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Association of CrylAc Toxin Resistance in Helicoverpa zea (Boddie)
with Increased Alkaline Phosphatase Levels in the Midgut Lumen
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Resistance to Bacillus thuringiensis CrylAc toxin was characterized in a population of Helicoverpa zea larvae previously shown
not to have an alteration in toxin binding as the primary resistance mechanism to this toxin. CrylAc-selected larvae (AR1) were
resistant to protoxins and toxins of CrylAb, CrylAc, and the corresponding modified proteins lacking helix a-1 (CrylAbMod
and CrylAcMod). When comparing brush border membrane vesicles (BBMVs) prepared from susceptible (LC) and AR1 larval
midguts, there were only negligible differences in overall CrylAc toxin binding, though AR1 had 18% reversible binding, in con-
trast to LC, in which all binding was irreversible. However, no differences were detected in CrylAc-induced pore formation ac-
tivity in BBMVs from both strains. Enzymatic activities of two putative CrylAc receptors (aminopeptidase N [APN] and alkaline
phosphatase [ALP]) were significantly reduced (2-fold and 3-fold, respectively) in BBMVs from AR1 compared to LC larvae.
These reductions corresponded to reduced protein levels in midgut luminal contents only in the case of ALP, with an almost 10-
fold increase in specific ALP activity in midgut fluids from AR1 compared to LC larvae. Partially purified H. zea ALP bound
CrylAc toxin in ligand blots and competed with CrylAc toxin for BBMV binding. Based on these results, we suggest the exis-
tence of at least one mechanism of resistance to CrylA toxins in H. zea involving binding of CrylAc toxin to an ALP receptor in

the larval midgut lumen of resistant larvae.

Insecticidal proteins derived from the entomopathogenic bacte-
rium Bacillus thuringiensis have been exploited in agriculture for
many years as a leading alternative or complement to chemical
pest control agents. However, it was with the introduction of cry
genes into plants (Bt crops) such as cotton (1996) and corn (1997)
that the intensive use of B. thuringiensis proteins spread worldwide
(23). Due to their high specificity, B. thuringiensis-based insecti-
cidal technologies are safe to the environment and nontarget
fauna. The most important concern with the wide adoption of
transgenic Bt crops is the evolution of resistance in target pest
populations. To avoid evolution of resistance to Bt crops, several
insect resistance management (IRM) strategies are utilized: refu-
gia (either “structured” or “natural”), a high dose (typically used
when only one insecticidal compound is expressed in the crop),
and/or simultaneous expression of multiple insecticidal com-
pounds with diverse modes of action (gene pyramiding) (29).
Transgenic Bt cotton expressing CrylAc was commercialized
in 1996 as Bollgard in the United States (9). The cotton bollworm,
Helicoverpa zea Boddie, is one of the primary target pests of Bt
cotton in the United States along with tobacco budworm (He-
liothis virescens, F.) and pink bollworm (Pectinophora gossypiella,
Saunders). However, H. zea is at higher risk for development of
resistance than either H. virescens or P. gossypiella because the
former is less susceptible to CrylAc and is also exposed to a similar
B. thuringiensis protein (CrylAb) in Bt maize (22, 48). An addi-
tional protein (Cry2Ab) was commercialized in 2003 pyramided
with CrylAc in Bollgard II to help reduce the risk of resistance
evolution (and increase efficacy) against all three target pests of
cotton (9, 41). Although current EPA-mandated monitoring has
yet to detect any changes in H. zea susceptibility in the cotton-
growing regions of the United States (10, 30), it is important to
know how insects such as H. zea develop resistance to Cry proteins
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so that methods to suppress resistance mechanisms can be devel-
oped.

Resistance to CrylA toxins in lepidopteran pests can result
from alterations in any of the steps in the intoxication process,
including protoxin solubilization, toxin activation, binding to re-
ceptors on the midgut brush border membrane, and pore forma-
tion, leading to osmotic cell death and disruption of the midgut
(reviewed in reference 43). While alterations in toxin processing
have been reported in some Cry-resistant insects, in most cases of
laboratory selection, resistance relates to reduced toxin binding to
midgut receptors (11). Although there have been numerous at-
tempts to select and characterize resistance to CrylAc in H. zea,
the only stable Cry1Ac-resistant H. zea population that has been at
least partially characterized was reported by Anilkumar et al. (1,
2). This population (AR) displayed greater than 100-fold resis-
tance to CrylAc toxin, but no changes were detected regarding
CrylAc and CrylAa binding to midgut receptors (1), a major
mechanism of Cry protein resistance (11).

In the present work, we have further explored potential CrylAc
toxin resistance mechanisms in a CrylAc toxin-selected H. zea
population (AR1). We have characterized this population in
terms of cross-resistance to related CrylA and modified CrylA
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(CrylAMod) toxins and protoxins, CrylAc binding properties,
CrylAc pore formation activity, and enzymatic activities of two
putative CrylAc receptors: aminopeptidase N (APN) and alkaline
phosphatase (ALP) (36). Our data suggest that alterations in toxin
receptor concentrations in the midgut lumen and brush border
membranes are associated with CrylA toxin resistance in H. zea.

MATERIALS AND METHODS

Insects and selection. A laboratory-susceptible colony of H. zea was es-
tablished in September 2004 from a laboratory colony from Monsanto
(Union City, TN). A resistant strain (AR) resulted from the continuous
selection of the laboratory colony on an artificial diet containing up to 500
g CrylAc toxin/g diet for 25 generations (1). As is common with H. zea
colonies in general and resistant colonies specifically, AR was crossed with
the Monsanto susceptible strain (Union City, TN) in 2007 and reselected
with CrylAc toxin (500 pg CrylAc toxin/g diet), which resulted in a strain
designated as AR1 (3). This process was repeated in October 2010 using
100 pg CrylAc toxin/g diet from another source (similar in toxicity to 500
g CrylAc toxin/g diet observed previously) (reference 3 and W. J. Moar,
unpublished data). In both cases, AR1 displayed at least a 100-fold level of
resistance compared to susceptible insects (reference 3 and Moar, unpub-
lished).

All larvae from both strains were reared until ca. 18 to 24 h after
molting into 5th instar for biochemical analyses; susceptible larvae (LC)
were reared exclusively on an untreated artificial diet, while CrylAc-re-
sistant larvae (AR1) were reared on an artificial diet containing 500 pg
CrylAc toxin/g diet (2009) or 100 pg CrylAc toxin/g diet (2010) until 3rd
instar (1), when survivors were transferred to an untreated artificial diet
until 5th instar as described above.

B. thuringiensis Cry protein purification and biotin-labeling. The
crylAc protoxin gene from B. thuringiensis subsp. kurstaki strain HD-1
was expressed in Escherichia coli. The CrylAc protoxin was activated with
trypsin, purified, lyophilized as indicated elsewhere (1), and used for se-
lection.

Solubilized CrylAbMod and CrylAcMod protoxin and toxin (42),
together with the corresponding wild-type CrylAb and CrylAc protoxin
and toxin, were kindly provided by M. Soberén and A. Bravo (Instituto de
Biotecnologia, Universidad Nacional Auténoma de México, Cuernavaca,
México). These protoxins and toxins were produced and purified as de-
scribed in references 32 and 42.

For ligand blot experiments, CrylAc was produced and purified from
B. thuringiensis strain HD-73, obtained from the Bacillus Genetic Stock
Center (Columbus, OH). Toxin was solubilized, activated, and purified as
described elsewhere (35). The activated toxin sample was quantified using
the method of Bradford (5) with bovine serum albumin (BSA) as the
standard and stored at —80°C until used. This purified CrylAc toxin (1
mg) was biotinylated using a 1:30 molar ratio of EZ link N-hydroxysuc-
cinimide (NHS)-LC-biotin (Pierce) following the manufacturer’s in-
structions. After biotinylation, labeled toxin samples were extensively di-
alyzed in 20 mM Na,COs;, pH 9.8, 150 mM NaCl at 4°C. Labeled toxins
were quantified as above before use for ligand blotting.

Bioassays. Neonate LC and AR1 were bioassayed using diet incorpo-
ration as described in reference 1. At least 50 pg/g diet of wild-type and
modified CrylAb and CrylAc toxin and protoxin were used for bioassays
based on availability and previous results with wild-type toxin and pro-
toxin against susceptible H. zea (1). Each bioassay was replicated twice
(CrylAb proteins) or three times (CrylAc proteins). All treatments for a
particular Cry protein (CrylAb or CrylAc) were bioassayed concurrently
for each replicate. Mortality in untreated controls in all replicates aver-
aged less than 5% (data not shown). Percent mortality for all replicates
was averaged.

Midgut isolation and sample preparation. Actively feeding fifth-in-
star H. zea larvae on untreated diet were dissected in cold MET buffer (250
mM mannitol, 5 mM EGTA, 17 mM Tris-HCI, pH 7.5), and the isolated
midguts were frozen in liquid nitrogen and stored at —80°C. Brush border

August 2012 Volume 78 Number 16

Resistance to Cry1Ac Toxin in Helicoverpa zea

membrane vesicles (BBMVs) were prepared by the differential centrifu-
gation method (51). Final BBMV pellets were resuspended in one-half
MET buffer at pH 7.2, quantified as described for CrylAc toxin, and
frozen in liquid nitrogen and stored at —80°C until required. For the pore
formation assays, freshly prepared BBMVs were resuspended in a small
volume of MET buffer at pH 7.2 to obtain a final concentration of around
5 mg/ml.

To isolate midgut luminal contents, actively feeding fifth-instar H. zea
larvae were cut longitudinally to dissect the midgut, which was opened
lengthwise to isolate the lumen contents, which were immediately frozen
in liquid nitrogen or on dry ice and stored at —80°C. Samples were col-
lected from individual CrylAc-resistant and susceptible H. zea larvae in
2009 and in 2010 (separated by 17 to 19 generations). Midgut content
samples were homogenized with a pestle in a microcentrifuge tube con-
taining 100 wl of phosphate-buffered saline (PBS; 8 mM Na,HPO,, 2 mM
KH,PO,, 150 mM NaCl, pH 7.4), vigorously vortexed, and centrifuged at
4°C (10 min at 16,000 X g). Supernatants were used for enzymatic assay
measurements.

Purification of midgut HzZALP. Neonate H. zea larvae (Benzon Re-
search, Carlisle, PA) were reared on tobacco budworm artificial diet (Bio-
Serv, Frenchtown, NJ) at 26°C, 65% relative humidity (RH), and a 14-h-
light:10-h-dark (14L:10D) photoperiod. Midguts from fifth-instar larvae
were dissected and BBMVs purified as described above. Purified BBMVs
were quantified using the Quant-iT protein assay kit (Invitrogen, Carls-
bad, CA) with BSA as the standard, and then BBMVs (59 mg) were solu-
bilized in PBS containing 1% CHAPS {3-[(3-cholamidopropyl)-dimeth-
ylammonio]-1-propanesulfonate} and Complete EDTA-free protease
inhibitors (Roche) for 2 h at 4°C. Unsolubilized debris was removed by
centrifugation (21,130 X g for 30 min at 4°C), and the supernatant dia-
lyzed against buffer A (20 mM Tris-HCI, pH 8.5, plus 1 mM MgCL,).
Solubilized BBMV proteins were fractionated by anion-exchange fast-
performance liquid chromatography (FPLC) using a Mono Q 5/50 GL
column (GE Healthcare) and a gradient of buffer A containing 1 M NaCl.
The presence of ALP in the eluted fractions was determined using activity
assays as described elsewhere (20), and fractions with high activity (eluted
between 0.2 and 0.3 M NaCl) were pooled. Pooled fractions were concen-
trated using iCON 9-kDa molecular mass cutoft (MWCO) concentrators
(Thermo Scientific, Rockford, IL) and then further purified using size
exclusion chromatography in a HiLoad 16/60 Superdex 200 prep-grade
column (GE Healthcare). The sample was eluted with 20 mM Tris-HCl,
pH 8.5, plus 1 mM MgCl,. Fractions containing ALP activity, as deter-
mined by activity assays, were pooled as partially purified H. zea alkaline
phosphatase (HZALP).

The presence of an alkaline phosphatase in the purified HzZALP sample
was confirmed using in-gel activity assays following SDS-PAGE under
reducing conditions as described elsewhere (21). To detect HZALP in
Western blots and test CrylAc binding using ligand blotting, partially
purified HZALP (2 pg) was heat denatured at 95°C for 5 min in sample
buffer (24) and loaded on SDS-10% polyacrylamide gels. After electro-
phoresis, proteins were silver stained (18) or transferred to polyvinylidene
difluoride (PVDF) filters overnight at 20 V and 4°C. Upon transfer, filters
were blocked for 1 h at room temperature in PBS containing 0.1% Tween
20 and 3% BSA. For ligand blots, purified CrylAc biotinylated toxin was
used as described elsewhere (19). Filters were incubated with biotinylated
CrylAc toxin alone (0.5 pwg/ml) or in combination with 500-fold unla-
beled CrylAc toxin for 1 h in blocking buffer. For Western blotting,
blocked filters were probed with a 1:2,000 dilution of antisera against
membrane-bound alkaline phosphatase (ALP) from Anopheles gambiae
(kindly provided by G. Hua and M. Adang, University of Georgia, Athens,
GA) or a 1:1,000 dilution of antisera against 130-kDa aminopeptidase N
(APN) from Heliothis virescens (kindly provided by S. Gill, University of
California, Riverside, CA) for 1 h in blocking buffer. Biotinylated toxin
and ALP/APN antisera were detected on blocked filters using streptavidin
and anti-rabbit antisera, respectively, conjugated to horseradish peroxi-
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dase, and developed using enhanced chemiluminescence (SuperSignal
West Pico; Pierce, Rockford, IL).

Binding assays with '**I-labeled CrylAc. CrylAc was labeled by in-
cubating 25 pg of toxin with 0.5 mCi of ['?°I]Nal (Perkin Elmer, Madrid,
Spain) using chloramine-T as previously described (49). Two different
batches of labeled toxin were used throughout the study. Specific activities
obtained were 10 and 3 mCi/mg. For binding assays, BBMVs were centri-
fuged for 10 min at 16,000 X gand resuspended in binding buffer (8 mM
Na,HPO,, 2 mM KH,PO,, 150 mM NaCl, pH 7.4, 0.1% BSA) before the
assay.

To check for the presence of specific binding and to determine the
optimal concentration of BBMVs to use in competition and dissociation
experiments, increasing amounts of BBMVs were incubated with 0.04 nM
'2°I-Cry1Ac in a final volume of 0.1 ml of binding buffer for 1 h at 25°C.
An excess of unlabeled CrylAc toxin (0.3 pM) was used to calculate the
nonspecific binding. After incubation, samples were centrifuged at
16,000 X g for 10 min and the pellet was washed once with 500 .l of cold
binding buffer. Radioactivity retained in the pellet was measured in an
LKB model 1282 CompuGamma CS gamma counter (LKB Wallac Phar-
macia, Turku, Finland). Specific binding was calculated by subtracting
nonspecific binding from total binding.

Competition experiments were conducted by incubating 3 wg of
BBMYV protein with a fixed amount of **I-CrylAc (0.04 nM) in a final
volume of 0.1 ml of binding buffer for 1 h at 25°C in the presence of
increasing amounts of unlabeled CrylAc. Binding reactions were stopped
by centrifugation as described above. Radioactivity retained in the BBMV
pellet was measured in a gamma counter. Dissociation constants (K;) and
concentration of binding sites (R,) were estimated using the LIGAND
software (31).

For the dissociation experiments, binding reaction mixtures contain-
ing BBMV protein (3 pg) and **I-CrylAc (0.04 nM) proceeded for 1 h,
and then a 25-fold excess of unlabeled toxin was added to the mixtures.
Upon addition of unlabeled toxin, reactions were stopped by centrifuga-
tion at different intervals. Nonspecific binding was determined by incu-
bating an aliquot in the presence of unlabeled toxin (0.4 wM) added at the
beginning of the experiment.

To measure the inhibition of '**I-CrylAc binding to BBMVs from
larvae of the susceptible strain by partially purified HZALP at different
times, '*°I-CrylAc (0.04 nM) was preincubated with 5 p.g/ml of HZALP
for 30 min, 1 h, and 2 h at room temperature prior to initiating binding
assays with the addition of 4 wg BBMVs. Specific binding was estimated by
subtracting nonspecific binding (determined by adding an excess of un-
labeled toxin) from total binding. The reaction was stopped by centrifu-
gation as described above. Radioactivity retained in the BBMV pellet was
measured in a gamma counter.

In a second set of experiments to measure inhibition of CrylAc bind-
ing by partially purified HZALP, 4 pg of BBMV protein was incubated
with a fixed amount of '**I-Cryl1Ac (0.04 nM) in a final volume of 0.1 ml
of binding buffer for 1 h at 25°C in the presence of increasing amounts of
unlabeled CrylAc or partially purified HZALP.

BBMYV pore formation assays. BBMV permeability to K" was mea-
sured by recording the fluorescence quenching of the voltage-sensitive
cyanine dye 3,3’-dipropylthiodicarbocyanine iodide DiSC; (5) (Molecu-
lar Probes, Societa Italiana Chimici, Italy). The basis of this method con-
sists of the difference in the segregation of the dye in membrane vesicles,
and thus in the change of fluorescence, in response to changes in the
electrochemical gradient across the BBMV due to the flux of cations (40).
Experiments were performed as per reference 37, with minor modifica-
tions. BBMV pellets were resuspended in a syringe containing a small
volume of MET buffer at pH 7.2 for a final concentration of ca. 5 mg/ml.
BBMVs (29 pg of protein) were preincubated for 30 min at 25°C in poly-
acryl cuvettes containing 1 ml of MET buffer, pH 7.2, 6 wM DiSC; (5), and
either 100 nM CrylAc toxin or toxin buffer (20 mM Tris-HCl at pH 8.6,
150 mM CsCl) as the control. After preincubation, cuvettes containing
suspensions were transferred to a spectrofluorimeter (Cary Eclipse, Var-
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TABLE 1 Toxicity of wild-type and modified CrylAb and CrylAc
toxins and protoxins against LC and AR1 Helicoverpa zea“

% mortality”

Protein (concn)? LC AR1
CrylAb toxin (50) 87.5 7.5
CrylAbMod toxin (50) 18.9 4.5
Cry1Ab protoxin (100) 100 7.5
CrylAbMod protoxin (100) 55 2.5
CrylAc toxin (64) 98 33
CrylAcMod toxin (64) 32 6.3
CrylAc protoxin (94) 92 45
CrylAcMod protoxin (94) 30 14.7

“ The highest concentration (g protein/gram diet) tested is indicated in parentheses.
Two replicates comprising 40 insects tested for all Cryl1Ab treatments. Three replicates
comprising 48 insects tested for all CrylAc treatments.

b Mortality evaluated as dead insects plus insects failing to molt to 2nd instar after 7
days.

¢ LG, susceptible; AR1, CrylAc resistant.

ian), and DiSC; (5) fluorescence was measured using excitation and emis-
sion wavelengths of 645 and 665 nm, respectively. The ionophore valino-
mycin (23 wM) was added in the positive control samples just before the
introduction of the cuvettes into the instrument. Extravesicular incre-
ments of K™ concentrations were made by three successive additions of 2
M KCl to give final concentrations of 40, 80, and 120 mM. Pore formation
measurements were replicated four times and the results averaged. Mea-
surements were replicated with two independent BBMV preparations.
Enzymatic assays. Aminopeptidase N (APN) (E.C. 3.4.11.2) and al-
kaline phosphatase (ALP) (E.C.3.1.3.1) activities in homogenate, BBMV,
and midgut content samples were determined spectrophotometrically as
described before (37) by measuring the release of p-nitroaniline from
L-leucine-p-nitroanilide in 40 mM Tris-HCl at pH 7.5 and of p-nitrophe-
nol from p-nitrophenylphosphate in 1 M Tris-HCl at pH 8, respectively.

RESULTS

Cross-resistance to CrylMod in AR1 larvae. CrylAMod toxins
have been reported to reduce resistance levels to B. thuringiensis
proteins in some insect species (42, 46). Bioassays with LC and
AR1 showed substantial differences in susceptibility to
CrylAbMod and CrylAcMod toxin and protoxin between the
two strains, and these differences were similar to those observed
for CrylAb and CrylAc toxin and protoxin (Table 1). Modified
toxins and protoxins were always substantially less toxic than their
wild-type counterparts. These results show that AR1 is cross-re-
sistant to both CrylAbMod and CrylAcMod (toxins and protox-
ins), indicating that the modified proteins do not overcome resis-
tance in the AR1 strain.

Binding of '*’I-labeled CrylAc to BBMVs from susceptible
(LC) and resistant (AR1) larvae. Binding of '*’I-labeled CrylAc
was evaluated at increasing concentrations of BBMVs from both
H. zea strains. Specific '*’I-CrylAc binding was observed for
BBMVs from LC and AR, with just small quantitative differences.
Specific binding was slightly higher in BBMVs from the LC (max-
imum 25%) compared to the specific binding in AR1 (maximum
19%) at all tested BBMV concentrations (Fig. 1).

Binding competition experiments showed similar displace-
ment curves of '*’I-CrylAc binding to BBMVs from the suscep-
tible (LC) and resistant (AR1) strains (Fig. 2). The quantitative
binding parameters estimated from the curves are shown in Table
2. Only negligible differences were found in equilibrium dissoci-
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FIG 1 Specific binding of '*’I-labeled CrylAc as a function of BBMV protein
concentration from midguts of susceptible (LC) and CrylAc-resistant (AR1)
H. zea larvae. Each data point is the mean of at least two replicates, and the bars
indicate the standard error of the mean.

ation constant (K,) and binding site concentration (R,) among
strains.

Dissociation kinetics of '*°I-Cry1Ac binding to BBMVs. Be-
cause we did not detect relevant differences in CrylAc binding
affinity, we next examined the irreversibility of '*°I-Cry1Ac bind-
ing to BBMVs from susceptible and resistant H. zea larvae by
measuring the amount of bound toxin remaining over time after
dilution with an excess of unlabeled homologous competitor. In
these conditions, unlabeled toxin should displace the reversibly
bound '*’I-CrylAc but not the fraction bound irreversibly. After
reaching equilibrium (1 h), the addition of excess unlabeled
CrylAc to the reaction did not affect the amount of bound '*I-
CrylAc to BBMVs from LC, suggesting that all detected binding
was irreversible (Fig. 3). In contrast, in AR1 the reversible compo-
nent of the binding accounted for about 18% of the total binding
(Fig. 3).

Pore formation. To determine whether detected differences in
'2°I_CrylAc irreversible binding resulted in altered CrylAc toxin
pore formation, we monitored toxin-induced permeation of
BBMVs as described previously (37). As expected due to the in-
trinsic BBMV permeability to K™, fluorescence intensity increased
in control samples upon the addition of KCI (Fig. 4). As a positive
control for permeation, we used the K ionophore valinomycin,
which gave a maximal increase in fluorescence intensity corre-
sponding to the free influx of K (Fig. 4). When BBMVs from LC
and ARI larvae were preincubated with 100 nM CrylAc toxin, a
substantial increase in fluorescence intensity compared to nega-

% 12%|-Cry1Ac Binding

S

10! l;JU l(l)l l(lll
Competitor (nM)

FIG 2 Binding of '**I-labeled CrylAc to BBMVs from susceptible (LC) and

CrylAc-resistant (AR1) H. zea larvae at increasing concentrations of unlabeled

toxin. Each data point is a mean of three replicates. The bars indicate the

standard error of the mean.
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TABLE 2 K, and R, values calculated from the competition assays with
BBMVs from LC and AR1 H. zea larvae“

Strain K; (nM)* R, (pmol/mg)**
LC 0.38 * 0.08 7.0 = 0.8

AR1 0.41 = 0.09 55 % 0.6

“ Mean * SEM.

b Values are expressed in picomoles per milligram of BBMV protein.
¢ LG, susceptible; AR1, CrylAc-resistant.

tive controls was observed (Fig. 4). However, no differences were
detected at the level of BBMV permeabilization by CrylAc when
comparing vesicles from LC and ARI.

Comparison of APN and ALP activities in midgut. We quan-
tified APN- and ALP-specific activity in midgut homogenate,
brush border membrane, and midgut lumen contents obtained
from LC and ARI 5th-instar larvae to compare levels of these
putative receptors. In midgut homogenates, APN activity was only
slightly higher in AR1, whereas ALP activity in AR1 was approxi-
mately 50% reduced compared to that for LC (Table 3). This re-
duction in ALP activity in midgut homogenates corresponded
with reduced ALP levels (about 3-fold) in BBMVs from larvae of
the AR1 strain, while APN levels were reduced about 2-fold in
these vesicles compared to samples from LClarvae (Table 3). Most
notably, when testing enzymatic activities in midgut luminal con-
tents, ALP specific activity was significantly increased (almost 10-
fold) in midgut contents from AR1 compared to LC larvae (Stu-
dent’s t test, P < 0.001), while APN activity was not significantly
different (Table 3).

Role of HZALP in CrylAc binding and resistance. The de-
tected increased levels of ALP in luminal midgut contents from
ARI1 larvae suggested a role for solubilized ALP as a potential bind-
ing site for CrylAc, possibly preventing or reducing interactions
between CrylAc and the brush border membrane. To test this
hypothesis, we partially purified HZALP from susceptible H. zea
BBMVs and determined its CrylAc toxin binding capabilities. Im-
munoblots detected a band of the predicted size for HZALP (~68
kDa) in our partially purified sample (Fig. 5B), which was the only
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FIG 3 Dissociation kinetics of the bound '**I-labeled CrylAc to BBMVs from
susceptible (circles, solid lines) and CrylAc-resistant (squares, broken lines)
H. zea larvae. After 60 min of incubation, a 25-fold excess of unlabeled CrylAc
was added to the reaction mixture, and the radioactivity in the pellet was
measured at different times (filled symbols). The nonspecific binding (open
symbols) was determined by adding an excess of unlabeled toxin at the begin-
ning of the assay. Values represent the binding as a percentage of the total
binding after 60 min of association binding. Each data point is a mean of four
replicates, and the bars indicate the standard error of the mean.
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FIG 4 Effect of CrylAc toxin on K* permeability of BBMVs from the midgut of LC (susceptible) (A) and AR1 (CrylAc-resistant) (B) H. zea larvae. BBMVs,
preloaded with MET buffer at pH 7.2, were preincubated at room temperature with the buffer in which the toxin was dissolved (control and valinomycin
samples) or with 100 nM CrylAc in the cuvette with 1 ml of the preloading buffer supplemented with 6 uM DiSC; (5). After preincubation, the cuvettes with the
suspensions were transferred to the spectrophotometer, and the recording of the fluorescence started. The ionophore valinomycin was added to the cuvettes of
positive controls at the moment of the introduction in the instrument. KCl was added at the times indicated by the arrows to obtain extravesicular final
concentrations of 40, 80, and 120 mM. Each trace represents the mean = SEM of at least four replicates. Each experiment was repeated for two independent

BBMYV preparations. AU, arbitrary fluorescence units.

protein band in the partially purified HZALP sample that dis-
played ALP activity in activity assays (data not shown). As shown
in Fig. 5A, the partially purified HZALP sample also contained
protein bands of approximately 110 kDa and 120 kDa. Because
ALP and APN are usually reported to copurify (38), we predicted
that these higher-molecular-size proteins were APN. Immuno-
blots with antisera to the 130-kDa APN of H. virescens (33) recog-
nized the 110-kDa and 120-kDa bands (Fig. 5C) as well as other
smaller protein bands that were weakly detected by silver staining.
In ligand blots with biotinylated CrylAc, we observed that most of
the toxin bound to the ALP band (Fig. 5D), although binding was
also observed with the 110-kDa APN band. Competition of
CrylAcbinding using a 500-fold excess of unlabeled CrylAc elim-
inated toxin binding to ALP, while binding to the APN band was
almost unaffected (Fig. 5E). These data supported CrylAc binding
to ALP and APN proteins in our partially purified HZALP sample,
although only the ALP protein bound toxin specifically.

To test the effect of soluble HZALP on the amount of CrylAc
toxin binding to BBMVs, we performed in vitro binding assays
with '*°I-CrylAc and partially purified HzALP. When '*’I-
CrylAc was preincubated for different times with 5 pg/ml par-
tially purified HZALP prior to the addition of BBM Vs to the bind-
ing reaction, we observed a significant reduction (up to 17.3% at 2
h, Student’s ¢ test, P < 0.001) in CrylAc binding to BBMVs com-

pared to controls in the absence of HzALP (Fig. 6). However,
when testing binding of '*’I-Cry1Ac to BBMVs as a function of
increasing concentrations of partially purified HZALP (without
any previous preincubation) or unlabeled CrylAc (2.5 ng/ml to 5
pg/ml), we detected no inhibition of '*’I-Cry1Ac binding when
using HzALP as the competitor (Fig. 7).

DISCUSSION

Altered binding of Cryl toxins to their midgut receptors is the
most commonly described mechanism conferring the highest lev-
els of resistance, and it is the only described mechanism for pop-
ulations that evolved resistance to B. thuringiensis Cry proteins in
field or semifield conditions (8, 11, 12, 39, 45, 50, 52). Alternative
resistance mechanisms described to date include alterations in
protoxin activation (34), mutations in ABC transporter proteins
(14), toxin degradation (13), faster replacement of midgut epithe-
lial cells (28), elevated immune response (16), and toxin seques-
tration by esterases (15) or lipophorin (27).

To characterize Cryl Ac resistance in our H. zea colony, we first
investigated the binding of CrylAc in BBMVs from susceptible
and resistant insects. Although Anilkumar et al. (1) reported no
binding differences between the susceptible and the CrylAc-resis-
tant AR strain of H. zea, subsequent backcrossing of this resistant
colony to a laboratory-susceptible colony that had received an

TABLE 3 APN and ALP activity in homogenates, BBMV, and midgut contents from LC and AR1 H. zea larvae”

APN ALP
Strain H BBMV MC H BBMV MC
LC 867 + 26 (12) 10,523 * 384 (11) 975 + 173 (33) 157 = 4 (10) 1,701 + 65 (11) 127 + 17 (27)
ARI1 1,134 = 59 (8)* 5,278 + 83 (11)* 1,121 = 87 (47) 83 + 14 (8)* 518 + 35 (17)* 1,194 = 110 (60)*

“ LG, susceptible; AR1, CrylAc resistant. H, homogenates; MC, midgut contents. Activities are expressed in mU/mg of proteins and the values reported are the mean * SEM, with

the number of repetitions in parenthesis. Student’s ¢ test versus LC: ¥, P < 0.001.
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FIG 5 Characterization of partially purified H. zea ALP. Partially purified
HzALP samples (2 pg to 5 pg) were silver stained for total protein (A) or
transferred to PVDF filters and probed with antisera against ALP of A. gambiae
(B), antisera against 130-kDa APN from H. virescens (C), biotinylated CrylAc
alone (D), or biotinylated CrylAc and a 500-fold excess of unlabeled Cryl1Ac
(E). Arrow indicates the position of the HzALP protein band for reference.

influx of wild individuals warranted a repeat of the binding exper-
iments. Specific binding and associated parameters (R, and K;)
obtained in this study were similar to those obtained by Anilku-
mar et al. (1) and differed only marginally between LC and AR1.
Therefore, we conclude (and as reported previously with the AR
resistant strain [1]) that the slight observed differences in overall
binding between LC and AR1 cannot explain the >100-fold level
of resistance observed in AR1. Additionally, these results suggest
that the addition of wild H. zea into the laboratory colony had
little impact, if any, on the resistance binding phenotype of the
selected colony.

As expected from previous reports of cross-resistance to
CrylAb in AR larvae (1), ARl larvae were cross-resistant to
CrylAb. Most notably, AR1 larvae were also cross-resistant
to CrylAbMod and Cryl AcMod protoxins and toxins (42). This is
the first report documenting resistance to both CrylAMod toxins
and protoxins. CrylAMod protoxins have been shown to reduce
CrylA resistance in eight of nine insect strains tested, involving six
lepidopteran species (46). Contrary to a previous hypothesis (42),
this reduced resistance by CrylAMod toxins was independent of
mutations in the gene coding for the cadherin receptor (46). How-
ever, a shared feature of all insect strains for which CrylAbMod
and CrylAcMod could overcome resistance is that they have
moderately to severely reduced binding of at least one Cry1A toxin
(46). More recently, a mutation in an ABC transporter protein has
been linked to CrylAc resistance in strains of three insect species
with severely reduced CrylAc binding (4, 14). Interestingly,
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FIG 6 Specific binding of '**I-labeled CrylAc to BBMVs from LC (suscepti-
ble) H. zea in the absence or in the presence of 5 pg/ml of HZALP. '**I-labeled
CrylAc was incubated for 2 h with HzALP prior to initiating the binding
experiment. Each point bar is the mean of at least 10 determinations, and the
bars show standard error of the mean. Student’s ¢ test versus control: *, P <
0.001.
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FIG 7 Binding of '*’I-labeled CrylAc to BBMVs from LC (susceptible) H. zea
atincreasing concentrations of unlabeled toxin (CrylAc) and partially purified
alkaline phosphatase (HzALP). Each data point is a mean of three replicates.
The bars indicate the standard error of the mean.

CrylA resistance was significantly reduced in two of these three
species using CrylAbMod or CrylAcMod protoxins (42, 46).
However, this was not the case with either CrylAbMod or
CrylAcMod toxin or protoxin against AR1, which is consistent
with previous reports that a major alteration in binding is proba-
bly not the predominant mechanism of resistance in this species.
Cross-resistance to CrylAMod toxins and protoxins, along with
the lack of binding alteration, suggests that the mechanism of
CrylAc resistance in AR1 is different from those conferring resis-
tance in lepidopteran species susceptible to CrylAMod toxins.

High levels of cross-resistance in CrylAc toxin-resistant H. zea
do not extend to protoxin forms of CrylAc (MVP II and purified
protoxin) (reference 1 and Moar, unpublished). Although results
in Table 1 suggest relatively high levels of cross-resistance to pro-
toxin (especially CrylAb), the use of a single relatively low con-
centration of protein (to document susceptibility to CrylAMod
proteins) typically does not provide the accuracy of a dose-re-
sponse curve. Anilkumar et al. (1) suggested that this observation
may be indicative of a differential activation of protoxin in the
resistant insect midgut or that the C-terminal end of the full-
length protein contained in the protoxin may protect the active
toxin from the degradative action of midgut proteases, resulting in
a higher yield of the fully active toxin. Results presented here, in
which AR1 does not lose resistance in the presence of modified
toxin or protoxin (these toxins were produced by deleting part of
the N-terminal portion of the protein [42] where there is relatively
little cleavage during initial proteolysis [6]), is consistent with the
hypothesis that the C-terminal end of the protoxin may provide
protection from midgut proteases found in CrylAc-resistant H.
zea (1).

Dissociation kinetics of CrylAc binding showed that, in con-
trast to the complete irreversibility of binding in LC BBM Vs, bind-
ing to AR1 BBMVs s characterized by a partial (18%) reversibility.
This might be due to a reduction in second-step receptors (such as
membrane-bound APN and ALP) responsible for the insertion of
the oligomeric protein into the brush border membrane (7). We
thus analyzed pore formation activity of CrylAc in both strains,
which reflect the capacity of the irreversibly bound toxin to per-
meabilize BBMVs to potassium ions and, indirectly, the capacity
of BBMVs to elicit oligomerization of the toxin. Despite the dif-
ference in irreversible binding between LC and AR1 BBMVs, our
results showed similar levels of CrylAc permeabilization with
BBMVs from both strains, indicating no major effect on the oli-
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gomerization and subsequent membrane permeabilization pro-
cess, at least in vitro.

Mutations or altered expression of APN or ALP has previously
been associated with Cryl resistance (17, 20, 53). More recently,
reduced expression of ALP has been proposed as a B. thuringiensis
resistance biomarker in Lepidoptera (21), although the specific
role of reduced ALP expression in resistance has not been de-
scribed in detail. Interestingly, we found a significant decrease in
APN and ALP activity in BBMVs from AR1 compared to LC. This
result is in agreement with the detected reduction in irreversible
binding, as both APN and ALP are considered to be responsible
for localizing CrylA toxin oligomers to lipid rafts (54) and the
subsequent toxin insertion into the membrane (irreversible bind-
ing). Reduced ALP levels have previously been detected in BBMV's
from CrylA-resistant H. virescenslarvae (20, 21). Interestingly, we
also detected a 10-fold-increased ALP activity in the midgut lu-
men of AR1 compared to LC larvae, while APN activity in these
samples was similar. The fact that we observed similar results of
ALP and APN enzyme activity in two populations of CrylAc-
resistant H. zea that were separated by 17 to 19 generations, in-
cluding a backcross with a laboratory colony and subsequent se-
lection with a different CrylAc toxin source, suggests that these
differences in enzyme activity are strongly associated with B. thu-
ringiensis resistance. These observations led us to hypothesize a
possible relationship between the increased presence of ALP in the
lumen and CrylAc resistance.

In particular, because the depletion of ALP activity in the brush
border of resistant larvae is reflected in its increase in the midgut
lumen, it is reasonable to assume the presence of a receptor-shed-
ding mechanism from the brush border of resistant larvae. Recep-
tor shedding is an already described phenomenon consequent to
Cryl exposure for Lymantria dispar (47) and Spodoptera exigua
(15) larvae. After intoxication of L. dispar larvae with different
Cryl and Cry2 toxins, a massive shedding of glycosylphosphati-
dylinositol (GPI)-anchored APN and ALP into the midgut lumen
was observed. Also S. exigua larvae exposed to CrylCa showed a
high increase of APN activity in the midgut lumen (17). The role
of the observed receptor shedding in response to Cryl exposure
has not been clarified yet, although Los et al. (25) recently showed
RAB-11-dependent expulsion of microvilli from the apical side of
intestinal epithelial cells in Cry5B-intoxicated nematode Caeno-
rhabditis elegans. Cleavage of APN from the midgut brush border
membrane after toxin binding by an endogenous phospholipase C
was speculated as a potential resistance mechanism in Heliothis
virescens (26). In our case, the shedding of ALP is probably not
related to CrylAc exposure but rather to CrylAc resistance, be-
cause exposure to CrylAc toxin was stopped after 7 days (3rd
instar) and experiments were performed in 5th-instar larvae (ca.
an additional 5 days); molting at the end of the 3rd and 4th instar
should have removed most/all Cry toxin from the gut. Further-
more, the observation that ALP levels, but not APN, are highly
increased in the lumen suggests a selective mechanism targeting
ALP shedding rather than the membrane expulsion mechanism
observed in C. elegans (25). Moreover, the higher differences in
ALP levels between susceptible and resistant larvae detected for
midgut fluids compared to BBMVs may suggest the increased syn-
thesis and secretion of a soluble form of ALP from the midgut cells
in resistant larvae. While reductions in ALP but not APN levels in
BBMYVs have been reported in diverse resistant strains (21), the
potential increase in ALP levels in the midgut lumen of these in-
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sects was not tested. Our data add an important piece to the puzzle
on ALP involvement in Cry resistance and open a new perspective
on markers to be used in the field to monitor resistance. Further
studies on other resistant colonies would be pivotal to clarify
whether ALP increase in the midgut lumen of resistant insects
could be used as marker of resistance as ALP expression on the
brush border.

Once in the lumen of resistant larvae, ALP might interact with
CrylAc to reduce toxin binding to the brush border membrane, as
has also been suggested for esterases and CrylAc resistance in
Helicoverpa armigera (15). Our ligand blotting results support that
CrylAc binds specifically to ALP in H. zea BBMVs, while binding
to a copurifying APN protein seemed nonspecific. In agreement
with this observation, preincubation of CrylAc toxin with HzALP
resulted in reduced CrylAc binding to BBMVs, although the re-
duction was only moderate. However, complete inhibition of
CrylAc toxin binding to the BBMVs by ALP would not be ex-
pected, considering that CrylAc binding to the BBMVs is not
exclusively mediated by ALP and that the affinity of the toxin for
this receptor is much lower than for the cadherin primary receptor
(7). The low-affinity interaction with ALP in the midgut lumen
could account for a sufficient hindrance in the binding of CrylAc
to its receptors on the microvillar membrane, preventing CrylAc
crossing through the peritrophic membrane. A reduced amount
of binding could be critical for resistance because it may allow
gut-healing mechanisms to recover from the weak damage produced
by the toxin that was able to bind (28, 44). Additionally, because ALP
does bind specifically to CrylAc toxin and not protoxin, and ARI is
resistant to toxin with little cross-resistance to protoxin, ALP might
also play a role in changing the three-dimensional profile of the
CrylAc toxin, exposing additional protease cleavage sites not found
in susceptible insects. Based on these observations, we propose one
potential hypothesis that ALP in the midgut lumen contributes to
CrylAc resistance by binding to CrylAc toxin, thus reducing the
amount of CrylAc toxin available to interact with the surface of the
midgut cells as well as changing the three-dimensional conformation
of the CrylAc toxin allowing additional proteolysis to occur. Further
studies are under way to investigate alterations in proteolytic degra-
dation of CrylAc toxin in ARI.

The characterization of CrylAc resistance reported herein and
elsewhere suggests that resistance is complex and possibly poly-
genic, in which the final result of preventing binding of the toxin
to the midgut epithelial membrane is not accomplished by a major
alteration of the overall binding affinity to the membrane binding
sites. Instead, the increase in ALP within the midgut lumen is most
likely a mechanism contributing to resistance to CrylAc in the
ART1 strain of H. zea and would represent a novel resistance mech-
anism that should be considered in alternative models.
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