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Abstract

In the mid-1990s the Australian Cotton industry adopted an insect-resistant variety of cotton (Ingard®) which expresses the Bt toxin
CrylAc that is specific to a group of insects including the target Helicoverpa armigera. A conservative resistance management plan
(RMP), that restricted the area planted to Ingard®, was implemented to preserve the efficacy of CrylAc until two-gene transgenic cotton
was available. In 2004/05 Bollgard II® replaced Ingard® as the transgenic cotton available in Australia. It improves on Ingard® by incor-
porating an additional insecticidal protein (Cry2Ab). If an appropriate refuge is grown, there is no restriction on the area planted to
Bollgard I1®. In 2004/05 and 2005/06 the Bollgard II® acreage represented approximately 80 of the total area planted to cotton in Aus-
tralia. The sensitivity of field-collected populations of H. armigera to Bt products was assayed before and subsequent to the widespread
deployment of Ingard® cotton. In 2002 screens against Cry2Ab were developed in preparation for replacement of Ingard® with Bollgard
II®. There have been no reported field failures of Bollgard II® due to resistance. However, while alleles that confer resistance to H. armi-
gera in the field are rare for Cryl Ac, they are surprisingly common for Cry2Ab. We present an overview of the current approach adopted
in Australia to monitor and adaptively manage resistance to Bt-cotton in field populations of H. armigera and discuss the implications of
our findings to date. We also highlight future challenges for resistance management in Australia, many of which extend to other Bt-crop
and pest systems.
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1. Introduction resistance have been reported, field resistance to Bt toxin

sprays has been detected in several Plutella xylostella pop-

The development of Bacillus thuringiensis (Bt) transgenic
plants provide prospects for widespread control of lepidop-
teran pests on field crops (Shelton et al., 2000; Carriere
et al., 2003), but a major risk associated with this technol-
ogy is rapid adaptation of the pests targeted by the toxins
(Gould, 1998). Although no failures of Bt-crops due to field
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ulations and many targeted pests have been successfully
selected in the laboratory for Bt resistance (Tabashnik
et al., 2003; Griffitts and Aroian, 2005).

Bt-cotton that is specific to Lepidoptera has been com-
mercially available in some parts of the world since 1996
(James, 2005). The resistance risk to this technology is con-
sidered to be especially great in Australia, China, and India
because the cotton bollworm Helicoverpa armigera is the
major pest in these countries (McGaughey and Whalon,
1992; Roush, 1997; Gould, 1998). This moth has an
impressive record of rapidly evolving resistance to conven-
tional insecticides (Forrester et al., 1993; Shen and Wu,
1995; McCalffery, 1998; Kranthi et al., 2002). In addition,
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transgenic cotton does not provide a high dose for Heli-
coverpa species (Luttrell et al., 1999; Liao et al., 2002).

The goal of this paper is to present an overview of the
approach currently adopted in Australia to monitor and
adaptively manage resistance to Bt-cotton in field popula-
tions of H. armigera'. We present up to date estimates of
the frequencies of alleles conferring resistance to Bt but
the detailed methodology and analysis of these data are
given in another paper (Mahon et al., 2007a). We also
highlight some future challenges for Bt resistance manage-
ment in Australia, many of which extend to other Bt-crop
and pest systems.

2. Bt-cotton in Australia

In the 1995/96 growing season transgenic cotton, known
as Bollgard® in the New World and Ingard® in the Old
World, became commercially available in Australia.
Ingard® expressed the crylAc gene and was treated as an
interim technology until a second generation of transgenic
cotton was available that expressed two Bt toxins with dif-
ferent modes of action (Fitt, 2004). Because of the critical
importance of preserving the susceptibility of H. armigera
to Bt toxins, a conservative resistance management plan
(RMP) was imposed for Ingard®, a key component of
which restricted the planting of this technology to 30% of
the cotton cropping area per farm (Fitt, 2000).

Early in the season Ingard® provided good control of H.
armigera but the titer of CrylAc in plant material declined
as plants aged which allowed larvae to survive on older cot-
ton plants (Greenplate, 1999; Fitt and Wilson, 2000; Olsen
et al., 2005). Despite the frequent need to spray crops with
a Heliocide late in the season, between the 1995/96 season
and 2001/02 season, the average amount of insecticide used
per hectare was 44% lower on Ingard® compared to con-
ventional cotton (Cotton Consultants Australia [CCA],
unpublished data; see also Wilson et al., 2004).

In the 2004/05 growing season Ingard® cotton was com-
pletely replaced by Bollgard II®, which expresses the
crylAc and cry2A4b genes (Fitt, 2004). It is reasonable to
assume that the gene or genes conferring resistance to
one of these toxins would segregate independently from
those conferring resistance to the other toxin (Mani,
1985; Roush, 1989; Tabashnik, 1989; but see Tabashnik
et al., 1997 for evidence that this may not be the case for
the Diamondback Moth, P. xylostella). Due to the putative
value of this dual-toxin strategy, the RMP for transgenic
cotton was relaxed to allow growers to plant up to 95%
of their crop to Bollgard II1® (Farrell, 2006).

Bollgard II® comprised around 80% of the total area
planted to cotton in Australia during the 2004/05 and
2005/06 seasons (Farrell, 2006). The expression of CrylAc
in Bollgard II® declines as the season progresses, but the

' The Australian Bt-resistance monitoring program also samples field
populations of Helicoverpa punctigera but consideration of these data are
beyond the scope of this paper.

expression of Cry2Ab remains consistently high through-
out the entire season (Greenplate et al., 2003). Thus, Boll-
gard I1® plants provide good control all season. Between
the 2002/03 season and 2004/05 season, the average
amount of insecticide used per hectare was 85% lower on
Bollgard II® compared to conventional cotton (CCA,
unpublished data).

3. The current resistance management plan

The RMP for Bollgard II® was established by regula-
tory authorities to protect the technology. As it is difficult
to precisely predict the chances of resistance developing to
Bollgard II® in H. armigera, the management plan is a pre-
emptive strategy that aims to significantly delay field-scale
changes in resistance.

The five components of the RMP impose limitations and
requirements for management on farms that grow Bollgard
I1®. These are: mandatory growing of refuges; control of
volunteer and ratoon plants; a defined planting window;
restrictions on the use of foliar Bt; and mandatory cultiva-
tion of crop residues (for further details see Farrell, 2006;
Sivasupramaniam et al., 2007). The interaction of all of
these elements gives researchers and regulatory authorities
the confidence that the RMP will effectively slow the evolu-
tion of resistance.

4. Monitoring resistance to Bt in field populations

The Australian Cotton Research and Development Cor-
poration (CRDC) funds a program that monitors resis-
tance to Bt in field populations of H. armigera. The
program has two objectives: (1) to evaluate the effectiveness
of the current RMP and (2) to detect changes that might
signal the onset of resistance. Insect material is collected
from all of the main cotton growing regions in eastern Aus-
tralia. The program currently uses a phenotypic screen in
conjunction with a genic screen. It was developed using
the knowledge that most previously detected cases of resis-
tance to Bt are at least partially recessive (Andow and Ives,
2002) and considered the labour and resources available to
effectively perform the work.

We term the first method ‘F, screen’. This approach
involves (1) collecting eggs of H. armigera from the leaves
or flowers of host plants, (2) delivering them to a centra-
lised laboratory for testing, (3) hatching the eggs in the lab-
oratory, and (4) screening the larvae using a laboratory
discriminating dose assay (Roush and Miller, 1986). Since
this phenotypic screen requires significantly less labour
and resources to perform than the genic screen (see below)
we are able to sample repeatedly in the same area and look
at trends over time within seasons and among seasons. It is
a statistically inefficient method for recessive alleles
(Andow and Ives, 2002) but provides a rapid check for
major changes in resistance in field populations.

The second method is designed to measure precise fre-
quencies of resistant alleles and is termed ‘F, screen’
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Parents F, progeny F, progeny

Fig. 1. F, screen for rare resistance alleles in Helicoverpa armigera. Parents are collected in the field, usually as eggs or larvae, and here one of them is
indicated with one copy of the resistance allele. Their F; progeny are sib-mated to produce the F, generation. If resistance is completely recessive, in the F,
generation only 1/16 of the larvae are expected to be homozygous for the rare resistance allele (RR), and the remaining homozygous susceptible (SS) and

heterozygote progeny will be killed by the discriminating dose of toxin.

(Andow and Alstad, 1998). This approach involves follow-
ing steps 1 through 3 above for the F screen, (4) rearing
the larvae to moths, (5) mating single pairs of moths, (6)
rearing the F, larvae, (7) sib-mating the F, families, (8) col-
lecting eggs, and (9) screening the neonates using a labora-
tory discriminating dose assay (Fig. 1). This method
generates isofemale lines that in the second generation pro-
duce a proportion of individuals that are homozygous for
each allele present in two field-derived parents (Andow
and Alstad, 1998). This genic screen is labour-intensive
but is particularly efficient for recessive alleles (Andow
and Ives, 2002).

The Bt resistance monitoring program in Australia
began in 1994 prior to the use of Ingard® by the industry,
and since then F, screens against CrylAc have been used.
In 2002, we developed F, screens against Cry2Ab, in antic-
ipation of the widespread use of Bollgard II® in the 2004/
05 season, and instigated F, screens for CrylAc and
Cry2Ab resistance alleles. In the current program material
is allocated to the F, screens until a threshold workload is
reached. In practice, around 50% of the field-derived eggs
are screened using each approach. Details on the develop-
ment of discriminating doses, and procedures used in rear-
ing and F, screening are given in Mahon et al. (2007a).
Details for the discriminating doses employed in the F
screen are given by Bird and Akhurst (2007).

5. Findings from recent F, screens

We restrict our analyses of data from the F, screens to
the 2003/04, 2004/05, and 2005/06 seasons because from
2003 we refined the protocols used for screens against
CrylAc and commenced screens against Cry2Ab. The
analyses were performed on data collected from the Namoi
and Gwydir (hereafter Namoi/Gwydir) valleys in north-

western New South Wales. It is only from these neighbor-
ing valleys that we have good samples of insects within and
among consecutive seasons.

We summed data from farms that were sampled at the
same time to reach test sizes of at least 40 individuals per
period, and plotted the median value for that sample as
the number of days since the first sample for that season
(Fig. 2). A simple regression on the data for each season

w

(a) 2003/04
‘ o o
o ¢ !
Ahj_o_o_i_f&&hoL
(b) 2004;05 vo
‘: 0 +++
| Sodbe to & Dexsts &b

(c) 2005/06
¢

wo

% survival

wo

®e ® ®

o ° %
¢?¢ " %’
0L M BOSbe GO eb |

1 — 120
days since first sample

Fig. 2. The proportion (expressed as a percentage) and 95% CI of
individuals that survived the F, screens against CrylAc (closed) and
Cry2Ab (open) in (a) 2003/04, (b) 2004/05, and (c) 2005/06. Data are from
the Namoi/Gwydir valley. The laboratory assay used Bt toxin as a
contaminant of artificial diet. In all cases each data point represents at
least a sample of 40 individuals.
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Fig. 3. The proportion (expressed as a percentage) and 95% CI of
individuals that survived the F, screens against CrylAc (closed) and
Cry2Ab (open) in 2003/04, 2004/05, and 2005/06. Data are from the
Namoi/Gwydir valley. The laboratory assay used Bt toxin as a contam-
inant of artificial diet. Numbers near each data point represented the size
of that sample.

showed that, for CrylAc and Cry2Ab F, screens, there is
no significant shift in the proportion of surviving H. armi-
gera throughout the season (2003/04, CrylAc, Fj 5 = 0.47;
2004/05, CrylAc, Fi 19 = 0.40, Cry2Ab, Fy 7 = 0.41; 2005/
06, CrylAc, F s = 1.50, Cry2Ab, F ;7 = 0.49; in all cases
P >0.05). The data for Cry2Ab collected in 2003/04 were
not statistically analysed due to small sample sizes but a
visual inspection indicates no marked change in the pro-
portion of survivors over time (Fig. 2a).

To examine trends among seasons we divided the total
number of individuals surviving screens in a year by the
total number of individuals tested in that year (Fig. 3). A
Fisher’s exact test showed that, for CrylAc and Cry2Ab
F, screens, there is no significant difference among the three
sequential years of sampling in the numbers of individuals
surviving the screen relative to the number of individuals
tested (CrylAc, df=2, ¥>*=0.95 P=0.62; Cry2Ab,
df =2, x> =0.10; P = 0.96).

Therefore, recent data indicates that there have been no
major changes in the proportions of H. armigera surviving
Fy screens within seasons or among seasons, and presum-
ably no major changes in resistance in field populations.

6. Alleles conferring resistance to CrylAc or Cry2Ab

Since 2002/03 the F, method has been used on field col-
lected H. armigera to screen 1680 alleles for resistance to
CrylAc and 1684 alleles for resistance to Cry2Ab. No
alleles scored positive for conferring resistance to CrylAc
but 7 alleles scored positive for conferring resistance to
Cry2Ab (Table 1). Three of the seven cases of Cry2Ab resis-
tance alleles were detected prior to the widespread adoption
of Bollgard II® by the industry in the 2004/05 season (Table
1). We followed the Baysian methods developed by Andow
and Alstad (1998) to analyse F» screen data. The expected
frequency (with lower and upper 95% credibility intervals)
of resistance in Australian populations of H. armigera to
CrylAc and Cry2Ab is 0.0006 (0.0000-0.0018) and 0.0049
(0.0021-0.0088), respectively. A more detailed analysis of
these data, which includes additional samples from collab-
orators, is presented in the paper by Mahon et al. (2007a).

Table 1
The number of alleles in the F, screens that scored positive for conferring
resistance to CrylAc or Cry2Ab

Year CrylAc F; screen Cry2Ab F; screen

Alleles Scored Alleles Scored
tested positive tested positive
2002/03 116 0 112 1
2003/04 244 0 248 2
2004/05 364 0 368 0
2005/06 892 0 892 4
Total 1616 0 1620 7

Data are presented separately for each growing season but have been
combined for all regions and crops (i.e., conventional cotton, Bollgard IT1®
cotton, mung bean, sunflowers, chick pea, maize, and pigeon pea). The
results are presented by locality in Mahon et al. (2007a).

7. What are the implications of these data?

An Australian strain of H. armigera, designated BX, has
been selected in the laboratory for a high level resistance to
CrylAc (Akhurst et al., 2003). In 2002 a surviving H. armi-
gera from an F, screen against CrylAc was shown to be
allelic with BX (Lisa Bird, unpublished data). Therefore,
alleles conferring resistance to CrylAc occur in field popu-
lations of Australian H. armigera. Our data from the F,
screens suggests that the frequency of these alleles is very
low (Table 1). We conclude that Ingard® was managed
conservatively and successfully to preserve the CrylAc
gene against H. armigera (see also Mahon et al., 2007a).

The first four Cry2Ab resistant isolates have been tested
and are allelic (Mahon et al., 2007b). We have not yet
tested the remaining three strains but it is likely that the
resistance is the same form in each case (for further detail
see Mahon et al., 2007b). This initial frequency of alleles
conferring a high level resistance to Cry2Ab is greater than
expected. The implications of this data for the evolution of
resistance depend on several factors, and are covered in
detail in Mahon et al. (2007b).

We have no evidence that the frequency of alleles con-
ferring resistance to Cry2Ab is increasing but our statistical
power to detect subtle shifts in incidence is weak (see
below). The first isolated Cry2Ab resistance allele has been
characterised as due to a single major gene that is recessive
(Mahon et al., 2007c). All 7 isolated alleles that confer
resistance to Cry2Ab render individuals fully susceptible
to CrylAc (see Table 1; Mahon et al., 2007a). Costs to car-
rying a resistance allele are presently under investigation
(R. Mahon and K. Olsen). Importantly, there may be
opportunities for survival of Cry2Ab resistant larvae late
in the growing season when the CrylAc in Bollgard I1®
declines to a level where only Cry2Ab is effective against
H. armigera.

8. Challenges for the future

In Australia many users of Bt-cotton begrudge the
costs of growing refuges and anecdotal evidence suggests
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that not all refuge crops are well maintained (see also
Dove, 2001 and references within). This situation is more
prominent since Bollgard II® has become the dominant
crop. The cap on the area that could be planted to
Ingard®cotton made it feasible for growers to plant the
maximum allowed amount of Bt-cotton and select non-
Bt cotton that could be sprayed with Heliocides to serve
as the refuge. Since there is no cap on the area that can
be planted to Bollgard II®, if a grower chooses to plant
the maximum allowed amount of Bt-cotton they must
select unsprayed crops, which are highly productive for
Helicoverpa but usually not profitable, as their refuge.
A major challenge in Australia, and elsewhere, is to
determine the cheapest way to generate sufficient moths
to provide a reasonable lifetime for the technology (see
also Vacher et al., 20006).

While Bollgard II® provides excellent control over H.
armigera in Australia, there have been anecdotal reports
from growers of living larvae on these plants, particularly
during flowering. We have screened a sample (n = 58) of
these larvae using the F> method and determined that Bt-
susceptible larvae are able to survive on these plants (Dow-
nes et al., 2006). We plan to determine the prevalence of
larvae, the damage they inflict to a cotton crop, and the
mechanism(s) that allows them to survive on Bollgard IT®
plants (e.g., Gore et al., 2003; Gore and Adamczyk,
2004). This information is critical for determining a thresh-
old level for spraying Heliocide that considers economic
damage and resistance risk.

In Australia, we currently do not have a planned
response action to counter resistance to Bt if it develops
or a threshold increase in frequency over which such a
response would be triggered. A major limitation to looking
for shifts in frequencies is that the F, screen, although a
cost-effective method for monitoring recessive resistance
alleles (e.g., Andow and Ives, 2002), is labour intensive
for a low throughput. In principle, DNA-based screening
can be conducted with properly preserved insects of any life
stage, thereby greatly reducing labour, time, and cost
(Tabashnik et al., 2006). An ongoing challenge is to
develop these methods for the Australian system, although
it will be necessary to continue some F, screens to detect
alleles other than those already detected (CrylAc = BX,
Akhurst et al.,, 2003; Cry2Ab = SP15, Mahon et al.,
2007b) and on which any DNA-based screens might be
developed.

In theory there would be two main types of responses to
increases in the frequencies of resistance to Bt in H. armi-
gera populations (after Andow and Ives, 2002). The first
would be to reduce the selection differential between resis-
tant and susceptible individuals or reduce the survival of
the resistant individuals. The second would be to modulate
the relative frequencies of the resistance allele between Bt
and non-Bt fields by moving adults. Although research into
both of these approaches is ongoing, considerable addi-
tional investigation is required to demonstrate that they
can be effectively implemented.
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