera, and 1080 atleles of . punctigera, which have been screened
against Cryl Ac, nonc tested positive for resistance. However, one survivor [rom the 2002/03 F,
screens with MVPIE was mated with a moth from a susceptible laboratory strain (ANGR). The
offspring of this cross were mated to a Cry LAc resistant strain of . armigera (BX} and their
offspring challenged with a dose of toxin that would identify homozygous individuals BX. This
complementation test scored positive which indicates that the initial survivor of the MVPI[®
sereen was carrying the BX form of resistance, probably as a heterozygote.

Of the 784 alicles of . armigera which have been sereened against Cry2Ab, three have
tested positive for resistance. All were detected as part of CSE104C. Two originated from maize
in Gritfith and one originated from cotion in Moree. Based on these data our best estimate of the
frequency of M. armigera moths with Cry2Ab resistant alleles in ficld populations 1s 0.004, We
used statistics to assign an upper and fower value around this frequency that estimates the range
with a 93% certaintly, taking into account the number of alleles sampled. For the estimate the
upper value s 0.01 1 and the lower value is 0.0008. All of these resistant lines were
stimuttancously screencd against CrytAc and no cross-resistance was detected,

Ofthe 1092 alicles of H. punctigera which have been screencd against Cry2Ab, onc
tested positive for resistance. [t was detected as part of the current project, and originated from
cotton in St George. Based on these data our best estimate of the frequency of M. punctigera
moths with Cry2Ab resistant alleles in ficld populations 1s 0,009, For this frequency estimate the
lower value is 0.0001 and the upper value 1 0.0052, This resistant line was simuliancously
screencd against Cry2ZAb and no cross-resistance was detected.

TABLE 7: Summary information for the I: screens according to species (H.armigera versus H.
punctigera), cotion season and Bt toxin.

Toxin Species Season No. alicles No. resistant Frequency
CrylAc M. armigera 2002/03 136 0 0
2003/04 280 0 0
2004/05 364 0 0
TOTAL 780 0 0
. punctigera 2002703 8 0 0
2003/04 60 0 0
200405 L0112 { 0
TOTAL 1086 { 0
Cry2Ab H. armigera 2002/03 132 l 0.008
2003/04 284 2 0.007
2004/03 368 0 0
TOTAL 784 3 0.004
H. punctigera 2002/03 8 0 0
2603/04 60 0 0
2004/05 1024 l 0.009
TOTAL 1092 1 0.069
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Conclusions

There have been no reported Field failures of Boligard {17 due to resistance. However, a gene that
confers high level esistance to Cry2Ab is present in ficld populations of . armigera. This genc
does not confer resistance to Cey LA, Our current best estimate based on CSIRO data is that it
oceurs at a high freguency of 0.004. Another gene (BX-like) 1s present in field populations of £,
armigera that confers high-level resistance to CrylAc. This gene must be rarc as such genes have
not yet been detected in the 780 alleles examined. [t is not cross-resistant o Cry2Ab.

The high frequencies of Cry2 Ab resistant genes in natural populations are uncxpected
because o date there has been Httle opportunity for selection of H. armigera i cotton fields to
merease the frequency of resistance genes above levels expected duce to mutation. Indeced, the
first case of Cry2Ab resistance was isolated before Bollgard (1" was released commercially.

Ong possible explanation is that the moth has been exposed to Cry2Ab from naturally
occurring Bt bacteria present in soils. While this is a reasonable theory. it is perhaps flawed, as
though Cry2Ab toxin is produced by some Australian Bt bacteria, it 1s not a conunon clement.
The Cry L Ac toxin is far more common in native BU's yet resistance to this toxin in ff. armigera is
rare. We simply do not know why the frequencies of Cry2Ab resistance genes are 4s common as
they are. However, one theory that we are examining is that mutations which conler resistance (o
Cry2Ab may oceur in natural populations of /{. armigera at a very high rate.

Our current knowledge of the ceology and resistance profiles of Australian /4. armigera
populations suggest the RMP is adequate for preventing an increase in the frequency of this
resistance. Computer models that incorporate our knowledge of resistance frequeneies, fitness
costs, form of dominance and refuge size, suggest that Bollgard 117 should prove effective at
managing Helicoverpa in the medium to long term.

4. Provide a conclusion as to research outcomes compaved with objectives, What are the
“take home messages”™?)
We achieved our main objective which was to look for early signs of the development of
resistance by Helicoverpa to the Bt toxins within genetically modified coton.

We have not detected field resistance to genetically medified cotion.

During the three year program we used Fy screens to chalienge around 1600 H. armigera
and 2500 [1. punctizera to various Bt produets. During the final year of the program, and as
part of CSEL04C, we used Fa screens to challenge a further 400 H. armigera and 500 11
prnctigera to both CrylAc and Cry2 Ab. Data from both of these sources suggest that there 1s
no immediate cause for concern for the longevity of the extremely valuable transgenic
technology currently available to Australian cotton growers.

Our data for the frequency of Cry2Z Ab resistance genes in natural populations is

interesting because it is much higher than expected. Clearly future programs should carefully
monitor any changes in this frequency.

th
:

Detail how vour research has addressed the Corporation’s three Qutputs - Economic,
Environmental and Social?

Bt crops have delivered enormous benefits to several aspects of the Australian cotton
industry.  They present an opportunity to significantly reduce the amount of insecticides
applicd as sprays o crops. [n turn, this technology reduces both the amount of insecticides
that run ofT into the environment and the cost of using insceticides to controt a significant
targel pest. The consequences of these processes include a safer and cleaner environment for

W24



rural people, support for an industry that 1s committed to being environmentally fricudiy, and
an opportunity to maintain profitability and competitiveness i the world cotton market.

The monitoring program reported herein aims to provide an carly warning of the advent
of resistance by Helicoverpa spp. to this important technology. Tn doing so, it supplics
information on which the industry can judge the effectiveness ot its current RMP. This
information is essential to prevent Helicoverpa spp. from developing ficld-scale resistance,
and thereby prolong the important cconomic, environmental and social benefits outlined
above,

0. Provide a sununary of the project ensuring the following areas arc addressed:

a) technical advances achieved (eg commercially significant developments, patents
applied for or granted licenses, etc.)

This work is not of a techiical nature,

b} other information developed from research (eg discoveries in methodology,
equipment design, efe.)

Yart of this project invoived refining the protocols used to monttoring for resistance o Bl in
Australian populations of Helicoverpa species, However, these improvements were based on
standard protocols and did not ivolve discoveries in methodologies or equipment design.

¢) are changes to the Intellectual Property register vequired?
No changes are required to the [P register.
7. Detail a plan for the activities or other steps that may be taken:
{a)} to further develop or to exploit the project technology.
Not applicable (sce response to 6a above).
() for the future presentation and dissemination of the project outcomes.

Approximately every month throughout the season, the findings from the B3t resistance
monitoring program were distributed to industry via written reports to [DO’s and other
regional contacts. (hformal talls were given at St George, and the Lower and Upper Namoi
CCA/AWM group meetings.

The end of scason results from the Bt resistance monitoring program were distributed
to industry via written reports, and talks at the TIMS Roadshow, CCA Cotton Production
Seminar and AGM, CRIDC Resistance Forum, and CSD Science Review. They are
summarised in the RMP scction of the 2005 Cotion Pest Management Guide, and will be
published in the Dec-Jan issue of The dustralian Coitonr Grower along with a reminder to
industry about the importance of contributing eggs to the program. See also our response to
question §.

(¢} for tuture research.

[t is critical that this rescarch continues in order to detect changes in frequencies of resistance
genes as carly as possible and thereby recommend changes i the RMS that would enhance
the Tongevity of Bollgard 11" and any other transgenic technology that makes use of cither
CrytAc or Cry2Ab. I additional transgenic varieties become available that employ new
toxins the resistance monitoring program should be extended to assess frequencics of
resistance genes for such toxins.



8. List the publications arising from the vesearch project and/or a publication plan. (NB:
Where possible, please provide a copy of any publication/s)

Downes SJ, Rossiter L, 2004, Preventing Felicoverpa resistance: why we need your eges. The
Australicn Cotton Grover Qct=-Nov: [4-15

Downes SJ, Rossiter L, Fareell T, Wilson L, Kauter G, 2005, Managing resistance: your [RMS
and RMP questions answered. The Australian Cotton Grower Oct-Nov {in press)

Mahon RI, Olsen KM, Garsia K, Young SR, 2003, Resistance to the Bt toxin Cry2Ab ma
strain of Helicoverpa armigera (Hibuner) {Leprdoptera: Noctuidae), In prep (larget
journal, J Econ Entomeol)

Mahon RJ, Olsen KM, Downes S, Addison 5, 2003, The frequency of resistance to Cry 1Ac and
Cry2Ab toxing in Australian pepulations of Helicoverpa armigera (Hibner) (Lepidoptera:
Noctuidae). In prep (target journal, ] Econ Entomol.)

9. Have you developed any online resources and what is the website address?

A summary of the results from this project are given in the RMP section of the 2005 Cotton
Pest Management Guide, a link to which will appear on the Cotton CRC Website,

10. Provide an assessment of the likely impact of the results and conclusions of the research
project for the cotton industry. Where possible include a statement of the costs and
potential benefits to the Australian cotton industry or the Austratian community.

The Resistance Management Plan (RMP) Tor Botlgard [1" is designed to slow the rate that /.
armigera and or H. punctigera develop field-scale resistance. This is important as the two
insceticidal genes in Bollgard 1™ are likely to be the basis on which newer insceticidal gencs
arc added. This means that protecting Bollgard 11 also represents the protection of future
investment in transgenic crops for the Australian cotton industry.

The output from the progrant is up-to-date information on possibie changes in the
frequency of tesistant Helicoverpa spp. in natural populations. This information ts used to
evaluate the effectiveness of the Bt resistance management strategy, and to drive any changes
to the RMP that might be required to maintain its success.

Bt-cotton is providing great financial environmental and OH&S benefits through a
major reduction in the use of insceticides. A reeent report ' _
(http:/www,cotton.cre.org.an/Assets/PDREFles/CRC/BDARpLpdl) suggests that Ingard®, the
initial Bt-cotton, provided a profit increasce of $228 /ha. [n a year where 80% ot the 300,000
ha cotton crop is likely to be Bt varieties represents a profit increase of $54M to the
Australizn cotion industry. '




Part 4 — Final Report Executive Summary

[ the 1996/97 scason the Australian cotton industry adopted an insect-resistant
variety of cotton (Ingard ™) that is specific to the group of insects including the target
Helicoverpa spp. but excluding predators and parasitoids of this pest. To prolong the efficacy
of transgenic cotton against Helicoverpa spp.. a resistance management plan (RMP) that
restricted the area grown to Ingard” was implemented due to the critical importance of
preserving the efticacy of the CrylAc gene.

[n the 2004/5 season Bollgard 107 replaced | nga_rd"“ as the transgenic varicty of cotton-
available to Australian growers. [t improves on Ingard® by incorporating an additiona
insccticide protein (Cry2Ab) to combat Helicoverpa. Due to the perceived difficulty for
Helicoverpa spp. to evolve resistance o both proteins simultancously within Bollgard 11", the
RMP for transgenic cotton was relaxed to alfow growers te plant up to 95% of the total arca
to this product. Bollgard [[* was well adopted, with up to 70% (200,000 hectares) planted
arca throughout the industry.

The sensitivity of ficld-collected popuiations of Helicoverpe spp. to Bt products was
assayed before and subsequent to the widespread deployment of Ingard” cotton expressing
CryTAc in the mid-1990°s. From 1994/95 until 2002/03, a Bt spray (MVPI™) that contained
formulation ingredients additional to Cry lAc was used in the screens. The program also
incorporated a Bt spray (DiPel™) with insecticidal proteins additionat to CrylAc to test for
resistance to combinations of Cry toxins, The program uscd only Fo screens however this
method cannot detect individuals that are heterozygous for a recessive form of resistance.

During this project we developed sereens using a pure Cry LAc spore/crystal mix as
our source of toxin. In anticipation of Bollgard 11 replacing Ingard” in 2004/05, we
developed methods to screen for resistance to Cry2Ab. fn addition to performing Fy screens
to detect major changes in gene frequencics, we incorporated an Fa screen to detect and
‘capture” any rarc resistance alleles in natural populations. This method allowed us to
simultancously screen for resistance to Cry lAc and Cry2ZAb, hence making the screens using
DiPel™ redundant.

There have been no reported field failures of Bollgard (1 due to resistance. Qur work
shows that alleles that conter high fevel resistance by field populations of H. armigera and .
punctigera are rare for Cryl Ac. However, resistance genes for Cry2Ab in field populations of
moths are surprisingly common. Our current best estimate s that they oceur for M. armigera
at a fregueney of 0.004 (upper limit, 0.01L; lower Limit, 0.0008) and for i punciigera ata
frequency of 0.009 (upper limit, $.005; tower imit, 0.0001). [ndividuals that carry a
resistance allele for Cry2Ab are kilied by Cryl Ac.

Our current knowledge of the ecology and resistance profifes ot Australian
Helicoverpa populations suggests the RMP is adequate to retard increases in the frequency of
resistance. Computer models that incorporate our present knowicdge of resistance
frequencics, fitness costs, form of dominance and refuge size, suggest that Bollgard 1%
should prove cffective at managing Helicoverpa it the medium to fong term. However, it
shoutd be emphasised that these models assume that refuges are well mamtained in order to

produce large numbers of susceptible meths.



