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Abstract

When fed in semi-artificial diet the lectins from snowdrop (Galanthus nivalis: GNA: mannose-specific) and jackbean (Canavalia
ensiformis: Con A: specific for glucose and mannose) were shown to accumulate in vivo in the guts, malpighian tubules and
haemolymph of Lacanobia oleracea (tomato moth) larvae. Con A, but not GNA, also accumulated in the fat bodies of lectin-fed
larvae. The presence of glycoproteins which bind to both lectins in vitro was confirmed using labelled lectins to probe blots of
polypeptides extracted from larval tissues. Immunolocalisation studies revealed a similar pattern of GNA and Con A binding along
the digestive tract with binding concentrated in midgut sections. Binding of lectins to microvilli appeared to lead to transport of
the proteins into cells of the gut and malpighian tubules. These results suggested that both lectins are able to exert systemic effects
via transport from the gut contents to the haemolymph across the gut epithelium. The delivery of GNA and Con A to the haemolymph
was shown to be dependent on their functional integrity by feeding larvae diets containing denatured lectins. Con A, but not GNA,
was shown to persist in gut and fat body tissue of lectin-fed larvae chased with control diet for three days. Con A also shows more
extensive binding to larval tissues in vitro than GNA, and these two factors are suggested to contribute to the higher levels of
toxicity shown by Con A, relative to GNA, in previous long term bioassays. Crown Copyright  2001 Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction

In recent years genetic engineering has made a grow-
ing contribution within integrated pest management sys-
tems towards global agricultural production. Insect
resistant transgenic crops have now been produced for
most of the world’s economically important crops
including maize, cotton, rice and potatoes. Although
most attention has focussed on insect resistance genes
of bacterial origin, primarily those encoding Bacillus
thuringiensis toxins, other sources of potentially insecti-
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cidal gene products have also been examined, including
the defensive proteins of plants. Although a full expla-
nation of the roles of lectins (carbohydrate-binding pro-
teins or agglutinins) in plants has not yet been made,
it is clear that some lectins, at least, have insecticidal
properties, and thus genes encoding lectins have been
suggested for protection of transgenic crops against
insect pests. A transgenic crop has to meet both grower
and public approval to be economically viable. Thus in
order to allow full exploitation of the potential of this
technology a thorough understanding of the mechanisms
of action of insecticidal proteins such as lectins is essen-
tial.

The snowdrop lectin GNA (Galanthus nivalis
agglutinin) has been shown to be insecticidal to a range
of economically important pests (Powell et al., 1993;
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Rahbé et al., 1995; Hilder et al., 1995; Sauvion et al.,
1996; Gatehouse et al., 1996, 1997; Down et al., 1996;
Rao et al., 1998; Stoger et al., 1998). As such, it has
obvious potential as an insect control agent although
knowledge as to the mechanisms of GNA action is lim-
ited. In mammals toxic lectins such as Phaseolus vul-
garis (PHA) bind to suitably glycosylated targets in the
gut causing damage to the integrity of the intestinal
brush border (BB) membrane (Pusztai et al., 1990,
1995). Similarly, ultrastructural studies have shown
insecticidal lectins to be bound to midgut epithelial cells
in a variety of pest species (Powell et al., 1993, 1998;
Habibi et al., 1998, 2000). In some cases damage to the
microvilli and structure of the BB epithelium, such as
that observed by Powell et al. (1998) in the Homopteran
Nilaparvata lugens fed on a toxic dose of GNA, have
led to suggestions that binding may be a causative factor
in the toxicity of a wide range of lectins to insects. How-
ever, whilst a correlation between the strength of lectin
binding to the brush border epithelium and antinutritive
effects has been demonstrated in rats (Pusztai et al.,
1990) no such relationship has been observed in insects.
The sensitivity of different insect species to the effects
of lectin ingestion is variable, and binding of a particular
lectin to the gut of a given species does not necessarily
facilitate insecticidal activity (Harper et al., 1995). The
peritrophic matrix (PM) may act as an additional target
in many insects for lectin binding. Eisemann et al. (1994)
concluded that blockage of the PM pores by wheatgerm,
lentil and jackbean lectins upon blowfly larvae (Lucina
cuprina) was at least in part responsible for observed
starvation effects. Wheatgerm lectin has also shown to
bind to the PM of the Lepidopteran O. nubilalis,
resulting in reduced larval growth (Harper et al., 1998).
Furthermore, the potential of lectins to exert direct
and/or indirect effects in insects, as they do in mammals,
has recently been suggested by immunolocalisation stud-
ies showing GNA to be present in the haemolymph, fat
bodies and ovarioles of GNA-fed rice brown planthopper
(N. lugens) (Powell et al., 1998).

GNA, strictly specific for α-D-mannose and jackbean
lectin (Canavalia ensiformis; Con A) which binds both
glucose and mannose residues, have been shown to exert
detrimental effects upon larvae of the tomato moth
(Lacanobia oleracea), a member of the economically
important noctuid group of Lepidopteran pests (Fitches
et al., 1997; Gatehouse et al., 1997, 1999). Comparable
bioassays have shown Con A to be the more toxic of
the two lectins towards L. oleracea larvae. Both lectins
have previously been shown to affect the activities of
soluble and BBM enzymes in the midguts of L. oleracea
larvae (Fitches and Gatehouse, 1998). In addition Con
A was shown to bind to many BBM and PM proteins
in vitro whereas GNA showed more specific binding.
Correspondingly higher levels of Con A compared to

GNA were found to be present in vivo in gut tissues of
insects chronically exposed to lectin containing diets.

The aims of this study were to compare, at the ultra-
structural level, the ability of GNA and Con A, with
differing sugar specificities and degrees of toxicity, to
bind to the alimentary tract of L. oleracea larvae. To
further our understanding of possible modes of lectin
action, the ability of GNA and Con A to bind, accumu-
late and persist in various sites within the insect, includ-
ing the circulatory system, has been examined and com-
pared. Possible explanations for the increased toxicity of
Con A as compared to GNA towards L. oleracea are dis-
cussed.

2. Materials and methods

2.1. Materials

Snowdrop lectin (GNA) used for immunocytochemis-
try and insect bioassay 1 was supplied by Drs. W. Peum-
ans and E. van Damme, Catholic University of Leuven,
Belgium. The purity of GNA was estimated by spectro-
photometry to be �90% and shown to be functionally
active by haemagglutination assays. GNA used in insect
bioassays 2 and 3, and jackbean lectin Con A was sup-
plied by Vector Laboratories Inc, 30 Ingold Rd, Bur-
lingame, CA 94010, USA. Secondary gold conjugated
antibodies, goat serum, nickel grids (150 mesh,
hexagonal) and LR White resin were purchased from
Agar Scientific, British Biocell Int, Essex, UK. Poly-
clonal anti-Con A antiserum was supplied by Sigma
Chemicals Co, St. Louis, USA, and polyclonal anti-GNA
antiserum was raised by Genosys Biotechnologies, Cam-
bridge, UK. Antibodies were tested for specificity prior
to immunolabelling by Western blotting. Analytical
reagents for gel electrophoresis were obtained from Nor-
thumbria Biologicals, UK, the DIG (digoxigenin-
labelled) Glycan Differentiation Kit from Boehringer
Mannheim, Biochemica and the ECL (enhanced
chemiluminescence) kit from Amersham, UK. All other
chemical reagents, except when referenced otherwise,
were supplied by B.D.H. Chemicals Ltd, Poole, Dorset,
UK, or Sigma Chemicals Co, and were of analytical or
best available grade. Potato leaf powder was prepared
by freeze-drying leaf material from plants raised under
standard growth room conditions (20°C; 12 h day);
leaves were frozen in liquid air immediately after har-
vesting.

2.2. Insect cultures

Larval cultures of L. oleracea, originally obtained
from Central Science Laboratory (Sand Hutton, MAFF,
York, UK,), were reared continuously, at the University
of Durham (Science Laboratories, South Rd, Durham,
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UK), on optimal artificial diet (Bown et al., 1997) at
25°C under a 16:8 L:D regime. In all assays larvae were
placed on a potato leaf based artificial diet (Fitches et
al., 1997) with or without either lectin. Although sub-
optimal this diet does not contain additional lectins or
sugars that might mask the effects of GNA or Con A.
In all instances GNA or Con A was incorporated at a
single concentration of 2% total dietary protein dry
weight (3.6 mg of GNA/Con A per 0.5 g dry weight of
diet). The control diet was supplemented with an equiv-
alent weight of casein to account for the extra protein
(i.e. GNA or Con A) added to experimental diets.

2.3. Methods

2.3.1. In vitro detection of lectin binding proteins
Pre-chilled fifth instar larvae were dissected over ice.

Intact guts were extracted following the removal of con-
tents and peritrophic membranes (PM) by flushing with
ice-cold extract buffer (50 mM Tris–HCl pH 7.5, 1 mM
dithiothreitol (DTT)). Foregut, midgut and hindgut tissue
was removed from 20 larvae under a dissecting micro-
scope (model Nikon SM 2–1). Malpighian tubules were
teased from the hindgut and the layer of fat bodies lying
beneath the larval cuticle was removed using a scalpel.
Following washes with extract buffer to remove con-
taminating tissue and haemolymph, samples were placed
in extract buffer and stored at �20°C. Crude extracts
were prepared by homogenisation using a TRI-R (Model
S63C) and centrifugation for 15 mins at 4°C (Beckmann
12 000 rpm). Supernatants were removed and stored at
�20°C. Haemolymph samples were obtained from pre-
chilled fifth instar larvae (blotted with ethanol and dried
prior to extraction) by piercing the cuticle with a fine
needle. Droplets of extruded haemolymph were placed
into pre-chilled eppendorfs dusted with phenylthiocarba-
mide–phenol oxidase inhibitor (PPO) to prevent melanis-
ation. The protein content of all samples was analysed
using a microtitre plate-based Bradford Assay (Biorad),
using BSA as the standard protein. Duplicate samples
were boiled in the presence of 4×SDS and β-mercaptoe-
thanol prior to separation by SDS-polyacrylamide gel
electrophoresis (PAGE). Proteins (20 µg aliquots) on
one gel were visualised by Coomassie staining, and pro-
teins Proteins (10 µg aliquots) on the second were elec-
troblotted onto nitrocellulose filters (Schleicher and
Schuell BA85) and probed for the presence of GNA and
Con A binding proteins using the DIG Glycan Differen-
tiation kit according to the manufacturers instructions.

2.3.2. Immunocytochemistry for electron microscopy
Fourth instar larvae were exposed for 48 hours to con-

trol diet or diet containing GNA or Con A. Foregut,
midgut, hindgut and malpighian tubules were sub-
sequently dissected from pre-chilled larvae as previously
described. Sections were placed into heptane-loaded

fixative of 3% (v/v) paraformaldehyde, 1.25% gluteral-
dehyde (v/v) in 50 mM phosphate buffered saline (PBS)
for 30 mins and then placed in fixative without heptane
overnight at room temperature. Samples were then dehy-
drated using a graded series of ethanol embedded in LR-
White resin according to the manufacturers instructions.
Ultra-thin sections (60–80 nm) were cut with a Leica
Ultratome and mounted on formvar and carbon coated
nickel 150 hexagonal grids. Sections were labelled in the
following manner: 10 mins room temperature incubation
in heat inactivated serum; overnight incubation at 4°C
in anti-GNA or anti-Con A antibodies (dilution 1:100)
in Tris buffer (20 mM) pH 7.5; 4×5 mins washes with
Tris buffer pH 7.5 and 1×5 mins wash with Tris buffer
(20 mM) pH 8.2; 1 hour incubation at room temperature
in anti-rabbit gold conjugated secondary antibody
(dilution 1:20) in Tris buffer pH 8.2; 1×5 mins wash
with Tris buffer pH 8.2 and 4×5 mins washes with dis-
tilled water. Sections were then stained for 10 mins each
with uranyl acetate and lead citrate, with 5×5 mins
washes with distilled water between and after staining.
Sections were air-dried in a dust free environment and
viewed on a Phillips 400T transmission electron micro-
scope.

2.3.3. Short term bioassay 1: in vivo detection of
lectin binding proteins

Newly eclosed fourth instar larvae were placed on
control potato leaf based artificial diet for 24 hours prior
to placing on experimental diets. Larvae were exposed
to control diet or diet containing GNA or Con A for five
days with daily changes of diet. For each treatment four
larvae were placed into five clear plastic pots to give 20
larvae per treatment and five replicates per treatment.
Larval wet weights (±0.1 mg) were recorded prior to the
onset of the trial and prior to dissection. Larval con-
sumption was analysed per replicate on a dry weight
basis as previously described (Fitches et al., 1997).

Midgut, hindgut, malpighian tubule, fat body and hae-
molymph samples were dissected and prepared for SDS–
PAGE as described in Section 2.3.1. Dissected tissues
were pooled (four larvae per sample) to give five repli-
cates per treatment and analysed for the in vivo presence
of either lectin by running equal concentrations of pro-
tein on SDS–PAGE gels. Proteins Proteins (20 µg
aliquots) were electroblotted onto nitrocellulose and
probed for the presence of lectins by ECL detection, car-
ried out according to the manufacturer’s protocol, using
polyclonal anti-GNA (1:3300 dilution) or anti-Con A
antibodies (1:10 000 dilution). Simultaneously run repli-
cate gels were run to check equal loading of proteins.
Levels of lectin were estimated visually.

2.3.4. Short term bioassay 2: dynamics of lectin
uptake and persistence in vivo

To investigate the uptake and persistence of GNA and
Con A in various larval tissues a short term feeding trial
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was carried out. Newly eclosed fifth instar larvae were
starved overnight (to encourage immediate consumption
of diet) prior to placing on control diet or diet containing
GNA or Con A. For each lectin treatment four larvae
were placed into eight clear plastic pots to give 24 larvae
per treatment. Following exposure for 2 hours; 6 hours;
24 hours and 48 hours to the diets, guts, malpighian
tubules, fat bodies and haemolymph samples were dis-
sected from four larvae per lectin treatment (at each time
point). The remaining eight larvae were exposed to lectin
containing diets for a total of 72 hours and then placed
on control artificial diet. After 24 hours and 72 hours of
exposure to control diet samples were dissected, as
before, from four larvae per lectin treatment. Larval
weights and diet consumption (wet weight) were ana-
lysed to allow estimates of the amount of lectin ingested
by each larvae at each time point to be calculated. Pooled
samples (four larvae per time point) were prepared and
analysed for the presence of GNA or Con A by SDS–
PAGE and ECL detection as described in Section 2.3.1.
Faecal samples were collected, prepared as described for
larval tissue samples, and analysed for the presence of
GNA or Con A. Diet samples were also taken and simi-
larly analysed to confirm the comparability of dietary
lectin concentration by Western blotting and ECL detec-
tion.

2.3.5. Short term bioassay 3: exposure to denatured
lectins

The dependancy of ingested GNA and Con A delivery
to larval haemolymph upon lectin binding to glycosyl-
ated gut proteins was investigated by exposing larvae to
diets containing denatured GNA and Con A (2% total
dietary protein dry weight). Lectins were denatured by
boiling for 1 hour; Con A was boiled in the presence of
1% (w/v) SDS. Prior to diet preparation boiled GNA was
shown to be non functional by microtitre haemagglutin-
ation assay (results not shown). Larval midgut and hae-
molymph samples were dissected from larvae exposed
to the boiled lectin treatments for 48 hours (eight per
treatment) and analysed for the presence of each lectin
as previously described.

2.3.6. Statistical analysis
Data analysis was carried out using the Statview (v.

4.5, Abacus Concepts, Berkely, Ca USA) software pack-
age on Apple Macintosh computers. The acceptance
level of statistical significance was P�0.05 in all
instances. ANOVA analysis and subsequent Fishers
PLSD (probability least significant difference) tests were
carried out to determine any significant differences
between larval weights and consumption between treat-
ments.

3. Results

3.1. In vitro detection of larval GNA and Con A
binding glycoproteins

Proteins were extracted from foregut, midgut, hindgut,
fat body, malpighian tubules and haemolymph of L. oler-
acea larvae, separated by SDS–PAGE and blotted. Gly-
copolypeptides that interacted with GNA and Con A
were detected by probing with digoxigenin labelled lec-
tins. Results presented in Fig. 1(A) and (B) show that

Fig. 1. Binding of GNA (A) and Con A (B) to L. oleracea proteins
in vitro. Protein extracts, pre-boiled in the presence of (10%) β-mer-
captoethanol, were analysed by SDS–PAGE (10% acrylamide gels),
blotted onto nitrocellulose and probed with digoxigenin labelled GNA
(A) or Con A (B). Bound lectin was detected using alkaline phospha-
tase-labelled anti-dioxigenin antibodies followed by incubation in
CSPD (chemiluminescent substrate) and exposure to X-ray film. (C)
shows a replicate Coomassie stained SDS–PAGE gel. 10 µg aliquots
of protein were loaded in (A), (B) and (C) as follows: Lane 1 (FG)
fore-gut, Lane 2 (MG) mid-gut, Lane 3 (HG) hind-gut, Lane 4 (FB)
fat body, Lane 5 (MT) malpighian tubule, Lane 6 (H) haemolymph,
Lane 7 control (CY) glycoprotein carboxypeptidase Y (A and B 0.25
µg; C 1.0 µg).
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both GNA and Con A exhibit binding to glycoproteins
present in all of the analysed samples, with Con A show-
ing more extensive binding in all samples than GNA.
This indicated that all analysed tissues are potential tar-
gets for GNA and Con A binding in vivo. Membrane
glycosylation, with respect to glucose and mannose moi-
eties, did not appear to differ significantly along the
digestive tract as both lectins exhibited similar binding
characteristics to fore-, mid-, and hindgut extracts. GNA
bound predominantly to two uncharacterised glycopoly-
peptides (approx. 100 kDa and 200 kDa) in all gut
samples and to a third high molecular weight glyco-
protein of the same size (�205 kDa) in foregut and
midgut samples but to a smaller species (approx. 205
kDa) in the hindgut sample. Con A also bound predomi-
nantly in all gut samples to a 100 kDa protein but also
exhibits binding to a 120 kDa protein previously charac-
terised as aminopeptidase (Fitches, 1999) and an abun-
dant uncharacterised glycoprotein of approx. 62 kDa.
Differences in the binding potential of the two lectins
are most apparent in the fat bodies where Con A shows
binding to at least three glycoproteins and GNA pre-
dominantly to a single high molecular weight glyco-
protein.

3.2. Localisation of lectin binding in larval tissue by
electron microscopy

Immunohistochemical localisations of GNA and Con
A at the cellular level were carried out on foregut,
midgut, hindgut and malpighian tubule sections prepared
from fourth instar larvae fed for 48 hours on either con-
trol diets or diets containing GNA or Con A. Localis-
ations were detected as electron-dense gold particles on
sections from GNA and Con A fed insects after treat-
ment with anti-GNA and anti-Con A primary antibodies
and gold-labelled secondary antibodies. Identically pro-
cessed samples from insects fed on control diet were
used as controls.

Ultrastructural studies revealed a similar pattern of
GNA and Con A binding along the digestive tract of
L. oleracea larvae, with the greatest amount of binding
observed in midgut sections (Figs. 2 and 3). Both lectins
exhibited binding to the microvilli. An absence of stain-
ing observed in control midgut sections (exemplified in
Fig. 4) demonstrated the specificity of antibodies used
to detect the bound lectins. Binding of both GNA and
Con A was also apparent in malpighian tubule sections
(Figs. 5 and 6). Again, control sections showed no bind-
ing of either the anti-GNA or anti-Con A antibodies.
Neither lectin appeared to have a detrimental effect on
the ultrastructure of any of the gut regions; in particular
no disruption of the integrity of the microvilli was
observed. However, gold particles were reproducibly
observed to be present in the contents of cells lining the
gut and (to a lesser extent) the malpighian tubules, and

their distribution implied a transport process by which
lectin bound to the surface of the cell adjacent to the gut
lumen was internalised, and moved across the cell to
the surface opposite the gut lumen, from which it could
potentially be released into the haemolymph.

3.3. Detection of lectins in insect tissues after short
term feeding

Larvae in the second day of the fourth instar were
transferred to experimental diets and exposed to GNA
and Con A diets for five days. Under these conditions,
the inclusion of lectins at 2% total dietary protein had
no effect on survival, growth or consumption. Controls
and larvae fed on GNA or Con A exhibited increases of
91.1 mg, 97.8 mg and 98.9 mg, in mean wet weight
(n=20), respectively. Similarly control, GNA- and Con
A-fed larvae consumed respectively 1.106 g, 1.166 g,
and 1.180 g total dry weight of artificial diet.

The presence of GNA and Con A in polypeptides
extracted from midgut, hindgut, malpighian tubules, fat
bodies and haemolymph, of larvae exposed to the lectins
for five days was detected by Western blotting. For each
treatment five replicates were analysed. Both lectins
were detected in all of the replicate samples analysed
and no major differences in the levels of lectins were
observed between replicate samples (results not
presented; see Figs. 7 and 8 for comparable data). GNA
and Con A were most abundant (on a per µg protein
basis) in midgut extracts and least abundant in haemo-
lymph samples. Notably higher levels of Con A were
detected in fat body extracts from Con A-fed larvae than
the levels of GNA present in equivalent samples pre-
pared from GNA-fed larvae. Lower levels of Con A
were detected in haemolymph samples compared to
equivalent GNA samples. These results suggested that
comparable amounts of the two lectins were transported
to the circulatory system but that Con A has a greater
binding affinity for fat body glycoproteins whereas GNA
has a greater affinity for haemocyte and/or plasma glyco-
proteins.

3.4. Dynamics of lectin binding and persistence in
larval tissues

The rate at which lectins were accumulated in insect
tissues, and their persistence, was investigated by a
pulse-chase experiment. GNA and Con A were fed to
insects for varying times (2–48 hours) and the presence
of the lectins in polypeptides extracted from midgut,
malpighian tubules, fat bodies and haemolymph was
analysed by Western blotting. The persistence of lectin
bound to tissues was investigated by sampling larvae that
had been fed for 72 hours on lectin-containing diets and
subsequently chased with control diet for 24 and 72
hours. For each treatment, at each time point, pooled
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Fig. 2. Localisation of GNA in L. oleracea larvae fed for 48 hours on diet containing GNA by immunolabelling at the electron microscope level.
(A) Midgut section showing intact microvilli (MV) and cytosol, labelling by gold-conjugated antibodies is observed along the microvilli and within
the epithelial cytosol. (B) Shows an enlarged region of (A) denoted by a white arrowhead.

Fig. 3. Localisation of Con A in L. oleracea larvae fed on diet containing Con A by immunolabelling at the electron microscope level. (A)
Midgut section showing intact microvilli (MV) and cytosol (C), labelling by gold-conjugated antibodies is observed along the microvilli and within
the epithelial cytosol. (B) shows an enlarged region of (A) denoted by a white arrowhead.

samples (dissected from four larvae) were analysed for
the presence of GNA and Con A. Summarised results
for polypeptides extracted from tissues of larvae fed on
GNA-containing diet are presented in Fig, 7(A) and (B),
and for polypeptides extracted from tissues of larvae fed
on Con A-containing diet in Fig. 8(A) and (B). No sig-
nificant differences were observed in the levels of lectin
present in larval tissues after 6 hours exposure to GNA
or Con A, or between samples collected from larvae
chased for 24 hours and 72 hours with control diet. Thus
results are presented, for clarity, only for tissue samples
collected after 2 hours and 48 hours feeding with lectins,
and after 72 hours of chase with control diet.

Both GNA and Con A were detectable in midgut, mal-
pighian tubule, fat body and haemolymph, samples dis-
sected from larvae fed lectin-containing diet for just 2
hours. Estimates of the amount of lectin consumed at
this time point were similar for the two lectins (14.4 µg
(SE±1.9) for GNA and 18.6 µg (SE±2.9) for Con A fed
larvae). Following 48 hours of exposure to lectin-con-

taining diets comparable levels (approx. 0.25% of total
proteins) of GNA (Fig. 7(A) and (B)) and Con A (Fig.
8(A) and (B)) are seen to be present in midgut and mal-
pighian tubule extracts. Higher levels of GNA were
detected in haemolymph samples extracted from larvae
exposed to the lectin for 48 hours (Fig. 7(A)) as com-
pared to equivalent Con A samples (Fig. 8(A)). Also
notable is the very low level of GNA present in fat body
(�2.5 ng/20 µg protein; Fig. 7(B)) extracts of larvae
exposed to the lectin for 48 hours as compared to levels
of Con A (10–50 ng/20 µg protein; Fig. 8(B)). These
results were in agreement with those obtained in the
short-term feeding experiment.

Larvae fed lectin-containing diets for 72 hours con-
sumed similar amounts of GNA and Con A (347 µg
(SE±15.6) and 328 µg (SE±45.6) for GNA and Con A
fed larvae respectively). When chased with control diet
for a further 72 hours total mean consumption of the
control diet was also similar for the two lectins (0.399
g (SE±0.05) and 0.491 g (SE±0.03) wet weight for GNA
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Fig. 4. Control midgut section from L. oleracea larvae fed on control
diet. No labelling by gold-conjugated antibodies was observed in con-
trol sections.

Fig. 5. Localisation of GNA in L. oleracea larvae fed on diet containing GNA by immunolabelling at the electron microscope level. (A) malpighian
tubule section showing intact microvilli (MV), labelling by gold-conjugated antibodies is observed within and along the microvilli, (B) shows an
enlarged region of (A) denoted by a black arrowhead.

and Con A fed larvae respectively). Fig. 7(A) shows that
levels of GNA were reduced in midgut and haemolymph
samples extracted from larvae chased with control diet
for 72 hours, and only trace amounts of GNA remained
in malpighian tubules with no GNA detectable in fat
body extracts. In contrast, no reduction in levels of Con
A were observed in midgut (Fig. 8(A)) and fat body (Fig.
8(B)) samples prepared from larvae chased with control
diet for 72 hours, although there was a reduction in Con
A levels in haemolymph and malpighian tubule samples
dissected from larvae chased with control diet (Fig. 8(A)
and (B)). These results indicated that Con A but not
GNA was sequestered in fat body tissue of larvae
exposed to lectin-containing diets.

Both lectins were present at levels of approx. 20%
total soluble proteins in faecal samples collected from
larvae exposed to the lectin diets for 48 hours (results
not presented). In faecal samples collected from Con A-
fed larvae chased with control diet for 24 hours and 72
hours Con A accounted for �1% total soluble proteins.
In contrast, GNA continued to be excreted during the
chase period, with equivalent faecal samples from larvae
fed on GNA-containing diet and chased exhibiting a
reduction in GNA level to approx. 10% of total faecal
proteins after 24 hours, and to 1% of total faecal proteins
after 72 hours of lectin-free chase diet. This difference
in excretion of the two lectins corresponded with the
persistence of Con A in midgut and fat body samples of
control chased larvae (Fig. 8(A) and (B)) and indicated
that Con A was purged less readily, presumably due to
a greater binding affinity for these tissues, than GNA.
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Fig. 6. Localisation of Con A in L. oleracea larvae fed on diet containing Con A by immunolabelling at the electron microscope level. (A)
malpighian tubule section showing intact microvilli (MV) and cytosol (C), labelling by gold-conjugated antibodies is observed within and along
the microvilli and within the cytosol. (B) shows an enlarged region of (A) denoted by a white star.

3.5. Uptake of lectins into the systemic circulation of
larvae

The dependency of ingested GNA and Con A delivery
to larval haemolymph upon the ability of lectins to bind
to gut glycopolypeptides was investigated by exposing
larvae to diets containing denatured GNA and Con A.
After exposure for 48 hours to experimental diets,
midgut and haemolymph samples were dissected and
analysed for the presence of bound lectin by Western
blotting. Neither lectin was detectable in either gut or
haemolymph samples extracted from these larvae
(results not presented). This confirmed that lectin uptake
into the systemic circulation was dependent upon the
ability of the lectin to bind to suitably glycosylated pro-
teins present in the guts of exposed larvae.

4. Discussion

Earlier studies of the effects of GNA and Con A on
L. oleracea larvae have indicated that, as in mammals,
there is a correlation between the degree of lectin bind-
ing to the BB epithelium and subsequent toxicity effects.
Con A, shown to be the more toxic of the two lectins
in artificial diet assays and trials using transgenic plants
(Fitches et al., 1997; Gatehouse et al., 1999) binds in
vitro to far more BBMV and PM proteins than GNA and
correspondingly shows greater accumulation in vivo in
guts of lectin-fed larvae (Fitches and Gatehouse, 1998).
In contrast Harper et al. (1995) who screened 38 lectins
found no such correlation between binding to BB epi-
thelium of Ostrina nubilalis and Diabrotica undecim-
punctata and insecticidal activity. This paper provides
evidence to suggest that lectin-gut interactions constitute
only one of many factors involved in determining tox-
icity. Both GNA and Con A were shown to be delivered
to the circulatory system of L. oleracea larvae and to

accumulate in peripheral tissues. This was considered to
be indicative of the potential for multiple mechanisms
of lectin action and is analogous to the situation in mam-
mals (Pusztai, 1991).

Ultrastructural studies revealed a similar pattern of
GNA and Con A antibody binding along the digestive
tract of lectin-fed larvae with the greatest amount of
binding observed in midgut sections. This was in agree-
ment with in vitro studies which indicated that both lec-
tins had the potential to bind to all sections of the gut.
In mammals, damage to the microvillus membrane of
epithelial cells as a consequence of the binding of toxic
lectins has been well documented (Pusztai, 1991; Pusztai
et al., 1990, 1995). Comparable pathological effects have
been reported in a number of insects (Powell et al. 1993,
1998; Sauvion et al., 1996; Habibi et al., 1998, 2000)
supportive of the gut as the primary target for lectin tox-
icity. In this study neither GNA or Con A was shown
to cause morphological damage or changes to the gut
epithelial membrane of fifth instar larvae exposed to lec-
tin diets for 48 hours. As larvae were not exposed to a
toxic lectin dosage this does not rule out the possibility
for damage to the integrity of the gut following long
term exposure. The absence of effects and detection of
both lectins within epithelial cells does, however, dem-
onstrate that transport to the systemic circulation does
not arise simply as a consequence of gut leakiness due
to cellular damage. Furthermore the dependancy of
delivery to the circulatory system upon lectin binding to
gut glycoproteins was demonstrated by the absence of
either lectin in gut and haemolymph samples extracted
from larvae fed for 48 hours on diets containing
denatured lectins.

Both Con A and to a lesser extent GNA exhibited
binding in vitro to glycoproteins extracted from fat body
tissue, malpighian tubules and haemolymph. This indi-
cated that both lectins have the potential to exert sys-
temic effects and to act directly or indirectly upon organs
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Fig. 7. Presence of GNA in polypeptides extracted from (A) larval
gut and haemolymph and (B) fat body and malpighian tubules after
feeding insects on lectin containing diets. 20 µg aliquots of protein
were loaded in all lanes unless otherwise specified. Samples were pre-
pared and analysed by SDS–PAGE (15% acrylamide gels) as in Fig.
1. Gels were blotted onto nitrocellulose and probed with primary anti-
GNA antibodies, secondary peroxidase-labelled secondary antibodies,
followed by treatment with ECL reagents and exposure to X-ray film.
Loadings in (A) and (B) are as follows: Lane 1 (C) control gut, Lanes
2 (2h) and 3 (48h) guts from larvae fed for 2 hours and 48 hours,
respectively, on GNA containing diets, Lane 4 (C 72h) guts from lar-
vae fed for 72 hours on GNA containing diet and subsequently chased
for 72 hours with control diet, Lane 5 (C) control haemolymph, Lanes
6, 7, and 8 are haemolymph samples collected from larvae at time
points specified for lanes 2, 3, and 4. Lanes 9,10, and 11 (S1, S2, S3)
are GNA standards of 2.5 ng, 10 ng, and 50 ng, respectively.

other than the insect gut. A potential for systemic effects
of lectins in insects has previously been suggested by
Powell et al. (1998) who observed immunolabelling of
GNA in the fat bodies, ovarioles and haemolymph of
the homopteran (N. lugens) exposed to lectin containing
artificial diet.

The in vivo presence of GNA and Con A, bound to
polypeptides extracted from midgut, hindgut, malpighian

Fig. 8. Presence of Con A in polypeptides extracted from (A) larval
gut and haemolymph and (B) fat body and malpighian tubules after
feeding insects on lectin containing diets. 20 µg aliquots of protein
were loaded in all lanes unless otherwise specified. Samples were pre-
pared and analysed by SDS–PAGE (15% acrylamide gels) as in Fig.
1. Gels were blotted onto nitrocellulose and probed with primary anti-
Con A antibodies, secondary peroxidase-labelled secondary antibodies,
followed by treatment with ECL reagents and exposure to X-ray film.
Loadings in (A) and (B) are as follows: Lane 1 (C) control gut, Lanes
2 (2h) and 3 (48h) guts from larvae fed for 2 hours and 48 hours,
respectively, on Con A containing diets, Lane 4 (C 72h) guts from
larvae fed for 72 hours on Con A containing diet and subsequently
chased for 72 hours with control diet, Lane 5 (C) control haemolymph,
Lanes 6, 7, and 8 are haemolymph samples collected from larvae at
time points specified for lanes 2, 3, and 4. Lanes 9, 10, and 11 (S1,
S2, S3) are Con A standards of 2.5 ng, 10 ng, and 50 ng, respectively.

tubules, fat bodies and haemolymph of larvae exposed
to lectin diets for five days was detected by Western
blotting. Both lectins were found to be most abundant
in the midgut and least abundant in the haemolymph.
Notably higher levels of Con A, compared to GNA, were
detected in the fat body. This difference was also
observed in a subsequent trial investigating lectin
accumulation over a period of 48 hours. When lectin-
fed larvae were chased for 72 hours with control diet
very little reduction in levels of Con A in gut and fat
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body extracts were observed indicating that Con A was
less easily purged by the larvae compared to GNA.
These results suggested that Con A not only binds to a
greater number, but may also bind more avidly, to gut
and fat body glycoproteins as compared to GNA. The
accumulation, and persistence of Con A, but not GNA,
in fat body extracts of lectin-fed larvae suggested that
Con A may additionally act by disrupting the multiple
metabolic processes carried out by this tissue.

In mammals toxic lectins act as gut immunogens (de
Aizpurua and Russel-Jones, 1988). Uptake into the sys-
temic circulation facilitates a humoral antibody response
and a local IgE based allergenic immune reaction con-
tributes to the overall poor nutritional state of the body
thereby increasing the nutritional toxicity of PHA
(Pusztai and Bardocz, 1996). The detection of GNA and
Con A in the circulatory system of L. oleracea larvae
demonstrated that both lectins have the potential to dis-
rupt the immune system of exposed insects and this
requires further investigation. Whilst the data presented
does not provide evidence for the functionality of lectins
delivered to the haemolymph, the detection of intact
non-truncated lectins in Western blots (Figs. 7 and 8)
was indicative of functionality. In addition recent studies
(data not presented) have shown conclusively that GNA
in the haemolymph is functional. That GNA may, to
some extent, compromise the immune system of L. oler-
acea larvae has previously been indicated by a study
which examined the ability of the gregarious ectoparasi-
toid Eulophus pennicornis to parasitise control and
GNA-fed larvae (Bell et al., 1999). Larvae exposed to
GNA-containing diets appeared more suitable than con-
trol-fed larvae as hosts for E. pennicornis and this was
thought to be indicative of a compromised immune sys-
tem.

The insecticidal activity of both GNA and Con A has
been shown to be most apparent when fed to newly
hatched L. oleracea larvae (Fitches et al., 1997; Fitches
and Gatehouse, 1998; Gatehouse et al., 1997, 1999). In
this study fourth instar larvae exposed for five days to
a relatively high dose of Con A or GNA exhibited no
reduction in weight or consumption compared to control
fed larvae. In the long term GNA does not effect survival
but does delay larval development and cause a signifi-
cant reduction in growth and consumption. In contrast,
Con A has been shown to have a significant effect on
survival and to cause a greater delay in development and
greater reductions in growth and consumption than
GNA. Obviously young larvae with immature immune
systems and limited energy reserves are more vulnerable
to the impact of dietary lectins. Thus far studies indicate
that toxicity may arise due to cumulative effects with
ingested lectins detectable in a number of sites other than
the gut in exposed larvae. A greater binding affinity of
Con A for gut glycoproteins together with binding to fat
body glycoproteins may be responsible for its greater

toxicity, as compared to GNA, upon this Lepidopteran
pest. Similar differences in the binding of other lectins,
to tissues other than the gut, may provide an explanation
for the extreme variability that has been observed in the
toxicity of different lectins to various insect species.
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