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Abstract

BACKGROUND: Spear®-T sold as a contact foliar spray for the control of glasshouse pests such as aphids, thrips, spidermites and
whiteflies, contains the recombinant spider venom peptide GS-ω/κ-HxTx-Hv1h (named as GS-ω/κ-HxTx-Hv1a by Vestaron) as
the active ingredient. Here we investigate whether fusion of the peptide to snowdrop lectin, (Galanthus nivalis agglutinin;
GNA) enhances the efficacy of this venom peptide towards aphid pests.

Results: Recombinant GS-ω/κ-HxTx-Hv1h (HxTx-Hv1h) and an HxTx-Hv1h/GNA fusion protein were produced using the yeast
Pichia pastoris. Purified proteins showed comparable toxicity when injected into lepidopteran (Mamestra brassicae) larvae,
but significant differences in oral and contact activity towards aphids. HxTx-Hv1h had comparable acute oral toxicity to pea
(Acyrthosiphon pisum) and peach potato (Myzus persicae) aphids with respective Day (2) median lethal concentration (LC50)
values of 111 and 108 ∼M derived from diet assays. The fusion protein also showed comparable oral toxicity to both species
but D2 LC50 values were >3-fold lower (35 and 33 ∼M for pea and peach potato aphids, respectively) as compared to HxTx-
Hv1h. Topically applied toxin and fusion protein, but not GNA, caused significant reductions in pea aphid survival. Contact
effects on mortality were significantly greater for aphids exposed to fusion protein as compared to toxin alone. Whole aphid
fluorescence microscopy and immunoblotting suggest that improved efficacy is due to enhanced persistence of HxTx-Hv1h
when fused to GNA following internalisation of ingested or topically applied proteins.

Conclusions: This is the first study to report on the insecticidal activity of HxTx-Hv1h towards aphids and results suggest that a
fusion protein-based approach offers opportunities to significantly enhance oral and contact efficacy of naturally derived
toxins, such as HxTx-Hv1h, towards crop pests.
© 2022 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
As venomics research progresses, spider venoms are increasingly
being recognized as a rich and valuable source of neurotoxins
providing a growing pool of candidates with potential for devel-
opment as novel biopesticides. Many spider venom peptides are
short (2.5–5 kDa) and disulfide-rich, and the most characterised
are those containing an evolutionarily conserved inhibitor cystine
knot (ICK) motif.1 The ICK motif, defined as an antiparallel ß-sheet
stabilised by a cystine knot,2 provides high levels of chemical and
thermal stability as well as resistance to proteolytic degradation in
the insect gut and haemolymph.3–5 These properties are impor-
tant for commercial production and viability as biopesticides.
Indeed, the registration of Spear®-T by Vestaron in 2014, which
contains the spider venom neurotoxic peptide GS-ω/κ-HxTx-Hv1h

(hereafter referred to as HxTx-Hv1h) as the active ingredient, pro-
vides definitive evidence of the potential for the commercialisation
of venom peptide-based biopesticides.
HxTx-Hv1h is a member of theω-hexatoxin-1 (HxTx) family which

were among the first peptides isolated from the venom of
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Australian funnel-web spider, Hadronyche versuta.6–8 Well-studied
members of subgroups of the hexatoxin superfamily, thought to
have evolved from a common ancestral gene, also include ω-hexa-
toxin-Hv1a and κ-hexatoxin-Hv1c. All three toxins have been
shown to be potently insecticidal by injection into a range of
insects, but harmless to mammals, and surprisingly nontoxic to
honeybees.9 ω-hexatoxin-Hv1a initially was shown to target insect
voltage gated calcium channels (Cav), whereas κ-hexatoxin-Hv1c
targets Ca-activated potassium channels (KCa).

8,10–12 Whilst struc-
turally similar, the mature amino acid (aa) sequences of the three
toxins are diverse. HxTx-Hv1h has been designated as a hybrid
toxin as it contains critical aa residues that are present in either
ω-hexatoxin-Hv1a or κ-hexatoxin-Hv1c.11,13 Early work by Sollod
(2006) suggested that this hybrid toxin, which was the most effica-
cious of the three toxins when injected into houseflies (Musca
domestica), is the most potent due to synergistic disruption of both
Cav and KCa. More recently, neuronal membrane binding studies
have shown all three toxins to have more potent effects via their
action as positive allosteric modulators of insect nicotinic acetyl-
choline receptors (nAChR).13 Acetylcholine receptors mediate the
actions of acetylcholine, the primary excitatory neurotransmitter
in the insect central nervous system (CNS). Resistance development
to chemical pesticides that target sites within the insect nervous
system is widespread and can occur via mutation (e.g. aphid resis-
tance to pyrethroids is achieved via mutations in voltage-gated
sodium channels).14 Thus, consideration of the different target sites
of action of hexatoxin peptides is key to understanding their poten-
tial development as resilient biopesticides. The lack of toxicity of
hexatoxins towards honeybees may be attributable to diversity in
insect nAChR receptor subunits and the presence of multiple
nAChR subtypes; notably, the honeybee has been shown to pos-
sess a larger number of nAChR subunits as compared to the fruit
fly Drosophila melanogaster and mosquito Anopheles gambiae.15

Many venom ICK peptides are highly potent by injection but
typically much less effective when ingested.16 Neurotoxic pep-
tides must access the CNS or peripheral nervous system (PNS) to
reach their target site(s) of action, and failure of ingested peptides
to cross the gut epithelium is thought to be the major barrier to
achieving oral efficacy. We have demonstrated previously that
fusion of several different venom neurotoxins, including ω-hexa-
toxin-Hv1a, to the snowdrop lectin Galanthus nivalis agglutinin
(GNA) carrier protein dramatically enhances oral insecticidal activ-
ity.17–22 GNA is able to transport attached peptides across the
insect gut allowing delivery to the circulatory system. Likewise,
Hv1a when fused to a luteovirus coat protein, which crosses from
the aphid gut lumen to the haemocoel has been shown to signif-
icantly enhance the oral efficacy of Hv1a towards aphids.23 Fur-
thermore, GNA has been shown to bind to the central nerve
chord of lepidopteran larvae and, therefore, also may mediate
delivery of attached toxins to sites of action within the CNS.19

The commercial HxTx-Hv1h product is sold as a contact foliar
spray pesticide for the control of glasshouse pests such as aphids,
thrips, whitefly and two-spotted spider mite (see www. vestaron.
com for more information). Nontoxicity towards biological control
agents (rove beetle Dalotia coriaria and flower bug Orius insidio-
sus) commercially used in glasshouses has been reported.24 How-
ever, published data regarding the efficacy of the commercial
HxTx-Hv1h product against target pests is limited. Low topical
and/or residual efficacy of HxTx-Hv1h towards adult fruit fly (Dro-
sophila suzukii) has been reported although efficacy was signifi-
cantly enhanced when the peptide was combined with
adjuvants presumed to facilitate paracellular transport across

the insect cuticle.25 The commercial product was reported to be
ineffective againstM. domestica) when applied at amaximum rate
of 5000 ppm as a fog/mist either alone or in combination with the
adjuvant Silwett L-77.26

This paper reports on the production and efficacy evaluation of
recombinant HxTx-Hv1h and a HxTx-Hv1h/GNA fusion protein.
We tested the hypotheses that fusion of the HxTx-Hv1h toxin to
GNA would enhance the oral and contact efficacy of the venom
neurotoxin. Oral toxicity of both proteins towards aphids; pea
aphid, Acyrthosiphon pisum and peach potato aphid, Myzus persi-
cae and contact activity towards pea aphids is reported. Overall,
our results demonstrate that fusion of GS-ω/κ-HxTx-Hv1h to
GNA does indeed enhance both oral and contact toxin efficacy
towards aphids.

2 MATERIALS AND METHODS
2.1 Materials
A Pichia pastoris codon-optimised nucleotide sequence encoding
ω/κ-hexatoxin-Hv1h (accession no. S0F209; residues 38–76) here-
after referred to as HxTx-Hv1h, and cloning primers were pur-
chased from Integrated DNA Technologies (IDT, Coralville, IA,
USA). Restriction endonucleases were supplied by Thermo Fisher
Scientific (Waltham, MA, USA) or New England BioLabs (Ipswich,
MA, USA). Electrophoresed DNA fragments were purified from
excised gel slices using a Qiagen gel extraction kit. Plasmid DNA
was prepared using Promega Wizard miniprep kits. T4 ligase kit
was supplied by Promega. Phusion polymerase was from New
England Biolabs. P. pastoris (SMD1168H strain), the expression
vector pGAPZ⊍B and Easy comp Pichia transformation kit were
from Invitrogen (Thermo Fisher Scientific).
Anti-GNA antibodies were prepared by Genosys Biotechnol-

ogies (Cambridge, UK). Monoclonal 6x-His Tag Antibodies were
from Thermo Fisher Scientific. Secondary IgG horseradish peroxi-
dase antibodies were from BioRad (Hercules, CA, USA). Chemicals
for chemiluminescence and buffer salts were supplied by Sigma
Aldrich (St Louis, MO, USA).

2.2 Assembly of HxTx-Hv1h and HxTx-Hv1h/GNA fusion
protein expression constructs
The HxTx-Hv1h coding sequence was amplified by PCR using
primers containing PstI and SalI restriction sites. Following gel
purification, the PCR product was digested (PstI and SalI) and
ligated into similarly cut vector, pGAPZ⊍B DNA. To generate a
fusion protein construct where HxTx-Hv1h is linked to the
N-terminus of GNA, the toxin coding sequence [Fig. 1(a)] was
amplified by PCR (using primers containing PstI and NotI restric-
tion sites), gel-purified, restricted and ligated into a previously
generated pGAPZ⊍B construct that contained a GNA coding
sequence. Plasmids were cloned into electrocompetent Escheri-
chia coli (DH5⊍) cells and DNA coding sequences were verified
by ‘in house’ DNA sequencing.

2.3 Yeast transformation, expression and purification of
recombinant proteins
Plasmid DNAs from sequence-verified clones were linearised with
AvrII and transformed into chemically competent P. pastoris cells
according to the manufacturer's instructions. Transformants were
selected on medium containing 100 μg mL−1 zeocin. Clones
expressing HxTx-Hv1h or HxTx-Hv1h/GNA were selected for pro-
duction by bench-top fermentation by Western analysis (using
anti-His or anti-GNA antibodies) of supernatants from 10 mL
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cultures grown at 30 °C for 2–3 days in YPG medium [1% (w/v)
yeast extract, 2% (w/v) peptone, 4% (v/v) glycerol, 100 μg mL−1

zeocin] (results not shown).
For protein production, P. pastoris cells expressing HxTx-Hv1h or

HxTx-Hv1h/GNA or GNA were grown in a bench top fermenter
(ez-control Applikon 7.5 L vessel) as described previously.18 Fol-
lowing fermentation, proteins were separated from cells by cen-
trifugation (20 min at 7000 × g, 4 °C) and purified via nickel
affinity chromatography as described previously.26 Pooled frac-
tions containing purified proteins were dialysed against distilled
water and lyophilised. Protein contents in lyophilised samples
were determined from SDS-PAGE gels stained for total proteins
with Coomassie blue. Known quantities of lyophilised samples

were re-suspended in 50 mM sodium phosphate buffer pH 7.4
(SPB) to generate stock solutions from which dilutions of known
amounts of powder were loaded on gels; six samples of different
known powder quantities were loaded alongside six GNA stan-
dards. Quantitation was based on densitometric analysis of pro-
tein bands, which were compared to GNA (Sigma Aldrich)
standards by visual inspection, and IBRIGHT analysis of gel images
scanned using a commercial flat-bed scanner.

2.4 Electrophoresis, Western blotting and fluorescein
conjugation
SDS-PAGE electrophoresis, Western blotting and fluorescein iso-
thiocyanate (FITC) labelling of proteins was carried out as

Figure 1. (a) Schematic of constructs encoding recombinant HxTx-Hv1h and HxTx-Hv1h/GNA produced in the yeast P. pastoris showing predictedmolec-
ular masses; tag denotes the presence of a six-residue histidine sequence that allows protein purification by nickel affinity chromatography and detection
byWestern blotting. (b) Separation of purified proteins by SDS-PAGE gel stained for total protein: lanes 1 and 2 are HxTx-Hv1h (c. 1 and 3 μg, respectively),
lanes 3 and 4 are HxTx-Hv1h/GNA (c. 2 and 3 μg, respectively), lanes 5 and 6 are recombinant GNA (c. 3 and 5 μg, respectively) and lane 7 is Sigma GNA
standard (2 μg). (c) Western analysis of recombinant proteins using anti-His [lanes 1–5 are as for (b); loading c. 50 and 100 ng for HxTx-Hv1h and HxTx-
Hv1h/GNA and 50 ng for GNA] and anti-GNA (lanes 1 and 2 are, respectively, 50 and 100 ng HxTx-Hv1h/GNA, lane 3 is Sigma GNA standard 50 ng) anti-
bodies. Location of mass markers run on the same gel are depicted. (d) Separation of nondenatured and denatured proteins by native PAGE, gel-stained
for total protein (15 μg loaded in each lane). Lanes 1 and 4 are HxTx-Hv1h/GNA, lanes 2 and 5 are HxTx-Hv1h, and lanes 3 and 6 are recombinant GNA.
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described previously.19 Proteins also were separated by native
PAGE electrophoresis [acrylamide 2.1% (v/v) stacking and 11.3%
(v/v) resolving gel] in the absence of SDS. Nondenatured protein
samples were prepared by the addition of 5X native PAGE buffer
[12.5% (v/v) 0.5 M Tris HCl pH 6.8, 25% (v/v) glycerol, 62.5% (v/v)
Milli-Q water] to aliquots of protein stock solutions (2 mg mL−1

in distilled water). Denatured samples were prepared by addition
of 5X native PAGE buffer with the addition of 50 mM Tris (2-car-
boxyethyl) phosphine hydrochloride (TCEP) and boiled for
10 min at 100 °C. Samples were cooled to room temperature
and centrifuged briefly before 10 μL of 8 M urea was added to sol-
ubilise the proteins. The gels were run in an ATTO-AE6450 gel tank
apparatus containing 1X reservoir buffer (25 mM tris, 192 mM gly-
cine) at 70 V for 4 h. Gels were stained for total protein with Coo-
massie Brilliant Blue.

2.5 Recombinant protein characterization
Recombinant HxTx-Hv1h and HxTx-Hv1h/GNA were separated by
SDS-PAGE and excised bands from gels stained with Coomassie
Blue were analysed by liquid chromatography–mass spectrome-
try (LC–MS). Proteins in excised bands were digested with chymo-
trypsin and/or trypsin and LC–MS analysis was performed with a
Sciex TripleTOF 6600mass spectrometer coupled to an ekspertTM
nanoLC 425 with low micro-gradient flowmodule (Eksigent Tech-
nologies, Redwood City, CA, USA) via a DuoSpray source (Sciex,
Framingham, MA, USA) as described previously.21

The glycosylation status of purified proteins was investigated by
Periodic Acid Schiff staining. Proteins transferred to nitrocellulose
membranes were stained with Ponceau S (to visualise molecular
mass proteins), de-stained and washed in distilled water. Mem-
branes were incubated in Solution A [1.0% (v/v) Periodic acid,
3.0% (v/v)] for 30 min, washed in distilled water, and further
washed twice (5 min each) in Solution B [0.1% (w/v) sodiummeta-
bisulphite] and then incubated for 15 min in Schiff's reagent
(Sigma Aldrich). Finally, membranes were washed twice in the
dark with Solution B, air-dried for 1 h and imaged on a scanner.

2.6 Insect rearing
Mamestra brassicae originally obtained from cultures held at Fera
Science Ltd were reared at the University of Durham continuously
on artificial diet17 at 22–25 °C with 65% RH under 16 h: 8 h light:
dark cycle. A. pisum (pea aphid) and M. persicae (peach potato
aphid) were reared on broad bean (Vicia faba) and Chinese cab-
bage (Brassica rapa), respectively, and both colonies were main-
tained at 22 °C with a 16 h:8 h, light:dark photoperiod.

2.7 Mamestra brassicae injection assays
Newly eclosed 5th stadium M. brassicae larvae (average
wt. 60 mg) were anaesthetised with CO2 and injected behind
the head capsule with 5 μL of protein-containing solutions in
SPB. Controls were injected with 5 μL SPB. For each protein, five
doses (ranging from 2.5 to 40 μg per larva) and ten larvae per dose
were injected, and survival was monitored daily for a minimum of
4 days.

2.8 Aphid feeding and choice assays
Oral toxicity to A. pisum and M. persicae was determined using
cylindrical feeding chambers overlain with parafilm sandwiches
that contained proteins dissolved in liquid artificial diet.27 Stock
protein solutions in SPB were added to sterile diet such that
100 μL diet contained 25 μL protein solution. Control diets con-
tained an equivalent volume of SPB to the protein treatments.

One-day-old nymphs, selected from adults maintained on artifi-
cial diet for 24 h, were placed on 25 μL artificial diet (15 nymphs
per dose). Diets were replaced every 2 days and survival recorded
daily. Preliminary assays enabled determination of appropriate
ranges of protein concentrations to allow derivation of median
lethal (LC50) concentrations.
Choice assays were performed in a similar way to oral toxicity

bioassays except that 25 μL diet containing 0.6 mg mL−1 of a
given test protein was placed alongside 25 μL control diet
between two layers of parafilm on a feeding chamber such that
the diets did not mix. Ovalbumin was used as a control protein
treatment. Twenty Day (D)1 nymphs were placed between two
diets (three replicates per choice test) and the number of aphids
feeding on each diet was recorded after 24 and 48 h.

2.9 Aphid (A. pisum) topical assays
A topical protein delivery method was developed based upon
published procedures,28 except that adult pea aphids were tem-
porarily immobilised using CO2 and proteins were re-suspended
in water containing 0.1% (v/v) Breakthru. Breakthru is a nonionic
agricultural adjuvant that aids spreading and allows rapid cover-
age of hydrophobic surfaces such as the insect cuticle. Anaesthe-
tised aphids were individually placed in ventral contact with a
0.5 μL droplet of protein solution, left for 12 min, and then placed
in feeding chambers. Preliminary experiments identified suitable
protein concentrations and the appropriate adjuvant. Three bio-
logical replicates (15 aphids per replicate) were conducted for
each treatment and dose; survival was recorded 24 h post-treat-
ment. Western analysis was performed on protein extracts of
whole aphids that had been topically treated and then fed on
control diet for 2 h and 18 h as follows; aphids (ten per sample)
were washed to remove nonpenetrating proteins by immersion
in 20% EtOH, ground with a micropestle in the presence of
100 μL 5× SDS-sample buffer [containing 10% (v/v) ⊎-mercap-
toethanol], boiled for 10 min, and centrifuged before loading
30 μL per lane on gel.

2.10 Fluorescent microscopy
Pea aphids were fed on FITC-labelled proteins in diet at sublethal
equimolar concentrations (HxTx-Hv1h 0.38 mg mL−1, GNA
0.75 mg mL−1, HxTx-Hv1h/GNA 1 mg mL−1) for 24 h and then
transferred to control diet for a chase period of up to 24 h. Con-
trols were fed on diet containing FITC and 0.1mg mL−1 propidium
iodide (PI) to enable visualisation of the gut. A subset of aphids
(6 per treatment) fed on labelled proteins were retained as indi-
viduals in feeding chambers to allow emerging nymphs to be
visualised. For contact assays, aphids were ‘dipped’ in labelled
protein solutions as described previously and placed on control
diets for ≤18 h. Before visualisation, aphids were washed by
immersion in 20% EtOH. Aphids (9–12 per treatment and time
point) were visualised using a fluorescent microscope (MC165;
Leica, Wetzlar, Germany) under FITC filter (absorbance 494 nm;
emission 521 nm) and images captured in OPENLAB.

2.11 Statistical analysis
Statistical analysis was carried out using PRISM (GraphPad, San
Diego, CA, USA) or Excel (Microsoft, Redmond, CA, USA) software.
Survival data were analysed using Kaplan–Meier survival analysis.
Median lethal doses or concentrations were calculated based
upon predicted masses for the protein products by plotting log-
transformed data and nonlinear regression, constrained for
control survival where necessary. Multiple Student's t-tests were
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performed on contact assays and choice assay results were ana-
lysed using Chi-square tests for significant differences between
single values.

3 RESULTS
3.1 Recombinant protein production in the yeast
P. pastoris
Synthetic genes encoding HxTx-Hv1h and HxTx-Hv1h/GNA were
cloned in-frame with the yeast alpha factor in the expression vec-
tor pGAPZ⊍B by PCR amplification, followed by restriction diges-
tion and ligation. A fusion protein was generated by fusing the
HxTx-Hv1h peptide to the N-terminus of GNA via an 8-aa residue,
(Gly-Gly-Gly-Gly-Ser-Ala-Ala- Ala) linker region as depicted in
Fig. 1(a). Both constructs contain a six-residue histidine tag at
the C-terminus to enable affinity purification, and two addi-
tional N-terminal residues; Gly and Ser (GS), reported to
enhance the expression levels of HxTx-Hv1h in the yeast
P. pastoris.29 Constructs were cloned into E. coli and sequenced
plasmid DNAs were linearised and transformed into competent
P. pastoris cells. Small-scale screening by Western blotting for
protein expression enabled the selection of clones for bench-
top fermentation to produce sufficient quantities of proteins
for insect bioassays. P. pastoris cells were grown in a laboratory
fermenter and all proteins expressed at levels of >30 mg L−1 in
culture supernatants. Proteins were purified from clarified
supernatants by nickel-affinity chromatography, followed by
dialysis and freeze-drying.
As shown in Fig. 1(b), purified HxTx-Hv1h separates as two pro-

tein products of ≈17 kDa on SDS-PAGE gels, which is more than
double the predicted mass of 6.29 kDa. Immunoreactivity with
anti-His antibodies [Fig. 1(c)] provides evidence that both proteins
represent recombinant toxin. LC–MS analysis further confirmed
that both proteins are full length and have an identical 57 aa res-
idue sequence (Appendix S1). The higher than predicted mass for
recombinant HxTx-Hv1h protein products on SDS-PAGE gels is
thought to be a consequence of incomplete denaturation by
reducing agents (dithiothreitol and beta-mercaptoethanol) and
hyperglycosylation. No difference in the migration of proteins
treated with the denaturing agents TCEP or thioglycolyic acid
was observed on SDS-PAGE gels (results not shown). Hyperglyco-
sylation is commonly observed during expression of recombinant
proteins in P. pastoris and is evidenced by periodic acid Schiff glyco-
protein staining of recombinant proteins (Online Resource 1d). Puri-
fied HxTx-Hv1h/GNA stained as a single protein of ≈20 kDa on
SDS-PAGE gels [c. 2 kDa higher than its predicted molecular mass;
Fig. 1(b)] and reacted positively with anti-GNA and anti-His anti-
bodies [Fig. 1(c)]. LC–MS analysis confirmed the presence of
full-length sequence (Online Resource 1) and that both proteins
contain an additional alanine as a consequence of gene inser-
tion via a PstI restriction site in the pGAPZ⊍B vector. As
reportedpreviously,21 recombinant GNA which contains a
C-terminal histidine tag runs at ≈14 kDa on SDS-PAGE gel [Fig. 1
(b)], close to its predicted molecular mass of 12.8 kDa. Separation
of protein samples by native gel electrophoresis is shown in Fig. 1
(d). Whilst native electrophoresis does not allow for accurate
molecular mass determination, it can be seen that HxTx-Hv1h
migrates further, as compared to GNA or HxTx-Hv1h/GNA; this is
observed under both nondenatured and – even more so –
denatured conditions, and is indicative of a lower mass than that
observed on SDS-PAGE gels. As for SDS-PAGE, two HxTx-Hv1h
proteins in the nondenatured sample in Fig. 1(d) were observed

and may be indicative not only of a degree of dimerization, but
also differences in disulfide bridge formation. The presence of
clearly stained bands for all three proteins under nondenaturing
conditions contrasts the protein smears observed when samples
are denatured and provides evidence for disulfide bridge forma-
tion. The functionality of the GNA component of the fusion pro-
tein was confirmed by in vitro agglutination assays (results not
shown).

3.2 Biological activity of recombinant proteins
3.2.1 Injection toxicity or recombinant proteins to lepidopteran
larvae (M. brassicae)
The biological activity of HxTx-Hv1h and HxTx-Hv1h/GNA was
evaluated by injection of 2.5–40 μg of purified recombinant
proteins into 5th stadium M. brassicae larvae (mean
wt. 60 mg). Larvae injected with higher doses of toxin (>5 μg)
or fusion protein (> 30 μg) displayed a paralytic phenotype
10–20 min post injection and dose-dependent effects on larval
mortality were observed predominantly within the first 48 h fol-
lowing treatment. Similar D4 median lethal doses of 16.29
nmols g−1 larvae [confidence interval (CI) perfect fit] and 13.80
nmols g−1 (CI 12.0–15.80 nmols) were derived for HxTx-Hv1h
and HxTx-Hv1h/GNA, respectively. Paralysis and larval mortality
verify that the recombinant toxin is functional when expressed
alone or when fused to the N-terminus of GNA.

3.2.2 Oral toxicity of recombinant proteins to aphids
Oral toxicity was determined by feeding A. pisum or M. persicae
nymphs with artificial diets containing a range of concentrations
(0.2–2.0 mg mL−1) of purified HxTx-Hv1h, HxTx-Hv1h/GNA or
GNA. As shown in Fig. 2, dose-dependent reductions in the sur-
vival of aphids fed on protein-containing diets were observed in
all assays whereas control (no added protein diet) survival was
>85%. HxTx-Hv1h alone was toxic towards both species with
100%mortality observed after 4 days of feeding on diets contain-
ing >0.6 mg mL−1 of protein and comparable LC50 (D2) values of
111 μM (0.70 mg mL−1) and 108 μM (0.68 mg mL−1) were derived
for pea and peach potato aphids, respectively. The fusion protein
also showed acute oral toxicity to both species; however, D2 LC50
values were >3-fold lower, as compared to HxTx-Hv1h, at 35 μM
(0.62 mg mL−1) and 33 μM (0.59 mg mL−1) for pea and peach
potato aphids, respectively. Feeding on GNA alone caused a sig-
nificant reduction in the survival of A. pisum at dietary concentra-
tions of ≥0.6 mg mL−1 (i.e. > 46 μM) (Log Rank Mantel-Cox;
P < 0.05) whereas no significant differences inM. persicae survival
as compared to control-fed aphids were observed for any of the
GNA treatments. The much reduced oral efficacy of GNA, as com-
pared to HxTx-Hv1h andHxTx-Hv1h/GNA, prevented derivation of
a defined LC50 for A. pisum or M. persicae.
In choice assays, both aphid species showed a preference for

feeding on control (no added protein) diet over each of the
recombinant proteins or peptide, whereas no preference for the
control versus ovalbumin (control nontoxic protein) diets was
observed (Online resource 2.) These results suggest that the
observed mortality of aphids fed on protein-containing diets
(Figs 2 and 3) is at least, in part, a result of antifeedant effects.
Further aphid bioassays were conducted to verify that the

enhanced efficacy of HxTx-Hv1h/GNA was attributable to the
direct action of the fusion protein rather than additive effects of
feeding a combination of the toxin and GNA. As shown in Fig. 3,
100% mortality of A. pisum or M. persicae was observed after
3 or 4 days after feeding on diets containing 0.6 mg mL−1 fusion

Enhancing the efficacy of venom peptide based biopesticides by fusion to snowdrop lectin www.soci.org

Pest Manag Sci 2022

5
 15264998, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ps.7198 by T
est, W

iley O
nline L

ibrary on [21/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



protein, respectively. By comparison, feeding on a combination of
HxTx-Hv1h (0.15 mg mL−1) and GNA (0.45 mg mL−1) resulted in
100% A. pisum and 93%M. persicaemortality after 5 days of feed-
ing. Survival curves for fusion protein and the combination

treatments were significantly different (P = 0.010 A. pisum and
P = 0.016M. persicae; Mantel–Cox, log-rank test). Combining both
toxin and GNA resulted in additive effects upon aphid survival; for
example, after 3 days of feeding respective 27% and 47% pea

Figure 2. Survival of (a) A. pisum and (b)M. persicae fed on diets containing different concentrations of HxTx-Hv1h, HxTxHv1h/GNA or GNA. (c) Day 2 LC50
values (mg mL−1; derived from bioassay data in (a) and (b). CI, confidence intervals; numbers in brackets, LC50 values in μM.
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aphid mortalities were observed for HxTx-Hv1h and GNA treat-
ments, as compared to 73% mortality for the treatment contain-
ing a mixture of toxin and GNA. That mortality was attributable
to ingestion of the protein and not simply to antifeedant effects
is indicated by the slower onset of full mortality as compared to
the no diet control treatment.
Fluorescence imagery of whole A. pisum chase-fed control diet

after feeding on equimolar concentrations of FITC labelled toxin,
fusion protein or GNA for 24 h is presented in Fig. 4. Visualisation
of the foregut is evident in control PI fed aphids. Labelled proteins
were readily detectable in aphids after 24 h of feeding and fluo-
rescence (particularly in the gut region) persisted for a chase-feed
period of 6 h suggesting that all proteins were all able to bind to
the gut epithelium. Fluorescence persisted in GNA and fusion
protein-fed aphids after 24 h of chase feeding but was notably
absent in HxTx-Hv1h-fed aphids, suggesting comparatively
weaker binding and more rapid clearance of the toxin. Transport
of fusion protein across the aphid gut to the circulatory system
is indicated by whole body fluorescence in adult aphids and fluo-
rescence of the gut region in progeny derived from HxTx-Hv1h/GNA
fed adults. This was not observed for progeny derived from aphids
fed HxTx-Hv1h or GNA alone although sample numbers were lim-
ited (four to five nymphs per treatment) as very few aphids pro-
duced nymphs.

3.2.3 Contact toxicity in A. pisum
The efficacy of topically applied proteins was evaluated by placing
pea aphids in ventral contact with droplets containing different

concentrations of HxTx-Hv1h, HxTx-Hv1h/GNA or GNA [Fig. 5(a)].
Mean survival of aphids exposed to water only control was c.
80% as compared to 70% for Break-thru alone (BT control) and
62% for GNA (280 pmol). Differences between water control and
BT or GNA were not significant suggesting that neither Breakthru
nor GNA had significantly detrimental effects upon aphid survival.
Exposure to 70 pmol HxTxHv1h did not cause a significant reduc-
tion in survival as compared to the BT control treatment. By con-
trast, significant dose-dependent reductions in aphid survival
were observed for HxTx-Hv1h (at 280 pmol and 800 pmol;
P = 0.0142 and P = 0.0002, respectively) and fusion protein treat-
ments (70 pmol and 280 pmol; P = 0.0046 and P = 0.0004, respec-
tively) as compared to the BT control group. Significant
differences between survival of aphids treated with fusion protein
and toxin only were observed for both 70 pmol and 280 pmol
treatments (respectively, P = 0.0061 and 0.0029, Student's t-tests).
Furthermore, a significant reduction in survival was observed
between aphids exposed to droplets containing 280 pmol of
fusion protein or a combination of 280 pmol each of GNA and
HxTx-Hv1h (P= 0.0158; Student's t-test). These results provide evi-
dence that fusion to GNA significantly enhances contact efficacy
of HxTx-Hv1h towards aphids.
Delivery of proteins across the cuticle following contact expo-

sure to labelled proteins is shown in Fig. 5(b). After ‘dipping’ in
protein solutions, aphids were fed on control diet for 18 h,
washed and imaged. An absence of fluorescence in control-
treated aphids contrasts whole-body fluorescence observed in
GNA, HxTx-Hv1h and fusion protein-treated aphids, and provides
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Figure 3. Survival of (a) A. pisum and (b)M. persicae fed on diets containing HxTx-Hv1h, GNA, HxTx-Hv1h/GNA, and an equivalent mixture of HxTx-Hv1h
and GNA.
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evidence for protein delivery across the cuticle. The intensity of
fluorescence appeared generally greater in fusion protein and
GNA-dipped aphids as compared to HxTx-Hv1h. HxTx-Hv1h was
detected by Western analysis [Fig. 5(c)] of whole aphid protein
extracts prepared 2 and 4 h postcontact exposure, but was not
detectable in samples prepared 18 h post-treatment. By contrast,
GNA and HxTx-Hv1h/GNA both were detected in immunoblotted
extracts prepared 2 h and 18 h postcontact treatment. Whilst all
samples were probed with anti-His antibodies, it is possible that
the histidine tag was cleaved from HxTx-Hv1h-treated aphids in
the 18 h sample (preventing detection) but remained intact in
GNA and fusion protein-treated insects.

4 DISCUSSION
The HxTx-Hv1h toxin is sold as a contact pesticide for foliar spray
induced control of glasshouse sap-sucking pests. The purpose of
this study was to produce this venom neuropeptide and a fusion
protein comprising HxTx-Hv1h fused to the N-terminus of the car-
rier protein GNA using yeast as an expression host, and subse-
quently to conduct a comparative assessment of insecticidal
efficacy towards two species of aphids (A. pisum and M. persicae).
Recombinant proteins were purified by nickel affinity chromatogra-
phy from fermented P. pastoris cultures that were immunoreactive
with anti-His and/or anti-GNA antibodies, and characterised as full-
length products by LC–MS. Analysis by native PAGE together with
M. brassicae injection assays that demonstrate both toxin and
fusion protein cause paralysis and larval mortality, provides indirect
evidence of correct disulfide bridge formation in the expressed
products. Further studies, such as comparing the injection toxicity
of recombinant HxTx-Hv1h with native toxin, would be required
to elucidate whether or not disulfide connectivity is compromised
in yeast-expressed forms of the peptide.
When injected into M. brassicae larvae dose-dependent mortal-

ity predominantly occurred 24–72 h postinjection, and similar
respective LD50 values of 16.29 and 13.70 nmoles g−1 for HxTx-
Hv1h and HxTx-Hv1h/GNAwere derived. These values are compa-
rable to injection LD50 values of 18 nmol g−1 M. brassicae larvae
reported previously for both Hv1a and Hv1a/GNA.22 This contrasts
with previous reports showing much higher potency of
HxTx-Hv1h (LD50 38 pmol g−1) as compared to Hv1a (LD50

87 pmol g−1) when injected into houseflies.10,11 However, a cau-
tionary approach should be taken when comparing efficacy
across different insect species that show large variability in levels
of susceptibility to venom-derived neurotoxins. This variability is
attributable to a multitude of factors including toxin derivation
(synthetic, recombinant, or native), delivery method, the diverse
nature and affinity for target channels across insect species, as
well as in vivo stability against proteolytic degradation.
Whilst HxTx-Hv1h injection toxicity was comparable to that

reported for Hv1a, when fed to aphids HxTx-Hv1h was found to
be by far the more insecticidal of the two toxins, supporting pre-
vious data showing it to be the more potent toxin.10,11

HxTx-Hv1h was acutely toxic to aphids causing 100% mortality
of A. pisum andM. persicae after 3–4 days of feeding on diets con-
taining >0.6 mg mL−1 protein. HxTx-Hv1h was similarly toxic to
pea and peach potato aphids with LC50 (D2) values of 0.70 and
0.68 mg mL−1, respectively. By comparison, we previously found
the hexatoxin, Hv1a, when produced as a recombinant protein,
to be considerably less orally toxic to aphids with reported
LC50 doses (D2) of 1.01 and 2.34 mg mL−1 for A. pisum and
M. persicae, respectively.30 Greater oral toxicity of HxTx-Hv1h
observed herein as compared to previously published data for
Hv1a, is in agreement with Sollod (2006)11 who reported
HxTx-Hv1h to be more efficacious than Hv1a by injection into
houseflies. Both toxins are known to act as positive allosteric mod-
ulators of nAChRs and, at least for Hv1a, agonist binding assays
together with electrophysiological studies have suggested this to
be the most potent molecular effect of the toxin.13 As Hv1a and
HxTx-Hv1h are both orally toxic towards aphids, this suggests that
at least some of the ingested toxin traverses the gut epithelium
and is able to target nAChRs in the central nervous system. Fluores-
cence in the A. pisum gut and body cavity after feeding on diets
containing FITC-labelled toxin, and persistence in the gut region
after chase feeding with control diets, indicates that HxTx-Hv1h is

Figure 4. Composite of whole A. pisum fed on diets containing
FITC-labelled proteins or control-FITC/PI for 24 h followed by chase feed-
ing on control diets for 6 h and 24 h. Images were visualised with a fluores-
cent microscope under the FITC filter and captured in OPENLAB Scale
bar = 0.5 mm. Bottom frame shows an adult (fed on FITC-fusion protein
for 24 h, placed in a feeding chamber overnight) and emerged nymph.
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able to bind and traverse the gut epithelium. The greater oral toxic-
ity of HxTx-Hv1h as compared to Hv1a may be attributable to a
number of factors including: greater stability against proteolytic
digestion in the aphid gut, differences in ability to bind to the gut
and differential affinity for nAChRs in the CNS. Whilst not assessed
here, further studies would be required to determine if comparable
levels of toxin and fusion protein were ingested by the aphids.
HxTx-Hv1h as a hybrid toxin also may show enhanced oral activity
owing to its ability to synergistically disrupt both Cav and K+ chan-
nels, whereas Hv1a activity is thought to be restricted to the inhibi-
tion of Cav.

1,4,5,31 That both toxins are able to target sites within the
peripheral nervous system also is a possibility.

As for HxTx-Hv1h, the HxTx-Hv1h/GNA fusion protein also was
found to be similarly orally toxic to both aphid species. However,
LC50 values for HxTx-Hv1h/GNA were >3-fold lower on a molar
basis than those for HxTx-Hv1h, demonstrating that fusion to
GNA significantly enhances the oral efficacy of the toxin. Fur-
thermore, the significant difference in mortality of both species
when fed on fusion protein as compared to an equivalent mix-
ture of toxin and GNA further suggests that enhanced efficacy
is attributable to the ability of GNA to deliver linked toxin across
the gut epithelium to its target sites of action in the CNS. This is
further supported by the observed enhanced persistence of
fluorescence in gut and body cavities of fusion protein- and

Figure 5. (a) Pea aphid survival 24 h postcontact exposure to water, water+ Breakthru (BT), HxTx-Hv1h (HxTx), GNA, HxTx-Hv1h/GNA (FP), or a mixture of
GNA and toxin. All protein treatments contained BT. Bars depict standard error of the mean (three replicates of n = 15 per dose). Significant differences to
control (+BT) (by Student's t-tests): *, P < 0.05; **, P < 0.005; ***, P < 0.0005. (b) Representative images of aphids taken 18 h postcontact with droplets
containing 70 pmol FITC-labelled HxTx-Hv1h (HxTx), GNA or HxTx-Hv1h/GNA (FP). Aphids were fed on control diet andwashed before imaging under FITC
filter captured in OPENLAB. Scale bar= 0.5 mm. (c) Western analysis (anti-His antibodies) of whole aphid protein samples extracted 2 h and 18 h postcontact
with droplets containing HxTx-Hv1h, GNA or fusion protein. S1, HxTx-Hv1h standard (250 ng); S2, fusion protein (200 ng); and S3, recombinant GNA
(50 and 100 ng).
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GNA-fed pea aphids in chase feed experiments, and is similar to
that reported previously for recombinant venom peptide
⊐-amaurobitoxin PI1a and PI1a/GNA.22 A number of studies like-
wise have reported that the efficacy of a toxin is enhanced when
it is genetically fused to plant lectins. For example, the
galactose-binding component of ricin and mannose-binding
lectins from garlic and onion have been fused with Cry1Ac
Bacillus thuringiensis (Bt) toxins and ω-hexatoxin Hv1a,
expressed in planta and shown to enhance insecticidal activity,
as compared to the toxins alone, towards hemipteran and lepi-
dopteran pests.32–35

We report for the first time the insecticidal efficacy of topically
applied recombinant fusion proteins towards pea aphids in the
light of the current use of HxTx-Hv1h as a contact foliar spray that
targets sap-sucking pests. Significant dose-dependent reductions
in survival were observed after ‘dipping’ aphids in protein solu-
tions (in the presence of Breakthru) for toxin and fusion protein,
but not for GNA alone. Surprisingly, although reductions in sur-
vival were comparable for HxTx-Hv1h and HxTx-Hv1h/GNA on a
total protein basis, molar comparisons suggest (as observed in
feeding assays) that fusion to GNA potentiates contact efficacy.
Again, as observed in feeding assays, that enhanced activity is
attributable to the fusion of HxTx-Hv1h to GNA rather than addi-
tive effects of the GNA protein and toxin was confirmed by the
significantly greater reduction in survival of fusion protein-treated
aphids as compared to those exposed to an equivalent mixture of
GNA and toxin. Fluorescence microscopy and Western blotting
of whole aphids allowed visualisation of internalised proteins
after contact treatments. Enhanced intensity of fluorescence
was observed 18 h post-treatment for GNA- and HxTx-Hv1h/
GNA- as compared to HxTx-Hv1h-treated aphids. Immunoblot
analysis of aphid protein extracts also provided evidence for
enhanced persistence of fusion protein and GNA in contact-
treated aphids. These results suggest that enhanced contact effi-
cacy may be attributable to binding of GNA to glycoproteins
within the aphid. Further studies would require the use of an
anti-HxTx-Hv1h antibody to comparatively assess the levels of
toxin persisting postcontact exposure to either toxin or fusion
protein. We previously reported the ability of GNA and Hv1a/
GNA to bind to the central nerve chord of lepidopteran
(M. brassicae) larvae and we suggest that a similar mode of toxin
delivery to the CNS of aphids may occur following contact expo-
sure.19 In addition to causing aphid mortality directly (either by
ingestion or contact), antifeedant effects also were observed
that may offer additional crop protection benefits via indirect
action as a feeding deterrent.

5 CONCLUSIONS
We have demonstrated that a recombinant HxTx-Hv1h venom-
derived neuropeptide has oral and contact activity against aphid
pests. However, whilst HxTx-Hv1h alone is toxic, we demonstrate
that fusion to GNA potentiates both oral and contact efficacy
towards aphids in laboratory assays. By analogy, the commercial
HxTx-Hv1h product is recommended for use in combination
with a low dose of BtK (Bt var. kurstaki) that due to its ability to
form pores in the midgut of certain insect pests, enhances deliv-
ery of the HxTx-Hv1h toxin to the CNS. Thus, a fusion protein-
based approach may offer an opportunity to significantly
enhance oral and contact efficacy of toxins, such as HxTx-Hv1h,
towards pests including those that are resistant to the effects
of Bt toxins.
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