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Interaction of Allium sativum leaf agglutinin with midgut

brush border membrane vesicles proteins and its

stability in Helicoverpa armigera
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Allium sativum leaf agglutinin (ASAL) binds to several proteins in the midgut of Helicoverpa
armigera and causes toxicity. Most of these were glycosylated. Six ASAL-binding proteins were

selected for identification. PMF and MS/MS data showed their similarity with midgut

aminopeptidase APN2, polycalins and alkaline phosphatase of H. armigera, cadherin-N

protein (partial AGAP009726-PA) of Acyrthosiphon pisum, cytochrome P450 (CYP315A1) of

Manduca sexta and alkaline phosphatase of Heliothis virescens. Some of the ASAL-binding

midgut proteins were similar to the larval receptors responsible for the binding of d-endo-

toxin proteins of Bacillus thuringiensis. Galanthus nivalis agglutinin also interacted with most

of the ASAL-binding proteins. The ASAL showed resistance to midgut proteases and was

detected in the larval hemolymph and excreta. Immunohistochemical staining revealed the

presence of ASAL in the body tissue also.
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1 Introduction

A number of plant and microbial proteins toxic to insect

pests are possible alternatives to the chemical pesticides.

Plant-derived lectins is a promising group of such proteins

for the control of insect pests [1–7]. The mannose-binding

Allium sativum leaf agglutinin (ASAL) (MW 5 12 kDa) is

considered safe because garlic is a widely consumed food

crop. ASAL is toxic against not only the plant sap sucking

homopteran insects but also the coleopteran and lepi-

dopteran pests [8–13]. Transgenic tobacco plants expressing

ASAL show insect resistance against Spodoptera litura.

Severe retardation of larval growth and 100% mortality at

the pupal stage are observed when larvae are fed on trans-

genic plant leaves [9]. Resistance to midgut proteolysis and

binding to the midgut epithelial cells or to specific receptors

is a prerequisite, although not sufficient for lectins to be

toxic to insects. Lectins show resistance to gut proteolysis

and are subsequently detected in hemolymph [14–16] and

other insect tissues [17, 18]. Binding of ASAL to gut

epithelial receptors in homopteran insects has been

demonstrated through immunolocalization [19]. Putative

receptors of 55 and 45 kDa have been identified in the brush

border membrane vesicles (BBMV) preparation of the

aphid Lipaphis erysimi and red cotton bug Dysdercus sp.,
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respectively [18]. Arum maculatum tuber lectin binds to the

receptors of 40 and 35 kDa in BBMV of aphids L. erysimi and

Aphis craccivora, respectively [20].

ASAL is also toxic to cotton bollworm Helicoverpa armi-
gera [8, 21], one of the most serious lepidopteran pests of

cotton, pigeon pea, chickpea, sunflower, tomato, maize, etc.

However, the mode of action of ASAL and other lectins has

not been established. This study describes the purification

and identification of the BBMV proteins responsible for the

binding of ASAL in the midgut of H. armigera larvae,

stability of ASAL to gut proteases and its immunolocaliza-

tion. Since ASAL can be isolated only in limited quantity

from garlic leaves, recombinant ASAL was expressed in

Escherichia coli and purified in sufficient quantity, as

described earlier [21].

2 Materials and methods

2.1 Isolation of BBMV from midgut of H. armigera

BBMV was isolated from the fifth instar larvae of H. armi-
gera by repeated MgCl2 differential centrifugation [22].

Larvae were immobilized by placing on ice for 5 min and

dissected in MET buffer (300 mM Mannitol, 5 mM EGTA,

17 mM Tris-Cl, pH 7.4). The midguts were removed, rinsed

in MET buffer, powdered under liquid nitrogen and

homogenized in MET buffer in the ratio of 1:9 w/v. Equal

volume of 24 mM MgCl2 was added to the homogenate. The

suspension was kept on ice for 30 min, followed by centri-

fugation (2500� g, 15 min). The pellet was discarded and

the supernatant was centrifuged (30 000� g, 30 min). The

pellet was resuspended in half of the original volume of

MET-MgCl2 and the above steps were repeated. The final

pellet was solubilized in PBS (pH 7.4) containing 0.1%

Tween-20 by overnight incubation at 41C with gentle shak-

ing. The BBMV preparation was assayed for activity of the

marker enzymes alkaline phosphatase (ALP) and leucine

aminopeptidase. The enrichment in the specific activity of

ALP in BBMV as compared with the crude extract was 5.08-

fold (176.577.43 to 898.23728.95mmol/min/mg protein)

and that in case of leucine aminopeptidase was 4.6-fold

(49.4270.018 to 228.670.10 mmol/min/mg protein).

2.2 Preparation of ASAL affinity column and

purification of ASAL binding midgut BBMV

proteins

The recombinant ASAL was expressed in E. coli (N-terminal

fusion with SUMO peptide) and purified [21]. The purified

protein was incubated with CNBr-activated sepharose 4B

matrix and the affinity column was prepared as per the

manufacturer’s protocol (GE Healthcare, USA). BBMV

proteins solubilized in PBS were centrifuged (2500� g,

15 min). The supernatant was filtered through 0.22 mm filter

and loaded on the above column (at a flow rate of 0.5 mL/

min) pre-equilibrated with PBS (pH 7.4). Nonspecifically

bound proteins were removed by washing the column with

PBS till OD280 became stable at 0.002. The BBMV proteins

bound with the ASAL affinity column were eluted with

different buffers (1 M mannose in PBS, 100 mM glycine

buffer (pH 3.0) and 100 mM sodium carbonate (pH 11.6)).

Mannose could elute the protein but in large volume and

therefore was very dilute. In case of glycine buffer, the

eluted proteins lost their marker enzyme activities. Unbuf-

fered sodium carbonate eluted ASAL-bound protein in

sharp peak along with the marker enzyme activity. This

preparation was analyzed further.

2.3 Glycoprotein-specific staining of purified midgut

BBMV proteins and deglycosylation

To detect glycosylation in the purified BBMV proteins,

glycoprotein-specific staining was performed by using

glycoprofileTM III fluorescent glycoprotein detection kit

(Sigma, USA). The proteins were resolved on SDS-PAGE

and fixed in 50% methanol containing 3% acetic acid for 1 h.

The gel was washed repeatedly in water and incubated in

oxidation reagent containing periodic acid for 20 min. The

gel was further washed and submerged in glycoprotein-

specific fluorescent staining solution for 1 h. The gel was

washed again and the glycoproteins were detected by scan-

ning at 312 nm under Flour-STM multi-imager (BioRad,

USA). The gel was further stained with Coomassie Brilliant

Blue for the detection of total proteins.

To study the role of glycosylation in the interaction of

ASAL with H. armigera BBMV proteins, the proteins were

deglycosylated by deglycosylation enzyme PNGase F (New

England Biolabs, USA) as per the manufacturer’s protocol.

The deglycosylated proteins were analyzed by glycoprotein-

specific staining and used for ligand blot analysis.

2.4 Identification of purified midgut BBMV proteins

by PMF and MS/MS analysis

Purified midgut BBMV proteins were resolved on SDS-

PAGE. The protein bands were excised, reduced with

10 mM DTT (561C, 30 min), alkylated with 50 mM iodoacet-

amide (room temperature, 30 min) and digested with tryp-

sin (Sequencing grade, Porcine, Promega, USA) in 50 mM

ammonium bicarbonate buffer (pH 8.0) at 371C for over-

night [23]. The digested peptides were extracted by sonica-

tion in extraction solution (60% ACN and 1% TFA) for

several times. The extracted peptides were dried by centri-

fugal evaporation and suspended in 5mL resuspension

solution (50% ACN, 0.1% TFA). Briefly, 0.5 mL of the

suspended peptides were spotted on MALDI plate followed

by 0.5 mL CHCA matrix (10 mg/mL in 50% ACN, 0.1%

TFA). Spots were dried completely and used for PMF on
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MALDI-TOF-TOF platform (model 4800, ABsciex, USA).

The PMF data were analyzed on the MASCOT search using

MSDB, Swiss-Prot and NCBI database. The search para-

meters were peptide tolerance of 100 ppm, one missed

cleavage, carbamidomethyl modification of cysteines and

possible methionine oxidation. The peptides with higher

signal intensity were selected for MS/MS analysis. The

results obtained from MS/MS were analyzed by searching

against the MSDB, Swiss-Prot and NCBI database with the

following parameters: fixed precursor ion mass tolerance of

20 ppm, fragment ion mass tolerance of 0.05 Da, calibration

error of 0.005 Da, one missed cleavage, carbamido methy-

lation of cysteines and possible oxidation of methionine.

The spectra of common contaminants were removed by

searching against contaminant database, and the remaining

data were used for the identification of proteins.

2.5 Digestion of native and recombinant ASAL by

midgut proteases and trypsin

Native and recombinant ASAL were digested with trypsin

and midgut protease preparation as described in Supporting

Information method 1. Digested samples were analyzed on

SDS-PAGE with Coomassie staining or immunoblotting as

desired.

2.6 Detection of ASAL in hemolymph and excreta

Hemolymph and excreta were collected from the fifth instar

larvae after 24 h of feeding on semi-synthetic diet supple-

mented with native ASAL, recombinant ASAL or BSA

(100 mg/cm2 concentration). Samples were prepared

(described in Supporting Information method 2), resolved

on SDS-PAGE (Fig. 3D) and used in immunoblot analysis.

2.7 Ligand blot and Western blot analysis

Ligand blot analysis was performed to further confirm the

interaction of the midgut BBMV proteins of H. armigera
with ASAL. The method was also used for the study of

interaction of ASAL with the deglycosylated midgut

proteins. Purified BBMV proteins separated on SDS-PAGE

were transferred onto the PVDF membrane (Millipore,

USA) by using I-Blot gel transfer apparatus (Invitrogen,

USA). The membranes were blocked with TBST containing

5% nonfat dry milk. The membranes were incubated sepa-

rately with ASAL and BSA at a concentration of 4 nM for 2 h

in TBST containing 1% nonfat dry milk. BSA was taken as a

negative control. The membranes were washed repeatedly in

TBST and incubated with anti-ASAL antibody (1:1000 dilu-

tions) for 2 h. The membrane was washed again and incu-

bated with HRP-conjugated secondary antibody (1:15 000)

for 2 h. After washing, blots were developed using DAB

system (Bangalore Genei, India). Galanthus nivalis aggluti-

nin (GNA) was also used in ligand blotting to study the

interaction of an alternative mannose-binding protein with

the midgut BBMV proteins. Binding of GNA was detected

using digoxigenin-labeled GNA of DIG Glycan Detection Kit

(Roche, Switzerland) by following the manufacturer’s

protocol.

Western blot analysis was performed to detect the native

and recombinant ASAL in excreta and hemolymph of H.
armigera and to analyze digested product of ASAL. The

protein samples were resolved on SDS-PAGE and trans-

ferred onto the PVDF membrane as described above. The

membranes were blocked and incubated with anti-ASAL

antibody followed by HRP-conjugated secondary antibody

and the blots were developed with DAB system.

2.8 Detection of ALP activity in SDS-PAGE blot

The presence of ALP in the purified proteins was detected

by ‘‘in gel’’ assay [24]. Purified and crude midgut BBMV

proteins, solubilized in sample buffer, were resolved on 12%

SDS-PAGE without heat denaturation. Proteins were

transferred onto PVDF membrane. The membrane was

washed with water and colour was developed with Western

blue-stabilized substrate for ALP (Promega, USA).

2.9 Immuno-localization of ASAL in H. armigera

One micrometer thick sections were prepared from fifth

instar larvae of H. armigera fed for 24 h on semi-synthetic

diet supplemented with 100mg/cm2 of native ASAL (set 1),

recombinant ASAL (set 2), BSA (set 3) or PBS (set 4)

(Supporting Information method 3). Some section of set 4

were incubated with 4 nM of native and recombinant ASAL

designated as set 4a and 4b to serve as positive control. The

few sections of set 4 were also processed through all the

steps except incubation with ASAL, to serve as null control.

All the sections were incubated for 2 h with the anti-ASAL

antibody labeled with fluorescent Atto 488 dye (ReaMetrix,

India). Sections were washed in PBST and water. The

fluorescence signal in the sections was observed under

confocal microscope.

3 Results

3.1 Purification of ASAL interacting midgut BBMV

proteins of H. armigera and ligand blotting

Total BBMV proteins were isolated from the midgut of

H. armigera and solubilized in PBS containing 0.1% Tween-

20. The soluble BBMV proteins were purified by affinity

chromatography as described in Section 2.2 and analyzed on

denaturing PAGE (Fig. 1A). Several ASAL interacting
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proteins were visualized on gel. Ligand blot analysis with

purified proteins showed that almost all the affinity-purified

proteins interacted with the native ASAL (Fig. 1D).

They also showed nearly similar interaction with GNA

(Fig. 1E).

3.2 Identification of ASAL interacting midgut BBMV

proteins by MS analysis

The protein bands were excised from SDS-PAGE,

digested with trypsin and digested fragments were

analyzed by PMF and MS/MS analysis. PMF could identify

all the six proteins. MS/MS could confirm four proteins

only due to the limitation in database. Two proteins iden-

tified on the basis of PMF analysis were identical to

cadherin-N protein (partial, AGAP009726-PA) of Acyrthosi-
phon pisum (band II) and cytochrome P450 (CYP315A1) of

Manduca sexta (band VI). MS/MS data for band I matched

with the midgut aminopeptidase APN2 and band III with

polycalins of H. armigera. Band IV and V matched with ALP

of H. armigera and H. virescens (Table 1). The data were also

used to search the database described by Campbell et al. [25],

but no further sequences were identified. The presence of

ALP in the purified proteins was also confirmed by in-gel

assay (Fig. 2). The presence of ALP and APN in affinity-

purified proteins was further confirmed by enzymatic

assay and the specific activities were 2534737.31 and

75470.17 mmol/min/mg, respectively. The detail

of the identified proteins is given in Supporting Information

file 1.

3.3 Characterization of purified proteins as a

glycoprotein

Most of the purified midgut BBMV proteins were stained

with glycoprotein-specific stain (Fig. 1C). Subsequent

Coomassie Blue staining of the gel showed the presence of

all glycosylated and nonglycosylated proteins (data not

shown). Mobility shift was observed in SDS-PAGE analysis

of purified midgut BBMV proteins after deglycosylation

(Fig. 1B). It became evident that almost all the proteins were

glycoproteins. Loss in binding of ASAL to deglycosylated

midgut BBMV proteins on ligand blot analysis further

confirmed that the interaction of ASAL with midgut BBMV

proteins was glycans mediated (Fig. 1D). Ligand blot

analysis of ASAL affinity-purified midgut BBMV proteins

with GNA also showed nearly similar interaction (Fig. 1E).

3.4 Digestion of native and recombinant ASAL with

gut proteases and trypsin

To study the stability of ASAL in the gut of H. armigera, both

the proteins were treated with gut proteases and trypsin.

BSA was taken as control. Gut proteases digested the BSA

and additional part (i.e. SUMO peptide) of the recombinant

ASAL (Fig. 3A and B). Trypsin digested the BSA and cleaved

the recombinant ASAL into two constituent parts, i.e.
SUMO and ASAL (18 and 12 kDa on denaturing PAGE,

Fig. 3C and D). SUMO peptide was used for high level

expression of ASAL in E. coli [21] with a trypsin cleavage site

at the junction of SUMO and ASAL (data not shown). The

digested products were confirmed by MS/MS analysis (data
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Figure 1. BBMV protein profile in SDS-PAGE. All the results were confirmed by three independent biological replicates. (A) Purification of

total BBMV proteins on ASAL affinity column (Silver-stained 10% SDS-PAGE): lane M, molecular weight marker; lane 1, total BBMV

proteins; lane 2, eluted BBMV proteins. Arrows show bands used for PMF and MS/MS analysis. (B) Deglycosylation of BBMV proteins

purified by affinity chromatography: lane 1, affinity-purified BBMV proteins; lane 2, deglycosylated BBMV proteins showing band shift.

Arrow marks on deglycosylated lanes show probable band shift. (C) Glycoprotein-specific staining of the ASAL affinity-purified BBMV

proteins: lane 1, purified BBMV proteins; lane 2, deglycosylated BBMV proteins. (D) Ligand blot analysis of the affinity-purified BBMV

proteins with ASAL: lane 1, with glycosylated (native) proteins; lane 2, with deglycosylated proteins. (E) Ligand blot analysis of the affinity-

purified BBMV proteins with GNA shows nearly similar binding pattern as ASAL. Figure quality (sharpness, contrast and brightness) was

improved by using adobe Photoshop.
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not shown). Neither trypsin nor H. armigera gut proteases

were able to digest ASAL, confirming the stability of ASAL

in the larval gut.

3.5 Detection of ASAL in excreta and hemolymph

ASAL was detected in hemolymph and excreta of H. armi-
gera, collected after 24 h of feeding on either native or

recombinant ASAL. The lectin was detected by Western blot

analysis. However, the SUMO part of the recombinant

ASAL was not detected in hemolymph and excreta

(Fig. 4A–C). This suggests that SUMO was digested

completely in the gut of H. armigera, leaving ASAL intact. A

part of ASAL got absorbed through the gut and caused

toxicity to the insect. The rest was excreted out.

3.6 Immuno-localization

To study the distribution of ASAL in the body/tissue of H.
armigera larvae, immunohistochemical staining was done as

described. Native and recombinant ASAL were detected by

fluorescence Atto 488-labeled anti-ASAL antibody

(Supporting Information Fig. 1). Although significant

fluorescence was detected in all sets of experiments

(Supporting Information Figs. 1C–F), some fluorescence

was observed in case of the negative control (set 3,

Supporting Information Fig. 1A) and null control (set 4,

Supporting Information Fig. 1B) also. This might be due to

nonspecific interactions of antibody. In case of the positive

controls (set 4A and 4B, Supporting Information Figs. 1C

and D), fluorescence was detected in gut wall, hemolymph

and epidermal cells. The experimental sets 1 and 2, whereT
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blot. Lane 1; crude BBMV proteins, lane 2; affinity purified BBMV

proteins.
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native and recombinant ASAL were fed to insect

larvae, showed fluorescence in gut and hemolymph

(Supporting Information Figs. 1E and F). Relatively less

fluorescence was observed in case of feeding on recombi-

nant ASAL.

4 Discussion

4.1 Midgut glycoprotein receptors

Binding of lectins to glycoproteins in the insect gut surface

is necessary for its toxicity [26, 27]. ASAL recognizes several

proteins in the midgut of H. armigera and some of them

might be receptors. Glycoprotein-specific staining

confirmed the glycosylated nature of the ASAL-binding

proteins. ASAL failed to bind with the deglycosylated

midgut BBMV proteins. These observations suggested that

the ASAL binding requires the sugars on the surface of

midgut BBMV proteins. It has been reported earlier that

ASAL binds to the carbohydrate residues of 55 and 45 kDa

brush border membrane receptor protein in the gut of the

aphid and red cotton bug Dysdercus cingulatus, respectively

[18]. A. maculatum tuber lectin also binds to the glycosylated

receptors of 40 and 35 kDa in aphids L. erysimi and

A. craccivora [20]. Similarly, several glycoproteins have been

reported as receptors for d-endotoxins of B. thuringiensis in

the midgut of H. armigera [24, 28–30].
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Western blot analysis of excreta: lane M, pre-stained molecular weight marker; lane1, recombinant SUMO-ASAL; lane 2, ASAL; lane 3,

BSA. SUMO part of SUMO-ASAL was digested. (B) Coomassie staining of excreta: lane M, molecular weight marker; lane1, recombinant

SUMO-ASAL; lane 2, ASAL; lane 3, BSA. (C) Western blot analysis of hemolymph: lane M, pre-stained molecular weight marker; lane1,

recombinant SUMO-ASAL; lane 2, ASAL; lane 3, BSA. (D) Coomassie staining of hemolymph: lane M, molecular weight marker; lane 1,

hemolymph total protein; lane 2, haemolymph after processing by 50 and 10 kDa cutoff filter. Arrow shows the position of ASAL band.
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4.2 PMF and MS/MS analysis of putative midgut

BBMV proteins

ASAL binds to proteins such as midgut aminopeptidase

APN2, cadherin-N protein, polycalins, ALP and cytochrome

P450 in the midgut of H. armigera. Several midgut proteins

have been reported as receptors in H. armigera for the

d-endotoxins of B. thuringiensis, which includes cadherin-

like proteins [29], aminopeptidase N [30] and ALP [24]. The

third domain of the d-endotoxin behaves like a lectin, which

binds to specific sugars present on the receptors [26, 31].

Therefore, it might be possible that ASAL or other lectins

interact with similar receptors. ASAL is a mannose-binding

protein [10]. Since mannose is a common component in

both N- and O-glycans of insect midgut proteins, the bind-

ing of ASAL with several proteins in midgut of H. armigera
is understandable.

The cadherin is highly diverse superfamily of proteins

with a variety of functions, such as cell adhesion, migration,

cytoskeletal organization and morphogenesis [32, 33]. The

cadherin expression is highly regulated, both temporally and

spatially and sometimes unique to a particular cell type. The

cadherin proteins contain repeated calcium-binding

domains or cadherin repeats. Classical cadherins include

five cadherin repeats [32, 34] but as many as 34 repeats have

been reported [35]. Mucin [36], laminin or epidermal growth

factor-like repeats [37] are also reported from cadherins.

These are glycosylated proteins and are generally attached to

the membrane by a single transmembrane domain,

although seven transmembrane [38] or GPI-anchored

variants have also been reported [39]. Role of cadherin

receptors is crucial in larvicidal action of Cry1A toxin [40].

The first Cry1A cadherin receptor protein was isolated and

cloned from the midgut epithelium of M. sexta [29]. Since

then, several other lepidopteran cadherins have been iden-

tified [41, 42]. All reported cadherin receptors have similar

domain organization, which consists of an ectodomain

formed by 9–12 cadherin repeats, a membrane proximal

extracellular domain, a transmembrane domain and a

cytoplasmic domain [43]. The MASCOT search of PMF data

of band II matched to AGAP009726-PA, a partial cadherin-N

protein of A. pisum. The blast analysis against NCBI and

Butterfly database showed similarity with the neural

cadherin of different insects and BM1 cadherin of Bombyx
mori (data not shown). Conserved domain blast analysis of

this cadherin showed that it contains leminin G, EGF and

cadherin domains and it was different from 12-cadherin

domain protein reported as a receptor for d-endotoxin

proteins. However, none of the reported sequences of Heli-
coverpa showed any similarity with this protein. It might

have been due to insufficient amount of sequence infor-

mation for Helicoverpa in the data base. This is the first

report for the affinity of ASAL with cadherin-like proteins.

The protein identified as cytochrome P450 CYP315A1 of

M. sexta belongs to the protein encoded by halloween genes,

which is highly conserved among insects and is involved in

the biosynthesis of the insect-moulting hormone, 20-

hydroxyecdysone (20E) [44–46]. The presence of these genes

in other insect species has also been reported [47, 48],

although their function has been demonstrated only in

Drosophila melanogaster and lepidopteran insects. The

occurrence of cytochrome P450 CYP315A1 (also known as

shadow/sad) has been reported in the midgut microsomes

of M. sexta [48, 49]. The cytochrome P450 has also been

reported in fat body and midgut of H. armigera [50]. The role

of cytochrome P450 CYP315A1 in M. sexta has also been

reported in ecdysone biosynthesis, which plays role

throughout the development and in reproduction [51]. The

cytochrome P450 is a cytosolic protein and would not be

expected to act as an extracellular receptor for ASAL. The

interaction of ASAL with this protein has not been reported

earlier. Since cytochrome P450 CYP315A1 is localized in the

midgut microsomes, it could be isolated along with BBMV.

There is a good possibility that some other proteins present

in the midgut function as an extracellular primary receptor

of ASAL and then ASAL interacts with this cytochrome p450

at the time of internalization (from insect gut to hemolymph

or upon reaching hemolymph or by some other unknown

mechanism). It will be interesting to study the effect of the

interaction of ASAL with cytochrome P450, on the synthesis

and degradation of ecdysone (moulting hormone) and the

moulting process in insects.

Aminopeptidase N is predominantly associated with

microvillar membrane in insect midgut. These have been

suggested to function as receptor for d-endotoxin in lepi-

dopteran larvae [30, 31]. Aminopeptidase N binds the

mannose and glucose-specific lectin Con A [1, 52]. It has

also been reported as a receptor for A. sativum agglutinin in

pea aphid A. pisum [15]. We suggest that aminopeptidase N

might be a receptor for ASAL in the midgut of H. armigera.
MS/MS analysis of ASAL affinity-purified midgut

proteins identified two variants of polycalins and three

isozymes of ALP of Helicoverpa sp. The NCBI blast analysis

of the identified polycalins sequences revealed that they have

multiple lipocalin-like domains. Mauchamp et al. [53] coined

the term polycalin to describe the proteins from B. mori with

multiple lipocalin-like domains and characterized as chlor-

ophyllide-A-binding protein. The polycalin sequences of

B. mori match with a protein that binds Cry1Aa, Cry1Ab and

Cry1Ac d-endotoxin in heterologous competition binding

studies [54, 55]. The interaction of Cry1Ac with polycalin

from BBMV of H. armigera is also reported [56, 57]. Poly-

calins have been reported from the peritrophic matrix of

H. armigera [25]. Several N- and O-linked glycosylation sites

have also been reported from the polycalins of H. armigera
[56]. The presence of polycalins in the midgut, occurrence of

glycosylation sites, binding to the ASAL on affinity column

and in ligand blotting indicate that polycalins play an

important role in the interaction of ASAL with midgut of

H. armigera.

The interaction of ASAL with ALP was also observed in

this study. Membrane-bound ALP has been reported as a
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putative receptor for Cry1Ac toxin in the BBMV of H.
armigera [28], H. virescens [24], B. mori [58] and M. sexta [59].

ALP is a glycoprotein and Cry1Ac is known to bind to it

through carbohydrate-based interactions [28] and inhibits

the phosphatase activity. Binding of different agglutinins

including mannose-specific lectin Con A to ALP has been

reported [28], which indicates the presence of mannose

residues in ALP. Contribution of the interaction of ASAL

with ALP, APN and other proteins in toxicity against

H. armigera will be studied in future.

4.3 Detection of ASAL in hemolymph, body tissue

and excreta

The insecticidal lectins have been reported to be resistant to

midgut proteolysis and they reach the hemolymph [14] and

other tissues. ASAL was also detected in both hemolymph

and excreta samples, which confirmed its resistance to

midgut proteolysis. Immunohistolocalization depicted the

binding of ASAL to the inner epithelial membrane of gut

lumen. Lectins have been reported to bind to the epithelial

membrane of insect gut, the peritrophic membrane and

sugar moiety of some of the glycosylated digestive enzymes

[14, 16]. Following the feeding of native and recombinant

ASAL to insect larvae, fluorescence was detected in gut and

internal tissues. This confirmed the presence of proteins in

hemolymph and other body tissues. Relatively less fluores-

cence was observed in larvae fed on recombinant ASAL in

comparison to the native ASAL. This might be due to clea-

vage and digestion of additional part (SUMO, which

constituted half of the recombinant protein) by the gut

proteases, resulting in reduced content of ASAL. In the

positive control sections, fluorescence was detected in gut

wall, hemolymph and epidermal cells, indicating interaction

of ASAL with gut wall and other tissues.

4.4 Conclusions

This study identifies several proteins responsible for the

interaction of ASAL in the midgut of H. armigera. Some of

the ASAL-binding proteins showed similarity to the recep-

tors responsible for the interaction of d-endotoxin proteins

of B. thuringiensis. This might be due to the lectin-like

behavior of third domain of d-endotoxins. Ligand blotting

with GNA also showed similar binding pattern. It indicates

that the mannose-binding lectins might interact with more

or less common proteins in midgut of H. armigera. Lectins

are being considered for gene pyramiding (use of two or

more gene together) with d-endotoxin proteins for the

control of broad spectrum insects. Since ASAL also binds to

receptors of d-endotoxins, former may interfere in the

binding of later to the gut receptors. Therefore, it will be

necessary to evaluate combined toxicity of ASAL and

d-endotoxins before developing transgenic plants by gene

pyramiding of these toxins. Further, it will be interesting to

study the fate of interaction of ASAL with cytochrome P450

and polycalins.
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