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Summary

The development of resistance to Bacillus
thuringiensis (Bt) in insect populations in
agriculture not only depends on the level of
resistance conferred by a selected resistance
mechanism, but also on the fitness cost
associated with the resistance mechanism
under specific ecological and environmental
conditions. Bt resistance in the cabbage
looper (Trichoplusia ni), which was identified
by Janmaat and Myers (2003), is a case of
Bt resistance evolved in an agricultural
system, and is used in this chapter to review
and discuss the mechanism of CrylAc
resistance that is selected in an agricultural
environment.

8.1 Introduction

Resistance of insects to pesticide sprays in
agriculture has been observed for a century
(Melander, 1914). Under selection pressure
by pesticide applications, thousands of cases
of pesticide resistance in hundreds of
arthropod species have been recorded (Mota-
Sanchez et al., 2008). Since the first report of
insect resistance to Bacillus thuringiensis (Bt)
in 1985 (McGaughey, 1985), the potential

for the development of insect resistance to
Bt has been well demonstrated by the
laboratory selection of various insects with
resistance to Bt toxins (Tabashnik, 1994;
Ferré and Van Rie, 2002; Bravo and Soberén,
2008). Insect resistance to Bt toxins from
both Bt sprays and transgenic Bt crops has
now been reported in field populations of a
number of species (Tabashnik et al., 1990,
2009; Shelton et al., 1993; Janmaat and
Myers, 2003; van Rensburg, 2007; Downes
et al., 2010; Storer et al., 2010; Zhang et al.,
2011; Wan et al.,, 2012; Gassmann et al.,
2014). The occurrence of increasing numbers
of cases of field-evolved resistance confirms
the potential for the development of insect
resistance to Bt toxins in the field and
indicates the rising risk of its occurrence
with the increasing application of Bt toxins
for insect control, if adequate resistance
management programmes are not in place.
Laboratory selections of Bt-resistant
insect populations have greatly facilitated
the study of Bt resistance in insects and
enabled the building of the main body of the
current understanding of the various
mechanisms of Bt resistance (Oppert et al.,
1997; Gahan et al, 2001; Griffitts and
Aroian, 2005; Pardo-Lépez et al, 2013).
Bt-resistant lepidopteran strains established
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by laboratory selections showed resistance
to different Bt toxins at different levels, and
exhibited various cross-resistance patterns
(Ferré and Van Rie, 2002; Tabashnik et al.,
2003). Biochemical and molecular studies
have indicated that resistance to Bt in
insects is complex and that the mechanisms
of Bt resistance in different insects and
strains can be diverse (Griffitts and Aroian,
2005; Heckel et al., 2007; Pardo-Lépez et al.,
2013). For resistance management in
agriculture, it is important to understand
the resistance mechanisms that may be
selected in agricultural systems as a means
of conferring resistance in the field. Current
understanding of insect resistance to Bt
toxins has indicated that laboratory-selected
Bt resistance does not always confer
resistance to Bt transgenic plants, and that
the Bt resistance developed in field insect
populations may involve a mechanism
different from those found in laboratory-
selected resistance (Tabashnik et al., 2003;
Baxter et al., 2005; Zhang et al., 2012b).

In the field, cases of insect resistance or
increased frequency of resistant alleles to
either Bt formulations or Bt crops have been
reported in a number of lepidopteran pests,
including Plutella xylostella, Trichoplusia ni,
Busseola  fusca,  Spodoptera  frugiperda,
Helicoverpa zea, H. armigera, H. punctigera and
Pectinophora gossypiella (Tabashnik et al.,
1990, 2009; Janmaat and Myers, 2003; van
Rensburg, 2007; Matten et al., 2008; Dhurua
and Gujar, 2011; Zhang et al., 2011, 2012a;
Wan et al, 2012). Field-evolved and
laboratory-selected resistant insects may
exhibit similar resistance characteristics. For
example, high-level resistance to the Bt toxins
Cry1Ab or CrylAc conferred by reduced toxin
binding to the host midgut receptors has
been found to be the major type of resistance
in both laboratory-selected and field-selected
resistant insect populations. However, the
underlying molecular basis conferring the
resistance can be distinctively different
between the laboratory-selected and field-
selected resistant insect populations (Morin
etal.,2003; Baxteretal., 2005,2011; Xuetal.,
2005; Yang et al., 2006; Tiewsiri and Wang,
2011; Zhang et al., 2012b). Hence, it is
crucially important to understand the

molecular genetic basis of Bt resistance in
insect populations evolved in agricultural
situations in order to provide fundamental
knowledge for insect resistance management
in agriculture.

8.2 Resistance of the Cabbage
Looper to the Bt toxin Cry1Ac

The cabbage looper (T. ni) is an important
agricultural pest that is widely distributed in
temperate regions in Africa, Asia, Europe
and the Americas. Although T. ni is a major
pest of cruciferous crops, its hosts include
over 160 plants in 36 families, many of
which are important crops (Lingren and
Green, 1984). T. ni is considered to be a
secondary pest on cotton in the USA but, if
uncontrolled, it could cause severe yield loss
as much as 92% (Schwartz, 1983). Bt
resistance in T. ni populations has been
found in commercial greenhouses in British
Columbia, Canada, that exhibited various
levels of resistance to a sprayable formulation
of B.t. kurstaki (Btk), DiPel’, of up to 160-
fold (Janmaat and Myers, 2003). T. ni is one
of only two species that have evolved
resistance to Bt under selective pressure
from Bt sprays in agricultural practice
(Tabashnik et al., 1990; Shelton et al., 1993;
Janmaat and Myers, 2003). Thus, Bt-
resistant populations of T. ni are a unique
biological system for studying the
mechanisms of field-evolved Bt resistance.
The characterization of a Bt-resistant
greenhouse population of T. ni, GLEN-DiPel,
determined that the DiPel-resistance trait
was polygenic and incompletely recessive
(Janmaat et al., 2004). The incompletely
recessive inheritance of DiPel resistance in
T. ni is similar to most cases of insect
resistance to Bt. The polygenic inheritance
so demonstrated is indicative of multiple
resistance mechanisms to the multiple
toxins in Bt sprays.

The DiPel-resistant T. ni populations were
highly resistant to the toxin Cry1lAc, a major
Cry toxin in Btk (Kainetal.,2004). Resistance
to CrylAc in T. ni exhibits typical ‘Mode 1’
type resistance (Kain et al., 2004), i.e. a high
level of resistance to one or more CrylA
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toxins, recessive inheritance, reduced bind-
ing of one or more CrylA toxins to the
midgut brush border membranes and little
or no cross-resistance to CrylC toxin
(Tabashnik et al., 1998). Mode 1-type
resistance is the most common type of Bt
resistance and has been identified in both
laboratory-selected and field-evolved resist-
ant strains from numerous insect species
(Tabashnik et al., 1994, 1998; Gonzalez-
Cabrera et al., 2003; Wang et al., 2007).
Nevertheless, the underlying genetic mech-
anisms conferring Mode 1-type resistance
selected under different situations, e.g. field
versus laboratory, can be different (Baxter et
al., 2005, 2011; Tiewsiri and Wang, 2011).
Therefore, studying the mechanism of Bt
resistance in T. ni will shed light on under-
standing the development of Bt resistance in
field insect populations.

CrylAc resistance in T. ni is an autosomal
monogenic trait (Kain et al., 2004; Wang et
al., 2007). A backcross strain of T. ni, GLEN-
CrylAc-BCS, generated by introgression of
the CrylAc resistance trait into a susceptible
inbred laboratory strain showed a high level
of CrylAc resistance, similar to that of the
original DiPel-resistant GLEN population,
and could survive on transgenic CrylAc
broccoli and CrylAc cotton plants. For
analysis of the resistance mechanism using
comparative biochemical and molecular
approaches, it is desirable to have a resistant
backcross strain near isogenic to a susceptible
strain to facilitate identification of resistance-
associated biochemical and molecular
alterations. Introgression of the CrylAc
resistance trait into a highly inbred
susceptible laboratory strain has been proven
effective in minimizing non-resistance-
associated variations and thereby allowing
comparative biochemical analysis to identify
biochemical and molecular changes that are
associated with Bt resistance in T. ni (Wang
etal., 2007; Tiewsiri and Wang, 2011).

8.3 Mechanism of Cry1Ac Resistance
in the Cabbage Looper

The intoxication pathways of Bt toxins in
insects involve a complex cascade of toxin-

midgut protein interactions (Bravo et al.,
2004; Heckel, 2012; Pardo-Lépez et al,
2013). Alteration of any step in the pathway
can potentially lead to Bt resistance. It has
been reported that the toxicity of Bt toxins
in the insect midgut can be affected by
reduced solubilization of the Cry protein
crystals (Schnepf et al., 1998), insufficient
proteolytic activation or excessive de-
gradation of Bt toxins by midgut proteinases
(Oppert et al., 1997; Shao et al., 1998; Li et
al., 2004; Karumbaiah et al., 2007), reduced
permeability of the midgut peritrophic
membrane to the toxin (Hayakawa et al.,
2004), elevated immune response (Rahman
et al., 2004) and increased sequestering of
toxin in the midgut (Gunning et al., 2005).
Nevertheless, numerous studies on Bt
resistance have indicated that reduced
binding of toxins to the midgut brush border
membranes is a primary mechanism for
high level Bt resistance (Heckel et al., 2007,
Pardo-Lépez et al, 2013). Currently
identified midgut proteins that may serve as
receptors for Cry toxins include the midgut
cadherin, aminopeptidase Ns (APNs), the
membrane-bound alkaline phosphatase
(mALP), an ABC (ATP Binding Cassette)
transporter and several other midgut
proteins and glycolipids (Pigott and Ellar,
2007; Pardo-Lépez et al, 2013). The
identification of Bt resistance in T. ni in
commercial greenhouses provided an
opportunity to investigate Bt resistance
mechanisms that may be selected in an
agricultural environment.

8.3.1 Midgut proteinases

Midgut proteases in lepidopteran larvae are
primarily serine proteinases and the
alteration of midgut proteinases could
contribute to Bt resistance in insects (Oppert
etal.,, 1997; Liet al., 2004). In the T. ni larval
midgut, serine proteinases are highly active
at an alkaline pH (pH 10) (Li et al., 2009). By
SDS-PAGE based proteinase zymographic
analysis, midgut proteinase variations could
be detected within the original CrylAc-
resistant greenhouse T. ni strain, GLEN-
CrylAc, and between the resistant and the
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susceptible strains; however, the observed
variations of the midgut proteinase activity
profiles were confirmed not to be associated
with Bt resistance (Wang et al., 2007). In
addition, when an examination was made of
both the activation CrylAc protoxin and the
degradation of activated CrylAc by larval
midgut fluid from susceptible and resistant
strains of T. ni, there was no significant
difference between the  resistant and
susceptible strains in either toxin activation
and degradation in the midgut (Wang et al.,
2007). Therefore, alteration of proteinase
activities is not the mechanism of CrylAc
resistance selected in T. ni populations in
greenhouses.

8.3.2 Midgut esterases

Upregulated production of midgut esterases
to bind and sequester Cry1Ac toxin has been
reported to be a mechanism of resistance to
CrylAcin H. armigera (Gunning et al., 2005).
This midgut esterase-mediated resistance
mechanism has not been observed in T. ni.
In the CrylAcresistant T. ni strain, the
larval midgut esterase activity and esterase
isoenzyme composition do not differ from
those in its near-isogenic susceptible strain
(Wang et al., 2007).

8.3.3 Haemolymph melanization
activity

Heightened immune response, as deter-
mined by in vitro haemolymph melanization
activity and visualization of melanization in
the midgut and the midgut peritrophic
membrane, has been proposed to be a
mechanism by which Bt resistance is
conferred (Rahman et al., 2004; Ma et al.,
2005). In T. ni, the in vitro melanization
activity of haemolymph plasma from both
the susceptible and the resistant T. ni larvae
was determined to be low, and no activity
difference was observed between the two
strains (Wang et al., 2007). Melanization or
darkening of the midgut or the peritrophic
membrane does not occur in CrylAc-
resistant T. ni larvae.

8.3.4 Binding of Cry1Ac to midgut brush
border membranes

Binding of a Cry toxin to the midgut brush
border membrane is a key process in the
intoxication pathway of Cry toxins. The
association of reduced binding of a Cry toxin
to the insect midgut brush border membrane
with resistance was first observed in a Bt-
resistant strain of Plodia interpunctella (Van
Rie et al., 1990). It has become well known
that reduced binding of toxins to the midgut
brush border membranes is a primary
mechanism for high-level Bt resistance
(Heckel et al., 2007; Pardo-Lépez et al.,
2013). In T. ni larvae, there are specific
binding sites in the midgut brush border
membranes for CrylAc and CrylAb (Estada
and Ferré, 1994; Iracheta et al., 2000; Wang
et al., 2007). A binding analysis of CrylAc
and CrylAb toxins to the midgut brush
border membrane vesicles (BBMVs) con-
firmed that the toxins bound to these
specific binding sites in the BBMVs from the
susceptible larvae, but neither CrylAb and
CrylAcbound to the BBMVs from the larvae
of the CrylAc-resistant strain GLEN-
CrylAc-BCS (Wang et al., 2007). The GLEN-
CrylAc-BCS larvae were highly resistant to
CrylAc, but showed no significant cross-
resistance to CrylC (Wang et al., 2007). So
the resistance to CrylAcin T. ni is a case of
Mode 1-type Bt resistance.

Mode 1-type resistance is conferred by
the alteration of the midgut binding sites, or
receptors, for CrylAc. The midgut cadherin,
APNs, mALP and an ABC transporter are the
primary midgut proteins that have been
proposed to serve as the receptors to interact
with Cry toxins in the cascade of the
intoxication pathways (Griffitts and Aroian,
2005; Heckel et al., 2007; Pardo-Lopez et al.,
2013). These putative receptor proteins play
different physiological functions in the
midgut, so alterations to them may result in
different types or different levels of negative
fitness consequences. Therefore, alterations
of the different receptors may differentially
respond to selections for Bt resistance in
different situations. The CrylAc resistance
evolved in T. ni represents a case of
resistance-conferring alteration of midgut
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binding sites for CrylAc selected in an
agricultural environment.

8.3.5 Midgut cadherin

The midgut cadherin is a known Bt toxin-
binding protein with high-binding affinity
for Cry toxins in the monomeric form
(Gémez et al., 2003) and serves as an
important receptor for Cry toxins (Francis
and Bulla, 1997; Nagamatsu et al.,, 1999;
Bravoetal.,2004). Mutations of the cadherin
gene have been identified as linked with
resistance to CrylAb or CrylAc. In a
laboratory-selected Bt-resistant Heliothis
virescens strain, the resistance was found to
be associated with disruption of the cadherin
gene by insertion of a retrotransposon
(Gahan et al., 2001). Similar cadherin muta-
tions have also been identified in CrylAc-
resistant P. gossypiella and H. armigera
(Morin et al., 2003; Xu et al., 2005). The T. ni
midgut cadherin, a 194.7 kDa protein with
1733 amino acid residues, shares the same
sequence characteristics as other known
lepidopteran midgut cadherins, containing
11 cadherinrepeats followed by a membrane-
proximal domain in the extracellular region,
a transmembrane region and a cytoplasmic
tail at the C-terminus (Zhang et al., 2012b).
Sequence motifs identified as Cry toxin-
binding regions from other lepidopterans
are also present in the T. ni cadherin (Zhang
et al., 2013). The T. ni cadherin gene is
highly polymorphic. Single nucleotide poly-
morphisms (SNPs), insertion mutations and
deletion mutations have all been identified
in the T. ni cadherin gene (Zhang et al.,
2013). In addition to gene sequence
polymorphisms, differential splicing of the
cadherin transcript also occurs in the
expression of the cadherin gene in T. ni
(Zhang et al., 2013).

The high variability of the cadherin in T.
ni could potentially be the genetic basis for
the selection of cadherin-mediated Bt
resistance (Zhang et al., 2013). However, the
CrylAc resistance developed in T. ni
greenhouse populations has been identified
as independent of the alteration of the
midgut cadherin (Zhang et al, 2012b).

Genetic linkage analysis of the cadherin
alleles with CrylAc resistance in T. ni
determined that the cadherin gene was not
genetically associated with greenhouse-
selected CrylAc resistance in T. ni. Analyses
of cadherin expression in the T. ni midgut at
both the mRNA and protein levels further
confirmed that there is no quantitative
difference of the cadherin between sus-
ceptible and CrylAc-resistant T. ni larvae.
Moreover, CrylAc binds similarly to the
cadherin from the CrylAc-susceptible and
CrylAc-resistant T. ni larvae (Zhang et al.,
2012b). In addition, genetic mapping using
amplified fragment length polymorphism
(AFLP) markers confirmed that the gene
controlling CrylAc resistance and the
cadherin gene reside on two different
chromosomes in T. ni (Baxter et al., 2011).
Thus, the resistance to CrylAc evolved in
greenhouse populations of T. ni is not
conferred by cadherin alteration.

It is noteworthy that among the cadherin
alleles identified in T. ni, some are predicted
to lack the membrane domain to localize in
the midgut brush border membranes and so
lose any function as a receptor for Cry toxins
(Zhang et al., 2013). Such alleles would be
expected to confer cadherin-mediated
resistance, but were found to be low in
abundance and were not selected for CrylAc
resistance in T. ni. Why these loss-of-
function mutations were not selected for
resistance to CrylAc has yet to be
understood, but it is possible that they may
be associated with a very strong fitness cost.

8.3.6 Alkaline phosphatase

The midgut mALP from H. virescens has been
identified as a potential receptor for the Bt
toxin CrylAc (Jurat-Fuentes and Adang,
2004). This mALP is a glycoprotein glyco-
sylphosphatidylinositol (GPI)-anchored to
the midgut brush border membranes, and
the terminal GalNAc on mALP serves as
the binding site for the toxin. It has been
shown that a decreased level of mALP in the
midgut directly correlated with resistance to
the Bt toxin in H. virescens. Additionally,
reduced mALP activity has also been found
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in Cry-resistant H. armigera and S. frugiperda
(Jurat-Fuentes et al., 2011). The mALP in T.
ni has a predicted molecular weight 61.4 kDa
with 564 amino acid residues (Baxter et al.,
2011). Analysis of mALP activity in the
midgut BBMVs from CrylAc-susceptible
and CrylAc-resistant T. nilarvae determined
that there was no mALP activity change
in CrylAcresistant T. ni (Wang et al.,
2007). Similarly, a quantitative comparative
proteomic analysis of the midgut BBMV
proteins from CrylAc-susceptible and
CrylAc-resistant T. ni larvae showed that
there was no significant difference in mALP
quantity between the two strains (Tiewsiri
and Wang, 2011). Genetic mapping of the
CrylAc resistance has also determined that
the mALP gene is not on the same
chromosome as the CrylAc resistance gene
in T. ni (Baxter et al, 2011). Thus,
greenhouse-evolved CrylAc resistance in T.
ni is not associated with the mALP.

8.3.7 Aminopeptidase N

Insect APNs are a multi-gene family of GPI-
anchored membrane proteins (Adang,
2013). Midgut APNs are the first identified
midgut receptors for Cry toxins (Knight et
al., 1994; Sangadala et al., 1994; Gill et al.,
1995). The role of an APN as a receptor for
CrylAc has been shown by the trans-
formation of Drosophila, which was not
susceptible to CrylAc, with an APN gene
from Manduca sexta. The resulting transgenic
Drosophila with the M. sexta APN transgene
became susceptible to CrylAc, indicating
the functional role of the APN in Bt toxicity
(Gill and Ellar, 2002). In addition, CrylAc-
induced pore formation in the midgut brush
border membranes from T. ni larvae was
found to depend on the APN activity on the
brush border membranes (Lorence et al.,
1997). In a CrylC-resistant Spodoptera
exigua strain, it was found that the expres-
sion of one APN was completely lacking
(Herrero et al., 2005). Therefore, the
alteration of APNs could potentially be a
mechanism for Bt resistance in insects.

In T. ni, six APNs have been identified in
the larval midgut by the cloning of

complementary DNA (cDNA) and proteomic
analysis (Wang et al., 2005; Tiewsiri and
Wang, 2011). A comparative analysis of
proteins in the midgut BBMV proteins from
the susceptible and the near-isogenic
CrylAc-resistant larvae identified that
the CrylAc-resistant T. ni strain lacked a
110 kDa protein from the BBMV proteins
(Tiewsiri and Wang, 2011). Liquid
chromatography-tandemmassspectrometry
(LC-MS/MS) quantitative  proteomic
analysis and Western blot analysis with
APN1-specific antibodies determined that
the missing protein was the intact 110 kDa
APN1 that CrylAc could bind to (Tiewsiri
and Wang, 2011). Further LC-MS/MS
analysis of midgut BBMV protein bands
ranging from 33 to 250 kDa resolved by
SDS-PAGE, identified another differentially
expressed BBMV protein, APN6, in resistant
T. nilarvae; APN6 was rare in BBMV proteins
from the susceptible strain, but was detected
in multiple protein bands with a relatively
higher abundance in BBMV proteins from
the resistant strain (Tiewsiri and Wang,
2011).

The midgut BBMV proteins from T. ni
larvae have been globally analysed to
identify proteins that are differentially
present between CrylAc-susceptible and
CrylAc-resistant T. ni larvae; the analysis
used the non-gel-based quantitative pro-
teomic technique, iTRAQ (isobaric tags for
relative and absolute quantitation)-based
2D-LC-MS/MS analysis (Tiewsiri and Wang,
2011). Over 1400 proteins could be
identified from the midgut BBMVs of T. ni
larvae and their relative abundances were
determined. Quantitative analysis of the
BBMV proteins from T. ni larvae identified
two proteins that were significantly different
in quantity between CrylAc-susceptible and
CrylAc-resistant T. ni — the amounts of
APN1 and APNG6 in the resistant strain were
0.11 times and 6.0 times, respectively, of
those found in the susceptible strain
(Tiewsiri and Wang, 2011).

The significant decrease in APN1 and
increase in APN6 in the midgut of resistant
T. ni larvae have been confirmed to be
regulated at transcription level. The
expression of APN1 and APN6 genes in the
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midgutofresistantlarvaewasdownregulated
to 2.6% and upregulated to 3900%, re-
spectively, at mRNA level. The other four
APNs, APN2-APN5, were found to be
unchanged in the resistant T. ni larvae at
both protein and mRNA levels (Tiewsiri and
Wang, 2011). Importantly, CrylAc resist-
ance in T. ni was determined to be associated
with the differential expression of APN1 and
APN6 by a linkage analysis (Tiewsiri and
Wang, 2011). So the Mode 1-type resistance
selected in greenhouse populations of T. ni
by Bt sprays is associated with differential
alteration of APN1 and APN6 in the midgut,
which is distinctly different from the
cadherin gene mutation-based mechanism
previously identified in three laboratory-
selected insects (Gahan et al., 2001; Morin et
al., 2003; Xu et al., 2005).

Although the greenhouse-selected CrylAc
resistance in T. ni is associated with
downregulation of APN1 and upregulation
of APNG, genetic linkage analysis of the APN
genes with resistance determined that all six
APN genes were clustered in one linkage
group and had no genetic linkage with
resistance (Tiewsiri and Wang, 2011). An
additional genetic mapping study of CrylAc
resistance in T. ni further confirmed that the
APN genes and the resistance gene are
localized on different chromosomes (Baxter
et al., 2011). Therefore, resistance to CrylAc
in T. ni is controlled by a trans-regulatory
mechanism, leading to the absence of the full
size (110 kDa) toxin-binding APN1 in the
midgut brush border membranes and, as a
result, the loss of binding sites for the toxin.

8.3.8 ABC transporter

ABC transporters are a large superfamily of
transmembrane proteins. A mutation in an
ABC transporter gene, ABCC2, has been
identified to be genetically associated with
CrylAc resistance in H. virescens (Gahan et
al., 2010). ABC transporter proteins have
not been identified as Cry toxin-binding
proteins by the biochemical analysis of
midgut proteins from any insects, but their
functional role as a Cry toxin receptor has
been proposed and is supported by

experimental data from the functional
expression of the Bombyx mori ABCC2 gene
in cell culture and the introduction of a
susceptible allele of this gene into a resistant
strain of B. mori to rescue its susceptibility to
CrylAb (Atsumi et al., 2012; Heckel, 2012;
Tanaka et al, 2013). The ABCC2 protein
from T. ni, which is orthologous to the H.
virescens ABCC2, is a protein of 150 kDa with
similar domain architecture and sequence
characteristics to the ABCC2 from other
lepidopterans (Gahan et al., 2010; Baxter et
al., 2011; Atsumi et al.,, 2012). By genetic
mapping, CrylAc resistance in T. ni was
mapped to the ABCC2 gene locus in a linkage
group homologous to B. mori chromosome
15 (Baxter et al., 2011). Notably, CrylAc
resistance in P. xylostella selected by Bt
sprays in open fields has also been mapped
to the ABCC2 locus, but is independent of
the cadherin gene (Baxter et al., 2005, 2011).

Although CrylAc resistance in T. ni has
been mapped to the ABCC2locus regionin T.
ni, whether mutations in ABCC2 or in
another gene in the same region control the
resistance and whether or how the altered
expression of APN1 and APNG6 is conferred
by the mutation in an ABC transporter have
yet to be understood.

8.4 Conclusion

The intoxication pathways of Bt toxins in
insects are complex and the mechanisms of
Bt resistance can be diverse. For the
sustained application of Bt for insect pest
control, it is important to understand the
resistance mechanisms that have evolved in
insect populations in agricultural situations
to provide fundamental knowledge for the
management of insect resistance in agri-
culture. Bt resistance in T. ni was selected in
an agricultural situation and the resistant T.
ni could not only survive Bt sprays on
vegetable crops, but also on Bt broccoli and
Bt cotton plants. Consequently, Bt resistance
in T. ni is conferred by a mechanism that
threatens the continuing success of Bt
technology in agriculture.

CrylAc resistance in T. ni is a typical
example of Mode 1-type Bt resistance.
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However, the loss of midgut binding sites
for CrylAc in T. ni is associated with
downregulation of APN1 and upregulation
of APN6, which is different from the
cadherin mutation-associated Mode 1-type
resistance identified in H. virescens, H.
armigera and P. gossypiella (Gahan et al.,
2001; Morin et al., 2003; Xu et al., 2005). The
midgut cadherin gene in T. ni populations is
highly polymorphic and differential slicing
of its transcripts also occurs. Even so,
cadherin-mediated resistance was not
selected for CrylAc resistance in greenhouse
T. ni populations. The alteration of APN
expression in CrylAc-resistant T. ni is
regulated by a trans-regulatory mechanism
yet to be known, and the resistance is
localized to an ABC transporter gene locus
region. Bt resistance in T. ni is a unique case
for studying the molecular mechanism of Bt
resistance that has evolved in agricultural
systems. Cases of field-evolved Bt resistance
have been increasingly reported, but the
detailed molecular mechanisms of such
resistance remain to be understood.

Acknowledgements

This work was supported in part by the
Biotechnology Risk Assessment Grant
Program competitive grant no. 2012-33522-
19791 from the USDA National Institute of
Food and Agriculture and Agricultural
Research Service, and by the Cornell
University Agricultural Experiment Station
federal formula funds received from the
USDA  Cooperative  State  Research,
Education, and Extension Service.

References

Adang, M.J. (2013) Insect aminopeptidase N. In:
Rawlings, N.D. and Salvesen, G. (eds)
Handbook of Proteolytic Enzymes. Academic
Press, San Diego, California, pp. 405-409.

Atsumi, S., Miyamoto, K., Yamamoto, K., Narukawa,
J., Kawai, S. et al. (2012) Single amino acid
mutation in an ATP-binding cassette transporter
gene causes resistance to Bt toxin Cry1Ab in
the silkworm, Bombyx mori. Proceedings of the

National Academy of Sciences of the United
States of America 109, E1591-E1598.

Baxter, S.W., Zhao, J.Z., Gahan, L.J., Shelton,
A.M., Tabashnik, B.E. et al. (2005) Novel genetic
basis of field-evolved resistance to Bt toxins in
Plutella xylostella. Insect Molecular Biology 14,
327-334.

Baxter, S.W., Badenes-Peréz, F.R., Morrison, A.,
Vogel, H., Crickmore, N. et al. (2011) Parallel
evolution of Bacillus thuringiensis toxin resist-
ance in Lepidoptera. Genetics 189, 675-679.

Bravo, A. and Soberén, M. (2008) How to cope with
insect resistance to Bt toxins? Trends in
Biotechnology 26, 573-579.

Bravo, A., Gémez, |., Conde, J., Muioz-Garay, C.,
Sanchez, J. et al. (2004) Oligomerization
triggers binding of a Bacillus thuringiensis
Cry1Ab pore-forming toxin to aminopeptidase N
receptor leading to insertion into membrane
microdomains. Biochimica et Biophysica Acta
1667, 38—46.

Dhurua, S. and Gujar, G.T. (2011) Field-evolved
resistance to Bt toxin CrylAc in the pink
bollworm, Pectinophora gossypiella (Saunders)
(Lepidoptera: Gelechiidae), from India. Pest
Management Science 67, 898-903.

Downes, S., Parker, T. and Mahon, R. (2010)
Incipient resistance of Helicoverpa punctigera
to the Cry2Ab Bt toxin in Bollgard Il cotton. PloS
One 5(9): e12567.

Estada, U. and Ferré, J. (1994) Binding of
insecticidal crystal proteins of Bacillus
thuringiensis to the midgut brush border of the
cabbage looper, Trichoplusia ni (Hubner)
(Lepidoptera: Noctuidae), and selection for
resistance to one of the crystal proteins. Applied
and Environmental Microbiology 60, 3840-
3846.

Ferré, J. and Van Rie, J. (2002) Biochemistry and
genetics of insect resistance to Bacillus
thuringiensis. Annual Review of Entomology 47,
501-533.

Francis, B.R. and Bulla, L.A. Jr (1997) Further
characterization of BT-R,, the cadherin-like
receptor for Cry1Ab toxin in tobacco hornworm
(Manduca sexta) midguts. Insect Biochemistry
and Molecular Biology 27, 541-550.

Gahan, L.J., Gould, F. and Heckel, D.G. (2001)
Identification of a gene associated with Bt
resistance in Heliothis virescens. Science 293,
857-860.

Gahan, L.J., Pauchet, Y., Vogel, H. and Heckel, D.G.
(2010) An ABC transporter mutation is
correlated with insect resistance to Bacillus
thuringiensis Cry1Ac toxin. PLoS Genetics
6(12): e1001248.

Gassmann, A.J., Petzold-Maxwell, J.L., Clifton,



Mechanism of Cry1Ac Resistance in Cabbage Loopers in an Agricultural Environment 95

E.H., Dunbar, M.W. et al. (2014) Field-evolved
resistance by western corn rootworm to multiple
Bacillus  thuringiensis toxins in transgenic
maize. Proceedings of the National Academy of
Sciences of the United States of America 111,
5141-5146.

Gill, M. and Ellar, D. (2002) Transgenic Drosophila
reveals a functional in vivo receptor for the
Bacillus thuringiensis toxin Cry1Acl1. Insect
Molecular Biology 11, 619-625.

Gill, S.S., Cowles, E.A. and Francis, V. (1995)
Identification, isolation, and cloning of a Bacillus
thuringiensis CrylAc toxin-binding protein from
the midgut of the lepidopteran insect Heliothis
virescens. The Journal of Biological Chemistry
270, 27277-27282.

Gomez, |., Dean, D.H., Bravo, A. and Soberén, M.
(2003) Molecular basis for Bacillus thuringiensis
Cry1lAb toxin specificity: two structural
determinants in the Manduca sexta Bt-R,
receptor interact with loops -8 and 2 in domain
Il of Cy1Ab toxin. Biochemistry 42, 10482—
10489.

Gonzalez-Cabrera, J., Escriche, B., Tabashnik, B.E.
and Ferré, J. (2003) Binding of Bacillus
thuringiensis toxins in resistant and susceptible
strains of pink bollworm (Pectinophora
gossypiella). Insect Biochemistry and Molecular
Biology 33, 929-935.

Griffitts, J.S. and Aroian, R.V. (2005) Many roads to
resistance: how invertebrates adapt to Bt toxins.
Bioessays 27, 614—624.

Gunning, R.V,, Dang, H.T., Kemp, F.C., Nicholson,
I.C. and Moores, G.D. (2005) New resistance
mechanism in Helicoverpa armigera threatens
transgenic crops expressing Bacillus
thuringiensis  Cry1Ac toxin. Applied and
Environmental Microbiology 71, 2558-2563.

Hayakawa, T., Shitomi, Y., Miyamoto, K. and Hori,
H. (2004) GalNAc pretreatment inhibits trapping
of Bacillus thuringiensis Cry1Ac on the
peritrophic membrane of Bombyx mori. FEBS
Letters 576, 331-335.

Heckel, D.G. (2012) Learning the ABCs of Bt: ABC
transporters and insect resistance to Bacillus
thuringiensis provide clues to a crucial step in
toxin mode of action. Pesticide Biochemistry
and Physiology 104, 103-110.

Heckel, D.G., Gahan, L.J., Baxter, S.\W., Zhao, J.Z.,
Shelton, A.M. et al. (2007) The diversity of Bt
resistance genes in species of Lepidoptera.
Journal of Invertebrate Pathology 95, 192—197.

Herrero, S., Gechey, T., Bakker, P.L., Moar, W.J. and
de Maagd, R.A. (2005) Bacillus thuringiensis
Cry1Ca-resistant Spodoptera exigua lacks
expression of one of four aminopeptidase N
genes. BMC Genomics 6:96.

Iracheta, M.M., Pereyra-Alférez, B., Galan-Wong,
L. and Ferré, J. (2000) Screening for Bacillus
thuringiensis crystal proteins active against the
cabbage looper, Trichoplusia ni. Journal of
Invertebrate Pathology 76, 70-75.

Janmaat, A.F. and Myers, J. (2003) Rapid evolution
and the cost of resistance to Bacillus
thuringiensis in greenhouse populations of
cabbage loopers, Trichoplusia ni. Proceedings
of the Royal Society, B: Biological Sciences
270, 2263-2270.

Janmaat, A.F.,, Wang, P, Kain, W., Zhao, J.Z. and
Myers, J. (2004) Inheritance of resistance to
Bacillus  thuringiensis subsp. Kkurstaki in
Trichoplusia ni. Applied and Environmental
Microbiology 70, 5859-5867.

Jurat-Fuentes, J.L. and Adang, M.J. (2004)
Characterization of a Cry1Ac-receptor alkaline
phosphatase in susceptible and resistant
Heliothis virescens larvae. European Journal of
Biochemistry [now The FEBS Journal] 271,
3127-3135.

Jurat-Fuentes, J.L., Karumbaiah, L., Jakka, S.R.,
Ning, C., Liu, C. et al. (2011) Reduced levels of
membrane-bound alkaline phosphatase are
common to lepidopteran strains resistant to Cry
toxins from Bacillus thuringiensis. PloS One
6(3): e17606.

Kain, W.C., Zhao, J.Z., Janmaat, A.F., Myers, J.,
Shelton, A.M. et al. (2004) Inheritance of
resistance to Bacillus thuringiensis Cry1Ac
toxin in a greenhouse-derived strain of cabbage
looper (Lepidoptera: Noctuidae). Journal of
Economic Entomology 97, 2073—-2078.

Karumbaiah, L., Oppert, B., Jurat-Fuentes, J.L. and
Adang, M.J. (2007) Analysis of midgut
proteinases  from  Bacillus  thuringiensis-
susceptible and -resistant Heliothis virescens
(Lepidoptera: Noctuidae). Comparative Bio-
chemistry and Physiology Part B: Biochemistry
and Molecular Biology 146, 139-146.

Knight, PJ., Crickmore, N. and Ellar, D.J. (1994)
The receptor for Bacillus thuringiensis CrylA(c)
delta-endotoxin in the brush border membrane
of the lepidopteran Manduca sexta is
aminopeptidase N. Molecular Microbiology 11,
429-436.

Li, C., Song, X., Li, G. and Wang, P. (2009) Midgut

cysteine protease-inhibiting  activity in

Trichoplusia ni  protects the peritrophic

membrane from degradation by plant cysteine

proteases. Insect Biochemistry and Molecular

Biology 39, 726-734.

H., Oppert, B., Higgins, R.A., Huang, F., Zhu,

K.Y. et al. (2004) Comparative analysis of

proteinase activities of Bacillus thuringiensis-

resistant and -susceptible Ostrinia nubilalis

Li



96 P. Wang

(Lepidoptera: Crambidae). Insect Biochemistry
and Molecular Biology 34, 753-762.

Lingren, PD. and Green, G.L. (eds) (1984)
Suppression and Management of Cabbage
Looper Populations. Technical Bulletin No.
1684, US Department of Agriculture Agricultural
Research Service, Washington, DC.

Lorence, A., Darszon, A. and Bravo, A. (1997)
Aminopeptidase dependent pore formation of
Bacillus  thuringiensis ~ CrylAc  toxin  on
Trichoplusia ni membranes FEBS Letters 414,
303-307.

Ma, G., Roberts, H., Sarjan, M., Featherstone, N.,
Lahnstein, J. et al. (2005) Is the mature
endotoxin Cry1Ac from Bacillus thuringiensis
inactivated by a coagulation reaction in the gut
lumen of resistant Helicoverpa armigeralarvae?
Insect Biochemistry and Molecular Biology 35,
729-739.

Matten, S.R., Head, G.P. and Quemada, H.D.
(2008) How governmental regulation can help
or hinder the integration of Bt crops within IPM
programs. In: Romeis, J., Shelton, A.M. and
Kennedy, G.G. (eds) Integration of Insect
Resistant Genetically Modified Crops within
IPM Programs. Progress in Biological Control,
Volume 5. Springer, Dordrecht, The Netherlands,
pp. 27-39.

McGaughey, W.H. (1985) Insect resistance to the
biological insecticide Bacillus thuringiensis.
Science 229, 193-195.

Melander, A.L. (1914) Can insects become
resistant to sprays? Journal of Economic
Entomology 7, 167—173.

Morin, S., Biggs, R.W., Sisterson, M.S., Shriver, L.,
Ellers-Kirk, C. et al. (2003) Three cadherin
alleles associated with resistance to Bacillus
thuringiensis in pink bollworm. Proceedings of
the National Academy of Sciences of the United
States of America 100, 5004-5009.

Mota-Sanchez, D., Whalon, H., Hollingworth, R.M.
and Xue, Q. (2008) Documentation of pesticide
resistance in arthropods. In: Whalon, M.E.,
Mota-Sanchez, D. and Hollingworth, R.M. (eds.)
Global Pesticide Resistance in Arthropods. CAB
International, Wallingford, UK, pp. 32—-39.

Nagamatsu, Y., Koike, T., Sasaki, K., Yoshimoto, A.
and Furukawa, Y. (1999) The cadherin-like
protein is essential to specificity determination
and cytotoxic action of the Bacillus thuringiensis
insecticidal CrylAa toxin. FEBS Letters 460,
385-390.

Oppert, B., Kramer, K.J., Beeman, R.W., Johnson,
D. and McGaughey, W.H. (1997) Proteinase-
mediated insect resistance to Bacillus
thuringiensis toxins. The Journal of Biological
Chemistry 272, 23473-23476.

Pardo-Lépez, L., Soberdn, M. and Bravo, A. (2013)
Bacillus thuringiensis insecticidal three-domain
Cry toxins: mode of action, insect resistance
and consequences for crop protection. FEMS
Microbiology Reviews 37, 3-22.

Pigott, C.R. and Ellar, D.J. (2007) Role of receptors
in Bacillus thuringiensis crystal toxin activity.
Microbiology and Molecular Biology Reviews
71, 255-281.

Rahman, M.M., Roberts, H.L., Sarjan, M., Asgari,
S. and Schmidt, O. (2004) Induction and
transmission of Bacillus thuringiensis tolerance
in the flour moth Ephestia kuehniella. Proceed-
ings of the National Academy of Sciences of the
United States of America 101, 2696—-2699.

Sangadala, S., Walters, F.S., English, L.H. and
Adang, M.J. (1994) A mixture of Manduca sexta
aminopeptidase and phosphatase enhances
Bacillus thuringiensis insecticidal CrylA(c) toxin
binding and 86Rb(+)-K+ efflux in vitro. The
Journal of Biological Chemistry 269, 10088—
10092.

Schnepf, E., Crickmore, N., Van Rie, J., Lereclus,
D., Baum, J. et al. (1998) Bacillus thuringiensis
and its pesticidal crystal proteins. Microbiology
and Molecular Biology Reviews 62, 775-806.

Schwartz, P.H. (1983) Losses in yield of cotton due
to insects. In: Ridgway, R.L., Lloyd, E.P. and
Cross, W.H. (eds) Cotton Insect Management
with Special Reference to the Boll Weevil.
Agriculture Handbook, No. 589, US Department
of Agriculture Agricultural Research Service,
Washington, DC, pp. 329-358.

Shao, Z., Cui, Y., Liu, X, Yi, H., Ji, J. et al. (1998)
Processing of &-endotoxin of Bacillus thuri-
ngiensis subsp. kurstaki HD-1 in Heliothis
armigera midgut juice and the effects of
protease inhibitors. Journal of Invertebrate
Pathology 72, 73-81.

Shelton, A.M., Robertson, J.L., Tang, J.D., Perez,
C., Eigenbrode, S.D. et al. (1993) Resistance
of diamondback moth (Lepidoptera: Plutellidae)
to Bacillus thuringiensis subspecies in the
field. Journal of Economic Entomology 86,
697-705.

Storer, N.P., Babcock, J.M., Schlenz, M., Meade, T.,
Thompson, G.D. et al. (2010) Discovery and
characterization of field resistance to Bt maize:
Spodoptera frugiperda (Lepidoptera: Noctuidae)
in Puerto Rico. Journal of Economic Entomology
1083, 1031-1038.

Tabashnik, B.E. (1994) Evolution of resistance to
Bacillus thuringiensis. Annual Review of
Entomology 39, 47-79.

Tabashnik, B.E., Cushing, N.L., Finson, N. and
Johnson, M.W. (1990) Field development of
resistance to Bacillus thuringiensis in diamond-



Mechanism of Cry1Ac Resistance in Cabbage Loopers in an Agricultural Environment 97

back moth (Lepidoptera: Plutellidae). Journal of
Economic Entomology 83, 1671-1676.

Tabashnik, B.E., Finson, N., Groeters, F.R., Moar,
W.J., Johnson, M.W. et al. (1994) Reversal of
resistance to Bacillus thuringiensis in Plutella
xylostella. Proceedings of the National Academy
of Sciences of the United States of America 91,
4120-4124.

Tabashnik, B.E., Liu, Y.B., Malvar, T., Heckel, D.G.,
Masson, L. et al. (1998) Insect resistance to
Bacillus thuringiensis: uniform or diverse?
Philosophical Transactions of the Royal Society
B: Biological Sciences 353, 1751-1756.

Tabashnik, B.E., Carriere, Y., Dennehy, T.J., Morin,
S., Sisterson, M.S. et al. (2003) Insect
resistance to transgenic Bt crops: lessons from
the laboratory and field. Journal of Economic
Entomology 96, 1031-1038.

Tabashnik, B.E., van Rensburg, J.B. and Carriéere,
Y. (2009) Field-evolved insect resistance to Bt
crops: definition, theory, and data. Journal of
Economic Entomology 102, 2011-2025.

Tanaka, S., Miyamoto, K., Noda, H., Jurat-Fuentes,
J.L., Yoshizawa, Y. et al. (2013) The ATP-binding
cassette transporter subfamily C member 2 in
Bombyx mori larvae is a functional receptor for
Cry toxins from Bacillus thuringiensis. The
FEBS Journal 280, 1782—1794.

Tiewsiri, K. and Wang, P. (2011) Differential
alteration of two aminopeptidases N associated
with resistance to Bacillus thuringiensis toxin
Cry1Ac in cabbage looper. Proceedings of the
National Academy of Sciences of the United
States of America 108, 14037—-14042.

van Rensburg, J.B.J. (2007) First report of field
resistance by the stem borer, Busseola fusca
(Fuller) to Bt-transgenic maize. South African
Journal of Plant and Soil 24, 147-151.

Van Rie, J., McGaughey, W.H., Johnson, D.E.,
Barnett, B.D. and Van Mellaert, H. (1990)
Mechanism of insect resistance to the microbial
insecticide Bacillus thuringiensis. Science 247,
72-74.

Wang, P, Zhang, X. and Zhang, J. (2005) Molecular

characterization of four midgut aminopeptidase
N isozymes from the cabbage looper,
Trichoplusia ni. Insect Biochemistry and
Molecular Biology 35, 611-620.

Wang, P, Zhao, J.Z., Rodrigo-Simon, A., Kain, W.,
Janmaat, A.F. et al. (2007) Mechanism of
resistance to Bacillus thuringiensis toxin Cry1Ac
in a greenhouse population of the cabbage
looper, Trichoplusia ni. Applied and Environ-
mental Microbiology 73, 1199-1207.

Wan, P, Huang, Y., Wu, H., Huang, M., Cong, S. et
al. (2012) Increased frequency of pink bollworm
resistance to Bt toxin Cry1Ac in China. PloS
One 7(1): €29975.

Xu, X., Yu, L. and Wu, Y. (2005) Disruption of a
cadherin gene associated with resistance to
Cry1Ac 3-endotoxin of Bacillus thuringiensis in
Helicoverpa armigera. Applied and Environ-
mental Microbiology 71, 948—954.

Yang, Y., Chen, H., Wu, S,, Yang, Y., Xu, X. et al.
(2006) Identification and molecular detection of a
deletion mutation responsible for a truncated
cadherin of Helicoverpa armigera. Insect Bio-
chemistry and Molecular Biology 36, 735-740.

Zhang, H., Yin, W., Zhao, J., Jin, L., Yang, Y. et al.
(2011) Early warning of cotton bollworm
resistance associated with intensive planting of
Bt cotton in China. PloS One 6(8): e22874.

Zhang, H., Tian, W., Zhao, J., Jin, L., Yang, J. et al.
(2012a) Diverse genetic basis of field-evolved
resistance to Bt cotton in cotton bollworm from
China. Proceedings of the National Academy of
Sciences of the United States of America 109,
10275-10280.

Zhang, X., Kain, W. and Wang, P. (2013) Sequence
variation and differential splicing of the midgut
cadherin gene in Trichoplusia ni. Insect
Biochemistry and Molecular Biology 43, 712—
723.

Zhang, X., Tiewsiri, K., Kain, W., Huang, L. and
Wang, P. (2012b) Resistance of Trichoplusia ni
to Bacillus thuringiensis toxin CrylAc is
independent of alteration of the cadherin-like
receptor for Cry toxins. PloS One 7(5): €35991.





