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Abstract

The mannose-binding lectin from snowdrop (Galanthus nivalisagglutinin: GNA), when fed to insects, binds to the gut epithelium
and passes into the haemolymph. The potential for GNA to act as a carrier protein to deliver an insect neuropeptide,Manduca
sextaallatostatin (Manse-AS), to the haemolymph of lepidopteran larvae has been examined by expressing a GNA/Manse-AS fusion
protein (FP) inEscherichia coli, and feeding purified FP to larvae of the tomato mothLacanobia oleracea. FP, administered at
1.5 or 0.5% of dietary proteins, was found to strongly inhibit feeding and prevent growth of fifth stadium larvae, whereas neither
GNA nor Manse-AS alone, nor a mixture of GNA and Manse-AS in control treatments, had deleterious effects at similar levels.
Elevated levels of material reacting with anti-Manse-AS antibodies were detected in the haemolymph of insects fed diets containing
FP, suggesting that transport of the peptide had occurred. Evidence for the delivery of intact FP to the haemolymph was provided
by the co-elution of Manse-AS-like immunoreactivity with standard FP after size exclusion chromatography of haemolymph from
FP-fed larvae. GNA/Manse-AS and similar fusion proteins offer a novel and effective strategy for delivering insect neuropeptides
by oral administration, which could be used in conjunction with expression in transgenic plants to give crop protection in the field.
Crown copyright 2002 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many aspects of insect development and metabolism
are controlled by peptide hormones circulating in the
haemolymph (Gade et al., 1997), and attempts to exploit
peptide hormones as insecticides have been under inves-
tigation for many years (Masler et al., 1993). One group
of insect neuropeptides, the allatostatins, can inhibit the
biosynthesis of juvenile hormones (Weaver et al., 1998)
and may have additional myoregulatory roles, including
the control of gut peristalsis (Lange et al., 1993, 1995;
Duve et al., 2000; Audsley et al., 2001). Structurally, the
allatostatins can be subdivided into three different
groups: the A-type allatostatins, first identified in cock-
roaches (Woodhead et al., 1989; Pratt et al., 1989) with
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a conserved Y/FXFGLamide C-terminus; B-type allatos-
tatins, first identified in crickets (Lorenz et al., 1995)
with a common W(X)6amide C-terminus; and C-type
allatostains, first identified in the tobacco hornworm
Manduca sexta(Kramer et al., 1991). C-type allatostat-
ins, shown to be present in other Lepidopteran species
(Jansons et al., 1996; Audsley et al., 1998, 1999) and
recently in Drosophila (Williamson et al., 2001), have
a non-amidated C-terminus and are structurally distinct
from to A- and B-type allatostatins.

Pest management technologies based on neuropep-
tides potentially offer a degree of biological activity, tar-
get specificity and environmental compatibility that are
lacking in conventional neurotoxic insecticides (Menn et
al., 1989). However, insect neuropeptides are unlikely to
be rapidly absorbed through the insect cuticle, and are
likely to be prone to proteolysis and rapid degradation
both in the environment and within the insect gut. For
example, although injection of theM. sextaallatostatin
(Manse-AS) into the haemolymph of fifth stadium
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Lacanobia oleracea(tomato moth) larvae resulted in
reduced feeding, retarded growth, and up to 80% mor-
tality (Audsley et al., 2001), simple oral administration
of this peptide was ineffective (N. Audsley, unpublished
results). Delivery via an oral route would be optimal for
insect crop protection since peptides could be sprayed
on, or be present in, plant tissues susceptible to damage.

Certain plant lectins, such as GNA, show a low level
of toxicity towards lepidopteran larvae. When incorpor-
ated into artificial diet or expressed in transgenic plants,
GNA has been shown to depress larval weight gain and
to slow the rate of development of first stadium L. olera-
cea (Fitches et al., 1997; Gatehouse et al., 1997). The
mechanism(s) by which this protein exerts these effects
have remained unclear, but involve binding of the lectin
to glycoproteins on the surface of the gut epithelium
(Fitches et al., 2001). Studies have demonstrated that,
following oral ingestion, GNA is resistant to gut proteo-
lysis and can be detected in the haemolymph of insects
(Fitches et al., 2001). As GNA is able to cross the gut
epithelium, it has the potential to act as a carrier to
deliver other peptides to the circulatory system of target
insect species. A recombinant fusion protein, comprised
of GNA fused to the green fluorescent protein (GFP), has
recently confirmed that GNA is able to deliver attached
peptides to the haemolymph of L. oleracealarvae fol-
lowing oral ingestion (Raemaekers, 2000).

This paper demonstrates that GNA can be utilised to
facilitate the delivery of a biologically active insect neur-
opeptide, Manduca sextaallatostatin (Manse-AS), to the
haemolymph of larval L. oleraceafollowing oral admin-
istration. A recombinant expression system was used to
produce a GNA/Manse-AS fusion protein (FP), gener-
ated by fusing the N-terminus of Manse-AS to the C-
terminus of GNA. The purified FP markedly reduced
growth and feeding in fifth stadium L. oleracealarvae
when administered orally as a component of artificial
diet. Furthermore, we provide evidence for the delivery
of intact FP to the haemolymph of fusion-fed insects.

2. Materials and methods

2.1. Materials and recombinant DNA techniques

Standard GNA was obtained from Vector Labora-
tories Inc. and synthetic Manse-AS was prepared by the
Advanced Biotechnology Centre (Imperial College
School of Medicine at Charing Cross, London, UK).
Anti-GNA and anti-Manse-AS antibodies, raised in rab-
bits, were prepared by Genosys Biotechnologies, Cam-
bridge, UK.

Subcloning was carried out using the TOPO cloning
kit (pCR2.1 TOPO vector) purchased from Invitrogen.
Expression vector pET14b, competent Novablue and
expression host BL21 (DE3)pLysS cells were from Nov-

agen. A cDNA sequence encoding for the mature peptide
LECGNA2 in pUC19, one of several GNA isoforms
(Van Damme et al., 1991), was used as a template for
PCR amplification. Oligonucleotide primers were syn-
thesised by MWG Biotech and are listed in Table 1. PCR
reactions were carried out using Pfu DNA polymerase
(Promega) as described by the enzyme supplier. Plasmid
DNA was prepared using Promega Wizard miniprep kits.
Restriction endonucleases were obtained from Boëhr-
inger Ltd. T4 polynucleotide kinase and T4 DNA ligase
were from Promega. PCR amplified fragments were
sequenced by the Department of Biological Sciences,
University of Durham, UK.

2.2. Cloning, expression and purification of GNA and
GNA/Manse-AS constructs

The mature GNA coding sequence (109 residues) was
amplified from LECGNA2 cDNA using the primers
5�GNA/Nde I and 3�GNABAC109 (Table 1). Primers
encoded for a 5� Nde I site and 3� stop codon and Bam
HI site to facilitate insertion of the PCR fragment into
the expression vector pET14b. The expression vector
pET14b carries an N-terminal histidine tag (Fig. 1)
which allows purification of the expressed protein from
E. coli by affinity chromatography. Following gel puri-
fication, subcloning and characterisation by sequencing,
the PCR product was digested with Nde I and BamHI,
and ligated to pET14b DNA (similarly digested). The
resulting plasmid, GNA109pET14b, was transformed
into expression E. coli BL21(DE3)pLysS cells.

A GNA/Manse-AS fusion construct was prepared by
amplification of the mature GNA coding sequence from
LECGNA2 cDNA using the primers 5�GNA/Nde I and
3�GNA Bam HI (Table 1), and cloning into pET14b as
above. The 3� primer differed to that used for the cre-
ation of GNA109pET14b in that it did not encode a stop
codon and the creation of a 3�Bam HI site allowed for
the subsequent in frame insertion of the sequence enco-
ding for Manse-AS. The resulting plasmid was digested
with Bam HI. Single stranded (ss) oligonucleotides 5�
Manse-AS and 3� Manse-AS (Table 1) were designed
using the published sequence for the M. sextaManse-
AS peptide (pGlu-Val-Arg-Phe-Arg-Gln-Cys-Tyr-Phe-
Asn-Pro-Ile-Ser-Cys-Phe-OH) (Kramer et al., 1991) and
the Pseudaletia unipunctaallatostatin gene (NCBI
gb/U36570/PUU36570) (Jansons et al., 1996), and con-
tained BamHI overhangs. An additional 12 oligonucleo-
tides preceeding the Manse-AS sequence encode a linker
peptide. A ds Manse-AS fragment was generated by
combining 300 pmols each of ss 5� Manse-AS and 3�
Manse-AS in the presence of ligase buffer. The mix was
heated to 90 °C , left to cool to 30 °C and then incubated
at 37 °C for 30 min in the presence of 1U T4 polynucleo-
tide kinase, 2.5 mM ATP and kinase buffer. Ligation
mixes containing restricted pET14b (GNA) plasmid, ds
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Table 1
Oligonucleotide primers used to generate constructs in the expression vector pET14b encoding for GNA and FP

Primers Sequence

5� GNA/Nde I TAATCATATGGACAATATTTTGTACTCC (28 mer)
3� GNA/BAC109 ATTAGGATCCTCATCCGGTGTGAGTTCCAG (30 mer)
3� GNA/Bam HI TAATGGATCCGGTGTGAGTTCCAG (24 mer)
5� Manse-AS GATCCGGGGGGCATATGCAGGTGCGCTTCCGCCAGTGCTACTTAACCCCAT- (65 mer)

CTCCTGCTTCTGAG
3� Manse-AS GATCCTCAGAAGCAGGAGATGGGGTTGAAGTAGCACTGGCGGAAGCGCAC- (66 mer)

CTGCATATGCCCCCCG

Fig. 1. Nucleotide and deduced amino acid sequences of FP and
GNA constructs showing restriction sites introduced by PCR for clon-
ing into pET14b. The position of GNA, linker and Manse-AS frag-
ments are shown for GNA/Manse-AS. (∗) denotes stop codon. The six
histidine residues in pET 14b, preceeding the GNA and FP sequences,
allow for subsequent purification of the recombinant proteins by affin-
ity chromatography.

Manse-AS and ligase buffer were heated to 80 °C and
left to cool to 37 °C before 0.5 U T4 DNA ligase was
added and the mix incubated at 4 °C overnight. Follow-
ing isolation of the plasmid from transformed Novablue
cells, colony PCR (using 5� GNA/Nde I and 3� Manse-
AS primers) was performed to isolate transformants con-
taining the GNA/Manse-AS fragment in the correct
orientation. Selected transformants were sequenced prior
to transformation into expression BL21(DE3)pLysS
cells.

For protein overproduction, BL21(DE3)pLysS cells
containing the GNA and FP expression constructs were
cultivated with shaking at 37 °C in 1 L of LB broth
containing 50 µg/ml carbenicillin and 34 µg/ml chloram-
phenicol. Cultures were induced to express the inserted
genes with 0.4 mM isopropyl β-D- thiogalactoside when
an O.D. of 0.6–0.7 had been attained. Cultivation at 37
°C was continued for 3 h post induction. Cells were har-

vested by centrifugation (30 min at 6000×g) and re-sus-
pended in 100 ml binding buffer (20 mM Tris, 0.5 M
NaCl, 5 mM imidazole, 6 M urea, pH 7.8). Cells were
lysed by sonication and cellular debris removed by cen-
trifugation (20 min at 10,000×g). Recombinant GNA and
FP were purified by affinity chromatography using Ni-
NTA Superflow resin (Qiagen). Columns (5 ml) loaded
at 1 ml/min were washed with wash buffer (20 mM Tris,
0.5 M NaCl, 20 mM imidazole, 6 M urea, pH 7.8) and
eluted with elution buffer (20 mM Tris, 0.5 M NaCl, 0.3
M imidazole, 6 M urea, pH 7.8). Purified GNA and FP
fractions were diluted to 10–50 µg/ml in 20 mM Tris, 4
M urea, pH 7.8, and dialysed sequentially against 20 mM
Tris, 1 M urea, pH 7.8 and dH2O (containing approx.
0.01% ammonium bicarbonate). After dialysis renatured
proteins were filtered (0.45 µm), frozen in liquid nitro-
gen and freeze-dried.

2.3. Haemagglutination assays

Freeze dried GNA and FP were re-suspended in
dH2O, with the addition of a minimum of 0.1% (v/v)
ammonia to aid solubilisation where necessary. Recom-
binant protein concentrations were estimated by a
microtitre-based Bradford assay (Biorad) using native
GNA as the standard protein. Haemagglutination assays
were carried out as described (Raemaekers et al., 1999),
except that a total volume of 50 µl was used in each well.

2.4. Electrophoresis and western blotting

Proteins were separated by electrophoresis on polyac-
rylamide gels, run in a dissociating SDS–PAGE discon-
tinuous buffer system (Läemmli, 1970). Samples were
prepared by adding 4× SDS sample buffer (containing
10%-mercaptoethanol) and boiled for 5–10 min prior to
loading. Gels were either stained (0.05% [w/v] Coomas-
sie blue in 7% [v/v] glacial acetic acid; 40% [v/v]
MeOH) followed by destaining (19% [v/v] glacial acetic
acid, 40% [v/v] MeOH), or transferred to nitrocellulose
using a Biorad Trans-blot SD semi dry transfer cell,
according to the manufacturer’s recommendations.

Western blotted, purified recombinant GNA and FP
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were analysed for concentration and reactivity with anti-
GNA and anti-Manse-AS (1:3300 dilution) antibodies as
previously described (Fitches and Gatehouse, 1998).

2.5. Insects

Lacanobia oleracea were reared continuously on arti-
ficial diet (Bown et al., 1997) at 25 °C under a 16:8
L:D regime.

2.6. Insect bioassays: effects of FP on food
consumption and growth

A potato leaf based artificial diet (Fitches et al., 1997)
was used to assay recombinant proteins against newly
moulted fifth stadium L. oleracea which were starved
for 24 h prior to exposure to diets. To encourage feeding,
sucrose was incorporated at 0.05% (w/w). Individual lar-
vae were maintained in clear plastic pots containing
moist filter paper to prevent diet desiccation. Larval wet
weights (�/+0.1 mg) were recorded before, during, and
after exposure to treatments, and diet consumption was
estimated on a wet weight basis. The amounts of recom-
binant proteins added to diets were based on activity
values derived from agglutination assays. Controls con-
taining small amounts of either ammonia (equivalent to
that used to solubilise recombinant proteins after freeze-
drying) or methanol (equivalent to that used to dissolve
Manse-AS) were run in addition to a normal diet control.

2.7. Haemolymph collection, HPLC fractionation, and
immunoassay

Larvae (n=30 per treatment) were exposed to diet con-
taining FP at a concentration of approx. 0.1% (w/w) of
dietary protein, with added sucrose (0.05% w/v) to
encourage feeding. Pooled haemolymph samples (to give
5 replicates per treatment) were extracted from larvae
after 24 or 48 h of exposure to the diets. Pre-chilled
larvae were blotted with EtOH, dried and haemolymph
was extracted by piercing the cuticle with a fine needle,
collecting the exuded liquid directly into pre-chilled 1.5
ml tubes containing phenylthiocarbamide (0.1 mg solid
per tube). Protein concentrations were estimated as
described above.

Aliquots of haemolymph were analysed for the pres-
ence of Manse-AS-like immunoreactivity by indirect
ELISA as described previously by Audsley et al. (1998).
Samples were sonicated in 200 µl ice cold 60% CH3CN,
centrifuged at 12,000×g at 4 °C for 20 min, and the
supernatant diluted 10 fold with 0.1% TFA. This was
loaded onto a custom made preparative cartridge (100
mg C4 reverse phase packing; Bondapak, Waters). The
cartridge was eluted with 1 ml each of 20% and 60%
CH3CN/0.1% TFA. The 60% fractions were concen-
trated by centrifugal evaporation, and either assayed or

fractionated further by size exclusion chromatography
using a SpherogelTM-TSK G2000SW column (10 µ,
7.5×300 mm) column (Supelco, Sigma-Aldrich Co Ltd).
The chromatographic system was as described by
Audsley et al. (1998). Thirty×1 ml fractions were col-
lected and aliquots dried directly onto multiwell plates
to measure Manse-AS-like immunoreactivity. Synthetic
Manse-AS and FP were also subjected to size exclusion
chromatography to determine their retention times.

2.8. Statistical analysis

All data analysis was carried out using the Statview
(v. 5.0; SAS Inc., Carey, NC, USA) software package
on Apple Macintosh computers. anova analysis
(Bonferroni–Dunn) was carried out to determine any sig-
nificant differences between treatments in the para-
meters measured.

3. Results

3.1. Expression and purification of recombinant GNA
and GNA/Manse-AS

Constructs encoding mature GNA and a fusion protein
in which the Manse-AS peptide is fused to the C-ter-
minal of mature GNA via a 4 amino acid linker peptide
(FP; Fig. 1) were prepared and cloned into the
expression vector pET14b. The predicted protein pro-
ducts also contain an N-terminal extension of 19 amino
acids, including a (his)6 purification tag. Both recombi-
nant proteins were accumulated at 10–15 mg/l culture
from clones containing expression vectors in E. coli
strain BL21(DE3)pLysS. GNA and FP accumulate in
insoluble inclusion bodies, and were purified to �90%
homogeneity by a single affinity purification step after
solubilisation under denaturing conditions (Fig. 2A and
B). As observed in previous studies (Longstaff et al.,
1998) native GNA purified from snowdrops appears as
a band of approx. 14 kDa under reducing electrophoresis
conditions (Fig. 2). This differs to the predicted molecu-
lar mass of the polypeptide (12.5 kDa) but is consistent
under standard electrophoresis conditions not optimised
for polypeptide separations in this molecular mass range.
Recombinant GNA and FP appear respectively, as bands
of approx. 14.5 kDa and 15.5 kDa (Figs. 2 and 3). This
is consistent with predicted increases in molecular mass
due to the presence of a (his)6 purification tag and for
FP, the incorporation of the Manse-AS encoding peptide.
Western analysis of purified GNA and FP (Fig. 3A and
B) confirmed that both proteins reacted positively with
anti-GNA antibodies and FP with anti-(Manse-AS) anti-
bodies. GNA and FP were renatured by dialysis; recov-
ery of soluble proteins were estimated at 1–5 mg/l of
culture. The recombinant proteins required higher con-
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Fig. 2. Expression and purification of recombinant GNA (A) and FP (B) constructs in E. coli. Gels (A) and (B), lane 1: pre-induced culture; lane
2: IPTG induced culture; lane 3: lysate; lanes 4 and 5: flow through; lanes 6–9: in (A) and lane 6 in (B) are proteins purified by affinity chromato-
graphy; lane 10: in A and 7 in B native GNA. M: molecular mass marker. Protein samples were resolved by 15% acrylamide SDS–PAGE gels.

Fig. 3. Detection of purified proteins by western analysis using (A) anti-GNA and (B) anti-Manse-AS antibodies. Proteins were resolved by (A)
20% and (B) 15% acrylamide SDS–PAGE gels and electroblotted onto nitrocellulose. Loading as estimated by Bradford assay is as follows: (A)
GNA lanes 1–4, 10, 25, 50, and 50 (unboiled) ng, respectively; lanes 5–8 FP, 10, 25, 50, and 50 (unboiled) ng, respectively, lanes 9 and 10 are
GNA standards of 5 ng and 50 ng, respectively; (B) lanes 1–4 FP, 25, 50, and 50 (unboiled) ng, respectively. Arrows indicate monomeric and
dimeric forms of GNA.

centrations (2–4-fold) to agglutinate rabbit erythrocytes,
compared to native GNA. This decreased agglutination
activity may be attributable to steric interference, due to
the presence of the N-terminal extension in the recombi-
nant proteins, and/or incomplete renaturation. Similar
agglutination values for both recombinant proteins indi-
cated that the C-terminal residues encoding the linker
peptide and Manse-AS did not interfere with GNA func-
tionality.

3.2. Insect bioassays

In an initial bioassay, fifth stadium tomato moth larvae
were exposed to diets containing recombinant FP or
GNA at 1.5% of dietary protein for 24 h. Larvae on
control or GNA-containing diet showed a mean increase

in weight of over 50% during this assay (Table 2), but
larvae on the diet containing FP showed a small net
decrease in mean weight (approx. 5%; different from
controls or GNA at p�0.0001; ANOVA). The reduction
in weight of larvae exposed to FP was due to minimal
feeding. Measurements of diet wet weight (Table 2)
showed no significant consumption had taken place,
although there was some evidence for feeding (indicated
by the presence of diet in the guts of dissected larvae).
Both the recombinant GNA and FP used in this assay
had required the addition of a small amount of ammonia
to make them soluble in water after freeze-drying, and
thus a control diet containing an equivalent amount of
ammonia was prepared to account for any effect due to
the addition. Insects exposed to diet containing ammonia
did not gain as much weight as controls, but the com-
parative reduction (approx. 20%, Table 2) in weight gain
was small.
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Table 2
Mean increase/decrease in weight of L. oleracea larvae (% of pre-treatment weight; mean value=0.11 g) and mean consumption (g wet weight
artificial diet) following 24 h exposure to control diet; control diet+ammonia; recombinant GNA (1.5 mg/5 g diet); and recombinant FP (1.5 mg/5
g diet). Table shows means±SE (n=7). anova column gives significance of difference between treatment and control+ammonia (control for diets
containing GNA or FP)

Treatment % increase/decrease in anova Diet consumption (g) anova
larval weight

Control 78±3 0.005 0.207±0.006 NS
Control+ammonia 58±3 – 0.197±0.012 –
Recombinant GNA 65±7 NS 0.148±0.017 0.005
FP �4±3 �0.0001 0 �0.0001

This result was confirmed and extended in subsequent
assays, in which fifth stadium tomato moth larvae were
exposed to FP at 0.5% of dietary protein for 3 days. The
results are summarised in Fig. 4A and B. As observed
in Assay 1, all larvae exposed to diet containing FP exhi-
bited a continuous slight reduction in mean weight over
the assay period (approx. 10% over 3 days), whereas
insects fed on control diet, or diet containing GNA, or
a combination of native GNA and synthetic Manse-AS,
showed a fourfold increase in weight over the assay per-
iod (difference between FP and all other treatments sig-

Fig. 4. (A) Increase or decrease in mean weight (g) on day 3, com-
pared to day 0, for fifth stadium larvae exposed to control (n=8);
control+ammonia (control for diets containing GNA or FP; n=8);
control+MeOH (control for diets containing Manse-AS; n=16); GNA
(0.5 mg/5 g diet) (n=8); Manse-AS (0.5 mg/5 g diet) (n=16);
GNA+Manse-AS (0.5 mg/5 g diet) (n=8); FP (0.5 mg/5 g diet) (n=8).
(B) Total mean diet consumption per larva (g wet wt artificial diet)
over total 3 day assay period for treatments in (A). In both (A) and
(B) error bars show means+/�SE; probability values for significant
differences between FP and control treatments were significant
(anova) at P�0.0001 in all cases and are denoted by ∗ in the figures.

nificant at p�0.0001; anova). A small effect on weight
gain of the ammonia used for protein solubilisation was
again observed in these assays. A more marked negative
effect on weight gain was observed in diets containing
synthetic Manse-AS (0.5% w/w in MeOH), but this was
due to the solvent and not the peptide, as shown by con-
trol diet containing an equivalent volume of MeOH (Fig.
4A). The consumption of diet by insects (Fig. 4B) fed
on all diets, except those containing methanol (control
and Manse-AS treatments), paralleled their weight gain.
A comparison of Fig. 4A with Fig. 4B shows that whilst
the presence of methanol caused a reduction in larval
growth it did not inhibit feeding. As in Assay 1, evidence
of feeding by FP-exposed larvae was apparent only by
the presence of diet in dissected larval guts. The effects
of the FP on feeding and weight gain were dose depen-
dent, since insects exposed to concentrations of FP lower
than 0.5% of dietary protein showed positive weight
gains and consumption. For example, fifth stadium lar-
vae exposed to diet containing FP at 0.05% and 0.005%
of dietary protein for 7 days, exhibited a respective 30%
and 10% reduction in weight gain as compared to control
fed larvae.

3.3. Haemolymph collection and immunoassay

Haemolymph was extracted from insects fed for 48 h
on a diet containing FP (at a concentration of approx.
0.1% (w/w) of dietary protein) and various control diets,
and purified by size exclusion chromatography. Material
reacting with anti-Manse-AS was present in blood
samples taken from all treatments, but quantitative
indirect ELISA assays showed that the samples fell into
two clearly defined groups, differing in estimated
Manse-AS-like immunoreactivity by approx. twofold.
Insects fed on control diet, or diets containing GNA, or
somatostatin (control peptide) had low levels of Manse-
AS-like immunoreactivity in the haemolymph, whereas
insects fed on diets containing either synthetic Manse-
AS, a mixture of GNA and Manse-AS or FP contained
high levels of immunoreactivity (Table 3). The nature
of the immunoreactive material detected in haemolymph
was investigated by size exclusion chromatography. The
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Table 3
Manse-AS-like immunoreactivity (mean±SE; n=4) in pooled purified
fractions of haemolymph extracted from larvae fed on diets containing
recombinant FP (0.1% w/w) or molar equivalent amounts of somatos-
tatin; GNA; Manse-AS; and GNA plus Manse-AS. Treatments a are
significantly different to b in the anova column (p�0.05)

Treatment Manse-AS anova
equivalents
(fmol/50 µg
protein)

Control 65.1±7.1 a
Somatostatin 68.8±3.6 a
GNA 59.6±7.3 a
Manse-AS 114.2±11.1 b
GNA+Manse-AS 104.8±6.9 b
FP 128.3±12.2 b

major Manse-AS-immunoreactive fraction from the
blood of FP-fed insects corresponded with the elution
volume of an intact FP standard (Fig. 5). In all other
samples Manse-AS-like immunoreactivity was associa-
ted with the fractions co-eluting with synthetic Manse-
AS, and no immunoreactivity at higher indicated mol-
ecular weights was observed. These results demonstrated
that intact FP was present in the haemolymph of insects
fed on a diet containing the recombinant protein.

4. Discussion

Using a novel recombinant fusion protein combining
snowdrop lectin (GNA) and an insect neuropeptide alla-
tostatin (Manse-AS), we have shown that GNA can be
utilised as a delivery system to transport the linked pep-

Fig. 5. Manse-AS-like immunoreactivity in individual gel filtration—hplc fractions of haemolymph (50 µg protein/sample) from fifth instar L.
oleracea larvae fed on control (closed bars) and recombinant FP (0.1% w/w) (hatched bars) containing diets for 24 h. Arrows denote elution regions
for standard recombinant FP, standard synthetic GNA, and Manse-AS.

tide to the haemolymph of larvae of the lepidopteran, L.
oleracea. In addition this FP has been shown to have
significant effects upon growth of and food consumption
by the insect. The minimal consumption of diets contain-
ing FP suggested that its effects may be primarily
attributable to an antifeedant activity.

Manduca sexta allatostatin has been detected in other
lepidopterans using molecular and immunochemical
techniques (Jansons et al., 1996; Audsley et al., 1998,
1999). The ELISA used in this study has been used pre-
viously to measure endogenous Manse-AS immunoreac-
tivity in L. oleracea tissues and haemolymph (Audsley
et al., 1998, 1999; Edwards et al., 2001), and therefore
would be expected to detect both endogenous and
exogenous antigen. The elevated levels of immunoreac-
tivity observed in insects fed on synthetic Manse-AS,
compared to controls, could thus be a direct result of
transport across the gut wall, or could be a result of
endogenous haemolymph allatostatin levels being
increased as a response to “external” stimuli. Manse-AS
alone did not have deleterious effects on insect growth
or feeding when delivered orally, and this suggests that
the effect of FP is fundamentally different from any
effect produced by the free peptide. The delivery of FP
from the gut to the haemolymph was indicated by the
presence of high levels of Manse-AS-like immunoreac-
tivity in haemolymph. Since the indicated molecular
weight of this immunoreactive material was similar to
that of FP standard on size exclusion chromatography,
it may be concluded that FP can cross the gut wall as
an intact protein. Previous results have shown that GNA
also has this property, and can be detected in the haemo-
lymph of insects fed on the protein both by immunolo-
calisation and by Western blotting of extracted haemo-
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lymph (Fitches and Gatehouse, 1998; Fitches et al.,
2001). The ability of GNA to cross the gut wall is
thought to be dependent on the lectin binding to carbo-
hydrate structures on the epithelium, with gut wall glyco-
proteins being the most likely targets for interaction
leading to transport via endocytosis, although the possi-
bility for passive transport via “ leaky” cell junctions can-
not be eliminated.

The mechanism(s) by which FP has effects on L. oler-
acea larvae that differ from either of its components is
as yet unknown. GNA, which is toxic to some insect
species, has only relatively small effects on growth and
development of this insect (Fitches et al., 1997; Gate-
house et al., 1997), and as shown in this study, feeding
native or recombinant GNA to fifth stadium L. oleracea
larvae does not result in noticeable antifeedant or
growth-retardant activity. Similarly dietary adminis-
tration of synthetic Manse-AS produces no observable
effects on growth or feeding of L. oleracea. Manse-AS
has previously been shown to inhibit JH synthesis in
vitro by corpus allatum (CA) in adult and larval L. olera-
cea (Audsley et al., 1999, 2000). Audsley et al. (2001)
recently demonstrated that the direct injection of Manse-
AS into the haemolymph of fifth stadium L. oleracea
larvae resulted in a significant reduction in feeding. As
the rate of JH synthesis by CA of injected larvae was
similar to that of control injected larvae, Audsley et al.
(2001) suggested that the effects observed in vivo may
be mediated through some myoinhibitory mechanism of
action on the foregut rather than via effects upon JH
biosynthesis. In L. oleracea Manse-AS-like immunore-
activity has been identified in neurones of the frontal
ganglion, and in the axons which innervate the muscles
of the foregut, and the peptide has been shown to have
a reversible effect on myogenic contractions of the fore-
gut in vitro (Duve et al., 2000). The identification of
Manse-AS like immunoreactivity in the mandibular
gland nerve of L. oleracea larvae suggests that Manse-
AS may be involved in the control of the production of
saliva (Audsley et al., 2000).

Estimated levels of Manse-AS detected in haemo-
lymph taken from orally exposed larvae in this study
(approx. 2 ng per larvae), were within the range (0.5–
5000 ng) shown by Audsley et al. (2001) to cause a sig-
nificant reduction in feeding when injected. Thus the sig-
nificant reduction in feeding observed by Audsley et al.
(2001) following injection of Manse-AS into the haemo-
lymph, together with the reported antifeedant effects of
the FP indicates that orally administered synthetic
Manse-AS is rendered biologically inactive during pass-
age of the peptide from the gut to the haemolymph. The
Manse-AS antibody has been shown to cross react with
Manse-AS deletion analogues (Audsley et al., 2002) and
this further suggests that Manse-AS immunoreactivity
detected in haemolymph following feeding in this study
may be attributable to biologically inactive degradation

products. The antifeedant effects observed in the present
study, together with the identification of Manse-AS-like
immunoreactivity in the haemolymph of exposed insects,
indicates that Manse-AS, delivered to the blood by
GNA, is exerting an inhibitory effect upon larval feeding
similar to that observed previously in injection studies.
Thus we suggest that the fusion of Manse-AS to GNA
somehow protects the Manse-AS peptide, allowing it to
remain biologically active following delivery to the hae-
molymph. Alternatively GNA binding to glycopolypep-
tides present in larval mouthparts (Fitches, 1999) may
facilitate an inhibitory mechanism of Manse-AS action
upon the production of saliva. In addition we are unable
to exclude the possibility that the observed effects are
due to some other (unidentified) mechanism resulting in
the inhibition of feeding. Whatever the mode of action,
there exists a clear potential for this fusion protein to
exert significant insecticidal effects if the antifeedant
properties of GNA/Manse-AS observed in this study
were realised in planta.
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