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Spider venompeptides Ht1a andGg1a are
toxic to honeybee parasite Varroa
destructor by topical application

Check for updates

Volker Herzig1,2,3 , Shaodong Guo1,2,3, David A. Eagles3, Sandy S. Pineda3,11, Alexandra Robinson3,
Asa Andersson3, Jennifer Deuis3, Zoltan Dekan3,12, Paul F. Alewood3, Eivind A. B. Undheim4,
Maxime Lammens5,6, Frank Bosmans5,6, Irina Vetter3,7, Glenn F. King3,8 & Vincent Dietemann9,10

Global food supply strongly depends on honeybee pollination services, which are threatened by
insecticides and pests such as parasitic Varroa destructormites. Chemical varroacides/acaricides are
hampered by resistance development, necessitating the development of sustainable and
environmentally friendly alternatives, with arthropod venom peptides being considered promising
sources of acaricidal toxins.With only a fewacaricidal venompeptidesbeing reported,weperformeda
systematic topical screening of 50 arthropod venoms against V. destructor, with 78% of the venoms
causing 100% mortality after 24 h. Deconvolution of the venoms from the Tasmanian cave spider
Hickmania troglodytes and the Giant Japanese funnel-web spiderGigathele gigas led to identification
of the varroacidal peptides Ht1a andGg1a. Topical application of Ht1a andGg1a reduced varroamite
but not honeybee survival, despite Ht1a inhibiting voltage-gated sodium channels from varroa and
honeybeewith equal potency. Ht1a andGg1awere inactive against human skeletal muscle (hNaV1.4),
cardiac (NaV1.5), neuronal NaV channel isoforms, and human voltage-gated calcium channel CaV2.2.
At human α3β2/4 nicotinic acetylcholine receptors, Gg1a was inactive while 10 µM of Ht1a partially
blockednicotine-mediatedCa2+ influx.Our data reveal Ht1a andGg1a aspromising candidates for the
development of novel varroa mite treatments of honeybee hives.

A third of the world’s food supply results directly or indirectly from insect
pollination, with an annual value of EUR 153 billion1,2. Honeybees are one
of the world’s major managed insect pollinators. They increase the yield of
a wide variety of highly nutritious crops and are therefore crucial for global
food security and human health3–5. Unfortunately, honeybees are facing
multiple threats from a variety of factors, including chemical insecticides,
food shortage due to wildflower loss, viruses, and parasites6. Parasitic
Varroa destructor mites are currently considered the major threat for
apiculture, with up to 85% ofApis mellifera colony losses directly linked to
infestation by this parasite7, which is a known vector of bee viruses that are

also linked to colony loss8. With the recent invasion of V. destructor into
Australia in 2022 and the subsequent unsuccessful eradication attempts, it
has now become a truly global problem for A. mellifera apiculture9. Syn-
thetic acaricides (i.e., pesticides that target ticks and mites) currently used
to control V. destructor include the formamidine amitraz (octopamine
receptor agonist), the organophosphate coumaphos (acetylcholinesterase
inhibitor), and the pyrethroids flumethrin and fluvalinate (voltage-gated
sodiumchannel agonists)10. Unfortunately, someV. destructorpopulations
have already acquired resistance to these acaricides11–13. Moreover, acar-
icides can pollute honey and wax, leading to further economic losses for
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beekeepers. New bee-friendly treatment options for V. destructor infesta-
tions are therefore urgently needed14–16.

A possible alternative solution for control of V. destructor is venom-
derived acaricidal peptides. Venomous arachnids such as spiders and
scorpions prey on arthropods, including other arachnids17–19. It is therefore
unsurprising that the wide-spectrum insecticidal spider-venom peptide ω-
hexatoxin-Hv1a (hereafter Hv1a) is also acaricidal20. However, somewhat
unexpectedly, Hv1a is inactive against honeybees and mammals21,22. It
therefore seems plausible that within the venoms of >53,000 extant spider23

and >2,800 extant scorpion species24, each comprising hundreds to thou-
sands of peptide toxins25, there might be some peptides that are selectively
toxic to V. destructor but safe for beneficial species and humans. The fact
that varroamites spendmost of their time attached to honeybees in infected
colonies renders traps containing acaricidal components less effective, with
topical application strategies likely to bemore effective. Thus, in the present
study, we systematically screened 50 arthropod venoms (mainly from spi-
ders and scorpions) to identify peptideswith topical varroacidal activity.We
identified two spider-venom peptides with promising varroacidal activity
and further characterised their activities against varroa mites, honeybees,
and key off target human ion channels and receptors.

Results and discussion
Varroacidal activity is widespread in arthropod venoms
While many arthropod venom peptides with insecticidal activity have
been reported26,27, peptides with reported activity against arachnids (e.g.,
spiders, scorpions or mites) are still rare18,20. This might be due to
researchers being biased towards testing insecticidal activities, as pest
insects are generally easier than arachnids to culture. To discover novel
acaricidal venom peptides, we set up a semi-automated assay to deter-
mine the activity of 50 taxonomically diverse arthropod venoms against
V. destructormites. At a dose of 10 μg venom topically applied to eachV.
destructormite, 100% V. destructormortality was caused by 13 venoms
(26%) after 2 h, by 17 venoms (34%) after 6 h, and by 39 venoms (78%)
after 24 h (Table 1). This widespread topical activity is rather surprising
given that arthropods deliver their venom directly into the body of their
victims through bites or stings. The surfactant Silwet was not used for the
initial topical screening of the venoms against varroa mites. Therefore,
the abundantly observed varroacidal activity must have been induced by
the arthropod venoms. The mechanism by which varroacidal peptides
penetrate the varroa cuticle still remains to be determined, which could,
for example, be via softer parts of the cuticle or through the spiracles.
Entry via the spiracles has already been suggested for some insecticidal
spider-venom peptides28.

Isolation, purification and sequencing of varroacidal venom
peptides from two spider families
Based on available venom quantities and to maximise taxonomic
diversity, two venoms from the initial venom screen (Table 1) that
caused 100% varroa mortality 2–24 h after venom application were
selected for further isolation of varroacidal peptides. These venoms
were from the Tasmanian cave spider Hickmania troglodytes (family
Gradungulidae) and the Giant Japanese funnel-web spider Gigathele
gigas (family Macrothelidae). G. gigas is a ‘primitive’ mygalomorph
spider, whereas H. troglodytes are long-lived cribellate araneomorph
spiders found only in Tasmania.

Fractionation ofH. troglodytes venom using C18 RP HPLC revealed a
moderately complex venom(Fig. 1A). Screeningof individual venomHPLC
fractions in the varroa assay led to the identification of a single peak
(highlighted in red in Fig. 1A) with topical varroacidal activity. Further
deconvolution of this fraction revealed a dominant peptide with a mono-
isotopic molecular mass of 5639.28 Da that contained the varroacidal
activity (highlighted in red in Fig. 1B). MALDI-ISD-MS of Ht1a revealed a
partial 15-residue sequence tag (Fig. 1C, coloured residues), whichwas used
to search the transcriptome assembled from H. troglodytes venom glands
(ENA accession number PRJEB15860). This approach gave a single match

to a complete prepropeptide, with the mature toxin domain highlighted in
bold (also see Fig. 1C):

MKHVSTIEEDDVSHYVEEPEIPSWLEKQVKDHVQD-
FLATLDPTFANDAELQDMVLAQIEDFLSKKPSPVEEADEPTARKY-
CAPRKAVCNTPADCCDKSSRCAYPNYGLGYYLDSEFFGKR-
KICSWRL

The toxin was named μ-gradutoxin-Ht1a (μ-GDTX-Ht1a, hereafter
Ht1a) according to the rational nomenclature devised for peptide toxins29.
The predictedmonoisotopicmolecularmass of the oxidisedmature peptide
(highlighted in bold) is 5639.628 Da, which closely matches that of native
Ht1a purified from venom (5639.278Da; Fig. 1B).

Fractionation of G. gigas venom using C18 RP HPLC also revealed a
moderately complex venom (Fig. 2). Screening of individual venom HPLC
fractions in the varroa assay led to the identification of a single peak with a
monoisotopic molecular mass of 3286.439Da (highlighted in red in Fig. 2)
with topical varroacidal activity. We named this peptide U1-macro-
thelitoxin-Gg1a (U1-MATX-Gg1a; hereafter Gg1a). N-terminal Edman
sequencing of Gg1a returned the following 34-residue peptide sequence:
ILCAPQGGPCVLGILCCAGYKCSPGLLGLVGSCQ. The predicted
molecular mass for the monoisotopic oxidised mass of the sequence
obtained by Edman is 3286.587Da, which is only 0.148 Da higher than the
mass of the native Gg1a.We therefore conclude that the sequence obtained
by Edman degradation represents the complete sequence of Gg1a. As for
Ht1a, Gg1a has a non-amidated C-terminus.

In vivo characterisation of sHt1a and sGg1a against Varroa
destructor and honeybees
As the available venom quantities limited the amounts of native Ht1a and
Gg1a to be isolated from the venoms, milligram quantities of synthetic Ht1a
(sHt1a) and Gg1a (sGg1a) were produced by SPPS to facilitate further
characterisation. The peptides were applied topically at various concentra-
tions to V. destructor mites (n = 5 mites per group, and 3–8 repeats per
treatment group). Both peptides at 0.48 μg/mite significantly reduced the
survival ofV. destructor compared to the control group receiving 0.5%of the
surfactant Silwet (v/v), althoughwith a slower onset than the positive control
group that received a 3% oxalic acid solution, which is a commercially used
varroacide (Fig. 3A).While oxalic acid caused significantmortality after 2 h,
the earliest onset ofmortality for the venompeptides was 16 h for sGg1a and
34 h for sHt1a. We estimated the surface area of honeybees to be about 34-
fold larger than that of varroamites, and after adding a safetymargin applied
a 52-foldhigher dose of sHt1a and sGg1a to honeybees than the dose applied
per varroa mite. When topically applied at 25 μg peptide per honeybee
(n = 10 worker honeybees per group and 3 repeats per treatment group),
neitherpeptide causedmoremortality than the2%Silwet (v/v) control group
(Fig. 3B). This suggests that topical application of sHt1a and sGg1a at
equivalent doses for varroa mites and honeybees relative to their respective
surface areas, caused V. destructormortality while being safe for honeybees.

Activity of sHt1a against Varroa destructor and honeybees NaV
channels
Sincemany spider-venompeptides targetNaVchannels

30,we testedwhether
thismight be themolecular target of sHt1a. Expression of bothV. destructor
(VdNaV) and A. mellifera (AmNaV) sodium channels in X. laevis oocytes
yielded robust Na+ currents within 48–72 h of mRNA injection (Fig. 4A, B,
black traces), with half-maximal activation and inactivation values com-
parable to those previously reported (Fig. 4C, D black traces; Table 2)31,32.

Incubation of oocytes with 500 nM sHt1a caused a significant reduc-
tion in peak AmNaV (24.7 ± 7.2%, p = 0.0095) and VdNaV (25.3 ± 7.8%,
p = 0.0212) currents (Fig. 4A, B; red traces), without a significant change in
the values for half-maximal activation or inactivation values (Fig. 4C, D; red
traces; Table 2). The fact that sHt1a was equally active in inhibiting varroa
and honeybee NaV channels combined with the lack of effect of sHt1a by
topical application in honeybees suggests that either sHt1a more easily
penetrates the external barrier of varroa mites than honeybees, or that
honeybees have acquired some other form of resistance to Ht1a, such as
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enzymatic inactivation, thereby providing a safety window for potential
varroa treatments. In comparison to other potent insect NaV channel tar-
geting spider toxins, sHt1a is less potent than Tx4(6-1) (IC50 = 25 nM33) or
Dc1a (EC50 = 65 nM34), but similarly potent to Aps III (IC50 = 540 nM35)
and Jingzhaotoxin-I (IC50 = 760 nM36). Further testing on other molecular
targets is therefore required to determine whether insect NaV channels are
the primary target of Ht1a.

In vitro characterisation of sHt1a and sGg1a against important
human receptors and ion channels
We also examined the activity of sHt1a and sGg1a against a range of
important molecular targets in vertebrates, including the skeletal muscle
NaV channel isoformNaV1.4, the cardiac NaV channel isoformNaV1.5, the
neuronal voltage-gated sodium channels NaV1.2/NaV1.7, the neuronal
voltage-gated calcium channel CaV2.2, and α3-containing nnAChRs.
Consistent with the invertebrate-specific activity of both sHt1a and sGg1a,
the peptides did not significantly affect NaV1.4 and NaV1.5 currents (Sup-
plementary Fig. 4) or neuronalNaVorCaV2.2 isoforms (Supplementary Fig.
5A, B). At a very high concentration (10 µM), sHt1a caused partial inhibi-
tion of α3 nAChRs (Supplementary Fig. 5C).

In conclusion, a systematic screening of 50 arthropod venoms against
varroa mites revealed that acaricidal/varroacidal activity is abundant
among arachnid venoms. Fractionation of two of the most potent spider
venoms in the present study led to the identification of the peptides Ht1a
and Gg1a that were both lethal to varroa mites by topical application but
innocuous to honeybees in vivo. The weak or absent activity of Ht1a and
Gg1a at key human ion channels and receptors suggests that these peptides
are likely invertebrate-specific. Although residue studies in hive products
anddetailed humanoff-target and toxicology tests remain tobe conducted,
our data suggests that topical application of Ht1a and Gg1a by spraying
within the beehive could be an effective strategy for targetingV. destructor
that would be safe for application by beekeepers and well tolerated by the
honeybees. The abundance of topically active acaricidal venoms was par-
ticularly surprising given that spider venoms are normally delivered via
injection37. This poses the question about the ecological role of these
acaricidal toxins. Given that mites of the order Mesostigmata (which also
includesV. destructor) are common parasites of spiders38, an anti-parasitic
role for topically applied venom seems plausible. While the exact
mechanism of how these topically applied acaricidal peptides enter the
varroamites remains to be determined, it could provide an interesting case
study to further fine-tune some recent definitions of the term “venom”39,40.

Methods
Venom collection
All arthropodvenomsused for this study (Table 1)were isolatedby electrical
stimulation as previously described41,42, then lyophilised and stored at
−20 °C prior to use.

Nomenclature
Peptide toxins were named using the rational nomenclature described
previously29. Spider taxonomy was taken from the World Spider Catalog
Version 2723.

Identification of varroacidal venoms and venom fractions
An outline of the project discovery pipeline is presented in Supplementary
Fig. 1. To identify varroacidal venom peptides, we screened venoms for
activity against V. destructor by topical application. Topical tests were
performed in several stages. First, whole venom was tested to determine
mortality for V. destructor. Hit venoms were then subjected to several
fractionation steps to isolate the active compounds. For the initial venom
screen, a panel of 50 arthropodvenoms (Table 1)were topically applied toV.
destructor mites. Venoms were dissolved in 90% acetonitrile (v/v), and a
10 μg venom aliquot was applied per mite (n = 5 mites per venom). The
dorsal plate of V. destructor mites (average mass 0.38mg) was fixed to
adhesive tape (ScotchTM 666 3M; 19 × 32.9mm, double sided) onT
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microscope slides (ground edges 90° frosted end, 76 × 26mm). A Nanoject
II (Automatic Injector with Glass Capillaries, Drummond Cat.No. 3-000-
205 A) was used for topical application of venom and control (90% acet-
onitrile) solutions.To accelerate solvent evaporation, the total volumeof 483
nL was applied in seven aliquots of 69 nL each to the ventral plate of the
mites between the posterior pair of legs. Each dropwas allowed todry before
applying thenext one,with the entire applicationprocedure takingup to1 h.
Mite mortality was determined at various time intervals up to 48 h after the
treatment using an Olympus stereomicroscope (SZX10/SZX2 Series).
Initially, each mite was examined for movements of the legs, and immobile
miteswere stimulatedwith the tip of awooden toothpick.Detection of static
electricity by the mites, a few millimetres before the actual contact with the
toothpick, was usually sufficient to triggermovement inmites that were still
alive. Mites not responding to this stimulation were touched with the
toothpick and considered dead if they did not react to this stimulation. At
the later stage of the project, the slides with mites were placed into a self-
constructed automated videomonitoring system (using aUSB camera) that
employs an algorithm in OpenCV to subtract images from subsequent
frames enabling the detection of changes in pixel intensity due to move-
ments, for example of the extremities. Legmovements were stimulatedwith
an air current applied over the mites at the time of image acquisition to
determinemitemortality. The percentage ofmitemortality for each venom
was calculated at 2, 6 and 24 h, and adjusted by correcting for the mortality
of the corresponding control group receiving only 90% acetonitrile.

Isolation, purification and MS-based sequencing of varroacidal
peptides from the active venom fractions
To isolate the active varroacidal venom components, we used reversed-
phase highperformance liquid chromatography (RPHPLC). Pooled venom

from ten female Tasmanian cave spiders (H. troglodytes) and venom from a
single female Giant Japanese funnel-web spider (G. gigas) were fractionated
via RP HPLC on a Prominence HPLC system (Shimadzu Scientific
Instruments, Rydalmere, NSW, Australia). Venom (1–2mg dried weight)
was loaded onto a C18 RP HPLC column (Phenomenex Jupiter;
250 × 4.6mm, 5 μm particle size, 250 Å pore size), and fractionated using
the following gradients: 5% solvent B (0.1% formic acid (FA) in 90% acet-
onitrile) in solvent A (0.1% FA in H2O) over 5min, 5–20% solvent B over
5min, 20–40% solvent B over 40min, then 40–80% solvent B over 5min
(flow rate 1mL/min). For H. troglodytes venom, the peak containing the
active peptide (termed Ht1a) was further purified using a narrow bore C18
column (Vydac; 250 × 2.1mm, 5 μm) with a flow rate of 0.3mL/min and
using the same solvents as for the initial RP HPLC run. After 5min at 5%
solvent B, a linear gradient of 5–20% solvent Bwas run over 5min, followed
by 20–-35% solvent B over 45min and then 35–80% solvent B over 2min.
The varroacidal activity of the purified Ht1a was confirmed using three
cohorts of 5 mites, whereas the activity of the purified Gg1a was confirmed
using two cohorts of 5 mites.

Mass spectrometry was used to determine the purity of venom frac-
tions and isolated peptide toxins. All molecular masses were determined
using matrix-assisted laser desorption/ionisation time-of-flight mass spec-
trometry (MALDI-TOF MS) using 4700 Triple TOF or 5800 TOF/TOF
mass spectrometers (Applied Biosystems, Foster City, CA, USA), or via
electrospray ionisation (ESI) MS using a SCIEX 5600 instrument (SCIEX,
Framingham, MA, USA). For MALDI-TOF MS, peptide samples were
mixed 1:1 (v:v) with α-cyano-4-hydroxy-cinnamic acidmatrix (7mg/mL in
50/50 acetonitrile/H2O with 5% FA) and MALDI-TOF spectra were
acquired in positive reflector mode. For ESI, peptides were separated on a
Zorbax 300SB-C18 column (Agilent Technologies; 2.1 × 150mm, 3.5 µm)
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Fig. 1 | Isolation and sequencing of Ht1a. AChromatogram resulting fromC18 RP
HPLC fractionation of pooled venom from female Tasmanian cave spiders (H.
troglodytes, pictured top left). B Chromatogram resulting from purification of the
red fraction highlighted in panel A using a narrow-bore C18RPHPLC column. Inset
shows theMALDI-MS spectrum of purifiedHt1a withm/z indicated for the double-
charged ion, corresponding to an uncharged monoisotopic molecular mass of
5639.278 Da. The red peak contains the varroacidal Ht1a peptide. Dashed lines in

panels A and B indicate the gradient of solvent B (90% acetonitrile/0.1% FA).
C C-ions from tandem MS/MS data used to determine a partial sequence tag for
Ht1a, corresponding to the coloured residues in the Ht1a sequence at top. Red
indicates confident assignments, while orange indicates tentative assignments (as no
signal at m/z of 1352.743 was detected). The remaining sequence information (in
black) was identified from the H. troglodytes venom-gland transcriptome. H. tro-
glodytes photo: EABU.
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at aflow rate of 180 µL/min using a linear gradient of 1–50%mobile phase B
(0.1% FA in 90% acetonitrile) in mobile phase A (0.1% FA) over 9min on a
Shimadzu Nexera UHPLC system coupled to a SCIEX 5600 mass spec-
trometer. Data were analysed using PeakView software (SCIEX, USA). All
reported molecular masses refer to the monoisotopic uncharged peptide
unless otherwise stated.

To obtain a partial sequence tag for Ht1a, we used in-source dis-
sociation by MALDI-TOF (MALDI-ISD-MS). 1,5-diaminonaphthalene
(1,5-DAN) was used as matrix. Peptide samples were mixed 1:1 (v:v) with
1,5-DAN matrix (20mg/mL in 50/50 acetonitrile/H2O with 5% FA) and
MALDI-TOF spectra were acquired in positive reflector mode. Sequencing
was performed manually through identification of z- and c-ion series.

Since we did not have access to G. gigas specimens for performing
venom-gland transcriptomics (see below), we instead employedN-terminal
Edman sequencing todetermine the sequenceofGg1a (MonashProteomics
& Metabolomics Facility, Melbourne, VIC, Australia). Briefly, about 2.5 µg
ofGg1apurified fromG. gigas venomwas applied to aPolybrenepre-treated
glass fibre disk and allowed to dry. Cysteine residues were reduced and
alkylated by adding a solution containing 0.16% 4-vinylpyridine (Merck)
and 0.08% tributylphosphine (Merck) in 80% acetonitrile to the glass fibre
disk. The cartridge was then placed without drying into PPSQ-53A Protein
Sequencer (Shimadzu), and sequencing via Edman degradation was com-
menced using the PE Analysis method.

Venom gland transcriptome of Hickmania troglodytes to
determine sequence of Ht1a
To obtain the complete sequence of Ht1a, we sequenced a venom-gland
transcriptome of the Tasmanian cave spiders (H. troglodytes). The venom
glands from ten female spiders were extracted via electrostimulation to
deplete their glands of venom and thereby stimulate toxin transcription.
Three days later, the spiders were anesthetised, then their venom glands
were dissected out and placed in TRIzol® reagent (Life Technologies). Total
RNA from pooled venom glands was extracted using the standard TRIzol®

protocol. mRNA enrichment from total RNA was performed using an
Oligotex direct mRNA mini kit (Qiagen). RNA quality and concentration
were measured using a Bioanalyzer 2100 pico chip (Agilent Technologies).
A cDNA library was constructed from 10 μg mRNA using the standard

Roche cDNA rapid library preparation and emulsion PCR. Sequencing was
carried at theAustralianGenomeResearchFacility using aROCHEGS-FLX
sequencer. The Raw Standard Flowgram File (.SFF) was converted to Fastq
using the sff_extract tool in seq_crumbs (https://github.com/JoseBlanca/
seq_crumbs) with default settings. Low-quality sequences were filtered out
using a Qual cutoff value of 25. Reads passing QC were visualised using
FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/). De novo
assembly was performed using MIRA software v3.2.143 using the following
parameters: -GE:not=4 --project=Htrogodytes --job=denovo,est,accu-
rate,454 454_SETTINGS -CL:qc=no -AS:mrpc=1 -AL:mrs=99,egp=1; this
yielded 13,561 contigs. Assembled sequences were manually inspected
before submission to theTox|Note analysis pipelinewithinArachnoServer44

to identify putative toxin-encoding open reading frames (Tox|Blast and
Tox|Seek modules), as well as annotate and submit datasets to ENA (Tox|
Name and Tox|Submissionmodules, respectively). This approach returned
593 putative toxin sequences, which were used as a database for searching
the Ht1a sequence tag obtained by MALDI-ISD-MS.

Chemical synthesis, purification and folding of varroacidal pep-
tides Ht1a and Gg1a
Toobtain sufficient amounts ofHt1a andGg1a to characterise their activity,
we used solid-phase peptide synthesis (SPPS). An initial batch of Ht1a was
made using Boc SPPS to produce two peptide fragments that were subse-
quently joined by native chemical ligation (see Supplementary Information
formethoddetails). To simplify the synthesis, syntheticHt1aandGg1awere
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Fig. 3 | Activity of sHt1a and sGg1a against Varroa destructor mites and hon-
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induced time-dependent mortality in V. destructormites. The venom peptides were
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subsequently produced by synthesising the full-length peptides using Fmoc
SPPS at 0.1mmol scale using a Liberty Prime microwave-assisted auto-
mated peptide synthesiser (CEM, Charlotte, NC, USA). Ht1a/Gg1a were
assembled on Fmoc-Leu-Wang resin using the following side-chain pro-
tecting groups: Arg (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl),
Asn (trityl), Asp (O-3-methylpent-3-yl), Glu (tert-butyl ester), Cys (trityl),
Lys/Trp (tert-butyloxycarbonyl), and Ser/Thr/Tyr (tert-butyl). Fmoc
deprotection was achieved via 25% pyrrolidine/N,N-dimethylformamide,
while Fmoc-amino acids, diisopropylcarbodiimide & Oxyma Pure (1:2:1)
were used for couplings (5molar equivalents) at 105°C. Following synthesis
and final Fmoc deprotection, the resin was washed with dichloromethane
and subsequently cleaved via incubation with 92.5% trifluoroacetic acid
(TFA), 2.5% triisopropylsilane, 2.5% 3,6-dioxa-1,8-octanedithiol, and 2.5%
H2O at 40 °C for 40min. Cleaved products were precipitated with ice-cold
diethyl ether and subsequently lyophilised with acetonitrile/H2O (1:1) prior
to preparative RP HPLC purification.

For purification of synthetic Ht1s (sHt1a) and Gg1a (sGg1a), peptides
were desalted using a Zorbax 300SB C18 preparative RP HPLC column

(Agilent Technologies, 21.2 × 150mm, 5 μm) and eluted at a flow rate of
24mL/min using a gradient of 10–60% solvent B over 50min. Synthetic
peptides were further purified using a C4 semi-preparative RP HPLC col-
umn (Phenomenex Jupiter, 250 × 10mm, 10 μm) and a C18 analytical RP
HPLC column (Kinetex, 250 × 4.6mm, 5 μm) (Supplementary Fig. 2).
Fractions of similar purity containing the correct peptide mass (as deter-
mined viaMALDI-TOFMS)were collected, then the peptide solutionswere
lyophilised.

To obtain the folded, oxidised forms of sHt1a and sGg1a, the purified
reduced peptides were dissolved at a final concentration of 0.1 mg/mL in a
redox buffer comprised of 0.6Mguanidine hydrochloride (GnHCl), 0.33M
ammonium acetate (NH4CH3CO2), 1.5 mM reduced glutathione, 0.15mM
oxidised glutathione, pH 8 forHt1a and pH 6.7 for Gg1a. The folding buffer
was stirred at 4 °C with exposure to air for 48 h, then the reaction was
terminated by addition of neat TFA. Each peptide was desalted via RP
HPLC, then complete oxidation was confirmed using MALDI-TOF MS
with CHCA as matrix (6 Da decrease in mass compared to the
reduced forms).

Fig. 4 | Effect of sHt1a on VdNaVand AmNaV channels expressed in Xenopus
laevis oocytes. A Representative current traces for VdNaV before (black) and after
(red) sHt1a treatment. B Representative current traces for AmNaV before (black)
and after (red) sHt1a treatment. C Conductance-Voltage (G-V) relationships and

channel availability of VdNaV before (black) and after (red) sHt1a incubation.
D G-V relationships and channel availability of AmNaV before (black) and after
(red) sHt1a incubation. All data points are mean ± SEM.

Table 2 | Gating parameters for AmNaV and VdNaV in the presence and absence of sHt1a.

Target Treatment Activation Steady state inactivation n (oocytes)

V1/2 (mV) Hill slope V1/2 (mV) Hill slope

AmNav Control –28.0 ± 1.0 3.50 ± 0.2 –47.2 ± 1.1 –4.54 ± 0.30 6

sHt1a –27.6 ± 1.3 3.62 ± 0.61 –48.2 ± 1.0 –5.12 ± 1.44 6

VdNav Control –19.0 ± 1.6 3.82 ± 0.37 –40.7 ± 0.8 –5.14 ± 0.22 5

sHt1a –17.7 ± 0.7 3.44 ± 0.55 –40.8 ± 0.5 –4.90 ± 1.29 5

All data are mean ± SEM.
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Confirmation of varroacidal activity of synthetic Ht1a and Gg1a
The same procedure initially used for identifying varroacidal venoms was
used for testing the topical activity of sHt1a and sGg1a. The peptides were
dissolved in 0.5% Silwet L-77 (v/v), a silicone-based surfactant that is
commonly used as a spreading agent for foliar sprays. 0.48 μg of peptidewas
topically applied to each mite, with n = 5 mites per treatment group. The
activity of the sHt1a was confirmed using three cohorts of n = 5 mites,
whereas the activity of sGg1a was confirmed using four cohorts of n = 5
mites. As a negative control, an equal volume of 0.5% Silwet (v/v) was
topically applied (four cohorts of n = 5mites), and 3% oxalic acid, a known
varroacide used in commercial products10 was used as positive control (eight
cohorts of n = 5 mites). Mite mortality was recorded at 2-hourly intervals
between 0 and 48 h after the treatment. For statistical analysis, mite survival
datawere plotted in Prism10.0 (GraphPad Software,CA,USA), then a two-
way ANOVA followed by Dunnett’s multiple comparisons test was per-
formed, comparing the peptide and oxalic acid treatment against the
respective 0.5% Silwet (v/v) control group data.

Off target testing of synthetic Ht1a and Gg1a against honeybees
If sprayedwithin a beehive, the varroacidal peptides would need to lethal for
V. destructor, but safe for the honeybees. To evaluate potential off-target
activities of the varroacidal peptides, we first needed to quantify howmuch
larger the body surface of the bees is in comparison to the mites to under-
stand howmuchmore of the varroacidal peptides they would receive when
being sprayed. Assuming an elliptical body shape of V. destructor, the sur-
face area can be calculated according to the following formula:

A ¼ π× a × b × 2

with the factor of 2 considering the dorsal and ventral side, where (a) is
the semi-major axis (half the length) and (b) is the semi-minor axis (half the
width). Using an average adult V. destructor size of 1.15mm in length and
1.7mm in width, that would then result in:

A ¼ π× 0:575mm×0:85mm×2 ¼ 3:07mm2

For honeybees, the exposure surface area has been determined as
1.05 cm2/bee (=105mm2)45, indicating that bees have a 34-fold larger surface
area than themites. This alsomeans that if we evenly applied these peptides
via spraying at a certain concentration to both bees andmites, then the bees
would receive a 34-foldhigher peptide quantity due to their correspondingly
higher surface area.

To allow for an additional safety margin, we topically applied 25 μg of
eachpeptideper bee,which is 52-foldmore than the 0.48 μg that eachvarroa
mite received. The effects of sHt1a and sGg1awere tested onhoneybees kept
in plastic containers in the laboratory. The containers consisted of 250ml
polypropylene round cups with a 52mmdiameter hole cut into the bottom,
covered with a 68mm diameter circle of all-purpose cloth (brand: Peggy
Perfect) hot glued to the edge of the hole on the outside of the cup (Sup-
plementary Fig. 3). A 14mm diameter hole was cut in the lid of the cup to
insert a 5mL syringewhich served as feeder. The syringewasfilledwith50%
sucrose solution, and its tip was cut off to facilitate solution intake by the
bees. Honeybee workers were obtained from a comb with emerging indi-
viduals placed in an incubator set to 34.5 °C and 70% humidity46. The next
day, groups of 10 freshly emerged workers were collected, introduced into
the prepared cages and placed back in the incubator overnight. The next
morning, peptide and control solutions to be tested were freshly prepared
from the stock solutions stored at 4 °C. Then, the bees were sedated with
CO2 gas until they stopped moving. Immediately after all bees stopped
moving, the plastic lid was removed, and 15 µL of testing solution (con-
taining 2% Silwet (v/v) or 25 μg of each peptide per bee) was topically
applied on each of the 10 bees per group. The solution was applied on the
abdomen or thorax, but not on the wings or head of the individuals. Fol-
lowing treatment, theworkerbeeswere allowed to recover fromthe sedation
and the containers with the bees were put back in the incubator, with

mortality being manually checked daily. At the end of each experiment, all
arthropods were euthanised by freezing at −20 °C.

Testing for activity of synthetic Ht1a and Gg1a on Varroa
destructor and honeybee ion channels
To examine the activity of sHt1a against target and off-target arthropod
voltage-gated sodium (NaV) channels, we used electrophysiological
recordings of V. destructor (Vd) or A. mellifera (Am) NaV channels
expressed inXenopus laevisoocytes. The cDNAsequences of theVdNaV (in
pGH19; kindly gifted by K. Dong31) and AmNaV channel (in pcDNA3.1;
Genscript, USA) were confirmed by automated Sanger sequencing (Euro-
fins Genomics, Germany). RNA was synthesised using T7 polymerase
(mMessage mMachine kit, Invitrogen, USA) after linearising the cDNA
with an appropriate restriction enzyme (New England Biolabs, USA). NaV
channel RNA was microinjected into defolliculated X. laevis oocytes
(Nasco®, USA) which were then incubated for 2–3 days at 17 °C in Barth’s
medium (in millimolar (mM): 96 NaCl, 2 KCl, 5 HEPES, 1 MgCl2, and 1.8
CaCl2 supplemented with 50 µg/mL gentamycin, pH 7.4 adjusted with
NaOH (Sigma, USA)). The use of X. laevis complied with national and
Flemish guidelines adhered to by the Ghent University Animal Care and
Use Committee. Electrophysiological characteristics were studied using the
two-electrode voltage-clamp technique (OC-725C; Warner Instruments,
USA) with a 150-µL recording chamber as previously described47. All data
were filtered at 4 kHz (tunable active filter model 900, Frequency Devices
Inc., USA) and digitised at 20 kHz using pClamp 10 software (Molecular
Devices, USA). The external recording solution used was ND-100 (in mM:
100 NaCl, 5 HEPES, 1 MgCl2, and 1.8 CaCl2, pH 7.6 adjusted with NaOH;
chemicals from Sigma, USA). Microelectrode (Narishige® PC-10 vertical
puller) resistances were 0.5–1.0MΩ when backfilled with 3M KCl. All
experiments were performed at room temperature (~22 °C).

For electrophysiological experiments, sHt1a dissolved at 50 µM in
ND100 was added to the recording chamber containing ND100 to a final
concentration of 500 nM. After current stabilisation, normalized
conductance-voltage (G-V) and channel availability relationships were
obtained by measuring steady-state currents upon stepwise depolarisation
for 50ms from aholding potential of –90mV in 5mV increments, followed
by a 50ms pulse at –20mV. The data were fitted with a single Boltzmann
function according to I/Imax (or G/Gmax) = [1+exp(-zF(V-V1/2)/RT)]

−1,
where I/Imax is the normalised current amplitude, z is the equivalent charge,
V1/2 is the half-activation voltage, F is Faraday’s constant, R is the gas
constant, and T is the temperature in Kelvin. Off-line data analysis was
performed using Clampfit 10 (Molecular Devices, USA), Excel (Microsoft
Office) and Prism 10 (GraphPad). Tests for statistical differences included a
student’s t-test for V1/2 values and a Kruskal–Wallis test for current inhi-
bition, with p < 0.05 considered to be significant.

Electrophysiological testing of sHt1a and sGg1a on human
receptors
To examine for off-target activity on mammalian ion channels and
receptors, we first tested the activity of sHt1a and Gg1a against human
NaV channels. Whole-cell patch-clamp recordings were performed on
Human Embryonic Kidney (HEK) 293 cells stably expressing human
NaV1.4 or NaV1.5 in conjunction with the β1 subunit (SB Drug Dis-
covery, Glasgow, United Kingdom) using a QPatch II automated
electrophysiology platform (Sophion Bioscience, Ballerup, Denmark).
Whole-cell currents were filtered at 8 kHz and acquired at 25 kHz. The
linear leak was corrected by P/4 subtraction (leak potential −90 mV,
leak sweep amplitude 10%). Series resistance across recorded cells
ranged between 5 and 10 MΩ. The extracellular solution (ECS) con-
sisted of (inmM): 145NaCl, 4 KCl, 2 CaCl2, 1MgCl2, 10HEPES, and 10
glucose, adjusted to pH 7.4 with NaOH and to 305 mOsm/L with
sucrose. The intracellular solution (ICS) consisted of (inmM): 140CsF,
1 EGTA, 5 CsOH, 10 HEPES, and 10 NaCl, adjusted to pH 7.3 with
CsOH and 320 mOsm/L with sucrose. Currents were elicited from a
holding potential of−90 mV delivered with a 50 ms depolarising pulse
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to −20 mV every 20 s (0.05 Hz). Peptides were diluted in ECS con-
taining 0.1% BSA and applied to cells for at least 2 min at the con-
centrations stated. Peak currents were normalised to the buffer control.

To further test the selectivity of sHt1a and sGg1a, we examined their
activity on hNaV1.2/NaV1.7 and hCaV2.2 channels, as well as the hα3β2/4
nicotinic acetylcholine receptor (nAchR), that are endogenously expressed
in the neuroblastoma cell line SH-SY5Y using a high-throughput fluor-
escent assay as previously described48. In brief, SH-SY5Y cells were seeded at
a density of 40,000 cells/well in black-walled imaging plates (Corning,
Lowell,MA,USA), then incubated for 48 h at 37 °C in a 5%humidifiedCO2

incubator. On the day of the assay, cells were loaded with Calcium 4 No-
wash dye (Molecular Devices) by reconstituting the lyophilised dye in
physiological salt solution (PSS inmM: 140 NaCl, 11.5 glucose, 5.9 KCl, 1.4
MgCl2, 1.2NaH2PO4, 5NaHCO3, 1.8 CaCl2, 10HEPES, pH 7.4). Cells were
incubated with the dye for 30min at 37 °C in a 5% humidified CO2 incu-
bator. Gg1a and Ht1a (10 µM) were added 5min prior to stimulation with
either veratridine (50 µM, hNaV1.2/NaV1.7 activator), nicotine (30 µM,
hα3β2/4 nAchR activator) or KCl/CaCl2 (90mM/5mM, CaV1.3/2.2 acti-
vator) Fluorescent responses were recorded using a FLIPRPenta

fluorescent
plate reader (Molecular Devices) with excitation at 470–495 nm and
emission at 515–575 nm.

Data availability
All data generated or analysed during this study are included in this pub-
lished article and its supplementary information files. Metadata and
annotated nucleotide sequences were deposited in the EuropeanNucleotide
Archive under project accessions: PRJEB15860.
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