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Genetically engineered crops represent one of the most controversial and rapidly adopted tech-
nologies in the history of agriculture. To improve pest control, scientists have engineered cot-
ton, corn, and soybeans to make insecticidal proteins from the common bacterium Bacillus
thuringiensis (Bt) [1]. These Bt toxins kill some devastating pests, but unlike broad-spectrum
insecticides, they do little or no harm to most other organisms, including people [2,3]. The
original Bt crops, first commercialized in 1996, each made a single crystalline (Cry) toxin from
the Cryl family effective against certain lepidopteran larvae. However, some of the environ-
mental, health, and economic benefits of Bt crops have been lost because of rapid evolution of
pest resistance, particularly to single-toxin Bt crops (Fig 1) [4].

To delay resistance and broaden the spectrum of pests controlled, newer “second genera-
tion” Bt crops produce two or more Bt toxins [5]. In particular, Bt toxin Cry2Ab from the Cry2
family is used widely in combination with Cry1 toxins to kill caterpillar pests. For example, the
percentage of all cotton planted that was Bt cotton producing both CrylAc and Cry2Ab was
69% in the US in 2012, 91% in India in 2013, and 94% in Australia in 2011 [6-8]. Despite the
use of Cry2Ab in multi-toxin Bt crops since 2003 and in multi-toxin Bt sprays for decades,
nearly all of what we know about Bt toxins is based on the Cry1 family. In a breakthrough that
promises to accelerate progress in understanding Cry2 toxins, Tay et al., in this issue of PLOS
Genetics [9], identify a gene tightly linked with resistance to Cry2Ab in Helicoverpa armigera,
one of the world’s most damaging crop pests.

The advance by Tay et al. is the fruit of more than a dozen years of a synergistic collabora-
tion, integrating results from classical and molecular genetics. As part of Australia’s proactive
program for monitoring resistance to Bt crops, screening of field populations for resistance to
Cry2Ab began in 2002, two years before farmers there started planting Bt cotton producing
this toxin in combination with CrylAc. Using a method called the F, screen, the second gener-
ation progeny of single pairs of field-collected insects were tested on an artificial diet treated
with Cry2Ab. In the first year of screening, the Australian team detected resistance to Cry2Ab
in one of the 28 isofemale lines that were tested [10]. The 17 survivors of exposure to Cry2Ab
from this isofemale line became the progenitors of a Cry2Ab-resistant strain (SP15) that was
repeatedly crossed with a susceptible strain and selected with Cry2Ab [11]. The SP15 strain
was so resistant that it suffered little mortality when exposed to the highest concentration of
Cry2Ab tested in the artificial diet [11]. Bioassays of progeny from crosses indicated this resis-
tance to Cry2Ab was autosomal, recessive, and probably conferred by a single genetic locus
[11].

Tay et al. used genetic linkage analysis with molecular markers to narrow the source of resis-
tance to Cry2Ab in this strain to a chromosomal region containing less than 30 genes. They
found that two of these genes encode the ATP-binding cassette (ABC) transporter proteins
ABCA1 and ABCA2. These genes were prime suspects because resistance to Cryl toxins is
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Fig 1. Field-evolved resistance to Bt crops [4,20,27,29-31]. The red circles indicate practical resistance, where scientists have reported one or more field
populations with >50% resistant individuals and reduced efficacy of the Bt crop that has practical consequences for pest control. Six of these eight cases
entail insects resistant to Cry1 toxins: four against Bt corn (Spodoptera frugiperda resistance to Cry1F in Puerto Rico, Brazil, and the continental United
States and Busseola fusca resistance to Cry1Ab in South Africa) and two against Bt cotton (resistance to Cry1Ac of Helicoverpa zea in the US and
Pectinophora gossypiella in India). The other two cases of practical resistance are Diabrotica virgifera virgifera resistance to Cry3Bb and mCry3A in the
midwestern US. The orange circle indicates >50% resistant individuals with reduced efficacy expected (but not reported) for H. zea resistance to Cry2Ab in
multi-toxin Bt cotton in the US. The number of cases with >50% resistant individuals (red or orange) increased from one in 2005 to nine in 2013—the most
recent year for which monitoring data are generally available.

doi:10.1371/journal.pgen.1005646.g001

linked with the ABC transporter protein ABCC2 in strains of seven species of Lepidoptera,
including H. armigera [12-15].

Tay et al. honed in on ABCA2 because it was produced in the midgut where Bt toxin bind-
ing occurs, but ABCA1 was not. In cDNA of ABCA2 in a resistant individual from the SP15
strain, they found a 73 base pair deletion that introduces a premature stop codon. Including
the SP15 strain, Tay et al. detected the same mutation in five of seven resistant lines of
H. armigera, each established independently from insects collected from the field during 2002
to 2012. They found two other mutant alleles at the same locus in two other resistant lines,
yielding a total of three mutant alleles that each encode a truncated ABCA2 protein. Screening
of one Cry2Ab-resistant strain of the congeneric species Helicoverpa punctigera revealed a dif-
ferent premature stop codon in the orthologous gene.

This new paper is a worthy successor to the landmark 2001 article by David Heckel’s group,
which was the first to report the molecular genetic basis of resistance to CrylAc [16]. As that
paper did for CrylA toxins, this one will accelerate research to enhance understanding of the
mode of action of Cry2A toxins. We now know that diverse mutations in cadherin and other
genes can confer resistance to CrylAc in the field [17,18], which limits the utility of PCR-based
monitoring for specific resistance mutations. Nonetheless, identification of cadherin as a
key receptor for CrylA toxins did spur genetic engineering of modified toxins that kill some
insects resistant to Cryl1 toxins [19,20], and this paper might inspire analogous discoveries for
Cry2-resistant insects.
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Despite the >85% adoption of Bt cotton producing Cry2Ab and CrylAc in Australia since
2005 [7], eight years of monitoring data from the robust F; screen method show no significant
increase in the frequency of resistance to Cry2Ab (0.032 in 2007-2008 to 0.021 in 2014-2015
for H. armigera; 0.010 to 0.011 over the same eight years for H. punctigera) [21]. If the Cry2Ab
resistance alleles provide protection against this toxin, why has their frequency not increased?
Part of the explanation is that Cryl Ac resistance remains rare in Australia [21] and, with little
or no cross-resistance, the Cryl Ac in the two-toxin cotton kills individuals resistant to
Cry2Ab. This is reflected in only zero to 8.5% survival of SP15 larvae on two-toxin cotton [22].

Fitness costs associated with Cry2Ab resistance alleles could also delay the evolution of
resistance in H. armigera and H. punctigera by selecting against these alleles when larvae eat
non-Bt cotton or any of the other non-Bt host plants of these polyphagous species. Because
insect ABC transporters often provide protection against xenobiotics, the resistance-conferring
mutations disrupting these proteins may diminish their natural function, yielding higher fit-
ness costs in the presence of toxic substances, such as plant defensive compounds and insecti-
cides other than Bt toxins [12]. Although significant fitness costs of Cry2Ab resistance in H.
armigera were not detected when larvae ate either artificial diet [23] or mature non-Bt cotton
[22], survival on younger non-Bt cotton was significantly lower for resistant larvae (81%) than
susceptible larvae (100%) [22], which is a substantial fitness cost. Moreover, in strains of H.
armigera and H. punctigera with ABCA2 mutations, resistance to Cry2Ab is associated with
significantly increased susceptibility to the organophospate insecticide chlorpyrifos and the
carbamate insecticide methomyl [24].

Although Tay et al. provide compelling evidence that ABCA?2 is essential for toxicity of
Cry2Ab to Helicoverpa armigera, the precise role of this protein in the mode of action of
Cry2Ab remains unknown. In strains of H. armigera and H. punctigera that harbor ABCA2
mutations, resistance to Cry2Ab is associated with reduced binding of this toxin [25], which
implies that ABCA2 either binds Cry2Ab directly or facilitates binding of Cry2Ab to other tar-
get sites. A similar correlation with reduced toxin binding is typically seen with resistance to
Cry1A toxins linked with mutations disrupting ABCC2 [12]. However, in the silkworm Bom-
byx mori, Cry1 Ab bound equally to brush border membrane vesicles from susceptible larvae
and larvae with ABCC2-linked resistance [26]. Additional work is needed to test the hypothe-
ses of Ty et al. that ABCA2 provides both binding and pore formation functions for Cry2Ab.

It will also be important to determine if resistance to Cry2Ab is associated with mutations
affecting ABCA2 in other lepidopteran pests, particularly the field-evolved resistance to
Cry2Ab in the US of Helicoverpa zea [4], a close relative of H. armigera. With global use of
Cry2Ab increasing, more cases of field-evolved resistance are inevitable. For example, the risk
is high for resistance of pink bollworm (Pectinophora gossypiella) to Cry2Ab in India, where
the refuges of non-Bt host plants are scarce, resistance to CrylAc is widespread, and exposure
to Cry2Ab is extensive [8,18,27,28]. Better understanding of the role of ABCA2 in the mode of
action and mechanism of resistance to Cry2Ab may enhance our capacity to counter such
resistance.
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