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Abstract 5-Endotoxins produced by Bacillus thuringiensis
(Bt) have been used as bio-pesticides for the control of
lepidopteran insect pests. Garlic (Allium sativum L.) leaf
agglutinin (ASAL), being toxic to several sap-sucking pests
and some lepidopteran pests, may be a good candidate for
pyramiding with &-endotoxins in transgenic plants for
enhancing the range of resistance to insect pests. Since
ASAL shares the midgut receptors with CrylAc in
Helicoverpa armigera, there is possibility of antagonism
in their toxicity. Our study demonstrated that ASAL
increased the toxicity of Cryl Ac against H. armigera while
CrylAc did not alter the toxicity of ASAL against cotton
aphids. The two toxins interacted and increased binding of
each other to brush border membrane vesicle (BBMV)
proteins and to the two important receptors, alkaline
phosphatase (ALP) and aminopeptidase N (APN). The
results indicated that the toxins had different binding sites
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on the ALP and APN but influenced mutual binding. We
conclude that ASAL can be safely employed with CrylAc
for developing transgenic crops for wider insect resistance.
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Introduction

The application of d-endotoxins of Bacillus thuringiensis
(Bt) has contributed substantially in enhancing the produc-
tivity of cotton and maize during the last decade. This is
due to the control of Helicoverpa armigera, Helicoverpa
zea, and other lepidopteran pests through the development
of transgenic crops. This has also brought down the
application of chemical pesticides. 6-Endotoxins are recep-
tor specific and therefore toxic to selected insects only. The
success of Bt crops is threatened by a concomitant increase
in the population of secondary pests like whiteflies, aphids,
and leathoppers against which the §-endotoxins are not
effective (Dutt 2007; Virla et al. 2010). Pest management
practices in the future will be based on transgenic crops
which would express insecticidal proteins for the control of
both lepidopteran and homopteran pests (Ferry et al. 2004;
Wu and Guo 2005).

Garlic (Allium sativum L.) leaf agglutinin (ASAL) is
toxic primarily to the sap-sucking homopteran pests like
cotton and pea aphids, and also against a few lepidopteran
pests. It is a 25-kDa homodimeric protein structurally and
evolutionarily related to lectins like Galanthus nivalis
agglutinin, GNA (Van Damme et al. 1992; Smeets et al.
1997; Bandyopadhyay et al. 2001; Saha et al. 2006;
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Sadeghi et al. 2008). It has potential to complement the Bt
technology for broadening the range of insect resistance in
transgenic plants. Due to edible source of origin, ASAL
may be safe to mammals. However, for successful
complementation, the binding sites and mode of insecticidal
action of ASAL must not compete with the partner J-
endotoxins. Only then, gene pyramiding for the control of
lepidopteran and homopteran pests can succeed.

Mode of insecticidal action of d-endotoxins includes a
number of chronological steps. The protoxin forms of the 8-
endotoxins are activated into the toxin by the midgut
proteases. The activated toxins bind to the cadherin, get
assembled into oligomers, then bind to proteins such as
aminopeptidase N (APN) or alkaline phosphatase (ALP) on
the cell membrane of midgut microvilli. This results in
oligomer insertion, formation of pores, and cell death by
metabolite leakage and osmotic shock (Bravo et al. 2004).
Additional proposed mode of action involves activation of
the intracellular signaling after binding of the monomeric
toxins to cadherin, followed by the induced enterocyte
death and septicemia (caused by midgut bacteria) leading to
larval death (Zhang et al. 2005; Broderick et al. 2006).
Membrane-bound ALPs have been proposed as a family of
receptors for d-endotoxins in Manduca sexta (McNall and
Adang 2003), H. armigera (Upadhyay and Singh 2011),
Heliothis virescens (Jurat-Fuentes and Adang 2004, 2007;
Krishnamoorthy et al. 2007), Aedes aegypti (Fernandez et al.
2006), Anopheles gambiae (Hua et al. 2009), and Anthono-
mus grandis (Martins et al. 2010). APNs are another family
of receptors for the d-endotoxins in M. sexta (Knight et al.
1994), H. virescens (Luo et al. 1997), H. armigera (Ingle et
al. 2001), and 4. gambiae (Zhang et al. 2008).

The insecticidal lectins are resistant to digestive enzymes in
the insect midgut, exhibit stable binding, and cause toxicity
(Sauvion et al. 2004). Their insecticidal activity has been
accredited to their binding with glycoproteins in the digestive
tract (Fitches et al. 2001; Majumder et al. 2004). The strength
of binding determines their anti-nutrient value (Vasconcelos
and Oliveira 2004). The insecticidal lectins have been
detected in hemolymph, body tissue, and excreta, which
suggests their transport across the digestive tract (Fitches et al.
2001; Upadhyay et al. 2010a). However, the exact mechanism
of their insecticidal action has not been elucidated.

In our earlier study, we reported the binding of ASAL to
several proteins in the midgut of H. armigera larvae
(Upadhyay et al. 2010b), and most of them were receptors
of &-endotoxins also. Both the insecticidal proteins had
affinity for ALP and APN, the two major groups of known
receptors. It was suspected that ASAL might negate the
toxicity of CrylAc (d-endotoxin used in the development
of Bt cotton) if the two proteins are expressed together in
transgenic plants. The purpose of the present study was to
understand (a) the synergistic or antagonistic effects of
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ASAL on the toxicity of CrylAc to H. armigera, (b) the
effect of CrylAc on the toxicity of ASAL to cotton aphids,
and (c) the kinetics of binding of both the toxins with brush
border membrane vesicle (BBMV) proteins of H. armigera.

Materials and methods
Expression and purification of CrylAc and ASAL

The Cry1Ac protein was cloned and expressed in Escherichia
coli strain HB101 (pRT200) and purified as described earlier
(Tuli et al. 1989; Chaturvedi et al. 2000). ASAL was purified
from mature leaves of garlic (4. sativum) on mannose
column by affinity chromatography following an established
protocol (Smeets et al. 1997). The purified protein was
concentrated on a 10-kDa cut-off filter (Millipore, USA).
Both the proteins were stabilized in phosphate buffered
saline (PBS), and used in insect bioassay and receptor
binding studies.

Insects

H. armigera larvae were maintained in the laboratory on
artificial diet at constant temperature of 26+2 °C with 8§0%
relative humidity. Cotton aphids (Aphis gossypii) were
maintained on cotton plants grown in a glass house.

Insect bioassay

Insect bioassay was carried out with neonatal larvae of H.
armigera by feeding them on artificial diet. Different
amounts of CrylAc and ASAL (0, 10, 20, 40, 60, and
80 pmol, separately and in 1:1 molar ratio) were mixed with
1 g of artificial diet and used for bioassay. Twenty
individual larvae were released on diet for each concentra-
tion, and each treatment was taken in triplicate. Bioassay
with cotton aphid (4. gossypii) was carried out by feeding
them on artificial liquid diet mixed with different amounts
of ASAL and CrylAc (0.5, 1, 2, and 4 nmol) separately and
together (in 1:1 molar ratio). Test proteins were mixed with
1 ml of the artificial diet and bioassay was performed. BSA
was taken as negative control. BSA was also mixed with the
toxins for stabilization. Bioassays were carried out for 5 days
and data collected every day. Entire set of experiments was
repeated three times. The data was analyzed by one-way
analysis followed by DMRT using SPSS program (version 10).

Preparation and solubilization of BBMV from the midgut
of H. armigera larvae

BBMVs were prepared from the midgut of different
larval instars by repeated MgCl, differential centrifugation
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(Wolfersberger et al. 1987). Larvae were immobilized by
placing them on ice for 5 min and dissected in MET buffer
(300 mM mannitol; 5 mM EGTA; 17 mM Tris—Cl, pH 7.4).
Midguts were removed, rinsed, powdered under liquid
nitrogen, and homogenized in MET buffer at a ratio of 1:9
(w/v). Equal volume of 24 mM MgCl, was added to the
homogenate. The suspension was kept on ice for 30 min,
followed by centrifugation (2,500xg, 4 °C, 15 min). The
pellet was discarded and the supernatant was centrifuged
(30,000%g, 4 °C, 30 min). The pellet was re-suspended in
half of the original volume of MET and MgCl,, and the
above steps were repeated. The final pellet was solubilized in
PBS containing 0.1% Tween 20 by overnight incubation at
4 °C with gentle shaking (Upadhyay et al. 2010a). Protein
content in BBMV preparations were measured by Bradford
dye (Bio-Rad, USA), and BSA (Sigma, USA) served as
standard. Quality of BBMV preparations were assessed on
the basis of marker enzymes alkaline phosphatase and
leucine aminopeptidase (Table 1). The BBMV preparations
from each larval stage were used for the interaction studies
with CrylAc and ASAL.

Purification of ALP and APN

ALP was purified from solubilized BBMV of third and APN
from fourth instar larvae. In the respective instar stage, the
expression of the target enzymes was maximum (Upadhyay
and Singh 2011). BBMV solubilized in PBS containing
0.1% Tween 20 was dialyzed against 20 mM Tris—Cl
(pH 8.0), centrifuged (2,500xg, 4 °C, 15 min), filtered
through a 0.22-uM filter, and applied to an anion exchange
column (MonoQ; GE Healthcare, USA) pre-equilibrated
with 20 mM Tris—CI (pH 8.0). The column was washed
with 20 mM Tris—Cl1 (pH 8.0) till 4,59 became 0.002. The
proteins were eluted with 0.0-1.0 M gradient of NaCl at a
flow rate of 0.5 ml/min. The fractions with ALP or APN
activity were analyzed on denaturing polyacrylamide gel.
The fractions with more than 90% homogeneity (either
ALP or APN) were pooled and stored at 4 °C for further

studies. MS/MS analysis of ALP and APN was done on
MALDI-TOF-TOF (model 4800, ABsciex, USA) for
characterizing the enzymes.

ALP and APN assay

ALP activity was assayed with 3 mM p-nitrophenyl
phosphate (pNPP) (Merck, India) as substrate in 50 mM
glycine buffer (pH 10.4) containing 5 mM MgCl, and 0.1%
Triton X-100 as described by Lowry et al. (1954) with
some modifications. The enzyme activity was monitored by
measuring the absorbance of p-nitrophenol at 405 nm after
every 1 min up to 15 min. The initial rate was considered
for the calculation of specific activity. One unit of specific
ALP activity was defined as the amount of enzyme
producing 1 pmol p-nitrophenol min~' (mg protein) ' at
37 °C. p-Nitrophenol concentration was estimated on the
basis of a standard curve. Alkaline phosphatase activity was
further confirmed by “in gel” assay (Jurat-Fuentes and
Adang 2004). The protein was resolved on 10% denaturing
polyacrylamide gel without heat denaturation and trans-
ferred onto the PVDF membrane. Membrane was washed
with water and color was developed with western blue
stabilized substrate for alkaline phosphatase (Promega,
USA).

APN activity was assayed with L-leucine-amide (Sigma—
Aldrich, USA) following the protocol of Mitz and Schlueter
(1958) with some modifications. The product of the
reaction was monitored at 238 nm. The initial rate was
used for the calculation of specific activity. The molar
extinction coefficient of L-leucine was 9.8 M™' cm™'. One
unit of specific APN activity was defined as the amount of
enzyme catalyzing the hydrolysis of 1 pumol L-leucine-
amide min~' (mg protein) ' at 25 °C.

To determine the enzyme activity in purified fractions of
ALP and APN and in BBMV preparations, the respective
aliquots were added to the reaction mixture. The reaction
velocity was monitored and specific activities were calcu-
lated. K, and V,.x of ALP for pNPP were calculated after

Table 1 Specific activity of aminopeptidase-N (APN) and alkaline phosphatase (ALP) for midgut brush border membrane vesicles (BBMV)

preparations from different developmental stages of H. armigera larvae

Midgut homogenates BBMV

Larval Total Specific activity Specific activity Total Specific activity Fold Specific activity Fold

stage protein of ALP of APN protein of ALP enrichment of APN enrichment

(mg) (pmol/min/mg) (pmol/min/mg) (mg) (pmol/min/mg) of ALP (umol/min/mg) of APN

Ist 0.57 57.89 21.22 0.11 291.66 5.03 98.67 4.64

2nd 1.16 87.46 36.78 0.24 454.54 5.19 168.90 4.59

3rd 4.65 112.94 50.46 0.89 555.55 491 229.81 4.55

4th 11.8 98.71 103.21 2.14 490.93 4.97 478.22 4.63

Sth 23.76 62.83 78.63 3.94 310.07 4.93 354.31 4.50

@ Springer



2368

Appl Microbiol Biotechnol (2012) 93:2365-2375

conducting the reaction (37 °C, 10 min, pH 10.4) with
different substrate concentrations (0, 1, 3, 6, 12, 15, and
18 mM). K, and V., of APN for L-leucine-amide were
calculated by conducting the reaction (25 °C, 5 min,
pH 8.0) with the substrate concentrations 0, 25, 50, 100,
200, and 400 mM. The data were analyzed on Prism (3.0)
software.

ELISA binding assays

ELISA was performed to study the (a) binding of the toxins
with BBMV proteins (at different larval instars) and
purified ALP and APN; (b) effect of one toxin on other in
the binding to BBMV, ALP, and APN; and (c) interaction of
the two toxins between themselves.

BBMYV from larvae at different instar stages were diluted
in bicarbonate buffer (pH 9.6), coated onto the 96-well
ELISA plate (100 ng/well, Greiner Bio-One, Germany) and
incubated overnight at 4 °C. The plate was washed and
blocked with 1% BSA in PBS containing 0.05% Tween 20,
washed again with PBST, and incubated with different
concentrations of CrylAc or ASAL in PBST containing
0.25% BSA at 37 °C for 2 h. Excess BSA was washed and
the plate incubated with respective primary antibody and
peroxidase conjugated secondary antibody (Sigma, USA)
as per standard protocol. Color was developed with the
HRP substrate solution (Merck, India) and absorbance
measured at 490 nm. Similar study was also performed
with purified ALP and APN. All the steps were same
except that the coating of ELISA plate was done with 10 ng
purified enzymes/well.

To study the effect of one toxin on binding of the other to
BBMYV, ALP, and APN, ELISA plates were coated with
BBMYV, ALP, or APN. The plates were incubated with a
mixture of CrylAc and ASAL in 1:1 molar ratio. For each
experimental combination, either anti-CrylAc or anti-
ASAL was used as primary antibody followed by the
HRP-labeled secondary antibody.

Interaction of CrylAc with ASAL was studied by
incubating different concentrations of CrylAc (0.062—
30 nM) onto the ELISA plate, pre-coated with 1 nM
ASAL. This was followed by incubation with anti-CrylAc
antibody and then the secondary antibody.

Ligand and immuno-blot analysis

Ligand blot analysis was performed to study the interaction
between CrylAc and ASAL and their binding with ALP
and APN. Then 200 ng each of ASAL, CrylAc, ALP, and
APN was resolved on SDS—PAGE and transferred onto the
PVDF membrane (Millipore, USA) by using I-Blot gel
transfer apparatus (Invitrogen, USA). The membranes were
blocked with TBST containing 5% non-fat dry milk.
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Membrane having CrylAc, ALP, and APN was incubated
with ASAL and the membrane having ASAL, ALP, and
APN with CrylAc, each at 2 nM concentration in TBST
containing 1% non-fat dry milk for 2 h. Incubation with
BSA (2 nM) served as negative control. The membranes
were washed repeatedly in TBST buffer and incubated with
respective anti-ASAL and anti-CrylAc antibody for 2 h.
The membrane was washed and incubated with HRP
conjugated secondary antibody for 2 h. Color was developed
with DAB system (Merck, India).

Effect of CrylAc and ASAL on enzymatic activity of ALP
and APN

To study the effect of CrylAc and ASAL on enzyme
activity of ALP, 1 nM enzyme was incubated with 1 and
5 nM of either CrylAc or ASAL or both. The enzymatic
reaction was performed with substrate (pNPP) at different
concentrations (0, 1, 3, 6, 12, 15, and 18 mM). A similar
experiment with APN did not produce any meaningful
result; therefore, some modifications were introduced. One
nanomolar enzyme was mixed with higher concentrations
(10200 nM) of CrylAc or ASAL or both in 1:1 molar
ratio, followed by the enzyme reaction with the
substrate L-leucine-amide at 100 mM concentration.

Results
Insect bioassay

The efficacy of CrylAc and ASAL towards H. armigera
cannot be compared directly, as the former caused mortality
while the latter showed only growth retardation. In
combination, the morbidity caused by ASAL enhanced
the mortality caused by CrylAc. At higher levels (above
40 pmol), the two toxins showed significant synergy
(Table 2). The mortality reached 97% to 100%, above
60 pmol, although the LCsy was not significantly different.
ASAL showed significant mortality of aphids. CrylAc was
neither toxic to aphids nor altered the toxicity of ASAL
(Table 3). BSA as a control neither caused any toxicity to
test insects nor affected the toxicity of any toxin.

Binding analysis of toxins to BBMV proteins prepared
from different developmental stages of larvae

Since both the toxins were effective against H. armigera,
their interaction with BBMV proteins was studied. The
binding affinity of CrylAc and ASAL to BBMV was
determined in terms of dissociation constant (Kg4). The
effect of CrylAc on the binding of ASAL with BBMV and
vice versa was also examined (Table 4). Affinity of the
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Table 2 Insect bioassay of
CrylAc and ASAL with neonate
larvae of H. armigera

Concentration (pmol)

Mean mortality (%)

ASAL CrylAc ASAL+CrylAc

Control 2.0+2.5a

10 3.0+£1.5a 27.5+2.5¢d 20.0+5.0¢

20 2.5+£2.5a 35.0+£5.0d 32.54+2.5d

40 3.0+2.0ab 72.5+2.50e 85.0+5.0f

. 60 4.5+2.5ab 85.0+5.0f 97.5+2.5¢

Means compared using DMRT
(Duncan’s multiple range test) at 80 3.5+0.0ab 93.7+1.2f 100.0£0.0g
P=0.05; means followed with LCsg 22.10 20.864

the same letter are not signifi-

[Fiducial limit]
cantly different

[19.20-25.03] [18.89-22.89]

toxins for BBMV increased with larval development.
The K values for the binding of CrylAc to BBMV were
maximum (5.647 nM) for the first and minimum
(1.281 nM) for the fifth instar larvae. These were 30.32
and 2.142 nM in case of ASAL for the first and fifth
instar larvae, respectively. The Ky values at different
stages of larval growth followed a similar trend even
when both the toxins were used in combination. ASAL
did not show any significant impact on the binding of
CrylAc to BBMV, whereas CrylAc increased the affinity
of ASAL very significantly, especially at early larval
development stages. None of the toxins showed any
binding with BSA.

Purification and enzyme kinetics of ALP and APN

The two receptors, purified on MonoQ ion exchange
column, were analyzed for enzymatic activities and
visualized on 10% denaturing PAGE (Fig. 1, lanes 1 and
2). Although several fractions showed both the enzymatic
activities (data not shown), only a few fractions were nearly
homogenous and appeared as a single band on denaturing
PAGE (APN ~110 and ALP ~66 kDa, respectively) and
were in agreement with the earlier reports. The enzymes
were also confirmed by MS/MS analysis and found similar
to the midgut aminopeptidase APN2 (gi|25814968) and
alkaline phosphatase 2 (gi|194295558), reported earlier as

the CrylAc receptors of H. armigera (Upadhyay and Singh
2011). APNs are a family of proteins with size ranging from
110 to 180 kDa (Angelucci et al. 2008). APNs of different
sizes were observed in different fractions during purifica-
tions (data not shown). Similarly, various sizes of ALPs
were also observed. Only the fractions purified to near
homogeneity were used for the interaction studies. ALP
was analyzed by “in gel” activity assay also (Fig. 1, lane 3).
The purified protein fractions were pooled and used in
enzyme kinetic study. The specific activity of ALP in the
midgut homogenate was 112.94 pumol min ' mg ' which
increased to 555.55 pmol min ' mg ™! in BBMV prepara-
tion and 4,226.21 umol min ' mg ' in the purified enzyme
(Supplementary Table la). The increase in specific activity
was 4.919 and 37.41 folds, respectively. The specific
activity of APN in the midgut homogenate was
1032 umol min' mg™', which increased by 4.75 and
35.59 folds at the two steps of purification (Supplementary
Table 1b).

ALP and APN activities followed normal Michaelis—
Menten enzyme kinetics. Velocity of the reaction increased
with increase in the substrate concentration and reached
maxima (Fig. 2a, ¢). The K,;,, Vinax, and K., of ALP were
1.9 mM, 75.7 pmol min ' ugfl, and 4.54x10° min !,
respectively. The ratio of K., to K, for the ALP was
2.389%x10° mM ' min !, The K, Vipax, and K.y of APN
were 84.55 mM, 2,537 pmol min ! mg_l, and 2.1x

Table 3 Insect bioassay of
CrylAc and ASAL with cotton
aphids (4Aphis gossypii)

Concentration (nmol)

Mean mortality (%)

ASAL CrylAc ASAL+CrylAc
Control 6.6+£3.3a
. 0.5 26.6+2.50ab 5.0+3.0a 26.5+2.5ab
Means compared using DMRT
(Duncan’s multiple range test) at | 36.743.3bc 45+2.5a 35.00+5.0bc
P=0.05; means followed with 2 48.50+4.5¢ 5.5+3.5a 53.50+2.5¢
same letter are not significantly 4 73.24+2.5d 5.0+3.5a 70.50+2.5d

different.
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Table 4 Binding (K; in nM) of CrylAc, CrylAc+ASAL, ASAL, and ASAL+CrylAc with BBMV proteins prepared from different

developmental stages of H. armigera larvae

Larval stage CrylAc CrylAc+ASAL ASAL ASAL+CrylAc
Ist instar 5.64+1.12 4.94+0.95 30.20+7.28 7.00+1.06
2nd instar 2.81+0.42 2.97+0.42 25.56+6.22 2.10+0.37
3rd instar 2.52+0.39 2.46+0.27 9.18+1.41 2.49+0.26
4th instar 1.78+0.24 1.77+£0.26 2.65+0.25 2.05+0.30
Sth instar 1.28+0.14 1.07+0.11 2.14+0.26 2.11£0.29

100 ng BBMV was coated on ELISA plate, incubated with different concentrations of proteins and developed with anti-CrylAc antibody in case
of CrylAc and CrylAc+ASAL, and anti-ASAL antibody in case of ASAL and ASAL+CrylAc

10° min ', respectively, and the ratio of K., to K, was
2.48x10* mM ™" min".

Binding analysis of CrylAc and ASAL to ALP and APN

CrylAc and ASAL showed binding to both the
receptors. The former showed higher affinity towards
ALP and the later towards APN. Further, the toxins
enhanced each other’s affinity towards the receptors. Ky
values of CrylAc and ASAL for ALP were 0.62 and
13.27 nM, respectively, which decreased to 0.40 and
3.98 nM in the combined treatments. Similarly, K4 value
of CrylAc and ASAL for APN were 7.12 and 3.42 nM,
respectively, and decreased to 5.60 and 2.12 in the
combined treatment (Fig. 3a—d).

I 2 3 4 5 6 7 8 9 10 Il
205 | P v S P —
97
66 P
43
29
14
—
6.5

Fig. 1 Purification of ALP, APN, CrylAc, and ASAL and ligand
blotting. APN (~110 kDa, lane 1) and ALP (~66 kDa, lane 2) purified
on MonoQ column (Supplementary Table la and b) and electro-
phoresed on 10% SDS-PAGE. Lane 3 shows “in gel” assay of ALP.
Ligand blot of APN and ALP with CrylAc (lanes 4 and 5) and with
ASAL (lanes 6 and 7). Purified Cryl Ac (~66 kDa) and its ligand blot
with ASAL are shown in lanes 8 and 9, respectively. Similarly
purified ASAL (~12 kDa) and its ligand blot with CrylAc are shown
in lanes 10 and 11, respectively
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Interaction of CrylAc with ASAL

Since the binding of ASAL to BBMYV receptors improved
in the presence of CrylAc and vice versa, interaction
between these two proteins was studied. The results showed
that both the proteins interacted with each other with the K4
value 2.05 nM (Fig. 4). None of the proteins showed any
interaction with BSA.

Ligand blotting

Binding of CrylAc with ASAL on blot further
established their affinity for each other (Fig. 1, lanes 9
and 11). Ligand blotting of the purified APN and ALP
with CrylAc and ASAL reconfirmed the interaction of
the receptors with the insecticidal proteins (Fig. 1, lanes
4-7).

Effect of CrylAc and ASAL on the enzyme activity of ALP
and APN

Both CrylAc and ASAL inhibited the activity of ALP,
competitively (Fig. 2b). ASAL caused comparatively
higher inhibition than CrylAc. When incubated with both
the toxins, the inhibition of ALP was less as compared to
individual toxin. In the treatment of ALP with 5 nM each
of CrylAc and ASAL, high K; value (29x107® mM) was
observed in comparison to 10.85x107° and 4.72x
10" mM for CrylAc and ASAL, respectively, in individual
treatment.

ASAL did not show any effect on the APN activity in
individual and combined treatments. CrylAc modulated
APN activity, which increased with increasing concentra-
tion of CrylAc (up to 20 nM). Further increase of CrylAc
(till 100 nM) decreased the APN activity and stabilized
(Fig. 2d).

The toxins did not show any ALP or APN activity
themselves and BSA did not affect the enzymatic activity of
the receptors.
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Fig. 2 Enzyme kinetics of ALP and APN. a Michaelis—Menten and
Lineweaver—Burk Plot of ALP. b Effect of different concentrations of
ASAL and CrylAc on enzymatic activity of ALP (1 nM), individually
and in combination (CrylAc+ASAL). The inhibition is competitive.

Discussion

Gene pyramiding in transgenic plants has been proposed as
an important strategy (1) for the management of resistance
development in insects and (2) to broaden the insect
resistance in transgenic plants which cannot be achieved
by a single toxin (Jackson et al. 2003; Manyangarirwa et al.
2006). d-Endotoxins control lepidopteran pests effectively
but are not effective against sap-sucking homopterans (Dutt
2007; Virla et al. 2010). Therefore, future pest management
strategies will include stacking more than one gene in
transgenic crop plants. One such strategy could be based on
d-endotoxins against lepidopteran pests and another toxin
for homopteran pests (Ferry et al. 2004; Wu and Guo 2005).

ASAL 1is considered a good candidate protein for
pyramiding with CrylAc &-endotoxin in transgenic plants.
It is significantly toxic to sap-sucking pests like aphids of
cotton, pea, and mustard and also inhibitory to the growth
of lepidopteran pests like H. armigera and S. litura
(Bandyopadhyay et al. 2001; Saha et al. 2006; Sadeghi et
al. 2008; Upadhyay et al. 2010a). Although efficacy of
ASAL to lepidopteran pests is substantially lower as
compared to d-endotoxins, in pyramiding, the former can

—+—CrylAc ASAL + CrylAc

Both V.« and K, are affected. ¢ Michaelis—Menten and Lineweaver—
Burk Plot of APN. d Effect of different concentrations of CrylAc and
CrylAc+ASAL (1:1 molar ratio) on enzymatic activity of APN.
ASAL alone did not influence APN activity

contribute to delaying resistance development against
d-endotoxins.

Earlier, we reported the binding of ASAL to several
proteins in the midgut of H. armigera, and a majority of
those were known receptors of CrylAc (Upadhyay et al.
2010b). This study was aimed at finding if both the
insecticidal proteins can function together without interfer-
ing with each other. Knowledge of the combined effect of
CrylAc and ASAL on H. armigera and cotton aphids is
necessary before designing a strategy for pyramiding. Some
lectins, like Con A (specific to mannose and glucose) and
SBA (specific to GalNAc) inhibit the binding of CrylAc
and CrylAb to the BBMV of H. armigera (Estela et al.
2004). Contrary to earlier reports, ASAL improved the
binding of CrylAc to the BBMV and contributed to the
toxicity, though marginally. CrylAc did not interfere with
the toxicity of the ASAL on cotton aphids. We also noticed
that the ASAL made a complex with CrylAc through
protein—protein interaction, although ASAL is known for
carbohydrate-mediated interactions only (Upadhyay et al.
2010a). This has not been reported earlier.

To understand the mechanism of action of the toxins, we
studied their binding with BBMV proteins of H. armigera.
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Fig. 3 Binding kinetics of CrylAc and ASAL with purified ALP and
APN. The purified APN and ALP were coated on ELISA plate,
incubated with different concentrations of the toxins and developed
with respective antibodies. a Binding of CrylAc (0.25-3 nM) and
CrylAc+ASAL (0.25-3 nM in 1:1 ratio) with ALP (10 ng) and
development with anti-CrylAc antibody. b Binding of CrylAc (0.5—
20 nM) and CrylAc+ASAL (0.5-20 nM in 1:1 ratio) with APN

1.6

Absorbance (490 nm)

0.0
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0 5 10 15 20 25 30
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Fig. 4 Binding of CrylAc with ASAL. ELISA plate coated with
1 nM ASAL, was incubated with different concentrations of CrylAc
(0.062-30 nM) and developed by using anti-Cry1Ac antibody. Figure
shows the interaction between the two proteins
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(10 ng) and development with anti-CrylAc antibody. ¢ Binding of
ASAL (1-50 nM) and ASAL+CrylAc (1-50 nM in 1:1 ratio) with
ALP (10 ng) and development with anti-ASAL antibody. d Binding of
ASAL (0.25-30 nM) and ASAL+CrylAc (0.25-30 nM in 1:1 ratio)
with APN (10 ng) and development with anti-ASAL antibody. Figure
shows that both the proteins interacted with both the receptors; one
increased the affinity of other toward the purified receptors

The toxins showed affinity towards BBMV proteins, which
increased with larval development. The increase might be
either due to increase in the abundance of the receptors or
due to their modification, resulting in an increase in the
affinity of the receptors to the toxins or both. The toxins
either helped each other in binding to BBMV proteins or
did not interfere. Earlier studies have shown that some
lectins reduce the affinity of &-endotoxins towards the
BBMYV proteins (Estela et al. 2004).

It was not possible to predict the ratio of the complex
and free forms of the toxins in the midgut of larvae in the
feeding experiments. There could be three possibilities for
higher insecticidal actions in combination—(1) the toxins
were in complex form at the time of feeding, but got free
from each other at alkaline pH in the midgut and then
bound to the BBMV proteins; (2) toxins bound to the
BBMYV proteins as a complex with higher affinity and
caused toxicity; and (3) these may bind sequentially to the
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receptors and enhance mutual affinity. Since the toxicity of
CrylAc improved with ASAL, the latter two hypotheses
appear more logical. The toxins improved each other’s
binding to the BBMV proteins; it seemed that the sites of
interaction between them were different from their BBMV
binding sites.

ALP and APN are important receptors of d-endotoxins
in the midgut of insects (Ingle et al. 2001; McNall and
Adang 2003; Arenas et al. 2010; Upadhyay and Singh
2011). Our earlier study has shown the binding of ASAL to
these receptors in H. armigera (Upadhyay et al. 2010b).
The studies on the interaction of CrylAc and ASAL with
purified ALP and APN reported here demonstrate signifi-
cant affinity of both the toxins towards the two receptors
and increase in the affinity of one toxin in the presence of
the other. This indicated that each receptor had two types of
independent or overlapping binding sites, one for each
toxin. Binding at site A influenced the binding of other
toxin at site B. ALP had maximum affinity for CrylAc—
ASAL complex, followed by the affinity for CrylAc and
ASAL. APN also had maximum affinity for the complex,
followed by ASAL and CrylAc. However, the increase in
the binding affinity of the toxin complex did not result in
increase in the insecticidal activity. This suggested that the
strength of the toxin—receptor interaction does not completely
account for the insecticidal activity.

CrylAc, ASAL, and their complex inhibited the enzy-
matic activity of ALP. This has been reported for CrylAc
(Sarkar et al. 2009) but not for ASAL. ALP activity was
maximally inhibited by ASAL, followed by CrylAc and
CrylAc—ASAL complex. This was opposite to the affinity
of the toxins and their complex with ALP. This indicated
that the binding of the toxins to ALP and inhibition of the
ALP activity were unrelated. Only binding of toxins to the
ALP contributed to insecticidal activity. Enzymatic activity
of APN remained unaffected. The result was in agreement
with Ingle et al. (2001).

ASAL showed some additive effect in the larvicidal
activity of CrylAc against H. armigera. We propose two
hypotheses for the result—(1) ASAL binds to the BBMV
proteins and enhances the interaction of CrylAc with its
receptors like Bt Ry, aminopeptidase N (Knight et al. 1994;
Burton et al. 1999), and alkaline phosphatase (Jurat-Fuentes
and Adang 2004); and (2) ASAL helps in internalization of
CrylAc into the hemolymph and contributes to the
increment in toxicity. ASAL has been reported to get
internalized into the hemolymph of H. armigera (Upadhyay
et al. 2010a). A similar lectin of Allium (ASA) is reported
as a carrier in the transportation of attached protein to
hemolymph (Fitches et al. 2008). Cry1Ac has been detected
in hemolymph of H. armigera (Ding et al. 2009). o-
Endotoxins, which are toxic to insects through oral route,
have been reported to be effective when injected directly

also (Cerstiaens et al. 2001). These evidences indicate the
possibility of internalization of CrylAc with the help of
ASAL and, thus, enhancement in the toxicity. Nevertheless,
the exact mechanism of combined toxicity is yet to be
elucidated.

Gene pyramiding is one of the methods to develop
broad-range insect-resistant transgenic plants and delay the
development of resistance against a given toxin. It is based
on three assumptions: (1) insects developing resistance
against one toxin can be controlled by the second toxin
(Jackson et al. 2003; Ferry et al. 2004), (2) insects with
resistance against the two toxins (with independent mode of
actions) cannot emerge through selection pressure of one
toxin alone, and (3) a single gene in insect cannot confer
resistance against two toxins if they are immunologically
distinct and have different binding targets (Gahan et al.
2005). A species cannot easily develop resistance against
two or more toxins because it would require simultaneous
and autonomous mutations (Jackson et al. 2003). Second-
generation Bt Cottons [Bollgard 1I® (Cry 1Ac+Cry 2Ab)
and WideStrike™ (CrylAc+Cry 1F)] express two b-
endotoxins. These have been developed to increase the
level of control for H. zea, which was not adequately
controlled by the CrylAc alone (Jackson et al. 2003; Ferry
et al. 2004; Bates et al. 2005; Gahan et al. 2005). CrylAc
and Cry2Ab have different binding sites in the larval
midgut; they make a reasonably good combination for
delaying the resistance development.

ASAL is toxic to sap-sucking pests and also effective
against lepidopteran pests like H. armigera. It does not
interfere with the insecticidal action of CrylAc against H.
armigera. If it is pyramided with CrylAc in cotton,
transgenic plants will exhibit protection against two entirely
different species of insects and also enhance protection
against H. armigera. Our study shows that ASAL can be
employed with CrylAc in the transgenic crop plants for
protection against a wider range of insects. Other important
observations which support pyramiding of these two toxins
are as follows: (1) CrylAc increased the affinity of ASAL
for BBMV proteins, (2) the two toxins enhanced the
affinity of each other toward ALP and APN, (3) CrylAc
and ASAL inhibited the enzymatic activity of ALP, and (4)
CrylAc interacted with ASAL. Detailed examination of
these aspects is in progress.
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